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PRErACE 

Crop losses are not peculiar to modern agricul
ture. Losses, either recurrent or sporadic, have 
characterized the development of agriculture 
since its beginnings. That this is the case 
prompts the question of why so much attention is 
only now directed to loss assessment and loss 
reduction. We do not claim to have provided 
answers to those questions but rather have 
attempted to provide an opportunity for discussion 
of the subject matter during this symposium. Loss 
assessment concerns the objective definition of 
effects of yield constraints on productivity of 
man-managed ecosystems. It has often been stated 
that annual losses in the U.S. due to biotic 
stress approximate 35% of total production. The 
implications of recovering this amount of loss 
are great, because if successful, in one attempt 
we would be able to eliminate the world food 
deficit. However, if one questions the reliabil-
ity of this loss estimate, it may be that the 
current technology is not providing an objective 
indication of the magnitude of loss. The 
Minnesota Environmental Quality Board, in recog
nizing the need for current and definitive infor
matiOn on agricultural losses, deemed it necessary 
to develop a symposium on the topic and assemble 
leading scientists from throughout the world to 
discuss the subject in question. 

The symposium had three objectives: 1) to 
review the status of theory and methodology, 2) 
to identify problems in practical quantification 
and 3) to develop strategies for future research 
on the influence of abiotic and biotic factors 
causing crop losses. 

In arranging a format to fulfill these objec
tives, we were constantly reminded that crop 
losses caused by one factor cannot be viewed in 
isolation from the joint effects caused by other 
factors in the total system, and that agricul
tural production is the integration of many 
variable·.. Furthermore, many of the concepts 
and methodology which have been developed since 
the United Nations Food and Agriculture Organiza
tion, Crop Loss Symposium in Rome, 1967, relate 
to assessing losses due to biotic factors only. 
Therefore, it was a challenge to stimulate an 
interdisciplinary review of all types of con
straints which influence the total production 
system and at the same time, identify methodology 
which can be directed at assessing crop losses 
caused by specific abiotic or biotic constraints. 
We hope we have been successful in fulfilling 

the described objectives. In organ1z1ng the 
symposium. we adopted a format based on the 
various components in a practical loss assess
ment program. while recognizing the special 
needs of our sponsors to understand the influence 
of air pollutants, it was nevertheless clear to 
us that there were marked differences in the 
approaches used in loss assessment by the scien
tists in different disciplines. We attempted to 
ident ify t he weaknesses and the st rengths in the 
different approaches, with the objective that 
knowledge may be shared in a truly interdiscipli
nary fashion. We hope we were successful in 
bridging the disciplinary barriers. 

This symposium has clearly demonstrated the 
merits of a multidisciplinary exchange of ideas 
in areas of common interest. It is our sincere 
hope that the stimulus that has been generated 
at the conference will result in future joint 
efforts for better understanding of the constraints 
that limit crop production. 

A symposium of this nature would not have been 
possible without the efforts of many of our 
colleagues. We acknowledge their support. From 
the beginning, W. C. James, J. C. Zadoks, H. C. 
Chiang, and D. S. Lang from outside our committee 
contributed much to conceptualizing the framework 
for the symposium. We also thank several 
colleagues who answered our requests for identify
ing key speakers in the sessions. Without their 
assistance, we would not have achieved the quality 
of scientific expertise we attempted to assemble. 
The logistics of organizing the meeting were made 
easier for US by the Office of Special Programs 
and members of our respective research projects. 
We are grateful to them, in particular P. R. 
Montgomery, K. Bowen, W. B. Shane, N. McMonigal, 
K. Lucas, and H. Franko. We would also like to 
acknowledge the assistance of secretaries in the 
Department of Plant Pathology in preparing the 
manuscripts for the proceedings. We thank the 
Minnesota Agricultural Experiment Station for 
sponsoring the publication of the proceedings. 

P. S. Teng 
S. V. Krupa 
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OPENING ADDRESS 

A. E. Sidner 

Chairman, Minnesota Environmental Quality Board 


Saint Paul, ~innesota 

I think it is appropriate to begin my remarks 
with a bit of advice from an ancient King of the 
East which is relevant to our approach to the 
issue of crop loss. 

The story is told of a wise King of Israel 
who passed down some advice to his son on how to 
approach difficult problems. His advice may be 
paraphrased as follows: 

"Son, the creator of the universe has 
arranged things so that when men live in 
violation of the design principles of the 
universe, they will experience a reproof. 
This reproof is an unexpected negative 
result which signals to them that a viola
tion has occurred. When you discover th.. t 
you are experiencing a reproof, you must 
stop, pause, step back and, seeking the 
input of the Creator, view the situation 
whole. After you have viewed the situation 
whole you should then acquire specific 
knowledge of the details of the situation. 
You must then make plans for correcting 
the situation, humbly recognizing what 
you do not know and seeking the advice of 
those who must carry out your pliins. Only 
after you have followed all these steps 
can you be confident of gaining a victory." 

I believe we would do well to heed the advice 
of this King, whose name was Solomon, as we seek 
to deal with the difficult problem of crop loss 
assessment. 

Crop losses have periodically impoverished 
mankind from our first dependence on cultivated 
land for subsistence. Many historic losses, 
distressing entire populations, have been attri 
buted to singular causes, for example, the 
Irish potato famine and drought of the Sahel. 
Even though more appropriate land use and the 
application of direct controls has helped to 
alleviate many of the acute problems that have 
plagued past generations, we now have a new 
appreciation for the chronic and complex problems 
that confront us now-a new appreciation for our 

ignorance. 

Today some 30% of the world's fnnd production 
is lost. These losses are nut usually atribut
able to the action of a singular loss factor but 
rather to the result of the complex interaction 
of many factors which, when combined, result in 
such significant impact on the overall production. 
These losses may be viewed as occurring in two 
general forms; those which result [rom natural 
perturbations and those which are derived fr0m 
human activities. There is reason to think that 
losses directly attributable to human activities 
in industrial societies may prove to be m0Te of 
a problem in the near future than those which 
are due to nature. 

Actions to first define and then recover pro
duction losses pay a double dividend to our 
economy by increasing production without increas
ing production cost. The fundamental inputs to 
the production process remain essentially the 
same, in terms of capital and energy requirements, 
and the effect is then to realize that part of 
the existing production potential which has been 
invested in the crop and is subsequently lost 
to the various constraints affecting that produc
tion. Conversely, if more production can be 
realized for a given input, then production 
inputs can be reduced while maintaining equiva
lent production. On a global basis this could 
amount to a net reduction of more than 30% of 
currently required input energy and capital. We 
can no longer afford to overlook significant 
savings such as these. Our experience of recent 
decades ~as taught us important object lessons 
regarding the fundamental value and limited 
character of many of the resources upon which we 
depend. We realize now that much of consuming 
luxury we have enjoyed during the past century 
has been at the expense of depleting resource 
savings which, in some instances, could only be 
again acquired over periods of thousands of years. 
With this understanding, it is important that we 
all, at this crucial time in history, step back 
and review our actions as occupants of a brief 
moment in geologic time, if we expect to persist 
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as a population for a significant part of that 
time. In our review, we must carefully separate 
the question of ends (What we w2nt to become) 
from the question of means (How we can achieve 
what we want). We must not be afraid to change 
means which no longer serve our ends. 

Agencies charged with the responsibilities of 
protecting the environment are only now becom
ing equipped to deal with the complex problems 
which have been identified in recent years. 
The problems which have been resolved were those 
which were of a singular nature and presented a 
well defined problem which was principally 
resolvable by a singular action. In contrast 
the problems of concern today, like crop loss 
assessment, are cross media in character and 
require a total environment consideration. It 
is the responsibility of the Minnesota 
Environmental Quality Board to coordinate 
environmental actions which concern the interests 
of several state agencies. It is therefore 
appropriate that an issue such as crop loss 
assessment be developed as a Board function. 

The Power Plant Siting Program of the Minne
sota Environmental Quality Board recognizes a 
specific need to better define production 
losses in agriculture and forestry which may 
result from coal-fired electric power generation. 
In this case, the electrical power is needed as 
a direct input to modern agricultural production 
process While the emissions resulting from 
electric power generation can cause production 
losses. Quantification of relative public cost 
and benefit is essential to the appropriate 
development and operation of contrary activities 
such as these. 

In Minnesota, the protection of air and water 
resources is the principal responsibility of the 
Minnesota Pollution Control Agency. This agency 
is currently reviewing the air quality regula
tions for Minnesota and tCle consideration of 
relative cost of control versus environmental 
benefit will be an essential aspect of these 
deli1erations. 

It is difficult to develop and maintain the 
necessary and appropriate regulations needed to 
protect and improve the quality of our environ
ment because the same regulations which benefit 
enviruamental quality often impose economic 
burdens on the population being protected. 
Individuals charged with the responsibility for 
gathering practical information related to this 
matter have found their task difficult. They 
have found that the information which is avail
able is difficult to apply toward developing 
economic foundations for establishing appropriate 
regulatory decisions. Too much of our current 
information is incomplete. Often it is incom
plete due to conditions imposed on our informa
tion gathering processes which may preclude the 

objective realization of an entire issue. 
Environmental regulatory decisions are especially 
difficult, because tomorrow's benefits cannot be 
adequately evaluated in terms of the costs 
expended today. 

Recent statistics provided by the Minnesota 
Department of Agriculture indicate that agricul
ture continues to be Minnesota's most important 
industry and generates some 40% of the gross 
state product. Approximately 60% of the land 
area in Minnesota is devoted to agriculture and 
occupies some 30.3 million acres. In 1979 these 
farms yielded an estimated 5.6 billion in cash 
receipts and comprise total assests in exc~ss of 
45 billion dollars. Agriculture has been an 
industry based upon a renewable natural resource 
and as such, provides a multiple benefit to the 
economy. It is important that the "renewability" 
of the soil be kept in mind as we consider 
increasing production by more intensive farming 
practices. A conservative estimate of the 
multiple benefit of agriculture to the Minnesota 
economy in 1979 is nearly 17 billion dollars. If 
we apply the generally accepted world food produc
tion loss estimate of 30% to these Minnesota 
statistics we realize that the current agricul
tural production potential in Minnesota could 
total some 8 billion dollars and could effect 
some 24 billion in multiple benefits to the 
state's economy. My purpose here is not to 
apply these figures to Minnesota production in 
the absolute sense because we are far from 
knowing their actual values. It is important to 
realize however, the relative magnitude of our 
current best estimates to demonstrate the need 
for attention to this problem. 

In crop loss assessment, we have come to appre
ciate a problem which is complex in both cause 
and effect. Production constraints cannot be 
adequately evaluated and controlled without also 
understanding the impact of individual constraints 
on the production economy. It would not be fruit
ful for us to direct resources toward the absolut~ 
control of all loss factors. It is, therefore, 
important that we first define the principal 
constraints and their interaction as they cause 
production loss and then direct our actions toward 
controlling those constraints which will most 
significantly benefit the production economy. 
This task is difficult because costs that are 
incurred today in mitigative control measures 
cannot be adequately evaluated until some future 
time when the benefits of a control effort may be 
realized. As the time over which the benefit 
of a control is realized 1.ncreases, the more 
difficult it becomes to justify the cost of con
troL While this can be a significant concern in 
a ssessing benefits over the period of growing 
season for an annual crop, it presents a substan
tial problem when the period extends to decades 
as in assessing benefits to productivity of a 
natural ecosystem. 



We are fortunate to be afforded the luxury of 
considering the problem of crop loss assessment 
from a position of relative abundance. Most of 
us live in areas where, food costs seldom exceed 
2S percent of individual income. This is in 
sharp contrast to conditions found in developing 
countries where essentially all individual 
resources are required to meet only subsistence 
nutritional needs. We find we have a two fold 
obligation to address this of improving 
production efficiency by alleviating production 
constraints. What we learn to apply now, toward 
resolution of this problem, will provide imme
diate benefit to millions of people in areas 
where production fails to meet current needs 
and simultaneously, help preserve the production 
capabilities of developed countries for future 
generations. These efforts are needed now. 
The world's population continues to increase at 
the rate of 2% per year and predicts that global 
food production will be required to feed a 
population of six billion by the year 2000. 
Whether or not we find a food crisis or content
ment in the year 2000 will depend principally 
upon the decisions made during the next decauE'. 

Cooperative actions, as demonstrated by your 
participation in this symposium are fundamental 
to achieving an adequate production economy in 
the future. We have recognized the need for 
these efforts and we have now to define the 
means of meeting that need. I look forward to 
your activities of this week as they will assist 
in providing that direction. 
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ECONOMIC, SOCIAL AND POLITICAL IMPLICATIONS 
OF CROP LOSSES; A HOLISTIC FRAMEWORK FOR 

LOSS ASSESSMENT IN AGRICULTURAL SYSTEMS 

DR. CL I VE JA~lES 


CANADIAN INTERNATIONAL DEVELOPMENT AGENCY 


Increasing food and fibre prodUction, to 
meet the needs of a rapidly growing world 
population, represents the greatest 
possible challenge to mankind, and 
particularly to those of us with the man
date to increase production in the fields 
of agriculture and forestry. The 
Environmental Fund, in Washington, D.C., 
keeps a continuous record of the world's 
population, and at this very minute it 
estimates the world population to be 
4.536,084,991 billion. This means, that 
the world's population is increasing by 
approx. 7.5 million per month, or 90 
million per year. It took more than a 
million years for the earth's population 
to reach the 1 billion mark, another 120 
years to reach 2 billion, 32 years to the 
next billion, and 14 years to reach 4 
billion in 1975; but it will probably 
only take 11 years to reach 5 billion in 
1986. These are the frightening figures 
of population statistics, but of more 
concern to us at this symposium they are 
also the frightening projections of future 
food, fibre and energy demand. Crop 
losses have a direct effect on the produc
tion, availability and cost of food, and 
therefore have important economic, social 
and political implications. Food is fund
amentally di fferent and more important 
t han any 0 the r com mod i t Y b e c a use i tis th e 
only commodity essential on a daily basis 
to sustain life for every individual in 
the global community. Moreover, world 
security may well be more dependent on 
increased food production than any other 
factor. 

Before World War II many of the 
countries in South America, Africa and 
Asia were net exporters of food and all 
three continents were net exporters of 
grain - the staple food 0 f most 
popUlations. However, there have been 
major changes in the last 30 years and 

only six countries can be considered as 
net food exporters in the world today. 
They are Argentina, Australia, Canada, 
South Africa, Thailand and the United 
States. The food deficit for the 
developing countries is expected to 
quadruple from 37 million tons of grain 
in 1975 to more than 150 million tons 
by the end a f this century, (1) when the 
global population will be over 6 billion 
people. The developing countries produce 
about 30% of the world food supply but 
they represent more than 50% of the 
world's popUlation. Crop losses have a 
direct social impact in the Third World 
where between 70 and 90% of the popula
tion is engaged in farming or agricultur
ally related industries. In more recent 
years the increasing costs of non renew
able fossil fuels, particularly oil, has 
increased demand for producing renewable 
biomass for conversion to alcohol fuel. 
This demand will undoubtedly compete 
with food crops, and the use of land for 
crops that can be used for alcohol 
production will increase and exacerbate 
the already precarious world food deficit 
situation. If we are to meet these 
formidable future production targets for 
food, fibre and energy, we must develop 
the technology that will allow us to 
identify, quantify and overcome the 
constraints that prevent us from 
increasing production. 

It is imperative to recognize that the 
global food deficit, which in part is 
related to crop losses, is a world 
problem and not primarily a Third World 
problem, because the world trading 
patterns of today demonstrate a mutual 
interdependence of the industralized 
countries and developing countries. The 
economy of industrial countries 
increasingly depends on the ability of 
the developing countries to purchase 



their exports and to supply them with raw 
materials. The agricultural production 
from one out of every three acres in the 
U. S. is exported and approximately one 
third of this is for developing countries. 
The Brandt Report, (2) published earlier 
this year after a two year study by 18 
distinguished world leaders, and headed 
by the former Chancellor of the federal 
Republic of Germany, reported that clos
ing the gap between the poor countries of 
the South and the rich countries of the 
North is no longer just a matter of 
striving for social justice, but is 
absolutely essential to the continued 
development of the industrialized North. 
Thirty seven percent of U. S. exports go 
to developing countries, 45% of Japan's 
and 18% of the European Community's. 
The U. S. now exports more to the 
developing countries than it does to 
Western Europe, China and the Soviet 
Union combined. All this emphasises the 
interdependence of nations, and since 
food is one of the principal commodities 
traded, the political implications of 
food shortages, caused by limited 
production, and reduced availability due 
to crop losses, can have serious reper
cussions even to the point where world 
security can be threatened. The social 
effects of crop losses are pervasive 
because today malnutrition saps the 
energy, darkens the minds and shortens 
the lives of more than 500 million peopl~ 
The economic implications of crop losses 
in the industrialized countries have 
becnme considerably more important as 
energy costs increase and profit margins 
are eroded due to various constraints. 
Crop losses have a direct effect on the 
price of food, which is politically one 
of the most sensitive issues in all 
countries. 

The constraints to increasing produc
tion are many, including abiotic factors, 
some of which can be controlled, and 
others that cannot be changed, e.g. 
climatic factors. In North America, 
atmospheric quality in terms of acid rain 
has already reduced timber and crop grow~ 
and destroyed fish popUlations. There 
are an increasing number of studies on 
crop losses caused by air pollution in 
the United States and some of these will 
be reported at this symposium. Soil 

erosion is accelerating in many countrie~ 
In the U.S.A. it has been estimated that 
in some places an inch of top soil is 
being lost every 10 years. Similarly, 
increased grazing pressure and droughts 
have led to a catastrophic increase in 
the rate of desertification in areas like 
the Sahel, the sub-Saharan region of 
West Afr ica. 

Of particular interest to many 
delegates at this symposium will be the 
constraints due to pests (i.e. insects, 
weeds, diseases and vertebrate pests), 
which were estimated by Cramer (3) to 
cause pre-harvest crop losses of 35%, 
equivalent to approx. 1.5 billion tons 
of production. At present day prices 
this could be valued at approx. U. S. 
$150 billion per annum. In the U. S. A. 
alone, losses due to pests are estimated 
to cost about $33 billion per annum. An 
additional loss of 20% has been 
attributed to post-harvest losses. 
However, I must hasten to add that the 
reliability of these estimates leaves 
much to be desired and assume that the 
losses due to different effects are 
additive. This underscores the import 
ance of this symposium, which has been 
specifically organized to review the 
methodology available for assessing 
production constraints, and develop 
guidelines and strategies to overcome 
them for the future. 

Given that we accept that it is 
important for us to develop cost and 
energy effective ricultural production 
methods, and that t is imperative to 
increase world food and fibre production, 
one of the first logical steps is to 
identify the constraints to increasing 
production in the present agricultural 
system, and then to assess the relative 
importance of the different factors. 
Irrespective of what measures are used to 
overcome the constraints, the magnitude 
and cost of the losses associated with 
the constraint must be known so that it 
can be compared with the cost of remedial 
measures. Agriculture can be regarded as 
a practical operation in problem solving, 
aimed at the economic production of crop& 
There are two elements involved in the 
resolution of any problem - the 
definition and solution. Within the 
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context of agricultural production the 
identification and quantification of 
production constraints is the definition 
process. Assessment of losses is 
considered to be a vital pre-requisite 
in the development of any crop production 
or improvement program, because it is 
generally inefficient, undesirable, 
illogical and ineffective to attempt to 
solve a problem that has not been defined. 
Decision makers at all levels, particul
arly those at the policy making level 
frequently have to make decisions with 
inadequate data when they allocate 
resources. The generation of a reliable 
data base to assess the relative 
importance of constraints would provide 
them with an objective analysis, which 
should assist them in assigning meaning
ful priorities and allocating resources 
in such a way as to optimize the returns 
for any given level of investment. The 
farmer needs to be provided with similar 
information because he will only employ 
a management practice to overcome a 
constraint if he is convinced that it will 
be a profitable operation. 

Despite the fact that it is well 
recognized that agricultural production 
is the product of a multifactorial 
equation, which is subject to many 
constraints, literature searches show that 
there are relatively few reliable data to 
identify and quantify these losses. The 
reason usually given for the lack of 
information is that crop loss assessment 
is difficult; however it does not follow 
that if a problem is difficult it is not 
important. Until a few years ago assess
ment of crop losses was somewhat like 
motherhood in that everybody thought it 
was a good cause, but in the case of loss 
assessment only a few were prepared to 
translate their words into action, or to 
carry the anology further only a few have 
been prepared to give birth to new asses~ 
ment technology: However, the attitude 
is now changing and I am gratified to see 
that interest in the assessment of 
production constraints is increasing 
rapidly in many countries, in Government 
Institutions, Universities, and the 
private sector. A manifestation of this 
interest in the U.S.A. is the promotion 
of a National Crop Loss Program at the 
Federal Government level, and of course, 

the organization of this well attended 
symposium, on the subject. To ensure the 
development of any program, and a crop 
loss program is no exception, you need 
dedicated individuals who are committed 
to the concept, and are prepared to make 
the necessary effort to achieve the 
realization of their goals. There are 
now many such professionals on campuses, 
experimental stations and laboratories in 
the United States, but maybe you will 
permit me the liberty of naming one 
individual, Dr. John Fulkerson, USDA, 
Washington, D. C., who has made an 
invaluable contribution to the develop
ment of the science of crop loss assess
ment in the U.S.A. during the past decade 
or so. Fortunately there are also 
committed administrators and scientists 
from various disciplines in other 
countries and organizations throughout 
the world, who are convinced that 
assessment of crop losses is an economic 
end point that is a vital prerequisite 
for rational decision-making. It may be 
more than a coincidence that interest in 
the assessment of losses occurs at a 
time when funding monies are difficult to 
obtain, and administrators are demanding 
more justification before committing 
funds! However, I choose to interpret it 
differently, and hope that we are on the 
threshold of an era where genuine concern 
and interest in crop loss assessment will 
lead to the development of a substantial 
reliable data base on crop production 
constraints. On the international scene 
the Food and Agriculture Organization 
(FAD) of the United Nations has always 
recognized the importance of assessing 
crop losses and in 1967 stimulated 
interest in the subject by convening an 
International Symposium in Rome. During 
the last 10 years FAD has sponsored a 
series of workshops in conjunction with 
International and National Professional 
Societies to provide training and 
guidance for plant protection specialists 
in the area of crop loss assessment. The 
International Rice Research Institute 
(IRRI) in the Philippines, has also 
initiated a program that attempts to 
identify the agro-economic constraints 
that limit rice production in several 
countries in Asia. 

At this juncture, I would like to turn 



to the second part of the title of the 
address, which proposes a hol~stic 
framework for loss assessment in agric
ulture systems. I do not propose to 
discuss in any detail the progress that 
has been made to date with different 
crop loss assessment methods, because 
this will be dealt with by various 
speakers during the course of this 
symposium. I will spend the remainder 
of the time to explore with you what 
directions crop loss programs should 
take in the future, what the needs are, 
the problems that have to be resolved, 
and the possible corresponding solutions 
that could be employed. 

There is no doubt that the main 
thrust of future crop loss programs 
should be to develop a comprehensive 
realistic data base which assesses the 
production constraints in the major 
world crops grown under different 
ecosystems. This will involve the 
development of new and more sophisticated 
technology to generate data from field 
experiments and surveys. An information 
and data processing system will also have 
to be developed that will be capable 
of collecting, analyzing, interpreting 
and disseminating the information within 
a time frame appropriate to the needs of 
a particular problem. In some cases, 
the time response for decision-making 
will have to be fast, to allow timely 
action to take place, whereas in other 
cases a slower time response will be 
adequate. 

I have used the word holistic to 
describe what I believe should be a 
general guiding principle in the develop
ment of future crop loss assessment. 
Holistic is a term that describes the 
functional relationship between the parts 
and the whole, or put another way, it 
emphasises the importance of the relation 
-ship between the components of the 
system and the total system. The 
practical application of knowledge 
developed in research work in Agriculture 
is probably a more difficult task than in 
most industries. Farming consists of 
the integration of a great variety of 
production methods, and there are many 
factors that interact within the context 
of any production system. A holistic 

approach that recognizes these inter
actions will result in a realistic 
assessment of the importance of the total 
effect of these constraints as well as 
the effect of any individual constraint, 
since it is almost certain that the 
resulting effect of all the factors acting 
together, will not always be the same as 
the sum of the effects considered 
individually. 

I would also like to suggest that 
future crop loss programs should have a 
holistic character with reference to 
other aspects of program development. 
For example, they should be holistic 
vis-a-vis the different levels of 
organization. Constraints should be 
studied within a global context to provide 
urgently required data that will provide 
answers to some of the questions posed 
by the Club of Rome in the text "Limits to 
Growth" (4). Similar studies are also 
needed to generate data for the other 
levels of organization which represent the 
components of the total system. Accord
ingly, constraints need to be quantified 
within the national context to allow well 
founded national policy and agricultural 
production programs to be developed, and 
at the farm level to optimize production 
for the different cropping systems. 
Constraints should also be analyzed with 
reference to the different functional 
groups that are affected by losses. 
Accordingly, losses should be assessed in 
terms of their effect at the level of 
producers, national or international 
traders, Government Marketing Boards and 
the consumer. In the past, the value of 
losses has usually been calculated at the 
prevailing value of the commodity. 
Obviously to be realistic the loss value 
should reflect the impact on price that 
would have taken place if supply had been 
increased by the quantity of the loss 
that is to say the effect of supply and 
demand. 

Future programs should also attempt to 
quantify the losses that occur at differ
ent points in the food system, so that 
their relative importance can be judged 
within the context of the total food 
system. The system should cover the 
period from planting to consumption and 
include the storage of seed. It is 
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unfortunate that pre- and post-harvest 
studies in the past have been conducted 
separately. There is an obvious 
advantage to assessing losses within the 
total food system, because it allows the 
relative importance of pre-and post
harvest losses to be assessed, using the 
same reference yield for calculating loss. 
This is particularly desirable, when, as 
is frequently the case, the same factors 
are responsible for losses at both pre
and post-harvest. In the past pre- and 
post-harvest studies have used different 
reference yields and the losses, when 
calculated on a percentage basis, have 
not been comparable. Indeed the defini 
tion and acceptance of a standard 
reference yield is an extremely important 
issue, on which agreement must be reached. 
To date, workers have used either 
"potential yield" which has not been ~Iell 
defined, or, for single factor models the 
reference yield has been defined as the 
level of production when the constraint 
under study is not operative. For 
example, if a particular disease is the 
constraint being studied, the crop yield 
in the absence of that disease is taken 
as the reference. However, as the 
science of loss assessment moves towards 
assessing simultaneously the effect of 
more than one constraint, there will be a 
need to define and establish a reference 
yield that is meaningful and appropriate 
for all the constraints under study. 
"Attainable yield" which is defined as 
the level of production in the farmer's 
field, using the recommended and accepted 
management practices, is one candidate 
that is worthy of consideration. An 
alternative approach would be to express 
loss in absolute production, by weight, 
rather than percentage loss which is 
meaningless to the farmer because it 
cannot be directly related to value. I 
favour this approach because with the 
advent uf crop growth and production 
models which could be used in conjunction 
with crop loss and forecasting models, 
loss could be directly expressed in 
weight of commodity and the value 
equivalent. Indeed as crop loss models 
are incorporated in a preventive mode in 
pest management schemes, projected crop 
loss will have to be calculated in terms 
of absolute production. It is also 
extremely important that assessment of 
losses during the crop growing stage be 

conducted in the farmer's field rather 
than under experimental station 
conditions where the constraints are 
certainly different. This is a cryptic 
or representational error that many of us 
are guilty of, not only in crop loss 
studies, but also in many other areas of 
agricultural experimentation. 

I would like to emphasise once more 
that future crop loss studies should be 
holistic with reference to the multiple 
constraints that are operative within 
any production system. To date most 
studies have resulted in single factor 
models that describe the relationship 
between loss and a single constraint 
factor, whereas in practice many 
constraints operate simultaneously. Some 
research has already been initiated on 
multi factor models, and future studies 
must focus on this area of research which 
not only recognizes the interactive 
effects between constraints, but also is 
capable of assessing the importance of a 
particular factor within the total 
production system. Thus future programs 
should include an assessment of biotic 
and abiotic factors such as insects, 
weeds,diseases, industrial pollutants, 
soil, water, fertility, etc. The 
emphasis should also change from develop 
ing loss assessment programs that allow 
you to calculate loss after it has 
occurred, to predicting loss before it 
occurs, thereby allowing action to take 
place which will prevent the loss. This 
will be facilitated through the develop
ment of simulators for forecasting and 
optimization techniques which can be used 
for both short term response require
ments, e.g., application of a pesticide 
in a disease management scheme, or long 
term, e.g., national or global yield 
forecasting. The crop loss studies that 
I have described identify what factors 
are responsible for loss. It is equally 
important to conduct concurrent studies 
on socio-economic constraints to find out 
why farmers have not, or cannot employ 
practices already available to overcome 
constraints. After all a crop loss study 
should not be an end in itself. It is a 
means for identifying the problems - the 
end is to overcome constraints with the 
adoption of appropriate technology. 
Socio-economic constraints like the lack 
of knowledge, credit,price incentives, 



institutional support, or reluctance to 
change due to risk, tradition, or 
attitudes can often represent more 
serious constraints than the more quanti
fiable biotic or abiotic factors. 

The strategy that I have proposed for 
assessing losses demands a multi-discip
linary approach involving different 
specialists dealing with crop production, 
plant pathology, economics, entomology, 
etc. In this team approach the different 
disciplin constraints must be sub 
ordinate to, and dictated to, by the 
total system, since the primary objective 
is to increase production in the most 
cost and energy efficient manner. 
Although this approach may present some 
implementation difficulties, it does 
address more appropriately the needs of 
the farmer and national or international 
action programs, all of which must 
assess the constraints to improved 
production within the context of the 
total system. The challenge of increas
ing food production is important to all, 
and the above approach should allow this 
goal to be achieved in a more effective 
manner, utilizing limited and often 
non-renewable resources in a more 
responsible way. Our objective in this 
symposium is to review the progress that 
has already been made in crop loss 
assessment and explore future strategies. 
Perhaps we should be guided in our 
deliberations and explorations, by the 
thoughts of T. S. Eliot, who wrote in one 
of his most pensive moods: 

"I'ie shall not cease from exploration 
And the end of all our exploring 
Will be to arrive where we started 
And know the place for the first 

time". 

15 



16 

References 

1. International Food Policy Research 

Institute, Food needs of developing 

countries; projections of production and 

consumption to 1990, Res. Report 3, 

(Washington, D. C.), 1977. 


2. Brandt Report, North-South: A Programme 

for Survival, MIT Press, 1980. 


3. H. H. Cramer, Pflanzenschutz ~achrichten, 
Plant Protection and World Crop Production, 
1967, Bayer, Leverkusen, West Germany. 

4. D. H. Meadows and D. L. Meadows, 

The Limits to Growth, Universe Book 

Publishers, New York, 1972. 




YIELDS, LOSSES, AND COSTS OF CROP PROTECTION - THREE VIEWS, 

WITH SPECIAL REFERENCE TO WHEAT GROWING IN THE NETHERLANDS 


J.C. Zadoks 

Laboratory of Phytopathology, Binnenhaven 9, 6709 PD Wageningen, The Netherlands 


SUMMARY 

Three views on yields, losses, and costs of 
crop protection are presented; three views, sepa
rate but interconnected. The first view, in 
search of a good reference for comparative eco
nomic studies, goes into definitions of yield. 
Between the primitive yield of subsistance agri 
culture and the theoretical yield calculated by 
crop physiologists we encounter th~ farmer's 
actual yield, the economic yield, and F.A.O.'s 
reference: the attainable yield. A Dutch anomaly 
shows that these yield concepts are operational. 

The second view expands on the Dutch, supra
optimal yield, and describes an experimental 
Integrated Pest Management system for winter 
wheat, called EPIPRE, with an on-line cost
benefit analysis of crop protection actions. 
EPIPRE is a field-specific, farmer-oriented, 
interactive, computerized system using a data 
bank and an intricate decision system. The profit 
for the farmer and for the nation is considerable 
in comparison to current practice. It is calcu
lated in guilders and in metric tons of pollut
ants. 

The third view synthesizes knowledge derived 
with the aid of the first two views into a na
tional picture of crop protection costs. In 1978, 
crop protection costs in the Netherlands exceeded 
I billion guilders for 2.5 million hectares of 
cultivated land. Real expenses were about 750 
million guilders. Of these, 10% were collective 
expenses (100%) paid for research (28%), teaching 
(25%), extension (5%), and inspection plus con
trol (42%). Residual losses, i.e. losses remain-

after economic crop protection, are estimated 
at 5% of the gross production value. These inevi
table losses amounted to well over 350 million 
guilders in 1978. 

THE FIRST VIEW - ON YIELDS 

When we talk about losses we are used to ex
press losses as a percentage of yield. So it 
seems that everybody agrees on a standard yield 
for a given crop, area, and period. In a world of 

uncertainty, there is at least one thing we know, 
our standard, the reference, the yardstick with 
which to measure losses. 

Is that really true? I doubt. Some reflection 
on the concept of yield will help. My paper will 
focus on winter wheat in the Netherlands, but the 
ideas developed here are applicable to any crop. 

I shows a number of yields. Which one is the 
yield everybody is supposed to agree upon? 

At the bottom we find the primitive yield, the 
yield of landraces in subsistance agriculture. 
These yields are obtained without modern imputs: 
improved seeds, water management, mechanical 
equipment, fertilizers, pesticides, fuel, and 
scientific knowledge. The yield level is in the 
order of I MT.ha- 1 under favorable cropping con
ditions. This yield is still common in large parts 
of the world. 

At the top we find the theoretical yield, the 
yield to be obtained under the best of conditions 
according to the calculations of crop physiolo

• A closed crop canopy can produce well over 
200 kg.ha-1.day-1 of dry matter, and theoretical 

of over 10 MT.ha- 1 harvestable product are 
to be expected. In experiments with wheat and rice 
10 MT.ha- 1 have indeed been obtained. In the 
Netherlands, a few wheat farmers surpassed the 
10 MT.ha- 1 threshold with commercial crops. 

Midway between primitive and theoretical yield 
we find attainable yield. This term has been 
created by F.A.O. as a reference value. "iWhen 
crops are grown under optimal conditions uslng 
fully the available modern technology, such as, 
for example, in experimental plots, the resulting 
high yields and high quality are referred to as 
attainable yield" (Chiarappa, 1971). Attainable 
yield is still an arbitrary affair, depending on 
the availability of inputs at a specific time and 
place. The pointer in the definition is "experi
mental plots". However, Dutch experience tells 
that good farmers' yields tend to be some 10% 
below the yields of experimental plots. The 
reason is obvious. Experimental plots receive a 
maximum of attention. No farmer can spend so much 
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care to his hectares as the experimenter gives to 
his square meters. 

The actual farmers really get 
under current practices. In devel
oping countries, with a lo_w input agriculture, 
actual approaches primitive yield. In ad
vanced countries, with a high input agriculture, 
actual approaches attainable yield. For the 
Netherlands, the attainable yield of commercial 
fields must be estimated at 90% of the yields at
tained in experimental plots. 

Neither the actual yield nor the attainable 
yield may be economic from the farmer's point of 
view. The economic is the yield that gives 

returns on expenditure. The 
often is lower due to lack of inputs, 

credit, lack of knowledge, or just sloppi
ness. The attainable yield is usually too costly 
to strive for. The economic yield can be found by 
way of cost analysis. 

In the Netherlands, we found an anomaly. For 
several farmers, the actual yield was higher than 
the economic yield. These farmers overinvested in 

• They obtained very clean crops 
yields, but at too high a price. As 

a result, the net gains per ha were lower than 
they could have been. Treatments which do not add 
value to the crop but only add to cleanliness we 
call In the race for top 

about cost-benefit 
calculations. 

Notions on yield as described above help us to 
define concepts of loss. Theoretical loss is the 
difference between theoretical and actual yield. 
~~~l_o_s_s_' according to the F.A.O. is the differ-

attainable and actual yield. Economic 
or, better, future profit, is the 

economic and actual yield. 

Fundamental research endeavours to push at-
up to the theoretical maximum. Ap

research has the task to push 
up to the attainable level. Any 

farmer tries for himself to push his actual yield 
up to the economic yield, thus maximizing his 
profit. 

Crop protection is the term covering a 
of actiol. by which the farmer tries to protect 
his crop weeds, pests, and diseases. 
Pesticides are only part of a complicated story, 
which with the choice of a cultivar, and 
includes choices of tillage method, fertilizer 
use, and water management. A breakdown of costs of 
wheat in the Netherlands with special 
reference to crop protection is given in Table I. 
The direct expenses for treatments are some 20% of 
total production costs. Direct costs are, in this 
context, real expenses for pesticides and their 

including costs of labor. Indirect 
costs are expenses hidden under headings other 

than crop protection, like healthy seed and till
age. The direct plus indirect expenses for crop 

are up to 27%. These high percentages 
seem to be characteristic for high input agricul
ture. 

The first view presented here has been put into 
in a large scale experiment, called 

EPIPRE, which approaches the ideal of Integrated 
Pes t Management. 

THE SECOND VIEW - THE EXPERIENCE WITH WINTER WHEAT 

EPIPRE was a reaction to the rapid increase in 
the application of systemic fungicides on winter 
wheat during the early seventies. In addition, 
treatment of winter wheat against aphids became 

practice during the late seventies. The 
in pesticide application caused consider

able concern for two reasons. {I) The benefits may 
not warrant the costs. (2) Pesticides are used 
over large areas. Though all applications occurred 
within the limits of the regulations, the pol
lution load on the environment was considerable. 
To moderate these undesirable effects EPIPRE has 
been developed as a scheme for supervised control 
of diseases and pests in winter wheat (EPIdemi
ology, PREdiction, and PREvention). 

EPIPRE is a field-oriented, computer-based, 
interactive system. It stores specific data from 
every registered field in a data bank. The farmer 
determines disease and pest incidence in his field 
and quotes his expected yield. Combining various 
data, EPIPRE calculates an expectation of future 
disease and pest development and of future loss. 
Expected loss is weighed against expected costs of 
control. If expected loss outweights these ex
pected costs, a recommendation to treat the field 
is issued to the farmer. 

The costs consist of several items. First, 
there is the chemical to be paid for. Second, 
there .are costs of application. They vary because 
the farmer may choose to apply the treatment him
self using his own equipment or to call for hired 
labor. The latter is often done when the farmer 

on potatoes and sugar beet; he can 
use his own time better in the potatoes and he is 
therefore prepared to pay more for wheat pro
tection by calling outside labor. Wheel track 
damage is considerable, according to the number of 
treatments per season and the swath width. We 
often see up to 3% wheel track 

EPIPRE combines the farmer's in
formation with our common phytopathological know
ledge, and so produces field-specific recommen
dations superior to the standard recommendations 
of the extension service. EPIPRE can reduce the 
average number of treatments per season from the 
expected 4 to some 3 or 2, unusual conditions ex
cepted. According to EPIPRE criteria, many Dutch 
winter wheat growers tend to operate above the 
economic optimum. This phenomenon I call the Dutch 



anomaly. For the Dutch winter wheat acreage of 
about 120.000 ha the omission of 1 treatment 
would economize between 10 and 20 million guil
ders (or from 5 to 10 million US $). The pol
lution load of the Netherlands would be reduced 
by at least 12 metric tons of active ingredients. 

When crop protection is effective, yield in
creases. That implies an increase in the costs of 
harvesting, cleaning, drying, and storing of the 
product. A fair estimate of these costs is 6 cents 
per kg wheat added through pesticide application. 
We have no clear picture of the gains in yield in 
treated fields due to lack of untreated controls, 
the problem being that small experiments tend to 
overestimate the beneficial effects of treatment 
in comparison to large field experiments. There
fore, we assume an average of 10% increase in 
yield and we approximate the costs of handling 
the extra production due to treatment as 6 cents 
per kg over 10% of the observed yield. About two 
thirds of these are payable at the farm gate. The 
resulting figure, roughly 2/3 times 36 or 24 
Dfl.ha- 1, is incorporated in Table 1, but it lS 

not yet used in EPIPRE. 

THE THIRD VIEW - CROP PROTECTION COSTS 
IN THE NETHERLANDS 

The second view, based on field experiences 
with winter wheat, unveiled the Dutch anomaly: 
producing more than the economic yield. Let us 
now, to see the third view, change our stance and 
consider the country as a whole, shifting from 
the micro-economic to the macro-economic approach. 
When a nation is involved, new costs and benefits 
appear. They are the collective costs, borne by 
the tax payers, and the collective benefits, 
among which general health of crops, people, 
cattle, and environment, more or less evenly 
shared by all citizens. 

Table 2 shows the total costs of crop pro
tection in the Netherlands for the year 1978. 
Residual losses, these are inevitable losses re
maining after economic crop protection, are esti
mated at 5% of the gross production value of 
arable plus horticultural crops. Total costs of 
crop protection, consisting of total expenses 
plus residual losses, amount to over one billion 
guilders (or about half a billion US $). Neglect
ing item 4, the collective costs II, which refer 
mainly to weed control in public parks, lawns, 
and forests, along roads and railroads, and in 
public waters, expenses for crop protection in 
agriculture at lar~e are about 3/4 of a billion 
guilders. These refer to about 2.5 million ha of 
land used in agriculture (including home gardens, 
scattered buildings, narrow waters, and wide road 
verges). The average costs are about 300 guilders 
per ha per year (or about 60 US $ per acre per 
year). Note that at least half of this area has 
not been treated at all. 

The expenses for crop protection in agriculture 
are detailed in Table 3. Data for arable crops 
have been calculated from estimates for 1979/80; 
to derive a 1978 estimate a correction of 10% has 
been subtracted. A indicates expenses for chemi
cals and their application, and for handling of 
extra yield, plus the costs of wheel track damage. 
B indicates indirect costs, taken at 20 per cent 
of the expenses for tillage and for seeds and 
planting material. Tillage serves in part to con
trol weeds and remove inoculum from the soil sur
face. In the price of seeds the costs of resis
tance breeding and of seed health care are repre
sented. Private expenses are 85% and collective 
expenses 15% of the total. The collective expenses 
are so high because the Netherlands are exporting 
agricultural commodities of high quality: toma
toes, cucumbers, paprikas, flower bulbs, seed 
potatoes, grass and legume seeds, and orna
mentals (flower:;, potted plants, and trees). 

Table 4 shows a breakdown of collective ex
penses. Research amounts to 31 million guilders or 
28% of collective expenses. Teaching requires 25%. 
This money is largely spent by the crop protection 
departments of the Agricultural University, 
Wageningen. Extension requires about 5% of collec
tive expenses. Inspection and control with 42% is 
by far the largest item. It covers the Plant 
Protection Service, the Seed Testing Station, and 
the various seed (and planting stock) inspection 
and certification services. 

o 

The three views on yield levels and crop losses 
are interconnected. The first and most philosophi
cal view sets the stage. The second view, based on 
field experience with the EPIPRE project, taught 
how the general setting could be operationalized. 
The lesson was incorporated in the third view, a 
first and tentative approach to the costs of crop 
protection and residual losses of a whole nation. 
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Table I. Estimated costs and revenues of winter wheat growing in the Central Clay District of 
the Netherlands, 1979/1980, in guilders.ha- I calculated for hired labor and equipment (Re
arranged after Noordam &Van der Ham, 1979). Rents for land and buildings are not included. 

Item Description Dfl.ha- I 

all crop protection only 

I seed 110 20% 22 
2 sowing 75 
3 tillage 430 20% 86 
4 fertilizer + application 310 
5 fungicides 115 100% 115 
6 insecticides 
7 herbicides 91 100% 91 
8 growth regulators 44 40% 18 
9 application costs 160 100% 160 

10 harvesting 435 
11 drying, cleaning 104 
12 handling extra yield 2/3 x 36 24 
13 various costs 58 

--+ - + 
14 total expenses 1932 516 27% 

IS 
16 

yield - seed 
straw 

6.3 MT.ha- 1 
4.2 MT.ha- 1 

3087 
378 
--+ 

17 gross income 3465 
18 - materials, etc. 697 
19 - hired labor + equipment 1235 

--+ 
20 - total costs 1932 

21 net income 1533 
22 residual loss 5% of 3465 173 

+ 
23 potential income > 1706 

Table 2. Costs of crop protection and residual losses in the Netherlands, 1978, 
in millions of guilders. For collective expenses I see Table 3. Collective ex
penses II refer to roads, railroads, waterways, public parks, etc. 

Item Description Dfl. x 106 
% 

I collective expenses I 109 10 
2 treatment of crops 641 57 

---+ --+ 
3 expenses in agricu lture 750 67 
4 collective expenses II 6 1 

---+ - + 
5 total expenses 756 68 
6 residual losses 
7 - arable crops 130 
8 - horticulture 227 357 32 

+ -- + - + 
9 total costs 1.113 100 
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Table 3. Expenses for crop protection in Dutch agriculture, 1978, in millions 
of guilders. A - direct costs of crop protection (chemicals, application, etc.). 
B - indirect costs of crop protection (tillage, planting material). 

Item Description Dfl. x 106 
% 

I collective expenses I 109 15 
2 arable crops A 475 
3 B 124 

+ 
4 599 
5 10% correction 60 539 72 

6 horticulture A 73 
7 B 15 88 II 

+ 
8 pastures 14 2 

+ - + 
9 total expenses 750 100 

Table 4. Collective expenses for crop protection in the Netherlands, in millions 
of guilders. (After Zadoks, 1980). 

106Item Description Dfl. x % 

research 31 28 
2 teaching 27 25 
3 extension 5 5 
4 inspection and control 46 42 

-- + -- + 
5 total 109 100 
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I have been requested to discuss some prob
lems associated with yield measurement in dis
ease loss experiments. My comments include a 
discussion of plot size and shape, experiment 
Size, scope of testing and some aspects of evalu
ating models to relate disease loss to indicators 
of disease incidence or severity. 

I do not intend that this paper be a thorough 
review of the literature. The reviews and syn
thesis of James and Teng (1) and James (2) pro
vide the primary framework of this article. 
LeClerg (3) has made specific recommendations on 
some of the same topics which I intend to cover 
generally. Additionally, the article of Cal
pouzos et al. (4) must be acknowledged for its 
contribution in the area of disease loss assess
ment. I have relied on the review of James and 
Teng (1) to put in perspective contributions of 
the many workers on the subject of disease loss. 

The general approach recommended by James (2) 
and James and Teng (1) for disease loss assess
ment can be paraphrased as follows: 

1) Through designed experiments, yield loss 
is measured at controlled levels of disease se
verity, disease incidence, stage of disease on
set, etc., in an attempt to develop an equation 
for predicting yield loss in terms of the var
iables used to describe the disease level. 

2) From carefully designed disease surveys, 
the disease level indicators would be measured 
and used in the equation to predict yield loss 
over a wide set of production areas. 

This paper addresses only yield measurement 
in the designed or controlled experiments. Sam
pling experiments, the measurement of disease 
indicators, and model fitting to develop the pre
diction equations are beyond the charge of this 
paper. 

LeClerg (3) has commented on design of ex
periments to assess yield loss and has made rec
ommendations on experimental approaches for sev
eral crop species. Despite his specific rec
ommendations, there appears to be considerable 

plot size controversy jIl the literature. Sug
gested plot sizes for yield loss determination!; 
in small grains range from "large" (1/40 acre or 
.009 ha) down to the minimum of a single tiller 
as the experimental unit (1). Thjs apparent 
dichotomy of opinion warrants some discussion. 

Optimum plot size computations based on uni
formity trial data and relative costs of plot 
work are frequently used to reach a decision on 
plot size. Plant breeders have used a large num
ber of these trials to make decisions on plot 
sizes for variety yield trials. Conclusions have 
not led to a COl1UJlon plot she for yield testing 
by plant breeders. Within regions, there seems 
to be some agreement among breeders (of a par
ticular species) on plot size for uniform re
gional yield trials. Individual breeding pro
grams may vary considerably in plot size used in 
their yield tests, particularly preliminary tests. 
Frequently mechanical harvest opportunities will 
dictate plot size in breeding programs. 

The uniformity trial approach involves har
vesting a uniformly cropped field in small units. 
The data from contiguous small units are combined 
to make increasingly larger plots (or plots of 
different shape). Decisions about plot size are 
made from a function of change in coefficient of 
variation (C.V.) as plot size changes. As plot 
size is increased, the C.V. decreases: 

high 

c.V. 
for 

yield 

low 
small large 

(plot size) 
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LeClerg (5) reviews optimum plot size estimation 
for those wanting a discussion of the subject. 

In general, large plots will be less variable 
than small plots. The question is, ''How large 
should the plots be?" Several techniques have 
been used to make the decision. All suffer from 
the problem that the response curve and the even
tual judgment on plot shape are a function of 
the soil variability (heterogeneity) of the field 
used to obtain the data for the uniformity trial 
computations. One uniformity trial provides an 
indication of optimum plot size for the specific 
field and environment but a number of trials from 
different fields will be much more useful. 

James and Shih (6) studied plot size for es
timating disease loss in spring wheat. They con
clude that plant pathology experiments will re
quire larger plot sizes to estimate yield than 
experiments conducted by plant breeders. They 
infer that square plots will be better than rec
tangular plots. Since their conclusions differ 
from those reached by plant breeders in yield 
tests, a review of the design principles involved 
may be useful in evaluating their suggestions. 

A primary focus of a disease loss assessment 
experiment must be the degree of difference in 
yield desired to be shown as significant. Even
tually this relates to the standard error of the 
-difference between treatment means: sd = "2 MSE/r, 
where MSE is a measure of error variance in the 
experiment and r = the number of observations in 
the treatment means. Mean square error (MSE) is 
a function of more than plot size; the design 
used, the number of treatments in the experiment 
and the plot size are all involved. Additionally, 
the size of difference which can be detected as 
significant is a function of the degrees of free
dom for the error term in the analysis of var
iance. 

The critical issues in design of efficient ex
periments are block size and the environmental 
variability of the experimental site. Theoreti
cally, a block - the block consists of a number 
of plots necessary to evaluate the treatments of 
interest - must not be so large as to increase 
error variances because of environmental dif
ferences among plots within the block. An in
vestigator may have two opposing forces at work 
in his experiment: 

a) larger plot size should reduce the co
efficient of variation, 

b) larger block size will increase the co
efficient of variation after some real
istic block size is exceeded. 

Thus, plot size considerations cannot be sepa
rated from "experiment" size. 

As noted previously, James and Shih (6) con
clude that plant pathologists interested in 
assessing yield loss due to diseases should use 

plot sizes larger than those used by breeders. 
Plant pathologists easily could use larger plots 
since smaller numbers of treatments are involved 
in their experiments than plant breeders use in 
variety tests. Any experiment with less than 30 
degrees of freedom is "small" in terms of the 
quality of estimation of error. A plant pathol
ogist could use 2 treatments - a protected con
trol and a diseased treatment in 1/40 acre plots. 
The block size would be 1/20 acre (very respect
able) but if approximately 30 degrees of freedom 
are desired, the treatments would have to be rep
licated 30 times. Without defense, I think a 
block size of 1/8 acre (.05 ha) or less is not 
likely to have a heterogeneity problem in mid
western USA experiments. If 1/40 acre plots were 
used in an experiment involving 5 treatments, the 
block size would be 1/8 acre without any allow
ance for border areas. In block size consider
ations, any border areas are included in the 
block size. In plant breeding yield trials, fre
quently 30 or more varieties are tested in ran
domized complete block designs. Plot sizes of 
1/40 acre would be impractical. 

The subject of plot shape is also of interest. 
Plant breeders - from long experience, many uni
formity trials, and theo+etical considerations 
use the general rule of "long, narrow plots in 
approximately square blocks" unless an obvious 
field gradient exists. When a gradient exists, 
a rectangular block arranged perpendicular to the 
gradient will be more efficient than the square 
block. The long side of the plots should be par
allel to the gradient. Rayner (7) has a thorough 
description of concepts of plot shape and block 
arrangement. I believe any yield loss assessment 
should be done in rectangular plots because of 
the heterogeneous distribution of soil types and 
depths in fields, as can be seen from most soil 
maps. On the average, long narrow plots that are 
relatively small will be superior to square 
plots. 

An obvious advantage of small plots is that 
there is less time involved in the hand harvest. 
I presume that hand harvest (which includes small 
mechanical mowers) will be used if the focus of 
disease loss assessment is developing countries. 
Also. the experimental site used for the experi
ments may not be as uniform as would be desir
able. The above factors lead me to conclude that 
disease loss assessment should be conducted in 
relatively small plots somewhat rectangular in 
shape. I believe yield plots used by the experi
enced plant breeder in his advanced yield trials 
loIOuld be a good starting place. For small grains 
in midwestern USA, this would involve approxi
mately 5 meters of linear row in bordered plots. 
A major reservation is that disease epidemics in
duced deliberately may not be similar to natural 
epidemics in plots under 1/40 acre in size (re
viewed in James and Shih [6]). If disease epide
miology requires such large plots, a more com



p1ex exper:bnenta1 design will be necessary if 
several treatments are to be evaluated. 

Calpouzos et al. (4) suggest a ''micro'' sample 
w:I..l1 provide a more accurate estimate of grain 
loss than will larger plots harvested with me
Chanical cutters and plot threshers. Their micro 
sample consisted of 3 meters of linear row hand
harvested (heads clipped by hand) and was com
pared to 5 meters of linear row mechanically har
vested (Jari mower) and threshed. They show a 
diaturbing difference in estimates of yield loss 
between the two procedures. Micro sample yield 
losses were considerably less than losses esti
mated from machine processed plots. Nonetheless. 
in large scale exper:bnents. I question the prac
ticality of the labor intensive system. There is 
a problem of uniformity of research techniques 
among people who must actually conduct the exper
iments. Unless highly sk1.lled laborers are used. 
the head-clipping technique will likely suffer 
greatly in comparison to mechanical cutting 
(small mowers or even hand scythes) and bulk 
threshing. 

Resul ts of the head-clipping exper:bnents may 
not relate well at all to the ac tual losses oc
curring in the growers' fields. Calpouzos et 
al. (4) discuss normal yields and max:bnum yields. 
Their normal yields are described as those at
tained under prevailing ecological conditions 
while max:imum yields relate to the ultimate ge
netic capacity of plants for production. J. C. 
Zadoks. Netherlands. discusses in this symposium 
a broader range of yield descriptions. It is 
:bnperative that the cultural practices and exper
imental techniques of the controlled exper:bnent 
represent as closely as possible the cultural 
practices of the grower. 

There appears to be interest in even smaller 
plot sizes (1). Sane researchers are recommend
ing single plant comparisons (diseased versus no
disease) or even single tiller comparisons. I 
don't see any value in this "plot size" in the 
large task of yield loss assessment at the grower 
level. Plant breeders have consistently been 
discouraged with yield determinatiOns on single 
plants. Heritability computations have shown 
clearly that environmental influences are much 
more important than genetic potential in such ex
per:bnents. C.V.'s associated with single tiller 
or Bingle plant data are likely to be very large. 

To review briefly. plot size considerations 
cannot be separated from experiment size. Small 
numbers of treatments can be compared in rela
tively large plots without much problem with soil 
heterogeneity but many replications would be nec
essary to achieve a ressonab1e number of degrees 
of freedom for error. If several treatments 
(greater than 8 to 10) are to be evaluated, 
smaller plot sizes must be used to avoid a dra
matic increase in plot to plot error because of 

soil variation within the block. I believe plot 
sizes used by plant breeders in their advanced 
yield trials should be the lower limit on plot 
size. 

Problems related to scope of testing or evalua
tion 

An investigator must always consider how well 
the results of the "scientific" experiment (for 
developing the disease loss functions) are likely 
to relate to actual losses in the growers' fields. 
Quantitative geneticists have two terms that 
should be discussed--the environmental reference 
population and the target population of environ
ments. The reference population is defined as 
that set of environments used to develop the 
statistics of interest. In the case at hand. the 
environmental reference population would be used 
to develop the prediction equation. The target 
population of environments is that set of envi
IOnments in which the equation is to be used. In 
a sound experiment, the reference population must 
represent the target population or the experi
mental results will suffer in applicability. 

Plant pathology literature acknowledges the 
importance of conducting the controlled exper
fments (to relate yield loss to disease indica
tors) on several varieties. at several locations 
and for at least 3 years (1). Specifically, what 
is the reference population? Several locations 
could be within one country. within one area of 
the world or spread throughout the world. Wha t 
is the target population? Will one prediction 
equation suffice for a given crop-disease com
plex throughout the production area or will the 
investigators have to develop equations for spe
cific subdivisions of the production area? If 
a team of investigators attempt some answers. 
they might start by considering the set of envi
IOnments in which 2 or 3 varieties are widely 
grown and are reasonably productive. A sample 
of locations throughout this area--regardless of 
political boundaries--would provide a data base 
from which to eventually consider the overall 
problem of scope of testing (the reference popu
lation) • 

An idealistic example of scope of testing of 
some undefined set of treatments might illustrate 
some additional problems. Assume that 5 disease 
levels (treatments) are to be evaluated on 3 
varieties in randomized complete block designs 
(4 replicates) conducted at 10 locations for eaCh 
of 3 years. The key-out would be written as 
followa with each source of variation and its 
degrees of freedom given respectively. Years 
(Y). 2; Locations (L). 9; Y xL. 18; B10cks/YL. 
90; Varieties (V). 2; V x Y. 4; V xL, 18; V x Y 
xL. 36; Treatments (T), 4; T x Y. 8; T x L. 36; 
T x Y x L. 72; T x V. 8; T x V x Y. 16; T x V x 
L. 72; T x V x Y x L. 144; Pooled error, 1260. 
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Note the large number of degrees of freedom 
for error in an experiment of this size. Of 
course, heterogeneity of error must be considered 
before pooling tn the combined analysis of var
iance. (The pooled error term might be parti
tioned differently.) The other thing to note is 
that potentially 120 replicates are available for 
computing the standard error of difference among 
treatment means. Scope of testing can overwhelm 
the effect of plot size or plot shape on C.V. 
Significant interactions can seriously affect 
interpretation of the experiment and the compu
tation of the standard error of the difference. 
Statistical consulting should be sought if there 
is any doubt of how to handle the interpretation. 

Care must be taken that the treatment levels 
in one location are the same at all other 10
('.ations; otherwise the interaction terms in
volving treatments cannot legitimately be com
puted. In disease studies, this situation may 
occur quite frequently as illustrated by Cal
pouzos et a1. (4). Thus, ex.treme caution must be 
llsed in trying to adapt this analysis of variance 
lllorlel to an actual experiment. 

Suppose the treatments consist of a control 
(no disease) and epidemics introduced at four 
specific growth stages of the crop. The treat
ment .sum of squares would be partitioned for a 
response curve to determine if yield loss is a 
linear or curvi-linear functl.on of the time of 
epidemic onset. The more interesting aspect of 
the experiment would involve the interactions. 
Is the response curve consistent over the vari
ous other design factors? Assuming the inter
actions are non-significant, yield loss could be 
predicted for all varieties and environments by 
one €,quation expressing yield loss as a function 
of stage of growth at the time of disease onset. 
A more likely outcome would be significant in
teractions which would indicate the response 
curve of yield loss differs from one level of 
the other factors to another. In such an event, 
a separate prediction equation might be required 
for each combination of levels of the other fac
tors (and the number of observations in a treat
ment mean would be decreased accordingly). 

Problems related to evaluating a disease loss 
model 

Any literature review of disease loss assess
ment would quickly point out the simplistic as
pects of my example. The Calpouzos et al. ap
proach (4) is much more realistic. Their model 
uses a response surface analysis of yield loss; 
the variables used are growth stage at epidemic 
onset and the epidemic slope. Here complexity of 
analysis develops rapidly. The analysis of var
iance cannot be used to compute the interaction 
of treatments with va.rieties. locations, years 
and their combinations because the treatment lev
els are not the same from one environment to an

other. They used a response surface analysis to 
analyze yield loss to epidemics using the loca
tion-year-bloc:k observations as data points to 
develop a function for disease loss for each v2
riety. The model was evaluated by computing R • 
The deviation sum of squares includes error vari
ation based on plot to plot error of measurement 
plus the location,year, block and interaction 
effects. 

In their generalized model, the variety effects 
'-'Ould also occur in the deviation sum of squares. 
Their ge~era1ized model, analyzing 374 epidemics, 
had an R value of 0.69 which appears very good to 
me considering the varying effects which were in
cluded in the deviation sum of squares. However, 
James and Shih (6) indicate that plant patholo
gists in North America are interested in detecting 
a 10% differenee in yield as a real difference. 
That could be practical in measuring disease loss, 
but for predicting yield loss as a function of 
disease variables such a level of significance 
will be difficult to obtain. 

A"ltde from the problems of developing the 
undel, there are the PZoblems of evaluating the 
mode1. The multiple R in regression analysis 
:Is a commonly lIsed indicator of how well the mod
el predicts the observed variation in the data 
used to develop the model. A much more realistic 
approach would be to divide the empirical data 
into 2 parts, one to develop the model while the 
second would be used to test the model on an in
dependent set of data. Using data from one envi
ronment to test a model developed from data from 
a different environment would provide a more re
alistic test of the model. Sum of squares due 
to the model now provides an excellent test of 
its usefulness. I encourage each of you to be 
suspicious of "good" prediction equations that 
have not bee~ evaluated on an independent set of 
data. The R due to the model will likely drop 
considerably when tested in this manner. 

The review papers of James (I, 2) put into 
perspective the overall problem of disease loss 
assessment. The Calpouzos et al. (4) paper 
either in stated or unstated details illustrates 
the complexities an investigator faces in a de
tailed analysis of disease loss assessment. I 
suggest that no one should start a thorough ex
periment on an international scale without a 
research team which includes a consulting stat
istician. Further, the qualifications of the 
statistician should exceed those of people well
versed in field experimentation and standard 
statistical analysis. Strong multi-variate a
nalysis background and expertise and knowledge of 
more recent developments in statistics such as 
non-linear regression techniques are very useful 
if not essential. Considering the task of ana
lyzing experiments for a difficult variable such 
as yield coupled with the even more complex biol
ogy of the disease organism and the interacting 
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environmental factors, I reach the conclusion 
that prediction models to assess yield losses at 
the econOlllic level of 10% or less are not soon 
to be attai.ned. This does not diminish the im
portance of the controlled experiments to estab
lish actual yield losses. However, I believe it 
means that yield loss prediction from survey data 
may be of limited utility in predicting yield 
losses or in making decisions on econolllic thresh
old levels of disease. Certainly, a framework of 
knowledge exists such that a comprehensive eval
uation program as suggested by James and Teng 
(1) should be initiated soon. A team approach 
involving pathologists, a crop production spe
cialist with sound experience in field plot work 
in the country or countries where the work is 
to be conducted, and a well-trained statistician 
should be involved in the plann1ng, conduct, and 
evaluation of the program. 
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It is indeed appropriate that the symposium 
organizers placed this topic early in the program. 
The prerequisite to follow natural epidemics is 
to ohtain some measure of disease intensity. 
from these estimates of intensity over time, the 
epidemic is then described in a useful format: 
for determination of rates, critical periods, 
and other epidemic parameters, comparison of 
treatments (varieties, control measures, and 
weather occurrences), extrapolation to initial 
conditions, and, for our purpose here, predic
tion of likely future disease and projection of 
disease loss. 

In this paper, the terminology used by 
James (7) is followed, whereby disease incidence 
is the percentage (or proportion) of plant units 
infected, disease severity is the area of plant 
tissue affected by disease (usually expressed as 
percentage or proportion), and disease intensity 
is used to cover either incidence or severity. 

ESTIMATION METHODS 

There are several basic requirements for 
disease assessment methods. The methods should 
be easy to use, allow rapid estimation, appli 
cable over a range of conditions, and foremost, 
be accurate and reproducible. Where intenSity 
estimates provide the basis for the development 
of loss models, poor, inaccurate, or vague 
estimates of intensity cannot be improved upon 
in the translation to the model equation for 
disease loss. With the demand for more precise 
input for loss models, the use of gross, arbi
trary rating scales becomes less and less appea
ling. Researchers should be encouraged to ex
press their disease intensities as a percentage 
(or proportion). In contrast, when disease 
severity is expressed as, e.g., "moderate" or 
"severe", or "5" on a scale of 1-6, essentially 
all utilitarian value of the estimates for a 
loss model is lost. 

Disease incidence (usually used for virus, 
damping-off, fungal wilts, or other systemic 
afflictions) is generally easy to obtain with con
siderable accuracy. Accurate estimates of seve
rity for many diseases are much more difficult to 
obtain. Because of the relative ease of obtaining 
most incidence values with accuracy, many attempts 
have been made to correlate severity to incidence. 
The application of these severity-to-incidence 
models to seasons other than the one from which the 
equation was derived frequently lets much preci
sion to be desired. 

It is not my intention to redescribe the nume
rous methods of disease estimation. Authors of 
several reviews (4, 7, 9) have done an adequate 
job. I know of no recent major breakthroughs in 
estimation or measurement, nor do I have unique 
solutions for assessment problems. What I propose 
is to state a few of the problems, critically 
discuss some methods and modifications, and en
courage experimentation in certain areas. 

Percentage Scales 

A widely used disease estimation scale is the 
Horsfall-Barratt (H. B.) (5). Its logarithmic 
basis on visual acuity provides for broad appli 
cability, easy adaption, and reasonable repro
ducibility among users. Its validity has been 
statistically evaluated (13). I have found great 
utility with the H.B. scale, even to make esti 
mates of defoliation (11). However, the scale as 
originally described has several deficiencies. 
As an individual becomes thoroughly familiar with 
symptom expression of a particular disease, more 
precision can be achieved than is possible within 
the restrictions of the 12 disease classes of the 
H.B. scale. James (7) too, recognized this 
deficiency and recommended linear interpolation 
within rating classes. I personally use a diffe
rent modification. What H.B. score could be 
given for a plot that the observors decide has 
approximately 50% disease? An H.B. rating of 6 
(25-50%) or 7 (50-75%) is not appropriate because 
the conversions average to 37.5 and 62.5% respec
tively. A rating of 6-7 (between 6 and 7) correc
tly expresses the estimate. If another plot is 



later encountered which is considered to have 
slightly less disease than the one above, a 
rating of 6-6-7 (on the "6" side of "6-7":45.8%) 
is assigned. A plot with slightly more than 50% 
disease would be 6-7-7 (for 54.2%). All other 
classes would have similar interpolations. Even 
further refinement of the interpolaion is possi
ble as the observor increases his proficiency 
at estimation. Such ratings are readily trans
formed to disease percentages by the ELANCO 
tables (12) or from a table of the most commonly 
used conversions (Table 1, Berger unpublished). 

Another similar problem with the H.B. scale 
is the lack of facility for handling estimates 
of very low severities; i.e., plots with disease 
of 0.0001% and 0.01% (a hundred-fold difference) 
would both receive the same rating (H.B.:2 for 
0-3%). The same problem is true for high severi
ties (97-100%) but epidemiologically these Il:Tt> not 
critical differences. For disease severities of less 
than 1%, I prefer actual lesion numbers for leaf 
spot diseases to estimate severity. In this 
low range, the formula: lesion numbers times 
average lesion size divided by total leaf area 
is used for proportion of disease severity. 
The average lesion size generally should include 
any accompanying chlorosis and necrosis. At 
these low disease levels, several methods should 
be used on the same observation date to provide 
a smooth transition between methods and a con
tinuum along the disease progress curve. Zadoks 
and Schein (15) suggested an assessment scale 
based on logits because of the applicability of 
the logistic transformation for several diseases. 
I devised such a scale but abandoned its use 
because of the similarity to the H.B. scale in 
the range of 1-99%. Such a logit scale may still 
prove an attractive choice to handle estimates 
when disease is outside this range. 

Field keys (6), standard area diagrams, 
descriptive keys, comparative samples, etc. have 
much the same difficulties in interpolation as 
the H.B. scale. Interpolation between described 
classes may be somwhat easier to accomplish with 
the standard area diagrams. 

Pathogen Monitoring 

Monitoring the pathogen, primarily by trapping 
air-borne spores, has been used as a measure of 
disease intensity and progress. Although epide
mics may be partially characterized by spore 
production, the cumulative spore numbers are 
more variable than disease estimates. Any 
person who has done much spore trapping can 
understand why this method will never likely be 
a popular assessment technique because of the 
time needed to operate the trap and to read the 
sample, the equipment down-time, and other 
problems. 

Remote 

Remote sensing techniques provide an easily 
obtainable, permanant record of disease intensity 
for large crop areas without observor bias and 
error. The approach is useful for "systemic" 
diseases such as wilts, virus infections, and 
other whole plant problems. Remote sensing has 
distinct advantages for measuring diseases that 
develop from foci. lVith remote sensing, like 
other methods, disease in low severity, or disease 
that begins in the lower canopy hidden from above 
by healthy foliage are difficult to detect. 

For disease estimates made over an extended 
time period, researchers frequently fail to con
sider the change in host area that has occurred. 
New leaves may have been added to the canopy in 
the interim, or leaves with and without disease 
may be lost to defoliation and senescence between 
ratings. The percentage of disease observed on 
a given date then will not be a true measure of 
the total disease progress that has occurred. A 
complete representation of host growth and tissue 
involved in disease is needed to develop correctly 
the loss models which are based on epidemic para
meters such as area under thE disease progress 
curve, critical point, infection rate, etc. 

Stages in host growth should be recorded at 
each observation date. For cereals, the Feekes 
scale (8) and decimal code (14) are widely known. 
Several other crops have similar descriptive keys. 
In most instances, these scales would gain added 
value for crop loss studies if some measure of 
leaf area were included. Both Chester (4) and 
Large (9) also emphasized the need for host 
growth information in their reviews on disease 
losses. 

Host leaf area can be fcllowed over time by 
numerous methods with destructive or non-destruc
tive sampling. Some electronic leaf area meters 
have great versatility and the measurements are 
highly reproducible. Alternate choices of methods 
to follow host growth are standard area diagrams 
(10), length x width ratios, dot counting grids, 
etc. 

The emphasis on quantification of host growth 
seems a most reasonable approach to study disease 
intensity and related crop loss. The host crop 
integrates all component factors of the many 
pathosystems. Numerous host responses and host 
parameters are readily measured and accurately 
quantified (3). Such information is needed for 
an unaffected crop to provide the base-line com
ponent of the crop loss model. Modifications of 
this base-line is needed for different varieties, 
seasons, agronomic variables, and geographical 
areas. The determination of whether a particular 
interaction has a significant effect on loss then 
becomes a problem in experimental design and 
execution, sampling, and statistical analysis. 
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PROBLEMS IN QUANTIFYING DISEASE INTENSITY 

In addition to the problem of obtaining rea

sonably accurate estimates of disease over time 

by the methods noted above ,_ other problems are 

frequently encountered in determining disease 

intensity. 


Variability, _R.:eproducibili!=L, and Frequel!£Y 

The reproducibility of an observor's ability 
to distinguish differences can be easily 
examined. The observor should make two or more 
evaluatior.s of the same plots on the same day. 
If any great deviations for individual plots 
occur, these plots should be reexamined to find 
where the difficulty lies. Perhaps alternative 
estimation methods are needed. I have done this 
checking procedure on several occasions and was 
pleased that the evaluations were quite similar. 
Several observors can assess the same plots to 
obtain measures of validity and reproducibility. 
I know of only one large scale study (Hau and 
Kranz, unpublished) of testing observors' abili 
ties to distinguish disease severities. I 
annually have allowed students in my course to 
compare assessment methods. Unknowing to them, 
I would also test their abilities as assessors. 
The results in both cases (Hau and Kranz and the 
class) were similar; i.e., some people are rea
sonably good assessors, others are good but con
sistently estimate either high or low, and the 
remainder simply cannot make a satisfactory 
assessment. 

The frequency of assessments is determined by 
the speed or tempo of the epidemic. As a 
general rule, I recommend every 1/2 p (incubation 
period), but some critical experimentation re
quires even closer intervals. In some experi
ments with Erwinia carotovora, estimates every 
one or two hou:;;:;';--;'as necess;ITy to describe the 
rapidly advancing disease. For lethal yellowing 
of coconuts, monthly assessments seem appro
priate. Most leaf spotting diseases are measured 
well with semi-weekly to weekly estimates. In 
any event, I recommend that estimation begin 
early in the epidemic generally at first sign of 
disease so several estimates may be made before 
disease incidence reaches 1% intensity. Many 
statisti.cal procedures gain accuracy when the 
number (N) of observations is large (N >15). 

and Pest Complexes 

In nat\lral field situations, pathogens seldom 

occur singly. In estimates of pest complexes, 

disproportionate stress frequently is given to 

the most evident or the most recent component. 

The total disease involvement should be parti 

tioned to the components of the complex. I have 

witnessed on occasion where the individual pest 

components (as determined by separate specia

lists) add to more than 100% even though the 

crop still had enough resources to make an 

appreciable yield. In IPM experiments, parti 

30 

tioning of stress to the various components 
often presents a formidable task. Further compli
cating the quantification of disease complexes 
over time is the predisposition of one pest com
plex on later arriving species. It is frequently 
difficult to determine the species most influen
tial in the stress factors. 

Many diseases begin in a crop as one to sever
al foci. Sometimes the foci may remain distinct 
through the epidemic. On other occasions, 
boundaries of the foci may become diffuse and 
obliterated with encroachment of neighboring 
foci. In either event, the disease intensity 
varies considerably from the focal centers to the 
peripheries and to the general disease in the 
crop area. This focal development presents 
unique problems in disease measurement. To ob
tain a realistic estimate of "average" disease 
requires an inordinate amount of sampling. Fre
quently, those diseases that develop in foci are 
monitored fairly well by aerial photography. The 
integration of the various intensites can be han
dled on the photos by electronic density scanners. 
Ground truth intensities for specific locations 
are still needed to provide adequate reference 
information. 

Canopy Partitioning 

In many pathosystems, the loss to disease of 
particular host tissue is important. For example, 
in grains, the flag leaf (F) and leaf F-l are more 
important to the yield component than lower leaves. 
For such pathosystems, disease in the total canopy 
needs to be partitioned so that disease on the 
critical components of growth is correctly 
defined. In peanut, defoliation to Cercospora 
leaf spots generally begin in lower leaves and 
proceed up the plant. Careful partitioning helps 
to define better the yield loss (11). Such 
partitioning is also needed in simulation models, 
particularly where there is a need to define the 
canopy layers that have received special treat
ments (e.g., sprays). 

Invisible Disease 

From the monent the pathogen infects until first 
symptoms appear, it draws nutrients from the 
host without its presense observed. For pathogens 
with long latent periods or with rapid infection 
rates, considerable fungal mass could be drawing 
nutrients from the host in the absence of visible 
symptoms. It is not known how much influence 
such latent infections have on crop yield. 

For those many pathogens that produce toxins, 
the effect of pathogen presence may extend a 
considerable distance from the site of obvious 
disease. As the proportion of visible disease 
increases, there may be a disproportionate effect 
on the host (3). 



J .L. Plaut and R.D. Berger, Peanut 

10.Residual ===-=
For perennial crops such as fruit trees, 

grapes, forest trees, coffee, sugar cane, orna
mentals, etc., severe disease attack in one II. 
season may have residual effects. To define 7:46-49 (1980). 
these long term influences requires carefully 12. 

to Estimate.:! 

E.P. King, and I. F. Brown, 
planned and conducted experimentation. Barratt 

~-~~--~ 

~ean E.ercentages, 
Co. , Indianapolis, lIOp. (1968). 

13. C.E. Redman and J. F. Brown, Phytopathologl 
The amount of disease on plant roots is 54:904 (1964). 

usually estimated at one particular time in the 14. J.C. Zadoks, T.C. Chang, and C.F. Konzak, 
history of the crop, usually at harvest. If Eucarpia Bull lOp. (l974) • 
infected roots are sloughed prior to sampling 15. J.C. Zadoks 
then errors may occur in determining disease and Plant 
intensity. It would be most advantageous to York, 427p 
follow the progress of root disease over time 
without destructive sampling. This is largely Horsfall-Barratt rating scores with
impossible so experiments are designed with interpolation.
excessive individual units to permit estimates of 
the populaiton with sampling at several inter

2 3 4vals. An alternative to this would be to 
correlate severity of root disease with above HB % HB % HB %
ground plant symptoms (growth, mass, color, leaf 
numbers, respiration, etc.). Bald (1) has 11 0.00 III 11110.00 0.00 
suggested this and the reader is referred to his 12 1.17 ll2 0.78 1112 0.58 
paper for additional methods. 	 13 2.34 122 1.56 1222 1. 75 

SUMMARY 	 22 2.34 222 2.34 2222 2.34 
23 3.57 223 3.12 2223 2.92 
24 5.85 233 3.90 2333 4.09Disease loss models have some measure of 

disease intensity as their basis, with these 33 4.68 333 4.68 3333 4.68estimates of intensity observed for one to many 34 7.02 334 6.24 3334 5.85
times in the life of the crop. The subjective 	 35 11. 71 344 7.80 3444 8.19 
nature of many intensity estimates needs 
improvement. Focal development of disease, 44 9.37 444 9.37 4444 9.37 
estimation of latent disease, progIess of root 45 14.06 445 12.49 4445 11.71 

46 23.43 455 15.62 4555disease, residual effects of previous attacks, 16.40 
pest complexes, and addition or loss of host 

55 18.75 555 18.75 5555 18.75tissue between observations are some of the 56 28.12 556 25.00 5556 23.43problems that face the researcher. More precise 57 40.62 566 31. 25 5666 32.81estimates of the parameters of host growth and 
disease progess are needed to accurately charac 66 37.50 37.50 6666666 	 37.50 
terize the epidemic and to provide more validity 67 50.00 667 45.83 6667 43.75 
in the final crop loss models. 68 59.37 677 54.16 6777 56.25 

77 62.50 777 62.50 7777 62.50 
78 71.87 778 68.75 7778 67.18 
79 76.56 788 75.00 7888 76.06 
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INTRODUCTION 

Air pollutants are one type of abiotic stress 
on crops and are considered by most pathologists 
as an integral part of crop pathology. 

Air pollutants have visibly injured plants and 
reduced crop yield in many areas of industrializ
ed countries (1). Injury generally increases as 
industrialization and urbanization increase and, 
except for ozone, injury is usually greatest in 
crops planted closest to industrial and urban 
centers. Cases of severe crop yield reductions 
due to acute episodes of air pollution have been 
well documented. Evidence is increasing of crop 
losses from repeated chronic exposures to specific 
air pollutants and to combinations of air pollu
tants. 

Research to date suggests that the photo
chemical oxidants (primarily ozone) reduce crop 
yield more than any other class of pollutants (2). 
These pollutants are produced by reactions be
tween hydrocarbons (emitted primarily from cars), 
nitrogen oxides (emitted from both internal and 
external combustion sources), and sunlight (3). 
Ozone injury to plants occurs throughout the 
United States, although it is most severe in 
southern California. It is also very severe in 
the Northeast, particularly during stagnant sum
mer weather light southwest winds waft pollutants 
from the industrialized Eastern and Central U.S. 

towards the Northeast. Many rural areas experience 
high ozone concentrations when primary pollutants 
(hydrocarbons and nitrogen oxides) from heavily 
trafficed and industrialized areas are emitted in
to the air and then are photochemically trans
formed into ozone (a secondary pollutant) as the 
air moves over rural areas. 

The widespread occurrence of phytotoxic levels 
of ozone and its known effects on reducing crop 
yield have resulted in the development of this 
paper for ozone. The reactivity and gaseous na
ture of ozone suggest that the model subsequently 
discussed for ozone can probably be applied to 
other gaseous air pollutants. 

This paper has four objectives: 

1. 	 To define and develop the rationale for dose
response studies in air pollution research. 

2. 	 To review the current status of dose-response 
models. 

3. 	 To apply one of these models to a body of 
plant injury data and to discuss the adequacy 
of this and other models. 

4. 	 To discuss the relationship between injury 
and growth, and between greenhouse or labora
tory research and field research. 



THE DOSE-RESPONSE CONCEPT 

Dose is the level of exposure of an organism 
to a substance. Response is the effect of a 
given dose on that organism. In studies of 
plant injury from air pollutants, dose has been 
traditionally defined as the product of the con
centration (c) of a pollutant and the duration 
(t) of exposure to that pollutant (exposure dose). 
Runeckles (4) suggested that dose should be de
fined in terms of the amount of an air pollutant 
that enters a plant and defines this as the ef
fective dose; uptake dose may be a preferable 
term since effective implies that a given dose 
will always elicit the same response. This 
definition agrees with the classical toxicological 
concept of dose. However, dose, as used in this 
paper, will be exposure dose, unless defined 
otherwise. 

Plant scientists who have studied pollutant 
uptake suggest that exposure dose may not ade
quately express what the plant receives. They 
further suggest that variations in response to 
exposure dose, as reported by various laboratories, 
would be reduced by use of effective (uptake) 
dose. This should be true since differences in 
response to exposure dose are due either to 1) 
variation in uptake of ozone by plants, or 2) 
variation in sensitivity of plants to a given 
uptake (effective) dose of ozone. The use of 
uptake dose would remove the variability of pol
lutant uptake (primarily air boundary and 
stomatal resistances). However, the use of ef
fective (uptake) dose would not remove the vari
ability due to inherent or physiological dif
ferences in plant sensitivity; again suggesting 
that uptake dose should be used in place of ef
fective dose. Further, the definition of ef
fective or uptake dose does not enable its direct 
calculation from available air monitoring data. 

It is essential that the dose term used be 
compatible with ambient air quality data to 
develop useful predictive models. Continuous 
air monitoring instruments permit an accurate 
description of ambient ozone concentrations and 
exposure durations at monitoring sites. Various 
types of exposure doses can be calculated from 
these data. Thus, "exposure dose" is the pre
ferred term for use in studying the effects of 
air pollutants on plants. 

Rationale for Dose-Response Studies 

An understanding of the effects of various 
doses of ozone on plants is needed as a basis 
for understanding ozone effects on plants and as 
criteria for setting ambient air quality stan
dards. Heck and Brandt (1) suggested that an 
ideal way to predict ozone effects would be to 
develop a set of standard equations (a predictive 
model) to relate response to concentration, ex

posure duration, and all other factors affecting 
a plant's response to ozone. If such a set of 
equations could be developed, they would pro
bably be specific for individual species or 
cultivars and be different for acute and chronic 
exposures. Such a complex predictive model would 
have little practical value and may be impossible 
to achieve. However, simple equations or systems 
of equations, based on groupings of plants, may 
permit an adequate interpretation of dose-response 
functions under average ambient environmental 
conditions. 

The dose-response experimental approach to 
develop such equations (a predictive model) in
volves the study of plant responses over a range 
of ozone concentrations and exposure durations. 
Dose-response curves developed from such data are 
amenable to regression analyses or to the separa
tion of points on a curve by using means separat
ion tests. The experimental design requires a 
background or zero concentration of ozone for the 
control and a series of ozone concentrations over 
various durations that include expected ambient 
concentrations. Maximum ozone concentrations and 
durations of exposure should assure at least a 
50% response (modification of variable studied) 
to characterize the response curve, unless such 
ozone concentrations would be excessively high. 

The dose concept is practical in laboratory, 
greenhouse, and manipulated field experimental 
designs. The dose concept is equally important 
in natural systems but is confounded by environ
mental variables since distance from a source 
(point or regional) is the only way to develop 
the dose concept. Thus, in studies with ozone 
some manipulated field designs are essential. 

Acute Versus Chronic Dose-Response Studies 

The terms "acute" and "chronic" have been used 
to refer both to the type of injury and to the 
type of exposure (2). An acute exposure is 
short (a few minutes to a few hours) with ozone 
concentrations high enough to cause classical 
flecking, stippling, or necrotic spotting with
in 24 to 48 hr. Chronic exposures are usually 
multiple exposures to low concentrations of 
ozone over days, weeks, or months. Injury may 
occur as a light fleck, intervienal chlorosis, or 
early senescence. In nature a seasonal exposure 
of crops to ambient ozone may include both acute 
and chronic exposures. 

As yet, not enough data on chronic effects of 
ozone are available to allow development of us
able dose-response equations. However, consider
able data have been gathered over the past several 
years. These data have been summarized by Heck 
et al (2). Field experiments conducted over 
growing seasons are summarized and discussed by 
Heagle and Heck (5) elsewhere in this publication. 
They have developed a technique that should per
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mit a reasonable determinatioll of crop loss dur
ing any given past growing season. Current data 
suggest that the chronic effects of ozone may re
duce yield and biomass when average concentrations 
are between 5 and 10 pphm (parts of ozone per 
hundred million parts of air by volume) for 2 
to 7 hr/day over a number of days during the 
growing season. 

Data [rom acute-exposure studies is sufficient 
to permit construction of empirical models to 
predict the degree of plant response for a 
particular species or grouping of species as a 
function of ozone concentration and exposure 
duration. The measured response is usually a 
knowledgeable but subjective estimate of the 
degree of visible injury. Various growth res
ponses have been studied and correlations with 
injury have been calculated. In the remainder 
of this paper we will discuss these data and the 
development of such predictive models (equations). 

ACUTE PLANT INJURY MODELS 

Heck and Brandt (1) reviewed mathematical dose
response models for sulfur dioxide. Although 
these models were developed for sulfur dioxide, 
they should serve as basic models for any gaseous 
pollutants and were considered as potential 
models for ozone. The first such model was 
devl'loped by O'Gara and modified by Thomas and 
Hill (6): 

(' 	 a + bit (1) 

wherL' 

c 	 concentration, pp, 
a 	 the effects threshold concentration 
b 	 a constant reflecting all unknown 

components of the mode] 
t 	 duration of exposure (time, hr) 

Cuderian et al (7) and Zahn (8) developed two 
additional equations to better define the sulfur 
dioxide concentration and time relationships that 
might affect both acute and chronic responses. 
All three equations show that concentration is 
more important than time in causing a response. 
The concept of threshold concentration in these 
equations shows that a given dose (ct) applied 
for 	a s~~rt time produces a greater response than 
the 	same dose applied over a longer time. 

Within the accuracy of present observations 
all three equations predict acute response fairly 
well, but only for responses within the 20 to 80% 
lnJury range. None of these equations adequately 
describe change in response as time, concentration, 
or both vary. They were developed to determine 
the effect of changing concentration and time on 
a given percent response. 

Heck et al (9) used a three-dimensional sur

face to describe the changing response of pinto 
bean and tobacco to changes in ozone concentration 
and time. The surface highlighted the steep 
slopes in both the response-concentration and the 
response-time planes. 

Later work on several species of plants by Heck 
and Tingey (10) permitted development of a mod
ified O'Gara equation. This simple empirical 
model gave response as a function of ozone con
centration and exposure duration. The equation 
that describes this Heck-Tingey (H-T) model is 

c 	 (2) 

where 

c 	 ozone concentration, pphm 
a = 	 the effects threshold concentration 
bl= 	an internal resistance factor 
1 	 plant response, percent 

= ~n external resistance factorb2 
t = tlme, hr. 

The model has a threshold term (a) and gives a 
reasonable interpretation of acute response up to 
a single 8 hour exposure. 

Several critical reviews 0, 2, 11) have sum::' 
marized much of the available acute response data 
for ozone and analyzed these data using this 
H-T equation or the simpler O'Gara equation. 
Several types of concentration versus time 
curves were developed in these reviews to show 
average.responses for various groups of plants. 

Larsen and Heck (12) analyzed percent leaf in
jury data for several plant species exposed to 
ozone and depicted their results as an empirical 
model with two basic characteristics: 

1. 	 A constant percentage of leaf surface is in
jured by an ozone concentration that is 
inversely proportional to exposure duration 
raised to an exponent (equal injury lines in 
Fig. 1) 

2. 	 For a given exposure duration, the percentage 
of leaf injury as a function of ozone con
centraion tends to fit a lognormal frequency 
distribution (equal time lines in Fig. 2) 

The Larsen-Heck (L-H) model equation combines 
these two characteristics: 

c = 	 (3) 

where 

c = ozone concentration, pphm 
m hr the geometric mean concentration 

g for a l-hr exposure (the concentration 
that injures 50% of the leaf surface 
after a I-hr. exposure) 



s = the standard geometric deviation 
g 

(the concentration that injnres 50% of 
the leaf surface divided by the concen
tration that injures 16%) 

z = the number of standard deviatiolls from 
the median (50% injury) 

t time, hr 
p the slope of the egual injury lines on 

logarithmic graph paper (Fig. 1) 

This L-H equation was rearranged to solve 
for z. A computer suhroutine was used to trans
late percent leaf injury (bottom line of Fig. 2) 
to z values (linear top scale of Fig. 2). Leaf 
~nJuries of 0% were arbitrarily set to a low 
value of 0.01% (z -3.72) to prevent the cal
culation of z values of minus infinity. Similarly 
observations of 100% injury ,"ere changed to 
99.99% (z +3.72) to avoid infinitely high z 
values. A least squures multiple linear regres
sion computer program was used to cuiculate the 
following parameters of best fit to the pinto 
bean data plotted in Figs. 1 and 2: 

c 	 (4) 

Leaf injury of 10% corresponds to a z value of 
-1.28 (Fig. 1). Equation 4 can be used for 
example to calculate that 10% injllry to pinto 
bean is expected after a 3 hr exposure to 10 
pphm of ozone. 

APPLICATION OF THE LARSEN-HECK MODEL TO A DATA 
SEr~~----·~-~-~·--· 

When he was writing a chapter for inclusion in 
a comprehensive review, Heck (2) developed the 
data base used in this paper. The following 
discussion of this data base, with minor modifi 
cations, is adapted from his article. 

lh..e 	 Plant Injury Data Base 

A critical literature-review identified only 
74 references that met the following three 
selection criteria and included information on 
ozone concentration, duration of exposure, and 
plant response: 
1. 	 The monitoring technique and method of 

calibration had to be defined (40% used a 
calibrated Mast instrument, 50% used an 
uncalibrated Mast instrument, and the remain
der used other acceptable methods). 

2. 	 The plant response must have allowed develop
ment of a relative (percent) evaluation in 
comparison with control plants (about 93% 
of the responses were percent foliar injury). 

3. 	 The experimental procedures had to conform 
to those generally accepted by researchers in 
the field (13). 

The data came from several laboratories where 
growth and exposure conditions were highly 
variable and plants were exposed at different 

physiological ages. at vi-lrious times of year. and 
under various soil conditions. The resulting 
data base averaged out these variations and thus 
provides average values over a range of environ
mental and physiological conditions. The 11 35 
data points selected were divided into three 
groups according to known species sensitivity: 
sensitive (450 data points), intermediate (373 
data points), and resistant (291 data points). 
These sensitivity divisions conform to tables of 
species sensitivities already published (1,2). 
The plants studied and theIr references are shown 
in Table 11-24 or (2). 

The datu developed for each species in each 
susceptibility group are analyzed here using Eq. 
3 (12). The data presented relate only to ozone 
concentrations that produce an acute response 
"'ithin 8 hr. 

The results of applying Eg. :3 to the plant 
injury data base are shown in Tables 1 through 4. 
Table 1 shows the types of observations recorded 
and the types of data used in the L-H model to 
calculate the parameters for Eq. 3 and the 
expected plant injuries. All four tables show 
calculated plant-injury parameters in the same 
column order. These columns are defined in the 
footnotes to Table I. 

The first six lines of data in Table 1 CL,me 
from Ref. 328 in (2). The second line indicates 
that a 1-hr exposure to 50 pphm of ozone injured 
67% of the pinto bean leaf surface. This corre
sponds to a z value of 0.44 (upper scale of 
Fig. 2). The first and third lines of Table 1 
indicate 0% injury, which has been arbitrarily 
set to 0.01% injury (z = -3.72). 

At least two different exposure durations and 
at least two different exposure concentrations 
are needed to use a least squares computer tech
nique to compute the L-H parameters in Eq. 3. 
Since Ref. 328 in (2) gives information on pinto 
bean for four durations and two concentrations, 
the computer program is able to compute the L-H 
equation parameters. The standard geometric 
deviation is 1.38 and the geometric mean for a 
I-hr exposure is 40 pphm (Fig. 2). The slope of 
the equal injury lines on logarithmic graph 
paper is -0.68 (Fig. 1). 

A z value of -2.33 corresponds to 1% leaf 
injury (Fig. 1). This information has been sub
stituted into Eq. 3 which calculates that 1% 
leaf injury is expected in pinto bean after a 
1-hr exposure to 19 pphm, or after 3 hr to 9 pphm, 
or after 8 hr to 5 pphm. Column 16 in Table 1 
indicates that if each of these concentrations 
were multiplied by 2.1, then 50% leaf injury would 
be expected. The next column indicates that the 
correlation coefficient between measured and 
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computed z values for this set of data is 0.98. 
The last three columns indicate that an 8-hr 
exposure to 10 pphm is expected to injure 52% of 
the pinto bean leaf surface, 15 pphm will injure 
90%, and 20 ppmh will injure 99%. These values 
were calculated by rearranging Eq. 3 to solve for 
z and by using a computer subroutine to determine 
the percent injury corresponding to the calculated 
z value. 

In Table 1, Refs. 389 and 391 do not have at 
least two different durations and at least two 
different concentrations. Therefore, separate 
equation parameters could not be calculated for 
these data sets. Reference 416 does have several 
different concentrations, but only one duration, 
1.5 hr. Therefore, the computer calculates an 
equal time line (Fig. 2) only for this one dura
tion. The standard geometric deviation calculates 
as 1.61. The geometric mean calculated for this 
1.5-hr duration is 23 pphm. The correlation 
between measured and calculated z values is 0.96. 

The pinto bean plant injury parameters calcu
lated from the data for each separate reference 
are listed in Table 2. The results for Ref. 328 
are, of course, identical in both tables 1 and 2. 
The parameters for Ref. 328 can be compared with 
those calculated for Refs. 123 and 187. Referen
ces 123 and 328 agree closely at 1% injury. 
References 187 and 328 agree closely for 8-hr 
exposures to 10, 15, or 20 pphm of ozone. 

The 13 points plotted in Fig. 1 are based on 
the same data as the 13 points from Ref. 187 in 
Table 2. Each point in Fig. 1 is the median 
percent injury for 16 plants (Table I in (12). 
Each point in Table 2 is the mean of these same 
16 observations. The plant-injury parameters 
calculated by these two different methods (median 
versus mean) differ from each other only slightly. 
One advantage of using means is that no 0% 
~njuries will occur in this particular case (if 
percent injury is determined to two decimal 

All 55 pinto bean observations have been used 
to calculate the injury parameters shown on line 
1 of Table 3. Similarly, plant injury parameters 
have been calculated for all other plant species 
that had sufficient data available (2). The 
species listed in Table 3 are listed in the order 
of their susceptibility (1, 2, or 3; sensitive, 
intermediate, or resistant, respectively) and 
alphabetically by plant type. 

Data have been analyzed for groups of plant 
types in Table 4. All 450 observations of 
sensitive plants suggest that for 8-hr exposures 
the average sensitive plant would have 21, 44, or 
62% leaf injury when exposed to 10, IS, or 20 pphm 
of ozone, respectively. These observations for 
sensitive plants are heavily weighted by the 203 
observations for tobacco (line 6). Line 2 of 

Table 4 shows injury values for all sensitive 
plants, except tobacco, where the average percent 
injury is expected to be 15, 37, or 56% from 
8-hr exposures to 10, 15, or 20 pphm, respectively. 

Intermediately susceptible plants (line 11 of 
Table 4) show much less sensitivity to ozone 
after an 8-hr exposure than do sensitive plants. 
For all plants in this intermediate class (2), 
leaf injury is expected to average 2% at 10 pphm, 
11% at 15 pphm, and 26% at 20 pphm. 

The 268 observations for resistant (suscepti
bility 3) plants (last line) suggest that they 
are, indeed, very resistant to ozone injury. 
A 20-pphm exposure for 8 hr is expected to cause 
only 1% injury to the average resistant plant. 

Comparison of L-H and H-T Model Results 

Fig. 3 shows the percent leaf injury measured 
in Martin sorghum plants (10) exposed for 1, 2, 
or 4 hr to ozone concentrations of 15, 30, or 60 
pphm. Each of the nine plotted points is the 
arithmetic mean percent injury for 12 plants. 
These nine points were used by least squares 
multiple linear regression computer programs to 
calculate the parameters of best fit of these 
Martin sorghum data to the L-H and H-T models: 

c 59(1. 78)Zt-· 67 (5) 

C : 10.7 + 0.381 + 17.1/t (6) 

These two equations were used to plot the 
equal duration lines for 1-, 2-, and 4-hr expo
sures for the L-H model (solid lines) and the 
H-T model (dashed lines). The L-H lines were 
much closer to the plotted points than were the 
H-T lines. This is reflected in the correlations, 
0.97 versus 0.77, and the percent variance 
explained by each model (r2), 94 versus 59%. 
The L-H model leaves 6% of the variance unexplain
ed. The H-T model leaves seven times as much 
(41%) unexplained. 

The percent variance left unexplained by both 
models has been calculated for six species 
(Calabrese broccoli, Roma tomato, Pennscott red 
clover, Martin sorghum, Northland spinach, and 
Long Marketer cucumber) listed in Table 3. The 
L-H model leaves an average of 14% of the 
variance unexplained. The H-T model leaves 3.5 
times as much, 49%, unexplained (Table IV of (10). 
Therefore, the L-H model fits these plant injury 
data much better than does the H-T model. 

Another characteristic of the L-H model is that 
it predicts injuries only between 0 and 100%. 
The H-T model can predict injuries that are either 
negative or greater than 100%. Thus, the L-H 
model fits real life better. 

Toxicologists and pharmacologists have found 



that an organism's response to a drug dose is 
often related to the logarithm, rather than the 
arlt:~etic value, of the dose and that su~h 
response data often seem to be lognormally 
distributed (14). When plotted on log-probability 
graph paper, an approximately straight line often 
results. The L-H model is a lognormal model that 
gives straight lines for equal exposure durations 
when plotted on log-probability graph paper (Fig. 
2). Although it is an empirical model, it 
resembles the same types of models that toxi
cologists and pharmacologists have used very 
successfully to express responses to a drug or 
pollutant. For example. Eq. 3 works very well for 
expressing percent excess mice mortality as a 
function of nitrogen dioxide concentration and 
exposure duration for exposure durations ranging 
from 6 min to 1 yr (15). 

The L-H model discussed in this paper is an 
empirical one, even though it has some mechanis
tic concepts. It is not possible, at present, 
to develop a truly mechanistic model because so 
little is known about how ozone affects plant 
systems. Even after this is understood, it must 
be developed in the context of field response. 
Other factors must be considered, such as other 
stress phenomena that affect plant response to 
ozone as well as meteorological and atmospheric 
factors that determine ozone concentration and 
air movement over a crop. We may not be able to 
perfect a completely mechanistic model. 

In the development of predictive models, 
current controlled-chamber technology permits 
determination of ozone flux into the leaf, and 
micrometerological techniques permit calculation 
of ozone flux into plant canopies in the field 
(uptake dose). This determination of ozone flux 
is a measure of stomatal resistance and the 
transfer characteristics of ozone across the air 
boundary layer near leaf surfaces, which are 
necessary inputs to predictive equations. In 
addition, meteorological and soil conditions will 
be used to predict internal (biochemical) sensi
tivity variations associated with stress. 
Inherent variations between and within plant 
species will be determined under experimental 
conditions. An understanding of all three com
ponents (uptake dose, biochemical sensitivity, 
and inherent variations) is eventually necessary 
before the effects of ozone on a given plant 
species can be accurately predicted. 

Ambient Ozone Concentrations 

Based on their analyses, Larsen and Heck (12) 
have suggested setting ambient air quality 
standards for averaging times of 1, 3, and 8 hr to 
protect vegetation. The standards would be set 
at concentrations that '"ould cause equal, low 
amounts of injury, whether plants were exposed 
for 1, 3, or 8 hr. For ozone or oxidants, their 
analyses suggest that ambient concentration 

patterns are such that an 8-hr standard would 

usually require the most pollution reduction 

to achieve a given small amount of injury (Fig. 

5 in (12). 


The ;~ational Ambient Air Quality Standard 
(NAAQS) for ozone (16) specifies that the expect
ed number of days per calendar year (usually 
averaged over 3 years) that the I-hr-average 

ozone concentration can exceed 12 pphm must be 
equal to or less than 1. All of the ozone con
centration data in the National Aerometric Data 
Bank (NADB) have been analyzed for years 1975 
through 1977 to determine ozone concentrations 
and the reduction in these concentrations needed 
at each site to achieve this standard (17). 
Reductions needed at the most polluted site in 
each county have been indicated by shading areas 
on a map of the United States (Fig. 8 in 17) 

The national ozone standard is a 1-hr standard, 
but plants are injured by longer ambient expo
sures, such as by an 8-hr exposure. Studies 
for many sites indicate that when the maximum 
I-hr concentration of ozone in a year at a site 
is at the standard of 12 pphm, the maximum 8-hr 
concentration ranges from 8 to 10 pphm (Fig. 1 
in 18), To depict an adverse situation, the 
8-hr, 10-pphm concentration of ozone is studied 
here and is used as a "pseudo" standard that 
would be achieved at almost all sites where the 
national I-hr standard is achieved. 

Frequency distributions of daily maximum I-hr 
ozone concentrations have been compared with the 
national standard to determine concentration 
reductions needed to achieve the I-hr standard 
(17). Similarly, frequency distributions (Fig. 
4) of daily maximum 8-hr ozone concentrations 
have been calculated for all sites in the NADB 
for years 1975 through 1977 and the design con
centration (the concentration expected to be 
exceeded Olll'L' <1 year) and the concentration 
reduction nccLkd to achieve the psuedo 8-hr 
standard of 10 pphm have been calculated. Since 
only the grllwillg season associated with plant 
plant injury is L1f interest here, only concen
trations in the second and third quarters of 
the year (April through September) are analyzed 
and only for 8-hr periods that are primarily 
during daylight (the daily maximum 8-hr running 
average starting as early as 6:00 a.m. and ending 
as late as 8:00 p.m.). 

The data plotted in Fig. 4 are for a site in 
New HavenCounty, CT. The number at the bottom 
of the second column indicates that the design 
concentration (the daily maximum 8-hr average 
concentration exceeded an average of once a year 
for years 1975 through 1977) is 18.7 pphm. Since 
the pseudostandard for 8 hr averages is 10 pphm, 
the design concentration is 187% of the pseudo
standard. A concentration reduction (this paper 
does not treat emission reductions needed to 
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achieve concentration reductions) of 46% would be 
needed to bring the design concentration down to 
the pseudostandard of 10 pphm. 

D.'LI analyses resembl ing those in Fig. 4 have 
been made for all ozone sites "n the NADB. The 
design concentration for the !nnst polluted site 
in each county, as indicated in Figure 5 by the 
sl"lCleci area, is rounded to the nearest 5 pphm. 
TIlt' design concentration for Fig. 4, 18.7 pphm, 
falls in the 20 pphm class (17.5 to 22.4 pphm). 

As Illl'nl i,'nl'd earl.ier, ozone concentrations are 
highest ill s(luthern California but are also high 
in the Northc:lst States, as shown in Fig. 5 for 
Connecticut, \.Jhil'll has very high concentrations. 
(No data are shm.Jl1 for Massachusetts since it 
does not have counties.) In retrospect, it is 
<!:lsy to see why photochemical smog on July 17 and 
18, 1959, caused almost $5 million damage to 
loiJ<JcCO growing in Connect ieut (19). 

Fig. 5 shows ozone levels only for the shaded 
areas. No ozone data are available for the white 
are;lS. Thus these data should not be extrapo
lated too far. 

Tables] and 4 can be used with Fig. 5 to 
predict how much acute injury might occur in a 
crop planted in a particular area of the United 
States. The last three values in line 1 of 
Table 3 indicate for pinto bean that an 8-hr 
l'xposure to 10 pphm is expected to cause 22% leaf 
injury, 15 pphm will cause 49% injury, and 20 
pphm will cause 70% injury. These three con
centration levels are indicated by shading on 
Fig. 5 and can be used to convert shading dif
ferences into these percent injuries expected 
for pinto bean. The same approach can be used 
for the other plants and plant groups in Tables 
3 and 4. 

OTHER CONSIDERATIONS 

This paper develops dose-response relations 
based primarily on the acute injury response of 
plants exposed to ozone under greenhouse or 
control chamber conditions. The ultimate value 
of the models discussed depends upon knowing 1) 
the relationship between injury and some growth 
or yield parameter and 2) the relationship 
between responses of plants grown under green
house conditions to that of plants grown in the 
field. 

Injury versus Growth 

Debate has been considerable regarding how 
well injury from ozone relates to reduction of 
growth or yield. If it were easy to determine 
the yield response, then injury response would 
not be important. But under field conditions 
there is no way to determine that ozone injury 
has occurred, other than be detecting visible 

injury. Thus, it is important to try to relate 
visible injury to yield reduction. 

The preponderance of opinion in the United 
States suggests that no usable relationship exists 
between injury and growth or yield. For some 
species and under some conditions, this may be 
true. If biomass or yield can be reduced with
out causing visible injury or if injury can occur 
without loss of yield, then the relationship may, 
indeed, be poor. 

However, the literature abounds with examples 
of good correlations between visible injury and 
growth or yield reductions. Sometimes these 
relationships seem to be linear (Fig. 6, based 
on data from Table I in (20). Often it is 
curvilinear with some visible injury occurring 
before biomass or yield is reduced. This rela
tionship is obvious in Table 5 (2). 

We have found with experimental dose-response 
designs that a good relationship between injury 
and biomass always exists when visible injury 
ranges from 0 to 80 or 90%. However, if the 
design considers only one concentrationa and time, 
especially if it is a multifactor design, no 
correlation can be found. To test this relation
ship, experiments should be designed specifically 
to compare injury and biomass or yield. This 
has not yet been done. 

Relation of Laboratory and Greenhouse Data to the 
Field 

Many investigators believe that greenhouse 
results do not reflect those that would occur in 
the field. In certain instances, this is 
probably true. It would be difficult to relate 
injury from th" multitude of acute dose-response 
studies, repol,_ed in this paper, to effects on 
final crop yi, Ld under field conditions. However, 
the results c' uld, and we believe do, often 
represent the effects of a single high air pollu
tion episode on a crop. It is not possible to 
completely prove this because field plants are 
continuously exposed to doses of Ozone. Also, 
ambient exposures involve several pollutants that 
are simultaneously present. We believe that the 
mass of data analyzed in this paper would ade
quately reflect the average response of these 
plants under field conditions, if the field plants 
were eXDosed once to ozone alone and assuming the 
field-groWn plants are not under a drought stress. 
For this reason, field crops may show more injury 
than that predicted by the equations in this paper. 

SUMMARY 

Ozone causes visible foliar injury and reduces 
crop yields in many areas of industrialized coun
tries. To predict the effects of ozone on plants 
and eventually on crop yields, it is essential 
to use dose-response designs. This paper consi



ders ~nse-response studies of acute plant injury. 
where injury is a function of ozone concentration 
and exposure duration. Acute dose-response 
models are considered because sufficient informa
tion is available for their development. The 
need for growth and yield models is acknowledged. 
Five dose-response models are reviewed. The 
accuracy of plant-injury predictions achieved 
with the Larsen-Heck (L-H) and Heck-Tingey (H-T) 
mathematical models were compared using six plant 
species. The L-l! model explained an average of 
all but 14% of the variance, whereas the H-T 
model left 3.5 times as much variance, 49%, 
unexplained. Therefore, the L-H model fits 
these plant-injury data much better than does 
the H-T model. Ozone concentrations are indica
ted by shading on a map of the United States. 
This map and the accompanying plant injury tables 
can be used to predict expected percent leaf 
injury for individual plant species or for groups 
of species during the worst acute pollution 
episode of a y"ar. Data are shown that support 
a relationship between percent leaf injury and 
crop yield or growth reduction. The greenhouse 
exposure data analyzed here may adequately 
reflect the average response of these same 
plants under field conditions. 
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6 Table 1. ~~::::::~~~::_~:::_:~~_::~:~::::~_~~!~:~_~:::~:::::_~~:_::~::::~5:5~~:_~~~:~_~::~_~~:~5:_:~~::~_:~_~~~~:~:______ 
Expos 

Plant durat 
num hr 

__i!L_____i~2____ 
3.100 1.0 
3.100 1.0 
3.100 2.0 
3.100 2.0 
3.100 4.0 
3.100 8.0 

Number 
Conc Injury of dev 
pphm & z Susc 

_11L_____i~2_____i~2_____i~L 
10 0 -3.72 1 
50 67 .44 1 
10 0 -3.72 1 
50 99 2.33 1 
10 12 -1.18 1 
10 55 .13 1 

3.100 Bean, Pinto 
3.100 4.0 25 55 .13 
3.100 4.0 35 90 1.28 1 
3.100 Bean, Pinto 	 1 
3.100 4.0 25 60 .25 1 
3.100 Bean, Pinto 	 1 
3.100 1,5 5 0 -3.72 1 
3.100 1.5 10 8 -1.41 1 
3.100 1.5 15 34 - .41 1 
3.100 1.5 20 47 .08 1 
3.100 1.5 30 50 .00 1 
3.100 1.5 35 77 .7!f 

~~!QQ_---~~~~~-~~~~~-----------------------
* Column definitions: 

Num 
of 

Ref obs 
___iZL___i~L 

328 
328 
328 
328 
328 
328 

389 
389 
389 2 
391 1 
391 1 
416 1 
416 1 
416 1 
416 1 
416 
416 
416 

pphmat l%inj 
Std Geo Geo Injury after exp for 
geo mean mean line ------------- 
dev at t 1 hr slope 1 hr 3 hr 8 hr 

___i22___i!Q2___i!!2____i!~2_i!]2_i!~1_il~2 

1. 38 40 -.68 19 9 5 

% inj at 8 hr. 
Inj cone after pphm of 
ratio Corr ------------ 
50%/1% coef 10 15 20 

__J~~2__ilZ2__il~2_i!21_i~Q2_ 

2.1 .98 52 90 99 

(1) 	 Identifying number for a plant species. 
(2) 	 Duration (in hr) of exposure of plants to ozone. 
(3) 	 Ozone concentration in pphm (parts of ozone per hundred million parts of air by volume). 
(4) 	 Percent of leaf surface injured; 
(5) 	 Number of standard deviations this percent injury is from the median (50% injury); see Eq. 3 and top axis of Figure 2. 
(6) 	 Susceptibility rating of the plant; 1 sensitive, 2 = intermediate, 3 = resistant. 
(7) 	 Reference numbers are from (2). 
(8) 	 Number of data points; each data point is usually the mean percent injury for several plants exposed for this duration 


& concentration. 

(9) 	 The standard geometric deviation, s , the concentration that injures 50% of the leaf surface divided by the concentration 

that injures 16% of the leaf surfac~; see Eq. 3. 
(10) 	 The geometric mean at time t, m ,the concentration that injures 50% of the leaf surface after the exposure duration 

shown in column 2. g t 
(11) 	 The 

a 1 
(12) The 
(13)-(15) 
(16) 	 The 
(17) 	 The 
(18)-(20) 

geometric mean concentration for a 1 hr exposure, m h' the concentration that injures 50% of the 
hr exposure; see Eq. 3. g r 
slope, p, of the equal injury lines on logarithmic graph paper; see Eq. 3 and Figure 1. 

The concentration of ozone (in pphm) expected to cause 1% injury after an exposure duration of 1, 
concentration of ozone that will cause 50% in 1 hr. divided by that that will cause 1% injury in 
correlation between measured z values (column 5) and z values calculated by rearranging Eq. 3. 

The percent leaf injury expected after an 8-hr exposure to 10, 15, or 20 pphm. 

leaf 	surface after 

3, or 8 hr. 
hr. 



Table 2. Number of observations and calculated injury parameters for experimental designs of 
pinto bean plants exposed to ozone.* 

pphm at 1% inj % inj at 8 hr 

Num Std Geo Geo Injury after exp for Inj cone after pphm of 


Ref of geo mean mean line ------------ ratio Corr -------------- 
~~~_____~~~____2~~_____~~_£_____l_~E____~!~E~_____l_~E_~_~!_~_h~__~2~Ll~____~~~~____lQ_____l~____~Q_ 

77 2 
94 2 

119 1 
** 1 
123 8 1.65 64 .60 20 10 6 3.2 .82 11 34 56 
185 2 
186 5 
187 13 1.63 31 -.55 10 5 3 3.1 .94 51 80 92 
328 6 1. 38 40 -.68 19 9 5 2.1 .98 52 90 99 
389 2 
391 1 
416 6 1. 61 23 

.96 
438 3 1.47 21 .95 
456 2 
490 1 

* Columns are defined in footnotes to Table 1; reference numbers are from (2) 
** John A. Dunning and Walter W. Heck, personal communication. 
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pphm ;] t 1% t '.1.1 % i nj ., t :) IJ r 
11j lIry ·1 ftcr L'Xp for I.nj l.'O!l\' i.1fter pplm ,,[ 

:,~t..'j) nC':lll 1 i. np r ,] t ['J CI)[T 

Jpv J h r s I "pc 1 "r '3 h r 8 hr 'jO';';!!; f'O(l f 10 15 20 

';usc"rtibility I (.'31.'l1Sitivc) 
BC:J:1, Pint" )) 1.7U 35 -.l,O 1) 4 J. ') .81 22 49 70 
f~rdCL() 1 i., en' ;lh n.:A:(! 

<l,1[s, Cl int 1.111<1 f1~ 

241.5:-\ 
') :).02 

3'J 
47 

-.01, 
-.41 

1 'l 
6 

!2 
, 
" 

2.9 
5. I 

.93 

.91 
[) 

17 
3 

Jr, 
11 
51 

{liltS) [},_'ndl_'l: I.) 'j. 17 58 I 1 46.0 .91, 29 38 45 
!' .. Id ish, I:h"rr:} fl,'] 1 e 1.56 H -.31 :3 (, 2.8 .9/, 11396l, 
Tllbac l20, ::;,111';'111 (,L O!) 73 -.49 J 12.9 .86 19 30 40 
r" ha c c (), X:lllt Ii 1 h 2.16 47 -.43 'j J 6.0 .93 21) 17 52 
rtJbacco, PaV3na )01 6 2.23 41, -. 13 6 5 6.5 .96 16 26 
[,,)b'1CeD, Havana 107 (, 1.33 JJ .36 8 ') I, 4. 1 1.00 23 47 66 
f{,b,lCCU" l!av,Jna r,OJ (, 2. S'3 35 -. 19 J l 2 11.3 .91 20 n 1,4 
T 'J h:l(' en, Dc 1 h i I') I 2.66 28 -.00 3 9.8 .92 l'i 26 37 
l\)h;JI'CU, 'ii eks 2.2') 28 • 17 J 3 6.6 .91 21 J3 52 
T"b;,le'Co, 
T.}hil(",'ti, 

'Ie 9~ 
\:c1 \J3 

5 

I'd 
l. '.II, 
1. tHl 

29 
39 -.5 ') 

') 

5 
I, 

3 
l, • 7 
f,. J 

.91 

.73 
21 
36 

42 
62 

59 
77 

rob;)c':',, Va II r, ') 2.45 }fj -.31 4 3 ! 8. I .84 26 1,2 55 
f,~)b;JCCI1, li,IV,Jn,'l l,I•.,: b 2.2] 27 -.24 4 3 2 6.6 1.00 27 45 59 
I ~)na t(), P...O!~I.,"l 18 I .56 ::" -.21 8 7 5 2.8 .92 16 I~ 7 71 
T"baccn 
Tubar"',) 

('I. 
('I. 

:' I" ti r1<)5:1) 

rll,;t i",l), Br:ls\L i.l 
IJ 
() 

1.87 
".1)9 

26 
:?e 

-.22 
.45 

h 5 
} 

4 
2 

4.3 
5.6 

.94 

.97 
21 
46 

41, 

67 
62 
80 

:;u ,;ptihil Lt.y :.: (i'lt"r'~e(lilt(') 

Hl',1n, til'l!l, Th,.xtpr 6 1.6j 69 -.05 22 20 3. I .95 I) o 
l"'I,t, Perfectl'lj I)'.,rroit 6 [,63 74 -.34 22 15 11 3.3 .98 1 4 12 
!)('t',oni.l, Thous;:111d \Joild,>rs \,1hit0 !) I.n'i 76 -.30 18 13 10 4.2 .90 1 5 13 
T3rtWH':f',:rilS , Sno!)th :;,)C 12 !. 7') 60 -.39 16 11 7 3.7 .94 l, 15 30 
I:"obnge, All Scn';()!l ') 1.35 'il -.08 25 23 21 2.0 .93 o o 1 
C! t)ve r, Rpd t Pcnnscot t I') 1.57 'ia -.38 20 13 9 2.8 .90 2 11 28 
Corn, Golden (:rus~ 92.10 il3 -.44 15 9 6 5.7 .99 5 14 25 
CClrll, PiOTl"cr 509 ') 1.91 80 -. ') 7 18 10 S 4.5 .94 8 22 37 
Petunia, Cumanche 62.27107 -.70 16 7 4 6.7 .98 1 3 26 39 
Pine, Virginia 6 1. 74 99 -.75 27 12 6 3.6 .89 9 28 47 
Sorghum, aartin 9 1.78 59 -.67 15 7 4 3.9 .97 25 51 70 
Soybe':l11, Dare 27 1. 77 96 -.6L, 2S 13 7 3.8 .87 5 18 34 
Spinach, Northland 12 l.f,7 57 -.48 23 14 9 2.4 .91 J 19 45 
Squash, Summer 9 1.83 70 -.01 17 17 17 4. I .96 o 1 2 
Tobacco, 112 8 1. 72 66 -.39 19 12 8 3.6 .92 2 11 24 
Tobacco, Samsun NIl 6 2.49 89 -.48 1 ~ 6 4 8.4 .76 10 20 30 
lmeat, lie Us 15 1.47 81 -.46 33 20 13 2.4 .91 o 3 12 

Susceptibility 3 (resistant) 
Chrysanthemum 6 1.77 152 -.26 40 30 23 3.8 .92 o o o 
Chrysanthemum, Oregon 9 2.00 179 -.27 35 26 20 5.0 .76 o o 1 
Cotton, Acala SJ-l 4 1. 26 77 -.55 45 25 15 1.7 .90 o 1 17 
Cucumber, Long Marketer 18 1.80 97 -.14 25 21 18 3.9 .93 o o 1 
Lettuce, Dark Green Boston 6 1.94 98 -.35 21 14 10 4.7 .99 1 4 10 
Periwinkle, Bright Eyes 9 1. 57 136 -.40 48 31 21 2.8 .94 o o 1 
Sorghum, }1artin 12 2.56 148 -.53 17 9 6 8.9 .91 4 10 17 

* Observations are from [2]; columns are defined as footnotes to Table 1 
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Table 4. Number of observations and calculated injury parameters for groups of plants exposed to o2one.* 

pphm at 1 inj 
Num Std Geo Inj ury after exp for 
of geo mean line 
obs dev 1 hr slope 1 hr 3 hr 8 hr 

Susceptibility 1 (sensitive) 
All plants 450 1.86 38 -.40 9 6 4 
All plants except tobacco 247 1. 78 38 -.35 10 7 5 
Beans 62 1. 75 35 -.42 9 6 4 
Hay (alfalfa & grasses) 23 1. 91 45 -.54 o 6 J 
Soybeans 26 1. 51 72 -.73 27 12 6 
Tobacco 203 1.96 39 -.49 8 5 3 
Trees for lumber (4 varieties of pine) 10 1.6 49 -.63 16 8 

Susceptibility 2 (intermediate) 
All plants 342 1.67 72 -.46 22 13 8 
Beans 10 .61 72 -.37 24 16 11 
Corn 18 2.00 81 -.5 16 9 6 
Flowers (begonia, mum, petunia, poin.) 25 1.6 68 -.34 22 15 1 
Hay (alfalfa & grasses) 58 1. 59 57 -.37 19 13 9 
Soybeans 58 1. 71 94 .66 27 13 7 
Tobacco 59 1. 78 70 .33 18 13 9 
Trees for lumber (3 varieties of pine) 8 2.27 139 -.74 21 9 4 
Wheat 15 1.47 81 -.46 33 20 13 

Susceptibility 3 (resistant) 
All plants 268 1. 92 174 -.27 38 28 21 

*Observations are from (2); columns are defined as footnotes to Table 1 

Inj conc 
ratio 

50%/1% 

4.3 
3.8 
3.7 
4.5 
2.6 
4.8 
3.0 

3.3 
3
5.0 
3.0 
2.9 
3.5 
3.8 
6.7 
2.4 

4.6 

% inj at 8 hr 
after pphm of 

Corr 
caef 10 15 20 

.77 21 44 62 

.78 15 37 56 

.80 26 53 72 

.83 28 52 69 

.77 13 45 71 

.75 3 54 70 

.91 28 60 81 

.85 2 11 26 

.92 5 14 

.95 18 31 

.87 1 5 14 

.89 ) 11 28 

.90 5 20 37 

.88 1 7 16 

.79 9 20 31 

.91 o 3 12 

.59 o o 

.p.. 

w 
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Trtble 5. Injury Versus Growth Reduction in Selected Plants Exposed to Ozone.!./ 

• ____M._"""_ 
---~-~--.---.... 

Plant Growth 	 Foliar Injury 
Ozone Con- Response, Response, % 

Plant centration, Exposure % reduction increase over 
Spt'cles pphm Time, h from control control 
-- _ ..._-----_.

B~'rln ., cllltivar 10 O.5/day. 14 days 11, leaf dry wt 9 
Pin".> 	 10 l.O/day, 14 days 40, leaf dry wt 46 


30 2/day, 14 days 70, leaf dry wt 69 

30 3/day, 14 days 70, leaf dry wt 78 


Cnrn, "weco t 5 6/day, 64 days 12, av 4 yield 14 
responses 

10 6/day, 64 days 35, av 4 yield 25 
responses 

Sn:vht.1an. cultivar 5 6/day, 133 days 	 22, plant fresh wt 19 
lhn' 	 ]0 6/day, 133 days 65, plant fresh wt 37 


10 (+ 8°2 6/drtY, 133 days 75, plant fresh wt 46 

at 10) 


Tobac co, cultivar >5* (Often over growing 22, top fresh wt 17 
Bel H3 season) 

Soybean (12 culti- 5 8/day, 5 days/week, 3 weeks 2, top fresh wt 8 
vars) 10 8/day, S days/week, 3 weeks 21, top fresh wt 19 

* A study in field 	chambers with ambient photochemical-oxidant (ozone) concentrations. 

l/From Table 11-3 of reference 2. 
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Figure 1. Leaf injury in pinto bean plants exposed to various ozone concentrations 
for various durations (concentration plotted versus exposure duration) [12). 
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Fi ure 2. Leaf injury in pinto bean plants exposed to various ozone concentrations for various 
urat,ons (concentration plotted versus percent injury)[12J. 
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Fig. 5. Daily nilximum R hr ,lverage ozone. conce, I Lcll1 f'xceeded an ,.'"rage of ance/y,- :J.' .:he highest 
concentrati'Cln ozone nonittlrLng station in ,~nch c tty vhere' ozone \lOS ne,'lsured in years I975 through 1977. 
C0tmty concentrat Lil!] Shild LUi:" arc round,?d to the neare'h ;1pl111 (~"'., Ie, ; ,,;lnll " 12,5 to 17.5 pphm). 

100r--------,---------r--------.---------~------~ 

o 40 pphm 

80 

20 

o 10 pphm 

°O~-------2~O------~40L-------~6~O--------80~------~100 

Leaf injury, pareen! 

Figure 6. Crop reduction (percent reduction in number 
of beans harvested) and leaf injury in snap beans exposed 
to 3 hr durations of 10, 20, or 40 pphm of ozone when 
the beans were 15, 18,21,24, and 27 days old and were 
harvested at 35 days. (data source: Table 1 of [201). 
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EXPERIMENTAL DESIGN FOR QUANTIFYING DISEASE EFFECT ON CROP YIELD 

Dr. James R. Burleigh 

Rabat, Agency for International Development 


Washington, D.C. 20523 

1. Current Theory and Methodology 

In recent years increased attention has been 
~iven to the acquisition of reliable crop loss 
dnta to .iust continued support of plant pest 
prugrams from tax supported ill3titutions hamper
ed by limited resources and from a public 
demanding accountability and scientific utility. 
Indeed, the impact of plant pests on crops has 
always been the basis used to validate plant 
pathology as a legitimate discipline of scienti 
fic inquiry fur the public good. But only 
~ecently has that awareness enabled plant 
pathologists to recognize crop loss measurement 
as a field of interest where the opportunity and 
the obligation of plant pathology merge. It 
was concern about crop losses and an interest in 
the unknown that prompted sCLentists in the 18th 
and 19th centuries to search for the causes of 
plant disease. From that beginn'ing, the science 
of plant pathology has matured to encompass 
many specializations; yet, it is the impact of 
plant diseas~ on the human condition that excites 
the curiosity and the curious, and gives meaning 
to our attempts to understand plant disease. 

Measurement of the impact of plant disease 
begins with the systematic acquisition of crop 
loss dilta. Commonly those data are obtained 
by: 1) disease surveys; 2) field trials, 3) 
glasshouse or climate chamber experiments and 
by 4) remote sensing. Disease surveys have been 
used more frequently to assess damage by foliar 
rather than by root pathogens, although the 
survey elements employed are similar. That is: 
1) fj,?l(!;; are selected at random with their 
number proportional to the regional area of a 
crop and variety, 2) diseases and races are 
identified and incidence and severity noted, ,) 
crop growth stage is recorded and then 4) loss 
estimates are made as a function of severity 
recorded at a particular crop growth stage. 
With few modifications that sequence was followed 
in most studies reviewed by Chester (1950), as 
well as by surveys of recent origin (King, 1977a, 
1977b; Smith and Smith, 1974; Gayed and Watson, 
1975; Richardson, 1971; Taylor and Roberts, 1976) 

and those which span the time between past and 
present sllch as the cereal rllst survey made 
annually since 1918 by the Cereal Rust Laboratory 
of the University of Minnesota (Roelfs, 1976). 
Each step is critical to the process of making 
accurate lo;;s estimates. lVith a disproportionate 
or insufficient sample of cultivars, disease 
severity estimates may be affected by a regional 
bias, and if loss is described as a function of 
severity, loss estimates will reflect a reg!unal 
bias as well. The same error can result from 
disease severity recording systems .that do not 
permit uniform and objective appraisal or which 
have a weak biological correlation to loss. 
Equally obvious is the importance of data from 
cultivar: pathogen combinations that fit either 
extreme of the yield loss formula. For example, 
Eyal and Ziv (1974) reported that a 20% yield 
loss in wheat due to tritici was asso
ciated with 60-80% the variety LAKISH 
212; but the same level of disease on the variety 
MIVHOR caused a 40.4% loss. 

Crop growth stage has no intrinsic value in 
the yield loss equation; rather it is severity of 
disease at one or more critical stages in crop 
growth that provides the biological link between 
disease severity and yield components and en3bles 
functional equations to be built. Although each 
step in the sequence is critical to the process 
of making accurate loss estimates, it is the 
precision of the functional relationship that 

distinguishes reliable from unreliable estimates. 

Yield loss estimates made by the Cereal Rust 
Laboratory are based on loss tables from Kirby 
and Archer (1927) for stem rust and from Chester 
(1946) for leaf rust. Those made by King (1977a 
and 1977b) are based on loss equations previously 
developed from experimental data where losses 
caused by mildew on barley equal 2.5 times the 
square root of the percentage mildew at ear emer
gence (growth state 58, Zadoks et al. 1974), but 
losses caused by mildew on winter wheat equal 
two times the square root of the percentage 
mildew at growth stage 58; losses caused by brown 
rust are calculated at 0.6 times the percentage 



leaf area affected on the flag leaf lamina or 
0.4 times that on the second leaf. Losses caused 
by Septoria are calculated as being approximately 
equal to the percentage area infected of the flag 
leaf. 

In each survey cited, loss is related to 
disease severity recorded at a single crop growth 
stage. Although there is evidence to support 
the utility of critical-point models as reliable 
estimators of yield toss, there is also evidence 
which suggests that yield loss is biologically 
and mathematically most closely related to models 
that consider the impact of disease at several 
critical growth stages (James, 1974). Regardless 
of the model, loss estimates will be in error if 
the mathematical relationship does not reflect 
biological reality. 

Conventional field trial methodology to 
assess crop yield loss as a function of disease 
remained markedly unchanged until the publication 
in 1963 of Van der Plank's first book. Articles 
reviewed by Chester in 1950 and even some of more 
recent origin indicate an experimental design 
predictable by its similarity to plot technique 
long employed by plant breeders to test yield 
differences between advanced breeding lines. 
Commonly several varieties of different suscepti
bility were grown in paired plots (sprayed and 
unsprayed) in a randomized block design with 
3 to 6 replications. Plots were approximately 
1 to 10 M2 and immediately adjacent. Disease 
was permitted to develop naturally and severity 
was noted usually once toward crop maturity. 
Loss was calculated as the percentage difference 
in yield between sprayed and unsprayed plots. 
There were some marked variations to that 
pattern, such as: 1) use of near-isogenic lines 
(Schaller, 1951) instead of sprayed and unsprayed 
plots; 2) inoculations to establish different 
levels of initial disease severity (Schmidt et al 
1959), and 3) plots larger than 1 M2 (Large ~;d-
Doling, 1963; Kingsolver et aI, 1959; Underwood 

1959). Substantial changes in experimen
however, postdate 1963. Since that 

time researchers have become acutely aware of 
representational errors which can invalidate 
loss estimates and render questionable descrip
tive and predictive models based on data from 
epidemiologically unsound experiments. Although 
the paired plot design remains the principal 
method used to conduct loss studies, plot size 
and separation used in more recent investigations 
reflect current understanding between loss and 
unrestricted epidemic development and interplot 
inferference. Clark, ~ al, (1975) studied oat 
yield losses due to Septoria leaf blotch 
(Leptosphaeria avenaria Weber f. sp. avenaria) 
in 10.8 M2 plots separated by 1.44 M of barley. 
Melville and Griffin (1976) used barley plots of 
similar size (13 M2) to assess losses due to 
brown rust hordei Otth.) but they were 
situated a commercial-Zr~p which precluded 

separation between treatments. No mention was 
made of plot separation by Hide et aI, (1973) 
in their study of Rhizoctonia soi~nTKuhn on 
potato yields but plc:;ts wer--;;~ 13--W-:-" Large and 
Doling in their studies on the effects of mildew 
on yield loss in barley (1962) and winter wheat 
(1963), Cook (1977) with S~oria, Doling and 
Doodson (1968) with yello;:';' rust-on wheat and 
Jenkins and Storey (1975) with powdery mildew 
on spring barley used plots 40 to 80 M2 but 
again make no mention of treatment separation. 
In each study, plot size was assumed to permit 
unrestricted disease development. The same 
assumptions were implied in studies by King and 
Polley (1976), Jenkyn and Moffatt (1975) and 
Jenkins and Melville (1972), plots were 120 M2, 
62-105 M2 and 25 M2, respectively. Brooks (1972) 
used even larger plots (3721 M2 in 1968 and 480 
M2 in 1969 and 1970) to evaluate yield loss of 
barley caused by ~~~ini~. It is 
impossible to comparisons between the two 
plot sizes because they were not used the same 
year. 2Emge and Shrum (1976) inoculat~d a plot 
2093 M to study yield losses of wheat from 
yellow rust. Romig and Calpouzos (1970) 
separated wheat plots by 35 M of barley in their 
work to evaluate losses caused by stem rust but 
their plots were only 25 M2 in size. In perhaps 
the most definitive study made to measure inter
plot interference James, ~ aI, (1973) separated 
their plots by 100-300 N; however, again each 
plot \~as approximately 60 M2 in size. It appears 
therefore, that studies either have guarded 
against interplot interference by separating 
treatments or have permitted unrestricted disease 
development by using large plots but have not 
incorporated both features into a single experi
ment. 

Experiments designed to compare losses caused 
by different species of a pathogen or the com
bined effect of two pathogens on the same crop 
provide comparative data heretofore largely 
ignored but critical to our understanding of 
crop loss. Wallen (1974) measured the effects 
of three species of Ascochyta on yield losses of 

sativum). Plots were 34 MZ and 
6 M. His results show severe 

damage caused by ~. and ~. pinodella but 
only slight yield by ~. pis~. Prabhu 
and Singh (1974) have shown that yield loss of 
wheat infected by Alternaria triticina and 
Helminthosporium sativum is greater than losses 
by the two pathogens -~"~ting independently. 

Glasshouse experiments have been particularly 
useful to assess yield loss as a function of 
infection at different crop growth stages and to 
estimate yield loss due to infection by more tha.n 
one pathogen. Plants can be kept disease free 
until ready for inoculation and inoculated with 
one or more pathogens while excluding chance 
infection by other races of the test organism or 
even by other parasites. Also, infection can be 
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terminated by transferring diseased plants to 
disease free sections and treating them with 
therapeutic fungicides. Griffiths et a..!., (1975) 
and Tsai (1976) used glasshouses to study yield 
loss from powdery mildew on barley and sheath 
blight on rice, respectively. In both studies 
plants were kept disease free until inoculated; 
a difficult task in field trials but relatively 
easy in glasshouses. Griffiths .o:!.!:. aI, (1975) 
relied on the closed environment of a glasshouse 
to study the single and combined effects of 
mildew infection at four growth stages (G.S., 20
31, 32-39, 40-59, and 73-78 Feekes scale) on 
grain yield of barley. Their experimental 
design required a method to initiate and termi
nate mildew attack so that all combinations of 
infection-growth stage could be evaluated. By 
using a factorial experiment the] found that 
effects of mildew infection were additive on the 
yield components, number of tillers, and number 
of grains per head but interactive between infec
tion and grain size. In a similar but less 
inclusive study, Tsai (1976) inoculated rice with 
Helminthosporium oryzae 15, 30, 45, and 60 days 
after seeding and at boot and milk growth stages 
and showed that rice yeild was reduced if infec
tion occurred before milk stages. 

Glasshouse studies enable Van der Val ~t §l, 
(1970) to demonstrate a significant interaction 
between recondita and Septori~ ~ordor~m 
on wheat and enabled Sokhi and Joshi (1974) 
to demonstrate interactions between Puccinia 
recondita and ~ltermaria trit~ci~~ and between 
A. triticina and Helmint~osporiu~ on 

~heat yield. 


Glasshouse experiments have an advantage over 
field trials in the study of yield losses caused 
by vector borne viruses in that treatments can be 
isolated to control vector populations, and 
prevent incursion of other viruliferous or non
viruliferous vectors and predators and parasites 
whose presence might influence vector popula
tions. Harper et aI, (1976) found that 
nonviruliferous-aphids significantly reduced 
barley height, forage yield, and crude protein 
yield and that presence of Barley Yellow Dwarf 
Virus did not further affect those yields 
components. The importance of isolating treat
ments from an exogenous source of aphids is, 
therefore, apparent. 

Studies of yield loss caused by photo chemical 
oxidents are more easily conducted in glass
houses and climate chambers than open fields. 
Air quality can be controlled by filteration and 
oxidants synthesized and monitored in fumigation 
chambers so that treatments can be separated 
with minimum experimental error. Using those 
techniques Shannon and Mulchi (1974) demol1st rated 
the differential effects of ozone are grain 
yield, seeds/plant, seeds/head, kernel weight 
and percentage seed set of two wheat varieties, 

Arthur (1971) and Blueboy. 

Controlled environment studies, like those of 
remote sensing require validation. Ozone concen
tration that occur naturally near areas of dense 
population can be simulated. However, concen

trations may reach or exceed toxic levels 
one day but diminish to nontoxic levels the next. 
Therefore, studies that expose plants to several 
consecutive days of toxic oxidant levels may not 
permit natural compensatory processes to function 
with the consequence that yield losses are 
exaggerated. 

During the decades of the 1960's and 1970's 
there was an obvious flurry of excitement 
concerning the application of remote sensing 
techniques to disease measurement. It soon 
became apparent, however, that the resolution 
of photographic techniques was adequate only 
when disease was severe, and it was not always 
possible to identify causes of crop deterioration 
However, remote sensing has made significant 
contributions when combined with field studies. 
Wallen and Jackson (1975) used aerial photography 
to estimate area infected by bacterial bean 
blight. Those data were one factor in the equa
tion: yield loss percentage area infected x 
area in b,ean production x average yield x yield 
loss factor. The yield loss factor was the 
percentage loss estimated from field plots while 
area infected was estimated by aeriel photograph~ 
The method of loss estimation permits evaluations 
to be made rapidly over a large area but requires 
verification since only one loss factor is used. 

Kanemasu et aI, (1974) used temperature and 
moisture dat~-'collected from ground-based trans
mitters and transmitted to Earth Resources 
Technology Satellite 1 (ERTS-l) to fulfill re
quirements for wheat disease loss equations 
previously developed. They calculated percent 
wheat leaf rust severity by using meterological 
data retransmitted from the satellite and used 
in equations developed by Burleigh et aI, (1972b). 
The predicted severities then were usedto predict 
yield losses 14, 21, and 30 days after the date 
of prediction. In the two estimates made, 
actual percent losses estimated from sprayed 
and unsprayed trials were 12.3% and 9.3%, where
as losses estimated from satellite-sensed weather 
data were 9.2 and 9.1%, respectively. 

Sampling Methods 

James (1974) and James and Teng (197?) have 
provided exhaustive reviews on methods of disease 
measurement. They discuss several direct methods 
of disease assessment such as use of descriptive 
keys, standard area diagrams, lesion or propagule 
counts and remote sensing and indirect method of 
relating disease incidence to severity. Regard
less of the assessment method however, a 



treatment mean is made up of a number of plants 
or selected leaves which may differ widely in 
severity but constitute a single treatment. Loss 
assessment also is based on a mean calculated 
from a plant population made up of individuals 
which differ in severity. That approach to 
assessment contrasts with the single plant assess
ment method of Richardson et ~.1., (1975) and King 
(1976) where each plant observed is a treatment. 
Coefficients of determination are significant, 
but they account only for 0.002 to 28.4 percent 
of the total variation in yield loss. Those 
values indicate that factors other than disease 
explain 71.6 to 99.98% of the variation in yield 
loss and signal caution in interpreting disease 
as the princi~al cause of yield loss. Low but 
significant r values are not just associated 
with the single plant or single tiller assessment 
method. Richardson et aI, (1976) harvested all 
barley and wheat plants~n 5 M2 plots yet the r2 
values for effect of P. striiformis on seed 
weight of barley was only 0.019 while those for 
effect of mildew on barley yield components 
ranged from 0.036 to 0.26. In an interesting 
study to evaluate the hill-plot design as a field 
method to estimate yield loss from oat crown rus4 
Patanothai et aI, (1975) measured yield from 
rod rows of-oat; and from single oat plants 
planted in hills of barley. They did not use 
regression techniques but showed that coefficients 
of variability associated with rod rows were 
11.5% while those associated with single plants 
were 45.2%. Their data suggests that it would be 
difficult to detect yield differences using 
single plants. James and Shih (1973) showed that 
coefficients of variability associated with 
disease loss studies decreased exponentially with 
plot size and that to detect a 10% yield differ
ence between two treatments a minimum plot size 
of 100 ft. 2 (9.2 M2) was required. Although the 
coefficient of determination and the coefficient 
of variability are not comparable statistics 
there is an indirect relationship in regard to 
sample size. High r2 values are derived from 
random disease and yield loss comparisons which 
closely approximate a linear or curvilinear model. 
If because of limited sample size the relation
ship is studied over a narrow range of values, 
then r2 values may be small. Cook (1977) and 
Jenkins and Melville (1972) harvested 40 M2 and 
250 M2 plots, respectively. Although they do not 
give r2 values, CV's calculated from their data 
ranged from 4 to 13% and 3 to 4%, respectively, 
which suggest that small differences in yield 
loss could be detected. 

Method of Data Analysis 

Analysis of disease development has been done 
largely by use of simulation, empirical and 
regression models, whereas linear regression has 
been the principle method used to analyze disease 
effects on crop yield. A number of authors refer 
to critical point models, mUltiple point models 

and area under the disease curve models (AUDPC), 
however with each, linear regression is the basic 
model employed with independent variables being 
disease severity at one or more critical crop 
growth stages or area under the disease progress 
curve. 

The first plant disease simulators EPIDEM 
(Waggoner and Horsfall, 1969; and EPIMAY Waggoner 
~t. ~l, 1972) were not designed to estimate yield 
loss, or validated with field data not used in 
their generation. EPICORN, a simulator of 
southern corn leaf blight (Massie, 1973) and 
BARSIM-I (Teng et , 1980) were validated but 
only simulated disease, not yield loss. There 
are many empirical models which reliably trace 
disease development as a function of meterolog
ieal and disease variables. Blitecast (Krause 
~ 1975) perhaps is the best known; however, 
as with simulation models, it predicts disease 
progress and only by implication, yield loss. 
Both simulators and empirical models could be 
developed to estimate yield loss. BARSIM-I, for 
example, validation tests mimics very closely 
the development of Puccinia hordei. It remains 
simply to associate simulate~epidemics with 
loss to complete the simulation. 

Most researchers, attempting to describe 
yield loss as a function to disease, have used 
linear regression with estimates of disease 
severity or area under the disease progress curve 
as independent variables. Data from Romi; and 
Calpouzos (1970), Mundy (1973), Jenkyn and 
Bainbridge (1974), and Eyal and Ziv (1974) support 
the simple regression approach. They showed that 
significant correlation coefficients (r) are 
associated with yield loss and a single disease 
estimate made at a critical growth stage. 
Buchenau (1975) and Schneider et aI, (1976) also 
support the simple linear regression approach 
but used area under the disease progress curve as 
the independent variable instead of disease 
severity. Regardless of the independent variable 
all authors reported significant r values of 0.89 
to 0.99, when the dependent variable was percent 
yield loss; however, they failed to validate 
their regression equations with fndependent data. 

The studies by James et aI, (1972) and 
Burleigh et aI, (1972a) canlbe distinguished 
from others by their use of multiple linear re
gression and be validation of loss equations 
with independet data. Both studies show that 
yield loss estimates can be made with a single 
observation of disease but that the yield loss: 
disease severity relationship is strengthened 
when estimates at several growth stages are 
incorporated into the loss equation. In 
Burleigh's et al,. (1972a) work the coefficient 
of determin;tion increased from 0.64 to 0.79 
when disease estimates were made at three growth 
stages rather than one. Teng et aI, (1979) have 
attempted to resolve the question of appropriate 
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independent variables. Using the Puccini~ 
barley system they examined the precision of 
simple linear regression model with single esti
mates of disease or area under the curve and the 
multiple linear regression model with two to 
eight estimates of disease (on leaves 1 and 2) at 
two to four growth stages. Although significant 
r2 values we~e associated with one or more equa
tions regardless of the independent variable, 
the best estimator using an estimate of disease 
made at one growth stage explained 79.6% of the 
total variation in yield loss. The best esti
mator using area under the curve explained 74.7% 
while eight disease estimates (on leaves 1 and 2) 
Bt four growth stages explained 97.6%. These 
data suggest that regression equations based on 
multiple disease estimates may be better esti
mators of yield loss than those constructed from 
single estimates or from area under the disease 
progress curve. 

Those who study crop loss know the value of 
treatment randomization and replication. It is 
to provide an unbiased estimate of experimental 
error caused by factors, other than disease, 
which can influence yield and therefore percent 
yield loss. It is seldom the case however, that 
replication is done with intimate knowledge of 
soil characteristics or of previous cropping 
practices in the experimental area. Consequentl~ 
uncontrolled natural variation due to field 
heterogeneity often influences differences 
between treatment means. Often, only the most 
lbvious soil characteristics (such as contour) 

are known, and therefore, considered in experi
mental design, while the less obvious (pH, 
fertility, depth) are ignored. 

Grainger (1979) in his review article cautions 
that interrelationships between potato yield, 
tuber scab infection and soil pH can confuse the 
loss: severity equation. A soil pH between 
5.0 and 5.5 favored high yield and low tuber 
scab severity remained minimal but yield was 
reduced 12%. He cites another similar example 
with turnips and club root disease. At pH 6.5 
yield was 59,570 Kg/ha and club root averages 
1.6%. At pH 6.7 the disease diminished to 0.8%, 
but yield was reduced 8% to 54,730 Kg/ha. It 
may be that relatively small changes in soil pH 
will have little effect on development of foliar 
diseases but if treatment differences are con
founded by nonrandom differences in pH, yield 
and therefore yield loss will be influenced in 
a nonrandom fashion. 

In an extremely complex and detailed study, 
Patterson and Lowe (1970) showed that the yields 
of crops which recur in the same plots (fields) 
in long-term experiments are correlated and that 
those correlations can be important in estimating 
standard errors of treatment means. Since many 

studies of crop loss are conducted on publicly 
owned land for experimentation, that source of 
variAtion may be important but is ignored com
pletely. 

Previous crops also directly affect disease 
severity. King (1977a) showed that ~eptoria 

and~. ~_don~ tended to be most severe 
wheat followed a cereal or gra~s crop. 

That tendency was not evident with other foliar 
pathogens, Erysiphe graminis hordei, ~P~uc-:-c_=c:=-_ 

striiformis and P. hordie that have 
persed spores. Consequently, we can fabricate 
a not unlikely scenario where experimental land 
is selected for experimentation with complete 
disregard for previous cropping history because 
the scarcity of land precludes responsible rota
tions. 

Plant breeders continue to search for the 
type of plot environment which fosters maximum 
progress in selection. The question remains, 
"is it the favorable or stress environment that 
unmasks real, genotypic differences?" As crop 
loss studies often involve several varieties it 
may be that the gena-type x environment inter
action is an important source of variation in 
yield loss. Allen et aI, (1978) provides some 
insight into this p-~;blem. They found that for 
varieties of barley, wheat, oats, soybeans, and 
flax the error variance and the genotypic variance 
increased (as the yield environment became favor
able). But they conclude that there is little 
advantage in choosing either high or low yield 
environments rather than intermediates as long as 
one can measure the correlation between the gene
tic value for the whole population of environments. 
The impl ica tions of this I.ork to crop loss 
studies are evident. In those studies where 
several varieties are used, knowledge of the 
magnitude of the genetic x environment inter
action would increase the precision of the 
experiment and permit a better understanding of 
the role of dise:'se. That environment can effect 
disease and therefore yield loss is well known. 
In their study of genotype x environment inter
action Lewellan et aI, (1967) demonstrated that 
certain genes in-;heat were affected by tempera
ture and gave better resistance to P. striiformis 
at 15-240 C than at 2-180 • 

The greatest concern of those involved in crop 
loss studies is the capability of experimental 
methods to simulate farming practices so that 
differences between actual yield and attainable 
yield from plots match those from commercial 
fields. Experimental crop loss studies commonly 
are conducted in small plots meant to represent 
large fields. Plots may range in size from a 
few pots in a glasshouse to 1 M2 or less to 
several thousand square meters in a field; they 
may be rectangular or square; treatments may be 
adjacent or separated by bare grbund or crop 
species; treatments mayor may not be inoculated; 



and yields may be taken either by mechanically 
harvesting large areas, by harvesting several 
rows in a treatment or by taking individual 
plants as treatments. Obviously there is con
siderable variation in experimental design and 
each is assumed to give an accurate rendition of 
yield loss from farmer's fields. 

Van der Plant (1963) first signaled the impor
tance of representational errors associated with 
farm-simulation plots, and focused considerable 
attention on plot design. Subsequent workers 
have not always designed field experiments to 
avoid representational errors either because 
land was limited or because information was not 
available to recommend plot dimensions and 
separation necessary to simulate field epidemics 
and prevent interplot interference. 

James et aI, (1973) give some insight into 
the effectS of interplot interference by Phyto
phthora on potato yield. In three 
experiments separated by 100-300 meters they 
grew untreated plots adjacent to plots inoculated 
early, in mid season or in late season. A 
fourth experiment was two adjacent, untreated 
plots. They compared rates of disease develop
ment and areas under the disease progress curve 
for epidemics in uninoculated plots adjacent to 
inoculated with those from epidemics in adjacent, 
uninoculated plots. Most interference was 
associated with early epidemics and increased 
by 52% the area under the disease progress curve. 
That increase, in turn, accounted for 10.8% 
increase in yield loss. In a related study with 
barley mildew, Bainbridge and Jenkyn (1976) 
showed that disease development in adjacent plots 
was greater than that in plots separated by 20 M 
of sprayed barley, however, the disease differ 
ences did not cause significant yield differences 
That is not surprising since differences in 
disease severities between adjacent and isolated 
plots did not exceed 5%. 

lnterplot interference is an important con
sideration in the search for varieties with 
partial resistance (defined as resistance to 
epidemic development provided individual lesions 
are of a susceptible type and there is no exo
genous inoculum-Parlevliet and Van Ommeren, 1975). 
Plant breeders usually make selections from lines 
grown in small, adjacent plots where susceptible 
and resistant lines are grown in a mosiac. 
Since expression of partial resistance, in part, 
depends on isolation from other sources of 
inoculum it may not be observed with standard 
plot designs. Parlevliet and Van Ommeren (1975) 
assessed the partial resistance of barley to 
Puccinia hordei as a function of plot size and 
separation. They grew 16 varieties which ranged 
from resistant to susceptible in plots 3 x 4 M 
isolated from each other by 30 M of winter wheat,2
in 1.0 M plots separated by 2 M of a resistant 
barley and in one row (1 M) plots adjacent to one 

another. Disease development between plots was 
highly correlated, although the most resistant 
cultivars, .lulia and Vadn, showl,d 2% (80-120 
pustules per tiller) disease respectively, in 
adjacent plots hut only IS and I pustule per 
tiller, respectively in isolated plots. It 
remains to associate differc'nees in disease with 
yield loss to verify that the impact of epidemic 
development is not a function of plot size. 

No one has yet addressed the question of 
minimum plot size necessary to simulate epidemic' 
development of pathogens which differ in their 
mechanisms of spore dispersal. Kingsolver and 
his colleagues used plots 400 ft 2 (Kin~solver 
et aI, (959) and 10,000 ft 2 (Underwood et aI, 
1(59) to assess yield loss callsed by f.gra~~l!..i3_ 
tritiei. More recently Emge and Shrum (1976) 
;:;s;ci2093 M2 plots in loss studies dup to f. 
striiformis. These studies did not h<lve ,H; an 
objective the determination of minimum plot size 
but then do suggest the authors were cognizant 
of a relationship between yield loss and unre
stricted disease development. We have some 
preliminary data from Morocco which suggest that 
minimum plot size necessary to simulate unencum
bered disease development is a function of spore 
dispersal mechanisms. Using barley and wheat 
plots of 100, 400 and 1600 M2 we found signifi
cant between-plot differences for rate of disease 
development and area under the disease progress 
curve for !:yr~hor,! teres but not for Septaria 
tritici. P. behaved similarily in plots 
10 x 10 and x 20 but was markedly different 
in plots 40 x 40 M. As in the study by Bain
bridge and Jenkyns (1976) however, differences 
in rate of disease development and AUDPe was not 
associated with significant yield loss differ
ences. 

Our plots were uninoculated so initial disease 
levels were similar but not equaI among replica
tions and among treatments. Artifical inoculation 
however, tends to create rather uniform initial 
infection levels which may be valid for 8,>11Ie 
diseases such as wheat stem ilnd leaf rust, hut 
not for others such as yellow (Rapillv, 1979) 
rust, or those caused by faculativt' parasites. 
Nevertheless, by coordinat ing spray and inocula
tion schedules different epidemics can be 
generated to increase numbers of treatments and 
therefore, numbers of yield loss estimates. 
Romig and Calpouzos (1970) inoculated wheat plots 
with f. graminis tritici to create early severe, 
early moderate, late severe and late moderate 
epidemics and therefore, were able to study 
Simulateously four epidemics rather than one. 

Yields from experimental plots are taken by 
harvesting portions of rows or by harvesting 
single plants. It is reasonable to assume that 
yields from plots more closely represent those 
from fields as plot size increases. That is 
exactly what James and Shih (1973) reported. 
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They showed that coefficients of variability 
for yield loss estimates decreased as plot size 
increased and that for foliage diseases of 
cereals 100 ft 2 of harvest able row was required 
to detect a 10% yield loss. 

Yield is a function of many factors, and com
mercial fields are sometimes subject to attack 
by more than one pathogen even though one may 
predominate. Disease loss studies, however, 
usually involve only one pathogen as the com
plexities of conduction experiments to test the 
interaction of two pathogens are formidab 1 e 
even though an appropriate design may be straigh~ 
forward. A split plot design would be appro
priate yet subplots require isolation to minimize 
interplot interference as well as require suffi 
cient area to permit maximum development. And 
as the total land surface increases the probabil 
ity of soil heterogenity also increases within 
blocks. Large error variance terms indicate 
that coefficients of variability also will be 
large and therefore treatment differences must 
be large to ue significant. In spite of these 
inherent problems Prabhu and Singh (1974) were 
able to demonstrate the combined effect on wheat 
yield of Alternar:_i~ triticina and !!.~lmintho
sporium sativum. At all levels of disease 
betwee~ 40 and 95%, infection by the two patho
gens on the same variety provoked greater percent 
yield loss than either one independently although 
effects were not additive. The authors were 
elided hy dry conditions which prevented natural 
occurrence of the pathogens and reduced interplot 
interference between inoculated and uninoculated 
plots. Van der Wal and Cowen (1974) attempted to 
avoid the inherent problems of field research in 
their study of crop loss caused by Puccinia 
recondita and Septoria nordoru~. As in the 
previous study they inoculated plants with 
either pathogen alone or with both together but 
the investigation was conducted in a climate 
chamber rather than a field. Yield was measured 
as mean dry weight of heads, stems, leaves, root~ 
kernels and kernel number. Head weight was the 
most sensitive yield component. Differences 
"etween rusted and control plants were nonsigni
ficant whereas loss in head weight from plants 
infected by both pathogens was larger than the 
sum of the reductions from plants infected by 
S. nordorum and P. recondita, indicating inter

action. 


There are other instances of interactions 
between pathogens but results are given as 
changes in severity (Raju et al, 1969) or as 
changes in water soluble carbohydrates (Larch 
and Potter, 1977) rather than yield loss. 
Nevertheless, these studies suggest that yield 
loss interactions also may exist and be a func
tion of the variety-pathogen interaction. 

Interactions occur frequently between patho

gens, varieties and environmental factors and 


('an complicate interpretation of yield loss data 
unless understood. Dinoor (19]7) showed that in 
years unfavorable for wheat growth, good control 
of ~eptoria ~r:itici resulted in greater yield 
loss than expected. It seemed that wlleat 
suffered more stress when protected against 
disease than when left unprotected. That is, 
Septaria infection decreased drought sensitivity. 

Varieties which have a temperature-sensitive 
type of resistance may respond to minor tempera
ture changes and thereby alter drastically 
regional crop loss patterns. Coakly (1978) be
lieves that the stripe rust epidemics of 1961, 
1967 and 1975 in the Pacific Northwest (USA), in 
part were associated with warmer than normal 
temperatures in January and cooler than normal 
temperatures in April. Resistance in the pre
dominant wheat varieties grown since 1961 
(Gaines and Nugaines) is dependent on warm spring 
temperatures to trigger adult-plant resistance. 
It is possible therefore, that temperatures 
during 1961, 1967 and 1975 (-2.1 0 C below normal) 
may account for the differences between epidemic 
and nonepidemic years. 

Air pollution, acidic rain and herbicides 
also have been shown to interact with plant 
pathogens. Ozone apparently increased the 
sensitivity of onions to infection by Botrytis 
~J:. but percent yield losses before and after 
inoculation with Botrytis were similar at 22 
and 18% respectively (Wukasch and Hofstra, 1977) 
Rain acidified with sulfuric acid inhibited 
developments of such divergent species as 
Cronartium fusiforme, Uromyces phaseoli, 
pseudomonas phaseolicola and Meloidogyne hapla 
(Shriner, 1978). The preemergence herbicide 
cycloate evidently increases glucose exudates 
from sugar beet hypocotyls and thereby enhances 
colonization by Rhizoctonia solani (Altman and 
Campbell, 1977). In each case, the interaction 
could obscure the quantitative relationship 
between pathogen severity and yield loss and 
lead to erroneous conclusions. 

Considerations in Design 

There now exist several statistical models 
which relate yield loss to disease severity at 
one or more crop growth stages. There is 
physiological evidence to support functional 
disease loss models based on a single estimate 
of disease made at a critical growth stage. Yet, 
other evidence challenges the concept of critical 
point models and suggests that experimental 
designs must consider the progression of disease 
and physiological age of the crop (Teng and Gaun~ 
1980). Critical point models of yield loss are 
supported, at least in barley and wheat, by 
Thorne's study (1973) which shows that most of 
the carbohydrate in the grain is contributed, 
after haeding from, green tissue above the flag
leaf node. However, the multiple point model of 



Burleigh et aI, (1972) showed that yield loss of 
wheat due~o--P recondita was best estimated by 
three estimates each from a different growth 
stage, even though one estimate was significant. 

Gaunt (1978) has cautioned that plants are 
able to compensate for loss of certain yield 
components. For example, lack of tiller produc
tion in wheat due to disease may be compensated 
for by increased spikelet production per ear so 
that an optimal number of spikeletsoccurs per 
M2. The accuracy of critical point models, 
therefore, may not be associated with a strong 
biological rationale but rather to biological 
correlations between disease severity at one 
growth stage and another and compensatory 
actions that nullify disease effects at prior 
growth stages. Critical point models may ade
quately estimate yield loss from epidemics of 
short duration where biological correlations are 
strongest but be inadequate for long duration 
epidemics. 

Yield loss equations for Erysiphe graminis 
(Large and Dohling, 1962 and 1963), Puccinia 
hordei (King, 1977b) and Septoria~. (King, 
1977~ are examples where regression lines pass 
through the origin, indicating that zero loss is 
associated with zero disease. Although that 
relationship seems reasonable it ignores the 
ability of plants to tolerate disease. By com
parison, the equations for yellow rust (Doling 
and Doodson, 1968) and wheat stem rust (Romig 
and Calpouzos, 1970) both suggest a threshold 
level of disease tolerated by plants. With 
wheat stem rust percentage yield loss = -25.53 + 
27.17 In X where X is % disease severity. There
fore, if loss is zero, X = e 25.53/27.17 or 
2.56%. Similarily, for yellow rust, percentage 
yield loss = 3.0l.,fX -3.6, where X % disease 
severity. Again, if loss is zero X = 3.62 or 

3.01 
1.44%. These formulae suggest that wheat can 
tolerate 2.56% stem rust and 1.44% yellow rust. 
Certainly tolerance levels depend on specific 
host genotype: pathogen virulence combinations; 
however, equations which recognize threshold 
disease levels may more closely reflect biolog
ical reality than those which force the relation
ship through the origin. Most evidence available 
suggests therefore, that experiments designed to 
identify the processes by which disease affects 
yield loss, must consider loss as a function of 
disease development and crop growth stage. Only 
by considering the inherent interactions can we 
understand the roles of yield compensation, 
components of carbohydrate sources and threshold 
levels of disease. 

Reliable Design to Quantify Disease Effects 

Glasshouses and climate chambers have housed 
numerous experiments to identify components of 
yield loss. They are essential to regulate 

concentrations of air pollutants. and useful to 
study simple interest diseases but inadequate 
for studies of pathogens dispersed by natural 
forces of wind and precipitation. Even when 
confinement of treatments is necessary the pre
cision of loss estimates remains in question 
because of the artificial nature of the growing 
environment. Root growth is restricted and soil 
water is often inadequate or over-abundant. 
Greenhouse experiments conducted in the winter 
may have abnormal temperature changes for summer 
day length and artificial illumination may be an 
inadequate substitute for sunshine (Grainger, 
1979). Also, glasshouse and climate chamber 
experiments do not allow for between-plant 
compensation (Tammes, 1961). Plants that are 
small and weak will be displaced by their healthy 
neighbors which then occupy the space. Compensa
tion will be most effective when diseased plants 
are dispersed and least effective when they are 
in blocks, suggesing that methods on inoculation 
can have a pronounced effect on yield loss. 

Estimates of yield loss from plots and con
trolled environment experimentation, may differ 
from those obtained from commercial fields. 
Mentioned above are some cryptic errors associat'e~ 
with controlled environment experiments. Field 
experimentation on the other hand can avoid 
problems of climate, growing environment and 
perhaps, compensation; but unless plot design 
permits unencumbered disease development without 
interference from exogenous inoculum, loss est; 
mates may be exaggerated or underestimated. 

Our understanding of spore dispersal (Gregory, 
1968) gradients indicates that isolation of treat
ments by at least 100 M is necessary to avoid 
interplot interference. While that distance may 
be required for some fungi, such as the rusts and 
powdery mildews, it may be excessive for other, 
larger spored fungi such as the Helminthosporiae. 
We have some data from Morocco which compare the 
horizontal dispersal of teliospores of Ustilago 
nuda with conidia of Pyrenophora teres. Conside~ 

ing source strength to be 100% at 1 meter, 4% 
of the teliospores and 0.05% of the conidia were 
trapped at 50 M. A distance of 125 M, would be 
required to separate plots of ~. nuda to achieve 
isolation comparable to that for ~. teres at 50 ~ 

We have measured AUDPC and infection rate of 
Pyrenophora and Septoria tritici in plots 
40 x 40, 20 x ,and 10 x 10 M. With P. 
both parameters of disease as measured in 
40 x 40 M were significantly different from those 
in plots 20 x 20 and 10 x 10 M. AUDPC and r 
values for S. tritici were similar in all plots. 
As expected-the percentage sporeS lost from plots 
was inversely proportional to size. For!. teres 
39.5%, 53.3 and 70.0% were lost from plots, 
40 x 40, 20 x 20 and 10 x 10 M respectively. 
Yields were not taken from these plots but in a 
related experiment with plots 40 x 40 and 20 x 
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20 M. AUDPC values (.227 and .080, respectively) 
were significantly different for P. teres with 
22 and 39% loss of spores. respec tive ly. However, 
yields averaged 157.5 and 152.6 grams m-2 for 
40 x 40 and 20 x 20 M plots, respectively, and 
were not significantly different. At the same 
location AUDPC values for S. tritici (.348 and 
.317 for plots 40 x 40 and'"20·x 20 -11, respective
ly) were not significantly different and neither 
were yields (199.6 and 185.9 g m- 2). These 
results suggest the plot size may be less impor
tant than isolation even though plot size did 
significantly affect some features of epidemic 
development. Initial severities were approxi-· 
mately the same at each location although final 
severities were greatest in the largest plot at 
each site. Yield and yield losses were not 
significantly different. 

Six areas of investigation stand out as 
vital to advance our knowledge of crop loss and 
to use of data from crop loss studies t'c improve 
the human condition: 1) the relationship of 
yield loss to host: parasite: environment 
interactions, 2) the relationships between 
disease and yield compensation, 3) the components 
of yield and how they are affected by disease, 
~) levels of disease tolerated by crops, 5) the 
development of reliable experimental methods for 
selection of improved crop varieties based on 
cisease i~pact and 6) development of disease 
management schemes based on reliable forecasts 
and surveys. 

Some progress has been made in each area. 
For example, Sallans (1948) analyzed wheat yields 
as a function of rainfall in the summer of each 
crop year (SI), rainfall in the preceding autumn 
and spring (X 2), average daily mean temperature 
in the summer of each crop year (X3), % damage 
due to insects (X4 ) and, infection by 
Helminthosporium and Fusarium ~H on 
roots (XS), The regression formula 
y 39.91 + 1.61 Xl + 1.12 X2 - 0.56 X3 - 0.15 X4 
- 0.58 Xs explained 78% (R2 0.78) of the 
variation in yield. His study is illustrative 
of those which recognize the role of weather and 
pathogen interactions in explaining yield con
straints. There remains, the need to quantify 
loss as a functionof: 1) the host genotype: 
pathogen interactions, 2) interactions between 
air pollutants and pathogens, 3) interactions 
between insects, weeds and pathogens and 4) 
interactions between pathogen development and 
weather. 

Gaunt (1978) and Teng and Gaunt (1980) have 
made a contribution to our understanding of 
disease and yield compensation in wheat. However, 
those relationships need to be quantified and 
tested with other crop: pathogen combinations. 
The greatest needs are in the areas of crop 
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improvement and disease management. Burleigh 
et aI, (1972a) has shown that yield losses can 

p-;:-edicted with reasonable accuracy over a 
range of environments and host: parasite inter
ac t ions, however, their methods can cer tainly be 
improved and expanded. 

I would like to, conclude with this quote 
from Grainger (1979): "Discard all results from 
plants growing in those belo'1ed pudding bowls, 
seed trays, and any containers that restrict 
root development . • ., Such artifical experi
mental conditions usually give neat results with 
comfortably high mathematical significance, but 
they have no practical or economic use whatsoever. 
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Abstract 

Air pollution vegetation effects research has 
evolved from a period of extremely simple or non
existent experimental designs to a period where 
the analysis of variance technique is commonly 
used. These designs generally have great util 
ity in defining air pollution induced plant 
responses but do not offer great potential for 
quantifying growth and yield responses. The use 
of orthogonal polynomials and utilization of 
plant age as a factor in designs offers some in
sight into growth responses but usually do not 
provide effective growth models. Growth analy
sis techniques, functional designs in particular, 
offer a much greater potential to develop air 
pollution plant growth models. Several tech
niques are available and the use of high speed 
computers and pre-programmed statistical pack
ages make their utility very real. Regression 
programs will generatp quadratic, exponential 
or other curvilinear functions with very little 
work on the part of the investigator. The 
Richards function offers a more complex but 
extremely flexible alternative to the standard 
regression techniques for curve fitting. The 
problems and practicalities of these designs 
and methods are also discussed. 

Principal component analysis may offer a 
means of coping with the complex ambient environ
ment by reducing the number of variables which 
must be considered and by simplifying the 
statistical evaluation of highly inter-correl
ated variables. Future research should also 
address the development of a better summary 
statistic for pollutant exposures and the util 
ity of other statistical methods like time 
series analysis. Research facilities with the 
means to control environmental variables and 
pollution exposure facilities should consider 

quantifying environmental variable x pollutant 
interactions. 

STATUS OF CURRENT RESEARCH AND 
EXPERIHENTAL DESIGN 

Air pollution induced vegetation effects 
research has evolved from a period of descrip
tive symptomology to more sophisticated designs 
using the analysis of variance technique. Plant 
responses to pollutants have usually been 
measured at a single point in time or, more in
fr~quently, at two or three points in time. 
Recent studies under both field and controlled 
situations can be roughly categorized into: l. 
simple experimental designs using a one-way 
analysis of variance; 2. lactorial designs. 
Both are generally descriptive in nature in that 
they define treatment main effects and inter
actions in terms of a single response variable. 
No vehicles to integrate the dependent response 
variables into an overall "plant response" have 
been utilized nor have alternative designs to 
quantify growth responses been adopted. 

Simple Experimental Design~ (one-way ANOVA) 

An example of this design using data from an 
experiment studying ozone impact on fresh-market 
tomatoes (1) is presented in Table 1. This ex
perimental design is simple, an often overlooked 
asset since the probability of meeting the 
objectives of the experiment are high and the 
evaluation of the results are facilitated. How
ever, its utility is minimal when the quantifi 
cation of plant response is of paramount inter
est. Means of dependent response variables can 
be separated at an appropriate level of proba
bility but no inferences can be made as to the 
events leading up to the recorded response. 
Also, each dependent response variable is 
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rABLE I-SUltMARY OF OZOt£ EFFECTS ON H-II TOMATO PLANTS AND 
HARVESTED FRUIT. 

TREATMENTS (PPHH OZONE> 

PLANT RESPONSE 9 20 35 

HARVESTED PLANT VARIABLES 

DRY UEIGHTS (GH) 
LEAVES AN) STEMS 
IHMATURE FRUIT 
ROOTS 

167 a 
17.3 Q 

14.3 Q 

114 b 
17.6 a 
12.7 Q 

46 ~ 

7.3 b 
5.9 b 

HARVESTED FRUIT 
fRUIT HEIGHT (01) 
FRUIT DIAMETER (CN) 
AVERAGE FRUIT \/EIGHT (GM) 
NUMBER OF FRUIT 

4.6 Q 

5.5 a 
76 Q 

11.3 Q 

4.9 a 
5.7 a 

86 Q 

9.9 Q 

".5 Q 

5.3 a 
68 Q 

6.9 b 

.. EACH VALUE IS THE MEAN Of 19 PLANTS. MEANS IN EACH VARIABLE 
CATEGORY FOLLOWED BY THE SAME LETTER ARE NOT SIGNIFICANTLY DIFFER
ENT AT THE 9. 01 LEVEL ACC(JIDING TO DUNCAN'S HULTIPLE RANGE TEST. 

analyzed as an independent entity and the rela
tionships between the dependent variables remains 
unexplored •• Accordingly, statements summariz
ing "plant" growth response require a mental 
summation of many dependent response variables 
which are usually presented in tabular form. 
The restrictive dimensionality and lack of 
summarization renders this type of design of 
limited value to those studying growth responses. 

Multiple harvests using the same experimen
tal design and ignoring time as a factor, re
quire multiple independent analyses. The 
mUltiple harvests have in the past been pre
sented as several independent and unrelated 
events using a one-way analysis of variance. 
Instead of clarifying the situation by the 
addition of a more definitive data base, this 
type of analysis only compounds the difficulty 
in interpreting the experiment by multiplying 
the amount of unrelated data from the harvests. 
The correct design should, of course, be a 
factorial analysis with time as the second 
factor. 

Factorial Experimental Designs 

Factorial designs are also common in air 
pollutiOi' literature. They have been used for 
plant exposures to pollutant combinations (2,3), 
pollutant x environmental factor interactions 
(4,5), and with pollutant induced changes in 
growth at different stages of maturity (6). 
Complete designs using more than one level of 
pollutant and several stages of plant maturity 
required either multiple harvests or the fumiga
tion of plants of different ages. 

Table 2 illustrates a simulated complete 
factorial design utilizing orthogonal poly

nomials (7) to describe the pollutant stress 
responses over time. The evaluation of the 
analysis presumes~ priori that the ozone and 
age main effects should be partitioned using 
orthogonal polynomials to determine the func
tional component structure. The highly signifi
cant interaction term indicates that the dry 
weight variability is a function of both age 
and ozone and the main effects should not be 
used to describe the dry weight response inde
pendently of each other. The ozone x age inter
action could be described in terms of the highly 
significant Ozonel' x Agel' component. 
Quantification of ER~alnteractrg~aln terms of 
linear functions is highly desirable since they 
can be simply described in terms of their slopes. 
(Figure 1). 

TABLE 2-PLANT DRY \lEIGHT (GM) 

PLANT AGE (DAYS) 
20 39 49 59 

.26 .54 .73 .85 1.15 

.24 .47 .71 .92 1.90 I 

.28 .61 .75 .89 .99 I 

.26 .53 .73 .911 1.30 I 

10 : .23 .54 .72 .7B 1.12 : 
OZONE .28 ,45 .75 .83 1.95 : 
(Pf'IIf1) 

,, 

.27 

.26 
.52 
.SIl 

.55 

.68 
.75 
.77 

.95 ; 
1.88 : 

29: .26 .44 .43 .64 .71 I 
.29 .48 .49 .71 .51 I 
.25 .42 .69 .50 .73 I 
.22 .30 .65 .48 .65 I 
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QUANTITATIVE EXPERIMENTAL DESIGNS FOR 

PLANT GROWTH AND YIELD STUDIES 


Experimental designs which quantify plant 
responses using growth analysis techniques have 
been utilized by agricultural scientists for the 
past 60 years. They offer great potential for 
generating empirical mathematical models to 
characterize pollution stress responses and to 
validate or fine time mechanistic models for 
predictive purposes. Growth analysis techniques 
have been developed for both individual plant 
responses and field grown crops and have been 
applied to a variety of field situations. These 
techniques can be roughly classified as 
classical and functional. 

Classical growth analysis techniques (8) 
utilized sequential harvests to define changes 
in plant growth over time. The calculation 
formuli were developed with certain assumptions 
which should be tested before formula selection 
(9). Several formuli based on different assump
tions have been published and the selection of 
the most appropriate was incumbent on the 
scientist. Relatively large sample sizes were 
required for precision since harvests were 
taken over uniform intervals of time and the 
total number of harvests carried out was usually 
small. Calculated classical growth analysis 
parameters are indices of individual plant 
growth which tend to summarize the many absolute 
measurements which are normally taken. They are 
extremely effective in defining relative changes 
in growth which many times are masked by large 
absolute differences in biomass accumulation. 

Relative growth rate (RGR) is in effect an index 
of plant growth efficiency in terms of dry 
weight (wt/wt/time). Leaf area ratio (LAR) is 
an index of the potential photosynthetic capac
ity in terms of leaf area standardized to plant 
size (area/wt). Net Assimilation Rate (NAR), 
also called Unit Leaf Rate (ULR), is an index 
of the efficiency of growth per unit of leaf 
area (wt/area/time). Their relationship is 
summarized: 

RGR = NAR x LAR (1) 

These parameters are applicable to the interval 
between successive harvests and are normally 
presented as means (RGR, LAR, NAR). It should 
be cautioned, however, that these are calcu
lated variables with unknown distributions and 
must be tested if statistical methods are used. 

Growth analysis techniques have been adapted 
for field use in studying populations and 
communities. The same basic relationships are 
continued but referenced to the more appropri
ate index of land area. The basic relationship 
described in equation 1 was transformed to: 

CGR = NAR x LAI (2) 

where CGR = Crop Growth Rate, the rate of dry 
matter accumulation per unit of land area, 

NAR = Net Assimilation Rate, the same 
parameter used for individual plants, 

LAI = Leaf Area Index, the leaf area per 
unit of land area. 

This basic relationship and others derived from 
similar concepts have been utilized in agricul
tural research for many years. Recently, 
studies have indicated that growth analysis 
techniques are readily adaptable to air pollu
tion research (10,11). 

Cotton (Acala SJ-2) was fumigated twice week
ly with 25 pphm (490 Vg/m3) ozone till harvest 
(11). A comparison of the ozone stressed and 
non-stressed growth over time was presented in 
terms of dry weight and leaf area (Figures 2,3) 
and also as the classical growth analysis 
parameters (Figures 4,5,6). 

The immediate impact of ozone on-Elant RGRs 
due to alterations in the NARs and LARS is 
documented. Although definitive, the experi
mental variation generates erratic trends over 
time. 

Functional growth analysis designs differ 
from the classical in that emphasis is placed 
in maximizing the number of harvests for curve 
fitting. This approach requires the fitting of 
an appropriate function to the harvest data set, 
then utilizing the function as a mathematical 
model to generate the required calculated 
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variables. Functional designs do not assign as 
much importance to a single harvest point since 
the entire data set is used when fitting the 
function. Equal harvest intervals are not re
quired and the number of plants harvested at 
each harvest can be reduced drastically. 
Quadratic and cubic functions (12,13) plus a 
general purpose model developed by Richards (14) 
and further refined by Causton (15), have been 

used with varying degrees of success. Recently, 
Venus and Causton (16) have illustrated the 
usefulness of the functional approach. 

The same cotton data set previously presented 
to illustrate classical growth analysis was 
used to calculate the same growth analysis 
parameters using functional methods. The ini
tial fitting of functions to the experimental 
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data requires the use of a computer for all 
practical purposes. This is the single most 
critical step in the functional technique since 
the selected function represents the mathemati
cal model from which all other derived values 
are artifi.cially produced. If the model is not 
representative of the experimental data, there 
is no point in continuing further. The selec
tion of the model must therefore be acceptable 
in terms of both biological and statistical 
criteria. Figures 7 and ~ present the experi
mental data and models selected for cotton dry 
weights and leaf areas. Growth analysis param
eters can then be derived from the regression 
equations (Figures 9,10,11). The same cotton 
responses are documented, but the mathemati
cally generated versions are naturally much 
smoother than those generated from classical 
techniques. 

The Richards function offers an alternative 
to the general regression techniques. Related 
to the logistic equation, it has great flex i 
bili.ty for fitting growth curves. It is, how
ever, a more complex mathematical expression 
which may hinder iti acceptance and utilization 
by many biologists. 

(b-kt) -lin 
W 2 A [1 + e 1 


Where: W = the dependent variable 

t the independent vari.able
2 

A,b,k,n are parameters 
The upper sign in the brackets is used when n 
is positive, and the lower sign when n is 
negative. 
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These techniques and the models quantifying 
plant growth offer the most potential in incor
porating air pollutant responses into plant 
growth models. 

There are, however, problems associated with 
these quantitative methods and some discussion 
of their practicality and implementation is 
salient. The functional growth analysis tech..: 
niques require accessibility to a computer and 
the knowledge to utilize it effectively. There 
are several pre-programmed non-linear computer 
packages available (17,18) but these are general 
programs which were not developed exclusively 
for growth analysis. Programming is required 
to generate the calculated variables once the 
function has been selected and the function 
fitting to the harvest data tested. These skills 
are, unfortunately, not common among many plant 
scientists and help from a programmer or statis
tician may be required. 

Another aspect of growth analysis designs 
which merits consideration in air pollution 
exposure experiments is the problem of limited 
exposure chamber space. Designs incorporating 
sacrificial harvests require the exposure of 
large plant popula tions during the initial 
stages of growth. Transplanting from smaller to 
progressively larger containers mitigates the 
problem to an extent but does not completely 
alleviate it. The size or complexity of an 
experimental design is thus a function of the 
size of the fumigation facility. This problem 
is greatest in the classical designs where large 
sample sizes are required. 
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RESEARCH STRATEGIES FOR THE FUTURE 

The Ambient Situation 

An increasingly greater emphasis is being 
placed on ambient experimentation despite the 
many complexities present in the environment. 
The number of environmental factors impinging on 
plant growth and yield is immense. Additionally, 
the traditional methods of analysis are inade
quate when confronted by the number of factors 
which should be monitored. If only a single 
pollutant, air temperature, relative humidity, 
solar radiation and soil temperature, five of 
the more obvious factors, are monitored and in
corporated into an analysis of variance, an 
evaluation of the results becomes almost impos
sible because of the interactions and the fac
tor to factor correlations. 

Factor analyses appears to be one possible 
solution to the problems of evaluating ambient 
plant responses. The various types of factor 
analyses have the same general property of re
ducing the number of dependent variables for 
further analysis. In addition, they can often 
be used to generate hypotheses for a better 
understanding of a complex situation. Broschat 
(19) discussed the use of principal component 
analysis, the simplest of the factor analyses, 
to introduce plant scientists to its potential. 

If principal component analysis were utilized 
with the monitored variables; pollutant dose, 
air temperature, relative humidity, solar radia
tion and soil temperature; it would have the 
following advantages. First, each of the vari
ables would be standardized to eliminate bias 
due to the magnitude of each variables units and 
to eliminate the inter-correlations between the 
variables. Secondly, the number of variables 
would be reduced to several principle components, 
linear combinations of the standardized original 
variables, which are orthogonal and therefore 
uncorrelated. 

Principal component analysis or some other 
factor analysis may have great potential in 
dealing with field problems. If, for instance, 
agricultural locations at varying distances 
from a power plant were monitored to provide a 
data set, principal component analysis could be 
utilized to represent and evaluate the variation 
in monitored variables. This technique could be 
further utilized in evaluating the many depend
ent response variables characterizing altera
tions in plant growth and yield. 

Time series analyses (20) also appear to have 
great potential in evaluating plant responses 
to environmental variables and should be further 
explored. Research is also needed to develop 
a better summary statistic to represent air 
pollution exposures for plant studies. In this 

endeavor, care must be exercised to insure that 
the statistic can be related to the format used 
to describe air quality standards. 

Controlled Situations 

Quantification of air pollutant interactions 
with other gases or environmental variables 
shoud be first defined in facilities with the 
appropriate means of artificially controlling 
environments. Unless we can understand simple 
interactions in the uncomplicated environment 
of an artificially controlled situation, we 
certainly will have little success in under
standing the myriad of interactions occurring 
in the ambient environment. Gas interactions 
require a sufficient number of chambers to fill 
out a factorial matrix. Interactions with 
environmental variables require more extensive 
facilities such as a large number of uniform 
environmental chambers or a phytotron with 
exposure facilities. The number of research 
centers with both the gas exposure facilities 
and an adequate number of environmentally con
trolled chambers are very limited but quantifi
cation of air pollution interactions with 
environmental variables must come from such 
centers if they are to be realized. The most 
direct experimental designs for quantification 
might be a series of two separate experiments. 
The first would require a factorial design to 
establish the existence of an interaction, to 
determine the crucial levels within the range 
of the two independent variables for the next 
experiment and to solve problems associated with 
distributions, heterogeneous variances, or 
additivity. The initial experiment should be 
followed by an experimental design using a com
plete or incomplete non-replicated matrix suit
able for generating a surface area model. Each 
of the independent variables should include as 
many levels as possible to allow adequate 
degrees of freedom for fitting complex functions. 
The combination of the two experiments should 
provide good potential for the generation of an 
empirical model for plant response. The designs 
could be further modified to utilize functional 
growth analysis techniques for scrutiny of 
plant response over time. This would entail 
sacrificial harvests of the plant populations 
within each cell of the experimental matrix. 
The addition of time as the third independent 
variable in the analysis of variance design is 
certainly desirable from the modeling viewpoint 
but greatly compounds the effort necessary to 
successfully carry out such an experiment. 

Finally, greater effort is required in enter
ing cooperative research. A single experiment 
could generate data sets for plant growth, yield, 
physiological alterations, biochemical analysis 
and perhaps even a genetic evaluation. The 
efficiency of cooperative research in terms of 
funding and the utility of relating the various 
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data 	sets to each other should make such a 15. D. R. Causton, Biometrics, ~, 401 (1969). 
project desirable enough to survive the 

significant problems involved in organizing 16. J. C. Venus and D. R. Causton, Ann. Bot., 

and implementing such a study. 623 (1979). 
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ABSTRACT 

A multiband radiometer and data acqui
sition system were constructed to measure and 
record the spectral quality of reflected 
sunlight from canopies of barley plots. The 
wavelengths studied were .5 - .9 ~m at .05 
~m intervals. Differences in reflection of 
visible and infrared wavelengths due to 
barley cultivars and foliar fungicide treat
ments were highly significant at various 
stages of plant development. This low-cost, 
portable instrument may be useful in the 
objective assessment of the severity of 
foliar diseases and rapid procurement of data 
for the development of models for estimation 
of losses from foliar diseases. 

INTRODUCTION 

Much progress has been made in the past 
few years in the technology related to the 
measurement of reflected electromagnetic 
radiation from earth surface features. 
Instruments such as the Exotech Model 20C 
operated by LARS at Purdue University or the 
S19lH operated by NASA at JSC have been used 
extensively in field applications (1,2). 
These and other advanced instruments along 
with sophisticated data acquisition systems 
have been used to develop spectral signatures 
of several crops grown under a variety of 
conditions. Furthermore, such instruments 
have been used to develop signatures enabling 
differentiation between diseased and healthy 
crops (3,4,5). Although there will be a 
continuing need for such accurate, high 
resolution instruments, initial costs of 
obtaining them are prohibitively high for 
most modestly supported projects. 

Recent advances in medium and large scale 
integrated circuit technology have made 
feasible the construction of low-cost, 
compact data acquisition systems suitable for 

acqulrlng data from a wide varity of trans
ducers and the mass storage of the data on 
ordinary cassette tape in computer-compatible 
format (6). Previous investigations have 
shown that low-cost cadmium sulfide photo
conductors, with interference filters to 
provide high resolution of the spectrum from 
.5 to .9 wm, were useful not only to differen
tiate barley cultivars but also to differen
tiate between diseased and healthy foliage 
(7) . 

THE MULTI BAND RADIOMETER 

Cadmium sulfide photoconductive 
were used as light tranducers in the multiband 
radiometer. These photoconductors were chosen 
because small changes in light levels resulted 
in significant changes in their electrical 
resistance. Therefore, adequate sensitivity 
to variation in incident or reflected solar 
radiation could be detected utilizing a simple 
battery-powered signal cond~tioner circuit 
(Fig. 1) without the need for more complex 
circuits requiring amplifiers. These cells 
were mounted in 13 mm (I.D.) brass tubes 

o 

Fig. 1. Signal conditioner circuit. 
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housed in a 5X5X9 cm aluminum box with 9 of the 
cells oriented toward incident and 9 towards 
reflected solar radiation. A 12.5 mm dia. 
interference filter~/ of .01 ~m half-power 
band width was mounted over each of the cells. 
The nine filters covered the wavelengths from 
. 5 to .9 ~m at .05 ~m intervals. A plate of 
flashed opal glass 4.8 X 4.8 cm was mounted 
over the tubes oriented upward to diffuse in
coming direct solar and sky radiation. A 
simple convex lens of 13 rnm focal length 
located in each of the tubes oriented down
ward formed an image of the subject on the 
f ace of the photocell. The angle of view 
of these lenses was approximately 28 degrees. 

Each of the photoconductors was calibrated 
in illuminance units (lux) against aLI-COR 
model LI-185 photometer by positioning the 
radiometer and the sensor of the photometer 
against a 25X25 cm sheet of flashed opal glass. 
By varying the intensity of illumination on 
the glass, the relationship between lux (y) and 
resistance (x) in kilohms was established. 
This relationship is expressed as the quadratic 
equation: 

+ 3V SIGNAL 

CONDITIONER 

ANALOG

:> INPUTS 

U 

SAMPLE 

AND HOLD I-' 

V 


10glO Y = a b(loglO x) + c(loglO x) 

where a is the intercept, b is the partial linear 
regression coefficient and c is the partial 
quadratic regression coefficient . 

THE DATA ACQUISITION SYSTEM 

The circuit design of the data acquisition 
system (DAS) was based on a previously designed 
low-cost measurement and recording system for 
agroclimatic research (6). The DAS was de
signed to measure the output voltages from each 
of the photoconductors and to record the data 
serially in standard ascii code onto magnetic 
tape for permanent storage. MSI and LSI CMOS 
components and point-to-point wire-wrap methods 
were used to enable compact design and minimum 
power requirements. The system includes a 
3 1/2 digit voltmeter, analog multiplexer, 
digital multiplexer, memory, UART, FSK, control 
and sequencing and power supply sections 
(Fig. 2). The specifications of the DAS are 
listed in Table 1. 
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RESULTS AND DISCUSSION 

Environmental conditons were not favorable 
for the early development of foliar diseases 
of barley at Fargo in 1980. Symptoms of spot 
blotch were not noted until 22 July and then 
only at low severity (Table 2). Even before 
this time however, on 16 July, percent re
f1ectances of the IR wavelengths were greater 
from treated than from untreated plots. By 
the time spot blotch symptoms were visually 
evident, the differences in reflection of all 

IR wavelengths between treated and untreated 
plots were highly significant. Although 
Dickson appears more re$istant than Larker 
by visual estimation of spot blotch symptoms, 
increased IR reflection resulting from spot 
blotch control was about equal in the two 
cultivars. Slight but non-significant in
creases in yield ('V 6%) due to fungicide 
treatment were obtained with each cultivar. 
In years when spot blotch develops late 
such low, non-significant increases are to 
be expected. These data indicate the radio-

Table 2. Inband percent reflectance of solar radiation from 2 barley cultivars at 
5 stages of development. 

7/8 64 Larker Check 0 1. 56 4.10 3.48 2.11 4.15 37.6 44.7 47.5 44.7 
Mancozeb 0 1. 60 4.44 3.55 2.20 4.20 37.6 44.7 47.4 44.7 

61 Dickson Check 0 1. 45 3.62 3.19 1.94 3.86 39.2 47.1 50.3 47.6 
Mancozeb 0 1. 51 4.09 3.29 2.05 3.97 38.9 46.8 49.8 47.0 

.09 .46 .09 .10 .17 1.4 1.4 1.8 1.7 

-.---..~--.----.-~.----

7/16 77 Larker Check 
Mancozeb 

0 
0 

1. 62 
1. 64 

3.36 
3.28 

3.56 
3.64 

2.43 
2.53 

4.36 
4.43 

34.3 
34.5 

43.8 
44.4 

42.5 
43.2 

42.2 
42.6 

75 Dickson Check 
Mancozeb 

0 
0 

1. 46 
LSD 

2.63 
2.68 

3.24 
3.34 

2.24 
2.28 

4.04 
4.13 

34.5 
34.9 

45.5 
46.1 

43.8 
44.4 

44.0 
44.3 

Treatment .16 .40 .28 .26 .40 .6 .7 1.0 .8 

7/22 85 Larker Check 2.5 1. 85 6.06 5.04 3.73 5.86 29.7 31.8 33.7 33.4 
Mancozeb L8 1. 85 5.87 4.74 3.43 5.44 31. 7 34.4 36.5 35.7 

83 Dickson Check 1.5 1. 67 5.03 4.41 3.14 5.06 30.0 32.8 34.6 34.2 
Mancozeb 1 1.71 5.01 4.33 3.11 4.98 31. 3 34.7 36.5 36.0 

Treatment .20 .63 .44 .40 • SO .9 1.1 1.2 L4 

7/28 89 larker Check 
Mancozeb 

6.4 
3.2 

3.25 
3.14 

9.9 
10.2 

9.18 
9.06 

8.21 
7.99 

11.4 
lL2 

28.1 
30.4 

27.8 
30.1 

32.3 
35.1 

31.9 
34.2 

87 Dickson Check 
Mancozeb 

3.1 
L5 

3.33 
3.08 

10.4 
10.2 

8.86 
8.44 

7.63 
7.16 

10.8 
10.2 

30.5 
32.3 

30.0 
32.1 

35.0 
37.6 

34.2 
36.5 

.31 .6 .73 1.20 1.1 2.1 2.0 2.7 2.0 

1/ Growth stages of cereals after Zadoks, et. aL (8). 


Ie.! Disease rating: o ~ no spot blotch, 9 ~ severe spot blotch (>50% infection of upper leaves). 




meter was extremely sensitive in detecting 
unset and determining relative severity of 
foliar 	disease. Differences in reflection of 
light due to cultivars were generally highly 
significant. Reflection of IR wavelengths 
was higher from Dickson than from Larker at 
all stages of development. Since these 
differences were obtained before any foliar 
disease developed, it appears signa
tures of the two cultivars are inherently 
different. 

Many factors, both biotic and abiotic, 
influence the ultimate yield of barley. 
These factors collectively influence the con
tribution of any of 3 components of yield; 
namely, heads per unit area, number of kernels 
per head and kernel weight. A multiband 
radiometer of sufficient accuracy, precision 
and spectral resolution, could theoretically 
identify and quantify these contributions. 
Furthermore, the quality of the spectral 
signature could at some point in time identify 
the cause and estimate the extent of yield loss. 
The absolute accuracy of the multiband radio
meter could not be determined because a high 
resolution, accurate instrument was not avail 
able for side-by-side comparison. Although 
achieving the objectives of these experiments 
did not require absolute accuracy, precision of 
the instrument was a highly desirable feature. 
Significant differences (p ~ .05) between 
cultivars were obtained with as little as .05 
percent reflection at .5 ~m. Worst case LSD was 
2.7 percent reflection between treatments at .85 
~m as the crop approached maturity. 

One of the signigicant advantages of the 
multiband radiometer herein described is its 
portability. The instrument may be manually 
carried to any location for analysis of repli 
cated field trials or for sampling in 
farmers fields. 

Applications of electronics is rapidly 
changing; therefore, this multiband radiometer 
must be considered a prototype of a simple, 
low-cost instrument. In developing new and 
improved systems, refinements such as sensor 
temperature compensation and corrections for 
sun angle will undoubtedly improve accuracy 
as well as precision of the instrument. 
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ApPLICATION OF REMOTE SENSING METHODS AND IMAGE ANALYSIS AT MACROSCOPIC AND 

MICROSCOPIC LEVELS IN PLANT PATHOLOGY 

Hans Eric Nilsson 
Department of Plant and Forest Protection 

Swedish University of Agricultural Sciences 
5-75007 Uppsala, Sweden 

ABSTRACT. A review is given on the application of 
remote sensing and image analyzing methods in plant 
pathology, particularly at macroscopic and micro
scopic levels. The review illustrates various me
thods and techniques for detection, identifica
tion and assessment of symptoms of vegetation da
mage caused by diseases, pests and physiological 
stress, and for studies of the parasites as well 
as for use in demonstrations in plant pathology 
and related subjects and for training in conven
tional plant disease assessment. 

Remote sensing is now widely used in order to 
identify, record and analyze soil and vegetation. 
There is increasing interest in its application in 
plant pathology, especially concerning studies of 
damage caused by plant diseases and pests, and of 
physiological stress caused by pollution, water 
and nutrient problems. 

By remote sensing we study the multispectral 
signatures of a target area and its components. 
The electro-magnetic radiation from the object can 
be recorded and analyzed by optic-electronic in
strument systems. Multispectral signatures can al
so be recorded on photographic films, but the re
sult is highly dependent on the quality of the 
film, its grain size and resolution as well as its 
spectral sensitivity, By using film typt:'s of va
rious spectral sensitivity and suitable film/fil
ter combinations, however, we can obtain good in
formation on the multispectral signature of the 
target area. 

Near-infrared and infrared light is reflected 
deeper in the leaf tissue than visible light and 
may thus give complementary information on the 
physiological condition of the leaf or the plant. 
In many aspects a leaf unde~ stress differs from a 

normal leaf. Its size, shape, morphology and ana
tomy as well as its angle and thus its light ab
sorption, transmission and reflection are diffe
rent. A leaf under stress may close its stomata 
more or less, which influences its evapotranspi
ration. Such a leaf may have a slightly different 
temperature which may influence germination of 
fungal spores 00 the leaf surface, the infection 
process and symptom development, etc. Infrared 
photography and spectroradiometry, including ther
mography, enables plant disease symptoms to be re
cognized and identified much earlier than we can 
register them visually, and thus also enable the 
~ymptoms to be analyzed quantitatively and quali
tatively. Remote sensing clearly has many appli
cations in plant pathology and plant protection. 

Conventionally, remote sensing is referred to 
as a mthod to study a target area from high alti
tudes, from aircraft and satellites. However, the 
technique and the methods can also be used at low
pr levels, over field experiments as well as at 
macroscopic and microscopic levels. 

My work on remote sensing began in the 1950s 
when experiments were made to detect and identify 
previsual wi 1dng symptoms caused by take-all and 
other root rots in cereals and grasses in field 
trials, and to study relationships between root 
rot severity, plant growth and yield. Remote sen
sing and image analysis were soon also found to 
be of very great interest and value in studies of 
lpaf diseases, for early detection of the infec
tion, in studies of symptom development, and to 
obtain increased accuracy in estimations of dise
ase incidence particularly as conventional 
disease assessment methods are based on visual 
estimation of disease symptoms, leaf spots or root 
discolouration, etc. 







_.------------_._.. ..~----~---

Plot Fertilization, kg/ha Grey-value index Grain yield 
------~~,---"~---- of IR photographs at harvest 

N P 0 K 0 7 Apri 1 1973 18 July 19732 5 2
(x. %) (y • kg/hal 

._-------------_._----------_ .._-
0 0 0 (0) (0) 6.50 
1 a 0 60 40 8.49 1477 
2 b 20 60 40 11.76 1352 
3 c 40 60 40 18.46 768

eaZ 4 d 80 60 40 24.00 175 , no. 
5 e 160 60 40 31.49 400 eorrespon· o 0 0 (0) (0) 8.75 
7 a 0 120 80 16.66 931 
6 b 20 J 20 80 23.22 863 
8 c 40 120 80 31.55 176 

10 d 80 120 80 36.78 211885-55.??x; r ~ -0.9043 
9 160 120 80 40.19 18

6-10: " _._-------_. ---------~---~-~--

y ~ 1?47-4b.34x; 1" -0.9610 

Linear regression: 
Plots ]-5: 

work. Complementary programme details can easily 
be included in the main programme for special ana
lyses, which makes the instrument system very 
flexible and easy to work with. 

I used the Leitz-TAS for analyses of films (Ko
dachrome-II and Kodak Ek tach rome I nfrarf'd fi lms. 
etc.) of field experiments in spring wheat at 
Mbeya, Tanzania, with a complicated copper defici
ency and water stress as well as various fungal 
infections (Figs 3-5, Table 1). The result of the
se analyses of the films was highly correlated 
with differences in grain yield and other measure
ments in the field. Similar very good result was 
obtained when photographs of field experiments on 
winter hardiness and winter damage in pasture and 
turf grasses were analyzed (Figs 6-8). In examina
tions of living samples of If'aves infected by va
rious fungal diseases such as powdery mildew, 
leaf rust, stripe rust and stern rust it was easy 
to calculate the leaf areas of various infections 
and the distrihution of the lesions and their si
zes, to discriminate between the pustel area and 
the surrounding halo areas or other zones which 
often cannot be seen easily in a conventional vi
sua] examination, but may be of great interest to 
investigate in studies on resistance and symptom 
development (Fig. 17, Table 2). When analyses 
were made of leaf spots and blotches caused by 
Septoria spp. it was easy to calculate the arf'a 
of the leaf blotches and their distribution as 
well as the number or production of pycnidia. 
On potato tubers discriminations could he made 
between various types of scab and scurf as well as 
rots caused by Fusarium, Phoma and Phytophthora 
spp. etc. and discolouration caused by various 
bacteria. When the TV-camera was mounted on a 
Leitz-Orthoplan light-microscope the image reading 
instrument system could be programmed to examine 
fungal spores, identify shape, calculate length, 
diameter and number of septa, discriminate between 
spore types and, in some cases, between germina
ting and not germinated spores, etc., as well as 

to examine effects of toxins and enzymes around 
infection spots on leaves. Analyses of chromoso
mes (Figs 22-23) and various anatomical details 
can be made easily by the Leitz-TAS. In examina
tions of nematodes (Fig. 18), calculations were 
made on the body length and the diameter at vari
ous spots of interest along the nematode body, on 
the distance between those spots and on the size 
of various organs. The procedure here was first to 
make a mask of the nematode and to project the 
original image within the mask, and then to use 
the electric pen to mark out the points of inte
rest. The instrument system can be programmed to 
record xl y-pos i t ions of actua 1 spots and then make 
desired measurements (cf. Fig. 23). In the new 
version of the Leitz-TAS mentioned ahove. many 
measurements. including those exemplified above, 
can be carried out automatically or semiautoma
tically. Ir is apparent th~t this instrument sys
tem is of very great interest and value also in 
taxonomy as well as in many other subjects sllch as 
microhiology. genetics and medicine, etc. When I 
examined leaves. mostly of clover. alfalfa, beans 
and tohacco, infected by various virus diseases it 
was possible to discriminate between various mosa
ic patterns. etc. Examination of electron-micro
graphs of virus particles quickly gave informa
tion on shape and ::;ize, etc. When fungal growth is 
studied on nutrient agar in Petri-dishes we usuru
ly measure the colony diameter in two directions 
- such work is time consuming and laborious, par
ticularly on fast growing fungi. This work is 
greatly facilitated by using the Lei tz-TAS and the 
TV-camera furnished with a macro-lens. After ca
librating the instrument it was programmed to mea
sure the area (in mm2) of the fungal colonies and 
to give information on growth zones produced du
ring the day-time or at night, etc. (cf. Figs 19
21). The total procedures described above, inclu
ding printing of tables and histograms of the re
sult, was done very quickly. 
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Linkoping University in Sweden as well as by 
Zeiss, Bausch & Lomb, Cambridge Instruments (Quane 
timet) and others. An interesting device to iden
tify and count automatically field-gathered insect 
samples by pattern recognition is reported by 
Ellington & Flachs (1979). Three visual parame
ters: size, shape and colour, are recorded and 
calculated by this instrument which then identi 
fies and counts the various species. 

The possibility to discriminate between vari 
ous plant disease symptoms in field experiments 
or at macroscopic and microscopic levels and then 
to display the images in different colours is of 
very great interest and value in various types of 
analyses. However, it also seems very useful for 
demonstrations of plant disease symptoms and symp
tom development, etc. in studies of plant patho
logy and during training in conventional disease 
assessment. In such an application, for instance, 
we can start the training in assessment of simu
lated disease symptoms of various size and shape 
displayed in black-and-white. Then we can change 
to colours of high contrast, and complete the se
ries with a more difficult situation, such as 
light green spots on a green or blue-green back
ground. The instrument continuously shows the 
"disease symptoms" as well as information on their 
size, distribution, number and percentage of "in
fected leaf area", etc. 

The instrument systems described generally 
worked with very high accuracy. However, we some
times had some problems during the densitometry 
of common colour films. Different colour zones, 
such as green and yellow leaf areas, could give 
the same grey value, and their areas could thus 
not be differentiated by the instrument. However, 
some of these problems can be avoided by using 
monochromatic light or filters. A red filter, for 
instance, can be placed over the picture of a leaf 
thus making the green area darker and the yellow 
area can be measured better. An even better, but 
more expensive method is to use different TV-ca
meras with different spectral sensitivity or a 
system with a much wider spectral sensitivity, 
particularly in the red and infrared zones, than 
that used above. A system with sensitive multi 
spectroradiometers scanning over the target area 
would, of course, be of great value. Other methods 
of interest are spectrozonal photography and co
lour additive instruments or other instruments for 
image enhancement. 

Remote sensing is evidently of great value for 
plant disease detection, assessment and invento
ries from high altitudes, aircraft and satellites. 
Similarly. it is clearly of value as a complement 
to conventional field experiment methods. However, 
when remote sensing is applied close to the object 
together with an instrument system for quantita
tive and qualitative image analyses, as exempli
fied above, it is of great interest and value in 
plant pathology and plant protection and related 

subjects such as taxonomy, virology, mycology, 
microbiology, nematology, entomology, genetics 
and plant breeding, etc. The instrumentation may 
seem expensive. The methods and techniques can 
apparently be much improved. They open fascina
ting possibilities to improve research in the 
above-mentioned subjects. 

Finally, I wish to express my sincere thanks 

to Ernst Leitz-Wetz1ar GmbH, Wetzlar, West Ger

many, and to Mr W. MUller, Mr D. Stoll and Mr S. 

PflUger, at Ernst Leitz-Wetzlar GmbH, for kind 

interest and valuable help as well as for the 

use of Leitz-TAS and connected instruments at 

the laboratories at Ernst Leitz-Wetzlar GmbH, 

Wetzlar. 
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DEVELOPING REALISTIC CROP LOSS MODELS FOR PLANT DISEASES 
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As the world prepares for 6 billion people in 
the year 2000 AD we ask - what preparations will 
plant pathology have made? If the four horsemen 
of the Apocalypsel appear will we be ready? Will 
there be time to act? 

We have been warned of the exploding popula
tion. Paddock and Paddock in their book Famine 
1975 told of the neo-Malthusian crisis the world 
faces from overpopulation. 

We have talked of malnutrition. Who could 
forget Henry Kissinger's "bold objective" at the 
World Food Conference - that "no child shall go 
to bed hungry." 

We have planned for famine. But where are the 
international stores of grain for famine preven
tion? 

As a profession plant pathology has done a 
poor job in projecting our image as food crisis 
problem solvers. We too often overlook the con
sequences of plant disease to focus on the c'ausal 
agents. Scorn is heaped on the "attention-get
ters." Modesty is the favored personality trait. 
Few outside our ranks have heard of phytopathol
ogy. Even fewer know of the consequences of 
plant disease-caused crop losses. 

Let's take a look, as plant pathologists, at 
some current events- that point out the following: 

-Plant diseases are important to all countries, 
particularly the Third World. 

-Political ideology matters not when crops 
fail. 

-Plant Pathologists are woefully unprepared 
to help assess the direct and indirect conse
quences of crop losses caused by plant disease. 

1War, strife, famine and pestilence are the 
four horsemen of the Apocalypse. In early Jewish 
and Christian writing an apocalypse told what 
was to happen in code such that only the true 
believer could decipher its meaning. In the 
Holy Bible the Book of Revelation warns of 
things to come and to make preparation. 

The rioting this past spring in Kwangju, South 
Korea, can be traced to crop losses. The massive 
introduction of the "miracle rice" cultivar Ton
gil for South Korean production in the Early 
1970's set the stage for the civil strife. Ton
gil had single gene resistance to Pyricularia 
oryzae, the causal agent of rice blast disease. An 
epidemic of rice blast struck in 1978. Rice pro
duction dropped 900,000 metric metric tons or 
roughly 11 percent of their 1977 national pro
duction (1). This average loss of 800 kg per 
hectare was disastrous enough to South Korea that 
the Minister of Agriculture and Forestry sub
mitted his resignation to President Park Chung 
Hee and it was accepted. Blast was again re
ported to be a serious problem during the 1979 
cropping season with production reduced 7 per
cent below the 1977 figures (1). This sequence 
of events contributed to the economic and social 
stresses which took the form of the recent riots. 

Recent reports from Cuba indicate that other 
plant disease problems have struck there. One 
popular press report estimated that one-half of 
the 1979 Cuban tobacco crop was lost to blue 
mold disease resulting in the layoff of 20,000 
cigar workers. At the same time, the Cuban 
sugar crop was devastated by two diseases, a 
rust and a smut. Popular press estimates put 
those losses at 20 percent. The impact of these 
statistics was lost in the flurry of news items 
describing the exodus of 112,000 Cubans to the 
United States. Again, plant diseases appear to 
be a root cause of civil strife. 

Neo-marxist theory contends that there is no 
"food crisis" - only poor distribution of exis
ting resources. But, as demonstrated by these 
examples, military dictator and communist alike 
are all vunerable to crop losses and the conse
quent civil strife. More importantly for our 
profession, none of the popular press reports 
noted the cause of the civil strife as plant 
disease-caused crop losses. 

Crop losses can cause civil strife and vice 
versa. In the last days of the Echeverra Admin
istration in Mexico, a decision was made to 
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disperse 250,000 hectares of prime wheat land to 
landless peasants. Normally the crop would have 
been planted in mid-November. However, faced 
with the prospect of the loss of farmland, farm
ers delayed planting until President Lopez
Portillo countermanded his predecessor and re
turned the land to the previous owners in January 
1977. That seven-week delay in planting resulted 
in an epidemic of wheat leaf rust that had very 
significant effects on the production of wheat in 
Mexico that year. All of the previous research 
efforts at defining the effects of leaf rust on 
wheat yields in Mexico during the normal growing 
season failed to show any effect on yield, but a 
delay in planting was catastrophic. How much 
wheat production was lost may never be known. 

There is today a need for realism in crop 
loss in three areas. Those areas are: govern
ment planning, market developments, and manage
ment of pests. 

Government Planning 

We have discussed the relationship of crop 
loss to civil strife and this is a very impor
tant aspect of government planning. The deci
sion to introduce a new variety, to take that 
risk, to stretch the extra distance, should be 
balanced against the consequences of possible 
crop losses. Social and economic planning by 
governments must have realistic crop loss models 
for their development. 

Governments also need to be able to set re
search priorities. It is a humbling experience 
for any scientist to admit that he finds it im
possible to accurately and honestly estimate 
the potential of a plant pathogen to cause crop 
losses. 

Market Developments 

Many free market systems depend on commodity 
futures markets to help stabilize prices. Wild 
gyrations in prices have little, if any, benefit 
for anyone. Futures markets attempt to stabi
lize expectations. Unrealistic statements re
garding expected crop losses can do severe damage 
to commodity markets development and do provide 
opportunities for market manipulation. Scientif
ically sound crop loss models could be very help
ful in developing market alternatives particular
ly for those crops that are interchangeable as 
human food and as feed stuffs, such as maize, 
soybeans and wheat. 

Management of Pests 

The third application of realistic crop loss 
models will be in the area of management of crop 
pests. There continues to be a desire for long
range pest forecasting. As integrated pest 
management becomes accepted as a strategy, more 
people will come to realize the need for estab
lishing pest thresholds. It is quite easy to 

say that some level of pests will be acceptable, 
but establinhing that level requires a sophisti
cated knowledge of crop loss in relation to that 
pest. The accuracy of a forecast will become 
an important element of any pest management sys
tem. Underlying that accuracy will be realistic 
crop loss models. 

Current theory on crop loss assumes that the 
intensity (or severity) of a pest is directly 
proportional to the percent loss. This assump
tion has led to several crop loss models. Most 
notable are the critical point model, the multi
ple point model, and the area under the disease 
progress curve crop loss model. (See Reference 2 
for a good review of this topic). Each model 
seems to have its own application and each has 
its own limitations. The critical point model 
has been the work horse of plant pathology with 
most variations coming in the form of transfor
mations of one or more axis. Quite often these 
transformations do little to improve the rela
tionship of pest numbers to crop loss with a 
linear analysis of the relationship more often 
than not the best fit. 

The multiple point model has appeal in that 
it can express the fact that early season pest 
impact can have more effect on crop loss than 
later season attack. 

We had once reasoned that the type of plant 
part being affected may determine the crop loss 
model. For instance, small grain crop loss mod
els tend toward the critical point model, while 
potato late blight crop losses are better ex
plained by the multiple point model. Consider 
our dilemma when we found that the critical point 
model is far better than the multiple point model 
for explaining potato crop losses associated with 
green peach aphid (3). 

The area under the disease progress curve 
model has its appeal in the fact that very rarely 
do epidemics proceed in a continuous nature. The 
relationship between the area on the disease 
progress curve and crop loss has proven useful 
in many applications. 

Unfortunately, none of these models is realis
tic when estimating yield. Pest intensity or 
severity is not inversely related to yield as 
metric tons/hectare. We have been misled by 
the relationship that yield plus loss is equal 
to 100%. The expression of yield as a percent 
of the disease-free check plot is totally mis
leading. 

This fact is so obvious that it surprises me 
that it took so long for our discipline to catch 
on to how we have misled ourselves. Consider 
the crop loss data from Reddy et al (4) pre
sented in Figure 1. The two data-Sets came from 
sequential growing seasons for the same rice 
line lET 2895. The yields, as metric tons per 
hectare, differed significantly in the absence 
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Figure 1. 	 Yield in metric tons/ha of 
rice grains of inbred line lET 2895 as 
affected by the severity of bacterial 
leaf blight of rice caused by_~:=~~~~ 
oryzae during the 1975 and 
season in Hyderabad, India. Regresbion 
slopes for 	the linear model were insigni
ficantly different for the two growing 
seasons. Yield potentials 
were highly significant (See Reference 
5). 
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of the bacterial leaf blight disease. Statisti 

cal analysis of the linear regression relation

ship revealed that there was no 

difference in the slopes of the linear regres

sions. All of the difference was attributed to 

the expression of yield potential as a conse

quence of different growing seasons. 


However, when we express the data as a per
cent of the "zero disease" check plot, the linear 
regression model had no alternative but to force 
the lines through different slopes for, in fact, 
we had not allowed for any difference in the 
intercept (Figure 2). We had tricked ourselves 
into believing that the response of the two 
varieties varied from season to season as mea
sured by the regression coefficient. Nothing 
could have been further from the truth. 

We have come to recognize that the regression 
coefficient is a measure of tolerance to disease 
and can be used as a statistical measure of the 
reaction of a variety to increasing disease 
severity. With this tool it will now be possible 
to start looking at varieties tolerant to dis
ease and use appropriate statistical measures 
to sort out random variation. But it must not 
be used on percentage data as the yield poten
tials of varieties can cloud the relationship. 

100 

,ALl of this points out the need for much 
better crop growth models. We must begin soon 
to work with the plant physiologist in develop
ing far greater understanding for how crops 
grow so that we may better relate the yield po
tential of varieties and then project expected 
yields in the face of variable levels of pest 
severity. 

The next step in the development of realistic 
crop loss models must address the need for better 
pest assessment methods. The current disease 
severity scales leave much to be desired for the 
next generation of crop loss models. The modi
fied Cobb and Horsfall-Barrett scales hang 
by very thin threads of assumption which are no 
longer acceptable. How much longer can we as 
scientists perform transformations and advance 
statistical analyses of information obtained by 
visual assessment? It should make us all very 
nervous. 

The suggestion by James and Shih (5) to use 
the relationship between disease intensity and 
disease severity approaches this problem with a 
stroke of genius. A former graduate student at 
Penn State, Doug Rouse, confirmed the n~lation
shiV for powdery mildew bf wheat (6). In a later 
section of this paper we will USe that relation
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Figure 2. Relative yield as a per
centage of the check plots for the 
data of Figure 1. Obviously no signifi 
cant differences existed at zero disease 
(i.e., 100% yield by definition) so all 
differences were forced_to be in the 
regression coefficients which were 
statistically significant. Coefficients 
of determination remain unchanged. 
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snip to demonstrate a futuristic model for wheat 
powdery mildew forecasting. 

Far more work needs to be done in the area of 
pest assessment methods. We have begun at Penn 
State by analysis of analog-digital conversions 
of video signals by computer. All of the hard
ware currently exists and we are in the process 
of testing its application to plant disease 
assessment. We plan to look at two applications. 
The first will be a more extensive analysis of 
the disease intensity-severity relationship. The 
second application will be in the study of human 
evaluation of plant disease and the training of 
technicians for field assessments of disease 
severity. 

Another concern we have for the development 
of realistic crop loss models is in the area of 
interpretation of crop loss information. Tradi

the approach of the plant pathologist 
has been to add estimates together for a total 
crop loss value. We took the 1965 USDA Agri
cultural Handbook #291 and added up the wheat 
pests(diseases, insects, and weeds) (7). The 
total expected losses by this method would have 
been 32%. A similar analysis for potato pests 
resulted in an estimate at 40%. If the Minister 
of Agriculture and Forestry for the government 
of South Korea resigned his job in 1978 for a 

B8 

100 

11% rice crop loss, consider these Handbook 11291 
estimates and how absurd they become! And what 
is worse, there has been very little recent 
effort in this area. 

We have begun working on this aspect and dis
covered that discount coefficients can be used 
for crop loss estimates. Based on our first 
year's data we have found that for three pests 
of potato; green peach aphid, potato late blight 
disease, and red root pigweed, that our best 
estimate of crop loss for the singular pest could 
be combined when we applied the following dis
count coefficients: for the aphid, 50%; for the 
disease, 60%; and for the weed, 90% (3). These 
results suggest that no pest can be removed from 
the total crop loss system and studied as an 
individual. They undoubtedly have interacting 
biological and crop loss relationships that need 
to be more fully understood. Somehow we need 
more realistic and integrated crop loss models. 

Crop loss modeling for plant diseases is in 
its infancy. We can see lots of applications, 
but before we get there we need much more re
search. Mountains of information will be needed 
in order to unravel the complicated relation
ships between pests and their effects on crop 
yield. We must recognize the need for large 
data sets and the tremendous expense needed to 



obtain them. This demands higher levels of 
cooperation between scientists to exchange raw 
data sets for the testing of complex statistical 
models for their appropriateness in crop loss 
modeling. Today, with the availability of high 
speed computers and telephone linkages, it is 
possible to share very large data sets with 
cooperating scientists for the advancement of a 
very critical and highly needed area of our dis
cipline. 

We at Penn State have been very fortunate in 
receiving generous and substantial USDA financial 
support for our efforts in crop loss analysis. 
As crop loss research requires intensive data 
collection throughout the growing season, it can 
become very labor intensive and hence very 
costly. Cheaper and better research methods are 
desperately needed if we ever hope to obtain 
more precise answers. We often get R2 values 
of beHleen 20 to 70% - rarely better. This in
formation comes at tremendous time and expense 
that could not be expected of scouts or farmers 
on more practical applications. 

Linking pest numbers, incidence, severity and 
crop growth would seem to be the most realistic 
way to approach our current dilemma. Although 
we don't offer all of the answers we can take 
a look to the future. To do this I would like 
to share with you our wheat powdery mildew fore
casting system to give you an idea of how we 
think someday a crop loss model could be deployed. 
The system would work something like this. A 
sample of leaves, say 100, would be taken from 
a field at random and the incidence of leaves 
with or without powdery mildew would be reported 
as a baseline. A subsequent visit, perhaps 5-7 
days later, would be made and another sample 
taken from the field. The incidence of leaves 
with and without powdery mildew would again be 
recorded and this time the two numbers and 
elapsed days entered into a Texas Instrument 
Model TI-59 hand-held programmable calculator. 
The pre-programmed calculator would interpret 
the incidence of powdery mildew in terms of 
disease severity. By vanderPlankian analysis the 
change in disease severity over the time, in 
days, would be used to project the epidemic to 
crop maturity. A critical point model based 
on the relationship between disease severity 
and crop maturity and expected yield would 
suggest the expected yield loss if that epidemic 
were to continue its present course. Economic 
decisions could then be made, based on the price 
of wheat, and the cost of applying a fungicide 
for the control of powdery mildew. That infor
mation can then be made available as a recommen
dation to the grower. 

It is ironic that in the United States today 
there are no fungicides registered for the con
trol of powdery mildew of wheat. It has so long 
been said that economics do not justify the cost 
of registering a product for use on wheat. We 
hope that this situation soon changes, as the 

potential market appears tremendous and the tech
nology of epidemiology and crop loss in plant 
pathology is finally catching up with the econom
ics of disease management. 

One of the major future efforts of plant pa
thology must be better public relations with the 
rest of the world. Our discipline of plant pa
thology has far too often neglected this impor
tant aspect and at a great price. We have lost 
prestige and we have lost funding opportunities. 
Realistic crop loss models will help us gain 
back lost ground. More importantly, more real
istic crop loss models will gain us credibility 
by providing more realistic estimates of crop 
loss. From this effort our credibility will in
crease with our peers, our associated disciplines, 
administrators, funding sources, and most impor
tantly, the farmers. 
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ABSTRACT 

\.I", have developed Il model of crop photosyn
thesis, growth, and yield under pollutant stress. 
The model simulates the growth and development 
"f crop plants over the course of a growing 
senson. The model uses bLl(?ilemical and diffusive 
calculations to determine photosynthesis as a 
function of light, temperature, C02.and a sulfur 
compound (S02 or H2S), The model allocate's 
i'hotosynthate to the various plant compartments; 
(,Illculates light penetration in the canopy; 
gaseous uptake of the sulfur compound; and the 
effect of water balances on stomatal resistance. 
/\n extensive experimental data base is required 
to parllmeterize the model and environmental 
conditions must be known for model operation. 
He outline further experimental work is required 
to develop more re I iable models. Such work 
should include the effects of pollutants on the 
long-term behavior of photosynthesis, allocation, 
energy costs of repair of pollutant damage, and 
interactions with plant nutrition. 

INTRODUCTION 

The effects of pollutants on vegetation in 
general and crops in particular has become an 
area of concern in the plant sciences. The 
capability to predict or assess the effects of 
anticipated industrial or energy technology 
development would be enhanced with the develop
ment of realistic crop models which incorporate 
the effects of pollutants. The objective of 
such models would be to predict the dry-matter 
yield of the various crop components (e.g. root, 
stem, fruit, foliage) and simulate their develop
ment in time as a function of environmental 
variables (temperature, light, precipitation, 
etc.) and pollutant levels. When we set this 
objective, we are determining model output and 
model inputs to a great degree. In simulation 
models, we must specify the state variables. 
This means we must decide which plant parts or 
attributes are necessary to determine the plant's 
dynamics. In addition we must decide which of 

the system's processes determine the relation
ships between the state variables. For purpos~s 
of the paper, when we speak of realistic crop 
model s, "'e refer to models which include enough 
biulogical detail to account for the observed 
phenomena of pollutant effects on crop physiology 
and yield. Furthermore, for such simulation 
models we must decide on the appropriate time
scale over which the detailed processes may be 
regarded as either slowly varying or in equili 
brium. Hence, our stated objectives and the 
goal of realism impose constraints on the 
decisions we make regarding input, outputs, state 
variahles, prncesses, and time scales. 

In addition to the desirability of prediction 
there are several other reasons why realistic 
models of plant damage are useful. Such models 
synthesize data and understanding of 
the processes of interest. Thus, the model can 
act as a repository of about the 
problem of interest and can be updated or modi
fied as knowledge advances. The modeling process 
will discover weaknesses or absences in the 
available data. The model can then be used as a 
tool to explore alternate hypotheses and project 
their logical consequences. Thus the model can 
be used to suggest experiments or observations 
to decide between the various hypotheses. Once 
a model has been , a sensitivity analy
sis can be performed to determine critical 
parameters. This will rationalize the choice of 
where research resources can best be applied to 
optimize the information return on research 
investment. Once an acceptable model is arrived 
at, it can be used as an assessment tOO}_ to 
forecast the likely effects of energy or indus
trial development. Using the model, various 
scenarios of development and siting can be ex
plored, as well as options for pollutant control 
or mitigation measures. 



--

To calculate the grown of plants, we take the 
modeling of photosynthesis and the allocation 
of photosynthate as the core of our approach. 
This is rationalized by noting that photosynthesis 
is the energy supply for all other plant process
es and also that photosynthesis products are the 
bases for the plant's structure. It is also 
agreed that a complete description of plant 
growth includes all the other processeS which 
affect or interact with the core processes of 
photosynthesis and photosynthate management. A 
complete description of plant growth includes the 
simulation of the microclimate in the canopy 
producing such profiles as light, radiation, leaf 
and air temperature, and humidity; photosynthesis, 
transpiration, water uptake, and plant and soil 
water status; mineral and nutrient uptake and 
movement: conversion of photosynthate and nutri 
ents to structural material; synthesis and use 
of complex molecules; allocation; respiration; 
pollutant uptake; and the interaction of pollu
t~nts with the preceeding processes. 

Fignre 1 summarizes the general approBl'h 
which is considered here for modeling pollutant 
effects. The plant is seen as a box with its own 
internal physiology and is acted on by the en
vironment with such variables as C02 concentra
tion, light, etc. Pollutants may act c'n the 
plant-environment interface, e.g. the stomata, 
and thereby indirectly effect the behavior of 
the plant. Also, the pollutants may enter the 
plant itself either by leaf or root uptake. Once 
inside the plant, the pollutants may interact 
directly with the plant's physiology and directly 
affect growth and yield. 

.............. 

... Pollutants '• 
......: ...............: 


: Environment 
: Microclimate 

Plant : , Radiation 
Light:JPlant-env. '  TemperatureInternal ph'f$iology Interface 
HumidityRespiration 


Photosynthesis 
 WindV....·· CO2Growth ~.' SoilPhenology 
TemperatureAllocation 
Nutrients 
Water 
Salts 

Figure 1. Conceptualization of plant response to 
environmental conditions and pollutant level. 

DESCRIPTION OF GROI<Jl 

We have developed a model of plant growth 
under pollutant stress where the pollutant is 
taken to be gaseous S02 or H2S (1,2). This 

,;.odel is the first stage in the' proces,.; which is 
aimini: towards 11 complete description of plant 
growth with po]] utant int('r<lctions. From this 
important first step certain results and generali 
zations have emerged regarding the nature of tIll! 
data and experiments required to implement a 
program of model development. Therefore', we wi 11 
first describe GROWl and then draw some conclu
sions from our past experience to guide' us in 
future experimental work. 

Figure 2 is a schematic showing the concep
tual modules in GROW). The core of GROWl is a 
phutosynthate generator whi~h is labeled Photo
synthesis Submodel and a Photosynthate Allocator 
which grows the plant. The Water Submodel tells 
the Photosynthesis SuhmodeJ the effects of soil 
water on stomatal resistance. The Sulfur Sub
model tells the Ph,)tosynthesis Suhmoclel the 
l'onc'entrati(ln of the dctille ,;ul fur l'ompound in 
mesophyll cell as ,1 function nf the sutfure cnm
pound ('oneen t rat i,)O in ai r. The Canopy Submodel 
calculate,; the light profile in canopy for use by 
the Photnsvnthesis Submndei. The Photosynthesis 
Submod",[ passes photosynth<Jte to the Photosyn
thate Al ] <ll'Cltnr whid1 grows tilt' I'laat. 

Sulfur compound,t 
SULFUR SUBMODEL 

-I-

PHOTOSYNTHESI~ 
SUBMODEL: 
Temperature 
Diffusion of CO 2 
into leaf 
Biochemistry 
Effect 01 sulfur 

---- Short term 
Long term 

PHOTOSYNTHATE 
ALLOCATOR 

Growth and respiration 
plant organs 

CANOPY SUBMODEL 
Diffusion into leatfor light penetration 

Sulfur metabolism 


WATER SUBMODEL 
Soil mosture 
Precipitation ~ 

Effect on $lomatal 

Resistance 


Fig. 2. Schematic structure of GROWl showing 
modules. 

The canopy submodel calculates the LAI from 
biomass in the leaf compartment; the diurnal 
course of the angle of the sun above the horizon; 
and the light penetration in the canopy. The 
light penetration calculation uses a Beer's Law 
type formulation and is dependent on the angle of 
sun and the angle of the leaf.(l) 

Date Requirements. The canopy submodel re
quires the latitude, the incident light intensity 
(kw/m2) parallel either to the sun's rays or 
normal to ground, the conversion coefficient for 
leaf dry weight to leaf area, the coefficient of 
absorption of light leaves, and the distribution 
of leaf angles in the canopy. 
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Sulfur Submodel 

Ziegler (3) discusses the metabolism of sulfur 
dioxide in plant cells. We model the metabolism 
by assuming Michaelis-Menten reaction kinetics 
in the sulfur submodel. The absorption of S02 
into the leaf is modeled by the typical diffusion 
equations dominated by the diffusion resistances 
of the stomates, cell wall, etc. Combining these 
equations leads to an expression for the S03= 
concentration in the leaf as a function of the 
S02 concentration in air. This equation produces 
a threshold in the relationship of the cellular 
concentration of S03= to the air concentration 
of S02. Below the threshold, large changes in 
air concentration produce small changes concen
tration in the mesophyll. Above the threshold, 
increases in the S02 concentration in air produce 
comparable changes in the concentration in 
the cell. 

Date Requiremen~~. The sulfur submodel re
quires a minimum of two parameters. One is the 
parameter expressing the change in the internal 
sulfur concentration for a change in the external 
sulfure concentration at low sulfur concentra
tions. The second parameter is the threshold 
level discussed above. We discuss below the 
experimental determination of these parameters. 

Photosynthesis Submodel 

The photosynthesis submodel calculates the 
rates of net and gross photosynthesis of the 
leaf under the influence of elevated levels of 
S02' This is done by equating the diffusion 
rate of C02 into the leaf with the biochemical 
assimilation rate. The diffusion rate into the 
leaf is a function of the external C02 concentra
tion and the diffusion resistances between the 
atmosphere and the chloroplast. The biochemical 
assimilation rate depends on the light reaction 
of photosynthesis and the dark reaction. The 
light reaction is a function of the incident 
photon flux and kinetic parameters governing the 
reduction of NADP to NADPH (nicotinamide adenine 
dinucleotide). The dark reaction or carboxyla
tion is a function of the C02 concentration at 
the chloroplast and the chemical kinetics para
meters for the conversions between ribulose 
diphosphate and phosphoglyceric acid. In the 
forward direction, C02 is taken up and in the 
back conversion, the energy is supplied by the 
reduced NADPH from the light reaction. The 
preceeding portions of the photosynthesis model 
are similar to the work of Sinclair (4) and Hall 
(5). The temperature effects are also modeled 
biochemically. This uses the temperature depen
dence of rate reactions of enzyme kinetics and 
assumes that enzymes are denatured by being 
raised to higher internal energy states. 

Sulfur Effects. The photosynthesis submodel 

calculates the effects of sulfur pollution on 


the photosynthesis rate. First, the action of 
the sulfur compound on the stomate is used in 
the photosynthesis calculation. Also, the effect 
of sulfur is calculated on the internal bio
chemistry of the light and dark reactions. The 
biochemical effects are calculated in two differ
ent time frames: a short-term model valid for 
a growing season which incorporates irreversible 
effects. The short-term model uses the observa
tions of Ziegler (3) that the Hill reaction is 
enhanced in the presence of sulfite and the dark 
reaction is inhibited by sulfite competing for 
the same uptake sites as the C02' The long-term 
model deals with the change over the growing 
season of the actual photosynthetic capacity of 
the plant, namely, changes in the number of 
reaction sites, the concentration of enzymes, or 
the amount of viable leaf tissue. For low levels 
of S02 or H2S, the photosynthesis model calcu
lates the fertilization effect of sulfur on the 
photosynthetic capacity. For high levels, it 
calculates the depressant effect. The fertiliza
tion effect is modelled by increasing the creation 
rate of the photosynthetic capacity at low sulfur 
levels and the depressant effect by the increasing 
of the destruction rate at high sulfur levels. 

Date Requirements for Photosynthesis in Short
Term. The Photosynthesis Submodel requires 
estimates of the diffusion resistances for the 
leaf boundary-layer, stomates, cell wall, and 
cytoplasm; the absorption coefficient of C02 in 
water; the dark respiration rate; and the bio
che~ical reaction constants for C02-RUDP complex, 
S03--RUDP complex, PGA-NADPH reaction, Hill 
reaction rate, and the Hill reaction rate in the 
presence of sulfite. In simulating the tempera
ture dependence, two types of parameters are 
required. The first are the heats of reaction 
for the intermediate activition complexes which 
are used in the rate constants governing respira
tion and photosynthesis rates. The other type 
of parameter is the free energy of the excited, 
denature~ st~te of the critical enzyme limiting 
the resplratlon and photosynthesis rates. We 
will discuss below the experimental work which 
must be done to allow the estimation of these 
parameters. We hasten to point out that essen
tially the same experiment work is required 
whether this or alternate phYSiological mod~lS 
are used. 

In addition to model parameters, the model 
requires environmental input variables. These 
are the concentration of C02 in the canopy, tem
perature, the wind distribution in the canopy, 
and the ambient sulfur compound concentration in 
air. Light intensity is supplied by the canopy 
submodel. 

Data Requirements for Photosynthesis in the 
Long-Term. The Long-Term model is simply a more 
general case of the short-term model which allows 
changes in the parameters which are implicitly 



taken ·to be fixed in the short-term model. Thus, 
the same data is required in the long-term as in 
the short-term model and in addition the long
term model requires three special parameters 
relating to the photosynthetic capacity (PC). 
The long-term model requires a parameter relating 
the increase in the creation rate of the PC to 
the increase in the low-level concentration of 
S02 or H2S, Likewise, a parameter relating an 
increase in the creation rate of PC with an in
crease in ambient C02 concentration is required. 
Finally, a parameter relating the increase in the 
destruction rate of PC to high sulfur levels is 
required. 

The long-term model requires the same environ
mental input variables described in the above 
section on the short-term model. The experiments 
required to determine the parameters of the long
term model are described below. 

Photosynthate Allocator 

At present the allocation submodel of GROWl 
does not depend on the pollutant level directly 
but only indirectly through the pollutant's 
effect on the photosynthate available for allo
cation. As more experimental work is done, the 
Photosynthate Allocator may require revision to 
incorporate direct effects of pollutants on 
allocation. 

The sugar beet version of GRmn compartmenta
lizes the plant into leaves (tops), the structur
al component of the beet, the sugar compartment 
of the beet, fibrous roots, and a reserve storage 
compartment which is labile and available for use 
by all plant compartments. This version of GROWl 
is based in part on the model of Fick (6). Photo
synthate is deposited into the reserve compart
ment. Growth is defined as the transfer of 
material from the reserve compartment to one of 
the structural compartments. Maintenance 
respiration is proportional to the weight of each 
compartment and is "paid" from the contents of 
the reserve compartment. Growth respiration 
is proportional to the transfer from the reserve 
compartment to the structural compartments and is 
"paid" from the reserve compartment. A transfer 
is expressed as a function to the size of the 
sink compartment. Also, it is a function of the 
size of reserve available for use by the plant. 
If reserves are low, transfers decrease linearly 
with decreasing reserve size. As reserves in
crease, transfers saturate as a function of 
reserve size. Priorities between plant parts are 
determined by relative placement of thresholds 
for reserve mobilization. Thus, the rate of 
change of the sizes of plant compartments is 
given by coupled set or ordinary, nonlinear 
differential equations in the compartment sizes. 

All rates use the same temperature dependence 
as respiration discussed in the photosynthesis 

section above. 

Data Requirements. The allocation submodel 
requires specific rates of maintenance and growth 
respiration. It requires the specific growth 
rate (sink strength) for each plant compartment; 
the reserve threshold for each plant compart
ments transfer from reserve; and the saturation 
constants for transfer rates at high reserve 
content. The only environmental variable re
quired by the allocation submodel is temperature. 

Water Submodel 

The primary importance of the water submodel 
is that it supplies the photosynthesis submodel 
with the portion of stomatal resistance due to 
water stress. Stomatal resistance is calculated 
as a function of soil water potential following 
Curry (7). Soil water potential is found from 
soil water content which is governed by a dif
ferential equation with a precipitation input 
term and a transpiration output term. Transpira
tion is calculated using a modified Penman 
equation and is a function of solar radiation, 
relative humidity, temperature, and diffusion 
resistances of the canopy and stomates. 

Data Requirements. The water submodel requires 
parameters for the functional relationship 
between soil water content and soil potential; 
the functional relationship between soil water 
potential and stomatal resistance; and the func
tional relationship between the leaf boundary 
layer resistance and wind. In addition, the 
water submodel requires values for precipitation 
or irrigation applications, depth of the rooting 
zone, relative humidity, temperature, diffusivity 
of air, net solar radiation, and the wind profile 
in the canopy or wind decay constant. 

EXPERIMENTAL REQUIREMENTS OF REALISTIC 
CROP-POLLUTANT MODELS 

In this section we must be careful to distin
guish two separate problems. One problem is the 
experimental program necessary to support the 
specific model discussed above. The other pro
blem is the type of experimental questions which 
will have to be addressed in the future assuming 
certain lines of development for crop-pollutant 
models. 

Experiments to Support GROWl 

We will emphasize those experiments having to 
do with internal plant dynamics rather than with 
physical problems such as light in the canopy or 
water in the soil. 

Sulfur Submodel. The parameterization of the 
sulfur submodel described above should be taken 
from experiments measuring uptake rates of 502 
for a wide range of external S02 concentrations. 
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Data frorn Hall i1970) 
--Model fIt 

These experiments should be done at fi:(ed stoma
tal res is tanee. 

Plwtosynthes is Submudel. Th'e determinations 
"f Ijl-(;--ie~;f houndary-Iayer resistance and stoma
tal resistance are done by well-known techniques. 
The biochemical paramters are found from experi
ments relating photosynthesis to temperature, 
light, CO 2 , dnd pollutant (S02) lev(~l. Photo
synthesis is a multivariate function of these 
variab les, so tl1<' hest fits are obtained if these 
variables are varied independently over a wide 
range of values. In Fig. 3 we shown an example 
of fitting net photosynthesis of sugar beets 
le,]ves to 1igllt .level and temperature. Datn are 
from Ha II (8). It j s important to real ize. that 
all variables, e.g. stomatal resistance, 5° 2, C02 
etc, must he simultaneously measured imd if pos
s ih Ie', controlled. Because the 502 or 1l2S 
[('sp,mse is n more complicilted response than, say, 
the light response, correspondingly more measure
ments will he required to accurately 
pnramcteriz(' this relationship. We stress that 
the response curve measurements should be rep,,:<-.t
ed for several light, CO 2, :md temper.1i"rC' lcvpls. 
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meterized the photosynthesis model with no 
pollutants present. 

The minimum data necessary to paramterize 
the long-term model is yield data for crops 
raised at constant pollutant levels. The yield 
data is therefore necessary for several levels 
of pollutant load. These levels should bracket 
any complicated response such as fertilization, 
threshold, and depression. In addition, the C02 
level should be held at elevated levels for some 
experiments to determine the long-term C02-sulfur 
interaction. See Fig. 4 as an example. The 
soliel line is the short-term photosynthesis model 
adjusted to agree with Shinn's (unp~blished) 
photosynthesis data for sugar beets. The triangles 
on the dashed line are the results of the long
term model adjusted to agree with Thompson and 
Kats' (9) yield data (circles). The dark tri 
angle and circle were model results and data for 
yields of plants grown at 0.3 ppm H2S and C02 
values of ambient plus 50 ppm. 

o Relative total growth 1.5... 
s:: !::,Model 
~ 

o Data Thompson et. al.(1978) 
.. Model (50 ppm CO2 added) 

g 1.4 

gj ":. :8 • Data (50 ppm CO2 added)o 1.3 f I 
c: I \ 

E I I 
 Relative photosynthesis e 1.2 ~ I I 
.... I 
~ I -Model 
g' \ o Data Shinn (1976) 
~ 1.1 I 

.. u \ 
~ __~---J, 
> 1.0 F-~----.:::::......:----------I 
~ 
"iii 
c: 

0.9 

O. 8 '---'-~.L----J..-_'----'----'------'-_..L----'--..I 
o 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 

H S air concentration, ppm2

Fig. 4. Effect of HZS treatment on photosynthesis 
(short-term) and growth (long-term) of sugar beets. 
Comparison of models and experiments. The com
parisons are used to parameterize short-term and 
long-term photosynthesis models. 

Photosynthate Allocator. The mlnlmum data set 
required by the allocation submodel is the time 
series of the development of the plant compart
ments. These measurements should be taken on the 
same population that the photosynthesis ~easure
ments are recorded from. The time development is 
necessary to fix the sink strengths, transfer 
thresholds, etc., of the allocation submodel. 
In Fig. 5, we see the leaves and beet development 



data of Fick (6) compared to the adjusted model 
output. The model was adjusted so that the leaf 
results agree with experiment. The remainder of 
photosynthate must go to beet and fibrous root. 
In effect, Fig. 5 is a validation of the photo
synthesis submodel. In the case of sugar beets, 
sugar levels must be measured to parameterize 
the partitioning between sugar and beet structure. 
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Fig. 5. Comparison of model and experiment of 
growth of sugar beet parts. (a) leaves (b) beet. 
These comparisons are used to parameterize 
photosynthate allocation in growth models. 

Work 

There is much development and experimental 

work which should be performed to increase the 

physiological content of our crop models and 

thereby improve their accuracy and usefulness. 


Sulfur Uptake. Sulfur uptake models should be 
parameterized using data from experiments on 
sulfur-compound uptake. Gas exchange in these 
experiments would be analogous to CO 2 uptake 
experiments used to determine photosynthesis. 
Uptake should be measured over a wide range of 
S02 or H2S concentrations. These experiments 
should be performed at fixed stomatal resistance. 
The experiments should be performed repetitively 
to see if the derived coefficients change as a 
function of either the age of the plant or the 

cumulative dose. 

Short-Term Photosynthesis. 'Ill(' photosynthesis 
model, PHOTO (2), is an analytic function of the 
environmental variables. A complete, unique 
parameterization of it can be carried out withuut 
any free parametc'rs. This has not yet been done 
but only requires that more varied measurements 
be made of type which h<lve been done in the past 
by various authors, e.g. Hall (8) <lnd Shinn et al 
(10). Future developmental work on the short-=-
term model will require more detailed invNltig<l
tion and comparison of the various values of 
light and dark respiration and gross and net 
photosynthesis. 

The response of the stomatal resistance to 
pollutant levels must also be determined, as 
well as the effect of pollutants on both light 
and dark respiration. 

In the long
changes in the 

photosynthesis response of the plant that milY 
occur over time. These differences may be due 
to natural aging or they may be due to prolonged 
exposure to pollutants. Thus, aJl the measure
ments described <lbove in the short-term case 
are applicable to the long-term case but they 
must be repeated frequently thronghout the course 
of the entire growing Season. If necessary they 
may need to be done by leaf age cLass. Also, 
the measurements must be done over the entire 
range of pollutant loads of interest. Some 
pollutant loads might cause one direction of 
parameter change and other pollutant loads 
might cause the reverse, for example, fertiliza
tion versus depression. 

These considerations bring up a related issue: 
the determination of the critical pathway in 
long-term effects. The work with sugar beets 
and GROWl (2) suggests that biochemical altera
tions explain the fl:'rtilization effect of low 
H2S fumigations. However, Coyne and Bingham (11) 
found that the fertilization of snap beans due 
to low H2S fumigations could be attributed to 
decreased stomatal resistance induced by chronic 
low-level H2S concentrations. This issue must 
be resolved by further experimentation making 
the measurements outlined above. Resolving the 
relative sizes of parameter change between the 
various biochemical parameters and diffusion 
resistances for chronic pollutant exposure should 
be a high priority issue of future research. 

Allocation, Nutrition, and Water. Ideally, 
we desire to determine the mechanisms of the 
plant's response to pollutants. We would like 
to determine the effect of pollution on: (1) 
the process of allocation and partitioning of 
photosynthate, (2) water relations of the plant 
and the relationship between plant moisture and 
growth, (3) nutrient uptake and movement within 
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the plant and (4) the relations between nutrients 
and growth or llti~ization of photosynthate. The 
iden l'/ould bC' to determine the rate of transfer 
of photosyntllilte [rom reserve to structure as a 
function of both pollutant level and nutrient 
level, and the thresholds for transfer as a 
function of pollutant and nutrient level. In 
addition, we would like to determine the response 
of energy costs associated with these transfers 
to pollutant and nutrient level. The ideal case 
would also require detailed work to determine 
the energy costs of repair due to pollutant 
damage and to determine the priorities of the 
plant for repair of the various compartments 
and the generation of new growth. 

At the minimum level of experimentation, we 
would require the careful monitoring of the 
plants' development at various pollutant and 
nutrient levels and the accumulation of sulfate 
in the plants' tissues. For example, Bennett 
and Oshima (12) studied the effects of ozone on 
the shoot: root ratio of carrots. The experi
ments proposed here would need to be repeated 
using various treatments and growth priorities. 
Nutrient and water uptake should also be measured 
under various pollutant loads and the functional 
relationships determined. A detailed discussion 
of root uptake is beyond the scope of thLs paper, 
hut ultimatl'ly these processes need to be inclu
,kd in crop-pollutant models to yield il complete 
description of crop response. 

CONCLUSION 

J\ cursory reading of this paper might suggest 
to the reilder that it is quite expensive to do 
the experiments necessary to parilmeterize a 
detailed, realistic pol11lt<lnt-crop model. This 
is a mistaken impression in that mnny research 
monies will he spent over the corning ycars to 
experimentally investigate the effects of pollu
tarets on crops regardless of any model develop
ments. Our goal therefore will be to sugges t 
experimer<ts which provide practical answers on 
dose-yield relationships and which also provide 
a useful data base for model development and 
validation. Then detailed physiological studies 
can be carried out on a relatively inexpensive, 
smaJler scale in laboratory growth chambers to 
explore physiological relationships for model 
input. Thus, the cost of realistic models are 
not as high as they might first appear. 

Another consideration to bear in mind is that 
a product as rich in information as a physiolo
gical pollutant-crop model offers a corresponding
ly high degree of output information. For 
example, using PHOTO, Shinn and Kercher (13) 
point out that estimates of effects of H2S 
on photosynthesis can change drastically depend
ing on the C02 concentration in air. These 
changes are quantified by PHOTO (see Fig. 6) 
and thus the user can determine what the photo

synthesis response would be after the addition 
of specific H2S-C02 mixtures to the plant's 
environment. Such results can ilave an important 
application in the setting of standards. In 
another instance Kercher and Layton (14) used 
GROWl to forecast the effects of geothermal 
development on crop production in the Imperial 
Valley, California. They were able to show 
that in the most highly fumigated position in 
the valley, the anticipated emission rate was a 
factor of 13 below that required to reach the 
threshold of production loss. In relatively 
remote or favorable areas the emission rate 
was of the order of several hundred times below 
the rate required to reach the damage threshold. 
Thus crop loss models have the potential for 
being extremely useful assessment and industrial 
siting tools. 
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INTRODUCTION 

The maximum attainable yield of plants, in the 
absence of resource constraints, is determined 
ultimately by the genetic potential for utili 
zation of natural resources. This value varies 
markedly for different plant species, especially 
if yield is expressed as the harvested part of 
the plant, such as storage organs, fiber content 
or some other portion. Generally the yield of 
modern cultivars is higher than those of fifty 
years ago (Austin ~ aI, 1980) and those had 
higher yields than their wild progenitors. This 
improvement is partly due to an increase in the 
efficiency of utilization of resources, but 
mostly it is due to a higher harvest index. 

Normally the maximum attainable yield is not 
achieved in the field even in the absence of di
seases, pests or abiotic factors due to con
straints in the supply of resources. The most 
productive species and cultivars in any given 
situation, are those that are most closely adapt
ed to growth under the prevailing conditions, due 
to organization of the growth strategy to ensure 
a high efficiency of utilization of the limiting 
resources. Thus, for example, wheat cultivars 
grown in semi-arid areas on water stored in the 
soil profile produce large root volumes at the 
expense of shoot development, and the shoot may 
have zerophytic features such as awned ears which 
allow for a maximum photosynthetic production with 
the limited supply of water. The reduction of 
photosynthetic area in such cultivars from the 
optimal amount would not be directly responsible 
for the reduction of attainable yield because 
this character is not limiting to growth in 
these circumstances. Indeed the reduction in 
area may enhance yield under these conditions 
by reducing transpiration and hence conserving 
water. However, the same cultivar grown in a 
.climate in which water was not limiting may well 
be disadvantaged and perform poorly compared to 
an adapted cultivar because of the lack of photo
synthetic area. This example illustrates the 
concept of most limiting factors, which is basic 
to an understanding of crop growth. The object

tives or priorities of plant breeders and agrono
mists, who seek to maximize yield in given 
situations, are based on an understanding of the 
factors that can be shown to be most limiting to 
yield (Padwick, 1979). Thus breeders construct 
ideotypes based on this understanding (e.g. Aus
tin and Jones, 1976; Donald, 1979) as a statement 
of their objectives, derived from detailed analy
ses of yield production dissected into its com
ponent parts and studied intensively both in the 
field and in controlled environment laboratories. 
Recent examples of radical changes in plant form 
based on such analyses which may lead to increas
ed yield potentials are the development of uni
culm cereals (Donald and Hamblin, 1976) and semi
leafless peas (Harvey, 1977; Harvey and Goodwin, 
1978). In the latter crop it was suggested that 
leaf area was not a major limiting factor to 
yield in terms of their photosynthetic contri 
bution, and therefore, leaf area could be re
duced in favour of tendrils which provided other 
advantages such as more support for the maturing 
crop. Attempts are being made to reduce leaf 
area and vegetative growth in the indeterminate 
field and broad beans, again in view of a know
ledge of contributions to yield (Chapman and Peat, 
1978) . 

The yield achievable in any given situation, 
as described above, may be reduced by the pre
sence of diseases, pests, weeds and abiotic 
factors. The impact of such yield-reducing 
factors will depend on the amount of constraint 
factor present, the influence on plant physio
logical processes and the significance of those 
processes for yield development. In yield loss 
studies we are usually able to quantify the 
first quite accurately, we have some usually 
qualitative knowledge of the second and often 
pay little heed to the third element. Depending 
on the objectives of the investigations, these 
short-comings mayor may not be serious. For 
surveys, regression or correlation analyses of 
average disease severity levels with average 
yield losses will often be quite satisfactory 
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switch to reproductive growth, often in response 
to an increasing day length. Some evidence sug
gests that prior to reproductive initiation the 
potential number of spikelet primordia to be pro
duced at the apex may be determined, or at least 
partially influenced by poor growth conditions 
(Thorne et aI, 1968; Warrington et 1977; 
Thomson,-Y979). However, spikelet number is also 
influenced by events after double-ridge formation 
and is an important determinant of yield potential, 
as discussed in the next section. 

(ii) Reproductive Growth 

From the time of spikelet differentiation 
the growth of the plant is concentrated first on 
the expansion of yield site potential on each 
developing apex, and finally on yield fulfillment 
in the form of grain set and grain-filling at a 
proportion of these sites. However, the develop
ment of roots and tillers also continues during 
this phase and they can be important determinants 
of final yield either directly in the case of 
tillers, or indirectly with roots. Young tillers 
continue to be produced until anthesis, and the 
potential remains even after anthesis as seen in 
the flush of new tillers produced sometimes in 
badly lodged crops. However, many tillers cease 
growing quite early in the reproductive cycle, 
often about the time of stem elongation, due to 
shading and a low competitive ability to attract 
assimilates from the main shoot and larger til
lers (Cannell, 1969). The fact that tillers do 
compete has been shown by several workers where 
thinning or removal of tillers induced greater 
production from the surviving tillers on an 
individual basis, though usually the total yield 
per unit area was no greater and often less than 
the denser stands (Kirby and Jones, 1977; Willey 
and Holliday, 1971). Root development may con
tinue till part-way through grain-filling; though 
total dry weight does not normally increase after 
anthesis new roots are produced in the deeper 
parts of the soil profile and some roots die back 
and cease to function (Gregory et 1978). 
This deeper exploitation of the profile 
may be extremely important for final yield ful
fillment in those crops where stored water is 
utilized late in the crop growth cycle. The 
later formed deep roots play an increasing 
function in water inflow as soil water is de
pleted in the upper parts of the profile 
(Gregory nt aI, 1978) and any factor which in
fluenced the formation of these roots would in
fluence a range of host processes indirectly. 
Even in those crops where water and nutrient 
supply is adequate, the function of a large 
root volume in the synthesis of amino-acids, 
growth regulators and other compounds may have 
an important effect on yield (Evans, 1975). 

In the small-seeded cereals spikelet primor
dia are produced on the developing apex at a 
faster rate than the production on the develop
ing apex at a faster rate than the production of 

leaf primordia (Kirby, 1974, 1977). Indeed the 
end of vegetative growth may properly be consider
ed to end with the faster initiation of primordia 
but for most investigations the formation of 
double-ridges, the first obvious sign of dif
ferentiation, is a more convenient indicator. Pri
mordium production continues until the terminal 
spikelet is produced which then establishes the 
maximum potential yield for that particular com
ponent. (Figure 1) In rice, 2-rowed barley and 
6-rowed barley, this also sets a potential maxi
mum for the number of florets, since the number 
per spikelet is never more than one potentially 
fertile florent. However, in wheat (Figure 2) 
the maximum floret number per spikelet is higher 
and more flexible, and the production of florets 
in the spikelet primordia follows rapidly after 
the first formation of spikelet primordia, and 
overlaps with the formation of the terminal 
spikelet. Thus the wheat maximum potential is 
determined by the usually short production period 
of a low number of spikelet primordia and a more 
extended period of floret primordia, whereas in 
the other cereals spikelet primordia are produced 
in larger numbers over a longer period of growth 
(Bonnett, 1964). The duration and rate of 
development of spikelet and floret primordia vary 
widely, especially with temperature and day
length and the two processes are generally in
versely correlated. The net effect often is the 
same total number as in early and late-sown bar
ley (Scott and Dennis-Jones, 1976) but this is 
not always the case and generally slower develop
ment will continue for a sufficient time to give 
a higher final number (Thomson, 1979; Kirby 
and Faris, 1970; Holmes, 1973). 

Concurrent with the continuing differentiation, 
some spikelets (in barley and rice) and florets 
(in wheat) die-back and cease to differentiate 
further (Kirby and Faris, 1970; Gallagher et 
1976); Langer and Hanif, 1973). During much 
the development described above, the shoot apex 
is very small and is either below the soil sur
face or only slightly above ground. Develop
ment is mostly related to the ability of the 
plant to supply photoassimilates to the develop
ing apices, and production is the critical factor 
rather than translocation. Once stem elongation 
occurs there may be competiton for substrates 
at the expense of the developing florets, de
pending on the alternative demands by other sites 
of utilization such as other tillers and roots. 
There is some evidence for an inhibition of 
floret development by more advanced floret either 
in other spikelets in barley (Nichols and May, 
1963), or within a single spikelet in wheat 
(Langer and Hanif, 1973). A further loss in 
number of florets occurs in the few weeks prior 
to anthesis, in that a number do not grow fast 
enough and do not differentiate to form mature 
ovaries and anthers. Competition with the apex 
may be the most important limiting factor in this 
phase, as minor shading or changes in light in
tensity appears to have little effect on this 



process under normal field conditions. At anthe
sis, the yield potential has been reduced from the 
maximum achieved by die-back and by the number of 
undeveloped florets, and may be defined as the 
number of potentially fertile florets per unit 
area. During anthesis, yield site potential may 
be further reduced by the number or proportion 
of florents that are fertilized and set grain. 
Grain set appears to be especially sensitive to 
water stress (Wardlaw, 1971), and less so to the 
supply of assimilates though a severe limitation 
of the latter will be inhibitory. Barley appears 
to set a higher proportion of grain in fertile 
florets than wheat (Gallagher et al. 1976; Evans, 
Bingham and Roskams, 1972). Grain-set has been 
shown to be reduced by low assimilate supply and 
low levels of soluble carbohydrate in the ear 
(Dougherty et aI, 1975; Spietz, 1977) but it has 
been argued~hat grain set in distal florets in 
wheat may be hormonally inhibited (Langer and 
Dougherty, 1976). The factors relating to grain 
set are discussed in detail by Vries (1971) in 
which he argues that pollen meiosis and anther ex
ertion may be the factors most influenced and 
that infertile florets (i.e. lack of grain set) 
are caused if constraints are not removed within 
3-4 days of anthesis. 

Yield is determined finally by the one remain
ing yield component, the individual grain weight. 
This may not be determined solely by genetic 
limitations and post-anthesis grain-filling events, 
as more recent evidence indicates that potential 
size may be influenced by events prior to or im
mediately following anthesis. The size of the 
developing ovary may influence grain size potential 
prior to anthesis (Kirby, 1974; Dougherty ~ aI, 
1975) and there may be an effect earlier in view 
of the suggested correlation between time of flo
ret initiation, ovary development and ultimate 
potential grain size (Kirby, 1974, 1977). After 
anthesis and fertilization, the number of nuclear 
divisions in the endosperm and thus the number of 
endosperm cells produced, may be influenced by 
assimilate supply and thereby will limit maximum 
potential size and weight of the grain (Brockle
hurst, 1977, 1979; Bremner and Rawson, 1978; 
Wardlaw, 1971). The actual supply of assimilate 
to the ear as a whole during this period is often 
not limiting unless the plants are subject to 
water stress, but the internal distribution and 
competition within the ear may result in local 
limitations. Grain-filling itself is the process 
of accumulation of starch in the endosperm cells 
of the individual grains, and the maximum rate is 
limited by starch synthesis within the grain (Jen
ner and Rathjen, 1975). During the period of 
rapid accumulation there is a requirement for a 
high supply of photoassimilates and in most field 
situations crops appear to have a surplus capacit~ 
and can meet this demand. An adequate leaf area 
is maintained until starch accumulation declines 
due to a lack of enzyme activity, probably induc
ed by a lack of further sites for starch accumu

lation. However, under severe water conditions 
and with late-sown crops in high latitudes matur
ing well beyond the summer peak of radation, phtto
synthesis may become a limiting factor to grain
filling. It has been argued that as the grain 
reaches its final maximum size vascular con
nections become limiting to sucrose flow, since 
transport within the grain is achieved by dif
fusion and not by well-developed vascular tissue 
(Kirby and Rymer, 1974; Langer and Hanif, 1973). 
The subject of grain-filling is a controversial 
topic and will be examined in more detail in the 
next section in relation to limiting factors. 
The grain finally matures, loses water rapidly 
under dry conditions and is harvested as the fi
nal attained yield. Harvesting problems may cause 
additional losses at this stage with neck break, 
shattering and sprouting but these are outside 
the scope of this paper. 

YIELD ANALYSIS 

In this sector I shall summarize the types of 
analysis that have been carried out with small
seeded cereals and show how this approach may be 
used as a basis for an understanding of yield 
constraints. Such work is difficult to interpret 
in general terms since it spans several different 
species, many different cultivars and a wide 
range of environments from low latitude irrigated 
wheats through semi-arid areas to high latitudes 
with a plentiful supply of natural water, and in
cluding controlled environments. An understand
ing of the above approach is fundamental to an 
understanding of yield loss caused by diseases, 
pests and other agents and the examples of 
analysis discussed have been chosen to illustrate 
some problems associated with yield losses; 

In any analysis there has to be a standard 
against which new cultivars and breeding lines, 
new agronomic practices and disease control can 
be compared. For most purposes, this standard 
has been an area of plants grown under good farm
ing practice with somewhat more care exercised 
than normal in the establishment and maintenance 
of the crops in a healthy, weed-free condition. 
Large field plots are often required but space, 
labour and time often place limitations on the 
scale of investigation. To overcome some of 
these problems controlled environments and 
spaced plants have often been used, and have 
yielded useful information when the objectives 
have been well-defined and very specific. How
ever, such plants are often exposed to lower 
than normal light energy levels, limited soil 
volume, excessive temperatures especially in the 
soil, high levels of nutrients and a lack of com
petition. The plants may have been further mani
pulated by the removal of all tillers to simplify 
the analysis. It should be recognized that such 
plants are really quite abnormal, and great care 
is required in the interpretation of such results 
for field-grown material. 
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(i) 

The final number of ears per unit area is often 
the least variable factor in growth studies, other 
than density experiments with extremely low seed
ing rates. This is because the number of tillers 
produced is determined very early in the growth 
of the crop, and the number surviving is very 
flexible and therefore,/ able to compensate for 
any deficiency in tiller number. However, a 
severe constraint at the time of stem elongation 
may reduce the number that finally survive and 
produce ears, and therefore, have a marked effect 
on yield. Recently there has been much interest 
expressed in the adjustment of tiller numbers, 
especially in winter-sown crops, by suitable-timed 
applications of nitrogen which are known to in
crease tiller expansion and survival (Dougherty 
et aI, 1978). It should be recognized that early 
r;rmed tillers are likely to have high yield 
site potentials compared to later-formed tillers, 
and therefore, too much reliance on an encourage
ment of tiller formation by late nitrogen appli
cation may reduce yield indirectly through the 
grain per ear component. 

The effect of disRase on tillering and yield 
has been demonstrated in work with powdery mil
dews on spring sown cereals (Jenkyn, 1974). Re
ductions in tiller numbers have been recorded but 
it has often been assumed, and sometimes proven, 
that the later determined components of yield 
have compensated for such losses. The surviving 
tillers are sometimes capable of producing a 
larger number of grain per tiller and possibly 
heavier grains, especially where growth conditions 
are very good later in the season. However, it is 
important to recognize that other aspects of 
growth are also influenced at the same time, and 
these may limit the ability of the surviving til
lers to compensate. Firstly, root development 
may be markedly influenced by the disease 
(Balasubramanian and Gaunt, unpublished), with 
the result that the ability of the plant to 
absorb water and nutrients later in the growth 
cycle is impaired. This may be of importance 
in those crops in which water stress can limit 
the fulfillment of yield potential. Secondly, 
the area of later-developed leaves, including 
the and penultimate leaf, may also be reduc
ed by these early effects (Last, 1962; Lim and 
Gaunt, 1980) and may be important where leaf area 
is a limiting factor in crop photosynthesis. Con
straints which affect tiller production and sur
vival usually will influence the production of 
primordia and thus the effects are difficult to 
separate completely. 

(ii) Grain Number Per Ear 

This component of yield is the most complex, 
and is affected over the longest period of crop 
growth, the period of ear development from spike
let initiation (or even before) through to a few 
days after anthesis of each floret. Under all but 

severe constraint conditions, it appears that a 
larger number of potential florets are produced 
than ever survive, and therefore, it has been as
sumed that potential is not limiting. The propor
ties of dieback, under-developed and infertile 
florets appears to have more influence on the fi~ 
nal grain number per ear than the potential num
ber produced. Breeders and agronomists have tend
ed to concentrate their efforts on enhancing flo
ret survival rather than increasing the potential. 
However, a correlation has been noted in many 
cases between a high potential grain number and 
high survival rate, and the work of Kirby (1977) 
indicated that the size of the apical dome prior 
to final spikelet initiation influenced the a
mount of spikelet dieback. From this and other 
evidence it is clear that the cause of reduction 
in anyone of the several factors which deter
mine final grain number per ear may be caused by 
an event much earlier in the growth cycle. For 
example, a low grain set may be caused immediate
ly after anthesis as discussed above, but may also 
be related causally to events during the growth 
of the ovaries, or even earlier long-term effects 
such as root and leaf area development. The in
teracting factors that limit floret survival 
are not clearly understood at present, and fur
ther research is required before pathologists will 
be able to identify with any certainty the time 
at which a constraint has caused a low survival 
of potential florets. However, analysis of low 
grain numbers per ear can at least be divided at 
present into effects on floret production and sur
vival, and it can be assumed that the former is 
caused by an early constraint to growth, but the 
latter may not necessarily be caused by a later 
constraint. Before leaving this topic it should 
be explained that some constraints may actually 
increase the number of spikelets or florets pro
duced or the proportion that survive. If inter
ear competition for assimilates is indeed im
portant in these processes, then it can be ar
gued that a slower development caused by a con
straint may so limit differentiation and develop
ment in the ear that inhibition does not occur, 
and therefore higher numbers are produced or 
survive. The main eVidence comes from experiments 
in which a few wheat florets were sterilized, or 
pollination delayed, and florets higher on the 
rachis in barley or the radhiua in wheat set 
grain which would not normally have done so; thus, 
a higher grain number was produced by these very 
specific treatments (Evans, Bingham and Roskams, 
1972). Similar effects have been observed, usual
ly in controlled environments, at other growth 
stages such as spikelet differentiation in short 
day lengths (Thomson, 1979; Rawson, 1971). How
ever, most disease effects are longer-term than 
the above physiological effects so it is not like
ly that they will often cause an increase in po
tential yield (see next section). 

(iii) Individual Grain Weight 

The component of yield, the last to be deter



mined in the growth of the plant is perhaps the 
most studied and least understood of all the com
ponents in plant pathology. Many yield gain in
vestigations in the fields of plant breeding and 
agronomy, and some yield loss studies quote total 
yield figures and 1,000 grain weight values, and 
conclusions are drawn about the time of effect of 
treatments from these data. However, there are 
many problems associated with the interpretation 
of such data, as explained below. 

Bayles (1977) discussed the meaning of various 
parameters related to grain size and weight, and 
concluded that 1,000 grain weight was not an ideal 
method of measurement on its own. Specifically, 
she pointed out that seed samples which were plump 
and well-filled but small and other samples that 
were potentially larger but shivelled and poorly 
filled would have very similar 1000 grain weights. 
However, the constraints imposed on development 
of these two samples would have been quite dif
ferent. In the context of her work Bayles sug
gested that the former may be an indication of a 
cultivar with a low genetic potential for grain 
size filled to capacity by available assimilates, 
or a crop with a limited grain size induced by 
growth limitations during or prior to anthesis, 
again filled to capacity. Conversely the second 
case may arise with a cultivar with a very large 
genetic potential and pre-determined storage 
potential which has not been filled to capacity 
by assimilates during the grain-filling process. 
In diseased and healthy plant comparisons the re
duction may similarly be attributed to disease 
effects during grain size determination or to ef
fects during grain-filling, but it is usually in
terpreted as the latter effect. Bayles suggest
ed that a "filling score" should supplement 1000 
grain weight measurements while Nicolls (pers. 
corum.) advised that grain length is a useful mea
sure of grain size potential within a given 
cultivar. 

In many agricultural systems the photosynthe
tic capacity of the cereal crop during the grain
filling phase is closely matched to the potential 
yield of the grain which has been set, and often 
there is a spare capacity if one takes into ac
count the total photosynthetic area of the leaves, 
stem and ears as well as the stored carbohydrate 
in the stern which may be remobilized. The relative 
contributions of stored carbohydrate as opposed 
to current photosynthesis, and the relative con
tributions of different photosynthetic organs to 
grain filling have been the subject of many in
vestigations, as reviewed recently by Bidinger 
et aI, (1977); Padwick (1979) and previously by 
Evans (1975) and others. As these authors have 
pointed out, great care is needed in the design 
and interpretation of experiments to test the 
hypothesis that the plant is either "source or 
sink" limited during grain-filling. For example, 
it is probably not possible to carry out the ideal 
test for the hypothesis which would be to increase 
the grain number per unit area of the crop with

out affecting other processes in the plant, and 
therefore, most experiments have been hased 011 

grain number reduction, shading, defoliation 
and light energy levels treatments. Each of 
these has associated problems. Evans (1975), for 
example, pointed out that a lack of response in 
yield to defoliation does not necessarily mean 
that the plant is "sink" limited as it may he 
"source" limited by a low input of light energy 
to a canopy with a high leaf area indes. Similar
ly the fact that a particular leaf contributes 
to grain-filling under field conditions does not 
imply that a constraint to production on that leaf 
will cause a lower level of photosynthesis in the 
crop, since other photosynthetic areas may be 
able to compensate for the reduction by an in
creased contribution. Even when the rate of 
grain-filling is reduced by a treatme~the 
plant may compensate by continuing to fill the 
grain for a longer period, as observed in many 
shading experiments. The balance of the opinion 
based on such analyses is that other than crops 
which are constrained by water stress, grain
filling is limited by the predetermined storage 
capacity of the crop. Disease as a constraint 
is more complex than shading, water stress and 
similar constraints because of the additional 
metabolic site created in the plant by the patho
gen, but in light of the previous discussion more 
regard should be given to the concept of thres
hold levels of disease below which there is no ef
fect on grain-filling due to the spare capacity 
for production in the plant. Indeed, it has been 
argued that the sescence of photosynthetic tissue 
in plants during grain-filling may be regulated 
by the demand for assimilates (King et aI, 1967; 
Ruckenbauer, 1975) and it is interesting-to 
speculate whether the same could hold true for 
the levels of disease. 

IMPLICATION FOR DISEASE-YIELD LOSS MODELLING 

The importance of yield physiology to crop 
loss modelling may be summarized by examining the 
influence of such an approach on the fundamental 
concepts of model construction. When the object
ives are to construct a model to predict the ef
fect of disease on yield, such models will re
quire data inputs which include information on 
yield constraints in the healthy situation de
rived from yield analyses. The type of analysis 
is exemplified by the work of Fischer (1975) in 
which he published data showing the relative im
portance of shading at different times in the 
crop growth cycle. The implications of such work 
may be divided into two aspects; disease measure
ment methodology and the timing of assessment. 

(i) Disease Measurement 

Although disease is u~ually defined as an ab
normal interference with plant physiological pro
cesses, it: is nonetheless rarely measured by a 
physiological parameter. In most cases disease 
is measured by a pathogen based character such as 
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lesion number, lesion size, spore number, dry 
weight of superficial mycelium, extent of root 
discoloration etc., as reviewed recently by James 
and Teng (1979). Disease severity based on le
sion size is perhaps the most widely used method, 
and James (1974) encouraged the use of percentage 
scales which have come to be widely adopted, 
with the attendant advantages of ease of com
parison between different workers. Such measure
ments have increasingly included the yellowing of 
host tissue surrounding any lesions, and the use 
of standard area diagrams has become widespread. 
Such methods do not, however, measure the effect 
of disease on the potential of the plant to pro
duce materials essential for growth, and may 
therefore have some limitations for crop loss 
modelling though they remain adequate for other 
purposes. The expression of disease as a per
centage, especially, when this is then totalled, 
also has inherent problems in the estimation 
of disease. The few samples of attempts to 
measure disease based on host parameter (Jenkyn, 
1977; Rea and Scott, 1973), have shown good cor
relations between such measuremeqts and yield 
loss, but there are few examples of comparative 
testing of assessment methodology based on host 
versus pathogen parameters. We have addressed 
ourselves to this problem and I shall summarize 
data produced at Lincoln College, New Zealand 
(Lim 1980). 

When one examines the individual leaf areas 
on a cereal, it is apparent that there is a 
gradual increase in size from the oldest leaf 
until the last two or three produced, and then 
the size decreases. The amount of disease is 
not uniformly spread over these leaves but is 
often more severe on the oldest leaves. Often 
the upper leaves are not infected at all except 
in the final stages of growth. Disease severity 
often is computed as a simple arithmetic mean 
of the infected leaves, disregarding the dis
tribution of disease and leaf area described. 
If one compared such a calculated mean with a 
weighted mean in which different leaf size is 
included, there are large differences in the 
two sets of data. In a young plant with disease 
on the lower leaves, the weighted mean will be 
lower than the arithmetic mean because the most 
infected leaves will be the smallest, and this is 
exaggerated if the non-infected leaves are in
cluded in the calculation. In older plants in 
which all leaves are infected the weighted mean 
will be larger if the flag leaf, being the small
est, is the least infected. The weighted mean 
is a more accurate measure of severity in re
lation to plant productivity. This concept be
comes more important if one examines the early 
infection on plant leaf area in the long term, 
as discussed earlier. It has been shown (Dood
son, et aI, 1964; Brooks, 1972; Gaunt and 
Manners,-r971) that infections may reduce the 
area of leaves produced later in the crop growth 
cycle, and therefore total plant leaf area is al
so reduced (Lim and Gaunt, 1980). When disease 

severity is expressed as a weighted mean of the 
actual plant leaf area in total, which is most 
easily calculated as the absolute green leaf area, 
the differences in leaf area of infected plants 
are included in the assessment. For example, 
in a plant which was severely infected by mildew 
at early growth stages the amount of disease was 
only 5.6% at GS 45, but the absolute green leaf 
was 22.0% lower when calculated as described 
above due to a 10% reduction in actual plant 
leaf area. In correlation of yield loss with the 
different parameters discussed above, absolute 
green leaf area has usually been selected first 
in step-wise mUltiple regression analysis, as 
contributing most to the correlation. 

This method of assessment does not include 
all effects of the disease on the plant, such as 
the metabolic activity of the pathogen in the 
leaves, but is no worse in this regard than the 
more usual methods of assessment. The spore num
ber per unit area of plant tissue and chitin 
assays are perhaps the only parameters of disease 
severity which may include the metabolic capa
city of the pathogen in the diseased plant, but 
they do not include the other effects on host 
tissue. Evidence cited by Kosuge (1978) sug
gested that the demand of the pathogen for 
metabolites is not of very great importance. He 
concluded that "the primary effects of disease 
on energy capture, transfer and ultimately yield 
loss are the result of interference and disrup
tion of the various components of energy capture, 
photoassimilation, translocation and storage; 
direct competition between host and pathogen for 
energy is not a major factor causing reductions 
in yield". Bowen (1978) in reviewing the effect 
of mutualistic symbioses on carbohydrate utiliza
tion suggested that bacteroids in root nudules, 
and mycorrhizae may constitute considerable drains 
on carbohydrate supply. However, he pointed out 
that some carbohydrates are re-exported from nod
ules, and it should be remembered that the carbohy
drate utilized for growth by mycorrhizae may con
fer a long-term benefit to the plant, and in any 
case substitutes for carbohydrates normally re
quired for root growth. 

Total leaf area is the parameter most commonly 
used by agronomists and crop physiologists as a 
basis for describing and explaining differences 
in potential growth by plants with different 
treatments, and it is often correlated, as leaf 
area index or duration, with yield. At later 
growth stages it should be remembered that photo
synthetic tissue other than the leaf laminas may 
contribute to crop photosynthesis (Evans et 
1972: Biscoe et aI, 1975; Olugbemi, 1978;-rere 
and Peterson, 1972). However, even though some 
diseases attac:k the peduncle (stem rust), leaf 
sheath (leaf rust) and the ear (glume blotch), 
most assessment methods except the last do not 
measure disease on these plant parts and they are 
often disregarded in agronomic work. 



For non-foliar diseases, similar approaches 
may be suggested for assessment. The effect of 
root pathogens will be mostly on water uptake, and 
the importance of a particular lesion may be re
lated to its position and depth of penetration. 
In most cases this is not taken into account (but 
see Asher, 1972). It may be argued that effects 
of root rot and vascular wilt diseases may be more 
meaningful if measured as the water potential in 
the plant shoot, or as the accumulation of pro
line (Singh, Pa1et and Aspinall, 1973). Other 
examples of physiological parameters measured in 
healthy plants include the work on water-soluble 
carbohydrates (Dougherty ~ aI, 1975) which have 
been shown to be correlated with development of 
certain components; this has not been investigat
ed in diseases plants. 

(ii) Timing of Disease Measurement 

Analysis ,of primary yield components may, as 
seen above, provide some guide to the stage of 
growth at which a pathogen or other constraint 
has caused a yield reduction. Since each primary 
component is determined over a relatively long 
period of time, care has to be exercised in this 
type of analysis. If considerable time and fund
ing is to be invested in the establishment of good 
mathematical models of yield loss, then a detail
ed analysis of yield losses on the basis of 
secondary components is justified to provide a 
sounder data base. For example, a reduction in 
1000 grain weight may be due to a lack of storage 
capacity or substrate as shown in the previous 
section. In each case, disease present at the 
time of determination may be responsible for the 
loss incurred, but one should remember that an 
earlier infection may have an indirect effect via 
leaf area reduction. One can therefore erect 
hypotheses based on an understanding of yield loss, 
of the causal relationship with disease, and these 
hypotheses can be tested in the field by manipula
tion epidemics at different times in the growth 
cycle to give a whole range of epidemic types 
varying in intensity and time. Each curve can 
then be analysed with reference to a natural 
epidemic curve, taking into account the effect of 
treatment on the "epidemiological potential" of 
the disease or the "physiological reduction" ef
fect (Teng and Gaunt, 1980), the latter meaning 
the causal relationship to yield loss. The analy
sis may be useful in selecting suitable critical 
point or multiple point models of disease and yield 
loss, rather than using statistical criteria only 
as in Teng et aI, (1979). 

Detailed analyses of apical development at 
regular intervals are possibly not required to 
elucidate the cause of the reduction in grain 
numbers per ear, and any reduction in the number 
of samples for dissection represents a consider
able gain in labour since the process is time 
consuming and requires skilled personnel. A 
single dissection at a time shortly after terminal 
spikelet/floret initiation will provide data on 

the effect of disease on yield site potential and 
dieback, and analyses at anthesis and final har
vest will provide data on the number of undevelop
ed florets and infertile florets respectively. 
However, many regular samples and dissections are 
necessary if the effect of disease on floret 
development is required, which will provide a more 
complete analysis of yield development. 

Much work has been carried out on the relative 
importance of different times in the growth cycle 
in the final determination of yield. Defoliation 
and shading treatments have most commonly been 
used sometimes associated with studies of carbon 
transfer to the yield sites by the use of 14C 
techniques. Careful analysis of such experiments 
provides a data base from which predictions of 
the possible effects of disease at a particular 
time may be made and these can be used as an 
initial basis for disease-yield loss modelling. 
This approach has been used by many pathologists, 
but there has been an over-emphasis of the grain
filling period which is not justified in many 
cases. This has been partly based on the much
quoted statement of Thorne (1974) that "as most 
of the carbohydrate in the grain is produced by 
photosynthesis after ear emergence it is not sur
prising that grain yield is often closely cor
related with the photosynthetic area present after 
ear emergence, or after anthesis while the grain 
are growing." This statement is valid in the con
tent of the text, but it has frequently been extra
polated to other situations and been assigned a 
causal connotation which is not valid. The above 
statement has also been interpreted by some 
pathologists to imply that events prior to anthe
sis are not important to yield determination, which 
was not implicit in Thorne's remarks. The relative 
importance of different phases of growth have been 
confused by experimentation in which treatments 
have been imposed over relatively long periods, 
thus influencing more than one developmental pro
cess. Treatments imposed after anthesis will, 
for example, have an influence on potential grain 
size directly during endosperm cell division, 
and will also influence grain-filling, and so de
creases may be caused by either effect or a com
bination of both. The work reported by Fischer 
(1975) is one of the few examples where multiple 
short-term treatments have been used in an attempt 
to identify periods of sensitivity to photosynthe
tic input (Fig. 3). In 1974, a series of 14 day 
shading treatments were carried out, and these 
had different influences on yield at different 
times in the growth cycle. Very early shading, 
and immediately before and after anthesis caused 
the greatest response and there was a relationship 
between the time of imposed constraint and the 
yield components affected. Anilkumar, Jenkyn and 
Finney (1980) reported preliminary results of de
foliation at different growth stages to "identify 
those growth stages at which the yield of plants 
is most influenced by damage". Greatest yield re
ductions (31%) were recorded at GS 37, with a 
smaller effect of GS 21 (18%) due partly to re
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duction in grain or ear number. I believe that 
such investigations may become a powerful tool 
in yield loss analysis as a compliment to the 
manipulation of disease epidemics. 

CONCLUSION 

The effects of disease, pests and abiotic fac
tors on yield are essentially similar to each 
other and to other constraints which are normally 
considered the responsibility of agronomists, crop 
physiologists and plant breeders. Most research 
in plant pathology has not considered the host 
plant in any detail in this context, and yield 
loss studies have usually been confined to single 
diseases. This is not a realistic situation since 
even in the presence of a single disease, genetic 
and environmental constraints will be present 
also, and these will markedly interact with the 
influence of disease. The potato multiple re
gression analyses (e.g. Teng, et aI, 1979; Bur
leigh, 1972) may reflec~the effect of 
disease on development at different times, 
but the relationships were derived by correlation 
analyses of various types and are not therefore 
~__~~~.~L causal (see Gaunt, 1978). 

New methods of disease assessment may need to 
be developed in the future to more accurately as
sess the effect on the host, but at present most 
progress could be achieved by using the existing 
technology and relating disease, measured on 
the basis of green leaf area, to the development 
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of yield. Yield and growth analyses of field
grown crops subjected to artificial, short term 
constraints such as shading or defoliation may 
compliment studies of disease epidemics. In so 
doing, actual models of crop yields may be con
structed of the type similar to the theoretical 
model portrayed by Teng and Gaunt (1980) to des
cribe constraint in a particular situation. 
believe that it is only by such multidisciplinary 
investigations that we will make a major step 
forward in increasing the precision of our 
models, and of our understanding of crop losses. 
It is only by idetnifying the true cause of loss 
that we will be able to increase the efficiency 
of our control programs, an urgent objective 
with the increasing costs involved. More atten
tion should be focused on events prior to anthe
sis in our search for more understanding, and it 
may well be that the present underestimated 
effect of early infection on yield loss will 
become more important in future with the trend 
towards adult plant resistance. 
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Crop yield represents a seasonal integration 
of climate and soil resources with biological 
performance under a particular pattern of 
management. Each of those factors represents 
an arena with many dimensions and considerable 
variation and interaction. In a systems
analysis sense, crop systems are very large 
(many elements) and complex--perhaps more so 
than most others with I.hich man deals. 

There are several ways to simplify our views 
of suth systems. One way, using yield as the 
integrator, is to examine the amount and cause 
of variation in yield. For any crop, there is a 
general pattern of yield reproducibility over 
years provided the same general genotypic, 
climatic, edaphic and managerial factors apply. 
This is because the crop will follow the same 
basic patterns of growth and development under 
similar environmental constraints. Year-to-year 
variations can then be correlated with unusual 
ranges in those factors. 

The pure effect of climate is seen clearly 
only in situations free of nutrient deficiencies 
and pest problems. The best yields under such 
conditions occur in those years when temperature 
patterns and water supply approach their optima 
and thus provide estimates of the maximum 
(potential) yield possible for that location and 
genotype. 

Best yields provide insights into two basic 
physiological activities of the crop as con
strain!' I by climate: the photosynthetic produc
tivity which can be achieved with that species; 
and the efficiency with which the species is 
able to channel such production into economi
cally useful parts (grain, aboveground forage, 
etc.). Photosynthetic productivity depends upon 
many things but the main factors are foliage 
density, solar radiation pattern, length of 
season and physiological ability for CO 2 fixa
tion. One can similarly identify the main 
attributes of photosynthate partitioning leading 
to the formation of economic yield. 

YIELD LIMITATIONS AND LOSSES 

The yields obtained by individual farmers 
generally fall below potential yields. 
Large differences (commercial yields at 0.3 
to 0.5 of potential) are common with low 
valued crops grown on an extensive basis, 
whereas smaller differences (0.7) are more 
general with intensively cultivated, high 
value crops. The discrepancies are due to 
limitations or losses ranging from nutrient 
stresses related to inadequate fertilization 
to destruction of the crop by hail. 

Much of the practical work on crop-loss 
assessment has followed an approach based on 
correlation methods. In this, the level of 
some easily measured index of the loss agent 
is correlated with final yield. By doing 
this over years and locations one can use the 
historical pattern to establish a simple 
regression between agent level and timing, 
and loss. Such empirical approaches can 
sometimes provide rather accurate assessments, 
but they are also fraught with difficulties. 
The regression parameters may have little 
specific relationship to the biology of the 
system. As a consequence, they may need to 
be "tuned" or fitted to each genotype x 
environment situation and reevaluated as 
cultivars and management practices are changed. 
In this way, empirical methods become very 
expensive of research time and are always 
uncertain in application. 

Alternatively, the restrictions on yield 
can be understood by considering how they 
affect the physiological and morphological 
processes concerned with yield formation. 
For example, nutrient deficiencies and hail 
damage will both affect leaf area and thus 
light interception and photosynthetic produc
tivity. If one can relate the seasonal change 
in photosynthetic productivity with consequent 
changes in growth and development, the stress or 
damage syndrome can be tied directly to yield 
variation. 



The explanatory approach suggests a means to 
improve loss assessments. As one's understand
ing is improved of the factors determining 
yield and how the loss agents modify the 
process, the empirical regression models can be 
improved to have better predictability. Or, 
one can then develop realistic simulation 
models. For example, if we start with a 
simulation model capable of predicting yield 
formation processes and potential yield, we 
could then diminish its performance by introduc
ing "damage" that mimics the loss agent's 
activities. 

THE INTEGRATIVE PHYSIOLOGY OF YIELD 

Crop growth and development are dynamic 
processes. The state of the system deter
mines today's activities which lead to a new 
condition on the next day. A simple example 
can be made for a young crop with only a 
small amount of leaf area displayed. Photo
synthate production will be strongly limited by 
leaf area. As long as some fraction of the 
limited supply of photosynthate is partitioned 
to leaf growth, the leaf area (and the photosyn
thate supply) will expand daily in an autocata
lytic way until the ground is completely 
canopied by leaves and light interception and 
growth rate are maximized. Stresses of tempera
ture, moisture or nutrients will restrict that 
process. Grazing of young leaves by insects 
will have a similar effect. Dynamic features 
are also clearly evident in reproductive 
activities. Environmental conditions and the 
state of the plant during flower formation 
determine the potential number of seed or grain 
which might be filled at a later time. 

Each of those simple situations involve 
the integration with current weather of a 
number of processes (photosynthate produc
tion, translocation, growth, respiration and 
others) and morphological entities. So we 
quickly encompass a large and rather complex 
system. During the past 15 years, dynamic 
simulation models have emerged as one means for 
integrating such complex systems, and the 
simulation of crop behavior has been a major 
area for research (1,2,3,4). Such models now 
exist for sugar beet, potato, wheat, cotton, 
manioc, soybean, peanut, grasslands and several 
other systems. 

One finds considerable variation in the 
goals of the modelers and, consequently, in 
the character of the various models. Principal 
differences relate to the degree of realism 
which one attempts to achieve in physiology 
and/or microclimate. Efforts at realism are 
common where the model is developed as a 
research tool. That type generally involves 
more structure and shorter time advances, 
giving attention to how the system integrates. 
Models aimed more towards management or for 
teaching purposes are apt to be simpler and 

more empirical in structure. The simpler 
models may be less explanatory, but by tuning 
they may achieve excellent accuracy. 

Many of the models have very good potential 
for loss assessment and have been developed 
specifically for integrated pest management 
studies (5,6). In our research group, modeling 
has been pursued as an aid to relatively 
basic research in crop physiology. While 
the experimental work focused on respiration, 
carbohydrate dependence of growth, morpho
genesis and other issues, the models served 
to integrate the information into predic
tions of how those processes influence crop 
behavior. They also carryover into research 
on optimal phenotypic designs and biometeorol
ogy. We would like to show here how they can 
also be used in research on crop losses. This 
will be done with our sugar beet model. We 
first present a brief description of the model 
and then some sensitivity analyses with analo
gies to loss phenomena. 

LOSS ASSESSMENTS WITH A DYNAMIC MODEL 
OF SUGAR BEET 

An explanatory, physiological model of sugar 
beet (SUBGRO) has been under continuing develop
ment and revision in our laboratory (7,8,9). 
The model follows a-basic approach outlined by 
Brouwer and de Wit (10) in which the simulated 
photosynthate production of a leaf canopy is 
fed to an assimilate pool and then partitioned 
to the growth of various plant parts and to 
respiration (Fig. 1). Since the sugar beet 
follows a rather simple, indeterminate pattern 
of vegetative growth during its first season, 
the model is free of complications introduced 
by phasic reproductive growth. The growth 
sections deal with the production of successive 
large leaves, the storage axis, and fibrous 
roots. (The storage axis or "beet" includes 
the thickened portions of the upper tap root, 
hypocotyl and stem of this rosette plant.) 
Control comes from substrate supply, the 
capacity of the tissues for growth,_ water 
status of the plant, temperature and other 
factors. Water status (established from a 
balance between water uptake and loss) and 
substrate supply form the basis for simulating 
important functional balances between root and 
shoot activities and growth rates. The exter
nal environment is simulated in a simple way 
from weather station reports. Time is advanced 
hourly permitting response to diurnal events 
(11). This is a large model with around 400 
variables and 800 lines of FORTRAN code. 

Photosynthate production is approached 
in the beet model in a simple but rather 
accurate way. The Duncan photosynthesis 
model (12) was used in simulations with archi
tectures (angle class and vertical distribution) 
of actual sugar beet canopies to produce a set 
of tables giving production rate as a function 
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Figure 1. Some of the main structural rela
tions of the sugar beet model, SUBGRO, for 
the simulation of leaf growth. The state 
variables are CO 2 in the air, new assimilates 
(ASM) in the plant, and the weight of 
leaves. Processes include the flow of dry 
matter in photosynthesis (PS), respiraton 
(RSP), remobilizaton (RM) of materials from 
senescing leaves, and the growth rate of 
leaves (GRL). GRL is influenced by informa
tion from auxiliary variables such as the 
effects of temperature (ETLG), assimilate 
supply (EALG) and water status (EWLG), and 
the fraction of the leaf capable of growing 
(FLCG). 

Another key relation shown is the depen
dence of photosynthesis on leaf area index 
(LAI). The actual model is considerably 
more complex since individual leaves are 
simulated. 

tectures (angle class and vertical distribution) 
of actual sugar beet canopies to produce a set 
of tables giving production rate as a function 
of solar altitude, leaf-area, sky condition and 
physiological capacity (Fig. 2). Since solar 
altitude depends on time and location (day, 
hour and latitude) such tables can be employed 
throughout the growing season. Leaf-area is an 
output of the leaf growth and initiation 
sections of the model. Changes in the opera
tion of those sections would vary the input to 
the photosynthesis section. Physiological 
capacity for photosynthesis can be changed in 
two ways--the tables can be repeated for 
different physiological conditions, or, the 
tabular output can be restricted by limit 
multipliers. Mostly we have used limiters, 
fractions 0 to 1.0, output from other parts of 
the model which represent the degree that 
temperature, water status or other factors may 
restrict canopy photosynthesis rate. 
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Figure 2. Gross photosynthesis of sugar beet 
canopies as a function of leaf-area index for 
various solar altitudes with clear skies. 
These results were simulated with the Duncan 
photosynthesis model (12) using real canopy 
architectures. Results for 10 leaf-area 
indices at 10 solar altitudes with clear and 
overcast skies appear in SUBGRO as tables for 
close extrapolation to current conditions of 
the model. 

Influence of leaf area loss: hail damage and 
herbivore grazing 

Many loss agents act through changes in crop 
leaf area. Hail damage represents an instant 
loss of area while grazing insects decrease 
leaf area progessively. Some agents destroy 
or modify the apical meristem thus changing the 
leaf production rate. Others may change leaf 
area indirectly by suppressing photosynthesis, 
blocking transport, consuming assimilates or 
otherwise altering normal physiology. When we 
can identify the specific action of the agent, 
we are then prepared to simulate its effects on 
crop growth. With a multilevel, explanatory 
model like SUBGRO, we can change leaf area, 
leaf initiation and leaf growth in ways that 
realistically parallel the effect of the agent. 

The simulations presented here were per
formed with a current version of the SUBGRO 
model. Population density was 7 plants m-2 

characteristic of commercial production. The 
"planting date" was May 1 and the simulations 
began, 10 days after emergence, on May 16. 
Long-term weather data for Davis, California, was 
employed; run time was 150 days or until October 
13. 



The time course of crop growth rates obtained 
in sensitivity analyses with varying degrees of 
leaf area removal are shown in Figure 3. Crop 
growth rates were reduced to only a small extent 
by removal of 50 percent of the leaves (older 
than the first 10, meristematic leaves) whereas 
100 percent removal had much stronger and longer 
lasting effects. The crops recovered by using 
their current assimilate pools and the new 
photosynthates provided by the expansion of 
the 10 primordial and subsequent leaves. With 
early season defoliation. the crops recovered 
quickly. By 60 days, they actually exceeded the 
control crop in growth rate. That was due to 
their lower biomass and thus smaller drain on the 
assimilate pool for maintenance respiration than 
was the case for late defoliation. 
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Figure 3. Crop growth rates (daily net increase 
in biomass) of sugar beet communities with 
various defoliation treatments. At day 30, 
60 or 90 after the beginning of the simula
tion, 50 or 100 percent of the area of all but 
the youngest 10 leaves were removed and the 
subsequent course of the crop observed. 

The simulated final yields are given in Table 
1. Yield levels closely approximate those of 
good crops at Davis, California. Sugar yields 
with 50 percent defoliations ranged from 93 to 
97 percent of the control but dropped as low as 
64 percent with 100 percent defoliation. Sugar 
yields with 75 percent defoliation (not shown) 
never fell below 86 percent of the control. 
Early defoliations inhibited beet growth and 
allowed a large compensatory increase in leaf 
growth (see Fig. 4). A heavy defoliation later 
in the season had more serious consequences. 
The large biomass present at day 90 (12.0 mt ha 
with 11.3 mt in beets) required a very high 
proportion of the current photosynthates for 
maintenance and recovery was very slow. 

Table 1. Simulated final dry matter yields for 
the defoliation experiments presented 
in Figure 3. ~Isults are presented in 
terms of mt ha • (DD is defoliation 
date; LR represents weight of leaves 
removed; % is sugar yield as percent 
of control.) 

DD LR crop leaves Beet Sugar __ &_ 

Control 
0 27.7 3.3 23.7 12.7 100 

50% defoliated 
Day 30 0.4 26.4 3.7 21.9 11. 7 93 
Day 60 1.3 27.0 3.3 23.0 12.3 97 
Day 90 2.3 26.4 2.8 22.8 12.2 96 
Day 120 2.6 25.7 2.1 22.9 12.2 96 

100% defoliated 
Day 30 1.2 23.5 4.9 17 .8 9.6 76 
Day 60 3.5 22.1 3.1 18.2 9.8 78 
Day 90 5.7 17.4 1.4 15.4 8.1 64 
Day 120 5.7 19.1 2.7 18.2 9.7 76 
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Figure 4. Time course of leaf-area index 
for the defoliation experiments presented 
in Figure 3. Early defoliaton checked the 
growth of the beet sink and allowed subse
quent expanding leaves to retain much 
greater amounts of photosynthate for their 
own growth. With later defoliations, com
petition between leaf and beet growth and 
maintenance respiration of the large storage 
beets was severe, and leaf area recovery was 
slow. 
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These results may at first seem counter
intuitive. One might expect a much greater 
effect frum 50 percent defoliation and from 
early season defoliation. However, explanations 
are found by examining other variables such as 
those for respiration (mentioned above) and for 
leaf area index (Fig. 4). For example, the 
control crop achieved a leaf-area index of 4.7 
by day 90, or more than is needed for complete 
light interception and maximum rate of photo
synthesis. Even with the sine of the solar 
angle greater than 0.6 for much of the day, 
photosynthesis increases little with increasing 
leaf area above LAI 3 (Fig. 2) so 50 percent 
defoliation has little effect on production. 

The results obtained here agree very well 
with field studies. Afanasiev (13) found less 
than 10 percent reductions in beet and sugar 
yields with up to 75 percent defoliation regard
less of date of defoliation. However, 100 
percent defoliation in midseason reduced beet 
yields by 30 percent with smaller effects from 
defoliation in early or late season. Soine (14) 
and J. Suh and H. Lange (Univ. Calif. Davis, 
pers. corom.) had very similar findings. For 
example, in a 1977 experiment of Suh and Lange, 
sugar yields were 93, 92 and 85 percent of the 
control for 50, 75 and 100 percent defoliations 
averaged over five dates of defoliation. The 
greatest effect occurred with midseason defolia
tion. 

The simulations, in addition to giving the 
same result as the field studies, provide a 
first level of explanation for the observed 
behavior. The simulation method is also extreme
ly versatile. We could proceed qUickly with 
further experiments exploring the influence of 
agents which destroyed the apical meristem or 
altered the leaf appearance rate, the pattern of 
leaf development, or leaf longevity. 

Influence of altered physiological function: 
photosynthesis reduction with beet yellows virus 

The beet yellows virus can cause serious 
reductions in yields (15). The infections 
center in the leaves, causing phloem disruptions 
(16) and reductions in photosynthesis rate 
(17,18). Leaf area and leaf weight are gener
ally less affected than is storage beet weight. 
We.explore here the influence of photosynthesis 
reduction. This is done very simply by introduc
ing a multiplier of 0.7 on photosynthate .produc
tion. The sensitivity analysis is extended by 
also accelerating leaf senescence (life span x 
0.7; sometimes but not always a companion effect 
of the virus). For simplicity, the effects are 
imposed instaneously on day 60, rather than 
gradually as occurs in real situations. 

The time course of leaf-area index is given 
in Figure 5. Photosynthesis reduction has a 
only modest effect on leaf area while life span 

reduction causes a marked reduction in area. As 
far as leaf area is concerned, the two factors 
appear additive. The photosynthesis reduction 
also has a large effect on the net production of 
dry matter. On day 70!2the_rrop growth rate of 
the control was 32 g m day (Fig. 3) (gross 
photosynthesis was 40.6 g) while for the 0.7
photosynthesis treatment, the rate was only 21 
g m-2day-l (gross photosynthesis was 28.1 g). 
Again, the burden of maintenance respiration 
causes the reduction in growth rate to be 
greater than is observed for photosynthesis. 

-CONTROL 
"------0.1 P 

··········_·0.1 S 


5 '·'-'·'--0.1 P +0.1S 

x 
~·4 
z 

~ 3 
ex: 

'" 
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TIME FROM START (days) 

Figure 5. Simulated time Course of leaf-
area index of sugar beet crops with reduc
tions in photosynthesis (0.7 P) and leaf life 
span (0.7S). 

Final yields are presented in Table 2. 
Reductions in leaf longevity, like the defolia
tion treatments, reduced sugar yields by only 11 
percent. In contrast, the photosynthate reduc
tion reduced the final yield by 40 percent while 
reducing the weight of living leaves by only 
18%. In two field trials with similar timing of 
events (15), leaf weight was unaffected (although 
leaf area index dropped to 75 percent of the 
control) while sugar yields were only 65 percent 
of the control. Here we find that a known 
physiological consequence of virus infection, 
reduction in photosynthesis rate, causes a 
behavior that closely parallels field behavior. 
The agreement results from the normal partition
ing rules in the model which give leaf growth 
priority over beets for use of the current 
assimilates. 

CONCLUSION 

We have attempted to provide a brief insight 
to the construction and operation of integrative, 
dynamic models of crop growth and of how they 
might be used in crop loss assessments. Such 
models appear to have excellent potential in 
this area. The ease and speed with which a wide 



Table 2. 	 Final dry matter yields simulated 
with reductions in photosynthesis rate 
(0.7 P) and leaf life span (0.7 S) 
beginning on d~l 60. Results are 
given in mt ha • 

Treatment crop leaves Beet Sugar % 

Control 27.7 3.3 23.7 12.7 100 

0.7 P 19.9 2.7 16.5 7.8 61 
0.7 S 23.6 1.4 21.5 11.3 89 
0.7 P + 

0.7 S 13.3 1.2 14.6 7.6 60 

range of factors can vary in realistic ways to 
provide insights into cause and effect relations 
means that the models can be extremely powerful 
tools. 

The word potential needs emphasis. The 
SUBGRO model used here is a rather advanced 
model. It has been under development for over 
10 years and we have considerable experience 
with its strength and weaknesses, and with the 
sugar beet crop. Certain features of the model 
are still limited in their structure and in the 
range of events which can be simulated safely. 
As a consequence, we exercised considerable 
caution in the conduct and interpretation of the 
simulations presented here. The defects of the 
model are the topics of intensive experimental 
studies in basic physiology and morphology. 
Thus the model is no better than our current 
understanding of the sugar beet. The same 
applies to the crop loss agents themselves-
without basic knowledge of the agent and its 
effects on the crop, there is little chance of 
realistic simulation. 
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DEVELOPING OPTIMAL STRATEGIES FOR DISEASE-LOSS SAMPLE SURVEY 

C. E. Main and C. H. Proctor* 
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Raleigh. N. C. 

Disease surveys are usually conducted to esti 
mate the magnitude of regional loss caused by one 
or more pathogens, to provide information on the 
spatial distribution of losses in the region, and 
sometimes to estimate the economic impact. 
Church (197l) stated that when a problem is in
tractable and no obvious method is available to 
tackle it, then conduct a survey. Estimation of 
crop losses is such a problem and his advice 
might well be heeded. 

The purpose of this paper is to describe in a 
general way the studies now underway on tobacco 
diseases in North Carolina that may provide use
ful techniques to others undertaking survey 
efforts. Details of the measurement and statis
tical analysis will appear in later publications. 

SAMPLING APPROACHES 

Disease loss estimation for crops has been 
based largely upon surveys of plants and plant 
parts selected by various types of jud~emental 
or non-probability sampling techniques. 
Important elements of random selection are fre
quently overlooked and it is not always possible 
to apply the wide body of sampling theory 
available. The chief usefulness of judgemental 
approaches has been in making comparisons of 
survey data with disease characteristics already 
known for the target population. This has been 
a popular and useful objective. 

Estimates of better quality can be computed 
from probability sampling approaches without 
dependence on prior survey relations or bench
mark data. When generated with known selection 
probabilities, data from a sample can be expanded 
into relatively unbiased estimates for the 
target population. The data can also be used to 
compute realistic estimates of sampling error 
and of the components of variance that are so 

Paper No. series of the North Carolina 
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essential to optimizing sampling design involving 
associated costs of personnel and other resources 
(Cochran, 1977). The quality of estimates 
derived from probability sampling usually justi 
fies its high cost. Statistical inferences of 
primary concern in sample surveys are aimed at 
estimating certain population parameters such as 
mean disease incidences and their associated 
measures of variance (Mendenhall, et. al., 1971). 

SAMPLE DESIGN PARAMETERS 

There is a distinction between population 
parameters and design parameters. Two important 
aspects of statistics involved in sample survey 
design are (i) cost of purchasing a specific 
quantity of information, and (ii) how can 
sampling procedures be designed to reduce the 
cost of a fixed quantity of information. The 
design parameters involved in our sample survey 
for tobacco diseases are shown in Table 1. 

Table 1: Survey design parameters 

Parameter 	 Notation 

Number of county units n
l 

Average number of fields/county n
2 

Number of strata/field H 

Number of individual plants measured L 

Number of plants scanned K 

Pilot survey - 1977 

A pilot survey of disease assessments was 
carried out in 1977 on 103 flue-cured tobacco 
fields in 12 counties of North Carolina. 
Counties were divided into high vs low strata 
using four-year historical means of total disease 
losses via an existing comparative loss method 
(Todd, 1978). Six counties were then randomly 
selected from each stratum. Tobacco fields were 
drawn from detailed county ASCS office lists of 
farm operators at a rate inverse to the selection 



probability of the county which was proportional 
to the square-root of the number of tobacco 
farms, and systematically with one random start 
from the geographically arranged address file. 
From each field selected, four plots (strata or 
quadrants) consisting of five adjacent latticed 
plant groups, were located by pacing each 
quadrant. Pacing distances were randomly 
selected based upon general size and shape of 
fields but used repeatedly for several similar 
fields. Intensive disease measurements were 
made at two times during the growing season on 
the 20 plants in each plot. 

Disease measurement was a plant-by-plant 
incidence rating (0 vs 1) for Phytophthora black 
shank (BSK), Granville wilt (GW), Fusarium wilt 
(FW), Alternaria brown spot (BS) and tobacco 
mosaic virus (TMV). An example of plot pattern 
and data for TMV disease is shown in Table 2. 

IalllG 2'• 	 Example of plot pattern for zero-
one TMV disease data, 1977 

Row 
1 1 1 1 1 

Plant group 0 1 0 1 0 
(column) 0 0 0 0 0 

0 0 1 1 1 

A total of 412 plots and 8680 plant locations 
was examined during two visits; this level of 
sampling intensity resulted in approximately 
0.37% of plants in each field being observed and 
encompassed 0.48% of the total acreage planted 
to tobacco in North Carolina. 

None of the diseases were very prevalent in 
1977. For example, only 8 out of 103 fields had 
any sample plants with black shank. The 1977 
data (Table 3) were used to estimate regional 
disease incidence means and the county and 
field-to-field components of variance (Cochran, 
1977). Disease incidences were low «1%). In 
general, variances at all component levels were 
larger at the second visit. 

The value of b (HFS-B) in H. F. Smith's 
(1938) empirical law for nested cluster variances 
was used as an index of random scatter vs patchi
ness. This method was chosen to characterize 
the overall extent of spatial clustering and 
adjacency correlation from the plant to the 
county level although it is most applicable for 
extrapolation to a variety of plot sizes within 
a field. A value of b = 1 would represent 
complete independence in disease incidence from 
plant-to-plant. The indices obtained were 
relatively low and indicated considerable clump
ing or spatial correlation. A high degree of 
clustering is indicated for black shank and TMV, 
where cultural practices tend to spread the 
inoculum along the row. 

Methods studies - 1978 

A set of diversified yet simple sampling 
designs was tested in 1978 to provide additional 
information for optimizing sample design. 
Commercial tobacco fields are commonly composed 
of a number of parallel row-groups each 
consisting of four rows of evenly spaced plants. 
A fifth row space is left unplanted to permit 

Table 3: 	 Estimates of variance components - 1977 survey 

Black shank Granville Brown TMV 

(%) Wilt Spot (Proportion) Approxi-


Component (%) (%) mate 

Visit 1 2 2 2 1 2 df 


2 

Counties .06 0 0 0 .0065 .0086 11°c 


2 
 Fields 5.92 20.2 1.5 .144 .0245 .0452 86OF 

0Q 
2 Quadrants~/ 5.02 11.8 43.0 .100 .0101 .0164 283 

Mean .43 .95 .65 .112 .090 .150 

HFS_#f .13 .11 .13 .10 .07 .07 

af 
- This source of variation contains both the strata and whole plot variance. 

'E./ Smith's b value; these values are relatively low and indicate considerable 

clumping of spatial correlation. A value of b = 1 would represent 

independence of disease from plant to plant. 
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access for various cultural practices. A more 
detailed sampling method, hereafter referred to 
as the "Bent Plot Design" (BPD) was developed 
that may have general application to other row 
crops arranged in a regular lattice where plant 
spacing and row orientation are constant. The 
BPD requires an outline sketch be prepared for 
each field in which the number of row-groups is 
counted and the boundaries defined. After 
designating on the sketch the number of strata 
desired, the row-groups in each strata are order
ed in a serpentine fashion. A random number is 
selected in each stratum to provide a starting 
point. Thereafter, variations on the number of 
strata, number of whole plots, and scan 
distances between plots can be tried. This also 
permits two-phase sampling where intensities of 
measurement can be (i) measurement of disease of 
individual plants in a sub-plot and (ii) rapid 
scan of general disease in the whole plot. 
Although this BPD approach provides flexibility 
in sampling design, it does require considerable 
clerical work and time. 

A part of the field work in 1978 was devoted 
to a study of the costs and variances associated 
with Granville wilt and TMV for a wide number of 
variations on the design parameters H, Land K 
described in Table 1. From these data, a general 
disease incidence estimator was developed as 
shown in equation [1] to be found in the 
appendix. A linear regression coefficient b 
between two-phase sampling intensities, i.e. 
x and x, can be determined that reflects 
scan 

conditions for a given growing season. This co
efficient can then be used to adjust the esti

mate of disease incidence y to provide Y. The 
variance equation for estimating disease 
incidence for two-stage sampling is shown in 
equation [2]. 

COST FUNCTION FORMULATION 

Cost accounting was carried out at each step 
of the planning and field stages of the 1977 
pilot survey. Additionally, records of time 
required to perform each variation on H, Land K 
of the 1978 BPD sampling allowed us to construct 
a cost function for the scanning operation. 
Combining these aspects of the 1977 and 1978 
data, an equation was developed to describe 
variable costs (VC) as a linear function of the 
design parameters. Equation [3] takes into 
account per units costs for counties (Cl ), 
fields (C2), strata (C 3), measured 

plant groups (C4) and number of scanned plant 

groups (C ).
5

The expressions for the optimal values of n2, 

H, K and L were obtained by the Lagrange multi
plier technique. For example, the optimizing 
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expression for number of strata per field, H ,
opt 

as shown in equation [4]. The optimal value of 
H can then be obtained by substituting the popu
lation parameter values and costs into the opti
mization expression. The value of nl , the 

number of counties, is determined by the preci
sion required or by the total budget available. 

The matrix of spatial intercorrelations among 
the various disease incidences has shown largely 
independence. It is not surprising, therefore, 
that each disease may call for a different set 
of design parameters. This is indicated by the 
examples Granville wilt and BSK shown in Table 4. 
With more experience using the two-phase sampling 
approach design optimization techniques may find 
application to other row crops arranged in regu
lar, lattice spacing. Note the two-stage 
scanning was not done in the designs of Table 4. 

Table 4: Optimum design parameters matching 
estimates of variance components and 
costs for two diieases assuming a 
$20,000 budget.~ 

Component Granville Black 

Average incidence 4% 1% 

Ii2,opt 5.8 9.1 

Hopt 3.3 1.6 

Combined 1977 and 1978 data. 

DATA QUALITY 

The inferences to be made from sample surveys 
are influenced by selection bias and measurement 
error. This necessitates careful attention to 
avoiding or at least reducing bias in selecting 
component units as well as developing some 
measure of accuracy in diagnostic judgement. 

Selection bias 

We drew field numbers systematically with a 
random start from an existing listing of grower's 
fields, and then actually located those fields 
for measurement. This method essentially elimi
nated selection bias sometimes encountered in 
road-side surveys or almost always encountered 
when choosing farms with known disease problems. 
Random numbers were used to select plants within 
fields. In such a probability survey, every 
field and every plant has a known chance of 
being measured. 



Measurement error 

Two rather different methods were used to 
evaluate the accuracy of diagnostic judgement of 
the survey enumerators. The first involved 
destructive sub-sampling for laboratory confir
mation of those diseases where a laboratory 
technique was available. Comparison of field 
and laboratory results (0 vs 1) via contingency 
tables or other appropriate methods provided 
useful information. However, such laboratory 
assays were not available for all diseases or 
are deemed too expensive for others. 

Table 5: 	 Comparison of field diagnosis and 
laboratorr assay - TMV z 1977 

Laboratory 

+ 	 l: 

Enumerator's + 67 49 116 
judgement 3 293 296 

70 342 4l2!!1l: 

a/- A total of 412 plots sampled in 1977. 

The second approach involved a direct field 
comparison (special survey) for diagnostic 
judgements between a team of professional patho
logy experts and the survey team. The assumpt
ion here is that professionals experienced with 
tobacco diseases will be less prone to diagnos
tic errors. Although this method may be less 
than absolutely accurate, a simple correlation 
between judgements of the two groups provides an 
index to the level of the competency of the 
survey enumerators. 

SUGGESTIONS ON INITIATING A SURVEY 

Sample surveys for disease losses can be 
rather complex and costly if optimization of 
design is one of the objectives. Based upon our 
experiences with the regional tobacco survey 
studies conducted i~ North Carolina, the 
following suggestions are offered. 

*Define the objectives of the survey 

*If the disease problem is regional in scope, 
design and conduct a pilot survey to provide 
a working data base 

*Enlist advice and cooperation of a statistician 
with prior experience in sample surveys 

*Go with the statistician to some diseased 
fields to view first hand the cropping pattern 
and the disease problem(s) 

*Thoroughly discuss the problem and become 
familiar with the conceptual aspects of 
sample survey 

*Involve , if possible, crop specialists and 
county agents in the actual organization and 
disease measurement at the county level 

*Train and pretest the survey enumerators in 
disease diagnosis and record keeping procedures 

*Provide adequate supervision of the enumerators 
to insure quality data. 

*In addition to disease data, collect component 
cost and time-and-motion data 

*Carefully edit all records and establish a 
workable data processing system 

DISCUSSION 

More experience with the methods described 
in this paper is needed before their limitations 
and capabilities are fully known. A number of 
cycles of design and application are usually 
necessary to approach reality and practicality 
(Cochran, 1977). The results of this research 
do furnish a basis for making compromises among 
the many design aspects of such a complex, 
multi-faceted regional survey as that of 
tobacco diseases. 

The number of counties and fields in our 
sample survey have relatively few degrees of 
freedom so that the estimates of their variance 
and cost function are provisional. If odd or 
ridiculous estimates of design parameters arise, 
i.e. one-half plant or 800 counties, we must go 
back and look for the causes. The final 
recommendation for design and costs must be 
reasonable in order to be of practical value. 

REFERENCES 

B. M. Church. The place of sample survey in 
crop loss estimation. In L. Chiarappa, ed. 
Crop Loss Assessment Methods. FAO, Rome. 
2.2/1-2.2/12. (1971). 

W. G. Cochran. Sampling techniques. 3rd. 
edition. John Wiley & Sons. N. Y. (1977). 
428 p. 

W. Mendenhall. L. Ott and R. L. Scheaffer. 
Elementary survey sampling. Wadsworth Publish
ing Co., Inc., Belmont, Calif. (1971). 247 p. 

H. F. Smith. An empirical law describing 
heterogeneity in yields of agricultural crops. 
J. Agr. Sci. 28:1-23. (1938). 

F. A. Todd. Tobacco disease control practices 
for 1977. In W. K. Collins. et. al. 1978 
Tobacco Information. N. C. Agr. Ext. Ser. Bull. 
(1978). 82 p. 

121 



122 

APPENDIX 

~ 

General disease incidence estimator (Y) showing the advantages 
of two-phase sampling 

y + b (x - x) [1]scan 

Where: 

the estimate of disease incidence 

a sample mean based upon disease measurements 
(0 vs 1) on individual plants in the L plant 
groups for all strata in all fields surveyed 

x average scan counts over total plants in all 
scan KL plant groups 

average scan county (GW + TMV + missing plants) 
on plants in the L plant groups 

The variance of estimated average disease incidence (Y) may 
be found as: 

[2] 

2 S2 -1 -1 -1 -1 K-l (1 )p H L 5 n l n 2 Y5 

2 222 2
The quantities Sl' S2' S3' 84 and 85 are variance components for 

counties, fields, strata, whole plots and plant groups, respectively. 

N
l 

, N2 and N4 are population average numbers of counties, fields in 

counties and whole plots in strata with n and n2 being sample sizes,l 
numbers of counties and of fields per county, respectively. The 

Yl , ---, Y5 are ratios of sampling variance to total variance 

including measurement error. The value of p, which represents the 

correlation between scan counts and individually measured plant 

incidences, is between .8 or .9 in most cases studied. 



Equation describing variable cost 
the design parameters 

(VC) as a linear function of 

VC [3] 

Where: 

nl 

n2 

H 

L 

K 

and Cl ' 

number of counties surveyed 

average number of fields surveyed in each county 

number of strata per field 

number of plant groups examined individually 

skip length for scan 

C2 ..• , Cs are per unit component costs. 

Example of 
per field, 

an optimization expression for number of strata 
Hopt 

Hopt 

Where: 

optimal number of strata 

variance component for fields 

[4] 

variance component for strata 

variance component for plots 

sampling variance proportion of 52
3 

sampling variance proportion of 5! 

number of plots in each stratum 

per field unit cost 

per stratum unit cost 
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The first objective survey of diseases on 
an;y cereal grown in England and Wales was made 
on spring barley in the summer of 1967(Jamea,1) 
following an increased awareness by farmers and 
advisers of possible disease problems assoc
iated with the intensification of cereal crop
ping and expansion of the national area sown to 
barley from o.69M ha in 1945 to 1.235M ha in 
1961 ,and 2.12M ha in 1967. 

The success of this survey in identifYing 
leaf diseases of national significance andtheir 
relative importance economically resulted in 
the instigation in 1970 of a survey of winter 
wheat, a crop which, at that time, covered 
O.96M ha. The usefullness of these surveys to 
adVisers, plant breeders, fungicide manufact
urers and others involved in research and 
development and the allocation of resources has 
resulted in their being repeated annually, 
except in the case of the barley survey in 1971. 
In that year, administrative difficulties in 
the Agricultural Development and Advisory 
Service (ADAS) allowed only one survey to be , 
made and wheat was...chosen because less inform
ation had been collected for that crop than for 
barley. 

METHODS 

The general methods of field selection,leaf 
disease assessment and coding of data have 
changed only slightly from those reported by 
James (1) for the first spring barley survey of 
1967. They are re-stated here, only where 
necessary to illustrate those changes. 

Sampling 

Each year, approximately 300 farm addresses 
for each survey are sent to plant pathologists 
in the eight administrative regions of the 
Ministry of Agricultitre, Fisheries and Food 
(MAFF). The distribution of addresses between 

regions is proportional to the regional area of 
wheat or barley (Table 1) so that final results 
require no weighting to transform them into 
estimates of national disease severities or 
losses. In each address list, half the 
addresses are new and half are included for the 
second year. The lists are up.dated annually 
by replaCing the oldest addresses in each county 
with new ones selected at random from the 
returns of the MAFF annual census. This means 
that farmers are not imposed upon for longer 
than two years but there is continuity from year 
to year. The replaced addresses are used as 
reserves in case any farmers are unable to 
co-operate in the surveys. 

TABLE 1 

Regional distribution (percentage of crop area) 
of winter wheat and spring barley in England 
and Wales. June 1979 W'F Census. 

Region W.Wheat S.Barley 

East 33.4 17.3 
South East 15.8 12.4 
East Midlands 21.2 14.2 
West Midlands 8.1 10.3 
South West 8.9 12.5 
North 3.8 15.4 
Yorkshire and 
Lancashire 8.3 14.1 
Wales 0.5 3.9 

Farms are Visited by regioDal advisers I 
(general and s~cia1ist) at growth stage 73 to I 
77 (Zadoks !1 !:!:-2) when the kernels are milk:y-
ripe, the dry m;.tter of the gra.:Ln is acoumula- I 

ting most ra~d~y and leaf diseases are I 
expected to be baving their most depressant . 
effect on yi~d~ On each farm, a field is , 
selected at ~om and a sample comprised of I 
50 tillers is cbllected from the length of 0;:J6 
diagonal of the field. Wheat samples include 

. -- ----- .-~---

-~...~--.---------



the entire tillers (culms vdth some roots, 
leaves and ears) but barley samples include 
only the portion of tillers above the third. 
highest node. If t"lheat samples are required 
for take-all assessment (as in the surveys of 
1977-79), a second visit at or just after 
harvest is made when 50 plants are dug from a 
field diagonal and their roots washed and dried 
at regional laboratories before packaging. 
Foliage samples are packaged in polythene bags 
and root samples are packaged in paper for 
transport to the ADAS Harpenden Laboratory 
where diseases are identified and their 
severity assessed. Each sample is accompanied 
by a completed questionnaire giving details of 
field location and hectarage, sampling date, 
cultivar, sowing and ploughing dates, previous 
cropping for the four preceding years, growth 
stage at sampling, fUngicidal seed treatments 
and sprays with dates of application. In the 
case of wheat samples, questions on cultivation 
methods (conventional ploughing, reduced culti 
vations or direct drilling), burning of previous 
stubbles and use of herbicides before drilling 
have recently been substituted for the question 
on ploughing date which has never been assoc
iated significantly with effects on disease 
levels. 

Disease Assessment 

Samples are examined at Harpenden by a 
central team of six assessors, four of whom are 
students in vacation employment. The other two 
assessorS are members of the permanent staff of 
the Laboratory and provide annual continuity of 
assessment by training the vacation students in 
assessment techniques as well as by personally 
assessing a substantial proportion of the 
samples. This arrangement gives the minimum 
degree of error due to assessor consistent with 
the need to process all the samples during the 
survey period of four to five weeks. 

From each sample, a sub-sample of 25 spec
imens is selected for assessment and a further 
sub-sample is sent to ADAS laboratories at 
Cambridge to be tested for infection by barley 
yellow dwarf virus (BYDV), using the aphids 
Rhopalosiphum ~ and Sitobion avenae as vec
tors to oat test seedlings. Leaf diseases are 
recorded as the percentage lamina area affected 
on the flag and second leaves, using pictorial 
keys published by the MAFF(3). These diseases 
are:- mildew E si he graminis), brown rust 
Puccinia ~ , yellow rust (E••triifo~, 

scald obos rium seoalis) net blotch 
Drechslera ~ , halo spot Seleno he a 

donacis and septoria (Septoria nodorum 
barley; mildew, yellow rustLbrown rust 
(E.recondita), leaf blotch \§.nodotum), 
speckled leaf blotch (§.tritici) and leaf 
stripe (ijymenula cerealisJ on wheat. Since 
1975, diseases recorded on the stem bases of 

wheat have been Fusarium ~. affecting the 

lo"est node and internod.e, eyespot (Pseudo


cercos re ' ..her otrichoides) and sharp eyespot 
Rhizoctonia cerealis .The last tvro are assessed 

in the categories slight, moderate and severe 
accordin~ to the key developec. by Scott ano. 
Hollins (/1). Take-all ~ummanom,yces graminis) 
of 1Jheat has 1Jeen assessed in ihe last 3 surveys, 

put into slight, mo0.(;rate and severe 
cateGories using ADAS assessment number 
1.5.1 (3). necrosis not obviously associated 

l'ri.th lesions and occurring principallj' at the 

tips of the laminae is recordec1 as senescent 

tis6Uo ent lec;,f c"amage caused by irmects also 

is assessed. 


Data processin,ll 

Lurine; the earliest barley surveys, clG~ta 
Here ctiotated by an asscf;sor to D. machine 
operator lrho recorded them direotly on paprlr 
tape for input into 8 computer. the 
initigtion of the '"heat surveYE, thif! 
proved too costly in machinery and la1Jour 
resources, resultinc; c,t peak times in a build
up of IJerishal)le samples 
Consequently, the oyster'l vias so as to 
alloH all persoll1el to be actively assessing 
sample'S"durine peak times. In the current 
system, assessment ch::ta are recorded initially 
onto record forms and, later transferred to 
paper tape at times lIJhen the neect to assess 
plant material is less pressing. 

The Goding of data remains the same in 
principal as described by James (1) and the 
format of data on paper tape is very similar to 
that described by him for the first barley 
survey, each sample unit beine comprised of a 
first section containing the sample identifi 
cation and husbandry data, followed by a 
second section containing assessment data in 
Hhich each disease score is preceded by an 
identif,ying disease-mnemonic and data for each 
leaf is contained on a single line of 
information. 

Tne involvement of inexperienced student 
vrorkers in the preparation of (lata can result 
in a high frequency of keying errors during 
production of paper tapes. For this reason, 
the initial data are verified by a validation 
program which checks for anticipated possible 
errors such as missing lines, lines in an 
incorrect sequence, invalid mnemonics, assess
ments totalling more than 100% leaf area 
affected, unrecognised cultivars, fungicides or 
previous crops. Such errors are reported in an 
error file and correctly-formated and validated 
data written to a second data file created by 
the program. Reported errors are corrected 
before the data are stored permanently on 
magnetic tape by a final input program. This 
program also produces a print-out of each 
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sample g~v~ng the full husbandr,y details and 
recorded assessment data .lith mean disease 
levels. The print-out normally forms part of 
a report vihich is returned to the co-operating 
farmer to maintain good relations - extremely 
important in surveys such as these '.:here 
voluntary co-operation on the :;:Jart of farmers 
is required. 

l;'inal analysis of the data is done using the 
Rothal1siec, General Survey Program (5) I.hich 
allol.S easy :H'Oo.uction of n::ltional mean diseafie 
l'reqwmcics and severities, 1"Iith standard errors 
as Hell as the proc....uction of tables in which 
a:ny interactions of interest are exalnined. 

SAJ;IPLB SIZE AND STAIIDARD ERRORS 

Problems of sample size arise in connection 
\·Iith the nlL'ribers of tillers required to 
estimate 'the mean levels of diseases in each 
field" and the number of fields needed. to pro
vide a reliable estimate of mean national 
disease severities. 

Standard errors of field means 

The effect of tiller nUr:lber per field on the 
reliability (as measured by the standard error) 
of mean d.isease severities ,laS examined in 
commercial crops of .linter uheat and spring 
barley. }"'i.ve hundred tillers were taleen from 
an area approximately :;Om square in each crop. 
Diseases ,Jere assessed using the methods 
employed in the surveys and the mean disease 
levels and standard errors were calculated for 
many randomly-selected sub-samples of varying 
sizes. 

Diseases present were mildew and brown rust in 
the barley crop and mildew and leaf blotch 
(§.nodorum) in the wheat crop. Their mean 
disease levels, calculated using all 500 
tillers, were taken to be the true means and, 
although they were not severe, they were 
representative of the severities encountered 
in the majority of crops surveyed. 

The data proved consistent with theor,y whereby, 
in order to decrease the standard error of the 
mean of n tillers by a factor F, it is 
necessar~to increase the sample size to appro~ 
imately ]~n tillers. 

The frequencies with which means for samples of 
var,ying size were not Significantly different 
from the true means are given in table 2. These 
frequencies were low and did not exceed 40f0 
even when sub-samples of 100 tillers were used. 
It is probable that they would increase with 
increasing disease severity but, for the 
majority of fields, these data indicate that 
between 100 and 200 tillers are required to 
obtain consistently reliable estimates of 
disease severity per field. 

It may be concluded that the provision of 
reliable estimates of disease severities for 
each field "ould require an unacceptable eight
fold increase in man-poo{er resources for both 
sampling and assessment, or a reduction of the 
number of fields sampled to about 35 Hhich, as 
explained below, is an insufficient number to 
estimate national disease severities over an 
area the size of England and Wales. 

from true mean. 

Disease Leaf 5 

Wheat septoria Flag 10 
Second 6 

mildew Flag 20 
Second 16 

Barley mildew Flag 18 
Second 14 

brown rust Flag 22 
Second 18 

size not sie of estimated means based on differentTABLE 2. 

Number of tillers in sample True mean 
10 20 50 100 200 and S.E. 

4 6 20 20 100 0.33 + 0.05 
14 10 15 40 100 5.85 :; 0.44 
16 12 10 20 100 1.63 :; 0.11 
10 8 20 40 100 4.46 :; 0.24 
32 36 40 40 100 1.22 :; 0.16 
22 12 10 20 100 6.10! 0.54 
18 12 30 40 100 4.11 :!:. 0.21 

8 16 10 20 100 9.24 :!:. 0.41 



Standard errors of national means 

The standard errors of the national mean 
disease severities (express as percentages of 
their respective means) diminish with 
increasing severity. The relationship betHeen 
this relative standard error and the merul 
annual disease severity is similar for each 
disease so that data have been pooled for 
graphical presentation in figures 1 and 2. 
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unacceptably by a factor equal 

Sub-division of the national data according to 
items of interest such as comparison of disease 
severities betHeen cuItivars or MAFP regions 
usually improves the variability wi thin each 
sub-division because such items contribute to 

WHEAT DISEASE SURVEY 1970-79 

Relative standard errors and annual disease severities 

o Flag leaf 
x Second leaf 
• Eyespot 

~:~::~:':':':':":':::~;x~;e;:::::::::2x::::::::::::::::::-:::-::,,:::-:,,:~...a____second I,af 
.. Eyespot 

Annual Disease Severity 

The national disease severities most the variance of the complete data. In fact, 
frequently recorded are less than 10% leaf area for the mean disease levels normally recorded, 
affected. For the majority of these, the sub-division comprised of 20 to 50 samples 
relative standard errors are between 10 and 40% often allow statistically valid conclusions to 
of the means, although they can be as high as be dravm. 
90% where mean disease severities are almost 
zero and as low as 5% when disease severities 
are greater than 25% leaf area affected. A 
change in the number of farms sampled by a 
factor F, assuming constant variability in the 
data, would result in standard errors being 
changed by a factor equal approximately to 

N'F. Hence, a reduction of the national sample 
size from 300 to 35 farms could increase 
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.Figure 2 
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RESULTS AITD DISCUSSIOn 

The principal objectives of the surveys are Uational disease levels 
to estime,te the rcle.tive importance of diseases 
and monitor in disease severities from The annual levels of diseases on the second 
year to year. Detailed results obtained in the leaves of barley are given in Table 3 and those 
surveys up to 1975 have been reported by for ••heat, together viith the incidence of 
James (1) and ;:~ng (6,7,8). These results, severe sJ~ptoms (i.e. the most damaging to grain 
\;i th n" ;'C recent findings, arc discussed belov; yield) of eyespot, slmrp eyespot and take-all 
\Ii th other illustrations of the various uses to are given in Table 4. Data for the flag leaf 
Hhich the data rna;)' be put. are available but disease levels are 

generally lower and differences less apparent 
than those recorded on the second leaf. 
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TABLE ~. National annual mean barle~ disease levels 1267-12. Percenta~e second leaf area affected. 

Disease 1967 1968 1969 1970 1972 19 (j 1974 1975 1976 1977 1978 1979 

Mildew 11.1 18.1 8.4 10.9 9.7 15.2 14.6 7.1 15.7 7.9 13.2 5.5
Scald 2.1 1.5 3.1 tr 2.9 2.0 0.8 0.3 0·5 0.5 1.3 0.8 
Yellow rust 0·7 tr tr tr tr 1.3 1.6 2.4 tr tr 0.'( 0.1 
Brown rust 5·1 2.6 1.3 19.9 2. '/ 4.3 2.3 1 .1 1.0 2.10·7 	 2.1 
Halo spot 0.1 tr 0.1 0.0 tr tr tr tr tr tr tr t'r 
Net blotch 0.0 0.3 0.4 0.0 tr tr tr 0.0 0.0 0.0 0.0 tr 
Septoria 2·7 1.4 0.3 tr tr tr 0.1 0.4 

TABLE 4. 	National annual mean wheat disease levels 1270-79. Percentage second leaf area affected 
or percentage stems affected. 

Disease 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 

S.nodorum 	 4.8 17.6 26.8 16. '7 5·2 1.3 0.3 0.8 5.0 12.3 
S.tritici 0.2 0.8 1.1 0.5 0.1 0.1 0.1 1.2 2.9 
Mildew 7.2 3.8 1.9 3.0 2.4 1.1 1.7 0.8 1.0 2.4 
Yellow rust tr 1.6 4.7 0.3 0·7 2.1 tr tr 0.6 tr 
Brown rust tr 0.5 0.2 tr 1.2 4.6 0.1 0.6 0.8 0·5 
Severe eyespot 1.8 0.4 1.7 2.0 1.3 
Severe sharp eyespot 0.1 0.3 0.6 0·5 0.)
Severe take-all 	 1.3 2.4 3.1 

tr =< 0.05 

I,;ildew has consistently been the most severe 
disease on spring barley crops, except in the 
survey of 1970 when it was less severe than 
broom rust. BrOlffl rust is usually the second 
most severe barley disease although in 1969 and 
1972, scald occupied a slightly propor
tion of the leaf area. Septoria was first 
noted in the barley surveys in 1972 when it 
occurred at levels comparable with scald and 
bro.m rust. Its symptoms tend to be associated 
with senescence of the leaf tips and it may 
therefore be predomincntly saprophytic although 
occasional lesions can occur at the bases and 
relatively proximal areas of laminae. 

On wheat, in wetter summers, leaf symptoms 
caused by ~.nodorum have predominated,~.tritici 
being less aggressive although it can be the 
major disease on a few crops. In drier summers, 
such as those of 1970 and 1976, mildew was the 
most severe leaf pathogen. Of the stem base 
diseases, eyespot has been more common and 
severe than sharp eyespot. Infection of the 
lowest node and internode by FUsarium spp. has 
been observed on 20-30% of the stems each year 
but, in the absence of conclusive data relating 
symptoms to loss in yield, the degree of 
infection has not been categorised according to 
the severity of symptoms. 

The technique for testing the presence of 
infection by BYDV does not allow more than an 
estimate of the proportion of fields in \..hich 
the virus has been detected. The annual inCid
ence of infection, often in the absence of 
recognisable leaf symptoms, has varied from 7 to 
75% of wheat fields and from 10 to 89% of barley 
fields. 

Estimation of national losses 

No attempt is made to estimate the yield of 
the surveyed fields. Sampling each field for 
yield and the necessar,y harvesting and grain
dr,ying viOuld be too costly and the alternativa 
farmers' estimates are notoriously unreliable. 
Instead, the percentage loss in grain yield is 
calculated from the recorded disease levels 
using formul~e derived from the results of 
field trials and experiments. There are many 
criticisms of this technique, as reviewed else
where (9), but the most important of these is 
the lack of information relating yield loss to 
the severity of yellow rust, net blotch, halo 
spot and septoria on barley, or brown rust and 
sharp eyespot of wheat. Fortunately, these are 
the least common diseases usually encountered. 

Fbrmulae relating the percentage yield loss 
to disease severity recorded at the milky-ripe 
growth stage (as appropriate to these surveys) 
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have been published for barley scald (James at 
al. 10) and brown rust (King and Polley, 11)-
;TId for .lheat yellow rust (King, 12), eyespot 
(Scott and Hollins, 13,14) and take-all (Polley 
a.lld Clarkson, 15). Current l-rork by ADAS 
indicates that percentage losses caused by 
wheat septoria are approximately equal to the 
percentage of the flag leaf area covered by 
lesions at milkY-ripeness. The only formulae 
facilitating an estimate of losses caused by 
mildew relate yield reductions to the degree of 
attack at flo.~ring (Large and Doling, 16,17), 
a gro.~h stage which occurs some two or three 
weeks earlier than the time of survey. For 
this reason, samples of about 50 fields each of 
wheat and barley are assessed at both gro~nh 
stages and the rate of mildew progress calcul
ated for each year. The recorded level of 
mildew at milkY-ripeness is then transformed to 
an estimated national level at flowering in 
order to calculate annual percentage yield 
losses. The extensive use of mildewicides in 
the UK and their depressant effect on national 
mildeN levels (Table 6) recorded in the surveys 
precludes the use of the severity/loss formula 
on the national mean milde~J levels. Therefore, 
losses caused by mildew are calculated using 
data for unsprayed crops only, and it is 
assumed that sprayed crops have suffered one 
quarter of this loss, as described by Jenkins 
and Storey (18). 

Estimates of annual loss var,y for each 
disease in relation to the mean disease levels 
given in tables 3 and 4. They range from 3.6 
to 14.0% for barley mildew, 0.3 to 7.7% for 
brown rust and 0.0 to 1.4% for scald. Corres
ponding ranges for wheat diseases are:- 1.4 to 
4.4% for mildew, 0.1 to 7.4% for septoria 
(§.nodorum plus ~.tritici), almost nil to 1.~ 
for yellow rust, 0.2 to 0.9% for eyespot and 
0.9 to 2.8% for take-all. It is a simple matter 
to express these figures in monetar,y values as 
given in table 5 where figures are based on MAFF 
Cereals Division estimates of national crop 
values of £514Jl for barley and £548M for wheat 
harvested in 1978 and marketed in 1978/9. Annual 
estimates based on prices current in each year 
of survey,due to lower grain values, would be 
much smaller for earlier years but much less 
relevant than estimates based on the latest 
prices to officials in both government and 
industr,y who are responsible for the allocation 
of resources and determination of priorities for 
research and deVelopment. 

Barley mildew, eVen in the more recent years 
clearly is the most economically damaging 
disease followed by wheat mildelrJ and take-all 
although it is emphasised that the latter has' 
been assessed in only three surveys and may 
have been unusually severe in the last t,JO 
seasons. 

caused b rna'or diseases of winter wheatTABLE 

Disease 1967 1968 1969 1970 1971 

Barley mildew 67.2 72.4 31.0 46.6 
scald 5.1 3.6 6.7 0.0 
brown rust 10.8 4.7 2.6 39.8 

Wheat mildew 12.6 21.4 
septoria 3.2 9.8 
yellow rust tr 1.1 
eyespot 

take-all 

tr =<0.05 

1972 1973 1974 1975 1976 1977 1978 1979 Mean 

43.9 67.2 35.6 29.5 45.0 18.6 31.0 30.0 43.2 
7.2 5.1 1·5 1.0 1.0 1.5 2.6 1.6 3.1 
5·7 8.7 3.6 1.5 1.5 2.1 3.6 4.1 7.4 

13.2 24.2 12.1 11.5 9.8 7.7 16.9 15.9 14.5 
40.6 13.7 4.4 0.5 0.5 0·5 2.2 6.9 8.2 
6.6 0.5 1.1 1.6 0.1 0.1 4.4 0.1 1.6 

5.0 1.1 4.4 4.4 3.4 3.7 
4.9 14.3 15·4 11.5 

Use and need for fungicides 

Fungicides, other than routine organo-merou~ 
ial or mercur,y-replacement chemicals applied as 
routine seed treatments, were first used comme~ 
cially against leaf diseases in the UK in 1970. 
In that year, systemic mildewicides were sprayed 
onto 3% of the barley crops surveyed. By 1974, 
use of fungicides, either as foliar sprays or 
mildewicidal seed treatment& applied to barley 



had expanded to 47~b and the first ten records 
of fungicidal sprays applied to surveyed 
••heat crops Vlere noted. 

Pungicidal sprays had been used for control 
of severe attacks of uheat yello., rust in 1972 
but they had not been detected in the sur/ey at' 
that .lear. Since 1974, use of fwlgicides on 
barley has become cstablished on 40 to Jo;k of 
crops \~hilst on I'lheat, the proportion of crops 
treated uith foliar sprays has risen from about 
14% in 1975, 76 and 77 to 30;;' in 1978 and 47% 
in 1979. 

In the last tKO years, the emphasis on fungi
cides specific; for control of mildc';; on sprinG 
barlcy has changed \dth the introd.uction of 
broad-spectrum chemicals effective against a 
wider range of pathogens. 

Table 6 shOl'1S thnt mcan milde;: levGls have 
been conPistently 101mr on fwlgicidc trGaterl 
than on untreated crops ~Ihilst, lUltil 1979 llheJ. 
broacl-spectrur:l fimgicides prec1c;r,li112_ted, the 
le'1.:;18 of scald ane. '0ro\:ll rust have tcwJ ce!. to be 
incror~;.;!.:d "i({ fungicide tr(;at~n::r;rt. 11!ic I)c!~11aps 

indicates that cO:'1h"Ol 0:> I!lUdev;, an aggres
sive compc;tit()r i'(~r infection sitcs on ""he 

, can leave more spac€) ava,ilablc for 
colonizution by other pathoccr.s :iilU, ;oilde',J 
specific f'ungi::,iclm;; llz,vo ';·:;en used. In the 
case of uhcat, «_bout half the sprays o.pplieC. 
have bden '.:e:c'I.:endazim - genorating chemicals 
applied at a time appropriate to the control of 
eyespot tlhich, in the surveys, has been less 
severe on sprayed than on unsprayed crops. There 
has llOt been any indication from the sttrveys of 
national mean levels of vlheat leaf diseases 
being reduced fungicides. HOHcver, this does 
not necessarily indicate that the use of 
fUllgicid.al sprays against ",heat diseases is 
uneucnomic because yield.-increases, even l'1ithout 
measurable diseane control, have follo;.red spra;)' 
applications in many experiments (19). 

The current HicIcspreac, US'j of ftu;Licic:"es 
indicator; farmorG 1 avcX'Eion te tIlG risk 0:£ 
losses ite ;rield causcc'" by (lineases but does not 
give a truE, il:dioation of th,o degre's of :ii::;};, 

T'nis is a matter of :::oncern tCl advisers (and 
should 0'" Gotof\lllcioide mant<fa"turors 2.ncl 
merchants) \·:ho need tv ensure that the extult 
fwlgicick use lriatches the crop aree. at rick. Tv 
this end, the survey ('c£lta hav0 lJeen used tc 
estimate tho proportion of commercial crcJps ',;i tl': 
levels of di8ease sufficient to ·;;ause yio1(' 
losses equivalent to the cost of control 
measures. As emphasised a"bove, the inaclcrr,m,cy 
of the sarr.ple size per field ,;ill introduce 
in6,ccuracizs here but it is assumed Hl.at any 
oveI'-estimates of yield-loss ari'l c0mpensated by 
equal numbers of undel'-c8timates. From k..("o ....... 
ledge of the value of grain, yield of the 
average crop and the relationship bet,.een dis
ease severity and .yield loss, it is possi11e to 
calculate the critical disease severities lIhich 
might cause financial lossos ecruivalent to any 
C'iven cost of control measures (20). 

The frequency of Burvcyed crops viith disease 
sovorities creater tll<-m the critical ones then 
provide an estimate of tlls national crop a.rea at 
risk to economically controllable disease. 
Sprayed crops are excluded from these analysis 
1ecause their levels of disease 'dill have berm 
affected by treatr.1ont. Table 7 gives the results 
of the lOoSt recent ane..l.fSis of this kincl, based 
upon average yieldG of ~.24 and 4.88 tonnes/ha 
and grain values 0 f f..fl7 and i.9L~ per tOlme for 
barley and v:he<1t respectively. 

TABLE 6. ltiean 'Oaronth
esis Percenta e 

1975 1976 1977 	 1978 1979 

Barley 	mildeu 8.4{5.2 ) 16.8(14.0) 8.9(5.8) 16-3(10.1) 7.1(3.9) 

scald 0.1(0.4) 0.1 (0.1) 0.6(0.5) 0.7( 1.9) 0.9(0.7) 

b.rust 1.3(0.7) 0.6(0.9) 0.9 (1 .2) 1.4(2.1}) 2.9(1.3) 

vlheat eyespot 2.0(0.7) 0.4(0.3) 1.13(1.1) 2.1(1.6) 1.6(0.8) 
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"TABLE . Percenta~e of untroated cro~s where disease severities indicated losses sufficient to 
justi}¥ control by fungicidal sprays at 1979 COlJts. 

Disease Humber of crops 
examined ,>10 

Cost of treatment £. per ha 
..>20 ,;;;r30 ~40 

Barley mildel'f 2305 64 45 34 26 

" ~: ! ~t It 7 3 2 

brolm rust It 15 10 7 5 

:fuee.t mildc;·/ 2629 18 9 6 4 

.. 
 13 8 6 4 

yellol, rust " 3 2 1 

1214 8 4 3 2 

other uses of data. 

Given sufficient data, it is possible to 
examine the effects on mean disease levels of 
various factors such as cultivar susceptibility, 
geographical oriein of samples, nature of prev
ious crops and time of sOi.dng. Unfortunately, 
for reasons stated above, classification of the 
survey dHta into the necessaI"J sub-divisions of 
these factors can result in sample sizes ,.hich 
are too small each year to allow valid conclus
ions to be dra\·m. For exa.mple, the stratific
ation of the national sample in relation to the 
distribution of cereal crops alloviS a valiCi. 
estimation of regional disease levels only for 
those of the country where most cereals 
are groVID. Similarly, disease levels on diff
eren'& cultivars can only be accurately estim
ated for the cultivars which are the most 
popular in any season. HOv1Cver, some effects 
occur fairly consistently from year to year and 
accumulation of data over several years provides 
sufficient information for statistically valid 
comparisons to be made. 

'rhe most consistent of these effects is the 
association of previous cropping I-lith different 
severities of the trash.;..borne diseases, barley 
scald, ~Jheat septoria, eyespot and take-all. 
These diseases are usually more severe on crops 
follo\.ling a previous crop of the same cereal 
and there are indications that they increase in 
severity with monoculture. ~espot is usually 
least severe in crops folloldng grass which 
normally marks the end of a tlvO or three year 
ley. Time of sONing of'ten influences the sevel'
ity of rust and eyespot of winter ..heat, 
the earliel'-solm crops being most severely 
infected. 

Information such as this is not nev,. ENidcnce 
of these effects has long been availa.ble in the 
resul ts of trials and experiments vihich are used 
as the basis of advice given to fanners. Random 
surveys cf the 'type described here provide a 
useful means of appraising the effectiveness of 
that advice in commercial agriculture. 
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In the last 30 years the problems of air 
pollution damage to agriculture. human health 
and the total ecosystem has become a major con
cern to all. The concept that some air pollu
tant damage may be occurring has changed to the 
reality that we are faced with a serious problem. 
Measurement of damage to the human species and 
animals is a very difficult assessment to make 
and involves much time and effort. Human re
sponse to the pollutants is often a psychologi
cal reaction which is difficult to evaluate or 
to separate from physical damage. The effect on 
plants is, on the other hand, often dramatic, 
easily seen and measured, therefore, it is a 
more meaningful response than the direct impact 
on man. 

Technology of measuring and monitoring pollu
tant levels in the ambient atmosphere has 
evolved to a degree of marked proficiency. By 
comparison, evaluation of the effects of the 
measured pollutant dose upon our ecosystem is a 
much less spectacular accomplishment. The 
ability to recognize the response of plants to 
air pollutants at various levels has given us a 
much needed tool to evaluate the success of 
emission controls. Thus, we have entered an 
era of using plants as an evaluation tool for 
air pollutant control techniques, as well as a 
tool for assessment of losses to the agricultur
al industry. 

The injury symptom syndrome induced by specif
ic gaseous air pollutants is usually sufficiently 
specific for pollutant identification. Init 
ially this knowledge of specific symptoms has 
enabled workers to correlate plant response with 
the effectiveness of pollutant control measures. 

As the knowledge of air pollutant effects on 
plant life has increased, it has become obvious 
that visible symptoms do not tell the complete 
story. Studies of plant response using con
trolled environment chambers have demonstrated 
additional plant responses in which no visible 
effects are detectable. Dramatic decreases in 
plant growth and production have been demon
strated in experiments where essentially no 
visible symptoms developed. 

Interpretation of visible injury symptoms 
and the response of plants treated within field 
exposure chambers now allow for a more refined 
method to evaluate the adequacy of air pollu
tion control techniques. The field chambers 
serve to help bridge the gap between results 
from studies utilizing controlled environment 
chambers and regional surveys. A danger 
involved, however, lies in the concept that 
there is now sufficient information to support 
an acceptable crop loss assessment. More 
support for field studies is needed to augment 
or support the surveys. 

SURVEYS FOR INDUSTRY SITING 

As populations increase, the selection of 
sites for phYSical location of industrial in
stallations to minimize air pollutant impacts 
has become a critical problem. Air quality 
data at proposed installation sites is fre
quently inadequate to accurately predict the 
impact of an added pollutant source. Similar
ly, the differential in vegetation response to 
pollutants induced by environmental conditions 
and genetic differences complicate the predic
tive process. Scientists trained in recogniz



ing and evaluating air pollutant effects on 
vegetation are increasingly being asked to 
evaluate the potential effects of a given indus
try upon plant life within a given area. Post 
operation surveys are also essential to deter
mine if a new pollutant source is sufficient to 
induce visible injury. Evaluation of changes 
in growth and production may require experimen
tation in the area but the judgment of an 
experienced scientist may be acceptable follow
ing a well designed survey of vegetation condi
tion. 

The proposed introduction of coal into 
California for electrical energy generation is 
currently stimulating considerable controversy 
in that state. The dozen or more sites proposed 
for such an installation have been vigorously 
opposed by environmentalists and agricultural 
groups. When a license to construct is approved 
for one or more of the sites, pre-operation and 
post-operation vegetation surveys are strongly 
recommended to assist in determining if a detri
mental impact occurs. Siting of petroleum and 
methane unloading, transfer and storage facili
ties in the state has encountered similar oppo
sition and permits to construct will be delayed 
until reasonable assurance can be given that 
air pollutant damage to vegetation will not 
occur. 

Efforts to develop geothermal fields in 
California raised concern about phytotoxic 
materials emanating from the steam wells. The 
challenge of understanding geothermal effluents 
and their effects upon the ecosystem has been 
issued and much work is yet to be done. The 
use of chambers for fumigation studies is an 
essential part of this study, but aerial and 
ground surveys are required to establish param
eters for comparison before and after develop
ment of this energy source. Field surveys are 
essential to observe and measure or estimate the 
impact of an air pollutant source on highly com
plex biological ecosystems. 

HISTORICAL 

Methods of estimating crop loss and for con
ducting field surveys to assess air pollutant 
impact have evolved from programs that have been 
used in the past. Entomologists, plant patholo
gists, and other scientists and growers fre
quently adopt some type of survey and estimat
ing technique to evaluate the economic effect 
of various stress factors. Evolution of the 
vegetation survey process has advanced markedly 
during the past two decades as a greater amount 
of research information has become available 
and be.tter techniques have developed. 

Injury from oxidant air pollutants on plants 
was first identified south of Los Angeles in 
1944, Middleton et al. (1950). By 1947, when 

the Los Angeles County Air Pollution Control 
District was created, agricultural damage was 
recorded throughout a triangle ·formed by Santa 
Monica, El Monte and Domingues. The initial 
surveys were little more than opinions of 
observers as to the effects of the pollutants 
within certain fields. 

Reports from these early surveys attracted 
national attention to the fact that lettuce, 
endive, celery and certain ornamentals could be 
damaged by the oxidizing pollutant complex known 
as smog. In some cases entire fields of spin
ach were destroyed by this pollutant. Middleton 
et al. (1950) estimated a lossof $479,495 to 11 
selected crops in the Los Angeles area alone. 
Later, Middleton (1961) estimated the visible 
damage to field and vegetable crops in Califor
nia at approximately $8,000,000. These estim
ates were based on observations made at a small 
number of locations. 

The first California statewide vegetation 
survey for air pollutant damage was made on an 
experimental basis by the University of Cal
ifornia Extension Service, Middleton and Paulus 
(1956). Cooperative extension personnel were 
trained as "crop survey reporters" to observe 
and report crop injury in their counties. The 
training program consisted of a two-day session 
where colored transparencies were used to 
acquaint the reporters with injury symptoms. 
The subsequent survey conducted by the trained 
"reporters" recorded plant injury in 12 of the 
51 counties of the state. No yield or economic 
loss estimates were made. 

Other reports of economic losses in Califor
nia derived from survey information, extrapola
tion of experimental results to field conditions 
and personal opinions include: 

(a) A report from the California Department 
of Public Health (1965) which set the losses to 
agronomic crops at $132 million a year. 

(b) Calvert (1968) estimated a $248 million 
plant damage loss in California. This estimate 
included plant damage losses to vegetables, 
citrus, ornamentals and native vegetation in 
the San Bernardino national forest. 

(c) Benedict, et al. (1969) estimated a loss 
of $18.9 million for agricultural crops, 
nursery stock and forest products in 22 selected 
counties of California 

These estimates utilized relatively little 
information from observations made during sur
vey but rather were based largely on calcula
tions using crop yield or value estimates and 
experimentally derived crop response data. 
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A vegetation survey was initiated in re
sponse to a request from the Pennsylvania De
partment of Agriculture for information concern
ing agriculture losses in the Commonwealth of 
Pennsylvania due to air pollution. Weidensau1 
and Lacasse (1969). Success of the survey de
pended on participation of the County agricul
tural agents and extension specialists in the 
67 counties of the state. A 3-day training pro
gram was conducted at The Pennsylvania State 
University, before initiation of the survey to 
acquaint county agents or their representatives 
with characteristic injury symptoms and to 
identify pollutant sources. The training pro
gram consisted largely of illustrated lectures 
presented by experienced scientists from various 
parts of the U.S. A comprehensive handbook of 
effects assessment with color photographs of 
vegetation injury was provided to each partici 
pant. 

Printed report ·forms were provided to those 
responsible for the field surveys in Pennsylvan
ia. When observations were recorded. the com
pleted form was mailed to the University staff 
assigned to collate the results and calculate 
loss estimates. The total direct economic loss 
was estimated to be in excess of $3.5 million 
during the summer of 1969. 

In 1969 assistance in the form of training 
was made available to many states by the 
National Air Pollution Control Administration 
(NAPCA), which subsequently became the Environ
mental Protection Agency (EPA). Many states 
participated in these programs which were de
signed to train agriculturally oriented people 
in the techniques of identifying plant symptoms 
induced by air pollutants and to estimate losses 
to the crop. 

Scientists with specialization in air pollu
tion training were gathered from various areas 
within the United States to form a training 
staff to give instructions in such areas as air 
pollutants. meteorology, vegetation responses 
to air pollutants. and symptoms which resemble 
air pollution injury but are caused by other 
conditions such as insects, disease. and nutri 
tion. Other background information considered 
important was provided and each participant re
ceived a copy of an excellent pictorial atlas 
with color illustrations of pollutant injury. 
The importance of this training cannot be over
stressed because it provided the basic prepara
tion for field observers to recognize air 
pollution damage. to distinguish it from injury 
by other environmental stress. and to provide a 
meaningful report of their observations. 

CALIFORNIA DEPARTMENT OF FOOD AND AGRICULTURE 

(CDFA) SURVEYS 


The results and experience of many organiza

tions were carefully considered by CDFA before 
entering into a survey program to determine air 
pollution effects upon agricultural crops in 
California. Fortunately. there were many 
sources of information to draw upon. One such 
source of information was the more than two 
decades of research by the staff at the State
wide Air Pollution Research Center located at 
the University of California. Riverside campus. 

Information was obtained from numerous 
earlier sources of survey experience such as: 
Thomas (1958) at American Smelting and Refining 
Co. in Utah who had designed surveys and 
developed predictive models for smelter efflu
ent damage on alfalfa and other crops; Noble 
and Wright (1958). with the Air Pollution Founda
tion in Los Angeles County. who developed a 
bioassay technique to use in conjunction with 
field surveys; and Benedict et a1. (1973). with 
Stanford Research Institute, who had just com
pleted a national project based primarily on 
modeling techniques to assess economic impact 
of air pollutants on plants. Other previous 
experiences with surveys such as the statewide 
survey in Pennsylvania previously mentioned 
were very useful in implementing the CDFA proj
ect. 

The CDFA air pollution survey was carried out 
in cooperation with the county agricultural 
commissioners. The coordinator of the program 
was a CDFA plant pathologist with experience in 
the detection and diagnosis of air pollution 
damage to plants. After training, a reporting 
program was started in which permanent staff 
members of the agricultural commissioners 
offices in each county observed and reported 
the desired information on air pollution damage. 

Factors considered in the CDFA survey will 
be reported in a later portion of this paper. 
Results for the survey, Mi11ecan (1971) were 
that a total of 450 observations were made. 359 
of which recorded plant injury caused by air 
pollution. Plant injury was observed in 22 
counties. and monetary losses were computed in 
15 of the counties. Eighty-two of the observa
tions of plant injury were on agronomic species 
and were included in the assessment of crop 
losses. 

Photochemical smog accounted for most of the 
economic losses. Analysis of the reports of 
this survey showed six pollutants to be in
volved and accounted for the following percent
ages of plant injury: ozone 50%. PAN's 18%, 
fluorides 15%. ethylene 14%, sulfur dioxide 2%, 
and particulates 1%. The surveys were started 
in 1970 and losses were reported to be 
$25,690.680 annually. Surveys have continued 
on an annual basis. Based upon a recomputation 
of some of the original losses, the 1970 figure 
was lowered to $16,084,397. 



for comparison purposes. It may be necessary 
to introduce indicator plants at specified 
observation points throughout the region being 
surveyed to provide a basic type of vegetation 
for the identification of pollutant injury and 
to provide a means of accurately delineating 
areas where crop los~ might be expected. 

Surveillance programs are frequently designed 
around indicator species of vegetation. If 
possible, a native species should be selected 
for such a purpose but it may be equally effec
tive to introduce crop or ~rnamental species at 
the desired observation points. The native 
species are probably better adapted to local 
environmental conditions but introduced species 
can serve very well as an air pollutant indicator 
if handled properly. Cole (1958) listed the 
following characteristics desired for any native 
species used as an indicator: 

(1) It should be sensitive to the air pollu
tants at a level below the sensitivity of 
vegetation of economic or aesthetic importance. 

(2) It should be widely distributed in the 
area of interest. 

(3) The markings by the chemical of interest 
should be characteristic and easily observed. 

(4) The species should be present throughout 
the growing season. 

(5) The species should grow from the terminal 
shoot throughout the growing season. 

Few species, native or domestic satisfy all of 
these characteristics but with good judgment the 
surveyor can select or introduce species that 
will serve satisfactorily. 

When considering a program involving an 
estimate of regional crop losses, certain basic 
factors must be included: 

(1) Personnel involved must have good judg
ment, a working knowledge in crop science, 
entomology and pathology and special training in 
recognition and evaluation of air pollutant 
effects. 

(2) The surveyor should have an emission 
inventory to at least identify the kinds of 
phytotoxic chemicals involved and provide some 
information on concentrations to be expected in 
the area to be surveyed. 

(3) The surveyor must know the relative 
susceptibility of plant to be used as indica
tors and be able to recognize injury symptoms 
in these plants. 

(4) A network of survey sites must be 

established and the surveyor should identify 
special or unusual environmental characteristics 
at these sites. 

(5) Meteorological and climatic conditions 
should be identified for the observation sites 
and for the surveyed region as a whole. 

(6) A detailed set of records must be kept 
for each observation site. 

When considering personnel the obvious fact 
emerges that people need to be trained in gener
al plant sciences. Background in plant mor
phology and crop science is essential. The 
identification of injury symptoms on plants 
exposed to various air pollutants requires 
specific backgrounds in plant pathology and 
entomology. This background becomes apparent as 
many of the plant symptoms of pollutant injury 
overlap plant pest conditions. Important also 
is the method of interpreting the results. Many 
of the early surveys are criticized and rightly 
so, because of the lack of involvement of 
people trainE;d in agricultural economics. 

Emission inventories of vari·)us pollutants 
becomes a necessity and should not be difficul t. 
Sources of information can be obtained from many 
places. The National Environmental Protection 
Agency (EPA) is an excellent source of informa
tion about pollutant emissions. Nationwide 
studies have been conducted by various organiza
tions who have contracted to do this type of 
work for EPA. In many states such as in Cal
ifornia, the Air Resources Board keeps a very 
detailed record of the pollutants which are 
usually correlated to source inventories. 
Another source of emission information, again 
using California as an example, is the county 
air pollution control districts. Growth of the 
county districts has increased markedly in the 
last 10 years and much information is available. 
In California the county of Los Angeles is one 
of the pioneer organizations in developing air 
pollution controls, inventories, and understand
ing the local air pollution problems. 

The distribution of air pollutants in any 
area is determined by the terrain, climate, or 
meteorology and/or other geographical factors. 
An understanding of these principles is 
essential for the evaluation of pollutant prob
lems within a given area. Air basins are 
usually surrounded by geographical barriers 
which commonly trap pollutants and encourage air 
stagnation. A knowledge of air inversions and 
prevailing wind patterns adds to the understand
ing of the problems and helps to identify areas 
where the pollutant impact might be expected to 
be greatest. 

Generally the population centers will be a 
focal point for emission sources. Photochemical 
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pollutants, ozone, nitrogen oxide, and 
peroxyacetyl nitrate (PAN), are usually related 
to such centers. 
Ethylene is commonly associated with the photo
chemical oxidants because internal combustion 
engines are important sources of this gas. 
Fluoride problems are characteristically 
associated with industries using or processing 
an earth material. Sulfur dioxide, S02, is 
associated with smelting of many ores and the 
burning of fossil fuels. All of these factors 
should be considered in the identification of 
the phytotoxic pollutants. 

Air pollutants are closely associated with 
wind patterns and problems are expected down
wind from large cities or in the downwind side 
of large air basins. Thermal inversions are 
common atmospheric phenomena which trap the 
pollutants in the lower strata of the air mass. 
Persistent inversions can effectively trap and 
hold air pollutants in an area for several days. 
Knowledge of seasonal periods of inversions 
helps to understand and forecast dangerous air 
pollution episodes. 

Estimating crop losses requires a complete 
inventory of crops within a given area. A 
basic knowledge of the response of weeds, orna
mentals and native vegetation helps one to under
stand air pollution movements. Confirmation of 
air pollution damage often is dependent upon 
more than one plant species showing effects. 
Thus, many times symptoms on weeds or ornamentals 
confirm air pollution damage to a particular 
agricultural crop and add significantly to the 
ability to estimate crop losses. 

An experienced observer will utilize a wide 
variety of plant species in the process of 
effects assessment. Selected species of native 
vegetation and crop plants can be used as key 
indicators to estimate dosage of pollutant to 
which the biological community has been exposed. 
Key plant indicators used for detecting ozone 
problems include several genera of the pine 
species. In California ponderosa pine is con
sidered to be one of the most susceptible forest 
tree species. If ozone-type injury symptoms are 
not detected on susceptible weed species or on 
cultivated beans, tomato, alfalfa, tobacco or 
other susceptible agricultural crops growing in 
the area, it is not likely that measurable 
economic or aesthetic loss has been induced by 
ozone. Conversely, if injury symptoms are found 
on one or more of these indicator plants, 
economic loss may have occurred in crops not 
displaying injury. The surveyor must rely upon 
experience and judgment in providing an estim
ate of the loss because the severity of visible 
injury symptoms is not necessarily directly 
related to yield of seed, fruit or roots. 
Significant yield loss may occur when no injury 
is detected on the foliage and conversely, 

significant visible injury may occur during 
some stages of growth without measurably reduc
ing yield. 

The gathering and interpreting of field 
observation information is equally as important 
as the ability to identify and quantify air 
pollutant injury on foliage. The survey must be 
carried out systematically and the information 
must be accurately and clearly recorded for 
future use. A variety of reporting forms have 
been designed by surveyors working in the field. 
The forms are usually developed for specific 
areas and for specific needs. The simplest of 
forms may include only such information as: 
collectors name, date, location of observation 
point, crop examined, acres, pollutant involved 
and percent of .foliage damaged. Much more elab
orate forms are frequently used to record 
information on infestations by insects and 
pathogens, climatic conditions, cultural prac
tices and any other factors that may aid in 
assessment of economic loss. When computer 
facilities are available, the information may 
be entered directly thus simplify the recording 
process and reduce the probability of errors 
during transfer and retrieval. 

Calculation of economic loss based on the 
field observations can be greatly enhanced by 
the services of an agricultural economist. 
Special training is essential to convert unit 
production losses to actual monetary losses 
experienced by the producer, consumer and the 
nation. The economist should be consulted 
during the survey design process to insure that 
the data and information collected is in the 
form that can be used for final calculations. 
Such cooperation also insures that an appro
priate amount of information is made available 
to accomplish the objectives of the project. 

USE OF DATA AND OBSERVATION INFORMATION 

Information gathered from field observations 
must be carefully evaluated in terms of its 
direct value and how it is to be used in evalu
ating the problem. A small amount of leaf 
injury may have an insignificant effect on yield 
or quality of some crops but may result in 
serious loss in other crops. When a leafy vege
table such as spinach or lettuce is extensively 
injured by an air pollutant, the injury may be 
so severe that it precludes any attempts to 
salvage the crop. Damage estimates in this case 
would be relatively easy to make and crop losses 
would probably be recorded as 100%. If the same 
crop developed injury on some of the outside 
wrapper leaves the injury may be stripped away 
before marketing. Harvest costs may be signifi
cantly increased by the extra labor needed to 
remove the injured leaves and the quality of the 
product may be reduced by removing the outer 
leaves. This is only a simple example of 



Using a standardized survey procedure the 
crop loss figures in California have shown a 
steady increase. In 1970 the loss figures ,were 
$16,084,397; in 1971, $18,083,506; in 1972, 
$17,435,195; in 1973, $35,205,828; and in 1974, 
$55,102,817. Generally the monetary losses have 
increased each year because of the increased 
value of agricultural crops. New crops are now 
being included in the surveys as they are gain
ing in importance within the state. As informa
tion on plant response to mixtures as well as 
individual pollutants increases and technology 
in the measurement of subtle effects and in 
modeling of economic impact advances the loss 
figures are expected to rise. 

REMOTE SENSING 

Remote sensing (aerial photography and LAND
SAT imagery) has been used in many worldwide 
biological studies. Aerial photography is a 
very useful tool for vegetation maping, inven
tory of crop types, maping of areas stressed by 
insects, disease and climatic conditions. The 
possibility of using photographic methods to 
detect and evaluate injury from air pollutants 
has been investigated by several workers, 
Gausman et a1. (1978), Taylor and Laninger (1978), 
Casa1inuovo and Sawan (1976), Harney et a1. 
(1976), Larsh et a1. (1970), Van Genderen (1974). 

It is well established that cell or tissue 
abnormalities induced by stress from pathogens, 
insects, frost injury, mineral deficiency, 
drought and flooding, as well as from air pollu
tants can be recorded on various types of photo
graphic film. The changes in film density and 
false color development can often be used to 
identify injury before it can be seen with the 
unaided eye. Gausman et a1. (1978) reported 
that 03 leaf damage on cantaloupe was detected 
photographically 16 hours before it could be 
seen. They suggested that sensors are avail
able for use with aircraft and spacecraft that 
possibly could be used routinely to detect 
ozone-damaged crops. 

Taylor andLidninger (1978) used remote 
sensing (mostly low altitude aerial photography) 
to study the impact of stack emissions from coal 
fired power plants on native vegetation. Their 
studies also included plots exposed to a 
gradation of S02 concentrations provided by a 
field dispensing facility. The conclusion was 
that pollutant effects can be detected by 
aerial photography, but additional analyses and 
ground level observations are required for 
quantification of effects. 

The general concensus among those who have 
investigated the use of remote sensing tech
niques seems to be that potentially it may be a 
useful tool but it has serious limitations for 
the purpose of assessing losses in yield, growth 
and quality of marketable product. For the 

purposes of detecting stress effects that may 
be associated with air pollutants, low altitude 
photography provides more detail and more useful 
imagery than photography from higher altitudes. 
While remote sensing has many useful aspects in 
biological research and surveys it currently has 
little to offer for the assessment, on a region
al basis, of yield or economic loss induced by 
pollutants in the ambient atmosphere. 

FIELD SURVEY PROCEDURES 

Procedures used to make field surveys are 
determined by: the type of information desired; 
type of crop being surveyed; number of survey
ors involved; type or types of air pollutants in 
the area; and many other factors. The purpose 
of the survey is to locate areas affected by 
the pollutants, determine the boundaries of the 
region affected and estimate the amount of crop 
loss experienced. Observations of air pollutant 
injury and of the effect of other agents induc
ing stress in the vegetation should be recorded. 

One of the first actions should be to develop 
an accurate map of the region to be surveyed. 
Areas of specific types of crops and of native 
vegetation should be clearly delineated. The 
predominant source of air pollutants should be 
indicated. The source may be an industrial com
plex or a major metropolitan area which is 
responsible for a wide distribution of the 
pollutants. Identity of the phytotoxic chemi
cals in the polluted ambient air and knowledge 
of the direction of the source relative to major 
agricultural areas and prevailing winds are 
essential in designing a regional survey program. 
The surveyor should construct some kind of grid 
system to identify observation points as an aid 
in systematically covering all of the region in 
which the pollutants are suspected to have an 
impact. Observations need not be limited to 
the points identified on the grid but with such 
a system full coverage of the region is insured. 
A record of succeeding observations in subsequent 
months or years has greater meaning and the 
results are more easily interpreted if observa
tion points are established. Records of obser
vations made on all vegetation at an observation 
point are desirable but it is essential that 
specific types of vegetation, known to be highly 
susceptible to the pollutant in question, must 
be examined carefully. 

In localized areas where pollutants from a 
point source are suspected of causing damage, it 
is sometimes possible to observe a single crop 
plant in assessing the problem. More often, 
however, the region from which an effects 
assessment is desired includes a wide variety of 
crop, ornamental and native species as well as 
a mixture of phytotoxic pollutants. Because of 
the wide variation in habitat it may be impos~ 
sible to find a representative species to use 
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economic damage that can result from a small 
amount of leaf injury. 

Interpretation of losses often becomes a 
matter of judgment and in such cases the person 
making the judgment is. always subject to 
challenge and criticism. Experimental results 
from controlled research are seldom available 
for the purpose of relating air pollutant dosage 
or the extent of air pollutant injury to loss of 
yield and quality of marketable product. 

In the California Department of Food and 
Agriculture (CDFA) surveys it was assumed that 
if leaf injury was observed t damage then 
occurred that would penalize a plant and keep it 
from reaching its full growth potential. In the 
absence of available experimental data and 
actual knowledge in assessing loss to such crops, 
a practical "rule of thumb," Millecan (1976), 
was used to evaluate the damage resulting from 
varying degrees of injury. If visual inspection 
of the overall leaf surface of the crop plant 
indicated 1 to 5% of the surface to be injured, 
then a 1% loss factor was applied to that crop 
in that particular area. When the leaf surface 
injury ranged from 6 to 10%, a 2% loss figure 
was assessed. If injury reached 11 to 15%, a 
4% loss, and 16 to 20%, an 8% loss. The losses 
increased progressively in this manner along 
with the increased injury of the leaf surface. 
This technique would be recommended only in the 
absence of other research data and only to 
standardize survey observations. 

Fortunately most present surveys do not have 
to depend entirely on a "rule of thumb" tech
nique since research has developed much informa
tion about specific effects of air pollutants 
upon crops. An example would be in the case of 
citrus and grapes, experimental research has 
demonstrated the-crop to be less productive as 
a result of photochemical smog, Thompson (1968), 
Thompson (1969), Thompson (1970), and Thompson 
et al. (1970). This type of work, however, has 
a limitation inasmuch as it illustrates an effect 
upon the plant at a certain level of pollution. 
This type of information is invaluable but one 
has to interpret probable losses to the crop at 
many other air pollution levels not listed. 

An effective way of assessing crop losses 
reported by Millecan (1976) involves a pollution 
dose - crop loss conversion scale. This tech
nique was developed by Mr. Ron Oshima, CDFA, and 
converts an annual ozone-dose to a yield 
reduction percentage which, when multiplied by 
the crop dollar value, produces an estimate of 
loss. 

Most agricultural organizations and crop 
specialists are hesitant or too timid to start 
air pollution damage assessment programs. At 
times it takes aggressive action to pursue such 

a course because of the inevitable criticism of 
the results. The deficiencies and inaccuracies 
of field surveys for the purpose of assessing 
economic crop loss are readily apparent, but 
the fact remains that no superior technique is 
yet available for evaluating the impact of air 
pollutants on crop production on a regional 
basis. 
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QUANTIFYING CROP LOSSES IN THE TOTAL PRODUCTION SYSTEM: AN ECONOMETRIC APPROACH 

John A. Jaksch 
Energy-Environmental Technical Associates 

Los Alamos, 

INTRODUCTION 

This paper describes an ongoing study sponsored 
by the U.S. Environmental Protection Agency (USE
PA). The purpose of the study is to develop a 
generalized framework for economically quantifying 
air-pollution-induced agricultural losses. The 
paper begins by briefly discussing the use of 
economics in environmental decision making. The 
next session presents a concise review of some 
issues and problems inherent in attempts to econo
mically quantify air pollution effects on agricul
tural crops. Section IV presents, discusses, and 
analyzes the economic methodology and models which 
are being developed for the EPA. An overview of 
the study is presented, followed by a discussion 
of model development for quantifying losses at 
the farm, agribusiness and consumer levels. The 
section closes by giving some very preliminary 
results of the model's application. Conclusions 
are presented in the last section. 

ECONOMICS AS AN INPUT INTO ENVIRONMENTAL 
DECISION MAKING 

As a result of the energy ,crisis, proposed 
and existing environmental regulations are being 
carefully scrutinized, evaluated, and analyzed 
by both the public and private sector. More and 
more, people are asking whether the costs of 
environmental control are balanced by the benefits. 
The decision maker's job is becoming increasingly 
difficult because, the number of tradeoff issues 
for policy analysis and formation tends to in
crease exponentially.l 

Obviously, it would be advantageou~ to the 
decision making process if there were (1) a con
sistent, systematic way of evaluating tradeoffs 
among competing energy and environmental goals, 
and 2) to facilitate comparisons, a method of 
expressing the effects of energy and environmen
tal interactions in common terms. Theoretically, 
economic analysis affords such an opportunity. 
When it is correctly used, with due recognition 
given to its limitations,2 it is an effective 
tool with which to compare alternatives and to 
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implement policy actions based upon consistent 
and rigorous analytical processes. The advantage 
of economics, as a medium for policy analysis, 
is that many environmental effects caused by 
energy development can be described in monetary 
terms. In essence, money is a standard of value 
the general public understands. 

Environmental economics, an emerging subdiscip
line of economics, is concerned with placing a 
monetary value on environmental damage or degra
dation. It is a study of how society chooses 
to allocate the scarce resources of its natural 
environment among competing uses. Environmental 
economics can serve the decision making process 
in the following ways: (1) in traditional cost/ 
benefit analysis; (2) as a preliminary planning 
tool for contemplated developments; (3) as a way 
of comparing alternative sites, project designs 
and modes of development; (4) in developing 
economic incentives or compensation schemes to 
control pollution and achieve some polic1 goal; 
and (5) setting environmental standards. 

Environmental economics, unlike the tradition
al study of economics, is an interdisciplinary 
science that often depends heavily for informa
tion or data on other disciplines (epidemiology, 
engineering, and biology, for example). In 
essence, because of the interdependencies between 
environmental economics and other disciplines, 
the state-of-the-art advance of environmental 
economics may be limited by the progress in 
other disciplines upon which it is dependent. 
This is particularly so in attempts to monetarily 
quanitify agricultural losses caused by air pollu
tion. The reason is the lack of physiological 
data ameniable to economic analysis. 

ECONOMIC QUANTIFICATION OF AIR POLLRTION INDUCED 
CROP DAMAGE: AN OVERVIEW 

Estimates of vegetation losses caused by air 
pollution damage are generally two types. The 
first is local, which involves estimates of dollar 



losses for individual crops, ornamental plantings 
or native vegetation stands surrounding a single, 
large, known stationary pollution source. Dollar 
estimates of damage associated with these losses 
would be used primarily to determine grower reim
bursement. The second type, area-wide, involves 
estimates developed within political or natural 
boundaries containing both stationary and mobile 
air pollution sources. 

Assessing economic damages requires that esti
mates of vegetation quality and/or yield losses 
be quantified in units, and that a dollar value 
be determined and assigned to each unit. Typical
ly, loss estimates have been made by (1) actually 
measuring the leaf area destroyed; (2) determining 
the loss in dry weight or yield through field 
studies or other ambient experiments; (3) using 
trained experts to evaluate the losses in the 
field; and (4) using models to estimate yield or 
value loss. 

Monetary losses attributab.Le to air pollution 
were generally determined by taking prevailing 
market price at the time of the loss times the 
yield reduction. Estimated dollar losses deter
mined in this manner are not generally valid. 
The procedure fails to address or account for 
possible price and market effects which can in
fluence the total value received for the damaged 
product. 

In order to assess air pollution effects on 
agricultural crops in any systematic procedure, 
it is generally preferable to construct a biolo

damage function. To construct such a model, 
it is preferable to use field data on air pollu
tion caused agricultural effects. It is also 
important that field assessment of air pollution 
damaged crops be capable of being expressed in 
statistically estimable functions. For field 
results to be readily converted to economic terms, 
they should (ideally) have the following charac
teriRtics. 

(1) Pollution-induced agricultural crop effects 
should be parametrically expressed to effectively 
reflect changes in crop yield or quality that 
affect the product's marketability. 

(2) Field assessment data should be collected 
in a form representative of air pollution-induced 
effects over a range of pollution values. Pre
ferably, the precision of the estimated damage 
functions would permit analyses and evaluations 
of several situations extrapolated from the 
measured range of pollution values. The extra
polations, ceteris paribus, would permit analyses 
and evaluations of alternative pollution levels 
and effects that may result from pollution build
up or reduction. 

(3) The field data should be as representative 
of actual cultural practices used on the farm. 

In addition to air pollution, other environmental 
and farm cultural factors may affect crop yield 
or quality. Synergistic or additive effects of 
other environmental factors and air pollution 
can (potentially) result in higher economic 
losses than either effect alone. One difficulty, 
of course, in using field data is effectively 
isolating from air-pollution-induced effects 
contributions of other confounding factors. 
However, it is apparent, if accurate measurements 
of air-pollution-induced damage to agricultural 
crops are to be determined, field data (represen
tative of ambient air pollution conditions and 
cultural practices) will be needed. S 

To economically quantify air pollution induced 
agricultural losses in a systematic procedure, 
it is necessary to construct mathematical models 
of the affected agricultural market. Economists 
prefer to use models in estimating yield or 
value loss resulting from air pollution. A model, 
properly constructed and used, can represent 
real-world phenomena. It gives the policy 
analyst a tool which may be used to succinctly 
and efficiently evaluate alternative policy op
tions. The evaluation can be done without 
repeatedly conducting costly experiments or 
collecting extensive data each time a decision 
needs to be evaluated and/or made. In essense, 
a model can improve the efficiency of the decision 
making process, which becomes particularly impor
tant When numerous alternatives for a particular 
policy option need to be evaluated. 

In approximately 1978 the U.S. Environmental 
Protection Agency (USEPA) funded a study.6 The 
purpose of the study is to construct a simple, 
yet theoretically correct, model which can be 
used to economically quantify air-pollution
induced agriculture damage. The sections which 
follow report on the models development. Some 
preliminary results from the model's initial 
application are also reported. 

THE EUREKA MODEL 

Overviews 

The main objectives of the Eureka study are 
to (1) evaluate economic and other methodologies 
used in analyzing air pollution and other environ
mental effects on agriculture; and (2) using the 
strengths of the different methodologies, develop 
a generalized economic model for quantifying air 
pollution-induced changes in yield or quality 
that affect farmers, related industries, and the 
consumer. 

There were several reasons for undertaking the 
Eureka study: 

(1) The Nation is in an energy crisis, which 
will increase the use of coal as an alternate 
energy source. Increased coal usage may mean 
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more sulfur oxide emissions and potential for 
acid rains, resulting in higher probabilities of 
agricultural and silvicultural damages. These 
probabilities make it necessary to examine and, 
if possible, develop better, more consistent pro
cedures for monetarily quantifying agricultural 
and silvicultural air-pollution-induced losses. 

(2) There is a need to correct for mistakes 
previous studies have made while attempting to 
monetarily quantify air-pollution-induced agricul
tural losses. In other words, market price times 
yield reduction (the procedures used in previous 
studies) may not be a sufficient measure of agri
cultural losses in all cases. The results obtain
ed may be wrong because they fail to account for 
losses in related industries and the consumer 
level. 

(3) There is a need for correct, but simple, 
economic models which can, and will, be used by 
policy analysts and decision makers in deter
mining policy options affected by energy and 
environmental considerations. 

(4) It is desirable to develop a model flexible 
enough, within the framework, to accommodate 
changing pollution levels, pollutants, effects, 
and plant cultivars. 

(5) It is necessary that the model be correctly 
specified to handle, in conjunction with air
pollution-induced agricultural crop damage data, 
other environmental and cultural factors affect
ing crop yields and quality. 

Figure 1. The Study Area 

The study is divided into two phases. Phase I 
reviewed applicable methodology, identified and 
evaluated data sources, studied the advantages 
and disadvantages of different modeling techni
ques, and demonstrated and evaluated a method of 
estimating damage functions. The second phase, 
now in progress, is using a biological damage 
function with applicable econometric techniques 
(examined in Phase I) to study selected crops in 
the South Coast Air Basin (SCAB) of California. 
Figure 1 delineates the study area. 

The methodology used to monetarily quantify 
the crop losses is composed of the following 
components: biological production (damage func
tion), economic impact on farmers, related indus
tries, and the consumer. 

Biological Damage Functions 

In order to delineate and assess the effect of 
air pollution on agricultural production, a biolo
gical or physical damage function7 needs to be 
formulated and estimated. The damage function 
should be specified to account for other factors, 
besides air pollution, which can affect crop 
yield: environmental factors (temperature, pre
cipitation, relative humidity) and production 
input factors (irrigation, fertilizer, cultural 
management practices). A damage function rela
tionship can be expressed by the functional 
form shown by Equation 1. 
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Qj=fj (Vj , Ej , Zj) (1) 

where Q.=agricultural output of crop j;
J 

V.=factor inputs used in producing j 
J (management practices, fertilizer, 

irrigation); 

E.=environmental factors affecting the 
J production of j (temperature, 

relative humidity); 

Z.=air pollution affecting the production 
J of j; 

One would expect the following relationship to 
exist: 

aQ. > 0_--1_____ 

3V. 


J 

dQ.
J 

JE. 
J 

The interpretation of the relationships is as 
follows: production factors have a positive 
contribution to crop yield whereas air pollution 
will have a negative effect; the contribution 
of environmental factors on crop j is indeter
minant before analysis and may be crop dependent. 

Economic Impact Assessment: Farmers 

Air pollution damages affecting individual 
farmers can manifest themselves as a decline in 
yield for affected crops (thereby potentially 
affecting total revenues), an increase in pro
duction costs as factor inputs are increased to 
offset pollution reduced yields, or both. Fac
tor inputs of production usually represent a cost 
in producing Q.. The cost function for producing 
Q is expressed by Equation 2.

j 

C = C. (Q., W) (2)
j 	 J J 

where C = cost of producing output Q.;
j 	 J 

W = 	price of production factors 
(W=W l' W2' •••••••••••• Wn) • 

For 	 Equation 2' the following relation
ships hola: 

JC. >0 
J 

DC. > 0 __.J______ 
dW 

Environmental factors and air pollution are 
indirectly related to the cost function via the 
biological damage function (or production func
tion) in the following manner by the extent to 
which the amount, timing, or rate of use for 
factor inputs are affected, and the effect this, 
in turn, will have on costs of production. The 
objective for the farmer, of course, is to mini
mize costs while maximizing revenue. However, 
to adequately reflect economic losses caused by 
air pollution, the analyst must account for 
price elasticities of demand and supply. For 
example, if there is a large surplus of Q. which 
is depressing the market and, therefore, the 
price of Q., then it is quite possible that air 
pollution impacts on Q. could remove the surplus, 
cause market prices toJrise, and make all farmers 
better off as a whole. One assumes, of course, 
that air pollution damages are proportional for 
all farmers, and no one farmer's output of Q. is 
completely destroyed. Alternatively, if airl 
pollution induced damage does not cause too much 
of a change in supply and hence, the price Q., 
then economic damages to the individual farmJr 
would be expressed as follows. 

(3) 

where Q. agricultural output of crop j at 
Jz air pollution level z 1;1 

Q. 	 agricultural output of crop j at 
Jz air pollution level z

0'0 

b Q change in the supply output for
j crop 	j; 

and 	z l <C zo' 

Therefore TD. = p.G Q. (4)
J 	 J J 

where TD.=air pollution induced economic 
J damages to crop j; 

P. 	=market price for crop j.
J 

Examples of the kind of data which could be 
used in the above functions are as follows: 

(1) 	 Crop production data such as yield per 
acre; 

(2) 	 Environmental data such as air pollution, 
precipitation, temperature and relative 
humidity; 
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(3) 	 Factor input data such as amounts of 
fertilizer, insect control, irrigation, 
and disease control; 

(4) 	 Price and cost data for products produced 
and factor inputs used, respectively. 

One empirical methodology that can resolve 
the resulting price, yield, and cost changes is 
quadratic programming. The quadratic program 
assumes farmers are profit maximizers and subject 
to certain risk constraints. Given changes in 
these risks, it is assumed that, over time, the 
farmer will change his existing, optimum crop
ping patterns. The net effect of pollution on 
the aggregate farm profit margin, and on the 
eventual consumer of the product, can then be 
measured with quadratic programming. Changes in 
output from the farm sector, after air-pollution
induced rotational adjustments of cropping 
patterns have been made, are obtained from a 
regional quadratic program. The estimates are 
used to quantify the impact of air pollution on 
the agribusiness sector. 

~~~~ Impact Assessment: Agribusiness 

Agribusiness and other related industries in 
the polluted region can be affected by air 
pollution-induced agricultural losses. For 
example, food processing industries receive their 
inputs from the agricultural sector. Any effect 
on farm output can impact the inputs received by 
the food processing industry, which can affect 
that industry's output and resultant income. 

The preferred approach to calculating the 
effect of air pollution on agribusiness is to 
construct a general equilibrium model framework 
reflecting all changes attributable to air 
pollution-induced damage on crop yield. However, 
the data requirements to estimate demand-supply 
functions for the interrelated sectors is too 
expensive. Hence, the approach is not feasible 
for the development of a generalized model. 

An alternative, albeit inferior, approach is 
to use input-output (I/O) modeling. I/O is a 
static modeling procedure showing existing 
relationship between the economic sectors of a 
specific region. In essence, I/O shows the 
existing technical relationships between economic 
sectors in a region. The relationships exist 
such that outputs of one sector can be inputs 
into another until a final product is produced. 
The final product is either consumed or exported 
from the region. While not the first choice for 
measuring damage to agribusiness. I/O modeling 
can still give an idea on the amount of air 
pollution damage at the regional level. Measur
ing air pollution damage to the agribUSiness 
sector using I/O can be illustrated as follows. 

Matrix Z (Equation 5) represents the technical 

coefficients of a specific impacted region. 

(5 ) 

A= 

(NXN) 

where a. =technical coefficients between 
1 
~ sectors i and k; 

and 

An a' in matrix A means that sector k needs 
a' k unitsk of input from sector i to produce one 
u5It of output. Each entry in matrix A repre
sents the technical relationship between the two 
sectors in the corresponding row and column. 

The inputs needed to produce Q
j 

units of output 
in sector k can be determined By Equation 6. 

(6) 

where ~ represents column k of matrix A. 

The economic loss to agribusiness from air 
pollution-induced agricultural losses can be 
measured in the following manner. Assume air 
pollution increa~fis (Z)r ZI)' then the output 
decline of the j cro~ is ~Qj = Q. -Q. 

Jz Jz 
1 0 

According to Equation 4 when output j declines 



by 6Q., then (6. Q.AK) fewer inputs are required. 
This implies thatJsuppliers of inputs to sector 
k must also decrease their level of production by 
(LlQ.~). In essence, when production is cut 
backJ(outputs) , demand for supplies (input) also 
drops. There is a chain process of decreasing 
outputs and inputs throughout the region. 

The summation of the direct and indirect 
changes in sales of outputs and inputs is reflect
ed by a sector multiplier~. The value of the 
multiplier r1 for a region is defined by Equation 
7. 

(7) 

M 

where Mk represents the value of the mUltiplier 
in sector k. 

Each sector multiplier represents the total 
effect of one unit of change on the value of 
sector k on the whole region. If air pollution 
causes a decrease in the output of Q byA Q., the 
resultant economic damage to the agrlbusine~s 
sector would be described by Equation 8. 

(8)TD*. 
Jwhere 

TD* total economic damage to agri 
j business in sector j. 

~~~~ Impact Assessment: Consumers 

In addition to the farmer and agribusiness 
sector, the consumer can also suffer from air 
pollution-induced vegetation losses. The losses 
can be both a qualitative (poorer products pro
duced and consumed) or quantitative (higher 
prices paid for products), or a combination of 
both. Qualitative effects usually manifest 
themselves in reduced satisfaction and are, 
therefore, usually not measurable. However, 
quantitative effects via higher prices can be 
measured by using a concept called consumer 

surplus. 8 

A 

/ 

/ 
qj 

2. Illustration of consumer surplus.
---:::..-- 

The concept of consumer surplus can be 
illustrated by Figure 2. The price for commodity 
j is on the vertical axis; the quantity of j is 
shown on the horizontal axis. The initial 
supply and demand curves are indicated by S. and 
AD., respectively. The equilibrium price arld 
quantity are P. and q., respectively. In the 
aggregate, con~umers are paying a total of 
(P.q.) for the q. units of crop j. The downward 
s16ping demand cdrve (AD.) indicates that some 
c'onsumers would be willittg to pay a higher price 
for j. Eince they currently pay only P., they 
are gaining a surplus equal to the areaJAP.E. 
This area is the consumer surplus. J 

Assume that air pollution increases from 
to 2 (2 )-2). Supply (given the condition1 1representedOby Figure 2) shifts from S. to S( 
as air-pollution-induced crop damage causes a 
decrease in supply. The new equilibrium price 
and quantity are P~ and q(, respectively. 
Con~umer surplus i~ now rJpresented by the area
/E'A / I,or a welfare loss to society of PjPjEE.Pj 

To compute consumer damages, assume the demand 
fun~tionf~r crop j is represented by Equation 9. 

D=Dj(P } (9)
j 

Then, referencing Figure 2, 
q. 


AP.E=f JD.(P.) dq-PJ.qJ' (10) 

J 0 J J 
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(11 ) 

/ q. 
and CS=APjE - AP/jE = -( J D/ Pj ) dq 

qjD. (P ) dq P q + p/ q/. (12){'0 J j - jj j J 

where CS=consumer surplus. 

The effect of air pollution on consumer 
surplus is highly dependent on the percentage of 
total crop supply produced by the affected far
mers. If the region impacted by air pollution 
produces a very high percentage of the total 
market supply of crops j (a situation very charac
teristic of certain crops in California), then 
the economic damages incurred by the farmers will 
be transferred to consumers more easily via higher 
prices. Alternatively, if the impacted region is 
producing a small percentage of the total market 
supply, the supply curve may not shift, and the 
consumers will not suffer as much loss from the 
effects of air pollution. It should also be 
mentioned that the slope of the demand curve 
(or elasticity of demand9) will also impact 
air pollution induced losses in consumer surplus. 

A theoretical framework has been developed 

and presented which calculates air-pollution

induced agricultural damage for the three 

components of the agricultural industry; farmers, 

agribusiness, and consumers. Total damages 

attributable to air pollution are the summation 

of the losses to each component: 


TD 

(13) 

where TD=total air pollution damage induced to 

consumers, agribusiness and farmers. 


. . 10 
Prel~m~nary Results 

Attention is now turned to presenting some 
very preliminary results from the study. Eureka 
collected data for nine crops. The crops were 
among the top eleven in cash value for the SCAB 
during 1973-1977. The crops selected were lemons, 
strawberry, tomato, valencia orange, Yfval orange, 
celery, lettuce, avacado and alfalfa. The 
first five crops and the air pollutant ozone 
were selected for analysis. 

In Phase I of the study, ozone crop yield 
damage functions were estimated using a combina
tion of Principle Component Analysis (PCA) and 

multiple regression. Data on the five crops 
were collected from the California County 
Agricultural Commissions for the period 1964
1975. The data were reported as yield in tons 
per acre. If a crop was not grown in a particu
lar county in a given year, or if yield data 
were severly depressed within a particular year, 
then the data were not included in the analysis. 

Crop locations were pinpointed by farm advisors 
familiar with each county. ,.[hen the advisors 
indicated a given crop was usually planted or 
growing in an area year after year, the location 
of the crop was considered invariant for the 
study period. It is recognized, to the extent 
crop locations may change, that there will be a 
loss of precision in the results. 

Other environmental data which could affect 
crop yields (temperature, precipitation) were 
obtained at locations as close as possible to 
crop location. Meteorological data were obtained 
from the closest weather station. Ozone data 
were not usually available where the crops were 
grown. Ozone concentrations were interpreted to 
field locations by use of a continuous, ozone 
grid concentration field. 12 

The crop growing season was assumed to be 12 
months, from July 1 to June 30 for all crops, 
except tomatoes and valencia oranges. For these 
crops, the calendar year in which the yield was 
reported was used. 

PCA was used because of two problems associated 
with the original data: (1) An analysis of the 
association between environmental factors and 
crop yield effects is complicated by multicoline
arity problems among the environmental variables. 
and (2) when a series of data points are express
ed as monthly values, as many of the data used 
in the study were, the variables cannot be repre
sented by sum or mean values. Also, it is 
frequently not possible to use all the data points 
as variables in the analysis. PCA can, to some 
degree, mitigate these problems. 

In essence then, PCA is a statistical techni
que which can transform a set of correlated 
variables into a second set of independent vari 
ables that are linear combinations of the 
original set. The first principal component (PC) 
is the linear combination of variables explaining 
the maximum variation of the original set of 
variables. The second PC is the linear combina
tion, uncorrelated with the first PC, which 
explains the maximum total variation unaccounted 
for by the first component, and so on. 

Environmental indices derived by the PCA 
analysis were used as independent variables in a 
multiple regression format. Multiple regression 
was used to construct biological damage functions 
for each crop. The appropriateness and adequacy 



of the damaged functions were evaluated both 
statistically and economically. Figure 3 shows 
the steps undertaken to construct the damage 
function, the concept of which can be illustrated 
as follows: 

(14) 

where First PC of ozone 

B = Vector coefficient 
i 

OZ =standardized value representing the 
i ith monthly mean of daytime hourly 

ozone concentrations; 

and i=l, ••...... , 12. 

Values of Z. are referred to as factor scores 
and are consid€red an index value of the original 
variables in the damage function's computation. 
A second PC, Z , independent of Zl' was construct
ed for tempera€ure and precipitat10n. However, 
only the first PCs for temperature and humidity 
were used in the damage function, which is 
expressed functionally by Equation 15. 

Y f (Zl' Z2' T, p) 

where Y crop yield expressed in tons per acre: 

Zl = ozone index (first PC); 

Z2 =ozone index (second PC); 

T temperature index (first PC); 

P precipitation index (first PC). 

The damage functions were constructed by 
fitting the data, using multiple regression, to 
several functional forms; linear, logarithimic, 
quadratic, and quadratic-logarithimic. Each 
form was tested with and without a dummy 
variable designating crop locations. 

The appropriateness of each functional form 
was evaluated for both statistical and economic 
criteria which are summarized by Figure 3. 
The statistical criteria include the coefficient 
of multiple determination (R2), the Durbin-Watson 
tests for autocorrelation, and the statistical 
significances and signs of independent coeffi
cients. 

Initially it was proposed that three criteria 
be used to evaluate the sensitivity and appro
priateness of the damage or production funcJ~ons. 
The criteria were the marginal productivity 
of factor inputs, returns to scale14 , and elas
ticity of substitution. 15 The last two criteria 
were not used. -Returns to scale could not be 
calculated from the data set because of aggregate 
farm size. Elasticity of substitition was not 

calculated because of lack of data on other 
factor inputs (irrigation and fertilizer, for 
example. Hopefully, this will be remedied in 
the study's Phase II. To the extent it is not, 
then any findings reported on in Phase I of the 
study are questionable. 

The preliminary results of the PCA are as 
follows. Z accounted for 35 to 48 percent of 
the data va~iation for Valencia oranges and 
tomatoes, respectively. An additional 18 to 29 
percent of the data variation was explained by 
the addition of z,. The combined variation 
explained Zl and Z2 together ranged from 59 
to 71 percent for naval oranges and tomatoes, 
respectively. The first PCs of temperature and 
precipitation were meaningful indices of the 
other environmental variables. 

A brief digression is warranted to explain 
the difference and significance of Zl and Z2' 
They describe two different characteristics of 
monthly ozone concentration patterns. Zl is an 
annual weighted average of mean hourly ozone 
concentration. Z2 is a measure of seasonal 
variability of ozone levels from the low levels 
to the winter season to the high levels of summer. 
Hence, when there is a negative Zl impact on 
crop yield, it means that when the yearly average 
of ozone concentration increases, crop yield will 
decrease. Alternatively, when there is a nega
tive Z impact on crop yield, there is the 
implic~tion that the greater the changes in ozone 
concentratin between the winter and summer seasons, 
the more crop damage will result. Thus, Zl and 
Z2 can jOintly affect crop yields through entire
ly different mechanisms. 

Estimates of marginal productivities, derived 
from the quadratic production functions for the 
five perennial crops (see Tables 1 and 2) indicate 
that both Zl and Z2 have significant, negative 
impacts on crop yields. The negative impact of 
the Z coefficient is not surprising: Zl measures 
the a~nual hourly concentration of ozone and it 
is well established, from both laboratory and 
field studies, that high ozone levels cause yield 
reduction. However, the negative impact of Z2 
(seasonal variations in ozone levels from low to 
high) may be unexpected finding not previously 
reported in the literature. These recent results 
present a gew direction for ozone-crop damage 
research. 1 

For the preliminary results, the quadratic 
damage function proved to be the most satisfactory 
form of the several functional forms tested. The 
estimated quadratic functions for the five crops 
studied are shown in Table 1. The quadratic 
form is selected over the other forms for the 
following reasons: 17 

(a) The quadratic and quadratic-logarithimic 
functions have fewer significant coefficients 
than the 'linear or log functions (only 5 of 10 
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TABLE 1 

QUADRATIC PRODUCTION FUNCTION COEFFICIENTS AND STATISTICS 


Terms Crops
and 
Notation Orange 

22.2031 19.4754 9.0734 8.6762 9.3040 

-1.6419 * -3.0723 * 2.4011 -0.1267 0.4478 
(-1.7683)* (-3.1294)~ (1.2825) (-0.2089) (0.8153) 

(B2) -2.0859* -2.0459 -0.2217 2.0117 * -2.1898 ~ 
(-1.4659) (-1. 3079) (-0.1474) (1.9393)* (-2.2847) ;.; 

T(B3) 1. 6128 2.4382 -1.1339 -0.5889 0.2973 

P(B4) 0.4390 0.7812 0.6554 -0.4388 0.9554 

21 2(B11) 0.8396 -0.0193 2.1289 * -0.5537 0.3486 
(1.1142) (-0.3276) (1.9190)* (-1.0772) (0.7797) 

22 2(B22) -0.2032 -1.9699* 8.6419 -0.5914 0.7541 
(-0.1983) (-1.6853) (0.4174) (-0.4692) (0.8269) 

T2 (B33) -1.1104 2.2630 0.6060 01.1631 0.4289 

p2(B44) -1. 2545 0.1415 0.6306 -0.5985 -0.9446 

21Z2(B12) 0.6725 -1.1958 0.840') 2.0666 ~ -2.8852 * 
(0.6494) (-0.8908) (0.3595) (1. 7450) (-2.4510); 

-0.4713 -0.6228 2.6984* 2.0557* 2.3228 '* 

(-0.4080) (-0.4874) (1. 8561)* (1.3879) (1.9532)* 


0.3677 0.7167 -0.0848 -0.3479 -0.3653 

(0.3538) (0.7966) (-0.0949) (-0.7653) (-0.5844) 


-0.2762 0.7978 0.1693 -2.1422 -1.1421 

(-0.1688) (0.3916) (0.0728) (-0.9865) (-0.7468) 


0.0019 -0.4431 -1. 7117* 0.1743 -0.3081 

(0.0061) (-0.2066) (-1.3577) (0.1987) (-0.4246) 


R2 0.5093 0.8139 0.7835 0.9124 0.6318 

D-W 1.3765 1. 8413 2.4541 1.9264 2.2633 
Statistics 

- Denotes significance at the 1% level. 

t - DenQ,tes significance at the 5% level. 

* - Denotes significance at the 10% level. 

Source: Reference (5) 
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TABLE 2 

MEAN MARGINAL PRODUCTIVITY OF OZONE INDICES 


(Zl and Z2) FOR QUADRATIC FUNCTION 


Strawberry -1.6419 -2.0859 

Tomato -3.0692 -1.8157 

Lemon -0.0658 -0.1420 

Navel 1.6995 -0.3322 

Valencia 0.2708 -2.3702 

Source: Reference (5) 


TABLE 3 

CROP YIELD ESTIMATED BY QUADRATIC FUNCTIONS AT A SITE WITH HIGH 


OZONE CONCENTRATIONS (COMBINED EFFECT OF Zl AND Z2) 


Annual Hourly 
Mean Ozone 

Cone. (pphm) 

Recorded 
Yield 

(tons/acre) 
(tons/acre) 

Quadratic 

due to 03 

Strawberry 4.91 16.2 17.1 42 

Tomato 5.25 11. 7 18.5 59 

Lemon 5.15 9.42 6.6 82 

Navel 
Orange 

Valencia 
Orange 

5.04 

5.13 

6.43 

6.49 

5.7 

8.3 

44 

41 

aThe estimates of yield are calculated from ozone and other environmental data for 1970 in San 
Bernardino County for strawberry and for 1970 in Riverside County for the other four crops. An 
input of zero ozone concentration was used to obtain the standard to estimate the yield reduction. 

Source: Reference (5) 



ozone coefficients were significant at 10 percent 
or better). However, there are significant 
coefficients for 2 and for some interaction terms 
containing 2 and !2. 18 The inclusion of the 
location dum!y variable did not materially im
prove the significance of the coefficients except 
in the linear damage function for lemon. 

(b) The average of the R2s were 0.4482, 
0.5302, 0.7302, and 0.7264 for the linear, log
arithmic quadratic, and quadratic-Iogarithimic 
damage functions, respectively. The R2s indicate 
a considerably better fit of the data (overall~ 
using the quadratic model. The variation in R s 
within the group of quadratic functions ranges 
between 0.5093 and 0.9124 (strawberries and naval 
oranges, respectively). 

(c) The Durbin-Watson statistical test for 
autocorrelation is somewhat better for the 
quadratic than linear or logarithmic functions. 
Four of the five quadratic functions show no 
autocorrelation problems. This contrasts to 
three of the linear and log forms containing 21 
and 22 showing no autocorrelation and only two 
when Ehe 21 variables is included. 

Negative marginal products for the 2 and 2 
coefficients in the derived damage function inai
cate the magnitude of the ozone affect on crop 
production. The mean marginal productivityl9 of 
ozone indices (2 and 2 ) for the quadratic

1 2function are shown in Table 2. The marginal 
productivities of both 21 and 22 are negative in 
the majority of cases. However, there are some 
positives in the case of 21 for Valencia and 
naval oranges. When either 21 and 22 is negative, 
the over-all effect on yield may be positive or 
negative depending on the sign and magnitude of 
the 21 and 22 values for individual crops. 

The yield reduction responses to high ozone 
concentration predicted by the quadratic function 
are shown in Table 3. The reductions range from 
41 percent to 82 percent. OZone yield responses 
have been studied for a few crops under field 
conditions (in outdoor chambers, see references 
6 and 7), or in containers placed at sites with 
different ambient ozone levels (see references 
8 and 9). The studies indicate that yield losses 
up to 50 percent or more can occur for citrus 
crops (reference 6) tomatoes (reference 8) and 
grapes (reference 7) for ozone concentrations 
found in the South Coast Basin. The percentage 
crop yield reductions shown in Table 3 are in 
close conformity with experimental results. 

The preliminary results are quite encouraging. 
If ozone has no impact on crop yield one would 
expect random fluctuations (positive and negative) 
to be exhibited in the biological damage functions. 
However, the probability that random fluctuations 
produce all the negative effects exhibited in 
the study to date is highly unlikely. More 
specifically, a 50 percent chance exists for a 
given crop to exhibit negative impact due to 

ozone by random occurance. The probability of 
this being repeateg for all five crops is ex
tremely small (0.5 0.03). 

CONCLUSION 

This paper has presented a rationale and 
process for economically quantifying air-pollu
tion-induced agricultural losses at the farm, 
agribusiness, and consumer levels. Arguments 
have been presented on the importance of such 
an undertaking. The conclusions that can be 
reached are as follows: 

(1) Preliminary evidence tends to strongly 
support the hypothesis that ozone has a quanti
fiable impact on the five crops grown and 
selected for analysis. 

(2) As a result of the preliminary findings, 
it appears a more in depth case study, using the 
economic methodology described in the previous 
sections, is warranted. 

(3) For applied environmental policy analysis 
and decision making, the effects of air pollution 
on agricultural production should be estimated 
from field data wherever possible or feasible. 
The results of the field data should be confirmed 
by experimental data. In short, the policy 
analyst should not rely exclusively on one data 
source. 

(4) The damage functions used to estimate 
air pollution effects should be specified in a 
manner facilitating the incorporation of other 
factors which singly, or in combination, can 
impact crop yield. 

(5) Models specified for economically 
quantifying air pollution induced agricultural 
losses should be capable of measuring the damages 
at the farm, agribusiness and consumer levels. 
Whether the expected losses are material or not 
at each level will depend on market conditions 
as well as air pollution affects. 
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12. See reference (5) for a more detailed dis
cussion of the grid. 

13. Marginal productivity is change in product 
output resulting from a small change in factorFOOTNOTES 
input, including air pollution. 

1. For example, (1) new technologies produce 
different pollutants at a rate faster than 
regulatory agencies can evaluate the potential 
biological, ecological and health effects, (2) 
new pollutants are developed faster than the 
technological means to control them; and (3) 
regulatory agencies lag behind in developing and 
implementing standards to control the new pollu
tants. 

2. For a more detailed discussion of the limits 
the reader is referred to reference 1. 

3. See Reference (1) for a more detailed 
discussion. 

4. See Reference (3 and 2) for a more detailed 
discussion. 

5. See, for example, reference (4) in the 
attached bibliography. 

6. The study is being conducted by Eureka 
Laboratories in Sacramento, California. The 
author was project monitor on the contract. 
The study is still in progress and will not be 
completed until January 1981. The results 
reported in this paper are through November, 
1979. The results are reported in reference (5). 
The model developed by Eureka is commonly 
referred to as the "Eureka Model." 

7. Economist sometimes refer to it as a produc

tion function. 


8. When a consumer is able to buy a large 
number and variety of products, he may be willing 
to pay much more for the commodity than he 
actually does pay. The difference between what 
the consumer does pay and what he would be willing 
to pay is called consumer surplus. 

~. Economists define elasticity of demand as the 
relative responsiveness of quantity of a good 
demanded with respect to changes in the market 
price of the good. 

10. The remainder of the paper relies heavily 

on reference (5). 


11. The crops were chosen because of data 
availability and the importance of cash value. 
The total cash value of the 31 top crops in the 
SCAB was $800 million in 1977. The nine selected 
crops were valued at $260 million, or 26% of the 
$800 million. 

14. Returns to scale is defined as the relative 
percentage change in output produced as factor 
inputs are each increased by the same amount per 
unit time. For example, if the amount of each 
factor used is doubled and the output produced 
also doubles, then economists say there is con
stant returns to scale. Constant returns LO 

scale are contrasted with increasing and decreas
ing returns to scale. 

15. Elasticity of substitution measures the' rate 
of change between use of factor inputs to produce 
a given, fixed level of output. 

16. See reference (5) for a more detailed elabora
tion. 

17. The remaining tables, for the other function
al forms and from which some of the statements 
below are based, appear in the Appendix. 

18. A one-tailed test was used to test for sig
nificance levels. The reason for using the one
tailed test is the negative impact of ozone on 
crop yield as determined by prior experimental 
data. Random fluctuations on either side of 
zero were felt unlikely. Therefore, the positive 
effect of ozone can be ignored and a one-tailed 
test used, thereby increasing the power of de
tecting small differences in ozone effects. 

19. Mean marginal productivity is defined as the 
change in the dependent variable per unit change 
in the specified variable (Z or Z ) averaged 
for the data points used in !uncti5n's derivation. 
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0\ TABLE A-I. PRODUCTION FUNCTION COEFFICIENTS AND STATISTICS FOR STRAWBERRY 

(t - statistics are in parenthesis) 

Terms Linear Function I Log Function Linear Function I Log Function Linear Function I Log Function 
& 
Notation 

All Variables in Regression 
Da 1 D, 

Regression Minus Z2 
D I D 

R~greSSionTIll!nus Z1 
D 

C(BO) 20.4773 13.8059 2.9945 2.6731 20.4773 13.3004 2.995 2.6456 20.4773 12.9292 2.995 2.6320 

(B1) -2.1732 * -1.1829 * -0.1031 * -0.0553 * -1.9354 * -1.0373 -0.0911 * -0.0474* 
(-3.6212)~(-2.6312)~(-3.5528)~(-2.5385):(-3.0053)~(-2.3579)~(~.9058):(-2.211)* 

Z2(B2) -2.2643 * -0.7839 -0.1140 * -0.0426 -1.8867 *-0.4064 -0.0961 * -0.0250 
(-2.9335)~(-1.3304) (-3.0551)~(-1.4926)* (-2.1845)*(~.6667) (-2.3115)*(-0.8495) 

T(B3) 0.8853 -0.2986 0.0392 -0.0179 -0.6923 -0.8563 -0.0403 -0.0483 0.3134 -0.7312 0.0120 -0.0381 

P(B4) -0.5086 0.2282 -0.0182 0.0172 -0.0662 0.4153 0.0040 0.0274 0.1393 0.6389 0.0125 0.0365 

Zl2(Bll) 

Z/(B22) 

T2(B33) 

p2(B44) t; 
'"d 

(B12 ) trJ z 
t;j 
H 
::<ZlT(B13) 


ZlP(B14) 


Z2T(B23) 


Z2P(B24) 

R2 0.3397 0.6779 0.3513 0.6815 0.2075 0.6643 0.2105 0.6646 0.1383 0.6248 0.1609 0.6327 


D-W 1.0080 1.4534 1.0045 1.4122 0.8508 1.4582 0.8275 1.4029 0.8235 1. 3586 0.8165 1.3166 

Statistics 


a - D denotes inclusion of dummy varibale for location. 
* 
~ - Denotes significance at the 1% level. 

t - Denotes significance at the 5% level. 

* - Denotes significance at the ]0% level. 



Table A-I. Continued 

Terms Quadratic I Quadratic-Log Quadratic I Quadratic-Log Quadratic I Quadratic-Log 
and Function Function Function Function Function Function 
Notation All Variables in Regression 

------
Regression minus Z2 Regression minus Z] 

Da I D D I D D I D 

C(BO) 22.2031 11.9460 3.0804 2.5835 22.0185 10.8795 3.0751 2.5297 24.3845 12.0177 3.1808 2.5783 

Zl(B1) -1.6419 * -2.0118 -0.0779 * -0.1143 -1.4451 * -1.2991 -0.0665 * -0.0741 
(-1.7683)*(-1.0004) (1.7372)*(-1.1932) (-2.3107)*(-0.7237) (-2.1891)*(-0.8488) 

(B2) -2.0859 -1.4604 -0.1008 -0.0777 -1.2417 0.4401 -0.0625 0.0283 
(-1. 4659) *( -0.3910) (-1. 4660) (-0.4369) (-1.3179)* (0.1537)*(-1.3799)*(0.2057) 

I(B3) 1.6138 -0.4929 0.0748 -0.0181 0.2744 -2.6972 0.0093 -0.1304 2.0927 -1.5258 0.0964 -0.0727 

P(B4) 0.4390 2.4549 0.0264 0.1232 0.3429 2.1641 0.0239 0.1104 0.7911 2.5169 0.0441 0.1249 

Z12 (Bn ) 0.8396 
(1.1142) 

0.1557 
(0.2407) 

0.0368 
(1.0118) 

0.0059 
(0.1927) 

1.0828 0.0049 
(1.5423)* (0.0086) 

0.0493 -0.0011 
(1.4444)*(-0.0400) 

(B22) -0.2032 -0.3636 -0.0035 -0.0112 -1.1338 -0.5937 -0.0483 -0.0243 
(-0.1983) (-0.4782)(-0.0711) (-0.3095) (-1.3369)*(-0.9525) (-1.0839)(-0.8120) 

T2 (B33) -1.1104 0.1567 -0.0526 0.0111 -2.0216 -0.6894 -0.1005 -0.0356 -1. 7545 -0.1787 -0.0827 -0.0070 

p2(B44) -1.2545 -1. 2939 -0.0613 -0.0647 1.1957 -0.7509 -0.0335 -0.0382 1.4011 -1.0983 -0.0752 -0.0526 

ZlZ2(B12) 0.6725 0.8421 0.0296 -0.0112 
(0.6484) (0.9293) (0.9293) (-0.3095) 

ZlT(B13) -0.4713 
(-0.4080) 

-0.7047 -0.0231 
(-0.6508) (-0.4138) 

-0.0402 
(-0.7758) 

-0.6117 
(-0.9031) 

0.3701 
(0.5893) 

-0.0311 
(-0.9464) 

0.0169 
(0.5532) 

ZlP (B14) 0.3677 
(0.3538) 

-0.1259 
(-0.1367) 

0.0117 
(0.2338) 

-0.0113 
(-0.2584) 

0.8116 
(0.9064) 

0.1310 
(0.1903) 

0.0352 
(0.8084) 

0.0032 
(0.0944) 

Z2T(B23) -0.2762 
(-0.1688) 

-1. 3717 -0.0241 
(-1. 0643)(-0.3049) 

-0.0817 
(-0.3314) * 

0.2476 
(0.1775) 

-0.9369 
(-0.9245) 

0.0020 -0.0562 
(0.0302)(-1.1525) 

(B 24 ) 0.0019 
(0.0061) 

0.0453 
(0.0236) 

0.0014 
(0.0236) 

0.0034 
(0.0607) 

-0.0251 
(-0.0237) 

0.0983 
(0.1088) 

0.0032 
(0.0627) 

0.0089 
(0.2266) 

R2 0.5093 0.7964 0.5183 0.8058 0.4540 0.7491 0.4581 0.7508 0.4208 0.7828 0.4371 0.7889 

~t~tistics 1. 3765 2.1107 1. 3609 2.1277 1.3385 1.8306 1. 3269 1.8028 1. 3488 2.1216 1.3443 2.1059 

a - D denotes inclusion of dummy variable for location. 
*t - Denotes significance at the 1% level. 

~ - Denotes significance at the 5% level. 

* - Denotes significance at the 10% level • 
..... 
V1 

Source: Reference (5) 
...., 
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U1 TABLE A-2. PRODUCTION FUNCTION COEFFICIENTS AND STATISTICS FOR TOMATO co 

(t-statistics are in parentheses) 

Terms Linear Function I Log Function Linear Function I Log Function 
& All Variables in Regression RegressDion min~___ 
Notation IDa D D 

Linear Function I Log Function 
Regression minus 2, 

D I D 
• 

20.1547 26.9683 2.9729 3.3433 20.4160 32.0942 2.9873 3.6259 19.8731 28.4581 2.9581 3.4214 

(B1 ) -2.3075* -2.2288 *-0.1211 -0.1168 -2.5416 * -2.3624 * -0.1340 *-0.1242 
(-3. 5 72)~ (-3.4 792) ~(-3. 6118) .5252) . 2608) ~(-3 .1759)t(-3. 2425) ~-3 .1653) 

Z2(B2) -3.5343 * -3.1528 * -0.1946 * -0.1738 * -3.8799 -3.3851. -0.2127 .-0.1860 * 
(-3.6377)~(-3.140@~-3.8584)~(-3.3474)~ (-3.3303) .8122)~(-3.5045)~-2.9740)~ 

T(B 3) 2.02626 4.4003 0.0884 0.2174 -0.4508 4.0952 -0.0480 0.2006 2.3901 5.3617 0.1074 0.2678 

P(B4) -0.0056 -0.04674 0.0021 -0.0121 -0.5618 -0.5293 -0.0285 -0.0267 -0.4802 -0.5116 -0.0228 -0.0245 

Z1 2 (B11) 
2

Z2 (B22) 

T2(B33) 
2P (B44) 

ZlZ2(B12) 

ZlT(B13) 

ZIP 

Z2T (B23) 

Z2P 

R2 0.5556 0.5842 0.5803 0.6100 0.3203 0.4134 0.3612 0.4279 0.3287 0.3745 0.3303 0.4080 

D-W. .
Statlstlcs 

1. 9070 1.9508 2.1816 2.2016 1.2328 1. 3442 2.0766 1.6096 1. 9305 1. 9862 1.5352 2.1088 

a - D denotes inclusion of dummy variable for location 

* ** - Denotes significance at the 1% level. 

** - Denotes significance at the 5% level. 

* - Denotes significance at the 10% level. 



------

TABLE 2-A. CONTINUED 

Quadratic-log 
and 
Terms Quadratic Quadratic-Log Quadratic Quadratic-Log 

Function Function Function Function 
Notation All Variables in Regression Regression minus Z7 

1 D D I D 

Quadratic 
Function 

Regression minus Z, 
Function 

D D1____ 
C(BO) 19.4754 17.4602 2.95260 2.6549 17.8806 85.0279 2.8685 5.6167 21.0540 2.8981 3.0305 2.3102 

Zl(B1) -3.0723 * 1.1349 * -0.1657 * 0.0846 -4.3251 * -0.0309 -0.2229 * 0.0077 
(-3.1294)! (0.1904)*(-3.3237)! (0.3030) (-5.0956)~(-0.0055) (-4.7505)~ (0.0247) 

Z2(B2) -2.0459 -22.6165 -0.1409 * -0.8214 -3.1489 *-24.3679 -0.1956 * -0.9513 
(-1.3079) (-0.5997) (-1.7734)*(-0.4649) (-2.1777)*(-1.5439~ (-2.6481)!(-1.2578) 

T(B3) 2.4382 25.1500 0.1344 0.8958 0.3457 64.2197 -0.0139 2.8122 2.0366 20.4707 0.1160 1.0524 

P(B4) 0.7812 14.7820 0.0525 0.5094 0.6874 11.8004 0.0355 0.4859 -0.9948 2.7549 -0.0508 0.0625 

Z12 (B11 ) -0.0193 ~0.6762 -0.9670 -0.0266 -0.1637 -0.6695 -0.0107 -0.0285 
(-0.3276) (-0.7086) (-0.3226) (-0.5962) (0.2428) (-0.9161) (-0.2C84) (-0.7031) 


2

Z2 (B2 2) -1.9699 -3.0907 -0.1509 * -0.1918 * -1.2968 -3.0002 * -0.1126 * -0.1866 * 

(-1.6853)*(-1.4657)*(-2.5429)~(-1.9407)* (-1.0054) (-2.1594)*(-1.7078)*(-2.8032)~ 

T2(B33) 2.2630 8.3449 0.0991 0.3164 2.3296 14.7688 0.1176 0.6776 1.8579 8.9169 0.0765 0.4208 

p2(B44 ) 0.1415 6.8291 0.0879 0.0567 0.6520 1.3226 0.0324 0.0646 -0.6601 0.3222 -0.0396 0.0074 

(B12)-1.1958 -1.3506 -0.0683 -0.0724 
(-0.8908) (-0.7959) (-1.0017) (-0.9112) 

ZlT(B13) -0.6228 1.3661 -0.0207 0.0963 -2.2987 * -1.5343 -0.1127 * -0.0524 
(-0.4874) (0.4817) (-0.3198) (0.7249) (-2.4141)*(-0.6371) (-2.1411)*(-0.3914) 

Z P(B14) 0.7167 1.3365 0.0260 0.0527 0.6926 2.1496 0.0021 0.0840 
1 (0.7966) (1.2532) (0.5097) (0.8482) (0.6683) (1.6485)* (0.3629) (1.1601) 

Z2T(B23) 0.7978 -4.1251 0.1246 -0.0491 -1.2741 -6.0766 0.0069 -0.1523 
(0.3916) (-0.4585) (1.2045) (-0.1164) (-0.6248) (-1.3835)* (0.0664) (-0.7235) 

Z2P(B24) -0.4431 1.6545 0.0018 0.1090 -3.9657 * -1.0878 -0.1927 * -0.0283 
(-0.2066) (1.6751) (0.0168) (0.9490) (-1.9570)*(-0.5343) (-1.8612)*(-0.2903) 

R2 0.8139 0.8870 0.8317 0.9130 0.6104 0.7556 0.5827 0.7356 0.6685 0.8191 0.6966 0.8544 

D-W 1.8413 1.6012 1.9266 1.5673 1.9417 1.7281 2.2368 1.9456 1.9158 1.9180 1.9804 1.7678 
Statistics 

a - D denotes inclusion of dummy variable for location. 

~ * - Denotes significance at the 1% level. * - Denotes significance at the 10% level. 

~ ** - Denotes significance at the 5% level. Source: Reference (5) 
~ 
~ 
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el' 
o TABLE A-3. PRODUCTION FUNCTION COEFFICIENTS AND STATISTICS FOR LEMON 

(t - statistics are in parentheses) 

Terms Linear Function j Log Function Linear Function I Log Function Linear Function I Log Function 
and r- All Variables in Regression 

-
Regression minus 22 Regression minus 21 

Notation Da J D D L D D [ D 
_ L---- -_._....... _ --.... --

C(BO) 10.9633 -2.1039 2.33903 1.2190 10.9953 0.4585 2.3427 1.4450 10.9429 1. 9450 2.3369 1.5642 

21 (Bl) 0.0337 
(0.0463) 

-1.4726 * 0.0035 
(-2.1710)* (0.0544) 

-0.1256 * 0.0588 
(-2.0183)* (0.0849) 

-0.9631 0.0064 
(-1.4926)* (0.4039) 

-0.0806 
(-1.3676)* 

Zz (BZ) 0.1138 
(0.1372) 

1. 3462 * 0.0131 
(1.8656)* (0.1766) 

0.1184 * 
(1.7940)* 

0.lZ35 
(0.1563) 

0.7154 
(1. 0235) 

0.0141 
(0.1998) 

0.0649 
(1.0226) 

T(B3) -2.3720 -0.4002 -0.1963 -0.OZ73 -Z.4550 -1.5660 -0.2059 -0.1302 -2.3716 -0.9252 -0.1963 -0.0721 

P(B4) 0.6436 0.4905 0.0545 0.0414 0.6406 0.4868 0.0542 0.0411 0.6382 0.7041 0.0539 0.0596 

zi (B11) 

Zi{BZZ) 

T2(B33) 

p2(B44) 

ZlZ2(B12) 

ZIT (B'13) 

21P(B14) 

22T(B23) 

Z2P(B24) 
RZ 0.5181 0.7023 0.4867 0.6667 0.5178 0.6677 0.4862 0.6310 0.5180 0.6555 0.4866 0.6215 

D-W 1.2715 1.2648 1.0846 1.0625 1. 2798 1.2460 1.0968 1.0710 1. 2689 1.2999 1.0816 1.1025 
Statistics 

a - D denotes inclusion of dummy variable for location. 
* ; -Denotes significance at the 1% level. 
* * Denotes significance at the 5% level. 

* - Denotes significance at the 10% level. 



~ABLE A-3. CONTINUED 

Terms Quadratic Quadratic-Log Quadratic Quadratic-Log Quadratic 
and Function Function Function 
Notation All Variables 

Da 

Re ression 

D D 

C(BO) 9.0734 -59.4174 2.1613 -3.02472 0.6117 15.5477 2.2183 2.7121 10.2710 4.9855 2.2600 1. 8373 

Zl(B1) 2.4011 1.8375 0.2407 * 0.0135 2.9729 * 8.2192 0.2968 * 0.4682 
(1.2825) (0.2006) (1.3862)* (0.0144) (2.4761)~ (1.2720) (2.7153)* (0.7365) 

(B 2) -0.2217 0.9913 -0.0075 -0.2373 -0.5466 -6.8448 -0.0428 -0.8946 
(-0.1474) (0.0906) (-0.0538) (-0.2129) (-0.5942) (-1.2064) (-0.5013) (-1.6891)* 

T(B3) -1.1339 6.3385 -0.0728 0.1875 -1. 2039 -0.6658 -0.0901 -0.1548 -2.7598 -6.3931 -0.225 -0.8070 

P(B4) 0.6554 6.7976 0.0618 0.5408 0.3505 0.0978 0.0426 0.0266 1. 3951 9.4643 0.1115 0.7529 

Z12(B11) 2.1289 * 1.2599 0.0297 * 0.0940 2.3942 * 2.9065 * 0.2322 * 0.2398 * 
(1.9190)* (0.8199) (2.0384)* (0.6008) (3.1356)~ (2.7213)t (3.3402)* (2.2818)* 

(B22) 0.6419 -0.4217 0.0459 -0.0010 0.6192 0.4609 0.0575 0.0529 
(0.4174) (-0.2646) (0.3225) (-0.0061) (0.4820) (0.4010) (0.4812) (0.4929) 

T2(B33) 0.6060 -0.2113 0.0314 0.0337 0.8070 0.4903 0.0625 0.0403 1. 9499 2.2433 0.1613 0.2151 

P2(B 44) 0.6306 -0.1098 0.0966 0.0298 0.3068 -0.3925 0.0600 0.0067 -0.5647 -0.8461 -0.0175 -0.0251 

ZlZ2(B12) 0.8405 2.1575 0.1028 0.1388 
(0.3595) (0.7926) (0.4741) (0.5005) 

ZIT(B13) 2.6984 * 2.7723 0.2542 * 0.2075 1. 6814 * 0.9087 0.1470 * 0.0955 
(1.8561)* (1.3359)* (1.8853)* (0.9819) (2.7917)~ (1.3161)* (2.6806)~ (1.4065)* 

ZIP(B14) -0.0848 -0.2379 0.0222 -0.0219 -0.3213 -0.4468 -0.0037 -0.0213 
(-0.0949) (-0.2261) (0.2682) (-0.2044) (-0.3889) (-0.5958) (-0.0494) (-0.2887) 

Z2T(B23) 0.1693 -0.3577 -0.0066 0.0566 2.0998 3.0564 0.1803 0.3037 * 
(0.0728) (-0.1244) (-0.0305) (0.1932) (1.0193) (1.6071) (0.9417) (1. 7104)* 

Z2P(B24) -1.7117 -2.5483 -0.1120 -0.2109 -2.7519 * -3.9586 * -0.2178 * -0.3092* 
(-1.3577)*(-1.3311)*(-0.9580) (-1.0814) (-2.1753)*(-2.5088)~(-1.8524)*(-2.099)* 

R2 0.7835 0.8809 0.7523 0.8357 0.7410 0.8468 0.7144 0.8026 0.6566 0.8153 0.6055 0.7859 

D-W 2.4541 2.0390 2.3495 1. 9509 2.0119 2.0863 1.9548 1.9699 1. 5463 1.9022 1. 3829 1.7414 
Statistics 

a -D denotes inclusion of dummy variable for location. 


* 
* Denotes significance at the 1% level.
* 

* - Denotes significance at the 5% level.

* 

* - Denotes significance at the 10% level. 


Source: Reference (5) 
.
0\ .
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N TABLE A-4. FUNCTION COEFFICIENTS AND STATISTICS FOR NAVEL ORANGE 

(t - statistics are in parenthesis) 

Terms 
and 
Notation 

Linear Function i Log Function 
All Variables in Regression 

Linear Function I Log Function 
Regression Minus Z2 

Linear Function r Log Function 
Regression minus Zl

--,-'" 

D I n ____ 

D 
~ 

Da I D D I D 

C(BO) 8.0969 9.5040 2.0118 1.8944 0.0824 8.0760 2.0129 1.8269 7.6822 6.0692 1. 9862 1. 7357 

Zl(B 1 ) 2.0166 * 2.0721 * 0.1982 * 0.1824 * 1. 7323 * 1. 7316 * 0.1384 0.1213 
(3.4912)~ (3.2622)~ (2.2135)* (1.8989)* (3.2973)t (3.0614)~ (1.6832)* (1.4231) 

(B2) -0.4286 -0.4481 -0.0768 -0.0704 0.1308 0.1472 -0.0257 -0.0206 
(1.1475)*(-1.14735)*(-1.4897)*(-1.3007) (0.3179) (0.3554) (-0.5148) (-0.4141) 

T(B 3) -1.1846 -1.2862 -0.1609 -0.1339 -1.5401 -1.5389 -0.2323 -0.1802 -3.2299 -2.5866 -0.3639 -0.2703 

P(B4) -0.5450 -0.5398 -0.0657 -0.0681 -0.5080 -0.5081 -0.5082 0.0629 -0.7262 -0.7269 -0.0796 -0.0824 
2

Zl (B11) 

Z2 2(B22) 

(B33) 

(B44) 

Zl Z2(B12) 

ZIT (B13) 

ZlP(B14) 

Z2T(B23) 

Z2P(B 24 ) 

R2 0.8278 0.8282 0.7694 0.7722 0.8174 0.8174 0.7461 0.7527 0.7322 0.7411 0.7180 0.7331 
D-W 1.9880 2.008 2.4221 2.4343 1. 8592 1.8589 2.2094 2.2335 1.6589 1.5234 2.0989 2.1033 
Statistics 

a - D denotes inclusion of dummy variable for location. 


~ * - denotes significance at the 1% level. 


~ - denotes significancne at the 5 % level. 


* - denotes significance at the 10% level. 




TABLE A-4. CONTINUED 

Quadratic Quadratic-LogTerms Quadratic I Quadratic-Log Quadratic I Quadratic-Log 
Function 1 Function Function Functionand Function Function 

Notation r All Variables in Regression Regression minus Z? Regression minus Z, 

na I D D I D D I D 

C(BO) 8.6762 14.7524 2.2067 5.4850 7.9705 2.2932 2.0796 1. 9499 7.2758 5.3000 2.1114 1.3360 

Zl 2.0117 4.2108 0.1820 3.5061 1.8757 -4.4942 0.2150 * -0.2474 
(1.9393)i (0.3686) (1. 3031) (1.4724)* (2.2903)i(-0.5849) (1.9001)*(-0.2443) 

(B2) -0.1267 -3.6077 -0.0899 -1.7218 * -0.1057 -5.7369 * -0.1117 -0.8813 
(-0.2089) (-0.6729) (-1.0256) (-1.9725)* (-0.2213) (-2.6958)t(-1.8941) .9865)! 
-0.5889 1.2201 -0.2281 1. 8232 -1.1222 0.6238 -0.1659 -0.4702 -3.1055 3.6868 -0.4007 0.4648 

P(B4) -0.4388 -3.8144 -0.0929 0.0581 -0.4411 -2.7863 -0.0641 -0.4137 -6.3026 -3.0871 -0.0903 -0.5650 

(B11)-0.5914 0.0925 0.0307 -0.2652 0.6681 -0.0258 0.1249 0.0837 
(-0.4692) (0.0419) (0.1132) (-0.7833) (0.6634) (-0.0163) (0.6974) (0.3163) 

(B22)-0.5537 -0.8585 -0.1166 -0.1582 0.1578 -0.3655 -0 •. 671 -0.0346 
(-1.0772) (-1.0515) (-1.6355)*(-1.5062) (0.3334) (-0.7305) (-1.1103) (-0.5104) 

(B33) -1.1631 -0.1988 -0.0308 -1. 3643 0.2517 0.8325 0.0648 0.2368 0.9395 -1.0627 0.0026 -0.1368 
(-0.9673) 

(B44) -0.5985 -0.1411 -0.G9157 0.0118 -0.4636 -0.3969 -0.0825 -0.0970 -0.3826 -0.0667 -0.0832 -0.0256 

ZlZ2(B12)2.0666 1.4569 0.1144 0.4168 
(0.7426) (0.5592) (1. 3876) * 

ZlT(B13)-2.1422 -1. 2479 0.0711 -2.0439 0.5036 2.3189 0.2120 0.3503 
(-0.9865) (-0.3489) (0.1389) (-1.4334)* (0.3006) (0.9445) (0.7156) (0.8462) 

ZlP(B14) 0.1743 -0.0932 -0.1197 0.4640 -0.6167 -1.1749 -0.1337 -0.1646 
(0.1987) (-0.0571) (-0.7731) (1.1037) (-0.9192) (-1.2901) (-1.4634)*(-1.3031) 

(B23) 2.0557 1. 9515 0.0858 1.1698 -1.4410 1.5032 -0.0864 0.2279 
(1.3879) (0.8334) (0.3575) (1.6914)* (-2.2346)~ (1.2439) (-1.1081) (1.5410)* 

Z2P(B )-0.3479 -0.3622 -0.0229 -0.2243 -0.2790 -0.5010 -0.0565 -0.0512 
24(-0.7653) (-0.4856) (-0.3599) (-1.3918)* (-0.0790) (-1.3375)*(-1.1433) (-1.0195) 

R2 0.9124 0.9488 0.8921 0.9494 0.8723 0.8960 0.8330 0.8487 0.8497 0.9351 0.8475 0.9192 
D-W 1.9264 1.8768 2.5148 2.3260 1.6978 1.8726 2.1932 2.3762 1.9736 2.1654 2.5137 3.0231 
Statistics 

a -D denotes inclusion of dummy variable for location. 

* 

~ -Denotes significance at the 1% level. 


~ -Denotes significance at the 5% level. 


* -Denotes significance at the 10% level. 


Source: Reference (5)..... 
w '" 
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.p. TABLE A-5. PRODUCTION FUNCTION COEFFICIENTS AND STATISTICS FOR VALENCIA ORANGE
'" 
(t - statistics are in parenthesis) 

Terms Linear Functivn Function Linear Function 
---------- 

Function 
and All Variables Regression minus 

INotation Ua D D D 

C(BO) 8.8353 8.1804 2.1313 2.0923 8.7266 8.3568 2.1206 2.1154 0.8059 7.815 2.1289 2.0542 

Zl(B1) 0.4543 
(1.1849) 

0.3284 
(0.7685) 

0.0446 
(1. 0297) 

0.0367 
(0.7495) 

0.2152 
(0.5364) 

0.1403 
(0.3076) 

0.0168 
(0.3651) 

0.0157 
(0.2966) 

Z2(B2) -1.5387 * -1.5858 * -0.1856 * -0.1882 * 
(-2.6069)~(-2.6491)~(-2.8171)~(-2.8041)~ 

-1.3713 * -1.5094 
(-2.3795)*(-2.5721) 

-0.1707 * -0.1805 * 
.6501)~(-2.7387)~ 

T(B3) -0.3434 -0.4123 -0.0368 -0.0411 -1.5746 -1.6345 -0.1834 -0.1843 -0.5998 -0.5967 -0.0606 -0.0608 

P(B4) -0.2289 -0.2022 -0.0475 -0.0448 -0.0387 -0.0204 -0.0302 -0.0298 -0.0974 -0.1118 -0.0342 -0.0334 
2 (B11) 

Z2 (B22) 

T2(B33) 

(B44) 

IT(B13) 

(B14) 

(B23) 

(B24) 
R2 0.4396 0.4474 0.4633 0.4653 0.3308 0.3333 0.3416 0.3417 0.4171 0.4378 0.4471 0.4565 

D-W 1.8584 1.8648 1.7566 1.7478 1. 4011 1. 4045 1. 2947 1.2950 1. 6061 1. 7226 1. 5623 1.6163 
Statistics 

a - D denotes inclusion of dummy variable for location. 


~ * - Denotes significance at the 1% level. 


~ - Denotes significance at the 5% level. 


* - Denotes significance at the 10% level. 




TABLE A-5. CONTINUED 

Terms 
and 

Quadratic I Quadratic-Log 
Function Function 

Quadratic I Quadratic-Log 
Function Function 

Quadratic I Quadratic-Log 
Function Function 

Notation All Variables in Regression Regression minus Z? Regression minus Z1 

Da I D D I D --- D I D 
-

C(BO) 9.3040 1.2765 2.2240 1.6094 7.8844 2.4793 2.039 1.4819 9.4138 1. 3533 2.2113 1.5394 

Zl (B1) 0.4478 1. 7615 1. 0299 0.1304 -0.2171 1. 3879 -0.0465 0.1932 
(0.8153) (0.9186) (0.4659) (0.5886) (-0.4406) (0.8395) (-0.8173) (1.0093) 

Z2(B2) -2.1898 * -5.0378 -0.2779 -0.3127 -1.0413 -1.0531 -0.1509 * 0.0474 
(-2.2847)*(-1.2112) (-2.5076)!(-0.6635) (-1.4795)*(-0.3887) (-1.9773)* (0.1555) 

T(B3) 0.2973 -0.9677 0.05373 -0.0706 -1. 4286 -3.4163 -0.1689 -0.3664 -1.0413 -3.1206 -0.0655 -0.3559 

P(B4) 0.9554 0.0715 0.0765 0.1885 -0.1964 -0.8699 -0.0581 -0.03122 0.7757 -0.4766 0.0413 0.0319 

Z1 2(B 11) 0.3486 0.5257 0.0191 0.0579 0.70789 0.8128 0.0593 0.0801 
(0.7797) (0.8333) (0.3688) (0.8186) (1.6342)* (1.5038)* (1.1716) (1.2679) 

Z22(B22) 0.7541 -0.4176 0.0573 -0.0311 -0.8183 -1.2001 -0.1168 -0.1195 
(0.8269) (-0.3348) (0.5288) (-0.2258) (-1.2315) (-1.5196)*(-1.5389)*(-1.3229)* 

T2(B33) 0.4289 -0.1289 0.0488 0.04644 0.1057 -0.3393 0.0899 -0.0458 -0.6594 -0.8463 -0.0523 -0.0691 

p2(B44) -0.9446 -0.8837 -0.0931 -0.0886 -0.0594 -0.0690 0.0010 -0.0113 -0.5603 -0.5901 -0.0399 -0.0418 

ZlZ2(B12)-2.8852 * -2.7621 * -0.3239 * -0_3046 * 
(-2.4510)~(-1.8666)*(-2.3457)*(~1.8276)* 

ZlT(B13) 2.3228 * 2.3689 * 0.2467 * 0.2789 * -0.4663 -0.0735 -0.0687 -0.0146 
(1.9532)* (1.7004)* (1.7753)* (1.7896)*(-0.9207) (-0.1220) (-1.1747)(-0.2142) 

ZlP(B14) -0.3653 -0.3401 -0.01928 0.02570 -0.0679 -0.1381 0.0107 0.0363 
(-0.5844) (-0.4164) (-0.2125) (0.2163) (-1.1065) (-0.1783) (0.1447) (0.4064) 

(B23) -1.1421 -0.1667 -0.1458 -0.1495 1.5188 1.0209 0.1436 0.0651 
(-0.7468) (-0.0774) (-0.8254) (-0.6493) (1. 2882) (0.8115) (1.1073) (0.4695) 

Z2P(B24) -0.3081 -0.1434 0.02406 0.0706 -0.4559 -0.5649 0.0227 0.0291 
(-0.4246) (-0.1485) (0.2727) (0.6813) (-0.6081) (-0.6993) (0.2568) (0.3175) 

R2 0.6318 0.6842 0.6336 0.7040 0.4584 0.5260 0.4472 0.5340 0.4931 0.6073 0.5172 0.6218 
D-W 2.2633 2.2394 2.0454 2.0056 1.7770 1.8935 1.5658 1. 6714 1. 7239 2.2467 1.6692 2.0624 
Statistics 

a - D denotp.s inch!sion of dummy variable for location. 
* : - Denotes significance at the 1% level. 

~ - Denotes significance at the 5% level. 

* - Denotes significance at the 10% level. 

Source: Reference (5) 
.... 
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INTRODUCTION 

In recent years attempts to relate disease 
incidence to crop losses have intensified, 
recognising an increasing need for economic 
evaluation of disease control measures 0). 
Janes and Teng (2) recently reviewed the 
various approaches used. Unfortunately, 
although there are some notable exceptions, 
very few models developed have become widely 
accepted and used, reflecting the difficulty 
of quantifying a precise relationship. 

Single Factor Approach 

In most crop loss studies, single factor 
models are developed which attempt to quantify 
a relationship between the level of a particular 
disease and the corresponding loss in yield 
resulting from that disease. The most direct 
relationship, taking the form of a simple 
regression equation 

is used for the so called "critical point" models 
(3). In this equation the dependent variable, Y, 
is the loss in yield measured between healthy 
plants (YH) and diseased plants (YD) expressed 
as a percentage of YH; the independent variable 
or regressor, Xl, is the measure of disease 
incidence; the constant term bO is equivalent to 
the value of bl Xl when Y is zero and allows fo r 
the possibility that there may not be any 
measure able loss in yield until the disease 
reaches a minimum level; and the regression 
coefficient, bl, is a parameter which indicates 
the amount of change in Y per unit change in Xl' 

The success of these mode.ls depends on there 
being a close association between the disease 
incidence at a certain physiological growth stage 
- the critical point - and the loss of yield. 
Hence these models ignore conditions under which 
disease progresses to the critical stage, but 
depend on the course of the epidemic being similar 
from then on. This is seldom true, but may be an 
adequate approximation as Romig and Calpouzos (4) 

found with stem rust of wheat, and Gregory 
et a1. (5) found with southern corn leaf blight. 
These studies seem to agree with James' (3) 
contention that estimates of yield loss from 
critical point models are more likely to be 
effective if the assessments can be done while 
the plant is accumulating yield. 

"Area under the curve" and "multiple point" 
models (3) have been developed to establish a 
better relationship between disease and yield 
loss, espec ially where no unique critical point 
covers the various types of epidemics. Area under 
the curve models take the same form of simple 
regression equation as the critical point models 
but use an estimate of the area under the disease 
progress curve as the regressor Xl' Consequently, 
they take some account of the course of an 
epidemic but still fail to distinguish between 
different curves which can have similar areas as 
Romig and Calpouzos (4) found. 

The multiple point models overcome some of the 
apparent weaknesses of the simpler models by 
incorporating several measures of disease in a 
mul regression equation of the form 

where the independent variables or regressors, 
(Xl, x2 •••• x n), correspond to measures 
of disease taken at intervals during the epidemic. 
However, the complexity of these models has been 
increased generally at the expense of statistical 
stability. Where the regressors comprise 
successive observations, they are inevitably 
highly intercorrelated. This meanS that the 
estimates of the regression coefficients can vary 
enormously from one set of data to another. Even 
with the same set of data the values will vary 
depending on the order in which the regressors 
enter the regression equation. Consequently, as 
James et al (6) found, problems arise in construct
ing biologically realistic models when the sign and 
magnitude of the regression coefficients do rot 
reflect the relative importance of the disease for 



each observation period. If the models are to 
be statistically stable and consequently 
biologically real istic, i ntercorrelatio ns 
between the regressors must be renoved. This 
can be achieved in various ways including trans
formation of the original variables to orthogonal 
polynomials (7) or to principal components (8). 

Perhaps the most serious constraint of single 
factor crop loss raodels is the assumption that a 
pathogen is solely responsible for the difference 
in yield between a healthy and a diseased plant. 
Furthermore, that for each unit increase in 
disease measured at a nominated time, a 
corresponding decrement in yield will result, 
which will be the same for different regions and 
seasons and for all conditions where the model is 
expected to work. Where this is so, data 
collected from experiments in different areas and 
in different seasons will give consistent 
estimates of reg ression coefficients. 
Furthermore, the total amount of variation in 
yield accounted for by the model, as reflected 
in the value of the coefficient of determination 
(R2), should be consistently high. For most 
diseases, it is unlikely these assumptions will 
be valid. There are numerous factors which can 
have a different effect on a plant depending on 
whether it is diseased or healthy. For example, 
healthy plants may show a disproportionate 
response to fertiliser at one site but not at 
another, while a secondary pathogen may depress 
yield of healthy plants in one season but not in 
another. Similarly, there are numerous instances 
where the decrement in yield due to a given level 
of disease will vary depending on the level of 
some other environmental factor. By omitting such 
factors from a model, the estimates of regression 
coefficients may be biased. 

All the above features which limit the value of 
single factor disease models are probably equally 
applicable to models of other factors in the 
plants envirorrnent which constrain or promote 
plant growth. 

The Multiple Factor Approach 

Multiple factor studies which take a broader 
view of variability in growth and yield have 
received much less attention than single factor 
studies. However, with the emerging ecological 
philosophy aiming at pest management rather than 
.pest control, the more complex models offer 
greater scope for explaining the total variation 
in biological terms and determining the relative 
importance of different factors in the plants 
environment. Ultimately, they should predict the 
likely outcome of manipulating factors that are 
amenable to management. 

In studies of this type, a survey approach 
rather than the classical experimental approach 
is appropriate, at least in the initial stages of 
model development, because of the multiplicity of 

factors that need to be considered. l::xperitJcntal 
methods should then be used to confiru suggested 
causal relationships b(·tween various factors and 
clarify any underlying ~trtJcture that may lead to 
refinements of existinb nodels. 

Generally the number of factors that neE'd to 
be considered to develop a satisfactory nodel 
will increase proportionally with the variability 
of the environment throughout the area where the 
models are requi red to function. However, 
increasing the complexity of Qodels in attempting 
to make then more broadly applicable, F.lay diuinish 
rather than enhance their stability. This arises 
from the increasing possibility of omitting some 
important factor or factors and fron the greater 
likelihood of including intercorrelated variables. 
To mininise these problens, particulary the 
latter, the synoptic approach first proposed by 
Stynes et ~~. (9) was developed. 

THE SYNOPTIC APPROACH 

The level of detail of any study on the plant
environment interaction is somewhat arbitrary 
although most deal with siqgle aspects reflecting 
expertise of research workers in particular 
disciplines. The experimental approach is 
favoured in such studies because it provides 
precise estimates for the effects of various 
factors on plant growth under certain restricted 
conditions. However, the validity of any 
relationships inferred from such studies are 
restricted to the circumstances under which they 
have been detected. The difficulty is that in 
the field, substantially different conditions 
may exist compared wi th those in the experiment. 

Field surveys are essential, not only to 
provide a necessary link between the 
relationships shown in experiments and their 
broader application under farming conditions, 
but in a more fundamental role to identify 
the factors that warrant detailed experimental 
investigation and justify the associated 
costs of breeding programmes and cultural 
practices. 

Clearly, there is a need for a consistent 
and repeatable approach for analyzing large 
sets of data collected from field surveys to 
provide adequate assessments of the effects of 
the environment on crops. This need is greatest 
when there is no prior knowledge of the 
importance of different factors in the 
environment and one is faced with a seemingly 
unlimited number of variables and extracting the 
relevant information from the resulting 
extensive set of data. 

The synoptic approach was developed to consider 
such a situation. Four stages in this approach 
are distinguished - (a) the field survey, (b) 
describiqg the data, (c) developing the models 
and (d) testing the models. These stages will be 
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unstable. As in Dny Sl't of biological data it 
is reasonable to expect that there will be a 
high level of intercorrelation. This usually 
produces regression coefficients with large 
standard errors that are difficult to interpret 
hecause they also are highly correlated. 
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Figure 2. The available water content in the 
soH profile of good and poor sites at one of 
the 42 wheat crops sampled in South Australia 
and the rainfall and temperature data between 
sowing and maturity. 

To avoid these problems in the 
Australian survey, the data was first grouped 
into natural subsets comprising soil properties 
plant parameters, pathogen measurements, climate 
measurements, cultural practices and cropping 
histories, and was then analysed in two stages. 
Initially, the subsets were considered separately 
to produce alternative variables which provided 
simplified descriptions of each aspect of the 
plants enviroll11ent. This simplification was 
aimed at eliminating redundant information from 
each subset and minimising intercorrelations 
between the alternative variables. The second 
stage of the analysis was concerned with 
developi ng the reg ressio n models. 
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In the initial analysis, transformations were 
used wherever possible to simplify the data. For 
exarnple, soil salinity measurements taken at 
successive sampling stages were transformed to 
nean, linear and quadratic terms using 
coefficients of orthogonal polynonials (7). 
This prOVided three new salinity variables which 
described the average salinity during the season, 
the rate of change in salinity during the season, 
and whether the change was linear or non-linear. 
New variables derived in this manner were 
conceptually more useful than the the original 
r:teasures and had the additional advantage of being 
statistically independent. A degree of 
simplification was also achieved with the pathogen 
data where a weighted average variable was 
calculated to substitute for the stages (larvae, 
Males and females) of Heterodera avanae to avoid 
giving undue weight to this pathogen in the 
subsequent analysis. 

After preliminary sir:tplification of the data, 
multivariate statistical procedures (8,17,18) 
were used to examine the various subsets for any 
underlying structure. Here, the principal 
conponent and canonical correlation procedures 
were used to give a simplified view of the inter
relationships within and between the subsets. 
The ain of these analyses was to identify 
variables that retained the relevant information 
concerning each aspect of the plants enviroll11ent 
and yet were substantially independent of each 
other. 

The principal components procedure (19, 20) 
transformed the observations in each subset to a 
subset of new variables. These new variables or 
principal components were computed such that the 
kth principal component, Yki for the ith 
individual is given by 

p 

Yki = ~i ajk xij 

where P is the number of x variables, Xi" is 
the jth observation on the ith individuat, and 
the coefficients, ajk' are the direction 
cosines of the kth principal axis with the 
original axes. When k is equal to 1, the 
coefficients are estimated so that the first 
principal component has as large a variance 
as possible; when k is equal to 2, the second 
is uncorrelated with the first and also has a 
large variance as possible; and so on, to the 
pth principal component. Each principal 
component contains a contribution from each of 
the original variables, the nature and the size 
of the contribution being determined by the sign 
and the magnitude of the coefficients. In this 
study principal components were computed from 
correlation matrices, forcing analyses to be 
independent of the units of measure (8). This 
procedure scales all variables, giving them 
zero mean and unit variance, and thus avoids 
prejudging their relative importance. 



discussed in the following sections in relation 
to a study of wheat done in South Australia. 
\fueat was chosen for this study because it is the 
most important crop in Australia and is grown 
over a wide range of conditions. 

Two examples of a similar lJethodological 
approach, but in different disciplines, are in 
meteorology (0) and in hydrology (11). 

The purpose of a survey is to provide data 
coocerning the various components of the 
environment thought likely to influence the 
growth and yield of the crop in question. At 
this initial stage, each component should be 
measured at a comparable level of detail to 
avoid prejudging their relative importance. 

To develop satisfactory models, a survey 
should be of sufficient scale in space and time 
to include as wide a range of values of the 
potential regressors as necessary, so that 
any inferences or predicUons based on the 
models do not extrapolate beyond the data used 
to construct ther.l. In some instances, it may be 
approporiate to use some form of stratified 
survey in order to obtain a continuous range of 
particular enviroIl!lental factors. 

The purpose of the model will determine the 
scope of the survey. For example, in developing 
a model for a particular crop in a vegetable 
growing area, it may be possible to ignore 
features such as soil type if they are 
relatively uniform throughout the area. However, 
the model developed from such data would be 
specific for that area and may not apply to 
other regions with different soil types. 

For the survey of wheat in South Australia, 
Yorke Peninsula, which covers about 10,500 sq. 
km. and produces about 50% of that State's 
annual harvest, was chosen as the study area 
(Fig. 1). Diverse soil type (sand to dark 
brown cracking clays), and climate (mean 
annual rainfall 280-508 mm) were the main 
considerations in choosing this region and 
in the subsequent selection of 42 farms for 
sampling. A 'good' and a 'poor' area in a 
wheat crop on each farm was nominated by the 
farmers before the crops were sown, giving 84 
sampling sites in all. Each site was sampled 
four times during the development of the crop 
three weeks after emergeoce of the crop, just 
prior to tillering (stage 20 on the growth 
stage scale of Zadoks et a1. (12»; eight weeks 
after emergence of the-Crop, when the first node 
was visible (Zadoks stage 31); at anthesis 
(Zadoks stage 65); and finally at maturity. 

Details of the measurements taken for soil 
properties, plant parameters, pathogen 
measurements, climate measurements, cultural 

practices and cropping histories are given 
elsewhere (9, 13, 14). The soils were 
characterised by neasureDents of physical and 
chemical properties as well as being classified 
according to the traditional soil-vegetation 
associations. Horphological pararneters, 
elene.nt concentrations clnd pathogen levels were 
measured on the plants at successive sampling 
periods. The pathogens r:teasured incluuud the 
fungi GaeUlaannonyces g rar.1i nis and 
solani and the· ner:tato·des Heterodera 
P ratylenchus [.Ii nyus. Rain was 1aoni 
each site and temperature data were interpolated 
frOTa the nearest recording stations. A soil 
water balance Dodel (15), taking evaporation 
and soil properties into account, was used to 
compute soil water estimates ilt each site and 
provide a more fundamental variable to 
substitute for rainfall. Fig. 2 shows the type 
of climatic data that was available for each 
site. 

SOUTH AUSTRAllA 

f • 

., , •, ,.. 
Figure 1. Location ot the stlldy area, Yorke 
Peninsula, South Australia, showing the 
elevation contours in metres. 

Describing the Data 

Frequently, with large sets of data, there is 
a temptation to rely on the computer to produce 
regression models using one of the mechanical 
selection procedures available (16). However 
by doing this we run the risk discussed earlier, 
of producing models that are statistically 
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The transfonnation to principal components was 
useful for nost subsets of the data where fewer 
than p components accounted for Glost of the 
variation. For example, from the original highly 
correlated set of 14 physical and chemical soil 
properties, the first eight principal components 
computed retained on average 98% of the 
infonnation present in the original variables 
with most individual variables being better than 
95%. This effectively dropped the dimensionality 
of the soil data from 14 highly correlated 
variables to fewer than 8 variables that were not 
correlated. Furthennore, the analysis provided a 
sir.lplified description of the soils based on the 
relative contributions nade by each original 
variable to the successive principal components. 
The most striking features of the soils in the 
study area related to variation in texture, 
changes in salinity during the season and 
variation in soil reaction, which were identified 
by the first three principal components and 
accounted for 66% of the variation in the data 
(9) • 

In the subsequent reg ression analyses, either 
the principal components or SOGle of the variables 
which made strorg contributions to the principal 
cooponents could be considered as suitable 
regressors. 

The canonical correlation procedure (17, 18, 21) 
was used to obtain a simple description of linear 
interrelationships between sone of the natural 
subsets. This procedure can be viewed as an 
extension of ordinary multiple correlation or 
mUltiple regression analysis (21) which is the 
correlation of a single dependent variable on a 
set of variables. The first canonical correlation 
is the largest possible correlation between a 
linear combination of the first set of variables 
and a linear combination of the second set. Such 
linear combinations are referred to as canonical 
variates of which there are a pair for each 
canonical correlation. If the first canonical 
correlation is not significant, then there is no 
overall linear relationship between the two sets 
of variables. On the other hand if there is 
significance, another pair of canonical variates 
are calculated that are orthogonal to the first 
pair such that the canonical correlation is 
again a maximum. If this correlation is not 
significant, then it is taken that the patterns 
of correlation can be described by the first 
pair of canonical variates. Otherwise, at least 
two pairs are required and a third can be 
calculated and so on until no significant 
association remains. 

The canonical correlation procedure was used 
when it was considered that a study of 
relationships between certain sets of variables 
was relevant to the broad description of the plant 
environment. For example it seemed likely that 
soil properties would influence the distribution 
of the root pathogens Gaeumannomyces graminis, 

Rhizoctonia solani, Heterodera avenae and 
hatylenchus minyus found on wheat throughout 
the study area. Consequently, the relationships 
between the levels of these pathogens on the 
seminal and coronal root systems at successive 
sampling periods and the soil properties were 
examined by this procedure (14). These analyses 
showed that all the pathogens studied colonised 
wheat plants grown on a wide range of soil types 
although colonisation of the coronal roots by R. 
solani and H. avenae was greatest on sandy soils 
and clay s01ls, respectively. However, both these 
pathogens were abundant on the seminal roots 
irrespective of soil type suggesting that soil 
properties ~ se were not a limiting factor. 
The soil water content which was strongly related 
to the soil properties specified in the canonical 
analyses was probably more important. Insights of 
this nature concerning several subsets of the data 
were useful when selecting regressors in the 
sub sequent analyses. 

The second stage in analysing the data 
concerned the development of regression models. 
In this type of study the regression approach (16, 
22) was favoured in part because limitations of 
the data would seldom justify anything more 
sophisticated. Furthennore, there is a lack of 
agreement concerning the form that suitable 
functions should take to relate the various 
factors in the environment with plant growth and 
yield. While it is necessary to appreciate the 
limitations of regression procedures (23), it 
must still be recognised as one of the most 
robust statistical procedures available and will 
give reliable results when used properly. Perhaps 
the most frequent failures of regression to 
provide satisfactory models relates to its misuse 
rather than any inherent weakness of the 
procedure (24). 

The two most serious faults in applying 
regression in this sort of study have already 
been discussed in some detail and concern 
firstly the omission of variables and secotrlly 
the inclusion of intercorrelated regressors. 
The considerable preliminary analysis and 
simplification of the data aims at minimising 
these two problems and is the basis of the 
synoptic approach. 

Developing the Models 

Multiple linear regression is used as a 
standard procedure in biological studies and is 
likely to giVe the most useful results in a 
survey-type investigation, copsistent with the 
limitations of the available data. The theory 
of regression analysis and the general statistical 
methods for establishing regression relationships 
are given in any modern statistical textbook (e.g. 
16, 22). 

Since there is no unique solution for any 
relationship, several reg ression procedures have 



been developed. Draper and Smith (16) have 
described the most common procedures which 
basically comprise three types. The first type 
involves fitting regression equations to all 
possible combinations of the regressors, which is 
consequently only useful for examining small 
numbers of variables. The alternative backward 
elimination or forward selection types begin with 
either all or no regressors in the equation, and 
subsequently delete or add variables respectively, 
until a decision is reached on the equation to use. 

The one common property shared by these 
straightforward regression procedures is the 
mechanical selection or rejection of variables on 
the basis of J:laximising the proportion of the SUJ:l 
of squares of the dependent variable accounted for. 
This property conflicted with the main objectives 
of this study which were not simply to account 
for the maximum amount of variation exhibited by 
the observations, but to provide models which 
incorporated concepts that are meaningful in 
biological terms, by utilising the regressor 
variables with a prior organisation imposed on 
them. This approach, although somewhat 
subjective was directed towards a description 
of the associations presents which could be more 
easily related to other studies than might 
otherwise be the case. 

The procedure used initially in the synoptic 
study was essentialy a forward selection type, 
modified so as to avoid the mechanical selection 
procedure and instead aim at introducing prior 
judged causative variables into the f.lodels at the 
expense of superficial ones. To achieve this, 
the natural subsets of variables were considered 
separately and in a predetermined order that was 
considered to be the most useful biologically. 
The subsets were adjusted each time a variable 
was included so that those subsequently cons'idered 
for selec tion would contribute information that 
was biologically meaningful to the existing model. 
So as to reduce intercorrelations between the 
regressors, only those variables most closely 
associated with major aspects of variation in the 
data, previously identified by principal component 
analyses, were selected. The significance level 
for including a variate in any regression equation 
was set at 0.05. 

Two types of models were used in the study 
predictive models which related selected 
vegetative attributes reflecting growth and yield 
to linear combinations of previous data; and 
explanatory models, which used all the available 
data up to the time of measurement to account for 
as much variation as possible. 

The predictive models were developed to 
predict plant growth measured 3 weeks after 
emergence of the croP. using data available at 
sowing, and to predict plant growth measured at 
successive sampling stages, using data from each 
previous sampling. Plant parameters, measured at 

previous sar.lplings, and integrating the plant's 
previous envirorrnental history, were always the 
first set of variables considered for inclusion 
in each model in order to isolate the relation
ships investigated at each phase of plant 
growth. The hierarchical treatment of the data 
allowed the identification of factors that were 
important at each stage. 

The explanatory models were an extension of 
the predictive models and were developed to see 
how much of the total variation could be accounted 
for by the data, and what proportions of this 
variation were explained by changes in the factor!> 
measured between successive sampling periods. 

As far as possible, the models developed in this 
study were based on functions which could be 
justified from a knowledge of biological mechanisms 
or have properties compatible with general 
biological principles. Since regression models are 
linear in the parameters to be estimated (16), 
suitable transformation of the regressors were used 
when more complex relationships were described. 

Cross product terms were introduced to describe 
interaction when the effect of one variable on the 
dependent variable was conditional on the level of 
another. For example, we might have 

This may be written as 

i.e. the effect of variation in x2 depends on the 
value of Xl' However, if the mean of Xl and/or 
x2 are apprec iably different from zero, Xl x2 
may be highly correlated with Xl and/or x2' To 
overcome this, each interaction term was 
calculated from the original measurements after 
adjustment for the mean, such that 

Quadratic terms were also introduced in 
situations where relationships between the 
dependent variable and regressors were known to 
take this fo rm. Fo r example, where extreme levels 
of pathogens or so11 water contents were known to 
have a disproportionate effect on plant response. 
The use of higher order polynomials merely to 
obtain a better fit was avoided. As Mead (25) 
pointed out, such variables are of much less 
quantative value and the increased numbers of 
reg ressors make models more cumbersome. 

A typical model using this approach predicted 
the yield of wheat from information available at 
anthesis. Twelve variables were included in the 
equation which had a mUltiple correlation 
coefficient of 0.92 and accounted for 84% of the 
variation in the measurements of wheat yield over 
the study area. Fig. 3 shows departures of the 

171 



172 

predicted yield fron the yield actually measured. 
The relative proportions accounted for by the 
different subs(,ts of data were, plant 
morphological variables - 31%, plant element 
concentrations - 9%, soil properties - 14%, 
climate - 7%, pathogens - 11%, and cultural 
practices and cropping histories - 4%. 

2 3 4 

ESTIMATED YIELD (II ho) 

Figure 3. Relationship between the estimated 
and measured grain yield of wheat for 84 sites 
in South Australia. 

The model essentially showed that the potential 
grain yield was substantially predetermined by the 
growth of the plants at anthesis. Six regressors 
included in the equation desc ribed the 
morphological and physiological behaviour of the 
plants at anthesis that most closely related to 
the final grain yield. The water content of the 
subsoil, soil properties and pathogens accounted 
for most of the remaining variation. Since at 
most sites the topsoil had dried out well before 
anthesis (see Fig. 2), plants were completely 
dependent on the subsoil for water between 
anthesis and maturity. This was reflected in 
a stro~ relationship between the available water 
content of the subsoil and the grain yield at 
maturity. Nevertheless, an interaction between 
the available water content of the subsoil and 
the extent of colonisation of the coronal roots 
by £. graminis indicated circumstances where this 
relationship was contrary to expectations. The 
level of £. graminis on the seminal roots was 
also inversely related to grain yield as was the 
level of R. solan!. The importance of these 
pathogens-relates to the fact that grain 

development between anthesis and maturity 
depended on the transport of water fron the 
subsoil to the plant tops. Consequently, any 
damage to the root system induced water stress. 

It can be concluded from this study that the 
yield of wheat was quite predictable in the study 
area in 1972 using the measurements made at 
anthesis in that season.' There was a generally 
low correlation structure between the regressors. 
Only 8 of the 66 correlations were significant, 
and of these five had values between 0.22 and 
0.29 while the remainder had values of 0.33, 0.37 
and 0.44. This neant that the interpretation of 
of the regression results was straightforward 
since all the regressors were virtually 
independent. 

With regard to the rema~m.ng regression work 
completed in this study, it was interesti~ to 
note that the models developed at successive 
growth stages accounted for increasing 
pro po rtio ns of varia tio n in the dependent 
variables with the final yield model being the 
most accurate. This shows that the growth of 
wheat plants (when total fresh weight was 
nominated as the dependent variable), became 
more predictable as the plants developed, 
suggesting that they became committed to definite 
patterns of growth that restricted their ra~e of 
subsequent development. The plant measurements 
accounted for about 30 to 40% of the variation 
in the dependent variable in each model, 
providi~ a fundamental description of the 
plant at each phase and integrating the previous 
effects of the environnent. This allowed the 
relative importance of the different factors to 
be evaluated separately at each stage in the 
development of the crop. 

As expected in the early stages of growth, 
when there was an unlimited supply of water, 
soil conditions were important in the cultivation 
layer. However, later in the season the effec t 
of soil type was concerned with its influence on 
the diminishing supply of water - initially in 
the topsoil, but after anthesis more particularly 
in the subsoil. 

Temperature had a dominant effect on plant 
growth early in the season, presumably because of 
the wide ra~e of sowi~ times, but diminished in 
impo rtance towards anthesis as growth became more 
synchronous throughout the study area. By 
contrast, the water content of the soil was 
optimal sometime shortly after sowing and 
subsequently declined to levels that produced 
stress in the plants. 

The pathogens consistently accounted for 
between 9 and 16% of the variation in the growth 
of wheat at the successive sampling stages, 
although the importance of specific pathogens 
varied during the season reflecting different 
patterns of successio n. Nematodes were most 
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inportant early in the season but their 
influence declined towards anthesis coinciding 
with drying out of the topsoil when invasion of 
the roots would have ceased. The fungal 
pathogens active at lower water potentials than 
the nenatodes (26), are consequently considered 
to have had a greater effect on grain yield. 
~ graminis, unlike~. solani, was favoured by 
higher temperatures and became more important 
during the final growth stage when it rapidly 
colonised both the seminal and the coronal roots. 

The cultural practices and cropping histories 
had relatively little lasting effect on the growth 
and yield of wheat in the present study although 
t hey exerted a st ro ng influence duri ng the fi rs t 
few weeks. 

This brief description illustrates how the 
regression procedure was used in this study to 
identify factors in the envirornaent that were 
closely associated with crop growth during 
different stages of plant development and to 
determine their relative importance within the 
study area in 1972. The close agreement between 
the expected and measured values for the total 
fresh weight of plants at the successive 
samplings and the grain yield at maturity was 
encouraging for future development of this 
approach. 

Testing the Models 

In the synoptic approach, in order to reduce 
ambiguity of the models, considerable emphasis 
has been placed on the selection and inclusion of 
biologically meaningful variables which might 
represent nearly independent aspects of 
variation in the dependent variables. To check 
the models in this respect, correlations can be 
computed among the reg ressors of each equation 
to detect any interdependence. As a further 
check the regressors can be analysed by the 
principle components procedure to obtain an 
alternative view of any dependence structure. 
These tests applied to each model from the 
South Australian study showed that the attempts 
to provide substantially uncorrelated regressors 
were generally successful apart from the models 
developed for growth at the 3-week sampling 
where there was evidence of moderate structure. 

As a further test, the statistical stability 
of each model was assessed by splitting the data 
into halves and testing the relationships for 
heterogeneity. This was done by assessing whether 
the same reg ression relationships, established 
using the original data applied to each half or 
subset (27, 28). The significance of the 
differences between regression coefficients 
estimated fo r the sub se ts of data and the 
original data were tested by means of the 
analysis of variance. For this test, the two 
subsets of data were those representing 
observations at the good and the poor sites, 

respectively. Although this was not a randon 
split of the data, being based on individual 
farmer's interpretations of good and bad, in 
general there was no evidence to support a 
consistent interpretation by the farmers. 
However, the split procedure did have consider
able merit in that it ensured a matched 
geographical distribution for the two halves of 
the data set. The results of this test showed 
that in only two of the nine models developed 
was ther" any sig nificant heterogeneity between 
the good and the poor sites. This suggests the 
remaining models could be confidently used in 
the future with a consistent performance, subject 
to general restrictions wi thin the range of 
measurements recorded for each variate in 1972. 

Naturally, the ultimate test of a model is its 
ability to function adequately with a new set of 
data where the observations of the regressors 
fall within the range of measurements used to 
establish the models. Some models may have even 
wider application if the reg ression relationships 
are accurately represented by appropriate 
functions. Consequently, to test the stability 
of the South Australian models a second set of 
data was collected in 1974. 

The second survey included a similar wide 
range of soil types as the 1972 survey, and a 
representative geographic spread, but was 
restricted to eight sites and only those 
measurenents needed to reconst ruc t the models. 
From these, estimates of the dependent variables 
were compnted using the 1972 models and residuals 
were estimated as differences from the observed 
values. The sun of squares divided by the number 
of sites sampled, provided estimates of the 
residual mean squares which were tested to see if 
they differed significantly from the calculated 
residual mean squares in the original models. 
More vigorous testing of the models (e.g. 28) was 
not possible because of the small saraple size in 
1974. 

The results showed there was good agreement 
wi th the new data for each phase of growth 
investigated except for final grain yield. 
Significantly, there was an outbreak of stem 
rust in 1974 and as this disease was not 
considered in the original model, the departure 
of the estimated from the measured yield 
provided an indirect assessnent of the 
importance of this disease. 

Improving the Models 

The methodology described here represents a 
first attempt to develop an approach for 
evaluating the relative importance of various 
factors in the environnent on the growth and 
yield of plants. Although the approach needs 
to be developed further before it can be 
practically implemented, the results obtained 
so far are encourag ing. 

173 



The current enphasi.s of the work is concerned 
with further detailed eXaJ'lination of the data to 
obtain nore concise desc riptions of each aspect of 
the envirollUent. This will be based on 
appropriate functions which will further minimise 
intercorrelations. The aim is that each aspect of 
the environment will comprise a disc rete seg!:lent of 
a model. Hence the order in which they enter the 
reg ression equations will not r.lUtually prejudice 
their relative contributions. Furthermore, the 
various segments of the model can be inproved as 
new knowledge or techniques beco!:le available. 

This has already been done with the original 
models (14) where 14 soil properties were reduced 
to 8. However, during the survey, other 
information becarae available concerning 
traditional soil classification data. The 
relationships of both sets of soil measures has 
subsequently been examined because in some 
situations one set of infonnation may be more 
conveniently obtained than the other. The 
canonical correlation procedure was used to 
eXaJ'line the interrelations between the two sets 
and 11 new variables were obtained; 7 desc ribed 
the soil properties, 3 described the soil classes 
and 1 desc ribed info mation that was common to 
both soil sets. These new variables which are 
linear combinations of the principal components 
and substantially independent, retain on average, 
98% of the information in the original variables 
(Vei tch and Stynes, unpublished). It is proposed 
that these variables be included in modified 
models which as a result should be substantially 
improved. 

Other aspects of the Ilodels could also be 
improved. For example, if models are to be 
developed and used particularly fa r prediction 
purposes, standardised and repeatable methods 
need to be developed to quantify many of the 
parameters. With regard to the existing 
descriptions, some variables, such as pathogens, 
were tedious to measure and the methods used 
could possibly be replaced by rapid rating 
systems (29, 30, 31) without significant loss 
in prec isio n. 

The problem of omitting variables was also 
encountered in this study; specifically, where 
no measurements were available for stem rust. 
This is a seriOUS weakness even though outbreaks 
of this disease have only occurred on Yorke 
Peninsula with an average frequency of 1 year 
in 5 since 1960. The inclusion of variables 
describing the extent of infection of wheat by 
leaf pathogens, and variables specifying 
cultivars and/or interaction tenns to account 
for the disproportionate effect of each pathogen 
on specific cultivars would also improve the 
models. However the inclusion of these variables 
need not necessarily alter the structure of the 
existing models although another set of data would 
have to be collected to include the necessary 
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range of measurements. 

One of the long tern aims of improving the 
models is to establish substantially independent 
segments that could have broad applications. For 
ex aJ'lple, the descriptions of soil properties or of 
clinate within an area could be interchangeable in 
models appropriate to a range of different crops. 

CONCLUDING REMARKS 

The study of wheat in South Australia prOVided 
a useful procedure for the quantitative analyses 
of survey data using multivariate statistical 
procedures to desc rib e the underlying basic 
structure of the data, and regression analysis to 
extract the relevant information reflecting areas 
of specific interest. The regression analysis 
produced stable results, even though a large 
number of highly correlated measurements with 
error were initially utilised. Considerable 
emphasis was placed on the preliminary 
description of the data, using procedures of 
principal cor:tponents and canonical correlation, 
because this allowed the regression analyses to 
reflect careful ecological judgement rather than 
provide a simple mathematical representation. 

Ideally, the procedure should be applied to 
data collected over several years so that 
inferences can be applicable to a wide range of 
conditions. Unfortunately, in this study the main 
survey was limited to one season. Nevertheless, 
the results of the study raised many interesting 
points relating to the important envirormental 
detenninants of variation in the growth and yield 
of wheat on Yorke Peninsula. Furthennore, results 
of the smaller survey in 1974 suggested the models 
were quite reliable over a wide range of climatic 
conditions. 

A final aspect of the procedure that should be 
stressed is the need to test the results for cause 
and effect relationships by conventional experi
mental r.lethods. The emphasis in this study has 
been directed at the observational aspects but 
there must be an interaction with experimental 
work. Hopefully, there is an iterative procedure 
where not only does the observational work provide 
infonnation which is useful in designing 
experiments to test causal hypothesis, but the 
experimental work gives results to establish those 
variables that are essential and those which are 
not. This allows further measurements to be taken 
in the field so that we can gradually establish an 
effectively complete picture of the causes of 
variability in the growth and yield of wheat that 
are practically relevant. 
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THE USE OF SURVEY DATA TO QUANTIFY AND PARTITION CROP LOSS INTO ITS COMPONENT CAUSES 

M. J. Richardson 

Department of Agriculture and Fisheries for Scotland 
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It is well known that the growth of a crop 
from planting to harvest is affected by many 
factors; some are identifiable, others are not; 
some are controllable, other are not (fig. 1). 

Fig. 1. 	 Some interactions between some factors 
affecting cereal crop. production. 

The difficulties encountered by crop loss 
workers are great when trying to assess the 
absolute importance of: 

a disease, relative to others, 
all diseases, relative to other pests, and 
all pests, compared with other unavoidable 
causes of failure to achieve maximum yield 
e.g. locality, climate, soiL 

One problem which presents much difficulty 
is the assessment of the total loss from all 
causes. It is possible to measure actual yield, 
but not possible to measure potential yield 
directly in a particular environment. Until 
there is a value for this latter figure, the 
difference between actual and potential yield, 
which represents total loss, cannot be 
determined. Fiddian (1977) has suggested that, 
because of the gross errors which would be 
inevitable in trying to estimate potential 
yield, the attempt is not worth making. Crame~ 
(1967) commented on the way in which the USDA 
calculated potential production by adding to 
actual production the estimated losses caused by 
disease. The resultant figure represented an 
estimate of potential production. The same 
procedure was applied for estimated losses due 
to pests, or weeds, the resultant figures 
providing different estimates of potential 
yield, which is clearly unsatisfactory. 
Physiologists have estimated potential production 
from theoretical considerations of the energy 
balance of a growing plant, but when that part 
of the crop which is used represents only a part 
of the total plant it is not possible to predict 
what proportion of total energy received will be 
presented in that yield component which is 
utilised. The method which has been used in 
Scotland provides a solution to the problem of 
estimating the potential yield of a crop plant 
in the environment in which it is grown, and at 
the same time provides information on the 
relative importance of some of the causes of 
loss. 

The method is an empirical one; it is not a 
formal model; it does not provide a forecast of 
epidemic outcome. It is a way of analysing data 
obtained from a random sample of crops in a way 
which allows observations to be made on 
parameters which cannot be measured directly. 
The method was conceived for use with small 
grain cereal crops, in which its use will be 
demonstrated. There is, however, no reason why, 
with suitable modification, the technique could 
not be adapted for other crops. 



The yield of a cereal crop depends on four 
components:

the number of plants/unit area 
the number of ears per plant 
the number of seeds per ear 
the seed size (weight) 

and a loss can occur at the initiation of each 
of these stages. This loss will be carried 
through to harvest unless compensated for at 
subsequent stages in the crop's history. The 
problem is to determine when the loss occurs and 
to what extent it is compensated for. 

The basic method of working was outlined in 
preliminary papers (Richardson, 1971, 1975) and 
at the 1973 International Congress of Plant 
Pathology in Minneapolis. Data collection 
continued until 1976, and information was 
obtained from a random survey for at least three 
years of commercial crops of wheat, barley and 
oats in the main arable areas of Scotland. Data 
collected related to seedling, adult plant base, 
foliar and tiller diseases; seedling and ear 
populations; yield; climatic classification of 
sites, year by year and season by season, in 
relation to comparisons with average temperature 
and rainfall data; some agronomic details, such 
as previous cropping, cultivar, sowing date and 
sowing rate. No information on soil type, soil 
structure, soil fertility or fertiliser usage 
was obtained. 

The yield component data was analysed to 
allow the yield loss to be partitioned between 
different parts of the growing season as follows. 
Consider a sample of wheat crops in the region 
being studied. These will have a range of 
seedling population. Subsequent performance 

3 

2 

depends to some extent on that seedling 
population, with a tendency for dense popula
tions to produce less grain per plant than less 
dense populations. The first stage of the 
analysis is to plot ear production per plant 
against seedling population. An example of the 
result is shown in fig. 2. One can see that the 
agronomists' conclusion of 'more plants ,fewer 
ears per plant' is confirmed as a trend, 
although there is considerable variation. 
Examine the performance of crops over a 
particular, narrow, range of seedling popula
tion (fig. 3a). The potential is the same, but 
achievement varies. Regardless of cause, the 
highest points are more nearly approaching the 
potential ear production ability for the crop 
in the seedling population range covered than 
the lower ones. A repeat of this analySis for 
successive narrow bands of population density 
produces a set of potential ear production 
values at different seedling populations (fig. 
3b), through which a line can be drawn to 
represent a maximum potential ear production 
curve for the range of seedling populations 
covered. In the original analyses these lines 
were fitted by eye, but a more objective way of 
estimating the maximum potential curve is being 
investigated, as described below. 

If the vertical distribution of the points 
in the narrow seedling popUlation band is normal, 
and tests have shown that the distributions are 
not significantly different from normal, then 
use can be made of the fact that in a normal 
distribution almost all observations (99.74%) 
lie within the range 'mean ± 3 standard 
deviations'. Using this fact it is possible, 
for each vertical slice, to estimate a point 
'mean + 3 SD' beyond which only 0.13% of crops 
would be expected to reach (fig. 3b). A line of 
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Fig. 2. Ear production in cpmmercial wheat crops, ,in re.1ation to plant 'population. 
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best fit - not necessarily a straight line 
through the set of points for a plot will 
produce an objective, statistically valid 
maximum potential line, which can be represented 
by an equation (fig. 3c). This equation will 
allO'.\1 the potential ear population to be 
predicted from any given seedling population 
(fig. 3d). 

This equation can be used, by substituting 
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seedling population, to estimate the maximum 
potential ear population for comparison with the 
ear population observed. 

A similar analysis can be carried out for seed 
production on ear population (figs. 4,5a-d). 
Ideally this is a two stage process involving 
seed number and seed size, but during the 
development of the method 'yield/ear' has been 
the parameter considered. 

'" . . 
.. .... '" ...........•. 
. ... .. ...•. . ...•. ..... .. .. .... . ..... . ............ .•......
..... ...•... . ... ..... .... ... . ..... ... . ........ 
. .....•.•. . ... ...... .. ........... .... . 

,e, 

4 6 

• 0 

EAR POPULATION 10 /ha 
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One now has two maximum potential equations. 
One for predicting ear population from seedling 
population (fig. 3d), and the other for 
predicting yield from ear population (fig. 5d). 
Both can be combined to produce a single equation 
to predict potential yield from any seedling 
population (fig. 6). It will be noted that in 
this example the reduction in yield/ear with 
increasing density is relatively small, so that 
yield/unit area increases with increasing 
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Fig. 6. 	 Curve representing potential yield of 

wheat inrelatiori :to s!,edIing 
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population. This suggestion from the calculated 
potential curve is supported by data from the 
survey (fig. 7) which shows that, except in a 
few cases, the yield/unit area within any crop 
is dependent on ear population, often over a 
very wide range. Fig. 7 represents the 
regressions of yield/unit area on ear population 
over the range of ear population observed in the 
samples taken from each of 80 commercial crops. 

024 6 8 

EAR POPULATION - 106/ h~ 
~. Regressions of yield on ear population 

from a sample of 80 commercial wheat crops, over 
the range of population observed in each crop. 
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Having obtained an objective way of locating 
the set of maximum potential points, it is also 
necessary to find the type of curve which gives 
the best fit. Tests with linear, exponential, 
logarithmic, power and second order polynomial 
relationships were tried. The last relationship 
(y = a + bx + cx2 ) consistently gave the best 

fit for all crops for ear production on 
seedling population and yield on ear population 
regressions. There were problems, however, 
since at both ends of the seedling and ear 
popUlation ranges, the class width was greater, 
the performance more variable, and the standard 
deviation was greater. This tended to give a 
'nonsense' value for a in the equation. This 
was recognised as an artifact produced by the 
greater variability at the extremes of the 
popUlation ranges. It was overcome by expressing 
the standard deviation as a percentage of the 
mean for each set, and finding the mean value 
for all sets in the crop. That mean value was 
used as a standardised 'standard deviation as a 
percentage of the mean' from which the 
mean + 3 SD could be calculated for each set. 
By using these values, and adding to the 
appropriate set of data for regression the case 
where nil seedling population, by definition, 
produces a nil ear population, and a nil ear 
popUlation will produce nil yield, the 
correlation coefficients were high and the 
intercepts near to zero. 

The second order polynomial gives a 
symmetrical parabola, but there is no evidence 
or expectation that it should be symmetrical. 
Adams and Hills (1977) have suggested that a 
power parabola could provide a better fit and 
more realistically follow the type of response 
which is observed with varying populations. 

Further development from the two stage 
process outlined can be envisaged, starting 
with the seed population sown and splitting 
the yield per ear into seed number and seed 
size components. This will allow total loss 
to be quantified, and that loss to be 
partitioned into:

i) loss caused by establishment problems 

ii) shortage of ear production 

iii) st1urtage of seed number 

iv) smallness of seed 

APPLI CATIONS 

There are several uses for which this type of 
analysis is applicable, if data from sufficient 
crops are available to allow potential curves to 
be estimated. Examples of results obtained from 
analysis of the Scottish survey results are 
given below. 

1. Strategic Decision Making 

If the total loss can be determined, and 
partitioned into its component causes, the 
relative importance and magnitude of loss caused 
by each factor can be determined. Decisions can 
then be made of the value of attempts to control 
a particular cause of loss. An obvious and 
severe, but late attacking pathogen might well 
be shown to be of less importance than the loss 
caused by a less obvious cause of damage acting 
throughout the season. 

Table 1 shows how this has been done for 
wheat and barley crops, making use of the 
estimated national average yield, the estimate 
of losses due to (ear deficiency) and late 
(yield/ear deficiency causes of loss, an 
estimate of harvest loss, and disease incidence 
data. Each of the losses is not from the whole 
of the potential yield, .but only from that part 
of the potential which survives from earlier 
causes of loss. A foliar pathogen which causes 
loss at a rate of 10% on a crop which has 
already suffered a loss from potential of 20% 
due to seedling disease, is only acting on 80% 
of potential, that is an actual loss of 8%, not 
10%. That in turn, if it is the only cause of 
yield/ear deficiency, leaves 72% of potential 
to be subjected to any harvest loss. 

The various losses estimated can be added 
in reverse chronological order to the national 
average yield, to give an estimate of the 
maximum to be expected in the field. Estimates 
can then be made of the yield to be expected 
from a crop in the absence of any particular 
cause of loss, by taking away all but that loss, 
in turn, working down the table, and obtaining 
values for 'yield in the absence of x'. Some 
examples are given in the lower half of Table 1. 

An important deficiency here is information 
on the amount of loss caused by some factors, 
although it must be emphasised that there will 
be no universal value for the amount of loss 
caused by a given level of attack by most pests 
or pathogens. The rate of loss will depend on 
interactions with many other factors. All one 
can expect is a reliable guide to the order of 
magnitude of the amount of loss caused by a 
particular pest or pathogen. 

2. Agronomic Comparisons 

A set of data obtained over a period of 
several years, or from different regions, or 
for different cultivars will allow an assessment 
to be made of the magnitude of any seasonal, 
regional or varietal effect. A comparison of 
the established winter wheat cultivar Cappelle 
Desprez with the new Maris Huntsman showed that 
although the potential yield of the latter was 



Estimates of losses, and. average yields in their absence, from the Scottish wheat and 
barley crop in 1972-3 

BARLEY WHEAT 

1972 1973 1972 1973 
% YIELD % YIELD % YIELD % YIELD 
LOSS T/HA LOSS T/HA LOSS T/HA LOSS T/HA 

7.23 7.56 9.07POTENTIAL YIELD FROM SEEDLINGS 8.26 

EAR IfFICIENCY 12 13 20 9 

POTENTIAL YIELD FROM EARS 6.36 6.56 7.23 7.47 

'YIELDIEAR' DEFICIENCY COMPOSED OF:-

MlLIfW 
 5.6 8.5 1.9 1.7 

0.5 3.11.5 6.5SEPToRIA 
0.05 0.03 4.9 TRACERUST 

-1.5 0.9 -RHYNCHOSPCR I LIM 
4.1 8.77.6 11.6OTHER LEAF DPMAGE 

10.4 10.3 10.3 15.1OTHER CAUSES (PLANT BASE DISEASES ETC) 
0.5 0.3 0.7 0.3 

YIELD OF STANDING CROP 

NON PRODUCTIVE EARS, SMUT ETC 

5.(l) 

HARVEST LOSSES (ESTIMATE) 

4.92 4.884.65 

57 57 5? 57 

4.67 4.42 4.64 4.81NATIONAL AVERAGE YIELD AND PRODUCTION 
(153)(1553) (1529) (148)nooo TONNES)* 

YIELD WITHOUT (AND LOSS IN 1000 TONNES 
CAUSED BY):

MILDEW 
 5.01 4.95 4.77 4.93
(183) (4)(113) (4) 

SEPTORIA 4.70 4.51 4.85 5.27
(10) (7)(32) (14) 

RHYNCHOSPORIUM --4.76 4.47
(31) (19) 


RUST 
 4.814.68 4.974.42 
(11)(2) (0.1) 

ItL LEAF DPMAG: 

(0.1) 
6.015.39 5.57 6.11 

(48) (37) 
SMUTS AND WHITEHEADS 

(399)(238) 
4.69 4.834.444.70 

(1)(2)(5)nO) 
*AGRICULTURAL STATISTICS 1977 SCOTLAND, HMSO EDINBURGH (1978) 

Table 2. Wheat cultivar comEarison 

CliLTIVAR POTENTIAL YIELD 
r/HA 

%EAR 
DEFICIENCY 

%YIELD/EAR
DEFICIENCY 

TOTAL LOSS 
% YIELD-T/HA 

CAPELLE DESPREZ 9.6 1 49 50 4.8 
MAR I S HUNTSMAN 12.4 15 30 41 7.3 
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YIELD - t/ ha 

Altitude Effects: Barley 

HEIGHT OF 

CROP - M 


< 50 
50-100

100-250 
> 250 

NUMBER %EAR TOTAL 
OF CROPS DEFICIENCY LOSS - % 

161 2 30
181 4 32
147 3 36

6 9 48 

Table 5. Sowinf: date effects 

SOWING DATE 


A. BARLEY 

BEFORE MARCH 
MARCH (WEEKS 1-2)
MARCH (WEEKS 3-4)
APRIL (WEEKS 1-2)I APRIL (WEEKS 3-4). 
AFTER APRIL12 

B. WHEAT 
~. CompariSOn of variabjlity pf yielp in 

two wheat cultivars. BEFORE OCTOBER 
OcTOBER (WEEKS 1-2) 

much greater, confirming data obtained from OcTOBER (WEEKS 3-4) 
trials (Fiddian, 1972), the on-farm performance AFTER OCTOBER 
was much more variable. Some crops achieved the 
high yield anticipated, but others performed c. OATS 
poorly. It is possible that with a potentially 
superior cultivar one needs to know how to take BEFORE MARCH 
advantage of this potential, since any mistakes MARCH (WEEKS 1-2
might mean a poorer than average, rather than MARCH (WEEKS 3-45 
average crop (Table 2, fig. 8). The quantifi  APRIL (WEEKS 1-2) 
cation of other effects related to, for example, APRIL (WEEKS 3-4) 
establishment, altitude, and sowing date from AFTER APRIL 
analysis of the survey data in the manner 
described are illustrated in Tables 3-5. 

Yield losses assQ(::;ia:ted wi.th Eoorl~ estp.blishing croEs 

YIELD/EAR
NUMBER POTENTIAL LOSS NOT 

OF YIELD DUE TO 
CROPS T/HA FOLIAR 

DISEASE-% 

4 
ll5 
214 
ll5 

59 
6 

8.7 
8.7 
8.7
8.6 
8.4 
8.3 

8 
12 
17 
17 
24 
26 

11 
72 

147
143 

9.9 
10.1 
10.3 
10.2 

15 
15 
18
17 

2 
37 
96 

197 
102

21 

8.6 
8.7 
8.6 
8.7 
8.6 
8.3 

18 
12 
24 
28 
32 
42 

%ESTABLISHMENT 


A. 	 BARLEY 
< 50 
50-70 
70-90 
> 90 

B. 	 WHEAT 
< 50 
50-70 
70-90 
> 90 

NUMBER MEAN %EAR %YIELD/EAR TOTAL LOSS 
OF CROPS YIELD-T/HA DEFICIENCY DEFICIENCY % 

37 4.9 11 35 41254 5.6 3 31 33175 5.7 3 30 3223 6.0 0 24 24 

22 5.3 10 43 49146 6.0 6 38 41
133 6.7 1 32 33

39 6.5 2 34 36 



WITH WITHOUT so would not be expected to have any effect on 
BROWN FOOT ROT BROWN FOOT ROT ear popUlation and its most severe effects would 

AND MILDEW AND MILDEW be expected at the grain filling stage. There 
is no evidence that the lack of organomercury 

POPULATIONS l06/HA seed treatment or the presence of M. nivalis 
had any marked effect on early season losses. 

SEEDLINGS 3.29 2.94 
EARS:

POTENT IAL (PE) 101.0~ 9~7~ 
ACTUAL 	 (If) 7.96 

SEEDS 108/HA 

POTENTIAL FRQ'1: 

7.86 

\PE (PSPE) 1.73 
1.71 ~ I!f. (PSI!f.) 1.58\ 1.59 

1.43 

YIELDS 	 KG/HA 

P IAL FRQ'1: 

ACTUAL (AS) 1.40 

7360(A) 7420 
PSI!f. (B) 6800 6835 
AS (C) 	 6025 6130 

ACTUAL (D) 4665 5975 

LOSSES PER CENT 

IA-BI EAR DEFICIENCY 8.4 7.1 

IB-ci GRAIN NUMBER M:~} 31.4* 1~:~} 12.6*IC-DI GRAIN SIZE 

IA-DI TOTAL LOSS 37.4 18.2 

*YIELD/EAR DEFICIENCY IB-DI 
Partiti6ning of yield losses. 
Golden Promise 1973. 

3. Experimental Comparisons 

The method of partitioning loss can be used 
to make comparisons between crops. For example 
two crops of barley, cv Golden Promise which is 
highly susceptible to mildew, grown in adjacent 
parts of the same field. One had seed treatment 
to protect it against both mildew and other seed
borne fungi, and a very low level of seed 
infection with Micronectriella nivalis (Schaffn.) 
Booth, which can cause seedling death and 
disease. The other had no seed treatment or 
mildew protection, and 20% M. nivalis seed 
infection. Partitioning losses into those 
arising from ear deficiency, seed shortage and 
seed smallness, the main differences between the 
two crops is seen (fig. 9) to be at the grain 
filling stage, where the loss in the crop with 
mildew is much greater than from the crop 
without. Mildew infection begins late 
(GS 20-30) and builds up slowly in Scotland, and 

Possession of these figures allows 
comparisons to be made with the presence of 
crop loss factors operating at the times when 
the particular losses were occurring. 

The method also has application in trials 
where pathogens or treatments can affect plant 
population and levels of performance of 
subsequent parameters. It is often important to 
assess whether subsequent performance is due to 
the initial damage or to the continuing effects 
of the pathogen. By sowing a set of plots of 
the control stock of seed at a range of sowing 
rates as part of the trial, an indication of the 
compensatory ability of the stocks in the trial 
can be obtained for comparison with the effects 
observed in the experimental material. With 
barley cv Clermont, Whittle and Richardson (1978) 
showed that reduced plant populations resulting 
from emergence failure of seed infected with 
Cochliobolus sativus (Ito and Kuribay.) Drechsl. 
ex Dastur reached 100% ear emergence six days 
later than would have been expected on the 
grounds of reduced plant popUlation alone. This 
delay in maturity could be attributed to the 
continued effects of the C. sativus which had 
caused the poor emergence. 

Survey data can also be analysed to obtain 
information on yield loss relationships, albeit 
on a coarse scale. The losses due to 
particular levels of leaf damage can be placed 
in the context of total loss, as shown in 
Table 6. 

Table 6. 	 Yield/ear deficiency associated 
with % leaf area damaged at 
GS 70-75 (Leaf 2) 

%DAMAGE 

BARLEY 
<10 

10-30 
30-50 
50-75 
>75 

B. WHEAT 
<10 

10-30 
3D-50 
50-75

>75 

NUMBER 
OF CROPS 

90 
144 
138 
95 
55 

37 
91 
51 
61 
94 

%YIELD/EAR
DEFICIENCY 

26 
30 
29 
34 
38 

28 
34 
35 
41 
39 
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The regressions indicate a 26%-30% yield/ear 
deficiency in the absence of leaf damage, which 
can be attributed to other problems, and in 
addition, as expected, an increase in loss with 
increased leaf damage of the order of 0.13-0.14% 
yield/ear deficiency for each 1% of leaf 2 area 
damaged. Such figures can serve to make 
assessments of loss due to any factor until 
detailed studies of the loss caused by 
individual pests or pathogens can be made. 

4. Advisory or Extension Applications 

Probability values obtained from the survey 
data to obtain potential estimates can also be 
used to provide estimates of the likely outcome 
of crops inspected in the course of advisory 
work, thus allowing the adviser to make 
objective judgements on whether or not a poorly 
established crop is likely to provide any useful 
yield, or whether the additional cost of 
reseeding or replanting with another crop is 
likely to be cost effective. Figures 3d and 
5d represent the level of performance expected 
to be reached by only 0.13% of crops 
(mean + 3 SD). Similar lines can be drawn 
through points which have a different base, for 
example the curves through the mean values 
represent a level of attainment to be expected 
from 50% of crops; 'mean + 0.675 SD' would be 
attained by 25% of crops, and all but the 
poorest 25% would reach the levels indicated by 
a curve through the line 'mean - 0.675 SD' 
(fig. 10). The data in Table 7 give an 
indication based on observations from the 
Scottish surveys on the probability of crops 
with different populations achieving yields 
within specified limits. Crops with above6 average seedling populations (>3-3.5 x 10 /ha) 

8 
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1\1 
&.

;,-. 
~4 
I 
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o 
~ 
:;2 
2 
a: 
11.1 '" 

o 2 4 

SEEDLING PO'ULATION - 1rJi/ he 

have a higher expectation of higher than 
average yields than crops with below average 
seedling populations, and a higher expectation 
of a better than average rather than lower than 
average yield. 

Table 7. 	 Yield probabilities in relation to 
seedling ,populations, Scottish wheat 
crops 1970-1974. 

SEEDLING POPULATION 
YIELD-T/HA BELOW 

AVERAGE 
ABOVE 

AVERAGE 
OvERALL 

PROBABILITY 

>10 
8-10 
6- 8 

0.003
0.018 
0.009 

0.016 
0.048 
0.132 

0.02 
0.07 
0.23 

4- 6 0.201 0.198 0.40 
2- 4 
< 4 

0.146
0.028 

0.108 
0.015 

0.25 
0.04 

CONCLUSION 

The method outlined is capable of, and needs, 
considerable refinement tc establish the 
confidence with which any differences or trends 
observed can be considered to be significant, 
but the results presented in this paper are 
intended to demonstrate that it is possible to 
obtain from easily collected data from farmers 
crops, a synthesis of information to provide 
objective data on parameters of crop 
performance which cannot be directly measured, 
and which provides a simple but powerful way 
of quantifying and assessing the relative 
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Fig. 10. Probability curves for .ear POPll,lati9n apd yield of wheat, related to seedling and ear 
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importance of crop loss factors. Reference to 
two early statements on crop losses is perhaps 
an appropriate way to conclude this paper, 
because although old, they are by no means 
outdated. The first is anonymous but doubtless 
one of the earliest attempts to partition crop 
loss into components, and in the following way 
suggest an initial estimate of loss of the 
order of 75%:

'One for the rat, one for the crow, 
one to rot, and one to grow.' 

In Northern Europe the average yield of small 
grain cereals is now about half that of the 
level achieved by the very best crops, so there 
has been some improvement on the pessimistic 
statement above, but there is still some 
reluctance to acknowledge that this therefore 
represents an average loss of about 50%, and 
there is still some truth in the statement of 
John Curtis, writing about a century ago (1883) 
in relation to insects, but equally applicable 
to other causes of loss. He wrote about: 

'Those noxious animals which annually 
consume an amount of produce that sets 
calculation at defiance •••• if an 
approximation could be made to the 
quantity thus destroyed, the whole world 
would remain sceptical of the result 
obtained, considering it too marvellous 
to be received as truth.' 

ACKNOWLEDGEMENTS 

I am deeply grateful to all the staff of 
Agricultural Scientific Services who have 
contributed to this work; the staff of the 
Agricultural Research Council's Unit of 
Statistics for discussion and data processing; 
and the Scottish farmers, without whose 
permission to sample crops the data would not 
have been obtained. 

REFERENCES 

Adams, Carol J. and Hills, F. J. (1977). A 
power parabola for an asymmetrical response. 
Agronomy Journal 69, 124. 

Cramer, H. H. (1967). Plant Protection and 

World Crop Production. Pflanzenschutz

Nachrichten Bayer 20, 1. 


Curtis, J. (1883). Farm Insects Second 

Edition. Van Voorst, London. 


Fiddian, W. E. H. (1972). Wheat, and 

oat varieties completing primary trials in 

1971. Journal of the National Institute of 
Agricultural Botany 12, 358. 

Fiddian, W. E. H. (1977). Factors affecting 
cereal yield. proceedings of the 9th 
British Insecticide and Fungicide Conference 
3, 755. 

Richardson, M. J. (1971). Yield losses in 
wheat and barley. Scottish Agriculture 50, 
72. 

Richardson, M. J. (1973). Total crop ecology 
and cereal disease assessment. 
2nd International Congress of Plant Pathology 
Abstract 0828. 

Richardson, M. J. (1975). Cereals - why only 
35 cwt per acre? ADAS Quarterly Review 
16, 152. 

Whittle, A. M. and Richardson, M. J. (1978). 
¥ield loss caused by Cochliobolus sativus 
on Clermont barley. Phytopathologische 
Zeitschrift 91, 238. 

185 



186 

INTERNA TIONAL COOPERATION IN CROP AND FOOD LOSS ASSESSMENT 

L. Chiarappa, H.R. Shuyler and N .A. Van der Graaff 
FAO 	of the United Nations 

Rome, Italy 

BACKGROUND 

Crop and food losses caused by pests have 
plagued humans and their society from the very 
beginning of agricultural times. The word pest, 
as frequently used today to describe any damage
causing agent such as insects, mites, nema
todes, weeds, rodents, birds and plant patho
gens, is synonymous with "plague", and plagues 
have affected human well-being from the begin
ning of history. 

In fact, more than once plagues have been 
the cause of great socio-economic changes. In 
spite of the importance of these events and of 
the losses they have caused, it is surprising to 
see that little information is available on their 
true magnitude. Although some of this ignor
ance is based on the intrinsic difficulties of 
quantifying crop and food losses, other factors 
have contributed to this area of worldwide ignor
ance. 

Horsefall and Cowling (1) list seven factors 
which apply to conditions of crop losses caused 
by plant diseases in the United States. These 
factors are (a) belief that measuring plant dis
ease and consequent crop losses is not livery 
scientific ll ; (b) unlikelihood that "elitell scien
tific journals would accept articles on this 
subject; (el consideration that universities 
would not give promotion and tenure credits for 
such type of II primitiveil research; (d) difficulty 
of obtaining funds from Federal granting agen
cies; (e) unreliability and lack of objectivity of 
crop loss appraisal methods; (f) surplus food 
in the country and lack of interest in knowing 
how much of this is lost and could be saved; 
(g) avoidance of field oriented research in 
favour of " more profitable ll laboratory work. 

The conditions in some other countries have 
been quite different, particularly with regard to 
plant disease loss quantification. In the United 
Kingdom, for example, where plant protection 
sciences have also developed to a high degree 

of sophistication during the past century, certain 
prevailing political and economic conditions have 
influenced plant protection research toward the 
solution of national food supply problems created 
first by two world conflicts and later by the dis
memberment of a great empire. One of these 
problems was to secure at all times an adequate 
food supply within the national boundaries of the 
country. To achieve this, it was necessary to 
maintain a constant watch on crop yields and a 
constant vigilance on all yield depressing factors. 
It is for this reason that the pioneering work on 
crop/pest appraisal is mainly confined to the 
United Kingdom and has been done by W.C. 
Moore, E.C. Large, J. Grainger, A.H. 
Strickland, Joan Moore and P. T. Walker. A 
similar situation has also developed in Japan 
particularly for crops of vital national import
ance such as rice. In this crop detailed esti 
mates of yi elds, of crop losses and of their 
cause have been carefully maintained since 1925 
(2) • 

In other countries, very little effort has been 
made in the assessment of crop and food losses 
because of a series of other factors. These in
clude the deficiency of trained personnel and of 
adequate infrastructures, the lack of usable 
methodologies and, most important, of necessary 
financial resources. Occasionally in some of 
these countries political implications resulting 
from crop loss measurements or surveys have 
actually discouraged the performance of these 
activities, simply because they implied some 
sort of justification on the reasons why the 
factors causing crop losses had not been suc
cessfully controlled. In such situations it has 
been more comfortable and certainly safer to 
avoid any qUantification of loss and to blame 
unfavourable weather conditions for all crop 
adversities. 

Another prevailing philosophy in certain 
countries has been that of utilizing whatever 
limited resources were available in the actual 
prevention of crop losses rather than in their 



evaluation. The latter, in fact, was considered 
only to be a futile, non productive exercise. 

Because of the above conditions, another 
approach has been to see if some type of crop 
loss information could be obtained by scanning 
existing crop protection literature from which 
data could be extracted that might be useful in 
quantifying the problem. This apPr:oac.h was 
essentially the one followed by Ordlsh m England 
(3), LeClerg in the United States (4) and Cramer 
in Germany (5). This approach, however, Was 
soon recognized to be unsatisfactory especially 
when, by adding together crop loss data from 
weeds, insects, pathogens, etc. it was possible 
to surpass the 100% loss mark I. This, of 
course, generated additional distrust for any 
work in crop loss estimation. 

This was the situation in the late sixties 
when work on crop loss appraisal had nearly 
reached a standstill. But events started to 
change in many countries and on the inter
national scene. 

In the United States, during the period from 
the mid-19401s to the mid-1960 1s basic research 
had been encouraged almost as an individual 
enterprise and had been given support by the 
then newly established National Science Foun
dation and by large grants from the National 
Institutes of Health and from the then named 
Atomic Energy Commission. In the late 601s, 
due to the socio-political unrest and other 
factors, administrators in more than one uni
versity and/or granting agency became aware 
that "basicll research had to be directed more 
toward the solution of practical urban and farm 
problems. They also recognized the need to 
shift the responsibility of selecting research 
projects away from the indi vidual, as this 
selection was often based only on personal 
interest or individual curiosity. This called 
for another system of evaluation of grant 
requests and for an improved methodology for 
establishing priorities. In the field of crop 
protection, the lack of reliable data on crop and 
food losses apparently created considerable 
embarrassment. This was particularly evident 
at the Federal level when practical guidelines 
were to be developed for the use of pesticide 
chemicals and for recommending corrective 
actions. For example, these recommendations 
stated (6) that pesticides IIwere to be applied 
only when there was evidence that pest densities 
had reached a significant threshold" so that 
pesticides could be used to achieve optimal 
control at these levels. It was evident that, to 
achieve this objective, it was necessary to have 
information quantifying pest densities and corre
sponding losses. In most cases this information 
was lacking. 

At the international level a similar deficiency 
was seriously limiting the activities of many aid 
agencies. In fact, these lacked reliable infor

mation on worldwide pest-induced crop losses 
and could not easily and timely mobilize the 
necessary resources for their prevention and 
control. Furthermore, with the beginning of the 
energy crisis, they realized that food production 
resources were becoming increasingly limited 
and that any increase in food availability had to 
depend in great part on the reduction of existing 
crop losses. Again, the qUantification of these 
losses was important enough to generate greater 
international interest. 

It was to meet this situation and to overcome 
the above deficiencies that FAO took the initiative 
in 1967 to organize a Symposium on Crop Losses. 
The purpose of this symposium was to examine 
the existing situation, to emphasize the net>d for 
factual information and to suggest the necessary 
remedial action (7). 

While the Symposium was essentially dealing 
with pre-harvest crop losses, the international 
interest also included post-harvest losses. This 
interest was evident in some of the ongoing field 
activities of such international organizations as 
FAO, GASGA (Group for Assistance on Systems 
relating to Grains After-harvest) and the World 
Bank. It was also evident at the level of the 
United Nations General Assembly which in 
September 1975 passed a resolution establishing 
the goal of reducing post-harvest losses by 50% 
within a 10 year period. Although pre- and post
harvest losses are to be considered as two 
aspects of a single problem, international coop
eration in the assessment of crop and food losses 
will be analyzed here in two separate sections. 

PRE-HARVEST LOSSES 

The FAO International Collaborative Programme 
on Crop Loss Appraisal 

This international programme was begun as 
a follow-up action of the 1967 symposium to deal 
with some of the recommended activities. The 
resulting work has been conducted in four major 
areas as follows: 

Crop Loss Manual 

One of the deficiencies for undertaking a crop 
loss appraisal programme was the lack of guiding 
principles and of proper methodologies to esti 
mate crop losses in the field. The primary aim 
of the FAO manual Was therefore to provide these 
general guiding principles on which to base the 
planning and conduct of field experiments. 

The second objective of the manual was to 

give sufficiently detailed examples of methods 

already available in certain countries and crop 

situations acknowledging that these methods not 

only applied to the conditions in which they had 

been developed but also required adaptation to 

local conditions. 
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The third objective was to encourage a degree 
of international standardization in the descrip
tion of stages of crop development and of measure
ment of pest damage to crops. 

To achieve these objectives, four world com
mittees were established to deal with four of the 
major groups of agricultural pests (plant Cll~"~Cib'" 
insects, nematodes and weeds). Also a world
wide network of !lcorrespondents!l was created 
to cover major languages in each geographic 
region. As many as 104 scientists participated 
in this effort by screening world literature, by 
contacting individual research workers and by 
summari zing information on crop losses. These 
summaries, relating to a gi ven pest or disease 
and crop, were then reviewed for acceptance by 
the members of the four world committees 
before being accepted for publication. Each 
summary contained the following information: 
(a) common and scientific name of the crop and 
of the pest; (b) location where the method had 
been developed; (c) field symptoms; (d) effect 
on crop; (e) procedures to assess losses; 
(f) quantitative relationship between pest inten

sity and crop (g) limitation or prevention 

of damage; (h) sources of additional information. 


Through the voluntary collaboration of indi

viduals, national institutes and international 

organizations (such as, for example, the Inter

national Institute of Sugarbeet Research - IlRB) , 

enough contributions were received to publish 

in 1971 the FAO edition of IICrop Loss Assess

ment Methods - FAO manual on the evaluation 

and prevention of losses by pests, diseases and 

weeds tl • This edition was mainly distributed to 

the various participants and their respective 

Institutions. One year later the Commonwealth 

Agricultural Bureaux (CAB) reprinted the 

manual for general sale and field use. Sup

plement No.1 was then published in 1973, 

supplement No.2 in 1977 and supplement No.3 

is due to appear in 1980. . 


Training 

Another deficiency which was soon recog

nized was that there were very few people in 

the world with expertise in what could be called 

"crop lossologyll or lIplant pathometryl!. In 

fact, with only a few exceptions, universities 

do not teach the subject of how to measure 

disease or how to quantify insect outbreaks. 

This is an area in which international collab

oration was also needed to bring together the 

limited and scattered expertise and to make 

this available to different areas of the develop

ing world. 


A number of multidisciplinary workshops 
have been organized both at the national and 
international levels to meet the above require
ments. Crop loss workshops were held in Bari 
(Italy), Cairo (Egypt), Passo Fundo (Brazil), 
Bangalore (India), EI-Harrah (Algeria), and 

Ibadan (Nigeria). Each workshop has included 
theoretical lectures by FAO staff and specialized 
consultants as well as practical exercises in the 
field. They have also allowed for ample dis
cussions on concrete crop loss problems by the 
participants. It should be said that considerable 
feed-back was obtained by FAO from these work
shops in the way of new activities in crop loss 
appraisal at the national level. Also, it has been 
possible to identify young scientists interested 
in this area of plant protection and to assist them 
further in the beginning of their career in this 
field. 

Consultancies 

A third significant development following the 
F AO symposium has been the increasing number 
of requests by FAO member governments for 
consultants on crop loss appraisal. This has 
plainly indicated the increasing awareness of 
these governments of the need for better defin
ing their pest problems in order to identify 
clearly their production constraints and to 
utilize their limited financial resources more 
efficiently. 

Other international activities 

Several other initiatives have been taken 
over the past 13 years with the objective of 
improving information on crop losses. These 
have been directed both at F AO member govern
ments and at the level of indi vidual scientific 
organi zations • The following activi ti es are 
worth mentioning: 

- Collaboration with the International 

Society of Plant Pathology (ISPP) 


This has invol ved partici pation in all the 
International Congresses of Plant Pathology and 
in the active organization of sessions dealing 
with crop loss appraisal. 

Also active participation has been maintained 
with the ISPP Committee on Crop Losses and 
Production Constraints since its inception. This 
Committee, in addition to providing tactical 
support to the initiation of national disease-loss 
appraisal programmes, also deals with quanti 
tative epidemiology, forecasting and warning 
systems. Among the special international 
proj ects being initiated by this group are the 
evaluation of production constraints in sub
sistence farming systems; the international 
inventory of crop loss data; the international 
data bank on constraints methodology and a 
world literature file on crop losses. 

- Survey of base-line data on crop losses 
in FAO member countries 

In 1979 a survey was conducted by FAO among 
its member countries with the purpose of estab
lishing base-line data on their interest and 



infrastructures for use in crop loss appraisal! 
forecasting activities. Of the 26 replies received, 
all revealed great interest in this area of activity 
but little or no availability of suitable infrastruc
tures. These same replies also revealed that 
concern of many of these countries was centered 
in post-harvest losses with little consideration 
to the fact that most losses occurred before 
harvest. 

_ 	 International Action Programme for 
Improved Plant Protection (Assessment 
of pre harvest losses) 

This activity was recently begun in a selected 
number of FAO countries to assess the type and 
quality of crop loss data which are already avail 
able in these countries in the form of IIby_produd;gll 
from other activities (e.g., pesticide and crop 
variety trials; statistics of marketing boards 
or pesticide distributors; crop yield surveys; 
pest and disease surveys; authoritative state
ments of experts, etc.). 

Since these data are frequently scattered or 

left in individual files, they are never published 

and seldom fully utilized. It is believed that if 

they could be collected and analyzed properly, 

they could serve as a basis for quantifying, at 

least in a preliminary form, the major pest 

constraints to local agriculture. 


Only a limited number of countries has been 

involved in the first phase of the survey. How

ever, their number will be increased in the 

event of promising results. Following this 

exploratory stage, a worldwide inquiry will be 

conducted to involve all FAO countries, pesti 

cides industries and International Research 

Centres. An international working party has 

been established to conduct this work. It 

comprises FAO, the Centre for Overseas Pest 

Research (COPR) of the Overseas Development 

Administration (ODA) in the United Kingdom and 

the Canadian International Development Agency 

(CIDA) • 


POST-HARVEST LOSSES 

The FAO Action Programme for Prevention of 

Food Losses 


This programme was approved by the 19th 
FAO Conference in 1977 in line with the already 
mentioned 1975 resolution of the United Nations 
General Assembly and as a follow-up to an FAO 
survey also conducted in 1977 on the subject (8). 

Although the primary aim of the FAO "PFL" 

programme was to promote projects having 

direct impact on the reduction of post-harvest 

losses of staple foods, it was clearly under

stood that any of such projects should also 

include loss assessment activities in order to 

properly monitor progress and/or to guide 

future loss preventive actions (9, 10 and 11). 


By the end of June 1980 there were 70 of such 
FAO projects already approved. Although some 
difficulty has been experienced in the collection 
of food loss data, improvements are being 
expected. These will be mainly achieved through 
the use of improved advisory services and 
through the use of a series of manuals and stat 
istical aids (12) providing simplified instructions 
to field staff. Post-harvest losses are being 
thus appraised throughout the food chain from 
harvest to milling and storage. Similar activi
ties have been recommended to take place for 
the appraisal of losses in fresh fruits and veg
etables by the Joint F AO/UNEP Expert Consul
tation which met in Rome in 1980. Here how
ever, the difficulty of obtaining reliable 
appraisal information was recognized to be much 
greater because of the prevailing importance of 
qualitative factors and the involvement of differ
ent national and international standards. Also 
mention should be made of the recommendation 
made in 1978 by the OECD/FAO/WHO Expert 
Consultation on Problems and Control of Rodents 
of Agricultural and Public Health Importance 
for the quantification of losses caused by rodents 
(13) • 

GASGA's Programmes and Inter-country 
Cooperation 

As previously mentioned, GASGA stands for 
the Group for Assistance on Systems relating 
to Grains After-harvest. This informal group 
comprising representatives of eight technical 
organizations engaged in post-harvest loss 
reduction activities in the developing world, 
started its activities in 1970 showing an immedi
ate interest in the need of developing food loss 
assessment techniques. A Technical Seminar 
on the subject was held in London in 1973 (14) 
and information specific to maize was published 
later (15 and 16). Subsequently, at the request 
of an informal grouping of members of the Con
sultative Group on International Agricultural 
Research (CGIAR), GASGA members jointly 
developed the "Priorities for Action in Grain 
Post-Harvest Loss Reduction" (17). This 
initiative was followed in 1978 by another 
Technical Seminar in which the Improved 
Facilities and Management of Food Reserve 
Stocks in Semi-arid Areas were considered. 
In this meeting, the need for quantification of 
food losses was again a major theme of dis
cussion. 

Bilateral Programme§ 

Several independent international pro
grammes have been initiated by individual donor 
countries following the 1975 United Nations 
General Assembly resolution. However, thanks 
to the existence of GASGA, most of these pro
grammes were initiated and conducted through 
a system of continuous consultation and exchange 
of information. Although it would be impossible 
to recall all of these programmes {since many 
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are not reported in international literature), an 
attempt will be made here to describe those 
which have been brought to our attention. 

In the United States, the US Agency for 
International Development (USAID) arranged for 
its activities through two of its major groups. 
Through the Nutrition Group a contract was made 
with the League for International Food Education 
(LIFE) and the American Association of Cereal 
Chemists for the development of methodology on 
assessment of post-harvest losses of grain 
crops. A manual on the subject was produced 
in 1978 (18). This serves FAO as a basis to 
formulate the guidelines used for its post
harvest loss assessment activities. Improve
ment of some of the methodology described in 
the manual is the responsibility of the Tropical 
Products Institute in the United Kingdom which 
has also accepted to serve as a focal point of 
GASGA activities in post-harvest loss assess
ment methodology. 

The Agricultural Group of USAID placed a 
contract with the US Nation.il Academy of 
Science to conduct a study of post-harvest 
losses in developing countries. The resulting 
publication (19) and bibliography (20) represent 
a broad coverage of the subject as far as geo
graphical areas, commodities involved and 
causes of losses. As for the bibliography, 
this is being kept up-to-date by the computer 
system developed at Kansas State University 
in response to another USAID contract. 

In the United Kingdom, the Tropical Products 
Institute (TPI) and their Tropical Stored Prod
ucts Centre (TSPC) are fully involved in inter
national programmes on post-harvest loss pre
vention and in the development of new method
ologies for post-harvest loss assessment. Thi s 
involvement is partly due to institutional initiat
ives and partly as commitment with GASGA (as 
mentioned earlier). Of the ongoing loss assess
ment projects, attention is deserved by those 
conducted in the Dominican Republic and in 
Bangladesh (the latter in collaboration with the 
Institute of Development Studies of the Univer
sity of Sussex). A similar project has been 
completed in India. 

On F AO' s request, TSPC has also developed 
a set of specifications for items of equipment 
and sUPlJlies for loss assessment studies (21). 

With regard to other programmes initiated 
by other donor countries, mention should be 
made of those promoted by the French Institut 
de Recherche Agronomique Tropicale (IRAT), 
by the German Gesellschaft fOr Technische 
Zusammenarbeit (GTZ), by the Canadian Inter
national Development Research Centre (lDRC) , 
by the Netherlands ' Royal Tropical Institute 
and by the Commonwealth Scientific and Indus
trial Research Organization (CSlRO) inAustralia. 

CONCLUDING REMARKS 

Over the past 13 years considerable attention 
has been paid internationally to the area of crop 
and food loss appraisal. This commemorative 
symposium is also a clear demonstration of such 
international interest. The shift of interest 
towards the appraisal and prevention of crop 
losses runs almost parallel to that caused by the 
energy crisis. 

Until a few years ago, it was believed that 
the problem of hunger and malnutrition in many 
parts of the world could be solved by increasing 
food production through the expansion of culti
vated acreage or the boosting of yields per acre. 
However, suddenly it was discovered that land, 
water and energy resources were becoming 
scarce and that something else had to be done 
to increase production within the boundaries of 
the limited available resources. Reducing 
losses to increase food supplies became then 
an obvious solution to the problem. Thus, the 
need for crop and food loss quantification 
became apparent. Crop and food loss data are, 
in fact, essential to define the pest situations, 
to select priorities, and to utilize with the 
greatest efficiency the limited control inputs. 

We hope that this interest will continue to 
grow and to expand so that more appropriate 
corrective measures to reduce pre- and post
harvest losses due to biological organisms and 
other causes will be developed and applied 
through well defined cost/benefit ratio studies 
and well selected priorities. 

For many years the Organization which 
we represent has been II shaking the tambourine 
and rattling the beggar I s tin CUpfl (1) trying to 
promote international cooperation in crop loss 
prevention matters. Let's hope now that this 
effort will not cause only "noise l1 but will result 
in more concrete, truly international action. 

http:Nation.il
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THE INTEGRATED PEST MANAGEMENT CONCEPT AND THE ROLE OF CROP LOSS ASSESSMENT 

J. Lawrence Apple 
Associate Director 

North Carolina Agricultural Research Service 
and 

Professor of Plant Pathology and Genetics 
North Carolina State University 
Raleigh, North Carolina 27650 

In his inaugural presentation at this symposi
um, Dr. Clive James struck a critical note in his 
statement that "the economic, social and politi
cal aspects of food production are of unique 
interest to mankind, because world security may 
well be more dependent on increased food produc
.tion than any other factor". I subscribe to that 
view, and I believe that one of the most feasible 
and practical options for an improved food and 
nutrition economy in both developed and develop
ing nations is significant reduction of the pre
and post-harvest losses that we now tolerate in 
our food production and marketing systems. In 
my opinion, the IPM concept holds great promise 
as an ordered and holostic approach to crop 
protection through which we can achieve signifi
cant crop loss reductions in a manner that is 
economically, environmentally, and technically 
sound and socially acceptable. 

The integrated pest management (IPM) concept 
has been for many years and continues in a state 
of dynamic evolution. The IPM approach is a con
cept and not a method, and failure to recognize
this fact has produced some confusion and consid
erable debate over its validity and distinguish
ing characteristics. As has been pointed out 
many times, some components of the concept are 
not new, but it does represent a new philosophy 
and a new approach to crop protection. It is not 
merely new jargon to describe what we have been 
doing for decades - it is something more. Before 
turning to a brief discussion of the fundamental 
elements of and specifically to the role of crop 
loss assessment in IPM, I want to assure that 
this terminology communicates a common under
standing. 

First, let me point out that "pest" is used in 
the broad sense to denote all biotic agents that 
cause diseases of, compete with, or feed upon 
cultivated crop plants to the extent of producing 
economic loss. Secondly, "management" is used in 

preference to "control" because control implies a 
degree of dominance by man, a freedom to act, an 
assuredness of efficacy that in fact does not 
exist. Control also suggests the notion of final
ity, of having controlled and thereby having 
disposed of a problem. "Management" conveys the 
concept of a continuous process rather than one 
that will be accomplished with the application of 
an extrinsic factor; it implies that pests are 
components of the agroecosystem that must be 
dealt with on a continuous, knowledgeable basis. 
By contrast, once a pest problem has been "con
trolled", its recurrence at the economic injury 
level may be viewed by the farmer as a "failure" 
of the control system. We sometimes overlook the 
fact that controls are applied to reduce the harm 
caused by pests rather than to destroy the pests. 
Management, embracing the concept of economic 
threshold, focuses on controlling the harm and is 
less subject to misunderstanding. Thirdly, let 
us understand that the "integrated" in the IPM 
rubric refers to disciplinary integration rather 
that methodological integration which is implicit 
in the "pest management" concept. Some have 
objected to the IPM terminology on the premise 
that it is redundant since "pest management" 
implies methodological integration, but the addi
tion of "integrated" signifies disciplinary inte
gration as well. This represents not only the 
integration of the crop protection disciplines 
but also integration with the other disciplines 
as necessary to embrace the total pest complex of 
the agroecosystem, its biological and physical 
interactions, and the ecological effects of the 
management strategy beyond the agroecosystem. In 
summary, I define IPM as a management integration 
of methodologies for all economic pests of the 
agroecosystem with the objective of optimizing 
productivity, net returns, stability, and environ
mental quality. 

The systems approach is a basic premise of the 
IPM concept. The systems approach is motivated 



chiefly by the desire for increased relevance in 
research and for a more complete understanding 
of complex and highly interactive phenomena. The 
concept arose because of the recognition that the 
world contains "systems" and "non-systems" and 
that changes in one part of a system may have 
important effects upon the system as a whole. 
Thus, improvement of a system cannot be expected 
simply by making changes in one part even if this 
part appears to be improved. Therefore, improve
ment of a part actually has little meaning if it 
does not result in improvement of the whole 
system. Therein we recognize the philosophy of 
IPM. A crop protection sub-system, and the crop 
production system of which it is a part, 
comprises many physical and biological elements 
that must not only be recognized but their 
multiple interactions must be understood and 
quantified. 

Some have criticized the IPM concept on the 
premise that it does not represent anything new, 
that it is merely new jargon for established 
practices and procedures, and that it is a band
wagon tactic promoted by the desire for additional 
research funds. Stated bluntly, those who espouse 
this view do not understand the concept. 

Much of the debate over the applicability of 
IPM to crop protection derives from an incomplete 
understanding of the concept -- its characteris
tics, principles, utility, and limitations. The 
following discussion of IPM principles provides 
a conceptual basis for an ordered approach to 
crop protection within the context of IPM 
systems*. They are presented in the general 
order of their application and should illustrate 
the role of crop loss assessment in IPM programs. 

1. Identify the Pest{s) to be Managed 

Pest problems that are of obvious or potential 
economic importance in an ecosystem must be 
diagnosed and the causal agents identified. The 
problem is generally first seen by the farmer. 
If he does not recognize the cause (or causes), 
the farmer may seek assistance through a publicly 
supported or private disease management service. 
Relevant information on the biology and ecology 
of the pest{s) of the crop must be assembled. 
Identifying the problem(s) that must be managed 
is the first step in developing pest management 
strategies, and crop loss assessment technology 
is definitely involved. 

*These principles of pest management were adopted 
from the following source: Apple, J. L. 1977. 
Theory of Disease Management. In J. G. Horsfall 
and E. B. Cowling (Eds.). Plant Pathology: An 
Advanced Treatise. Vol. 1. How Disease is 
Managed. Academic Press, New York. 

2. Define the Management Unit - The Agroecosystem 

An agroecosystem comprises the total complex 
of organisms in the crop area together with all 
aspects of the environment as modified by the 
various agricultural, industrial, social, and 
recreational activities of man. An ecosystem is 
a basic functional unit of nature that includes 
both organisms and their non-living environment, 
each interacting with the other and influencing 
each other's properties, and both necessary for 
the maintenance and development of the system. 
Ecosystem boundaries are generally determined 
pragmatically, but once defined the ecosystem may 
be visualized as connected to the surrounding 
environment by a system of inputs and outputs. 

An agroecosystem is equivalent to an early and 
thus very dynamic successional stage of a natural 
ecosystem. As with a natural ecosystem, its 
boundaries often are difficult to establish. A 
normal ecological succession would proceed in an 
agroecosystem unless the farmer continuously fed 
energy into it through cultivation, irrigation, 
fertilization, and pesticide applications. The 
flow of organisms into the agroecosystem may be 
high since there are many unfilled niches in it. 
Such artifically maintained ecosystems are in
vaded across the "system" boundary by a charac
teristic set of organisms that are determined by 
the qualities of the agroecosystem and its 
surrounding environment(s). Many of these in
vaders become co-habitants and are essential to 
the sustained yield of the agroecosystem (e.g., 
rhizosphere organisms). Some invaders may be 
innocuous and go unnoticed, but others that 
compete with, feed upon, or parasitize the culti
vated species are declared "pests" when their 
effects conflict with man's desires. 

The migrational capacity of the pest(s) deter
mines the boundaries of the agroecosystem that 
must be managed. If these capacities for migra
tion are limited, the boundaries of the manage
ment unit may be restricted to a single field 
(e.g., a soil-borne pathogen such as the nematode 
Heterodera), but if these potentials are high the 
ecosystem may include most of a continent as is 
the case with certain air-borne pathogens such as 
Puccinia graminis. Consequently, the geographic 
limits of the agroecosystem are determined by the 
migrational characteristics of the pests. But 
the size of the agroecosystem, which is the basic 
management unit, is determined by the outer limits 
of the set of subsystems (biological and physical) 
that comprise.it. 

3. Develop the Management Strategy 

The fundamental strategy of IPM is the coordi
nated use of multiple tactics in a single inte
grated system with the goal to hold pest numbers 
and damage to tolerable levels. It is a contain
ment strategy rather than an eradication strategy. 
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The fundamental tactics of integrated pest control 
are: 

Utilization of indigenous natural control. 

Management through cultural practices. 

Use of inherent plant resistance and 


tolerance. 
Selective use of chemical pesticides. 

The utilization of these tactics depends upon the 
specific agroecosystem and the nature of its key 
pests. Their application should be governed by 
economical and ecological considerations. 

The IPM strategy should aim at: 

Reducing the level of the original pest 
infestation or inoculum in the agro
ecosystem. 

Modifying the rate at which the pest 
increases in the agroecosystem. 

Reducing the influx of pest invaders 
into 	the agroecosystem. 

Some combination of the above three, 
with the exact combination dependent 
on the characteristics of the pest 
and the agroecosystem. 

4. 	 Establish Economic Injury Thresholds 

Plant pests have been studied intensively 
because they damage cultivated crops, but it is 
paradoxical that even today, as noted repeatedly 
in this symposium, there are few reliable 
estimates of loss, especially on a geographic 
basis. Since the development of economic thres
holds requires estimates of loss, it follows that 
economic thresholds have not been used extensive
ly as management criteria for plant pests. 

The economic injury threshold is that pest 
population level or level of pest intensity that 
produces an incremental reduction in crop value 
greater than the cost of implementing a pest 
management action. (The level of pest intensity 
may be measured by various indices of presence, 
e.g., amount of potential inoculum, as well as 
number of pest individuals per unit area.) 
Economic injury thresholds are functions of 
phenological time and/or physiological state uf 
the crop plants and of the value of the crop 
commodity. 

Establishment of an economic lnJury threshold 
requires knowledge of the following: 

Methods of measuring plant response to 
pest injury or impact. 

Methods of measuring directly or 
indirectly the pest abundance or 
intensity, i.e., sampling. 

The crop loss in terms of quantity and 
quality of the crop and its economic 
value. 

-- A 	cost/benefit analysis of the proposed 
IPM action. 

The establishment of economic lnJury thres
holds is a very difficult problem area facing IPM 
researchers, and the key to success is the devel
opment of practical loss assessment methods that 
can be deployed at low cost. The complexity of 
the process has deterred development and usage. 
However, empirical thresholds based on observa
tions and experience have been used successfully 
in many IPM programs. These thresholds must be 
refined as additional research information 
becomes available. 

I also wish to introduce the concept of the 
economic treatment threshold which is a level at 
which action must be taken to prevent economic 
damage. It is a somewhat lower level of pest 
intensity than the economic injury level. At the 
economic treatment threshold, if a decision to 
take a pest management action is made, time is 
sufficient, before the economic injury threshold 
will be reached, to permit the control actions to 
be carried out and for them to have their antici 
pated impact on the pest. 

To establish an economic treatment threshold 
requires some knowledge of future patterns of 
pest intensity, factors influencing the economic 
injury threshold, and pest damage potential in 
the specific crop situation. 

5. 	Develop Reliable Monitoring and Predictive 
Techniques 

A basic premise of IPM is that management tac
tics will be utilized only when actual or pre
dicted loss reaches the economic injury threshold 
level. The pest problem may range from one that 
consistently exceeds economic thresholds each 
growing season to one with the potential for but 
low probability of causing economic loss. In 
either extreme, monitoring data would allow proper 
timing of management tactics even with some con
sistently severe pests and would be the basis for 
determining if, when, and where treatments will 
be required for sporadic ones. 

The development of reliable monitoring tech
niques is dependent upon a sufficient understand
ing of the crop production system and associated 
agroecosystem to forecast (with both short- and 
long-term predictions) potential problems as the 
basis for protecting the crop against economic 
loss. This includes the development of both pre
and within-season monitoring methods. Sound 
predictive techniques may be based on one or a 
combination of the following: 

an understanding of the crop phenology 
and related pest correlatives, 

an understanding of pest phenology, 



monitoring of pest incidence, 
monitoring of weather conditions. 

Given the deficiency of monitoring techniques for 
pathogens, plant pathologists have relied heavily 
on "symptom" monitoring which provides little or 
no basis for action decisions during the current 
season but which is useful in developing 10ng
term management strategies. Systems for monitor
ing symptoms have been useful with diseases 
caused by soil-borne pathogens; however, quanti
tative population techniques are also needed'for 
these types of pathogens in order to study popu
lation dynamics in response to management tactics. 

6. Evolve Descriptive and Predictive Models 

The ultimate objective of pest management is 
the development of predictive models for agro
ecosystems through which management decisions can 
be optimized for maximum benefits to the produce~ 
consumer, and the public at large. This process 
entails the collection and integration of several 
sets of complex data, with each set relating to a 
dynamic biological, physical, meteorological, or 
socio-economic sub-system. This process can be 
facilitated by systems analysis and mathematical 
modeling. 

It is possible to develop practical IPM 
systems without the use of formal modeling and 
systems analysis, but development of a valid 
system is not possible without a good understand
ing of the agroecosystem and the ecology of the 
principal pests. Development of a management 
system is a dynamic process, evolving to reflect 
the dynamics of the agroecosystem and man's 
increased knowledge of that system. Ideally the 
system (including its modeling component) will 
evolve only to that level of sophistication 
required to achieve practical utility and relia
bility. There are undoubtedly many agroeco
systems for which development of sophisticated 
models would not be the optimal management 
approach because their descriptive and predictive 
worth would not justify the cost necessary for 
their development, maintenance, and utilization. 

CONCLUSION 

This summary of the characteristics and ele
ments of IPM systems illustrates clearly that 
loss assessment technology is central to the 
successful development and deployment of IPM pro
grams. The stimulus and justification for the 
development of IPM programs is based upon a quan
titative statement of actual or potential crop 
loss within an agroecosystem. Further, the 
practical implementation of an IPM program is 
dependent upon accurate and economical pest 
monitoring techniques which are also interrelated 
with crop loss assessment technology. As indicat
ed, one of the most difficult research problems 
in IPM is the development of economic injury 

thresholds. It is generally recognized by crop 
protection scientists that greater attention must 
be given to this research problem area as a 
requisite to the successful implementation of 
the IPM approach. 

A study of IPM research needs in the United 
States was conducted in 1979 by the Intersociety 
Consortium for Plant Protection (ISCPP) at the 
request of the Experiment Station Committee on 
Organization and Policy*. A detailed question
naire was sent to each of the crop protection 
department heads in the land-grant universities 
to solicit indications of priority research with
in their respective states that would be required 
for optimum implementation of IPM programs. 

Plant pathologists ranked "crop loss estimation 
and disease thresholds" as the second priority 
nationally. It was generally recognized that 
optimization of disease management under IPM pro
grams is predicated upon decisions that are 
biologically and economically sound and that crop 
loss estimates are central to these decisions. 
In addition to economic treatment thresholds and 
=:.;::c;:.=:=.::. injury thresholds, a detection threshold 

necessary for selected diseases for which 
control measures must be applied before the onset 
of disease (e.g., curcurbit downy mildew). 

Economic treatment thresholds for insect pests 
were identified as one of the two highest priori
ties for entomology. The principal of the eco
nomic threshold was considered basic to the 
concept of IPM. In spite of this recognized need, 
the study found that adequate economic treatment 
thresholds and economic injury thresholds have 
been established for relatively few of the most 
important pests of world agriculture and that 
most of those established in the past are in need 
of redefinition in view of new IPM techniques. 

The ISCPP report also reflected the same degree 
of need for threshold studies in nematology and 
weed science as cited above for plant pathology 
and entomology. It recognized the complexity of 
threshold determinations and the small manpower 
commitment to this area as principal constraints. 

Individuals concerned with the further develo~ 
ment and implementation of IPM programs laud the 
increased emphasis on crop loss assessment as 
exemplified by this symposium. It is clear that 
the IPM and crop loss assessment researchers are 
seeking highly interrelated goals, but it is also 
clear that we have a long way to go to achieve 
our basic objectives. The IPM concept indeed 

*J. L. Apple. Integrated Pest Management: A 
Program of Research for the State Agricultural 
Experiment Stations and the Colleges of 1890. 
N. C. State University, Raleigh, N. C. (1979). 
190 p. 
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provides a mechanism for the direct application 
of crop loss assessment technology -- in fact, 
the future of IPM is dependent upon it. 
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CROP LOSS ASSESSMENT IN INTEGRATED PEST ~ANAGEMENT 

Dean L. Haynes 
Department of Entomology, Michigan State University 

East Lansing, MI 48824 

As we look back over the last half century, 
it is clear that agriculture in developed 
countries has changed dramatically. In a resource 
limited future, we can assume this will 
continue. Current research associated with 
modern agricultural production assumes a reason
ably stable system structure. In this approach 
the system structure (design) does not become 
an experimental variable, but a constant and 
the results from experiments have value for 
only this particular design. With a basic com
ponent such as "increasing energy costs" in 
relation to labor change, research has little 
information pertaining to alternate designs. 
The design of an agriculture production system 
is determined by the various components and 
linkages that will use a given setof available 
inputs to perform a desired function. Manage
ment on the other hand is to determine a set of 
input levels that will cause a given system to 
produce a desired outpu~. In this report design 
and management of a single pest crop ecosystem 
will be looked at to conceptualize and to demon
strate a specific experimental approach to 
measure the interrelationships between the 
natural environment and the man-made production 
system. 

197 



198 
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INTRODUCTION 

said in this paper unequivocally 
assumes that man is the measure of all things. 
Whatever a person does must be the best thing 
for him to do, given his knowledge of his cir 
cumstances at the moment -- otherwise, he would 
not do it: thus, the person's autonomous pre
ferences are revealed by his behavior. This is 
the of value that pervades economic 
analysis. Contrary, however, to much common 
usage, "economics" and "pecuniary" are not 
viewed as synonymous. For example, human be
havior and the health or aesthetic effects of a 
pollutant on that behavior are directly "econ
omic." The effects of a pollutant on vegetation 
are "economic" only insofar as that vegetation 
contributes to human health and happiness. 

The preceding perhaps conveys the stance of 
economics with respect to the basis of values. 
It fails, however, to state the units in which 
values are to be measured or the context that 
bestows meaning on these units. Assume, for 
example, that a person derives satisfaction from 
an aesthetic phenomenon, such as lush vegetation. 
If there is a local decline in the lushness of 
vegetation, the person will possibly feel he has 
been made worse off. However, if there are 
other worldly things capable of providing him 
satisfaction, then some additional provision of 
these other things may cause him to feel as well 
off as he would without the decline in "~o~·~~~1 
lushness. Finally, if these things can be 
secured by the expenditure of income, or time 
that can be used to earn income, then there is 
some additional income that in the face of the 
lushness decline, would make the person feel no 
worse off. The unit, therefore, in which eco
nomics would have us measure value is money 
stated in terms of income. Implicit in the 
acceptance of this unit is the presumption that, 
even if the thing being valued cannot be secured 
in the marketplace. there are in this market
place collections of other things from which the 

person receives equal satisfaction. These other 
things which have market prices attached can, 
under a quite wide range of well-specified cond
itions, serve as vehicles to infer the "values" 
of entities and services for which no directly 
observable pecuniary prices exist. 

In spite of the common sense of the approach 
to valuation sketched above, it will often yield 
different values for the same quantity variation 
in the entity being valued, depending on the 
conditions adopted for the analysis. For example, 
if one is interested in the control of a pollutant 
that is damaging vegetation, the value that a 
person will attach to the reduction of the pollu
tant can depend on whether one is measuring what 
the person is willing to pay for the reduction or 
wh~t the person would have to be paid in order 
not to have the reduction. In the latter case, 
because the person is viewed as holding the legal 
right to stop the pollution, his revelation of 
preferences is not limited by his income. How
ever, his income does limit what he can do when 
he must buy a cessation of pollution from someone 
else. As his money becomes scarce, he becomes 
reluctant to trade money for goods. Thus, the 
two measures would be identical only when varia
tions in income play a trivial role in deter
mining the quantity of the good that the person 
will choose to hold. 

Other sources of variations in values of iden
tical variations in the quantity of a particular 
good include whether, in an original and in a new 
state, the original is the most or the 
least preferred quantity; whether the valuation 
in the new state is independent of adjustments in 
overall patterns of consumption in moving from 
the original quantity of the good to the new quan
tity; and whether the person can by his own 
actions adjust his consumption of the good in 
question or, as with many pollutants, must become 
resigned to an externally imposed fate. In short, 



to be meaningful and communicable, the exact 
context of a particular economic valuation 
measure must be explicitly and fully stated. 
The criteria for judging which of the several 
analytically correct valuation measures to apply 
to a particular real problem must often come 
from outside economics. 

While placing our emphasis upon analytical 
issues rather than empirical results, we provide 
here an overview of some approaches the econom
ist uses in assessing vegetation damages from 
pollution. We proceed from the more-or-less 
settled to the mostly confused. Specifically, 
our discussion is couched in terms of two dis
tinct types of vegetation damages; agricultural 
crops and forests. Although the delineation is 
not perfect in an analytical sense, the somewhat 
differing damage dimensions of these types sug
gest different approaches to damage assessments. 
We view the agricultural damage assessment issue 
as a relatively straightforward, albeit import
ant, analytical exercise. At least we know the 
type of information needed to proceed with an 
economic assessment of damages and are relatively 
secure in the knowledge obtained. Forestry, on 
the other hand, raises some peculiar aspects of 
damage assessment which can lead to confused and 
contradictory economic policy implications. This 
confusion or uncertainty leads one to caveat 
very carefully the resultant economic damage 
estimates. 

THE AGRICULTURAL SETTING 

A substantial level of agricultural activity 
occurs within regions of documented high levels 
of air pollution; e.g. southern California. 
Crops display different tolerance levels to air 
pollution. Within a given crop group, if a sub
stantial proportion of the crop acreage exper
iences reduced yields due to the effects of air 
pollution, then increased prices for these and 
perhaps other crops may be expected. The net 
effects of these price increases (on consumers 
and producers) are not obvious. Thus, what the 
economist must consider in assessing any economic 
effects associated with air pollution are changes 
in yields and any associated adjustment in com
modity prices as well as the welfare changes 
attendant to these price changes. This issue of 
price changes and attendant welfare effects has 
been largely ignored in previous studies assess
ing wide-spread agricultural and forestry dam
ages due to environmental degradation, such as 
air pollution. While the immediate discussion 
is directed at agricultural effects, we intend 
it to serve as a paradigm for effects on other 
systems, such as marketed forestry products. 

Yield. Production and Price Relationships 

A simple analytical model of price determin

tion frequently used by agricultural economists 


is adopted here. Specifically, the equilibrium 
price of agricultural commodities taken in the 
aggregate or individually, is derived from the 
intersection of the relevant supply and demand 
curves. The effects of air pollution may be 
viewed as a supply phenomenon, shifting the 
supply curve. Given the generally inelastic 
demand for agricultural commodities, the supply
demand model indicates that shifts in the supply 
curve will translate into rather large shifts in 
the equilibrium price of food. Thus, one may 
hypothesize changes in a variety of commodity 
prices if air pollution affects the position of 
the supply curve for a commodity. 

Changes in agricultural prices do not occur 
in isolation but rather work their way through 
the system, affecting the welfare of consumers, 
producers, input suppliers, resource owners, and 
other parties. For example, given the generally 
inelastic demand for agricultural commodities, 
reductions in supply may actually increase 
farmers' total net revenue, as the attendant 
price rise may be greater than the percentage 
reduction in quantity supplied or produced. 
Conversely, the increase in prices from a supply 
reduction will reduce consumers' welfare. Thus, 
if air pollution alters yield of a substantial 
proportion of the acreage for a given crop or 
causes a reduction in harvested acreage of that 
crop, then the overall change in supply may 
result in changes in the price at the farm level 
which will ultimately be felt at the consumer 
level. Alternatively, if farmers employ miti 
gative measures to adjust for the presence of 
air pollution, then any additional costs of such 
measures may also affect consumers through 
shifts in supply (via producers' cost functions). 

Dose-Response Relationships 

To measure yield effects, one must have some 
means of capturing the relationship between air 
pollution, plant growth, and yields. Specif
ically, how does one translate alternative air 
pollution states into changes in plant growth? 
And further, how does one then translate such 
changes in plant growth (or into changes 
in yield? Given that crops and crop varieties 
display different tolerances to air pollution, 
numerous dose-response functions of this sort 
may be required. Fortunately, this issue is 
being addressed by plant scientists, as exem
plified by the work of Oshima and his colleagues 
(1), and others. 

Both the magnitudes and rates of change of 
yields affect the indivdual producer's decisions. 
Slow or minor rates of change may be mitigated 
by switching to more tolerant cultivars which 
may serve to offset some or all effects of air 
pollution on agriculture, and have minimal eco
nomic effects (costs), if the input price struc
ture is not altered. However, quantum changes 
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in air pollution states (or reaching some thres
hold state) may cause major alterations in crop
ping patterns and locations, and potentially in 
total production of sensitive crops. Such large 
scale reductions in supply may then be expected 
to increase commodity prices. 

Quantitative Approaches to Agricultural Damage 
Assessment 

Conceptually, the measurement or assessment 
problem may be viewed as one of capturing supply 
adjustments and corresponding price effects at 
the sectoral or subsectoral level. A standard 
approach used in many assessment studies may be 
described as the survey method. This largely 
descriptive procedure calculates or specifies 
some percentage reduction in crop production at 
current input levels and then multiplies the 
relevant reduction by the (assumed constant) 
market price. The advantage of such an approach 
is that the data requirements are relatively 
modest allowing the assessor to arrive at a 
quantitative measure of damages quickly and 
inexpensively. However, given different crop 
mixes, air pollution levels, weather patterns, 
and soil types within and across major production 
areas, some representation of the input-output 
structure (production function) and the regional 
aspects of production are required for a more 
comprehensive account of the economic meaning of 
air pollution damage to agriculture. Further, 
the quantification of the distributional effects 
of these damages is policy relevant. One empir
ically implementable way in which these relation
ships can be integrated is through the use of 
mathematical programming. Most mathematical 
programming frameworks, however, require exten
sive data sets that are often difficult to 
obtain. In the absence of data adequate for a 
programming approach, hedonic approaches may be 
used. These two approaches to quantifying air 
pollution damages to agricultural crops are 
discussed below. Both are capable of capturing 
more economic dimensions of the problem than do 
traditional survey approaches such as Benedict, 
et al. (2) and Millecan (3). 

The Mathematical Programming Approach 

Within the set of mathematical programming 
approaches capable of capturing and integrating 
the above-mentioned key economic relationships 
quadratic programming is perhaps the most elegant 
and theoretically consistent. For example, it 
allows price relationships to be included dir
ectly in the objective junction rather than 
requiring one to adopt ad hoc approximations 
such as the segmented functions used in linear 
programming. 

Adams, (4) have used quadratic program
ming in a comparative static context to address 
the impacts of changing ambient oxident/ozone on 

twelve annual vegetable and two annual field 
crops in four agricultural subregions of south
ern California. The markets for each of the 
included crops in each of the regions were 
assumed to operate so as to solve the following 
problem: 

Max: 11 [1] 

Subject to: AQ < b 

Q > 0 

The symmetric matrix D in the objective function 
is negative definite, and the constraints are 
convex. The terms of [1] were defined as follows: 

A in an m x n matrix of production coefficients 
indicating the invariant amount of each of a 
variety of inputs required to produce any 
single unit of a particular output. 

Q is a n x I column vector of crop outputs. 

D is a m x m matrix representing slope values 
of the linear demand structure for the four
teen included crops. 

H is a n x I column vector of invariant unit 
costs of production for the included crops. 

C is a n x 1 column vector of constants. 

b is a m x 1 column vector of inputs. 

As advocated by Harberger (5), 11 is the sum 
of ordinary consumer surpluses and producer 
quasi-rents. The supply functions for all 
producer inputs purchased in the current period 
(seeds, labor, fertilizer, etc.) were treated as 
being perfectly price-elastic. In addition, 
Willig's (6) results were invoked, so that any 
differences between ordinary and compensated 
consumer surpluses were assumed to be trivial. 
Since neither income elasticities nor ordinary 
consumer surpluses or expenditures as a percent
age of incomes were thought to be large for the 
included crops, this invocation seemed reasonable. 

The left-hand-side of the objective function 
in [I] waS stated in terms of observables by 
introducing a price forecasting expression: 

P = C + 1/2 DQ, [2] 

where p is a n x 1 vector of farm level crop 
prices. In matrix form, the objective function 
could then be expressed as: 

[3] 

In order to capture the impact of air pollution 
upon crop yields, a variable Z* (0< Z* < 1) was 
defined for each included crop in each region. 



The Q terms in [11, [21, and [31 were then: 

Q* = (I - Z*) LTy [4] 

where: 

Q* is a n x 1 column vector of yields of the 
n crops in the presence of air pollution. 

Z* is a n x 1 column vector of indicies of 
yield reduction for the n crops. 

I is a n x 1 column vector of unity. 

L is a n x 1 column vector of the land 
acreage used for cultivating the n crops. 
The total land area available for all crops 
can be assumed to be fixed. 

Y is a n x 1 column vector of yields per 
acre of the n crops in the absence of air 
pollution. 

Given Land Y constant, the value of Q* var
ies inversely with the value of Z*. Thus 
regions with higher air pollution had higher 
values for Z* and consequently lower values 
for Q*. The yield-price effects of these 
reductions in Q* were then predicted by [2], 
the price forecasting expression. When the 
quadratic programming problem was solved, 
impacts of these predicted price changes upon 
consumer surpluses, producer quasi-rents and 
cropping patterns within and across regions 
were also calculated. Major adjustments in 
cropping patterns and locations were predicted 
and observed within and across southern Califor
nia regions in response to increasing ambient 
oxidant levels. In spite of these adjustments, 
a 3.01 decline in the sum of producer rents and 
consumer surpluses for the included crops was 
estimated to have occurred in the mid-1970's. 
Producer rents made up three-quarters of this 
percentage decline. 

The Hedonic Approach 

The mathematical programming approach to 
assessing air pollution-induced damages to 
vegetation set forth above requires data on 
production functions, demand functions, and 
input supply functions if it is to be empirically 
implemented. In addition, it imposes the 
structure of the decisionmaker's problem and 
makes its particular solution inevitable. 
No eccentric or mistaken decisionmaker approaches 
to problem-solving are allowed. Thus, in ad
dition to burdening himself with a major data 
acquisition and computation task, the researcher 
is supposing that he knows how the decision
maker's mind works. Knowing this has the advan
tage of allowing the researcher to project the 
consequences of posited decisionmaker behavior 
to situations that have not yet been studied or 

have not yet occurred. Thus, in the Adams, 
et al. (4) study outlined above, the economic 
consequences of meeting' the pre-1979 Federal 
secondary standards for oxidants could be eval
uated even though the standards had not been met 
within the memory of any recent college graduate. 
Nevertheless, the assumption of researcher omni
science has an air of unreality. 

At the perhaps considerable cost of limiting 
the basis for projecting consequences, the 
hedonic approach to assessing air pollution
induced damages to vegetation is generally less 
severe in its data requirements and is reflect
ive of actual rather than hypothetical behavior. 
The theoretical basis for the approach is thor
oughly reviewed in Freeman (7). He also reviews 
its many empirical applications to environmental 
amenities and urban property markets. Only 
Crocker (8) and Johnson (9) appear to have 
employed it for studying the impact of these 
(dis)amenities upon nonurban properties. Con
trary to many sophisticated techniques of econ
omic analysis, its basis is intuitively obvious 
and is easily explained. The technique has for 
many decades, in fact, been used with varying 
degrees of correctness by property assessors. 

While its use in environmental economics has 
been primarily directed at urban problems, the 
technique is easily extended to an agricultural 
setting. For example, consider a number of 
sites which, for simplicity, are assumed to be 
useful only for agricultural purposes. Each of 
these sites differs in terms of soil fertility, 
exposures to vegetation-damaging pollutants, 
access to markets, entitlements from government 
agricultural programs, and other attributes 
which contribute to or detract from the revenues 
and enjoyments the site owners acquire. The 
expected stream over time of these revenues and 
enjoyments for the ith site determines, along 
with the market rate of discount, the price for 
which it can be sold. Thus: 

i = I, ... , n [5] 

where Z is a vector of site attributes and r is 
the market rate of discount. The derivative of 
[5] with respect to any particular site attri
bute, z, (j = 1, • . ., m), is the implicit 
market Jquilibrium price of the attribute. That 
is: 

P (z 'j) [6]
Zij ~ 

This expression can be interpreted as the change 
in expenditure on agricultural land required to 
obtain a site with one more unit of z., cet.par. 
The decisionmaker faces an array of t~ese-rnarginal 
price schedules, one for each site attribute. 
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FORESTRY ECOLOGICAL EFFECTS: PROBLEMS IN ECON
OMIC ASSESSMENT 

While assessing economic damages of air 
pollution to forestry products is more complex 
than for marketed agricultural commodities due 
to the complex time horizons found in the former, 
the problems may in principle and empirical 
practice be viewed as similar, given the presence 
of market prices in both cases. Perhaps the 
more challenging economic problem pertains to 
the ecological damages which are not translatable 
into direct costs due to a lack of readily 
observable market or price information. These 
effects and possible problems associated with 
conventional economic approaches to their measure
ment are discussed in this section. 

Substantial concern has been expressed in 
both scientific and lay circles about the impacts 
of increasing air pollution upon the assortments 
and the flows of material resources and amenity 
and life support services provided by forest and 
other ecosystems. Our purpose in this section 
is to raise and discuss two plausible and some
what unique aspects of the ecosystem flow effects 
of air pollution that could make the control 
decision problem especially difficult. Both 
aspects imply that compromise control measures, 
where some intermediate level of harm to a 
variety of ecosystems is now permitted in order 
to obtain the benefits of a moderate increase in 
fossil fuel combustion, could, in economic 
terms, be the least desirable policy to choose. 
We do not attempt to assess whether the air 
pollution problem is yet sufficiently serious to 
warrant facing this choice. Nevertheless, the 
two aspects suggest that economic assessments 
based only upon observed or inferred current 
market prices may place too low a value on air 
pollution-induced forestry effects. 

The behavior of a biological system in the 
face of pollution is defined by the form of the 
dose-response function. Increasing pollution is 
consistent with progressive deterioration in the 
size and diversity of the equilibrium resource 
stock. Moreover, this deterioration can be 
reversed and, by reducing the level of pollution, 
recovery can occur along the same path as did 
deterioration. This behavior is a standard 
representation in the environmental economics 
literature. It typically leads to results in 
which some immediate environmental damages are 
borne in order to obtain some of the immediate 
benefits that a productive but polluting activity 
confers. Assuming the pollutant in question to 
be air pollution, Figure 1 introduces the costs 
of controlling air pollution in a comparative 
static version of the standard representation. 
Unit prices of the elements of the resource 
stock and of pollution control equipment are 
assumed constant. 

Figure 1 

The Standard Representation 


d(Control Costs) d(Damages) 
. d (Pollution) d(Pollution) 

s / 


A 

Pollution 

In terms of Figure 1, for states to the left of 
A, the additional costs of control exceed the 
additional benefits of reduced damage; to the 
right of A, the opposite is true. A decision
maker who wishes to maximize net economic bene
fits will, therefore, be striving for a point 
such as A. If, instead, the vertical axis 
represents the present value of a stream of 
expected damages and control costs across per
iods, he will also strive for A, given independ
ent damages and control costs across periods. 
In short, whether observed or inferred by benefit 
cost analYSis, the "prices" of additional dam
ages or additional controls given to the decision
maker in the neighborhood of an initial ambient 
air quality state will always be a signal to 
move toward that state maximizing the net benefits 
of controL 

There exist at least two reasons why the 
conventional forms of the ecosystem dose-response 
functions may be inaccurate insofar as air pol
lution is concerned. The nature of the inac
curacies implies that the rationales usually 
offered for compromising between the benefits of 
pollution-generating activities and the preven
tion of ecosystem damages may not always be 
applicable to air pollution issues. 

Nonconvexities 

The preceding analysis has presumed that, 
within anyone period, the increments to eco
system damages are monotonically increasing with 
respect to air pollution. There is some evidence 

203 



that this presumption may frequently be incorrect. 
For example, Raddum (12) and Butler, et al. 
(13), note that waters that have been acidified 
(perhaps by "acid rain") exhibit very rapid 
declines in populations of fish and other 
aquatic organisms once pH drops below a threshold 
of 6.5. However, this decline itself rapidly 
decreases once pH levels reach and drop below 
6.4. Similarly, in a psychological study of 
individuals' responses to insect damaged south
ern pine forests, Buhyoff and Leuschner (14) 
found that "visual preference" dropped rapidly 
as damages increased to 10 percent of the forest
ed areas, but that preference declines were 
minor thereafter. Assuming the unit prices of 
the elements of the resource stock and of pol
lution control to be constant, these ecosystem 
and human responses give rise to the type of 
damage function depicted in Figure 2. 

Figure 2 

The Nonconvexity Problem 


d(Control Costs) 
d(Pollution) 

$ d(Damages) 
d(Pollution) 

° Pollution 

Returning temporarily to Figure 1, in order 
that A be a maximum rather than minimum, it is 
necessary that, 

2 2
d (Damages) d (Control Costs) 

< 0,[7]
2 2

d (Pollution) d (Pollution) 

and sufficient that 

2 2
d (Damages) d (Control Costs) 

2 < 0. [8] 
d(Pollution)2 d(Pollution) 

A further sufficient condition is 

2Q4 

2 2
d (Damages) 

< 0, and d (Control Costs) > 0,[9] 
d (Pollution)-

? 
d (Pollution) 2 

as Figure 1 presumes. 

In Figure 2, d 2(Damages)/d(pollution)2 > 0. 
Hence, the sufficient conditions may not be 
satisfied at a point where marginal benefits are 
equated to marginal costs. The second order 
necessary condition could be violated turning 
such a point into a local minimum rather than a 
maximum. This is what happens at point C in 
Figure 2. The observed or inferred current 
prices existing at and to the right of C provide 
unreliable signals about whether the decision
maker is at a maximum or a minimum and the 
direction in which he must move in order to 
obtain an increase in net benefits. 

It is also evident in Figure 2 that if the 
environment were already highly polluted, a 
large cost burden with relatively few benefits 
would have to be borne prior to reacquiring the 
benefits of a relatively clean state. Thus, 
given limited restoration resources, it may no 
longer appear worthwhile to restore the non
polluted state. As a result, decisions to 
control air pollution may have strong "all-or
nothing" elements: intermediate control measures 
can lead to burdensome control costs while 
generating few environmental benefits. Literal 
interpretations of prices applying to initial 
states lying at and to the right of C in Figure 
2 would guarantee high levels of pollution: the 
ecosystem destruction wrought has been so great 
that the benefits from reduced air pollution 
appear minor. Only by undertaking the far more 
complex task of empirically accounting for the 
ecosystem and economic adjustments and consequent 
changes in price structure resulting from a 
large move from an initial state at or to the 
right of C to a state in the vicinity of B could 
the benefits of reduced pollution be captured. 

Irreversibilities 

In the above, we have remarked on the distorted 
picture of reality that market or market-like 
price signals can introduce when the incremental 
damages of pollution within a period are dec
lining. It is argued that if a state of high 
ambient pollution levels is reached, the re
searcher and the decisionmaker must expand the 
scope of their visions and analyses to include 
discrete rather than marginal alterations in 
existing states. We have also presumed that the 
current and future consequences of current and 
past pollution can be reversed so that pollution 
effects henceforth remain in the vicinity of B. 
In short, we have presumed that the marginal 
damage functions in Figures I and 2 are invariant 
with respect to both the status quo point and 
the direction of movement. The presumption 



appears to be incorrect for the effects of air 
pollution upon many components of forest eco
systems. For example, W.H. Smith (15) notes 
that high and sustained pollution dosages can 
irreversibly alter the role of the forest in 
nutrient cycling, soil stabilization, and climatic 
and hydrologic regulation. On a less expansive 
scale, Abrahamsen, et al. (16) concluded that 
the surviving animal populations of forest soils 
that had been subjected to acidifying deposit
ions nearly always failed to increase when soil 
acidity was reduced by liming. 

Any process which results in the accumulation 
of a stock of pollutants, such as heavy metals, 
in the environment can have irreversible con
sequences, where irreversibility is interpreted 
here to mean only a discrepency between the path 
of economic decay in Figure 2 and the path of 
recovery. If recovery requires the expenditure 
of valuable resources, the expected costs of 
bringing about the recovery must be subtracted 
from the marginal damage curves of Figures 1 and 
2. Thus, for given marginal costs of reducing 
actual emissions, even though pollution may vary 
over the same interval, the net benefits of 
recovering the original forest ecosystem when 
pollution is currently high will be less than 
the net benefits of preventing alteration of the, 
original system when pollution is low: the 
marginal benefits of reducing pollution are less 
than the marginal benefits of preventing pollu
tion. 

As is true for nonconvexities, the irrever
sible features of pollution-induced ecosystem 
deterioration can mean that current prices will 
provide misleading signals about the most val
uable corrective steps to take. 

Standard economic representations of the 
efficient depletion of environmental or other 
assets require that the present value of the 
gains from further depletion in any period be 
equal to the sum of the depletion losses and 
interest charges. This result explicitly weighs 
the impact of current depletion activities upon 
the opportunities for depletion that remain in 
future periods. The result can be contrasted 
with a situation where the depletion is rever
sible. Consider, for example, the agriculturist 
who acidifies his soils by the use of ammonia 
fertilizer amendments. He will simply allow 
acidification to continue until the current 
period net gain from further acidification no 
longer exceeds the current period net gain from 
restoration accomplished by liming. Since his 
soil acidity can easily be reduced by liming at 
any time he wishes, there is no reason for him 
to weigh the impact of his current fertilization 
practices upon his future opportunities for 
growing crops. There are no future opportunity 
losses for him to count as a cost: he will 
therefore base his decision only upon current 

market prices. 

Many pollutants accelerate depletion rates of 
the buffering capacities of forest soils and 
water bodies in addition to reducing the current 
flows of material goods and amenity and life 
support services from these resources. Any 
control plan which accounts only for the value 
of the reduction in current flows, as registered 
in actual or inferred current market prices, 
will thus underestimate the damages pollution is 
causing. 

Further, if the benefits of pollution decline 
over time relative to those derived from natural 
environments, the irreversible effects of pol
lution, when combined with a positive discount 
rate, lend the pollution issue a now-or-never 
character. Since the relative benefits of 
pollution are declining over time by assumption, 
and the positive discount rate causes the pres
ent value of pollution benefits to be reduced 
with every delay, the net gains from pollution
induced ecosystem decay will never be greater 
than they now are. 

The above conclusion assumes that there are 
declining relative benefits of pollution (or 
increasing relative benefit~ for preserving 
natural environments). Two key propositions, as 
set forth by V.K. Smith (17) and others, support 
this assumption of increasing relative benefits 
from natural environments. First, environments 
that have remained unsullied by man's activities 
and artifacts are superior goods. That is, as 
real incomes increase, the willingness-to-pay 
for natural environments increases at an even 
greater rate. Man-made substitutes become 
progressively less attractive. Second, because 
of the imperfect reproducibility of natural 
phenomena, technological change tends to reduce 
the supply prices for man-made goods relative to 
the supply prices for natural environments. The 
obvious general conclusion is that both the 
relative costs of supplying and the willingness
to-pay for natural environments are going to 
increase progressively over time. Both of these 
countervailing supply and demand forces imply 
that market forces will attach increasing value 
to natural environments relative to fabricated 
goods. 

When combined with the fact that at present 
very little is known about many of the social, 
environmental, and financial consequences of 
pollution-induced ecosystem decay, the irrever
sibility phenomenon introduces yet another basis 
for expecting declines over time in the relative 
benefits of decay. As Arrow and Fisher (18) 
have demonstrated, the ~sibility that current 
actions might burden and constrain (deplete) 
future opportunities must be counted as a cost 
against the current action. In short, the 
irredeemable nature of current decay may foreclose 
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valuable future options, whether due to currently 
unknown technologies, price structures, or 

tastes. Since new information can be 
exploited only if irreversible consequences have 
been avoided, the consequences of a decision to 
allow environmental decay cannot be undone even 
if the new information suggests that the decision 
was mistaken. Thus if pollution is ultimately 
discovered to have only trivial irreversible and 
undesired consequences, a delay in the decision 
to pollute can only mean that the present value 
of its ultimate benefit is reduced. 

CONCLUSIONS 

This paper has reviewed the prospects for 
applying conventional benefit-cost analysis to 
assess the economic value of pollution damages 
to agricultural crops and forests. We have 
attempted to identify those sets of effects 
where one may feel reasonably secure using the 
conventional analysis. We have also tried to 
identify some possible special features of 
vegetative and ecosystem that appear to 
require either expansions or even complete 
replacements of the traditional analysis.ll Un
fortunately, we are unable to reject the dis
comforting notion that the effects for which one 
may feel secure using the conventional methods 
are those having the least long-term economic 

If this is true, it is important, 
for both scientific and policy reasons, to 
identify the strengths and set the limits of the 
conventional analysis, and to design valuation 
methods that can be extended to phenomena where 
the analysis either fails or is misleading. At 
least insofar as the setting of limits is con
cerned, it is important for obvious reasons that 
the task not be left solely to economists. 
However, meaningful participation in this task 
by noneconomists means that they must learn the 
structure and the requirements of the conven
tional analysis. 

II By no means is our exhaustive. For 
benefit-cost analysis, as presently 

constituted, is less than robust in its treat
ment of the benefits and costs of alternative 
paths of adjustment to an environmental per
turbation. Neither is it very helpful in 

reduced uncertainty about future en
vironmental states. Other items could be added 
to this listing, including the inadequacy of 
available means to value ecosystem diversity. 
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ECONOMIC ASPECTS OF CROP LOSS INFORMATION 

Gerald A. Carlson 

Department of Economics and Business, North Carolina State University 


Raleigh, North Carolina 


There were two interesting things which I 
found in reviewing literature on crop losses. 
First, there is a wide vacillation of interest 
level by crop protection scientists in crop 
losses that seems to follow large epidemics. 
Secondly, the only interest shown by economists 
is by a few people who suddenly find that the 
most important factor affecting a particular 
commodity market is some unknown crop disease. 
Information on crop losses is important in 
understanding both agricultural biology and 
agricultural economics. 

Chester, Young and James have very ably 
clarified the purposes of crop loss assessments. 
I want to direct attention to some economic 
interpretations and uses of crop loss informa
tion. There have been some changes in relative 
prices of agricultural resources in recent 
decades which may change the importance of crop
loss research. Land, petroleum and some labor 
prices have risen relative to fertilizer, pesti 
cide, and information processing prices. Also, 
there is a growing awareness of the costs of 
environmental degradation. With the growing 
world transportation of foods and ease of com
munication, there is increased interest in crop 
losses all the way from farmers to major policy 
officials. 

There are three functions of crop loss in
formation which I wish to address. These are: 
(1) short-term pest information for farm manage
ment decisions, (2) crop loss information for 
pesticide regulatory decisions, and (3) informa
tion on relative crop losses for research fund
ing decisions. I will illustrate each of these 
with an example from crop protection, and then 
spend the remainder of my time with the costs 
of crop loss assessment. 

THE VALUE OF CROP LOSS INFORMATION 

The value of information has a very precise 
meaning that comes to us from business decision 
making (Anderson, Dillon and Hardaker). Inform
ation only has value if it has the potential to 

change a decision. Crop loss information might 
improve decisions by research managers, regula
tors or farmers. Decisions involve selecting 
possible courses of action when faced with 
various states of nature. The degree of crop 
damage or the presence of a new pest would be 
examples of states of nature. The degree of 
crop damage is a random variable for which an 
experienced person should be able to attach a 
probability. The function of crop loss informa
tion is to make estimates of probabilities of 
loss levels more precise, and, thereby, improve 
actions taken. 

The value of crop loss information is the 
gain in expected profits or benefits less in
formation costs (Carlson, 1970). It can be 
written as: 
(1) p.' U(e.,a.) E. p~ • U(8.,a.) - C 

J J1 J J J1 
where 

p. = the probabilities of various loss states 
J 

(8.) prior to loss assessment,
J 

P: = the probabilities of various loss stateS 
J 

after loss assessment, 
U(e.,a.) = the utility or benefit from 

J 1 

selecting action a when 8, occurs, andiC = direct crop loss estimation cost. 

Value of a Pest Forecast to Farmers 

As an example consider a pest management 
decision in which a farmer has two possible 
actions - apply a pesticide or not, and two pest 
levels - pest present or not. Suppose the 
farmer knows from experience and his crop pro
duction practices that the pest will occur in 
50 percent of all crop years. Given the net 
returns shown in Table 1, the farmer would 
choose the routine application of a pesticide, 
since it gives him a higher expected net return 
($12.50) than with no pesticide ($7.50). Notice 
also, that for the case shown the pesticide 
action has less risk or range of returns 
[$10-$15] than the no pesticide action[$5{-)$lO]. 



TABLE 1. VALUE OF PEST FORECASTS TO FARriERS 

PRIOR TO FORECAST 

NO PESTICIDE 

PEST NO PEST 

NET RETURNS/ACRE 15 10 25 -10 

PRIOR PROBABILITIES (.5) (.5) (.5) (.5) 

EXPECTED RETURN $12.50 $7.50 

FOLLOWING FORECAST 

NET RETURNS/ACRE 15 10 25 -10 

FORECAST HIGH 
PROBABILITIES (.2) (.8) (.2) (.8) 

EXPECTED RETURN $ -3 

FORECAST LOW 
PROBABILITIES (.8) (.2) (.8) (.2) 

EXPECTED RETURN $14 

EXPECTED VALUE .5(18) + .5(11) 14.50OF FORECAST 

NET VALUE OF INFORMATION $14.50 - $12.50 $2.00 - Cost 
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If the farmer can wait until after he receives 
a forecast of pest level before he chooses his 
action, he may be able to improve his income. 
Suppose there is an imperfect forecast that indi
cates a "high" or "low" pest threat which has 
the probabilities shown in Table 1. If the 
grower follows the forecast and applies a pesti
cide when the forecast is "high" and not apply a 
pesticide when the forecast is "low," he will 
receive expected returns of $11 and $18 in each 
of these cases. 

This forecast like most is imprecise because 
20 percent of the time it gives an incorrect 
forecast. Even so, when one compares the 
farmer's net returns following the forecast and 
without the forecast, the expected gain is $2.00 
per acre per year. This less the cost of the 
forecast is the of the crop loss or pest 
damage forecast. was an area forecast 
for 50,000 acres of a cereal grain, one could 
afford to spend up to $100,000 per year for such 
a forecast. 

Value of Crop Loss Information in Pesticide 
Regulatory Decisions 

Many crop protection scientists have been 
asked to give estimates of benefits of various 
pesticides in controlling particular pests as 
part of the pesticide regulation decisions of 
the Environmental Protection Agency. Levels of 
pest infestation or crop damage levels can be 
used to improve estimates of relative benefits of 
particular pesticides. 

Table 2 shows how one might compute the value 
of crop loss information for the purpose of 
pesticide regulations. Assume that there is a 
true probability distribution of .4, .4, .2 for 
high, medium and low levels of pest intensity. 
Without crop loss monitoring the regulators 
might estimate expected benefits and costs for 
use of a pesticide with a medium level of infes
tation as Bl and ,respectively. With crop 

loss estimates, probabilities more like true 
probabilities are used to compute expected 
benefits, B2 , and costs, C • The regulatory2decision will depend on many factors, but, other 
things equal, there will be a restriction of the 
pesticide if expected costs exceed expected 
benefits The value of crop loss information 
in this case is the discounted net benefits with 
information, less the discounted net benefits 
without information, minus the direct cost of 
the crop loss information. The time span for 
the benefits and costs is the number of years 
(t) that the regulatory action is in force, and 
they must be summed over this period. A related 
benefit would be the ability of the regulatory 
agency to make pesticide registration decisions 
with less time and costs. This would have bene
fits to pesticide manufacturers, users and 
others harmed by delayed decisions. 

Value of Crop Loss Information for Research 
Allocations 

On e of the most difficult tasks of a 
research administrator is how to allocate 
limited research funds among various crop pests. 
Agricultural research throughout the world has 
had an outstanding record of finding projects 
that have high rates of return relative to other 
investments (Arndt and Ruttan). Relative crop 
loss estimates by pest and crop can assist in 
these allocations in the future. 

Consider a simplified case in which there are 
N pests that are specific to a single crop. 
Assume that the only allocation decision is the 
share of a fixed budget to allocate to each pest 
for a given geographical area. Table 3 shows a 
hypothetical set of crop loss estimates for N 
diseases or pests. There is some "true" set of 
crop losses and an initial set of estimates of 
mean percent losses by pest (D1 ,D2 , •• D ). There

Nis the usual underestimation of tue losses due 
to some diseases (D ) and overestimates of 
others (j'2,D3). With a new crop loss assessment, 
shown in row three, one obtains estimates nearer 
the "true" losses and different from the initial 
estimates. Both the individual disease losses 
and the total may change. 

There are many factors that influence research 
funding a110cati~ns among competing disease con
trol projects, including mean level of pest 
losses, variability of losses, likelihood of 
discovering a low-cost pest control, chances of 
a control being found in other regions and others 
(Evanson ). For simplicity assume there 
is some mechanism such as funding in 
proportion to estimated me,'n losses by pest. 

In Table 3, a set of initial allocations and 
those based on the new (more expensive) crop 
loss assessment are shown as a and a2 , respec

ltively. These different allocations for 
research lead to different time patterns of 
development of pest controls. The development 
and adoption of the pest controls have a time 
stream of costs and returns. Suppose fer case 
1, that there was a new pest established in the 
area in year 1. With the new type of crop loss 
assessment this might be discovered in year 2 
rather than in year 3 with the initial type of 
loss assessment. This one year gain in time 
might translate into 1 year earlier development 
of a pest control and a higher rate of return 
to the research and crop loss investment, 20 
percent instead of 15 percent. 

The time value of any new crop loss assess
ment effort will be sensitive to the occurrence 
of new pests or substantial changes in existing 
pests. In case 2 the occurrence of a new pest 
does not occur until year 11. The one year 
gain in development of a pest control is less 
valuable because the benefits must be compared 
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TABLE 3. VALUE OF CROP LOSS INFORMATION IN RESEARCH ALLOCATION DECISIONS 

MEAN ANNUAL PERCENT CROP LOSS ESTIMATES 

TRUE .04 .02 .02 .01 

INITIAL .01 .04 .04 .01 

NEW CROP LOSS .03 .03 .02 .01 

RESEARCH ALLOCATIONS 

INITIAL 

NEW CROP LOSS 

RATE OF RETURN TO CROP PROTECTION RESEARCH 

YEAR 

CASE 1 

INITIAL a 1 

NEW CROP LOSS a 
2 

1 

1 

DISCOVERY 

3 

2 

PEST CONTROL 
DEVELOPED 

5 

4 

RATE OF RETURN 

15% 

20% 

CASE 2 

INITIAL a 1 11 

11 

13 

12 

15 

14 

6% 

7% 



with the fifteen year period of assessment costs. 
The gain in rate of return, or the value of the 
crop loss information, is less valuable than in 
case 1. Actual evaluations might involve some 
combination of the time delay situations shown 
in case 1 and case 2. 

There is one obvious difference between 
information on crop losses and other types of 
resources used in farming or research planning. 
Information of this type can usually be used by 
many people without greatly reducing its value 
to others. Information which has this character
istic will have value in proportion to the 
geographical area of application. It will have 
value through time which is related to the 
stability of the crop and ecological situation. 

Many factors affect the expected value of 
crop loss information. If one writes an expand
ed version of equation (1) and takes derivatives, 
one can show that the following set of conditions 
will tend to increase the value of crop loss 
information (Anderson, Dillon and Hardaker); 

(1) larger crop acreage, 
(2) larger value of crop per acre, 
(3) the more severe the mean level of loss, 
(4) the more time and space variability of 

losses, 
(5) the more accurate the probability 

estimates, 
(6) the less that another system 

(weather, yield) will pre
dict the same crop losses, 

(7) the fewer the alternative uses of the 
crop production resources. 

COSTS OF CROP LOSS ASSESSMENT 

Crop loss estimates are obtained using differ
ent kinds of monitors. Most of the U.S. efforts 
have primarily utilized professional manpower; 
whereas, other countries have relied heavily on 
farmer determination of yields, pest and disease 
inci.dence (Yo.ung,RQelfs,ZadQks). Even with the 
rising use of traps and other physical 
items, it seems likely that most all crop loss 
assessment systems will heavily depend upon 
labor costs (Sterling). Let us briefly con
sider farmer, consultant and statistical survey 
costs. 

Growers might assess pest damage incor
rectly for several reasons. First a farmer may 
not be able to identify and separate various 
stress conditions in plants. Farmers don't 
always have healthy control plants for compari
son. Pesticide use will complicate pest effects 
and assessment. Farmers may have a high cost 
of their time at the time that a survey should 
be taken. Finally, farmers may intentionally 
bias their estimates, especially if the esti

mates are being used for regulatory or research 
funding purposes. 

The same set of problems exist for extension 
agents, professional survey staff and pest man
agement consultants. However, growers often 
have the advantage of knowing the particular 
drought, soil and other management conditions of 
their fields. Creating random samples may be 
easier with farmers of known location than with 
extension agents who may have "problem fields" 
that bias their estimates. 

Economic studies of farmer pest monitoring 
have shown that this practice i-s wide
spread and increasing (Pridgen). Growers, 
especially those with more education and experi
ence, take pest popUlations into account in 
their pest control decisions. Use of field 
monitoring either by growers or hired scouts 
tends to increase crop yields and reduce pesti
cide use per unit of crop output (Grube). Com
bining crop loss assessment for public agencies 
with the assessments farmers already make for 
pest control decisions may be a low cost way to 
obtain crop loss information. This might involve 
paying farmers for this service. 

IPM Consultant Loss Assessment 

There is a rapidly increasing number of priv
ate IPM consultants operating in the United 
States. A 1978 Intersociety for Plant Protection 
survey indicated that there were about 1350 B.S. 
level scouts, 486 independent consultants at the 
M.S. and Ph.D. level of training, and 286 full
time extension pest management specialists oper
ating in the United States. The consultants and 
scouts are more concentrated in the Delta states, 
Southern Plains and the Pacific Coast states. 

I recently completed a study to try to explain 
why consultants are operating more in some areas 
than others (Carlson, 1980). I found a statisti
cally significant increase in consultants where 
crop value per acre, farm size, cotton production 
and pest levels were higher. There were fewer 
consultants in regions with more extension pest 
management specialists. The objective of this 
and other economic studies is to understand the 
future role of IPM consultants. 

One future task for private IPM consultants 
might be compiling crop loss information for 
federal agencies. These individuals with mini
mal additional training might be able to provide 
accurate crop loss data by pest. My experience 
with several IPM consultants, on two pest inci
dence studies, is that they often have more 
spatial and time exposure to more fields than 
either farmer, extension or university research 
individuals. However, consultants are very 
busy during the high pest damage period of the 
year. If the crop loss data analysis could be 
delayed until winter, the consultant would have 
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TABLE 4. NEMATODE S~~LES PROCESSED PER MILLION CROP ACRES, PRIVATE LABS, AND 
NEMATOCIDE USE BY REGIONS 

SAMPLES PER MILLION CROP ACRES NO. OF NEMATOCIDE

PRIVATE LABS. EXPENDITURES 1974 


2 NEMATODE SERVICE ($Million)
PrivateRegion 

Northeast 

Lake States 

Corn Belt 

Northern Plains 

Appalachia 

Southeast 

Delta States 

Southern Plains 

Mountain 

Pacific 

129 


76 


72 


11 


1534 


1857 


694 


54 


229 


360 


192 


0 


66 


22 


79 


iO 

55 


0 


115 


1350 


1 


0 


5 


1 


2 


1 


1 


0 


3 


39 


.9 


.7 


1.1 

.9 


4.7 

5.7 

1.5 

.8 


2.5 

10.2 

lBased on a telephone survey of each state by Department of Economics and Business, 
N. C. State University, 1980. 

2Based on a telephone survey of a sample of private laboratories, Department of 
Economics and Business, N. C. State University, 1980. 

31974 Census of Agriculture, chapter 4, p. 42. 



much lower time costs. 

One similar type of pest incidence service is 
the nematode assay service. Table 4 shows some 
of the results of a recent survey of private and 
public nematode assay laboratories in the United 
States. Samples taken per million crop acres 
correspond directly with nematocide expenditures. 
However, there is a striking difference between 
the Pacific region and other regions as to 
whether the work is conducted by private or 
public facilities. The main point, though, is 
that there is a large amount of information 
taken each year on regional prevalence of nema
todes. Most laboratories receive information on 
the location and pest control practices (rota
tion, nematocide use, etc.) at each sample site, 
but they tabulate very little of this informa
tion. A low-cost source of nematode incidence 
by crop would be to computerize selected records 
from these assay laboratories. 

The Economics and Statistical divisions of 
USDA are increasing and changing the surveys 
taken to collect pesticide use data. They are 
beginning to ask random samples of growers 
questions about which pests are the main targets 
of their pesticide applications. Table 5 
summarizes some of the data collected in past 
and current surveys. Much of the data in recent 
surveys is being collected by the statistics 
division in combination with the objective yield 
surveys. The objective yield sample fields are 
drawn to make forecasts about state yields prior 
to harvest of major crops. 

The data collection objectives of economics, 
statistics and crop loss assessment overlap in 
many areas. The pesticide use surveys are col
lecting information on farmers'estimates of 
relative pest infestation levels, target pest 
types, and crop stage at which pesticides are 
being applied. The objective yield survey is 
taking many field observations on crop phenology 
(pod weight, ear length, boll counts) which 
relate to pest damage (Kellogg). The statisti
cal division has developed simple models relat
ing crop status to final yield. The objective 
yield information has not been available for 
others to analyze because of the confidentiality 
restrictions of the USDA Outlook Section. It 
seems that there should be ways to improve crop 
loss assessment by use of both the objective 
yield and pesticide use surveys. Also, as 
Chester pointed out 30 years ago, crop loss 
assessment can improve the outlook function of 
USDA as well. 

SUMMARY 

There may be economic benefits to having 
reliable crop loss estimates. Many factors 
influence the value of information, and evalua

tions are needed in this period of research 
accountability. Pest control decisions by farm
ers, pest control research allocations, and 
regulatory decisions are made with great uncer
tainty as to specific sources of damage. I have 
tried to indicate how the benefits from crop loss 
information might be measured. 

It is costly to follow every crop in many 
locations. Also, there are incentives for 
farmers, extension specialists, research adminis
trators and others to distort their crop loss 
estimates. One European crop loss expert told me 
that one of the advantages of machine monitoring 
over human monitoring was that machines do not 
depend on the size of losses for their operating 
budgets. 

There was also discussion here to indicate 
how manpower requirements for loss estimates 
might be reduced. Farmers and IPM consultants 
(if they have minimal training), and nematode 
assay laboratories can be viable sources of crop 
loss estimates. Much of the research reported 
at this conference should help us with the train
ing of people to make loss assessments. Econo
mists and crop protection scientists must learn 
the principals of the other disciplines. E. C. 
Stakeman was a pathologist who understood the 
economic principles of optimal pest damage pre
vention (Stakeman and Harrar, p. 31). 
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TABLE 5 USDA PESTICIDE USE SURVEYS - NON PESTICIDE INFORMATION., 
i TARGET PEST SCOUTING MANAGEMENT 


4 
 6
PesticideS How 
CROP (S)-Year 

Sample3 Infest. Target Crop Type Cost 
size level pest stage substitutes start trt. 

1964 
 10,800 

General 1966 
 9,600 


1971 
 8,600 

lGeneral

Field Crops 1976 
 6,200 x 


a, b, 

Cotton 1977 
 x x
4,000 x x 
 c d x 


3,500 x 
 x x
Citrus 1977 
 a, b x 


Deciduous I 

I


Fruit 1978 
 5,100 x x 
 X I 


Potato 1979 
 2,100 x x x 
 x 
 a b x 


Grape 1979 
 300 x x x 
 x 
 b 
FI 


Vegetables 1979 i 3,700 
 t a b,c x 

I a,b,

i
Cotton 1979 \ 2.400 x x x 
 x x c,d x 


2,900 
 I
2 i 


(Corn, Soybean ·1,900 a,b, 

Grain Sorghum) 1980 700 x x x 
 x i c,d x 


1- 12 crops or crop groups and livestock 
2- Preliminary draft 
3- Selected sample size, not actual number of valid questionnaires 
4- Infestation level probabilities 
5- a: crop rotation, b: cultural practices, c: natural enemy enhancement, d: other 
6- What pest or other information determines the decision to take a pest control treatment 
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AESTHETIC, ECONOMIC AND RECREATIONAL IMPACT OF ABIOTIC FACTORS ON NATURAL ECOSYSTEMS 

F. Aloysius Wood 
Institute 	of Food & Agricultural Sciences, University of Florida 

Gainesville, Florida 

The impact of abiotic environmental factors on 
natural ecosystems will be examined in terms of 
the different kinds of abiotic factors that 
may impact a natural ecosystem and the resultant 
short term and long term effects. Types of 
abiotic factors, mechanisms of impacting indivi
duals, mechanisms of impacting ecosystems and 
ecosystem components, and methods of measuring 
impact will be evaluated and discussed. The 
above factors will subsequently be applied to an 
analysis of impacts on aesthetic, recreational, 
and economic natural ecosystems. The philosophy 
of intangible effects will be addressed and 
efforts at quantification of intangible effects 
and impacts will be evaluated. A proposal for 
minimizing such impacts will be presented and 
the questions of minimum acceptable deleterious 
impact and non-degradation will be discussed. 



QUANTIFYING AND MODELING GROWTH AND MORTALITY LOSSES IN FORESTRY 

Ed F. Wicker 

Forest Insect and Disease Research, USDA Forest Service 


Washington, D.C. 


INTRODUCTION 

It is commonly recognized that the increased other activities or goods and services. 
population of man is rapidly becoming a burden 
to our renewable natural resources which sus The abiotic factors of environment affect 
tain life by providing man with goods and ser the forest communities simultaneously. The 
vices. Our many and varied forests are such a individual effects upon a community are modi
resource. Economic, social, and political pres fied and compensated through actions and inter
sures continue to place unprecedented demands actions with one another and with the biotic 
upon these resources. We are challenged, con components of the communities. Because of 
stantly, to improve productivity of our forests, the complexity and heterogeneity generated by 
to sustain these improvements for future gener the actions and interactions of this multi 
ations, and to maintain a quality environment. plicity of factors, it becomes practically 
A steadily shrinking forest land base serves to impossible to isolate and evaluate the net 
intensify the significance of these demands. effect of a single factor upon a single biotic 

component of a community unless that factor 
CURRENT STATUS approaches the extreme limit of ecologic 

amplitude for the specific biotic component. 
There are several biological opportunities The composite effect of all the abiotic 

for increasing the supply of goods and services factors is known as the environmental complex. 
from our forest. A recent analysis of economic With a better understanding of the ecosystem 
opportunities for increasing timber supplies concept, resolution of interactions of envi
consider those biological opportunities that ronment and communities of organisms become 
would yield a return of 4 percent or more as more practical. 
real economic opportunities. Those opportuni
ties identified in the report are all related It is only recently that we have begun to 
to intensive management. They include such to seriously think of our forests as ecosystems 
categories as regeneration of non-stocked and to apply synecologic principles in their 
areas, harvesting mature and over-mature stands management. Although ecology provides the 
and regenerating promptly, and species conver basic foundation of Silviculture, we all know 
sion of existing stands. Many of us who are that synecology has not always been the guiding 
knowledgeable of forest pest management feel principles in practice. We have been guilty 
that abatement of losses to forest pests would of some rather narrow thinking in our past 
increase timber supplies. We are somewhat sur tendency to view forests as mere "groups of 
prised that this category is not considered a trees", Many of our forest management activi
potential economic opportunity. The reason may ties represent actions directed almost exclu
be that we do not have adequate quantitative sively at manipulation of the trees entirely 
data on the relationships of this category and separate from other community components and 
the production of goods and services to perform the physical environment. Conversion of 
an accurate economic analysis. Traditionally. communities to the monoculture of a single 
timber production has been the major objective economically important species is a typical 
of forest management in the United States. example. The record of catastrophic losses 
Consequently, we have quantified many relation inflicted by biotic and abiotic factors to 
ships of cultural practices and timber responses such monocultures is well documented. There 
for several major forest types. Unfortunately. is ample evidence that some of our forest 
such quantitative data are not available for practices have caused serious deterioration 
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of ecosystems, because forests are more than 
"groups of trees". They are ecosystems and 
any manipulation of these systems must be 
within their tolerance limits for induced 
change. 

From the foregoing discussion, we can see 
that those biotic and abiotic factors responsi
ble for growth and mortality losses in forests 
are integral components of ecosystems. They 
continuously and erratically influence the 
pattern of change, development and equilibriums 
of ecosystems. Simultaneously, every aspect 
of their behavioral patterns are conditioned 
by the functional activities of the ecosystems. 
The effects of these factors on plant develop
ment are highly variable ranging in magnitude 
from destructible to imperceptible. Such 
variability is reflected as change in floris
tics, succession, physiognomy, density, domi
nance, distribution, vitality, vigor and 
mortality, and finds its ultimate manifestation 
in productivity. 

When interference of the normal functioning 
of the ecosystems (man's opinion) by biotic 
and/or abiotic factors exceed the system's 
tolerance for induced change, the equilibrium 
will be disrupted and changes in the production 
of goods and services will occur. Such changes 
invariably result in losses of goods and 
services which run counter to man's objectives 
for managing the system. When the magnitude 
of these losses become unacceptable in relation 
to management objectives, we categorize the 
causes as pests. At present, such determination 
is a .. judgement call" on the part of the forest 
manager because the ecological relationships 
between the intensity of the causal agent and 
losses inflicted have not been quantified. 
Without quantification, realistic "threshold" 
values can not be established. Also the 
economic valuation of many goods and services 
from forest ecosystems has not been determined 
because the technology is not developed. 

Our response to the interference of func

tioning of ecosystems by pests is to reduce 

accompanying losses either by 1) direct action 

to eliminate the pest, or 2) by manipulating 

the ecosystem so that the interference is 

arrested, i.e., we induce changes in the eco

system to counter changes induced by pests. 

Measures of the first response are usually re

lied upon because of inadequate information 

or technology to effectively manipulate eco

systems to reduce losses from pests. 


FUTURE NEEDS 

Our knowledge of the functioning of most 

forest ecosystems is still rather meager 

because of the intricate complexity of such 

systems. We have collected, recorded. and 


interpreted descriptive information of their 
characteristics and some of the easy and obvi
ous information of their functioning. Contin
uation of this record will come more slowly 
with greater difficulty, and higher costs. as 
the complexity of the information increases. 
The forest land manager is charged with the 
responsibility to manipulate these forest 
ecosystems for sustained optimum production 
of goods and services. To him, these forest 
ecosystems become production systems. In 
order to discharge his responsibility, he 
needs first an appraisal of the total array 
of renewable natural resources within the sys
tem to be manipulated. This appraisal must 
describe what resources exist, where they are 
located. and what is their condition, in quan
titative as well as qualitative terms of 
ecology. I view this appraisal as an ecologi
cal assessment of the resources to be managed; 
data which portrays the present ecology. Our 
current inventory systems of gathering data 
for guiding management action decisions are 
not providing the information necessary for 
the management of forest ecosystems. Most of 
the information is qualitative and has little 
ecological significance. Quantitative ecolo
gical data for most forest ecosystems is 
scarce. 

The second need of the manager is the capa
bility to manage the infinite data entries 
and to apply synecologic principles in the 
interpretation of the inventory data. Thirdly, 
the manager needs to know what are his viable 
alternatives for manipulating the ecosystem. 
His fourth need is the technology to accurately 
forecast what the consequences of each alterna
tive manipulation will be on production of 
goods and services. 

We have identified the forest managers' 
need for inventory data of the resources and 
stated that the present data collection pro
cesses are not providing adequate information 
to guide the manager in coping with pest 
problems. Why is this the case? 

Our current timber resources inventory pro
cesses provide very little practical informa
tion on effects of pesm on the ecosystems. 
Although they do provide data on mortality, 
this should not imply that mortality and loss 
are synonomous. BeSides, the stated cause of 
the mortality, when available, is not reliable 
because of the inherent uncertainty of a post 
mortem. The same is true for reductions in 
tree growth reflected in data collected by 
the current processes. It is long known that 
the major cause of growth reduction and morta
lity in unregulated forests is competition. 
However, abatement of growth loss and morta
lity due to competition cannot be adequately 
addressed through direct actions which do not 



consider the total ecosystem cause-loss rela
tionship because of the interlocking (chain
reaction) functioning of the ecosystem. 

The pest caused effects must be defined in 
qualitative and quantitative ecological terms 
that are compatible with the data being col
lected on those ecosystem components being 
impacted by the pest. If our timber resources 
inventory processes are not providing this in
formation, what other mechanisms are available 
to secure these data? There are forest pest 
surveys conducted and variously described for 
specific pests for purpose of gathering the 
information needed by the manager for making 
decisions. Unfortunately, data from such 
surveys are no more adequate than those from 
the timber resource inventory process for 
making decisions of ecosystems management. 
These surveys are largely independent of the 
timber resource inventory processes and rarely 
sample the same area. The kinds of data 
collected under the two systems are seldom 
compatible, making it difficult to resolve 
the cause-effect relationships. Consequently, 
we usually have adequate data on the distribu
tion and frequency of occurrence of potential 
pests, but cannot translate such data into 
quantitative terms of effects on the ecosystem. 
Research has not provided the technology to 
adequately quantify the relationships between 
pest activity and their subsequent effects on 
the ecosystem. Until this technology is avail
able, we cannot provide the quantitative data 
on ecosystem interference. Without quantita
tive data, we cannot establish When an inter
ference is a pest because we define pests in 
terms of intolerable loss from an interference 
and, in the ecosystem concept, loss is a net 
effect. Ways to interface the two types of 
processes are being considered. Even if this 
were successful, major changes will be required 
to accurately define what data are needed and 
in what form are they useable. There is no 
future in collecting data that have no utility. 
Present inventories are directed mainly at 
the timber resource values. It seems rational 
to suggest the need for a multiresource inven
tory process that collects ecological data on 
the entire ecosystem. By definition, this 
would be a continuing process. 

Several actions are necessary to respond 
to the second need for data management and 
interpretation. Automated data processing and 
management technology is developing rapidly 
but the application of this technology in the 
resolution of forestry related problems is 
lagging. I suspect the technology to process 
and manage the infinite inventory data needed 
to manage ecosystems is available, if the pro
fession were ready to apply it. Application 
of this technology is dependent upon establish
ment of a need to apply it and that will come 

about as we train our forest managers in the 
application of synecologic principles to eco
systems management. Such training is available 
and is gradually being incorporated into 
forestry curricula of academia. Endorsement 
of this need by professional societies would 
give the effort a boost. Continuing adult 
education programs offer excellent opportuni
ties for acquiring these capabilities. 

The third and fourth needs of the manager 
which we have identified can likely be met by 
development of the technology and capability to 
integrate the interlocking fragments of data on 
functioning of ecosystems. Computer sciences 
are providing the technology. Its application 
for developing models that integrate data to 
simulate the functional ecosystem appears to 
hold promise. Mathematical models composed of 
a series of differential equations are being 
used to simulate ecosystem functions. Several. 
"prototype" simul.ation models are being tested 
for selected components and factors of northern 
Rocky ~lountain forest ecosystems. Some of 
these models are being integrated to form sys
tems models to simulate the interacting nature 
of ecosystem components and factors. Through 
extrapolation, these models provide us the 
capability to project functions beyond the 
present. This capability creates new opportu
nities for 1) predicting growth and yield of 
goods and services from ecosystems, 2) predic
ting the consequences of interference by 
pests, and 3) comparing the various alterna
tives for manipulating the ecosystem by man
induced changes in its functioning. These 
models require exacting, accurate, and reliable 
quantitative data. OtherWise, they are no 
better than the "trial and error" system used 
in the past. If these systems models can be 
successfully applied to ecosystems management, 
the multiresource inventory process must 
provide the quantitative ecological data to 
drive the models and keep them current. 

SUMMARY 

Success in meeting the future demands for 
goods and services from forests will depend 
upon man's ability to develop and implement 
management actions that minimize growth and 
mortality losses. We need to expand our 
concept of a forest to an ecosystems level for 
management purposes. There is more to a forest 
than trees. Forests represent the current 
product of all the interactions of living com
ponents of the communities and abiotic factors 
of environment. The infinite interactions of 
this multiplicity of factors blend into a com
plex, evolving, dynamic equilibrium. It is 
in this synecologic concept that forests are 
characterized as ecosystems. 
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Our management planning and practices need 
to be elevated to the ecosystems level. We 
will not succeed with this if we continue to 
manipulate certain ecosystem components while 
ignoring and/or eradicating other components. 
While it is desirable for man to manipulate 
forest ecosystems, he must realize that such 
systems have definite limits for induced 
change within a given time frame. Because of 
the dynamic, interacting nature of ecosystems, 
their tolerance to induced change depends upon 
their innate range of natural change. Induced 
changes which exceed this tolerance invites 
disaster. 

Simulation models appear prom1s1ng for pro
viding practical opportunities for testing 
alternatives for manipulating ecosystems and 
predicting the consequences of these manipula
tions. Such models can be used also to project 
the consequences of interferences by biotic and 
abiotic factors upon the production of goods 
and services by an ecosystem. There is a need 
for research to develop adequate procedures and 
technology for collecting reliable quantitative 
data to drive the models. The actual collec
tion of these data will become a requirement 
of our inventory processes. 



MODELING AND PREDICTION OF LOSSES CAUSED BY DWARF MISTLETOES 

Frank G. Hawksworth 

Forest Pathologist, USDA Forest Service Rocky Mountain Forest 
and Range Experiment Station 

Fort Collins, Colorado 80526 

INTRODUCTION 

Although simulation of disease epidemics has 
been an active area of research in agricultural 
plant pathology for some time, its use in forest 
pathology began only recently. One obvious 
problem in forestry simulations is that the 
behavior of the pathogen and the host tree must 
be predicted for long periods of time, frequently 
over 100 years. Nevertheless, starts have been 
made to develop yield simulation programs for 
forest diseases, particularly for the dwarf 
mistletoes (19, 20). 

James Stewart, Director of Forest Insect and 
Disease Management for the USDA Forest Service, 
considers the dwarf mistletoe simulations to be 
the outstanding operational examples in forest 
pest management because the simulations provide 
managers with a decisionmaking tool that integrates 
stand growth dynamics with pest population 
dynamics and impacts (24). He also states that 
the development of yield simulation procedures 
for dwarf mistletoe-infested stands has been the 
most significant dwarf mistletoe research accomp
lishment of the last 15 years. 

FOREST GROWTH MODELS 

Modeling growth and yield of healthy forest 
stands is a preprequisite to modeling for diseased 
stands. Edminster (6) gives an excellent summary 
of the state of the art of modeling forest stands. 
Stand models are of three types: (1) Those 
requiring individual tree records and inter-tree 
distances, (2) those requiring individual tree 
records but not inter-tree distances, and (3) 
those based on whole stand summaries. Type 1 
models are exceedingly complex, and detailed data 
are required for their execution. Because of 
these restrictions, none of the models of this 
type has yet been used in the field. Type 2 
models, which are also complex but do not require 
tree-distance input, are being used in the field 
in some instances. The outstanding example of a 
model of this type is a stand prognosis model 
developed by Stage for mixed conifer stands IOn 
the northern Rocky Mountains (22, 23). The model 

can not yet predict yield in mistletoe-infested 
stands, but this capability is being developed. 

Whole-stand models (type 3) are easiest to use 
because they are based on stand averages. However, 
this basis limits the use of type 3 models to 
even-aged or, at best, two-aged stands. Two 
operational whole-stand models which have been 
developed for dwarf mistletoe-infested or non
infested stands: LPMIST, for lodgepole pine in 
the central Rocky Mountains (20) and SWYLD-2, for 
even-aged and two-storied ponderosa pine in the 
Southwest (19). Combinations of these three 
basic types also are being developed. For example, 
combinations of types 1 and 2 project tree growth 
by grouped diameter classes. 

MODELING DISEASE INTERACTIONS 

Modeling approaches in forest pathology have 
either emphasized pathogen population dynamics 
and spread (these I'll call "pathogen models"), 
or the effects of the pathogen on host tree popu
lations ("stand effects models"). 

Pathogen Models 

In pathogen models, quantitative data are 
gathered on various factors of the life cycle of 
the pathogen and on its inter-relationships with 
host populations. Life table studies (10, 11) 
are one type of pathogen model that has been widely 
used in forest entomology, but has received little 
use in forest pathology. 

The first major pathogen model for dwarf mistle
toes was developed by Strand and Roth (25) for 
Arceuthobium campylopodum on ponderosa pine in 
Oregon. This model simulates dwarf mistletoe 
spread and intensification in thinned stands of 
evenly spaced trees of uniform height. These 
limitations have prevented; however the model is 
a milestone in forest pathology because it is one 
of the first successful simulations of a forest 
disease organism. 

Dixon and Hawksworth (2) developed a spread 
and intensification model for Arceuthobium 
vagina tum in ponderosa pine in the southern 
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Rocky Mountains and the Southwest. Using data 
from both permanent and temporary plots, they 
developed equations for spread, intensification, 
and proportion of trees infected, and combined 
these into a computer program called SPREAD. 

Recently, Bloomberg et al. (1) developed a 
dwarf mistletoe (~rceuthobium tsugense) spread 
and intensification model for young western hem
lock stands in British Columbia. Relationships 
incorporated into the model include (1) spread 
and intensification from infected overs tory trees 
to regeneration, including distribution of dwarf 
mistletoe infections in overs tory source trees; 
(2) dwarf mistletoe seed production; (3) escape 
from crown and dispersal; (4) interception of 
seeds by neighboring trees; (S) distribution of 
seeds within crowns; (6) development of dwarf 
mistletoe infections; (7) mortality of plants; 
and (8) tree crown growth. The model includes 
options for simulating thinning or sanitation 
by removal of infected overs tory trees or those 
in the young stand. Ten-year predictions agreed 
closely with actual results from a field plot, 
but this cannot be considered a verification of 
the model because data from the plot also went 
into construction of the model. The model is 
apparently not intended for field use by forest 
managers, but rather to serve as a basis for 
constructing silvicultural control guidelines 
for dwarf mistletoe in western hemlocks. 

Stand Effects Models 

For stand effects models, quantitative infor
mation is developed on the effects of the pest 
organism on growth and mortality of the host 
populations. This still involves comprehensive 
knowledge of the pest organism (as in the pathogen 
models) but emphasis is on quantitative effects 
of the pest on diameter growth, height growth, 
and mortality, and how fast the pest spreads and 
intensifies in relation to various stand parameters 
(tree size, density, age, site, etc.). 

Our first attempt at developing a stand 
effects model was LPMIST, a simulation for even
aged lodgepole pine stands in the central Rocky 
Mountains (20). We then developed a similar 
model, SWYLD, for even-aged ponderosa pine in 
the Southwest (21). The latter was then expanded 
in the model SWYLD2 to include two-storied as 
well as '_,ven-aged stands (8, 9, 19). These 
models have now been incorporated into a single 
model, RMYLD, for several Rocky Mountain conifers 
(7) . 

The latest dwarf mistletoe model (DMLOSS) is 
being developed by Fred Baker of the University 
of Minnesota (Personal communication 1980) for 
Arceuthobium pusillum-infested black spruce 
stands in Minnesota. Because growth-loss is 
relatively minor in this host/parasite combina
tion, Baker is concentrating on dwarf mistletoe
caused mortality. Dwarf mistletoe causes 

essentially 100 percent mortality in parts of the 
stand where the parasite has been present for more 
than 60 years. The zone from no infection to the 
area of mortality averages about 13 m. Thus, 
the model predicts the annual rates of spread 
of the "zone" of mortality, which is assumed 
to be the same as the rate of spread of dwarf 
mistletoe as it progresses through a stand (0.7 
m/year). A very useful additional feature of the 
DMLOSS program is an economic analysis showing 
control costs and expected gains using various 
discount values. 

OPERATIONAL USE OF MISTLETOE-YIELD MODELS 

Since our dwarf mistletoe yield model for 
lodgepole pine in the Rocky Mountains, and 
ponderosa pine in the Southwest, RMYLD (7), is 
the only one in operational use, I'll describe 
it in some detail. 

The lodgepole pine program is in routine use 
in the Rocky Mountain and Intermountain Regions 
of the USDA Forest Service. The ponderosa pine 
program is used throughout the southern and 
central Rocky Mountains on National Forests, 
Indian Reservations, and State and private 
forest lands. 

Operation of these yield simulation models is 
relatively simple and the kind of information 
needed is generally of the type that is normally 
obtained in forest surveys ·or inventories: 

1. 	 Site index. 
2. 	 Number of stems per acre. 
3. 	 Average tree diameter. 
4. 	 Average stand age. 
S. 	 Mistletoe situation (6-class stand mistle

toe rating, or percent of trees infected). 
6. 	 The forest manager's plans for the area, 

including type of product desired, thinning 
levels, thinning frequency, rotation ages, 
etc. 

Using these programs on a stand basis, the 
forest manager can examine many options for a very 
low cost and then decide on the treatment that 
will give maximum yields commensurate with manage
ment objectives for the area. For example, the 
manager can compare cubic feet versus board feet 
yields, or examine such options as: (1) do 
nothing, (2) thin to various growing stock levels, 
(3) thin at various intervals, and (4) delay 
thinning. The manager can also compare yields 
in infested stands with uninfested stands to 
determine potential yields on the site. 

Projected yields for a lodgepole pine stand 
in the Routt National Forest in northern Colorado 
exhibit use of the program (14). Present stand 
conditions are as follows: average stand age, 
30 _years; average tree diameter, 2 inches; trees 
per acre, 2,680; site index (mean height at base 
age 100 years), 60; and percent of trees 



The results show marked differences in anti 
cipated yields under the three options, parti 
cularly if board foot production is desired. 
If the stand is not thinned, no board foot volume 
can be expected because the stand will not attain 
the minimum 6.5 inches needed to calculate board 
foot volume. Maximum volume (both board foot 
and cubic foot) is predicted for the option of 
tree thinnings at 30-year intervals. 

Another example shows how the programs might 
be applied to help the forest manager decide on 
the optimum treatment for a 50-year-old lodge
pole pine stand that is heavily infected by 
dwarf mistletoe (12). Let us compare the expected 
yield (1) if nothing is done to the stand, or 
(2) the stand is salvaged now, and a new, healthy 
stand is regenerated. 

Figure 1 shows the expected merchantable cubic 
foot yields under the two alternatives. If 
nothing is done to the stand, the present 1,000 
cubic feet per acre will increase to about 1,600 
cubic feet per acre in about 30 years, and then 
decline as mortality caused by mistletoe takes 
its toll. On the other hand, if the present 
stand is salvaged and a new stand regenerated, 
there will be a progressive increase in volume. 
The yields in the new stand will surpass those 
from the untreated stand after about 50 years. 
After 100 years, yields in the new stand will 
be about 4,500 cubic feet per acre, or six times 
those in the untreated stand, even though the 
treated stand is 50 years younger. 

COMPARATIVE 
Merchantable PRODUCTIVITYvolume ft3/acre 

5,000 

Old stand harvested 
4,000 and new healthy -a. 

stand begun .... 

3,000 

Heavily Infected 2,000 stand now 50 years 

Old~ 

-...... ...... ......1,000 ...... ............ 

o 25 50 75 100 
Years from now 

Figure 1. Comparative merchantable yields expec
ted in (1) a heavily infested 50-year-old 
lodgepole pine stand, and (2) if the stand 
was harvested and a new healthy stand begun. 

These simple examples are based on just two 
options for this stand. We could make the same 
type of analysis for cubic foot or board foot 
yields for many other combinations of thinning 
levels, thinning frequencies, and rotation ages. 

This, of course, is only part of the story. 
Will the gains in yields economically justify 
the expense of harvesting and regenerating the 
new stands? The forest manager will have the 
answers in many situations. We expect that an 
economic study of dwarf mistletoe control now 
underway will also provide some much needed infor
mation in making control decisions. We hope 
eventually to incorporate economic analyses into 
the yield simulation programs. 

USE OF MODELS TO PREDICT DISEASE LOSSES 

IN BROAD FOREST UNITS 


Although the yield simulation model RMYLD was 
developed primarily for yield predictions on a 
stand basis, it is also being used to estimate 
losses over broad forest units. Drummond (5) 
discusses use of various types of data in develop
ing these estimates. Basic data from forest in
ventories or special dwarf mistletoe surveys 
have been tested. To date, data from dwarf 
mistletoe surveys have provided the most reliable 
estimates over large areas, but in the long run 
it is generally agreed that routine timber inven
tories should be upgraded to obtain the needed 
dwarf mistletoe data (5). 

To derive loss estimates from the RMYLD pro
gram, two consecutive runs of the model are made, 
the first using the current dwarf mistletoe 
rating (DMR) for each stand, and the second with 
dwarf mistletoe rating converted to zero to 
represent noninfested stands. The latter simu
lates growth for all stands over the next 10 
years as if no dwarf mistletoe infections were 
present. These results are conservative estimates 
of losses because the effects of the parasite on 
reduced tree size or mortality prior to the 
10-year projection period are not accounted for. 

The RMYLD technique for estimating annual 
losses of lodgepole pine has been widely used 
in national forests of the western United States. 
Such losses have been published for: the 
Medicine Bow National Forest, Wyoming, 4.0 
million cubic feet (17); Big Horn and Shoshone 
National Forests, Wyoming, 1.4 million cubic 
feet (18); 13 national forests in Idaho, Wyoming, 
and Utah, 28.5 million cubic feet (15); 6 national 
forests in central Montana, 6.75 million cubic 
feet (3); and Bitterroot and Lolo National 
Forests, Montana, 6.8 million cubic feet (4). 

Much more refinement is needed before the 
yield programs can be adapted to estimate losses 
over broad areas, but the basic framework has 
clearly been established. 

225 



226 

CONCLUSIONS AND THE FUTURE OF 

FOREST DISEASE MODELS 


Yield prediction models are in use in dwarf 
mistletoe infested lodgepole and ponderosa pine 
forests in many parts of the West. They are 
also being developed for other dwarf mistletoes. 
Yield simulation models are not only useful for 
predicting yields on an individual stand basis, 
but they can also be used to predict losses over 
broad management units; for example, a national 
forest. Another use for these programs is to be 
incorporated as sub-models in broad simulations 
of various forest resources and uses (16). Also, 
the state of the art is such that these models 
can be extended to other forest disease organisms. 
For example, we are now developing equations to 
predict damage caused by comandra rust in lodge
pole pine. 

The beauty of computer techniques is that it 

is a simple matter to insert a new card into the 

model when a better equation becomes available, 

and the programs can be, and are being, contin

ually updated. 


To test the reliability of the predictions, 
permanent plots in both lodgepole pine (in Colo
rado) and ponderosa pine (in Arizona and Colorado) 
have been established in healthy and mistletoe
infected stands. Periodic measurements from 
these plots will be used to refine growth and 
disease effects equations as needed. It seems 
now that our loss data are pretty close to the 
actual situation, at least some people think we 
are underestimating them, and some think that we 
are overestimating them, so perhaps we are in 
the ballpark. 

Yield simulations will doubtless become more 
accurate as more sophisticated techniques and 
better data on losses and pest dynamics become 
available. Eventually, it will be possible to 
incorporate the "pathogen" models with "growth 
effects" models for yield simulations of pro
gressively more accuracy and usefulness. 
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An understanding of the causes of crop losses 
is essential to the development of strategies to 
insure adequate supplies of food and fiber for 
future generations. Pests such as insects, 
weeds, plant diseases, nematodes, rodents, and 
birds are responsible for most of the crop losses 
cuased by biotic factors. Pests that attack 
agricultural crops prior to harvest are generally 
recognized as responsible for reductions in 
potential yields in excess of 30 percent (1), 
(2), (3), (4). In the United States these pests 
include at least 160 bacteria, 250 viruses, 8000 
fungi (5), 2000 weeds (6), and 8000 insects (1). 

Efforts to assess losses may be focused either 
on the farm level or on much larger areas. The 
considerable research conducted on "economic 
thresholds" or on "damage thresholds" associated 
with numbers of insects and crop loss have 
usually been directed towards assessment or 
prediction of loss on the individual farm since 
the primary purpose has been decisions about 
the control tactics to use to prevent economic 
10ss(7). In view of the attention that has 
been given to the assessment of loss on the 
individual farm, the emphasis here will be 
placed on the assessment of loss over large areas. 

Direct losses to agricultural crops due to 
insects are normally associated with decreases in 
yield or quality. However, when insecticides are 
applied, there may also be some indirect costs 
associated with adverse effects on environmental 
quality and human health. Therefore, all of 
these types of losses should be considered in any 
assessment of the costs of damage done by insects. 

YIELD 

Several different techniques can be used in 
assessing losses caused by insects, but those 
that are applicable to assessment of the magni
tude of yield losses include: (1) general 
estimates and surveys, (b) proxies such as 
insecticide use, (c) regression techniques, and 
(d) simulation. 

General Estimates and Surveys 

Many general estimates of insect losses have 
been made, and some have been controversial 
because they have depended to a large extent on 
oplnlon. Also, the estimates have often been 
converted to quantitative monetary losses with
out considereing price changes associated with 
changes in supply and demand that would likely 
occur if the losses were prevented. Neverthe
less, these general estimates are useful in 
establishing the relative importance of insect 
pests in different parts of the world and on 
different crops. Perhaps the most comprehensive 
effort to develop worldwide loss estimates was 
undertaken by Cramer (2), and a summary of 
some of his results expressed as percentage loss 
in Table 1 is useful in considering the impact 
of the different types of pests. For example, 
insects, diseases, and weeds are shown to be 
responsible for losses of potential production 
of 12.3%, 11.8%, and 9.7%, respectively. 

Absolute losses in quantity of production 
due to insects and percent loss of potenticl.l 

Table 1. Estimated annual percentage loss 
of potential value of crops due to insects, plant 
diseases, and weeds. From Cramer (2). 

% loss of potential value 
of crops due to pests 

Region Insects Diseases Weeds Total 

North and 
Central America 9.4 11.3 8.0 28.7 
South America 10.0 15.2 7.8 33.0 
Europe 5.1 13.1 6.8 25.0 
Africa 13.0 12.9 15.7 41.6 
Asia 20.7 11.3 11.3 43.3 
Oceania 7.0 12.6 8.3 27.9 
U.S.S.R. and 
P.R. of China 10.5 9.1 10.1 29.7 

World 12.3 11.8 9.7 33.8 
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Table 2. Estimated annual quantities and 
percentage loss of major crops caused by insects 
in the World. From Cramer (2) . 

Loss in % of total 
million % loss based 

Cereals 203.7 14.7 48 
Oilseeds 14.5 11. 5 6 
Fiber 3.0 14.2 6 
Vegetables 
Fruit 

23.4 
11.3 

8.7 
5.8 

10 
4 

Sugar 
Other 

228.4 16.5 8 
18 

Table 3. Crop acreage and estimated percentage 
of annual loss due to insects in the United 
States based on preliminary 1978 production 
estimates (8) and 1951-1960 loss estimates (1) • 

% of total 
Crop loss of 

Acres value % potential 
CroE (mil. ) (mil. $) loss value al 

Corn 70.0 14,889 12 37 
Wheat 56.8 5,280 6 7 
Rice 3.1 1,064 4 1 
Soybeans 63.0 12,245 3 8 
Cotton 12.4 3,064 19 12 
Vegetables 4.6 4,903 14 14 
Fruit 3.4 bl 3-25 'E.I 
Hay 61. 5 6,580 15 21 

~I Only crops listed whose total value is 
available are considered. 

bl Estimates of toal value are not available 

Table 4. Estimated percentage of loss caused by 
cotton insects in the United States. 

Estimated % loss al 
Insect 1951-6alil 1970-72~ 1974-76~ 1979~ 

Boll Weevil 8.0 7.4 1.4 
Bollworm and 

Budworm 4.0 3.0 
Plant bugs 3.4 2.8 
Other 3.6 1.6 
Total 19.0 8.8 

~I 	Estimates for 1951-1960 were made by USDA 
personnel; other estimates were made by 
Extension entomologists, but reported by 
different organizations. 

bl From USDA (1).
cl From National Cotton Council (9). 

d/ From Cotton Foundation (10). 

~I From USDA (11). 


yield of specific crops proyides another per
spe.ctive Crable 2). The mOst obyious conclusion 
from these data is that worldwide losses of cereal 
crops account for a very substantial part of the 
total loss. When the figures for acreage and 
relative insect loss in the U.S. are examined, 
losses of cereals, especially corn, are of major 
concern; also very substantial losses of hay 
crops, vegetables, fruits, and cotton occur 
(Table 3). 

Thus, there is some value in surveys of losses 
based on expert opinions, but some of the limita
tions of these surveys becomes evident when 
several estimates are compared. For instance, 
when one considers data on losses of cotton due 
to insects collected over a period of years 
(Table q, it becomes apparent that there are 
questions about the reasons for the changes over 
time. Both estimated loss and the relative impor
tance of insect species changed substantially. 
These changes may have occurred because of shifts 
of cotton acreage from one region to another, 
changes in the agroecosystems that influence 
insect population, and use of improved technol
ogies. However, development of and use of 
improved methodology for assessing losses will 
likely be required to.obtain estimates with high 
levels of credibility. 

Proxies 

The use of proxies in assessing insect losses 
has a number of limitations. However, insecti 
cide use can augment other direct and indirect 
estimates of loss due to insect pests. Pesticide 
use has been reviewed elsewhere (12), and 
estimates of the cost of insecticides used in 
recent years are avaible (Table 5) (13). 
However, one must be mindful of at least four 
limitations associated with the use of this 
proxy: (a) insect losses, though real, may be 

Table 5. Value in 1978 U.S. dollars of insecti 
cides used in the World and in the U.S. by major 
croEs. Cost of application not 

Mil. dollars 
Crops World U.S. 

included. ~ 
Dollars per 
acre in U.S. 

Corn 325.0 208.4 
Wheat 49.3 12.1 
Rice 364.6 13.6 
Soybeans 86.6 30.1 
Cotton 891. 7 207.0 
Vegetables 299.2 87.6 
Fruit 485.8 125.1 
Hay 62.4 28.9 
Other 463.9 
Total 3028.5 

2.98 
0.21 
4.39 
0.48 

16.69 
19.04 
36.79 

0.47 

al 	Total dollar values are from anonymous (13) 
and acres used to calculate dollars per acre 
are from USDA (8). 



slight enough so that it is not feasible to 
apply insecticides or other control tactics, (bi 
insecticides may not be available when needed, 
(c) substantial losses occur even when insect;i
cides are used, and (d) insecticides may be 
applied to prevent the development of damaging 
populations though significant loss might not 
have occurred. 

The importance of these limitations is obvious 
in the case of certain crops. For instance, the 
worldwide cost of insecticides used on cotton 
exceeds the cost of insecticides used on the 
major cereal crops, but the magnitude of losses 
of cereal crops probably exceeds the magnitude 
of losses of cotton by several fold. At the same 
time, the value of the per-acre loss of cotton 
probably exceeds that for cereals. This latter 
point is, of course, very important in making 
judgments about which control technologies might 
be most feasible for use on a particular crop. 

Regression 

The uses of general estimates, surveys, and 
proxies in assessing losses presented here pro
vide evidence of the need for more analytical 
approaches. One such approach is the use of 
regression to analyze biological data from 
controlled experiments. Perhaps the single most 
comprehensive attempt to use this method was that 
of Schwartz and Klassen (14). They reviewed 
nearly 300 scientific publications reporting 
results of experiments made to evaluate insect 
control materials and applied linear regression 
analysis to the cited data in calculating the 
loss of crops due to some major insect pests. 
Examples of results shown in Table 6 show the 
magnitude of losses that may occur with and with
out control of the bollworm, Heliothis zea 
(Boddie), and tobacco budworm~~sc;ns (F.) 
on cotton; the boll weevil, Anthonomous grandis 
Boheman; the Mexican bean beetle, Ephilacha 
~~~~~Mulsant; corn rootworms, Diabrotica 

Table 6. Some examples of field losses calcula
ted from experimental data. From Schwartz and 
Klassen (14). 

No. Calculated losses(%) 
data With Without 

Insect sets control control 

Bollworm & Budworm 29 12+2 91+14 
on cotton 

Boll Weevil 17 19+7 31+9 
Mexican Bean Beetle 8 9+6 29+16 
Corn Rootworm 12 5+1 16+4 
European Corn Borer 6 0 54+20 

on peppers 
Colorado Potato Beetle 13 1+0.6 47+10 
Cutworms on Wheat 3 8+3 55+12 

spp.; European corn borer, Ostrinia nubilialis 
(llubner), on pepper s; the C-';io'I-acfo"' p~ta-to-be~t-le, 
~!~~ptas~a9~emlin~~a (Say); and cutworms, 
Agroti~ spp. on wheat. 

Another effort to illustrate how regression 
might be used to assess losses was that of Hart
stack et al. (15). They used 34 sets of data 
taken in a very similar manner over a 9-year 
period to develop a series of regression co
efficients that could be used to estimate the 
effects of the bollworm and the tobacco bud worm. 
Numbers were expressed in terms of the effect of 
larval days on damage to floral buds (squares) 
and fruit (bolls), and on yield of lint. In this 
case, a curvilinear regression was preferred. 
The regression equations developed could be used 
to estimate yield losses from large area field 
samples of damaged squares and bolls. 

Regression obviously is a useful analytical 
technique for studying relationships between 
insect numbers, damage, and loss and is often 
adequate for analyzing the available data. How
ever, the reduction in yield may be influenced 
by a wide range of factors that may change over 
time. Therefore, dynamic simulation modeling 
may be a useful tool for assessing losses, parti
cularly when substantial quantities of biological 
data are available. 

A number of insect and plant models that are 
presently in varying stages of development might 
be used in assessing yield losses. An example is 
a composite model that has been under development 
for a number of years that includes a plant model, 
a boll weevil model, a bollworm/budworm and 
predator model, and insecticide model. A simple 
flow chart describing this model is shown in 
Figure 1. This composite model (16), (17), (18), 
(19) is currently being refined for use in 
evaluating alternative cotton insect management 
programs. The results obtained when the model is 
used for this purpose and for loss assessment will 
be published elsewhere. Therefore, only a theo
retical analysis will be discussed here and the 
values given will be illustrative only and not 
necessarily representative of actual anticipated 
results. 

Table 7 shows how the model might be used by 
introducing data on different sized populations 
of boll weevils and simulating the effects on 
yield. Since populations and the effects have 
been studied previously under experimental con
ditions, actual data are available for validation. 
Also, the model might be used to estimate loss 
effects in the absence of controls by using 
different hypothetical regions (Table 8) to 
obtain an average yield loss for each region 
(Table 9). Plainly, simulation modeling provides 
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~1anagement Policies 

Planting Date 
Insecticide Policy 
Fertilization 
Irrigation 
Plant Population 

IBOll weevil~ 

1. Temperature 
2. RainfaU 
3. Solar Radiation 
4. 

Cotton Crop OUTPVT~I I 

1 
Insect Bolhvorm & 
Damage Budworm 

Insecticide~--~ Predators 

Fig. 1. Schematic illustrating principal 
components of a cotton insect management model. 
Modified from Brown et aI, (16). 

Table 7. Simulated yield loss caused by different 
numbers of overwintered boll weevils. 
No. boll ~eevils Yield per acre % 

o 
14 (Low) 
50 (Medium) 

100 
200 (High) 

604 
521 
386 
335 
229 

o 
14 
36 
45 
62 

Table 8. Theoretical probabilities of different 

--_.levels of overwintered boll weevils occurring. 
Region Zero Low Medium High Total 

One 0.75 0.15 0.10 0.0 1.0 
Two 0.05 0.40 0.45 0.1 1.0 
Three 0.00 0.20 0.60 0.2 1.0 
Four' 0.00 0.20 0.50 0.3 1.0 

a tool for estimating losses that has the 
potential of greatly improving loss estimates. 

PRODUCT QUALITY 

Although losses associated with quality are 
often difficult to quantitate, percent damage 
Or percent infested fruit can be quantitated and 
related to market value. In fact, in those cases 
in which living insect forms are involved, the 
quality of the fruit is directly affected. Other 
quality factors such as appearance are more 
difficult to quantitate. For instance, pests 
such as citrus rust mites, Phyllocoptruta 
oleivora (Ashmead), may change the appearance 
of the fruit without having an effect on its 
internal quality. Also, insects may have an 
indirect effect on quality. Insect damage may 
be associated with increased deterioration 
during storage and/or transportation or with 
increased levels of mycotoxins. The true value 
of quality to the consuming public is somewhat 
controversial (20), but at the present time it 
can be, and appropriately should be, based on 
the effect of insect-related quality factors on 
the value of a commodity in the market place. 

ENVIRONMENTAL QUALITY AND HUMAN HEALTH 

There is increased concern for the indirect 
losses associated with insects such as reduced 
populations of natural enemies, resistance to 
pesticides, bee poisoning and reduced pollination, 
crop damage by pesticides, animal poisonings and 
contamination, fish and wildlife losses, human 
poisoning, and government controls. Accurate 
estimates of these losses are very limited at 
present, but some have been made by Pimentel et 
al. (21). As more information becomes available, 
more accurate and complete estimates should 
become available. 

CONCLUSION 

Improved information on crop losses will be 
invaluable in communicating with the broader 

Table 9. Theoretical numbers of overwintered boll 
weevils per acre and estimated yield loss. 

Region 

Number 
overwintered 
weevils/acre 

Estimated 
yield loss 

(lb lint/acre) 

One 
Two 
Three 
Four 

7.1 
48.1 
98.0 

113.0 

64 
104 
272 
302 



scientific community and the general public con
cerning the importance of pests. Also, reliable 
information will improve the ability to advise 
growers and others associated with the food and 
fiber production system in the U.S. and the 
World. 

Finally, better information will increase the 
quality of benefit-risk analyses that are used 
in pesticide regulatory decision making and will 
be invaluable in guiding the future development 
of more desirable pest management systems. 
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The universal occurrence of weeds as constant 
components of agricultural environments as 
opposed to the epidemic nature of other pests 
has delayed recognition of the importance of 
weed control in crop production. Crop production 
consists largely of growing crop plants in pure 
culture, in contrast to nature's mixed plant 
communities. To accomplish this, man started 
controlling weeds by hand-pulling and using 
simple hand tools. The horse-drawn wheel 
brought about a revolution in row-crop agricul
ture during the early 1700's and the gasoline 
tractor allowed a rapid expansion in crop 
production in the 1900's. 

Over the past three decades, United States 

agriculture has changed dramatically in order 

to meet the food and fiber requirements for the 

American people and to supply export markets. 

During this period the American farmer has been 

able to shift from labor-intensive farming to a 

more efficient capital-intensive production. 

For example, in the past 30 years, wheat, rice, 

and potato yields per acre in the United States 

have doubled and corn yields have tripled. 

Improved weed control practices in these crops 

alone have reduced labor requirements by 30 to 

50 percent. Across all crops, the use of 

mechanical power has increased 30 percent and 

herbicide usage increased seven-fold since 

1950, while manual labor decreased 40 percent 

(1) • 

CROP AND WEED AFFILIATION 

Relatively few weed species are responsible 
for the major portion of the losses sustained 
in our crops. Holm states that ac'ross the 
world about 200 weed species are involved in 95 
percent of man's weed problems as related to 
food production (2). He lists 80 weed species 
as primary weeds and 120 weed species as 
secondary weeds. To date, man has named about 
one-fourth of a million flowering plants; thus, 
these 200 species comprise less than one percent 
of the world's species. On a global basis, 
one-third of the worst weeds are grasses and 

sedges and two-thirds are broadleaf weeds. 

On a global basis, five plant families 
containing 12 crop species provide 75 percent 
of our food. The families and associated 
species are Poaceae (barley, maize, millet, 
oats, rice, sorghum, sugarcane, and wheat), 
Solanaceae (white potato), Convolvulaceae 
(sweet potato), Euphorbiaceae (cassava) and 
Leguminosae (soybean, peas, and beans). These 
five families also supply us with many of our 
weeds. Correlation between crops and weeds 
belonging to the same botanical family are 
numerous and support the idea that both 
domesticated plants and weeds are adapted to 
the same habitat. Thus, practices that tend to 
favor domesticates also tend to favor we~ds. 
Although this relationship exists, it is not 
the rule because 25 percent of the world's 
worst weeds are found in the Compositae and 
Cyperaceae families which contain no major 
crops. 

In an individual crop, a large percentage of 
the loss due to weeds is caused by a few 
individual species. For example, in cotton in 
the United States, 12 weed species cause 
approximately 86 percent of the yield reduction 
due to weeds (3). These 12 weed species in 
descending order of importance are: common 
cocklebur (Xanthium pensylvanicum Wallr.), 
annual morningglories (Ipomoea spp.), 
johnsongrass [Sorghum halepense (L.) Pers.], 
sesbania (Sesbania spp.), pigweeds (Amaranthus 
spp.), sicklepod (Cassia obtusifolia L.), 
bermudagrass [Cynodon dactylon (L.) Pers.], 
nutsedges (Cyperus spp.), panicum grasses 
(Panicum spp.), crabgrass (Digitaria spp.), 
spurges (Euphorbia spp.), and goosegrass 
[Eleusine indica (L.) Gaertn.]. Yield 
reductions and quality losses from the first 
five species constitute 60 percent of the total 
loss due to weeds. 

WAYS WEEDS COMPETE 

The losses from weeds to farmers and those 



in agribusiness are many and occur at various 
stages in the crop production cycle. Weeds 
compete with crops for water, nutrients, light, 
and other growth factors. Weeds (a) reduce the 
yield of crops; (b) impair the quality of crops; 
(c) reduce the value and productivity of land 
and the efficiency with which it is used; (d) 
increase the costs of hand tillage, mechanical 
tillage, fertilizer, crop drying, and storage 
and transportation; (e) prevent efficient 
irrigation and water management; (f) increase 
the acreage needed for crop production and the 
amount of labor required; (g) cause large amounts 
of fuel and other types of energy to be expended 
for control; and (h) serve as hosts and habitats 
for insects, nematodes, disease-causing 
organisms, and rodents (4). 

ESTIMATED CROP LOSSES WITHOUT HERBICIDES 

Crop production without herbicides would be 
very expensive and laborious. Without herbicides 
for use in United States in corn, cotton, 
peanuts, sorghum, soybeans, rice, and small 
grains including wheat, losses due to weeds for 
each of these crops would be 25, 40, 90, 35, 
24, 70, and 20 percent, respectively (5). 
Averaged across these major crops, a 31 percent 
loss in total production would result from 
weeds if herbicides were not available, 
representing a monetary loss of about $13 
billion. 

PESTICIDE COST AND USAGE 

A recent survey conducted by Farm Chemicals 
magazine estimated total world purchases of 
herbicides, insecticides and fungicides valued 
at $8,284 million in 1978 (Table 1). United 
States purchases were valued at $2,731 million. 
Herbicides account for 45 percent of the 
pesticides purchases worldwide and 63 percent 
of the pesticide purchases in the United States 
(6). Insecticides and fungicides account for 
37 and 18 percent of the pesticides purchased 
worldwide while United States purchases of 
these pesticides stand at 30 and 7 percent, 
respectively. The leading market for all 
pesticides in the United States was the corn 
producer with $871 million, or 30 percent of 
all pesticides purchased. Soybean producers 
rated second at $593 million, 21 percent of all 
pesticides purchased. Cotton growers ranked 
third with $348 million, 12 percent of the 
total. Worldwide the producers of corn and 
cotton spent $1,286 million and $1,222 million 
or 16 and 15 percent of all pesticide purchases. 
Rice and soybean producers spent $854 million 
and $810 million on pesticides or 10 percent on 
each of the total. Pesticide purchases for 
pest control in fruit and nut crops and 
vegetable crops were $1,190 million and $701 
million, respectively. 

Table 1. Total world and United States purchases 
of herbicides, insecticides, and fungicides, 
1978. 

Types of pesticides Purchases 
and crop United States World 

(million dollars) 

Herbicides: 
Corn 658 940 
Cotton 128 297 
Rice 37 307 
Soybeans 550 696 
Wheat 69 346 
Fruits and nuts 39 127 
Vegetables 46 139 
Other crops 205 864 

Total 1732 3716 

Insecticides: 
Corn 208 325 
Cotton 207 892 
Rice 14 365 
Soybeans 30 87 
Wheat 12 49 
Fruits and nuts 125 486 
Vegetables 88 299 
Other crops 125 526 

Total 809 3029 

Fungicides: 
Corn 5 21 
Cotton 13 33 
Rice 3 182 
Soybeans 13 28 
Wheat 6 102 
Fruits and nuts 63 577 
Vegetables 32 263 
Other crops 55 333 

Total 190 1539 

All pesticides: 
Corn 871 1286 
Cotton 348 1222 
Rice 54 854 
Soybean 593 810 
Wheat 87 498 
Fruits and nuts 227 1190 
Vegetables 166 701 
Other crops 385 1723 

Total 2731 8284 

Source: Farm Chemicals 142, 61 (1979). 

In the early 1950's, the use of herbicides 
in the United States was confined to major row 
crops in major producing areas such as corn in 
the Corn Belt (7). Now, however, weeds in 
nearly all row crops throughout the United 
States are controlled with herbicides. Changes 
in the use patterns for herbicides on corn and 
cotton demonstrate the rapid growth in the use 
of these products. Between 1952 and 1976, corn 
acreage treated with herbicides increased from 
11 percent to 90 percent, while cotton acreage 
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treated with herbicides increased from 5 to 84 
percent. 

In 1976, herbicides were applied one or more 
times on nearly 200 million acres, or 56 percent 
of the United States farm crop acreage while 
insecticides and fungicides were applied to 18 
and 21 percent, respectively, of the farm crop 
acreage (Table 2). A very high percentage of 
the corn, cotton, rice, soybean, and peanut 
acreage is treated with herbicides. A substan
tial portion of the cotton, tobacco, and peanut 
acreage is treated with insecticides and 
fungicides are widely used in peanuts. 

Table 2. 	 Total acreage of major field crops, hay, 
with pesticides in United States, 1976. 

ESTIMATED CROP LOSSES DUE TO WEEDS 

Even with the shift in weed control practices 
from hand hoeing to selective herbicides, we 
still have weeds as major pests in our crops. 
Documentation of losses due to weeds in our 
crops is of importance to a wide spectrum of 
people. The producer of our raw agricultural 
products can better plan his production programs 
if he has a knowledge of the monetary losses 
resulting from weeds. Those developing 
herbicides can utilize this information in 
identification of those areas of greatest need 
and areas of greatest potential monetary 

and pasture and rangeland and percentage treated 

Other grain 
Soybeans 
Tobacco 
Peanuts 
Alfalfa 
Other hay and 

forage 
Pasture and 

rangeland 

Total/average 

Total average, 
excluding pasture 
and rangeland 

84.1 
11.7 
80.2 
18.7 
2.5 

29.8 
50.3 
1.0 
1.5 

26.6 

34.4 

488.2 

829.0 

340.8 

Source: T. H. Eichers, P. A. Andrilenas, and T. W. 

returns. 	 Government officials at all levels 
could use 	weed loss estimates to better 
evaluate needs and use of public funds for 
meaningful research and development of improved 
weed control practices and regulation of these 
practices 	(8). In Tables 3 through 7, we have 
presented, by crop, the estimated average 
annual losses due to weeds during 1973 through 
1977 in the United States. The monetary loss 
estimates 	are based on full production in the 
absence of weeds. The percentages were applied 
to the data of actual farm production to obtain 
estimates 	of loss of farm production in terms 
of quantity and value. Loss in quality is 
included in the loss in value. Value loss is 
computed upon the assumption that market outlets 
would be available with no change from average 
farm prices. 
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Losses In 	Field Crops 

The total monetary loss due to weeds in the 
7 field crops (rows) listed in Table 3 was 
$4,354,171,000 per year for the period 1973
1977. The highest monetary losses were 
sustained in corn and soybeans with 40 and 38 
percent, respectively, of the total losses 
occurring in these two crops. Monetary losses 
in cotton and grain sorghum accounted for 7 and 
5 percent, respectively, of the total losses 
while sugarcane, peanuts, and sugarbeets losses 
were 4, 4, and 3 percent, respectively. The 
most frequently reported weeds in these crops 
were pigweeds, crabgrass, morningglories, 
johnsongrass, common cocklebur, foxtails 
(Setaria spp.), and nutsedges (9). 

The total monetary losses due to weeds in 

the six field crops (drilled) listed in Table 3 

was $1,381,650,000 per year for the period 




1973-1977. Losses in wheat account for 64 
percent of this total and losses in rice for 17 
percent. Losses in barley, flax, oats and rye 
were all less than 10 percent of the total. 
The most frequently reported weeds in these 
drill crops were mustards (Brassica spp.), wild 
oats (Avena fatua L.), bromes (Bromus spp.), 
wild garlic (Allium vineale L.), and henbit 
(Lamium ample~e L.). 

Losses In Vegetable Crops 

The estimated monetary loss due to weeds in 
the 21 vegetable crops listed in Table 4 was 

Table 3. Field crops: estimated average annual losses 

$450,093,000 annually during the period 1973
1977. Approximately one-fourth of this loss 
occurred in potatoes and a 19 percent loss 
occurred in both the solanaceous and vegetable 
legumes. In lettuce and onions, monetary 
losses from weeds were 6 and 7 percent of the 
total loss, respectively. Monetary losses due 
to weed competition ranged from 0.5 percent to 
5 percent of the total in the other vegetable 
crops. The most frequently reported weeds in 
these vegetable crops included pigweeds, 
crabgrass, lambsquarters (Chenopodium album 
L.), and nutsedges (9). 

due to weeds, 1973-1977. 

Production Loss from potential production 
Commodity unit Reductiona Quantityb Valueb 

(Percent) (1,000 units) (1,000 dollars) 

Row crops 
Corn Bushel 11 712,524 1,752,809 
Cotton Bale 10 1,309 320,604 
Peanuts Pound 14 601,526 113,929 
Grain sorghum Bushel 14 128,709 222,666 
Soybeans Bushel 16 278,670 1,663,659 
Sugarbeets Ton 13 3,909 123,033 
Sugarcane Ton 20 6,491 157,471 

Total 4,354,171 

Drill crops 
Barley Bushel 10 41,772 78,949 
Flax (seed) Bushel 22 3,946 27,779 
Oats Bushel 14 104,057 142,558 
Rice Hundredweight 18 24,080 239,836 
Rye Bushel 9 1,781 4,025 
Wheat Bushel 12 266,817 888,503 

Total 1,381,650 

a Estimated percent reduction to each crop was in a survey in 1979. 

b The basic data used to calculate the loss in quantity and value represent the averages for the 
period 1973-77 as estimated by the Statistical Reporting Service. 

Table 4. Vegetables: estimated average annual losses due to weeds, 1973-1977. 

Production Loss from potential Eroduction 
Commodity unit Reductiona Quanti ty6 Valueb 

(Percent) (1,000 units) (1,000 dollars) 

Cole croEs 
Broccoli Hundredweight 7 321 4,732 
Cabbage Hundredweight 7 1,836 9,570 

Greens 
Spinach Hundredweight 19 922 4,854 

Root and bulb crops 
Carrots Hundredweight 10 1,398 12,260 
Onions Hundredweight 12 4,433 32,219 
Potatoes Hundredweight 7 25,205 103,844 
Sweet potatoes Hundredweight 8 1,124 9,722 

Salad crop 
Lettuce Hundredweight 7 3,989 30,116 

Solanaceous 
Peppers 
Tomatoes (fresh) 

Hundredweight 
Hundredweight 

9 
9 

509 
2,016 

7,994 
33,183 
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Grapes (fresh) Ton 12 585 92,547 
Strawberries Ton 20 1,174 35,807 

Deciduous tree nuts 
Almonds Ton 7 9 14,552 
Pecans Ton 9 10 10,393 
Walnuts Ton 5 10 5,407 

Total 299,498 

a Estimated percent reduction due to weeds for each crop was estimated in a survey in 1979. 
b The basic data used to calculate the loss in quantity and value represent the averages for the 

period 1973-77 as estimated by the Statistical Reporting Service. 

Table 6. Forage seed crops: estimated average annual losses due to weeds, 1973-1977. 

Production 	 Loss from potential production 
Commodityc 	 unit Reductiona Quantityb Valueb 

(Percent) (1,000 units) (1,000 dollars) 

Grass seed crops 
Bluegrass, Kentucky Pounds 15 6,446 3,094 
Fescue, tall Pounds 11 13,651 2,394 
Orchardgrass Pounds 8 1,423 441 
Ryegrass Pounds 13 33,496 4,917 
Timothy Pounds 14 2,801 817 
Turf grasses Pounds 15 3,725 1,818 

Legume seed crops 
Alfalfa Pounds 18 21,157 18,986 
Clover, crimson Pounds 16 543 240 
Clover, Ladino Pounds 17 713 851 
Clover, red Pounds 17 6,484 3,974 
Lespedeza Pounds 15 2,228 983 
Vetch, hairy Pounds 15 1,139 248 

Total 38,763 

a Estimated percent reduction due to weeds for each crop was estimated in a survey in 1979. 
b The basic data used to calculate the loss in quantity and value represent the averages for the 

period 1973-77 as estimated by the Statistical Reporting Service. 
c Percent reduction for each crop contains a 1 percent loss in seed quality and a 5 percent loss 

attributed to the seed cleaning process. 

Losses In 	Hay Crops, Pastures And Rangelands 

The annual monetary loss to weeds was 
$676,221,000 in all hay crops during the period 
1972-1976 (Table 7). The most frequently 
reported weeds in all hay crops were quackgrass, 
thistles, common chickweed [Stellaria media 
(L.) Cyrill], dandelions (Taraxacum sp~ 
bromes, pigweed and ragweed. Eastern pastures 
and western rangelands are best divided at the 
eastern borders of North Dakota, South Dakota, 
Nebraska, Kansas, Oklahoma, and Texas. The 
estimated annual monetary losses due to weeds 
in these two geographic regions were 
$410,896,000 and $377,909,000, respectively 
(8). The most frequently reported weeds in the 
eastern pastures were thistles, ragweeds, docks 
(Rumex spp.), pigweeds, horsenettle (Solanum 
caroIinense L.), wild barley and crabgrass. In 
the western states, the most frequently reported 
weeds were sagebrush (Artemisia spp.), weedy 

bromes, larkspurs (Delphinium spp.), thistles, 
prickly pear (Opuntia spp.), rabbitbrush 
(Chrysothamnus spp.) and spurges (9). 

Table 7. 	 Pastures, rangelands, and hay: esti 
mated average annual losses due to 
weeds, 1972-1976. 

Loss from potential 
Kind of land and troduction 

locationa Reduction Valuec 
(Percent) (1,000 dollars) 

Pastures and 
rangelands in 
31 eastern states 20 410,896 

Rangelands in 17 
western states 13 377,909 

Hay in 48 statesd 10 676,221 
Total 1,465,026 



Tomatoes (processed) 
Vegetable legumes 

Beans, dry 
Beans, green lima 
Beans, green snap 
Peas, green 

Vegetable 2 others 
Corn, sweet 
Hops 
Peppermint 
Spearmint 

Vine croEs 
Cucumbers (fresh) 
Cucumbers (pickled) 
Cantalopes 
Watermelons 

Total 

Hundredweight 7 

Hundredweight 12 
Hundredweight 8 
Hundredweight 10 
Hundredweight 13 

Hundredweight 10 
Hundredweight 8 
Hundredweight 11 
Hundredweight 10 

Hundredweight 11 
Hundredweight 11 
Hundredweight 8 
Hundredweight 11 

15,868 

2,403 
144 

1,856 
1,587 

6,534 
48 

4 
2 

600 
1,548 

897 
3,099 

46,302 

50,366 
2,126 

17,058 
14,876 

23,779 
4,024 
5,740 
2,059 

6,024 
9,465 
8,996 

10,784 

450,093 

a Estimated percent reduction due to weeds for each crop was estimated in a survey in 1979. 
b The basic data used to calculate the loss in quantity and value represent the averages for the 

period 1973-77 as estimated by the Statistical Reporting Service. 

Losses In Fruit And Nut CroEs 

The estimated annual monetary loss due to 
weeds in the 16 fruit and nut crops listed in 
Table 5 was $299,498,000 for the period 1973
1977. Approximately two-thirds of this total 
loss occurred in grapes, oranges, strawberries, 
and apples with 31, 14, 12, and 10 percent, 
respect~vely. Among the stone fruits 
(avocados, olives, and peaches) and the 
deciduous tree nuts (almonds, pecans, and 
walnuts) a loss of 8 and 10 percent, respec
tively, of the total resulted from weed 
competition in each group. The most frequently 
reported weeds in these fruit and nut crops 
were crabgrass, bermudagrass, johnsongrass and 
pigweeds (9). 

Losses In Forage Seed CroEs 

In forage seed crops, $38,763,000 is the 

estimated annual loss due to weed during 1973
1977 (Table 6). In general, weeds caused one 
percent loss in seed quality and a five percent 
loss can be attributed to the seed-cleaning 
process. Monetary losses due to weeds in 
alfalfa seed production account for about 50 
percent of the total for all forage seed crops. 
For other legume seed crops and grass seed 
crops, the percentages of the total monetary 
loss were 16 and 35 percent, respectively. In 
the grass seed crops the most frequently 
reported weeds were bromes, quackgrass 
[AgroEyron reEens (L.) Beauv.], foxtails, 
pigweeds, and annual bluegrass (Poa 
In legume seed crops the weeds were 
(Cuscuta spp.), plantains (Plantago spp.), 
thistles (Cirsium spp.), quackgrass, and 
pigweeds (9). 

Table 5. Fruits and nuts: estimated average annual losses due to weeds, 1973-1977. 

Production Loss from Eotential J2roduction 
Commodity unit Reductiona 

(Percent) 
Quantity:b 

(1,000 units) 
ValueD 

(1,000 dollars) 

Citrus fruits 
Grapefruit Ton 7 192 12,288 
Lemons Ton 4 37 4,427 
Oranges Ton 6 625 40,773 
Tangerines Ton 4 9 1,020 

Pome fruits 
Apples Ton 5 176 30,480 
Pears Ton 5 40 5,833 

Stone fruits 
Avocados Ton 8 7 4,102 
Olives Ton 4 3 984 
Peaches Ton 7 108 20,606 

Small fruits 
Bushberries Ton 18 7 4,553 
Cranberries Barrel 15 1,150 15,756 
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a Excludes cropland used for pasture. 
b 	 Estimated percent reduction due to weed was 

adapted from Agricultural Handbook No. 291. 

The basic data used to calculate the monetary 
losses were obtained from major uses of land 
in the United States, USDA-SEA-AR, 1974 
(In Press). 

d 	 All hay with 60 percent of the total being 
alfalfa. 

Summary 

An estimated average loss of $8 billion can 
be attributed to the presence of weeds in 
United States crops (Table 8). The potential 
value of the crops discussed above was 
estimated to be about $64 billion; thus, a 12.4 
percent loss can be attributed to weeds. 
Approximately 72 percent of this loss occurs in 
field crops and 18 percent in those crops 
utilized as forage. The remaining 10 percent 
accounts for losses in vegetable, fruit, and 
nut crops. These loss figures are very 
important to the producer of our raw agricul
tural products since he receives only 38 
percent of the United States consumer's food 
dollar in 1980 as compared to 47 percent in 
1950. The consumer is the ultimate looser 
since he must pay for the production, process
ing, and transportation of our agricultural 
products. 

Table 8. 	 All crops: estimated average annual 
losses due to weeds, 1973-1977. 

Commodity group monetary losses 
(1,000 dollars) 

Field crops 
Vegetables 
Fruits and nuts 
Forage seed crops 
Hay 
Pasture and rangelands 

5,735,821 
450,093 
299,498 
38,763 

676,221 
788,805 

Total 7,989,201 
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PROBLEMS ASSOCIATED WITH ASSESSING CROP LOSSES DUE TO WATER STRESS 

Jacob Levitt 

Carnegie Institution of Washington, Department of Plant Biology 


Stanford, California 94305 

This treatment will consider only the fundamen
:.tal theoretical and practical problems. Technic
al problems of measurement will not be included. 

1. 	 INTERRELATIONS WITH OTHER ENVIRONMENTAL 

STRESSES 


The water stress to which a plant is exposed, 
may be defined as the water potential gradient 
between the unstressed plant and that of its 
environment: 

S 2 	 ~ - ~ (1)
w 	 po e 

where S = water stress, ~po' water potential of 
the unst¥essed plant, ~ = water potential of the 
environment. Since theecompletely unstressed 
plant has a ~ of zero bars (or Pascals), this 
equation becomes: 

Sw = 	-~e (2) 

An environmental water stress, therefore, 
arises whenever the wat.er potential of the 
environment drops below zero. Such a drop can 
occur due to a drought (a period without rain), 
and it will increase with the radiation and the 
temperature. It can also increase as a result of 
other stresses. This means that the water stress 
is a secondary stress which arises as a result of 
one or more other primary stresses (Fig. 1). But 
these primary stresses may affect the plant by 
themselves, in the absence of any water stress. 
Thus, a secondary, radiation-induced water stress 
may result in a crop loss; but so may also the 
primary radiation, by photooxidation of an essen
tial component. Similarly, a high temperature 
may injure due to the secondary water stress, or 
to the effect of the primary temperature stress 
on the proteins or lipids. Finally, the prim
ary stresses may induce other secondary stresses 
besides the water stress. 

The first problem in assessing crop losses due 
to a water stress is therefore to determine 
whether th~ measured loss is actually due to the 
water stress or to some other effect of the 
accompanying primary environmental stresses. For 
instance, a drought stress usually exposes the 
crop simultaneously to both a water stress and a 

high 	temperature stress. The resulting crop 
loss 	may therefore, be due to one or other or 
both 	of these stresses; and there is no simple 
field method of distinguishing between these 
three possibilities. Crop losses due to a 
drought stress, are therefore, not necessarily 
due simply to the associated water stress. 
Sullivan and Ross (1979), in fact, evaluated 
the drought resistance of grain sorghum on the 
basis of both desiccation and heat tolerance 
determined separately. In some cases, they 
found the two to be correlated, in others, 
they 	were not. The stress injury was measured 
by ion efflux after separate exposures to each 
stress. 

This kind of measurement, however, assumes 
that the crop loss due to these two stresses 
is equal to the sum of the two when each is 
measured in the absence of the other stress. 
This assumption is not necessarily valid and 
there may be a synergistic relation between any 
two stresses. Thus, a plant weakened but not 
seriously injured by disease will have a lowered 
drought resistance, and will therefore be 
injured by a water stress that is non-injurious 
to the healthy plant. Conversely, a stress 
that is non-injurious by itself may become 
injurious in the presence of a water stress that 
does not weaken the plant. Thus, a light 
intensity high enough to support maximum photo
synthesis is non-injurious to a normally 
turgid C plant with adequate CO supply. When,4 	 2however, the CO supply to the cfiloroplast is 
decreased, phot&synthesis is inhibited and the 
photosynthetic apparatus is damaged by the 
unused light energy (Powles et al., 1979). It 
is, therefore, reasonable to expect a similar 
damage to the photosynthetic apparatus as a 
result of a similar decreased CO supply due 
to stomatal closure on exposure to an otherwise 
non-injurious water stress (Powles 1980, per
sonal communicati0tV. t'quist and his coworkers 
(see tlquist and Martin 1980) obtained a similar 
photoinhibition,in a conifer due to a winter. 
stress, which inhibited photosynthesis complete
ly in the light. This light-induced injury 
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Fig. 1. 	 Six primary stresses capable of inducing a secondary water stress, by lowering 
the environmental water potential, and the resulting direct evaporative, freeze, 
or osmotic dehydration of the plant. V = visible, IR = infrared, ~p= plant water 
potential. 

points to the danger in attempting to increase 
crop yields artificially by eliminating photo
respiration in C plants. According to Powles 
et aZ. (1979) CO~ recycling through photorespir
ation is 	one means of effectively dissipating 
excess photochemical energy when CO supply to

2illuminated leaves is limited. Sim1larly, Heber 
and Krause (1980) propose that photorespiration 
protects plants against 0 -dependent photoinduced 
damage. This role of photorespiration emphasizes 
the need to assess the effect of the water stress 
on crop loss in the presence of other normally 
present stresses, even if these are non-injurious 
of themselves. 

In contrast to this synergistic production 
of injury by two stresses, each of which is non
injurious by itself, there may also be an opp
osite effect - an increase in yield. In the 
case of flax, for instance, in agreement with 
the above results, a moderate soil water deficit 
depressed dry matter production und=2 the high
est level of light provided (172 Wm ) and this 
depression did not disappear durinS2rehydration. 
At the lowest level of light (56 Wm ) however, 
the soil water deficit actually stimulated dry 

matter production (Menoux-Boyer 1980) • 

These interrelations between the water 
stress and other stresses are summarized in Fig. 
2. 

2. THE DEHYDRATION STRAIN AND CROP LOSS 

As in the case of any stress, it is the 
strain produced in the plant by its exposure to 
a water stress, that induces the crop loss. The 
direct strain produced by the water stress is a 
dehydration of the plant (Fig. 1). This dehy
dration lowers the water potential, and there
fore, the hydrostatic turgor pressure of the 

plant. Since growth is dependent on cell turgor, 
a decrease in growth rate must be one of the 
first effects of a water stress-induced dehydrat
ion. Nevertheless, this decreased-growth does not 
necessarily result in a crop loss. The effect 
of a moderate dehydration on crop yield may, in 
fact, range from an increase, to no effect, to 
a decrease. 

Thus, it has long been known that ~cept for' 
some water savers, which are uncommon among crop 
plants, water stress increases the ratio of root: 
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top. The increase in roots may. in fact. compen
sate or even overcompensate for the decrease in 
the shoot, resulting in no change or even an in
crease in total plant yield (Simonis 1952). Early 
decrease in growth due to exposure to a water 
stress may be counteracted by a later compensation 
when the water stress is removed, for instance in 
the case of peas (Lee Stadelmann and Stadelmann 
1979) • Seed yields of cowpea were also not :signi
ficantly lowered by any of the stress treatments 
imposed (Wien et at. 1979). Soybeans, on the 
other hand, showed a marked decrease. 

Even if the growth of the plant as a whole is 
decreased, the portion cropped may increase as a 
result of the dehydration. Thus, the yield of 
cotton (the fruit or boll) may actually be increa
sed due to earlier induction of reproduction, 
although the shoot as a whole is markedly stunted 
(Levitt and Twersky 1975). The component cropped 
may also be a chemical product of the plant's 
metabolism. A dehydrating water stress has long 
been known to increase the sugar content of a 
plant (Levitt 1980), and even substances respon
sible for flavor may increase in a plant stunted 
by exposure to a water stress (Freeman and Moss
adeghi 1973) • 

These effects will depend on the age or 
stage of development of the plant at the time of 
exposure to the water stress. It has long been 
known, that a water deficit at the vegetative 
stage is the least detrimental to yield. In the 
case of cereals such as rice the effect is pri
marily a decrease in tillers and this may be off
set by growth of additional tillers after the 

and other stresses (S) affecting crop losses. 

water deficit ends (O'Toole and Chang 1979). 
Nevertheless, a moderate water stress between 
floral initiation and anthesis hastened anthesis 
and maturity in wheat and some medics (Turner 
1979). Similarly, seedling drought resistance 
does not necessarily correlate with that of the 
same plant at older stages (Sullivan and Ross 
1979). 

It is obvious from the above examples that 
the effect of the water stress on total plant 
yield may be irrelevant when only one morphologi
calor chemical component of the plant is crop
ed. This may change, however, in the not too 
distant future, when the part of the plant that 
is not harvested today becomes important as a 
source of byproduct energy (Levitt 1974). 

A second problem in assessing crop losses due 
to water stress is, therefore, the ability of the 
plant to compensate for (1) a reduced production 
of one plant component by an increased production 
of another, or (2) an early inhibition by a later 
increase in growth. 

3. PLANT WATER POTENTIAL AND CROP LOSS 

In the above discussion, it has been tacitly 
assumed that plant growth is proportional to cell 
turgor pressure. This relation may hold for part 
of the turgor pressure range, but it certainly is 
not true throughout the range. Actually, how
ever, the relation between turgor pressure and 
growth has not been fully explored. For instance, 
the existence of three cardinal temperatures (the 
minimum, optimum and maximum) for plant growth 
and their specificity for each kind of plant 
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have long been known. In the case of water pot
ential, there is certainly a minimum, at approx
imately zero turgor pressure, which is specific 
for each plant, and below which no growth can 
occur. The existence of the other two points is, 
however, still in question. A maximum, above 
which no growth can occur does not seem possible. 
The maximum attainable plant wa~er potential in 
nature is zero bars, and this may also perhaps be 
the optimum for plant growth. There is, h0~'7ever, 
some evidence for an optimum water potential 
slightly below zero bars, at least in some plants. 
A water stress that begins to dehydrate such 
plants from a completely unstressed state would 
initially increase their growth as their water 
potential d.ops from zero to the optimum, and 
would decrease it below this point. This optimum 
may exist even if a rise in plant water potential 
to zero produces an increase in fresh weight, pro
vided that the dry weight is decreased. Even in 
the absence of an actual increase in dry weight, 
the quality of the crop may be considerably im
proved at the optimum, relative to growth at zero 
water potential. Thus, a greater root:top ratio 
at the optimum than at zero water potential may 
conceivably result in greater uptake of mineral 
nutrients from the soil. 

The third problem in crop loss assessment, 
is therefore, the possible existence of an opti 
mum plant water potential for growth, below zero 
bars. If this exists, the l;1ater stress may in
crease or decrease crop yield depending on 
whether it lowers the plant water potential to 
the optimum for growth or below it. 

Dehydration strain 

I 
Increased root: top 

This gives rise to a corollary problem. If 
there is an optimum plant water potential for. 
growth, should the crop loss be calculated rela
tive to the yield in the complete absence of a 
water stress (i.e. at zero water potential) or 
relative to the slightly greater yield at the 
water stress just sufficient to lower the plant 
water potential to the qptimum for growth? 

4. 	 THE WATER POTENTIAL STRAIN ABOVE VS BELOW 
ZERO TURGOR 

The above described increases in yield, or 
even the absence of a decrease, are possible 
only if the water stressed plant is able to re
tain sufficient turgor for continued growth, at 
least during a good part of its exposure to the 
water stress, to regain this turgor quickly 
after release from the stress. Conversely, the 
yield may be decreased even though the plant 
retains some turgor. It is, therefore, important 
to measure separately the effect on yield a) 
within the zone of cell turgor, and b) below 
zero turgor and therefore within the zone of cell 
flaccidity. Below the zone of cell turgor, grow
th of course, must stop, even if the cells suffer 
no injury. As long as the plant remains visibly 
turgid, however, it appears not to be suffering 
from water stress. In fact, as a result of ear
lier work, soil scientists long assumed that 
dehydration within the zone of cell turgor has no 
effect on yield. This is now Jcnown to be untrue, 
and crop decreases can occur within the zone of 
cell turgor, due to growth decrease in the 
absence of cell injury (Hsiao 1973). There are 

Increased 
total growth 

No change 
in total 
growth 

Decreased 
top or total 

growth 

Increased 
fruit 

Increased 
metabolite 
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Quantitative effects of a moderate dehydration on crop yield. 



reasons for this decrease. (1) Even though the 
cells are fully alive and not visibly injured, 
the yield may be decreased because cell growth is 
approximately proportional to the turgor force, 
at least within part of the range of turgor 
pressures. (2) Even if the cells return to full 
turgor after a period of flaccidity, stomatal 
opening, and therefore photosynthesis, may be 
inhibited for one or more days, leading to reduc
ed growth. 

The fourth problem is therefore the distinc
tion between crop losses within the zone ot cell 
turgor and those below this zone, in the flaccid 
state. The former are undoubtedly more readily 
reversible. 

5. SUMMARY OF PROBLEMS IN ASSESSING CROP LOSSES 

The above described problems in assessing crop 
losses due to water stress, may therefore be 
listed as follows: 

a. Losses due to the water stress must be 
distinguished from losses due to other accomp
anying stresses. 

b. Synergistic interactions between the water 
stress and other stresses must be evaluated: 

(1) for effects of other stresses on loss
es induced by the water stress 
(2) for effects of thewater stress on loss
es induced by other stresses. 

c. The ability of the plant to compensate 
must be determined (1) for a reduced production 
of one component by an increased production of 
another, or (2) for an early inhibition by a 
later increase in growth. 

d. The possible existence of an optimum for 
growth, at a point below zero plant water potent
ial must be considered. 

e. A distinction must be made between crop 
losses within the zone of cell turgor and those 
below this zone, in the flaccid state. 

These are some of the problems. The hows for 
evaluating them would require another symposium. 
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The loss in crop production from soil and 
water related stresses often goes unnoticed or 
unrecognized, particularly if yields are nearly 
the same from year to year. For the past 50 
years agronomists have been busy correcting 
deficiencies in soils to increase the net produc
tion per acre or, more succinctly, to increase 
the efficiency of the green leaf in trapping sun
light and converting it to an economic yield that 
can be sold in normal channels of commerce. 
Deficiencies in climate have been corrected 
almost ~xclusively by irrigation. 

Our approach in this paper is to present a 
limited number of examples of yield improvements 
that have or could take place by modification of 
soils, and also to give some projection of the 
kind of corn yield enhancement that could take 
place by more effective water management. 

HISTORICAL PERSPECTIVE 

Soil scientists have been involved in land 
classification schemes for years. Olson (1) 
stated the purpose of land classification schemes 
is to assign classes, categories or values to 
areas for present and future use. Accurate soil 
information is needed for any modern land class
ification scheme. The Soil Conservation Service 
has long had a generalized classification scheme 
called the Land Capability Class (Klingebiel and 
Montgomery, 2). More quantitative schemes have 
been developed in most states and are often 
referred to as soil productivity indexes. 

Simonson (3) indicates that soil productivity 
indexes have been used for many centuries. The 
Chinese are credited with using a soil produc
tivity index scheme 4,000 years ago, primarily 
for the purpose of assessing tax. Possibly the 
major impetus for developing soil productivity 
indexes in most states at the present time is for 
tax purposes. However, other indexes such as 
yield level of various crops, economic returns, 
and soil problems associated with drainage, 
tillage, slope, erosion, water holding capacity 
and others, have been used. 

The earliest quantitative soil productivity 
index used in the USA was the Storie Index 
(Storie, 4 and 5). This was developed in Cali 
fornia and is based on the physical and chemical 
properties of the soil. The index was based on 
the character of the profile, soil texture, 
slope, and other modifying factors which could 
be altered such as drainage, soil acidity, and 
erosion. The optimum index is 100% and soils 
with problems of various kinds have indexes of 
less than 100%. Indexes are obtained by multi 
plying the various index categories by each 
other. Neill (6) indicates that it is much more 
realistic to multiply the various categories in 
the index together rather than the additive 
approach that is used in some states because any 
one factor can potentially limit use. 

The 100% approach used by Storie (4 and 5) is 
often looked upon as a percent sufficiency con
cept and was adopted and expanded upon by Neill 
(6) and Neill and Scrivner (7) to examine soil 
productivity indexes in Missouri. They were 
particularly concerned with looking at those soil 
factors that affected root growth and the soil 
environment. The soil provides an environment 
that is horizontally layered. Each of these 
layers possess different physical, chemical and 
biological properties that are integrated by the 
roots of growing plants. Soil parameters which 
influence root growth that were studied partic
ularly by Neill and Scrivner (7) are available 
water storage capacity, aeration, bulk denSity, 
pH and electrical conductivity. 

The available water storage capacity within 
the total rooting depth is a very important 
property in determining yield (Leeper, Runge and 
Walker, 8, 9 and 10). Bulk density of some soil 
layers are such that roots cannot penetrate them. 
Soils with fragipan horizons are particularly 
noted for their restriction of root depth. Also, 
high bulk density tills of the northern states 
often limit root growth (Fehrenbacher, et aI, 11, 
12, 13 and 14). Aeration is more difficult to 
categorize than some of the other properties. 
However, soil scientists often look at aeration 



in a qualitative manner by describing the drain
age of the soil itself. Poorly drained soils 
have limited aeration. Oxygen levels must be 
maintained, otherwise root respiration will 
deplete the oxygen level and limit root growth. 
pH is a gross indicator of the chemical environ
ment. Generally speaking, low pH begins to 
limit root growth, primarily because of toxic 
factors of aluminum and manganese, at pH's of 
less than 5.0. The high hydrogen ion activity 
per se is not thought to be as important in 
limiting the root growth as are toxic levels of 
Al and Mn. Electrical conductivity is primarily 
a problem in the arid areas when soluble salts 
interfere with and control osmotic potentials. 
These salts can also be toxic. 

Various investigators have found that the 
impact of soil properties on soil productivity 
are difficult to categorize, particularly when 
climatic variables are not standardized and have 
a major effect on crop yield from year to year. 
Rust and Odell (15) studied records from many 
farms in Illinois and made the conclusion that 
more definite quantification of soil factors 
would have to wait on a more accurate assessment 
of the effect of climate on yields of various 
crops. Their work has led to an attempt to 
quantify the impact of climatic factors on 
production. The work of Runge and Odell (16 and 
17) and Runge (18) were attempts to quantify the 
impact of rainfall and temperature differences 
on corn and soybean yields. These attempts 
assumed a constant but unspecified amount of 
stored soil moisture and thus did not take into 
account the variation of stored soil moisture on 
yield level. 

The studies by Leeper (8) and Leeper et al 
(9 and 10) were one of the first attempts to 
look at stored soil moisture in addition to' 
rainfall and temperature on corn yield. The 
approach used by these investigators can be 
referred to as the bank account approach where 
the stored soil moisture is the bank account, 
rainfall is looked upon as deposits and temper
ature as withdrawals. This is an oversimplifi 
cation of the complex problem, however, with 
relatively constant wind speeds, humidity, and 
solar radiation the simplification may be 
warranted. By using stored soil moisture in the 
study, soils information is included and the 
results can be utilized in a more general way. 
The work of Leeper et al (10) resulted in models 
which can be used in a simulation capacity for 
assessment of corn yield. Actually, the effect 
of stored soil moisture and climate on corn 
production can be simulated and quantifIed, thus 
allowing the impact of various factors not 
modeled such as other soil factors, disease, 
insect, weed, etc. to be examined more closely. 

ROOT GROWTH AND SOIL EFFECTS 

The research of Neill and Scrivner (7) assumes 

that root growth directly controls yield. The 
concept of their proposed productivity index is 
given in Figure 1. The fraction sufficiency 
concept for available water capacity is illus
trated in Figure 2. Figure 3 is the predicted 
rooting pattern in a soil which has a rooting 
depth of 200 em and is considered an ideal soil. 
Soils having restricting horizons due to various 
soil factors would have a smaller fraction of 
their roots at each of the depths than a soil 
considered as ideal. An example of plant growth 
and soybean yield in a soil with a fragipan is 
shown in Figure 4.' This is a picture of the 
Hobson soil in south central Missouri in a 
natural state and after it has been modified by 
trenching to 1.5 meters. The trenching broke up 
the fragipan and produces conSiderably better 
growth and soybean yield over the trenched area 
than between the trenches as can be seen from 
Figure 4. 

YIELD I 

/ / 	 Potential of~tiC 
Climate / ~ 	 the Plant 

Management Root Growth ~ 

Soil Environment 

Electricalpotenti~1
AWC \\'Conductivity 

Aeration Bulk pHs 
Density 

Figure 1. 	 Illustration of the concept of the proposed index 

(Neill, 6). 


Fehrenbacher and associates (11, 12, 13 and 14) 
at the University of Illinois have been extract
ing roots from soils and different crops for a 
number of years. Figures 5 (corn), 6 (soybeans), 
7 (wheat) and 8 (alfalfa) show root growth in 
various soils. In Figure 5 the Muscatine soil 
has the best corn root growth and is considered 
an ideal soil in the midwest. Muscatine stores a 
maximum amount of available water and is also 
ideal chemically and physically from the surface 
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to a depth of about 2 meters. It supplies in 
excess of 30 centimeters of available water to 
the plant if the soil is completely recharged at 
planting time. Soils such as this are relatively 
immune to yearly climatic variation and 
consistently produce maximum yields. The mid
western U.S. is blessed with a large percentage 
of soils which are similar to Muscatine. Howeve~ 

Muscatine silt loam is often referred to as the 
ideal soil for crop production without irrigation. 
Saybrook is a good soil but not quite as produc
tive as Muscatine. By comparison, Clarence, 
Cisne and Huey have physical, chemical and 
physical plus chemical restrictions on root 
growth, respectively, and are less productive. 

Figures 6, 7 and 8 are root pictures of soy
beans, wheat and alfalfa on the same or similar 
soils. Cisne soil is often referred to as a 
claypan soil and prior to 1950 was considered 
marginal for intensive crop production. The 
chemical environment of this soil needed to be 
improved considerably by large applications of 
limestone, potash, phosphorus and nitrogen before 
it responded to high levels of production. The 
soil also had to be drained in an adequate manner 
to prevent surface moisture accumulations from 
limiting crop production. From Figures 5, 6, 7 
and 9 you can see that fertilized Cisne had 
dramatically deeper and better root growth than 
unfertilized Cisne. As a result, the response 
of Cisne to applications of soil fertility should 
also take into account the increased root depth 
and water extraction that is associated with 
improved fertility. Actually, this soil can be 
visualized as having received 4 or more inches of 
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irrigation as a result of the fertility treat
ments. Irrigation was not supplied but the 
increased root depth extracted more than 4 inches 
of additional water from this soil as a result 
of the more vigorous plant. 
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Figure 3. The predicted rooting pattern for a rooting depth 
of 200 cm in an ideal soil (Neill, 6). 

Figure 9 from Fehrenbacher's work indicates 
the kind of improvement in yield and plant growth 
that results from adequate fertilization of 
Cisne soil. Although the yields have nearly 
doubled since the study was made, improvements 
in yield have converted soils in this part of 
central and southern IllinoiS, as well as 
Missouri, from a feed deficit area with marginal 
crops such as red top to a feed surplus area 
which grows primarily corn, soybeans and wheat. 



Soybean Yield from Hobson and Modified Hobson soil 
(Personal Communication, R.W. 8lanchar, Dept. of Agronomy, 
University of rlissouri-Columbia). 
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CLIMATIC EFFECTS 

One of the greatest uncertainties involved in 
producing crops is the variation in yield from 
year to year caused by climatic variation. 
These variations are associated with many factors 
such as stand, degree of weed control, degree of 
insect and disease infestation, yearly weather 
variations and others. Management systems have 
been practiced in developed countries that cope 
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more or less successfully with factors associated 
with yield variation, except for yearly weather 
fluctuations in areas where irrigation is not' 
available. The work of Runge and colleagues 
(16, 17, 18, 8, 9, 10, 19, 20, 21, 27, 25 and 26) 
and others (Thompson, 23 and 24; Nelson and Dale, 
25 and 26) have been attempting to characterize 
the influence of climatic variation on crop 
yield. The work summarized is primarily related 
to corft and discussion will be limited to that 
one crop. 
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The work prior to Leeper et al (8, 9 and 10) 
was focused on characterizing the influence of 
rainfall and temperature variation on corn yields 
when soils had a more or less constant amount of 
available soil water. Figure 10 from the paper 
by Runge (18) is possibly the clearest example 
we have of the influence of above or below 
average rainfall and temperature on corn yields 
throughout the growing season. As you can see 
from Figure 10, below average rainfall and above 
average temperatures immediately preceding and 
after tassel development or anthesis is extremely 
important in determining corn yield. 

This work was expanded by Leeper (8) to 
include the variable of available soil moisture 
in addition to rainfall and temperature. The 
three-way interactions are very difficult to 
show in two dimensional form, however, when the 
available water storage is low, the amount of 
rainfall and temperature during any part of the 
growing season is more critical than when avail
able water storage is high. 'The model deveL- :led 

by Leeper et al (10) was further expanded upon 
by Huda (21) and Huda and Runge (22). However, 
the three-way interaction equations developed 
by Leeper were not improved upon by the subse
quent work of Huda. 
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The availability of a corn yield model that 
utilizes available water storage capacity at 
planting plus rainfall and temperature from six 
weeks before to four weeks after anthesis has 
permitted many simulations to be studied. Simu
lations were first reported by Benci and Runge 
(19) and Runge and Benci (20). Later, Nelson 
and Dale (25) used the Leeper et al (10) models 
in simulating corn yields for several counties 
in Indiana. In addition, the Statistical Service 
of the Economic Statistical and Cooperative 
Services of the USDA has been involved in using 
the Leeper et al (10) model in their attempt to 
forecast corn production in the corn belt of the 
United States. These simulations allow the 
Statistical Service to have independent estimates 
of the corn crop much earlier and from a differ
ent set of data than they collect in their 
normal operations. The accuracy of the simula
tions has been much better than ever expected 
(Keener et aI, 27). 

The work of Keener et al (27) carried these 
simulations a step further. The simulations for 
Missouri, Illinois, Indiana and Iowa for 1968
1976 are compared to Crop Reporting Board 
estimates in Figures 11-14. The model prediction 



is based on an August simulation four weeks after 
tasseling while the Crop Board estimate is based 
on post-harvest estimates in January. 

-lO~~4~O~35~~~~25~~~~~e~o~~~--~O~5~~IO~~'5~2~O~ 
ClAYS euCRE fH:) AFTER ANT~ESIS 

Figure 10. (Composite r1ode1) a. Effect 
of 5.6 (10 F) of maximum temperature
above the Urbana average at the indi
cated 8-or 14-day rainfall. b. Effect 
of 25.4 mm (1 inch) of rainfall below 
Urbana average at indicated maximum 
temperature (Runge, 18). 

The ratio of the Crop Reporting Board corn 
yield estimate divided by the model simulation 
is given in Figures 15 through 18. These figures 
have particular utility since any factor not 
included in the model can be assessed by abnormal 
changes in the ratio. Conseq~ently, they allow 
some assessment of crop losses due to other 
factors. The data for Missouri, Figure 15, is 
the most difficult to evaluate and we will discuss 
these simulations later. Examination of the 
data for Illinois and Indiana (Figure 16 and 17) 
shows that 1970 and 1974 produced below average 
yields based on soil moisture, rainfall and 
temperature considerations. In Iowa (Figure 18) 
only 1974 has a ratio below the trend line. 

It is interesting that_ in 1970 the southern 

corn leaf blight was a problem and limited corn 
yield particularly in the southern part of the 
corn belt. In 1974, a late spring frost and an 
early fall frost interfered with corn develop
ment and maturity in all four states. Both of 
these factors led to decreased corn production 
in Illinois and Indiana and to a lesser extent 
in Iowa due to factors not included in the 
Leeper et al (10) model. The data for Missouri 
do not deny these kinds of interpretations, how
ever, there is considerably more variation in 
the ratio for Missouri than for Illinois, 
Indiana and Iowa. 

C liooel PJ"(>cicticn 

~ Missouri (Keener et al, 27), 

180,,------__________________. 

o Crr,p Snare. ESt1ffiite 

a Model Predii::tion 

'.69 1971 1972 1973 1974 i9}S 1976 

y"" 
~ flHnoh (Keener et a1. 27). 

From these ratios it can be seen that model 
simulation permits assessment of the impact of 
the corn leaf blight on corn prod~ction in 
Illinois, Indiana, Iowa and, to a lesser extent, 
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Hissouri, in 1970. From this assessment, leaf 
blight was most severe in Illinois, next most 
severe in Indiana and had virtually no impact in 
Iowa. In 1974 the late spring frost and the 

fall frost reduced corn yields in Illinois, 
Indiana and Iowa nearly equal amounts. Again, 
the data for Missouri supports these conclusions, 
however, the erratic nature of the ratio for 
Missouri due to factors not modeled causes us to 
include Missouri data in a supportive manner 
only. 

1: 0r--------------------------, 

o ~lodel Prediction 

~ ."1 

Y~aT 

figure 1), Indiana (Keener f't 31. 27). 
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CONCLUSIONS 
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I 

From data presented it is concluded that the 
soil can often be modified to maximize crop 
production. In fact, agronomists have been very 



active in modifying soils both chemically and 
physically to maximize production of crops. 
Crops can also be adapted to less favorable soil 
conditions. For example, researchers in Ohio 
are developing varieties of wheat that are more 
tolerant of high aluminum levels in soils and 
researchers in Missouri are developing varieties 
of fescue that are higher in magnesium levels. 

The influence of climate on crop production 
is very obvious, particularly in most parts of 
the southern corn belt this year as well as in 
the southeastern and southwestern states. The 
model simulations reported in this paper allow a 
quantification of the impact of some of the 
major abnormalities to crop production. In fact, 
it is possible to sort out the climatic impact 
on production from other factors such as the 
1970 corn blight and the early and late frost of 
1974. 

It is anticipated that models will become 
more sophisticated in the next few years and 
that simulations will be able to be made with a 
wider degree of circumstances than those 
reported in this paper. The impact of developing 
wheat varieties that are tolerant of high 
aluminum levels and the development of fescue 
varieties that have an increased capacity to 
accumul.ate magnesium are just examples of the 
kind of genetic development that is likely to 
take place in the decades ahead. The adverse 
effect of insects and diseases on crops are more 
difficult to model, however, with increasingly 
more sophisticated models, direct quantification 
of these disease and insect outbreaks should be 
possible. 
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rON THE DEVELDPMENT n Less ASSESSMEN~ METHODS IN THE TROPICS 

8. Hau, J. Kranz, ~.-J. DRngel, J. Hamelink 
PhytopathologiR und angcw. Entomclogie, Tropeninstltut, Justu~ Liebig-Universit~t 

0-5300 GiRssen., W-Germany 

INTRODUCTI ON 

Thi~ prps~nt~t:ion ~Ral~ wlt~ thp ~~~plopment 
~F ~ctho~~ for 18~s GSS8Ssmu nt ~nder tropi
rrJl ccrdltion~. L~t ·JS, thp.rpfo~p.t fi!'st men·.. 
ti~r ~8~e uf ~~p s~ortromings r8~e2r~h~r~ 
f~~8 1n these regions whrn embarking ~~~n 
:"rop loss st~~c!Pf-j. Tllp.sp are: lwck cf' suff:
clenlly lE rye 8x;:Jp;;:::r,entol fields to LlC'como
dote nU~8rOUS rrplicdted field trldls, lack 
of cPfJfopdcte fungIciLles whe'"' rE'P,jcc,-" and 
lclck uf equipment or even skill fur sO~histi
CrJr.rd timi'-Y cf "fcvcral fu"giciilcs a t varying 
dOSij~e to achieve [jj ff8rent degroes of attack. 

More fr8quentl~ Dome seed is available and a 
plut ~~lch is large enough to raise a suit
ablo 3izE' of a host plant f.Dpul<Jtion that coon 
be R~posed to natural attacks of erdemic pa
tho]ens. Jsually symptoms are known or can be 
identifind 3nd mpcsu=~d or as~ess8d, and so 
c,2n p::'2nt growth. ,",11 tt"l:'s favors studie8 of 
populatlons of IndlVili[li:ll plants frorn 8r.1Cr
0cn~~ tu hRrv2st affected by one ur more con
straints. Wo followed this approach when at
tempting to dpvelop 1059 assessment methods 
for ~o2air of cassava (Manihot esculenta 
Crantz) and for ~Rvnral constraints of maize 
(Zeo ~ays L.j. T~p experiments were practi
cally conducted under conditions of subsis
tence farming in Togo. Both crops are staple 
food in {ifric;a. 

Here we have to confine ours21ves to some ge
npral conclusions derived from these stUdies. 
FJr mD~L details of our resear8h on cassava 
see (1). The evaluation of the maize experi
ments is still in process (2). 

~ BRIEFIN3 ON METHODOLOGY 

In our study on cassava the only constraint 
considered was cassava mosaic. First a me
thod had to be designed that permitted to 
differentiate various degrees of mosaic in
tensity. The criterion to describe the effect 
of this virus disease was: 'loss of assimila
ting leaf area'. A grading system with 6 gra

d!=!s was developed to estimate the 10s9 due to 
the diseasp.. 

Besides the assessment of the disease, we we
rp alsJ interested to determine the~actual 
~nd potential green leaf area in cm L by mea
suring len~th and width of the central leaf
let. The pr2duct of these values is highly 
correlated with the area of a whole leaf. 
This method could eaSily be applied to leaves 
with f'1ild sympt::Jms. HOwEver, it was not pos
sible to ~easure heavily infected leaves in 
this way because of shrivelling. Instead, we 
had to take the area of a symptomless leaf 
fro~ the same position of a neighbouring 
plant. Therefore, these 'reference' leaves 
,ight differ under varying conctltions. 

In the experiments on maize, up to 11 con
straints (including 6 diseases, 2 pests, 3 
disorders) were measured weekly on popula
tions of individual plants from seedling 
stage until harvest, using appropriate field 
record sheets. In addition, some other para
meters were measured at defined growth stages 
only (e.g. plant height, yield parameters). 
The essential constraints affecting leaves, 
for instance corn leaf blight, rust and the 
damage by leaf eating insects, were estimated 
in %. 

For the statistical evaluation, the plants 
were arranged in groups which we call cohorts. 
The criterion of grouping was the presence or 
absence of a constraint. In ather cases it 
could be the intensity as well. The cohorts 
can be formed by means of coincidence analy
sis which was applied by MOGK (3) to find out 
meteorological periods which have certain 
conditions in cammon. 

SCOPE OF CROP LOSS ASSESSMENT 

We pursue three objectives of crop 1098 re
search (lable 1). 



Table 1: Objectives of loss assessment methods 

DeSignation Objective Used by/for 

Loss equivalents 1) - element of economic damage - integrated crop protection 
thresholds 

- forecast" 

Los!' magnitudes - justification of crop pro - polic,!/-, programme-, budget 
tection or certain actions -makers; grant authorities; 

journalists; chemical in
- forecast of harvests dustry; etc. 

- market, farmer's income 
assessment, etc. 

Loss profiles2) - assessment of relative im - design of pest management 
portance of constraints in systems 
a crop 

1) 
(4) - damage coefficient (5) 

2) (6) 

Our first objective is to find out 105s equi
valents which determine the yield loss cawsed 
per unit disease. The loss equivalent of a 
certain disease intenSity may change during 
a season and thus reflect host susceptibility, 
dependent on growth stages) as well as the con
tribution of each phase of plant development 
to yield production of the whole crop. There
fore, loss equivalents are important elements 
to determine economic damage thresholds in in
tegrated crop protection. 

Loss magnitudes are more global features des
cribing the yield loss caused by diseases in 
a certain year or region. Typical examples 
for such loss magnitudes can be found in CRA
MERS's (7) book. He estimated, for instance, 
that in the USA in 1965 diseases caused 11.5 
% yield loss of wheat. Loss magnitudes should, 
however, be considered as a special case of 
loss equivalents estimating loss at one par
ticular time only. Hence, the majority of mo
dels reported by CHIARAPPA (B) are essential
ly refined methods to asaess these loss mag
ni tudes. 

Loss profiles of which very few examples exist 
so far. show the relative importance of each 
of the constraints in a crop. Therefore, they 
are useful for the design of pest management 
systems. 

CONSTRAINT/CROP LOSS R£LATIONSHIPS FROM 
A POPULATION Of INDIVIDUAL PLANTS 

For the development of any constraint/crop 
loss relationship one needs: healthy or almost 
disease free plots and other plots with diffe
rent degrees of disease intensity appearing in 
certain growth stages of the hoet. Inetead of 
plots, a population of individual plants may 

serve for the same purpose, too. In addition, 
the cohort of healthy plants must reflect the 
variation in yield and in green leaf area of 
individual plants which is often bigger in 
the subsistence than in the commercial type 
of farming. 

The development of a relation between inten
sity (%) and yield loss (%) is shown here by 
an example of cassava mosaic. 

Yield loss is the difference between actual 
yield and potential yield. Quite often the 
potential yield is extrapolated from the re
lationship between constraint intensity in % 
and yield per plot in g. Due to the conditions 
of subsistence farming, we used individual 
plants instead of plate. In our example tha re
lation between these variables (fig. 1) was 
not significant. Using the mean yield of 7 
symptomless plants, we could determine the 
potential yield of the infected plants and 
subsequently their yield loss in % (Fig. 2). 
The loss (%) of green leaf srea and the loss 
(%) of yield, in this case given by the dry 
weight of roots, were not significantly cor
related. 

We assume that the main reason for this weak 
correlation is the fact, that only one poten
tial yield was used for all plants. The vigor 
of plants, reflected by their green leaf area, 
should always be taken into consideration as 
this area varies over a wide range and can 
have an influence on yield. 

The same argument may be valid for usual 
field experiments using plots, but the varia
tion of assimilating area of whole plots with 
the same level of disease is evidently much 
smaller than that of single plants having the 
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same disease intensity. 

Assuming that the amount of assimilating arsa 
has an effect on yield, we could determin8 a 
linear relationship between actual leaf area 
and dry weight of roots (Fig. 3). In this 
calculation,only symptomless plants have been 
used. Knowing the potential green leaf area 
from the measurements and assessments, the 
potential yield of each plant can be computed 
by means of the straight line in Fig. 3. 

With this information one can deduce a rela
tionship between loss of photosynthetically 
active leaf area and yield loss, both vari 
ables expressed in % (Fig. 4). Comparing fig. 
4 with fig. 2 we see that only the method, 
using potential yield of individual plants, 
leads to a meaningful relationship. 

The regression line gives loss magnitudes at 
one certain date. As at this date the corre
lation coefficient is highest, this is a cri 
tical-point model. With the seme procedure 
applied to any date, an estimate of loss 
equivalents can be achieved. 

From owr study on maize we confine ourselves 
here to 4 constraints affecting leaf area 
only. These constraints were: corn leaf 
blight (Drechslera spp.), maize rust (Puc
cinia spp.), other fungal diseases like leaf 
spot (Cercospora spp.) and damage caused by 
leaf eating insects like grasshoppers (Zono
c8iuS spp.). Since leaf area was measured in 
cm ,too, we were able to apply the proce
dure described above obtaining 109s magnitu
des and loss equivalents. 

We emphasize that a definite loss of leaf 
mass due to different constraints may not 
cause always the same yield loss. We are 
aware that a pathogen can interfere with 
crop physiology and thus induce a yield loss 
disproportional to the loss of green leaf 
area. 

SOME RESULTS 

For both 	series of experiments on cassava 
and an maize we could establish loss magni
tudes and loss eqUivalents. 

Table 2 gives mean loss magnitudes of 3 cas
sava cultivars. Differences in susceptibili 
ty of the 3 cultivars are obvious. The eco
nomic damage due to cassava mosaic is immen
se conSidering that 80 % of all fields of 
cassava in Togo are covered by the cultivar 
Kataoli, although Kateoli sustains about 60 
% yield loss by this disease. 

In fable 3 and 4 the loss equivalents of 10, 
30 and 50 %loss of leaf area are displaysd. 

for the cultivar Goula the equivalents show 
the tendency to decrease monotone. Thie 
means that the same disease level of cassa
va mosaic is more effecting yield loss the 
earlier it occurs in the season. 

for the cultivar Abidjan (Table 4) yield 
loss (%) increases with time for all three 
levels of loss (%) of leaf area. This con
tradicts the results of fable 3 and other 
information from our experiments,which we 
cannot explain. 

Table 2: 	Mean loss magnitude due to cassava 
mosaic of 3 cassava cultivars in 
Togo (after 1) 

Loss (%) 	 of cultivar1) 

Trial No. Abidjan Goula Kataoli 

1 15 34 52 

--2)
2 31 59 

2)3 -- 39 66 

6 50 41 65 

1) 	in ascendant order of suscepti 
bility 

2) 	 in these trials correlation 
coefficients were not signifi 
cant 

In our study on maize we found a good cor
relation (r : 0.80, n = 43 plants) between 
yield in g/plant and green leaf area in 
cm~/plant. The relation between yield loss 
(%) and total loss (%) of lesf area due to 
4 constraints wes significant at a level of 
1 % (r = 0.41, n = 43 plants). Nevsrtheless, 
this relation cannot be used for practical 
application as it explains only 16 % of the 
overall variation. 

We tried to establiSh a loss profile for 
maize using 43 plante affected by the 4 
constraints mentioned above. This wes of 
theoretical interest only as the totsl loss 
of leaf erea did not exceed 2.33 S which 
caused 3.33 % yield loss. Moreover, in re
gression analyeis the interprstation wes 
complicated as rust attack seemed to have 
even an increaaing effect on yield. This 
can be explained by the observation that 
normally higher rust intensities appsar on 
more vigorous plants. Nevertheless, leaf 
damage by insects caused 2.13 %yield loss, 
leaf blight 0.49 %and all the other disea
ses (except rust) 0.71 S. Here we assume 
that the constraints do not interact at such 
a low level of diaease. 



Table 3: 	Los~ equivalents of 10, 3D and 50 ~ loss of leef area at 8 dates in 1975 for the 
cassava cultivar Goula (after 1) 

4tt,3rd month month 5th month 

1099 (%) of leaf 1 2 3 4 5 6 7 fi.,area du,," 	 to (;86- '/y.teld las~ (%)
sava mosaic 

10 14.47 11.69 1'1.50 11... E3 "'P-::, ~";'
,""'. 1'  13.82 1t. CJ 1'"' 0')i... ..... i... 

30 1,2. 90 40.97 39.85 39.74 37.25 37.76 37.~1 36.21 

50 71.33 70.25 68.20 64.B6 59.39 61.69 60.4U 59.68 

1) harvested 6 months after plartiny 

Table 4: 	Loss equivalents of 10, 30 and 50 % loss of leaf area at B dates in 1976 for t~e 
cassava cultivar Abidjan (after 1) 

",til 	 ,..th4th month 	 mon tl-. ;J rr:;:'ith.J 

21) 	 .... 
Ilass (%) 	 of leaf 1 J 4 5 6 8 

A"area dUel to cas- yield loss (%)"-) 

sava mosaic 


10 25.80 23.22 27.43 31.61 33.139 39.60 41.37 43.03 

30 37.75 36.57 38.53 41.24 43.02 46.47 47.91 48.89 

50 49.71 49.92 49.83 50.B6 52.15 53.34 54.4!, 54.7S 

1) data from this date were used in Figs. 

2) harvested 6 months after planting 

PROBLEMS 	 ENCOUNTERED 

For the development of loss assessment me
thods under conditions of swbsistence farming 
in the tropics, about 100 plants at harvest 
seem sufficient to form the cohorts needed 
for a reliable analysis. This means a larger 
papulation of plants is required at planting 
because theft, monkeys and other gams, floods, 
windbreak, termites, etc. can reduce the num
ber of plants during the growing season. We 
found that a single researcher can cope with 
a maximum of 400 emerged plants if he does 
all visual assessments himself to guarantee 
consistent estimates. 

Unlike cassava and maize, ather craps with 
leaves of irregular shape, like potatoes, 
may complicate the assessment of green leaf 
area or diseased ares. 

A problem may arise if none of the cohorts 
of plants ie entirely free of all constraints, 
as we found in our study an maize. However, 
there are usually enough plants available 

1 to 4 

with a low incidence of all corstraints Gn~ 
enough other plants with only one or f8~ 
constraints. 

There are, however, other more ganeral dif 
ficulties which should be considered in crop 
loss research. The most important problem, 
particularly in tropical countries, is to 
record plant growth, influenced by incon
sistent soil, genetic variability within the 
hast population, environmental factors etc. 
The vigor of plants, normally characterized 
by the green leaf area, can be accounted ~or 
by a relationship between yield and leaf 
area of single plants. Such a relation (for 
example the straight line in Fig. 3) permits 
to determine the potential yield for each 
individual plant separately. This is the 
only way to derive meaningful models for the 
estimation of yield loss (%). Correlating 
yield in g and lass of leaf area in %with
out regarding the vigor of plants (as dane 
in Fig. 1) may lead to nonsense correlation. 
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A plant with excess foliage, though sustai
ning 20 I loss of leaf area due to con
straints, may possIbly have" higher yield 
than ~ plant with poorly developed fol 
Llf lohJ.c ' Jly 5 % is affected. 

The method proposed 1s not appliGalbs, how
ever, if there is no significant relatinn 
between leaf area and yield, for instance, 
if excess of nitrogen upsets the balance 
between vegetative and generative growth of 
a crop. 

No reliable crop 10G5 relationship can be ob
tained by this method if natural variation 
in yield of individual plants of the same 
size exceeds yield loss. for the development 
of loss profiles, constraints must causp. on 
obvious damage. Out the loss profile may be 
blurred, even under severe attack, if dif
ferent canstrDintR l"teract in B synergistiC 
8£ antagonistic way. These interactions may 
be assessed from cohorts of plants affected 
by co"straint A or B or both A and B. This 

is still undnr study. 


C01\'CLUS IflI\lS 

From our experience gained in field trials 
duri~~ several y~nrs, we favour populations 
of individual pldnts as a useful approach 

to develop crop loss assessment methods. 

JAMES and TENG's (9) criticism of the single 
tiller method does net apply here, as our 
approach is based un several rather than one 
recording of constraints, and we do nut pro
pose any sampling technique. Moreover, our 
r:'1ethod has thF' obvious advantcH;;e tl;,,';; thF'!re 
are no fungicide6 involve~ to generate dif
ferent diseese ERvprities. Therefcrp, the 
negative argumentR 3gain~t the UAB of pesti 
cides in field trials are not valid in our 
case. 

Our method using single plants for the deve
lopment of crop loss models may be useful 
not only in regions with subsistence farming 
but also in countries with aev8nced agricul
ture. We feel that for 108s 8sseSRment me
thods the growth stntus (including growth 
stage) of the plants should be accounted for, 
especially if individual pl~nts are used. It 
is alsr Important to consider the vigor of 
plants end its influence on yield for a com
pariRo~ of similar experiments. In the futu
re, the recording of actual green leaf area 
in relation to its source-sink function (10) 
may becom8 more important. On the other hand 
one cannot expect to get linear relation
ships between leaf area and yield, if crops 
produce excess foliage. 

All this requires fairly accurate measure

ments of leaf areas, which means a lot of 


.work. In crder to assess leaf Size, ronve
nient regreSSion models have to be esta
blished. The leaf area may be calculated, 
for example, from the produr.t of length and 
width of leaves or central leaflets like in 
Ca!3S8V8. 

Such measurements are time-consuming and 
labour-intensive and one has to look for 
simpler methods to reduce the amount of 
work. In maize, for instance, we found a 
consistent correlntion between the sizes 
of all leaves in one plant. This facilita
t8S leaf measurements becauss only~ few lea
ves have to be measured to generate the 
leaf area of the whole plant. On the other 
hand it became obvious that only 4 leaves 
above the main cob suffice as sampling unit 
of a maize plant. It ie very helpful if such 
information about the influence of certain 
leaves on yield production can be obtained. 
We hope our study will yield a number of 
assisting devices of similar kind. They may 
lead to a refinement and consolidation of 
the crop loss assessment technique we have 
proposed here. However, the use of a popula
tion of individual plants in crop loss re
search is only successful if the effect of 
all constraints on yield exceeds the varia
tion in yield of individual plants of the 
same size. 

The development of crop loss models by means 
of the method proposed may be tedious. But 
it is usually inexpensive and does not re
quire foreign currency. We also feel that 
m~thDd9 and models, thus obtained and pro
perl:,> validated, are more accurate than 
those developed from common plot designs. 
for verification, only few constraint le
vels are needed and these can be derived 
from Dommon plot trials. This means that 
the individual plant approach is used for 
the development of models only. The practi 
cal application of such models in fields ie 
as convenient as the use of any other model 
established by different methods. 
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Crop loss assessment, the subject of this 
symposium, is a broad and complex topic. It 
encompasses losses which can occur at various 
points in time and assessments which can be 
expressed in various ways and serve various 
purposes. In the largest sense, a "crop 
loss" is any quantitative or qualitative 
reduction in crop produce (yield) and any 
increase in crop investment (time, money, 
labor, materials). 

Crop losses first occur in the field during 
development of the crop plant itself. Once crop 
and yield development are complete, losses can 
be incurred during harvest. Finally, it also 
is possible to experience crop losses after 
harvest during storage, transport and processing 
of produce. 

In addition to these chronological alterna
tives for loss assessment, there are options for 
descriptive and predictive assessments and for 
quantitative, qualitative, and economic assess
ments. All these options and facets make the 
subject, the task, and the science of crop loss 
assessment complex and sometimes confusing. 

The identity and clarity of crop loss assess
ment might be improved if the activity could be 
set apart from, or compared to, other kinds of 
agricultural research. This is not easily done, 
however, since most contemporary agricultural 
disciplines and programs (biological, physical 
and economic) are relevant and contributory to 
loss assessment. Furthermore, to assess crop 
losses is to do research, but to do credible 
research, there must exist a basis of credible 
science and methodologies. With 
crop loss assessment in its infancy, 

these bases are obscure. Yet, it might 
be possible to distinguish "crop loss 
assessment" from other agricultural 
research activity by virtue of its 
direction. Perhaps it can be set apart 
as "problem definition". 

This report makes no attempt to 
address the breadth of the subject of loss 
assessment. Rather, it focuses on a research
able part of the "crop loss picture", i.e., 
on characterization of crop yield development 
in the field. Holding fast to the concept of 
"problem definition",it summarizes one attempt 
to quantitatively describe preharvest yield 
proponents and constraints. 

Crop Loss Assessment is Problem Definition 

Most agricultural researchers are encouraged 
to solve problems. They are pointed and 
steered towards problems in production, har
vest, or post-harvest agriculture by adminis
trators and by their own intuition and volition. 
Few have been encouraged, let alone funded, to 
identify, quantify, and prioritize the problems 
on which they work. 

Researchers in agriculture also are routinely 
asked to justify their projects and activities 
and to describe their significance and promise. 
Answers are given, however, in sometimes 
emphatic statements or in a paragraph 
preceding a problem-solving research proposal. 
Few researchers are encouraged or expected to 
give more serious attention to "problem 
definition" even though crop losses are the 
principal justification for their existence. 
Would not we be better served and our 



agriculture and agricultural sciences be 
more fruitful with a better balance of 
activity between "problem definition" and 
"problem solution", the former guiding the 
latter and both contributing continuously to 
improved crop management and more efficient 
crop production? 

Documentation and Quantification of Crop 
Production Problems and Losses 

Past and current records of production losses 
in agricultural crops should reflect the status 
of losses and the state of the art and science 
of crop loss assessment (problem definition). 
A search for such records reveals early on that 
they are abundant. They apparently have been 
and are being assembled with regularity. Further 
examination reveals that the documentation 
largely reflects intuition and supposition 
rather than detailed measurements. Also most 
such literature completely ignors interactions 
between yield determinants. In large part, 
therefore, these records are of questionable 
quality. 

To date, virtually all records of production 
losses in agricultural crops can be categorized 
as (i) statements of individuals, (ii) infor
mation from questionnaires, (iii) data from 
experimental field plots, or (iv) analyses of 
ground-truth surveys. From first to last, these 
categories decrease markedly in size, although 
there appears to be a higher proportion of 
credible information in the latter than the 
former. This unfortunate circumstance is 
largely a matter of cost and convenience. 
Statements of loss from persons, obtained 
individually or from questionnaires, are far 
easier and less expensive to assemble than are 
descriptions of losses from measurements of 
yield and of variables that act as yield 
determinants. 

The multitude of crop loss information 
collected from experimental field plots clearly 
demonstrates that numerous variables have the 
capacity to affect yield. Over the years, it 
has been shown conclusively and repeatedly that 
variables such as pests, weather, cultural 
practices, soil characteristics and the genetic 
potential of the crop plant, all are yield 
determinants. Using appropriate controls and 
numerous field plots of manageable size, 
researchers ensure that one or more of these 
variables will be differentially present. 
By this popular approach they identify vari
ables that act as yield proponents and 
others (and sometimes the same ones) that act 
as yield constraints. Collectively, this 
information demonstrates that determinants of 
yield are many and that each has its own 
potential to affect crop growth and yield 
development. What has not been revealed, 

however, is the collective effect of combina
tions of such variables that naturally occur 
in the crop field. 

An additional shortcoming of field plot exper
imentation is that, by itself, it reveals nothing 
about yield proponents or constraints acting 
outside the plot. Such information can be gath
ered only through extensive field surveys to 
describe the status of environmental and 
management variables and to characterize their 
collective impact on crop performance. 

Another common deficiency in crop loss 
literature is that it selectively addresses 
individual production variables as yield 
constraints and tends to force each constraint 
into a linear, inverse relationship with yield. 
This may be appropriate when a single variable 
such as a killing frost, hail storm, or severe 
disease epidemic acts as the primary yield 
determinant. In the more usual field (agroeco
system) circumstance, however, individual 
variables explain only a portion of the observed 
variability in yield and, perhaps, may assume 
other than linear yield relationships. 

Our assessments of crop losses to date have 
largely ignored the collective impact of yield 
determinants and the complex·state of the eco
system that is the crop field. This syndrome, 
and the summation of loss estimates ascribed to 
individual variables, has repeatedly generated 
unreasonably high total crop loss figures. 

Comprehensive Assessment of Yields, Yield 
Detebminants, and Losses 

At the University of Idaho, numerous crop 
production variables are being evaluated in an 
attempt to explain yield variations that occur 
from field to field and from year to year. The 
activity presumes that crop yields are an expres
sion of the collective impact of numerous envi
ronmental and management variables (pests, 
weather, soil characteristics, crop plant 
potential, cultural practices). Likewise, crop 
losses are viewed as expressions of the collec
tive impact of one or more, perhaps numerous, 
constraints whose effects may be interrelated. 

The crop plant, therefore, is presumed a 
system that responds to stimuli. It's response 
is reflected in its pattern of growth and devel
opment and in its quantity and quality of yield. 
According to its own genetic potential, the 
crop plant integrates the input of pests, feels 
the impact of weather variables, responds to 
stimuli from soil, and senses the influences of 
cultural practices. It is warranted and 
necessary, therefore, to attempt an evaluation 
of crop performance and losses in a comprehen
sive and systematic context. 
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Toward this end, the pilot research described 
here involves (i) an intensive systematic and 
comprehensive field survey of variables known or 
suspected to act as yield determinants, (ii) sum
mary and analysis of field-collected data to 
characterize each variable relative to 
yield, (iii) the development of yield models 
that identify the principal variables determining 
yield, and (iv) data distribution to the 
agricultural community to improve its focus 
on proven yield constraints, to improve crop 
management, and to avoid crop losses. 

Comprehensive Survey of Yield Determinants 

For tactical reasons, the Idaho-based 

research, which began in 1979, is focused on 

the intensively cultivated Pal~use region of 

northern Idaho and eastern Washington. The 

accessibility of this region to the University 

of Idaho and the intensity of its crop agricul

ture make it appropriate for study. Since 

approximately 80% of the U.S. production of 

dry edible spring seed peas are grown within a 

5-county area of the Palouse, the crop was 

selected as an initial model for study. 


With the cooperation of local seed companies, 
approximately 50 area growers were contacted 
for participation in an assessment of pea 
fields. By this means, 100 fields of dry land 
spring peas within the 5-county area were 
identified for investigation. Area scientists, 
growers, and extension and agricultural industry 
personnel were consulted for lists of local 
variables known or suspected to affect pea seed 
yields. Such consultations uncovered more than 
40 environmental and management variables and 
led to an outline of methods and procedures 
by which each could be assessed. 

The variables to be assessed in 

each field included pests (insects, weeds, 

diseases, nematodes), weather (hail, frost, 

precipitation, degree-days), soil character

istics, (nutrients, pH, topography, bulk 

density, penetrability, moisture, tempera

ture), cultural practices (cultivar selection, 

cropping sequence, pesticide and fertilizer 

use, tillage, seeding and harvest operations). 

Data describing these variables were to be 

collected directly from grower interviews 

and from field visits. Because the visibility 

and/or impact of some of the variables would 

be related to time, many assessments, such 

as for crop growth stage, pests, and soil 

moisture and temperature, were repeated 

at intervals during the growing season. 


A motor vehicle with all items of sampling 

equipment, notebooks, maps and data sheets was 

prepared prior to the first field visit. Like

wise, project personnel (4 full-time scouts) 


were instructed on all schedules and procedures 
to be followed. All rating scales and measure
ments were designed to express eac.h environmen
tal and management variable and resultant yield
in simple and logic.al quantitative terms. 

Field visits began at or immediately after 
seeding (May-June) and continued through harvest 
(July-August). Visits to 10 fields daily 
permitted return visits to the same field 
at approximately 2-week intervals. All visits 
were confined to a predetermined, accessible 
site (approximately 0.1 hal in each field. At 
crop maturity, actual yields of pea seed and 
vines at each site were carefully measured. By 
season's and, the status of more than 40 
variables, including seed yield and the 
schedule of crop development,had been 
described at each site. 

Summary and Analyses of Field-Collected Data 

The collected data were summarized for (i) 
yield model development, (ii) definition and 
ranking of variables as yield determinants, and 
(iii) distribution to cooperating growers, 
local seed companies and to extension, research, 
and administrative personnel. 

For these purposes, all raw information from 
field sites was transferr~d via remote telephone
coupled terminals to computer tapes and disks 
for storage and manipulation using a system of 
alphanumeric codes. Sorting and summarization 
of the data, thus, could be accomplished 
according to field site, variable, sampling date, 
crop growth stage, or any grouping within such 
data sets. 

Initial statistics derived were range and mean 
values for each variable and for yield. Since 
relationships between variables, and between 
each variable and seed yield, were of principal 
interest, correlations, linear regressions, and 
factor analyses (Statistical Analyses System) 
were generated. Many variables, especially 
those suspected to be related nonlinearly to 
yield, were plotted against yield to display 
relationships. 

Individual variables most related to pea seed 
yield over all sampling sites in 1979 were 
principallyedaphic (TABLE 1). Other individual 
variables suspected to be linearly related to 
yield, such as plant population, mean weed score 
and seeding rate and date, were not significant 
(TABLE 1). 

DevelOpment of Yield Models and Identification 
of Yield Determinants 

Variables measured repeatedly during the 
growing season, such as weed, insect and disease 
incidence and soil moisture and temperature, 
were compared to yield according to crop growth 

http:logic.al


TABLE 1. Re-laLi!)nsh1p between actual seed yield and exemplary variables measured in spring 
pea fields in 1979. 

Variable Units Correlation Significance N 

Grower's Yield Estimate 
Soil Potassium 
Soil Bulk Density 
Soil Phosphorus 

Slope of Field Site 
Mean Preflowering Soil Moisture 
Residue of Previous Crop 
Days from Seeding to Maturity 

Herbicide Phytotoxicity 
Depth of Top Soil 
Plant Population 
Soil Nitrate 

Field Site Position on Slope 
Soil pH 
Mean Weed Score 
Nodes to First Flower 

Pea Leaf Weevil 

Soil Ammonia 
Seeding Rate 
Seeding Date 

lbla 
ppm 
glcc 
ppm 

% 
% 
% soil cover 
days 

score 0 to 9 
inches 
per acre 
ppm 

score 1 to 4 
pH 
%of biomass 
nodes 

damage score 
1 to 6 

ppm 
lbla 
Julian 

+0.61 
+0.50 
-0.48 
+0.34 

-0.34 
+0.33 
+0.30 
+0.27 

+0.27 
+0.26 
+0.20 
+0.19 

+0.19 
+0.13 
-0.19 
-0.11 

-0.08 

+0.05 
-0.04 
-0.02 

0.0001 86 
0.0001 95 
0.0001 95 
0.0007 95 

0.0007 95 
0.0012 95 
0.0034 94 
0.0118 87 

0.0085 95 
0.0115 95 
0.0578 95 
0.0606 95 

0.0637 95 
0.1948 95 
0.2543 95 
0.2921 88 

0.4349 93 

0.6418 95 
0.7242 87 
0.8677 88 

stage in order to identify the period(s) during 
which such variables most influenced or were 
most related to yield. In addition, all 
chronological data sets were reduced to 
principal components or factors for comparison 
to yield. This process reduced weed scores. and 
soil temperatures, for example, to single 
significant factors, but season-long soil 
moisture levels were best represented by two 
significant factors. All such factors bore 
greater and more significant relationships 
to yield than the raw data or means from which 
they were generated. 

After examination and manipulation of vari
ables individually, an R2 procedure (statis
tical Analyses System) was used to examine the 
relationships of sets of variables to yield. A 
40-variable factor analysis, which displayed 
relationships between variables, led to the 
development of several additive yield models 
using selected sets of variables. Only 
those models comprised of significant 
variables with reasonable coefficients 
were retained for further evaluation. 

In general, R2 values for the various yield 
models increased with the number of 
variables involved. However, there was no 
improvement (increased R2) in any model com

prised of more than approximately 12 vari
ables. The best multiple regression model 
(TABLE 2) included a subset of 12 interac
tive variables and explained 82% of the 
variation in pea seed yield. In this 
model, all variables were significant (p 
< 0.05), seven were second degree, and 
values for chronologically-assessed 
weeds, soil moisture, and soil temperature 
were derived factors. 

This overall yield equation was tested for 
residuals using randomly-selected field sites 
that were and were not employed for its develop
ment. This validation procedure showed the 
model accurate to predict yields in fields 
providing data for its development (R2=82%) 
but less accurate to predict yields in fields 
not employed for model development (R2=19%). 
Improvements in the predictive equation are 
being sought using refined and additional data 
from the 1980 spring pea crop. 

Percentage yield losses or gains were not 
ascribed to the variables comprising the yield 
model because of their obvious interaction. 
This interaction is demonstrated by variable~, 
such as plant population, seeding date, and weed 
incidence, which were not significantly correlated 
with yield by themselves (TABLE 1), but which 
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TABLE 2. Overall interactive yield model that accounted for 82% of the variability in seed 
yields in dryland spring pea fields in 1979. 

Significance Normalized 
Type IV 

Sums of Squares 

YIELD 	 -2722 
+30.90 
+44.13 
-9.415 

-85.30 

-46.21 
+0.002961 
-21.38 

+83.67 

+38.31 

+11.46 
+154.7 
+0.1104 

(Days from Seeding to Maturity) 0.0001 
(ppm Soil Phosphorus) 0.0001 
(% Slope of Field Site * Site Location, 

I-top to 4-bottom of hillside) 0.0001 
(Soil Moisture Factor 1 * Soil Temperature 

Factor) 0.0001 
(Weed Incidence FaZtor6 0.0001 
(Crop Plants/Acre) /10 0.0001 
(Soil Moisture Factor 1 * Soil Moisture 

Factor 2) 0.0008 
(Soil Moisture Factor 2 * Soil Temperature 

Factor) 0.0013 
(Herbicide Phytotoxicity Score, o to 9 * 

Weed Incidence Factor) 0.0013 
(Inches of Top Soil) 0.0032 
(% Soil Cover by Residue of Previous Crop) 0.0048 
(Julian Seeding Date * Days from Seeding 

to Maturity) 	 0.0492 

1.00 
0.85 

0.76 

0.73 
0.50 
0.48 

0.36 

0.33 

0.32 
0.27 
0.24 

0.11 

were significantly related to yield within the 

set of variables comprising the overall yield 

model. 


The empirical model (TABLE 2) describes those 
variables with negative coefficients as yield 
constraints. Conversely, model variables with 
positive coefficients are yield proponents. The 
impact of each model variable on seed yield is 
reflected by its contribution to the overall yield 
equation (normalized type IV sums of squares, 
TABLE 2). Also, in any given field, the yield 
impact of each variable is reflected by the 
magnitude of the difference between its actual 
versus its mean, median or best value. 

In one exercise, the difference between 

actual site values and the median value 

of each model variable was calculated. 

These differences, either positive or negative, 

when multiplied by its model coefficient, 

gave an estimate of each variable's quanti 

tative effect (lbs/a or kg/ha) as a yield 

determinant at each site relative to 

a hypothetical median field site. 


Information Dissemination 

During the course of the growing season, 
abbreviated summaries of the development of the 
spring pea crop and the status of pests, for 
example, were frequently requested. Such infor
mation was communicated in person during field 

visits, via telephone, or through the mail. 
Growers, especially, requested statements of 
general crop status and prospective seed yield. 

When yield measurements at each field site 
had been completed, a report describing the 
season-long status and performance of the 
investigated field sites was generated and 
printed by computer. The report was distributed 
to cooperating growers and to relevant per
sonnel in research, industry, extension, and 
administration. Subsequently, and by request, 
reports were furnished to all persons in the 
agricultural community with an expressed 
interest in the 1979 spring pea crop. 

Separate data sheets were provided for each 
field site investigated (TABLE 3). Each anno
tated printout listed the mean or frequency 
values of variables measured in an individual 
field (field L20 in TABLE 3), over all 
fields in the county, and over all sites in 
the S-county spring pea production area. 
The display was intended to communicate the 
status and performance of each field relative 
to others in the sample and to facilitate 
identification of actual and possible yield 
constraints and proponents in each field. 
Recipients generally found the content and 
format of the summary interpretable and of 
value as a guide to better manage their 
1980 spring pea crop. 
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TABLE ,3. Summary of the status of an exemplary dryland spring pea field (L20) in 1979 relative 
to other fields investigated in the county and in the entire production area. 

DRY lAND SPRING PEA rl£lOS. 1919 SUIIVfY 

G~OWER. OLSON. KOlA u. 1 1lO~ 292 

MOSClW. 10 838.3 


SURVEY ITEM GROWER'S COUNTY All (oMME'HS

fiELD FIELDS fiELDS 


................................................................................................................................ 

flRo [CoUNTYI UO lATAH 

.................•......•.............................................•...........••..........•..•.....•....••...••.... ....... \
~ 

putT Jr~~:191 OP HAY I OF 26 Iei' 96 ~~UHefR OF FIELDS ~L4N1EO TO HI S rqf)p
1978 ROP eARLE Y 3 OF 26 6 OF 96 NUM8ER ~F FIElDS ptAN1Eo TO HI S CROP 

1'1. ANTINC DAT[ >lAY I~ HAY I foIt-AN DUE FOR COII~TY .No AU FIElDSMa1 }gVAR !ETY UiC. ALASKA 21 49 OF 96 NUfoIBER OF FIElOS PLANTED TO HI S VARTHY 
SEE 0 [NG RAT E 200. 118 174 HEA~ rOUNDS PER ACRE FOR THIS VARIETY

IH 111 ~r:l~ POUNflS PER I;"E FOR ALL URIEflFS 

SIANO COUNT .219.2. 341391 35HRI "Eh~ Plh~TS PEQ 4:U FOR THI 5 V~PTE TY 


353652 361329 MEM PLANTS PER A:qE FOR AlL VARlfTl[S 


SOIt: 
TYPE Of SilT LOAM SOUTHWICK 3 OF 26 3 OF 96 NllM8fR OF FIElOS WITH THIS SOIL TYPE 
CEPTH OF TOPSOIL 25. 20. 18. MrAII I~CHH • 

ACIDITY 5.50 5.78 6,\2 MHN PH 


0.88 0.83' 0.85 MUll PARTS PER MILLION AT PLANTING 
~.4 6.9~m:l~ ~lm2f: 6.5 .. 

PHOSPHORUS. .10.3 8.3. .. 
PO TASS lUll 91. lh~ 228. 

flUlK OENS ITY 1.57 1.<\1 1.'3 HE4'i GRAMS PEP COSIC CENTIMETER
110 !STURE, 


2l.4 1~.2 25.0 PERC!,,!T
gtlm~ ~~~:lmAON 12.1 n.7 14.1 

PfNETRA81l1 TV: 


DURING GERMINATION 97. 'll. 86 •. POUNDS PER .SQUARE.INCH,TO 3 INCHES

OUR ING fl OilER ING 198. 242. 243. .. 

t"'EM lell APPliCATIONS. 
21 OF 26 67 OF 96 NUMBER OF FIELDS GIVEN TRIAlLATE~~~mm&e, 5 OF 26 10 OF 96 NUMBER OF FIFLO~ GIVEN PlRATHloN 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• ***. 

PEm/,S 26 10 12 MEAN SEAS3~AL PE~CENTAGE OF TOTAL VE~eTATION 

MAJOR WEEOS: FANWfEO· IN OROER OF OCCURRENCEmi~H WILD OATS WI~~N~4a 
FANW EO LAMBSQUARHR LAI4BSQUARhR 

lIlieAT WHEAT WHHT 
DOG feNNEl DOG FENNEl HEN61T 

IN~~~TrhF WEEVil: 

COUNT PRE-flOWER ING o •. O. l:lTAl FROM SIXTEE1ISWEEPS 

COUNT AT MATURATION If: l<ft • 15. .. 
OAMAGE PilE-fLOWERING 2. 1.3 I.S FATED I-t~ I-NO OMIA GE, 6- TE Rill NAl oEFOllATIO 
tAMAGE AT MATURATION 2. 1.9 2.0 

PEA weevil cmlNT. 
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Conclusions and Prospectives 

---The piLot study described herein began in 
1979 and is currently operating during a second 
crop growing season. An additional 60 dryland 
spring pea field sites have been identified for 
investigation in 1980 in the same 5-county area 
of the Palouse. Because of the local popularity 
of spring pea-winter wheat rotation, the initial 
1979 sample of 100 pea fields is currently in 
wheat. Thus, we are provided an opportunity to 
study a relatively stable cropping system within 
a sample of 160 commercial fields in subsequent 
years. 

---The modeL developed to explain pea seed 
yields in 1979 (TABLE 2) appears too specific 
for year to year application. In fact, its high 
specificity for the field sites providing infor
mation for its development (R2 82%) made it 
inappropriate to accurately describe yields in 
other randomly selected 1979 pea fields. 
Incorporation of field data from 
additional years should improve the model's 

and applicability to other 
spring pea crops (perhaps somewhat at 
the expense of R2). Continued attention 
also will be given to season-specific 
models, to possible nonlinearity between 
yield and yield determinants, and to 
model usefulness as a crop management and 
loss assessment tool. 

---The manipuLation of variabLes to form the 
yield model (TABLE 2) and the results of factor 
analyses exposed stong relationships and inter
actions between many variables. Thus, the classi
fication, manipulation and description of some 
model variables as manageable or unmanageable is 
made somewhat difficult and impractical. Weed 
incidence (TABLE 1), for example, which is not 
a significant variable relative to yield by 
itself, becomes significant by virtue of its 
relationship with other model variables. Thus, 
neither weed incidence nor phosphorus, for 
example, can be simply altered to modify yields 
without compensation from other model components. 

This circumstance supports the original 
assumption that "crop yields are an expression 
of the collective impact of numerous environ
mental and management variables whose effects 
may be interrelated" and difficult to perceive 
individually. However, model refinements with 
data from Subsequent years will aim toward 
improving variable definition and management 
interpretations. 

---The cost of the research activity descri
bed herein is relatively high by some criteria 
and relatively low by others. The salaries of 
four project personnel and costs for travel and 
computer services were unavoidable and signifi
cant expenditures. However, these costs are 

minimal compared to other existing mechanisms 
of survey and data collection. 

The fields we comprehensively and systemati
cally investigated were observed separately, 
erratically, and for specific purposes by numer
ous other individuals whose efforts, in total, 
were likely less efficient and informative. 
Resident scientists and extension personnel, ag 
industry representatives and chemical salesmen, 
private consultants and state and federal crop 
reporting service personnel, all using separate 
transportation facilities, schedules and tech
niques, collected information of specific inter
est in the same 5-county pea-growing area. Col
lectively, the information gathered by this mass 
has less cohesion and little or no chance of 
being assembled into a holistic description of 
the 1979 spring pea crop. 

---From the Limited experience of a single 
growing season, it is apparent that numerous 
environmental and management variables can 
be measured over an entire growing season 
and over a relatively wide crop production 
area with a reasonable level of precision. 
By combining detailed knowledge of crop 
performance with the known status of produc
tion variables, it appears that important 
yield determinants (proponents and 
constraints) can be identified and quan
tified. Furthermore, distributing this 
information to users in the agricultural 
community serves immediately to define crop 
production problems, focus attention on 
yield constraints, guide and improve crop 
management, and, perhaps, optimize yield. 

---The generaL methods and procedures 
described herein for field survey and data 
summarization and distribution are nonspeci
fic. These techniques should have applica
bility to any crop and geographic area for 
which survey can be comprehensively and 
systematically conducted (field, farm, 
county, production area, state, etc.). 
Organized assessments of yield determinants 
in other crops or areas could feed data 
to a central information center for summar
ization at county, state, or national levels. 
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EXPERIMENTAL APPROACHES FOR ESTIMATING YIELD LOSS FROM 

FUSIFORM RUST INFECTION IN SLASH PINE PLANTATIONS 


Warren L. Nance, Ronald C. Froelich, and Calvin F. Bey 
Southern Forest Experiment Station, Forest Service--USDA 

Gulfport, Mississippi, U.S.A. 

In 1917, E. P. Meinecke (1) published an 
eloquent discussion of problems facing forest 
pathologists in the United States. According to 
Meinecke, the fundamental problems required more 
than a purely descriptive approach to research, 
yet the literature in his day was filled with 
articles on descriptive mycology of forest tree 
diseases. Although Meinecke recognized the 
value of descriptive mycology, he argued that 
this approach alone could not provide information 
on the relative economic importance of diseases. 
Without such information, limited research 
monies could not be rationally allocated toward 
development of economic controls. Meinecke 
feared that forest pathologists would avoid too 
long the next logical step--the assessment of 
loss due to disease. 

In 1928, Meinecke (2) reinforced his plea for 
disease-loss assessment in a publication out
lining for the first time the essential concepts 
underlying disease-loss assessment in forest 
stands. He concentrated on diseases that kill 
trees and applied his concepts by estimating 
loss due to Cronartium pyriforme Hedgc. &Long 
(C. comandrae Peck) infection in six experimental 
plots of ponderosa pine (Pinus Laws.). 

More than 50 years later, reliable estimates 
of disease loss in forest stands are practically 
nonexistent. The paucity of estimates cannot 
be attributed to a lack of concepts. The con
cepts presented by Meinecke have been reiterated 
and expanded by crop pathologists for many years 
(3, 4). But forest pathologists have fallen 
far behind crop pathologists in application of 
these concepts. In particular, the problems 
inherent in field experimentation in forest trees 
have hindered progress in disease-loss estima
tion. Typically, field experiments in forestry 
require 20 to 80 years or more to complete at a 
tremendous cost in manpower, lan~ and material. 
Moreover, disease-loss experiments require the 
control of disease levels in field plots, 
usually by the use of fungicides or resistant 
varieties. Only in the last few years have such 

controls been available for forest tree diseases. 
It is not surprising that few experiments have 
been attempted. Nevertheless, the demand for 
reliable disease-loss estimates for the major 
forest tree diseases is great, and this demand 
can only be met through an experimental approach. 

The classic approach to field experimentation 
for the purpose of defining the disease-loss 
relationship in crops involves paired plot exper
iments in which disease levels are controlled by 
fungicides or resistant varieties (5). For some 
forest tree diseases, this approach is now feasi
ble and may offer the only definitive method for 
estimating how disease affects stand productivity 
independent of other factors influencing produc
tivity, such as stand density and site quality. 

Another, perhaps interim, approach involves 
the use of data from long-term field experiments 
that were not originally designed as disease-loss 
experiments but subsequently became infected with 
disease. Some of these experiments were aban
doned, but many others were continued through the 
years with detailed measurements taken on disease, 
growth, and yield. Though not as desirable as 
data from disease-controlled experiments, these 
data can, within certain restrictions, offer val
uable information on disease-loss relationships. 

In this paper, we describe two experiments 
(one of each of the above types) that should 
provide information on the disease-loss relation
ship for fusiform rust (~. quercuum [Berk.] 
Miyabe ex Shirai f. sp. fusiforme) in slash pine 
(P. elliottii var. elliottii Engelm.). Some 
p~eliminary results are discussed. 

THE SLASH PINE-FUSIFORM RUST COMPLEX 

Fusiform rust, widespread in plantations of 
slash and loblolly pine (P. taeda L.) throughout 
the Southern United States, typically infects 
young pine plantations, with repeated infection 
commonly occurring during the first 5 years after 
planting. The disease is not transmitted from 



pine to pine but requires oak, generally 
ubiquitous throughout the slash pine range, to 
serve as an alternate host for completion of the 
life cycle. Infection varies by areas and from 
year to year, depending upon favorable high 
humidity, available inoculum, and pine phenology. 
The pattern of infection is generally random-
i.e., infected trees are more or less distri
buted evenly throughout the plantation and not 
aggregated. 

Damage to individual trees occurs as a result 
of local swellings, or galls, that develop in 
the main stem. Stem galls can kill trees. Trees 
that survive stem infections are generally less 
merchantable than comparable noninfected trees 
and are also more susceptible to wind breakage. 

Slash pines growing in plantations are nor
mally competing vigorously for limited growing 
space, light, water,and nutrients. The heavy 
competition is a result of more trees being 
planted than the site can support. This practice 
insures full utilization of the site and forces 
the trees to develop in a desirable manner, tall 
and straight with minimum branching. Trees that 
cannot compete soon die, and a form of compen
sation takes place whereby the surviving neigh
bors quickly benefit from the extra growing 
space, light, wate~ and nutrients released. 
Mortality is common and may be beneficial if it 
occurs among the weakened, suppressed trees. 

Because of the heavy competition and resulting 
mortality and compensation that take place in 
slash pine plantations, the value of an indi
vidual tree is minimized. The unit of production 
is the stand, and productivity is measured in 
units per stand area, e.g., cubic feet of wood 
per acre. Moreover, the unit of productivity 
depends upon how the stand will be utiliz~d. 
For example, cubic feet per acre measures pulp
wood production and board feet per acre measures 
sawlog production. 

The assessment of how fusiform rust affects 
yield is complicated by three factors: compen
sation, prospective utilization, and timing and 
severity of rust. To the extent that rust causes 
mortality beyond that expected without disease 
and for which the stand cannot compensate, loss 
occurs. To the extent that surviving trees at 
harvest time are reduced in merchantability 
because of stem cankers, loss occurs. The 
system is so complex that the only hope of 
success is to deliberately simplify the problem 
by control of as many extraneous factors as 
possible through designed experiments. 

A DISEASE-CONTROLLED EXPERIMENT 

A long-term disease-controlled experiment!1 
was started in 1978 to estimate the fusiform 
rust-yield loss relationship in slash pine 
plantations grown for pulpwood on a 20-year 
rotation in the Gulf South. The level of 
disease will be controlled through the applica
tion of the systemic fungiCide bayleton.~1 
Artificial inoculation of trees with spores 
will be used to supplement anticipated low in
fection on some sites. Experiments will be re
peated in successive years on the same site to 
allow further variation in infection and other 
yearly effects. 

Five cutover sites in southern Mississippi 
were selected for this study. At three sites, 
with a high level of fusiform rust in nearby 
stands, a planting will be made in each of five 
consecutive years. Within each plantation are 
two blocks of two plots--a bayleton-treated plot 
of susceptible planting stock and an untreated 
plot of susceptible trees. The disease will be 
allowed to develop in the untreated plots, while 
the bayleton treatment is expected to effectively 
eliminate disease. At the remaining two sites, 
where fusiform rust was low in nearby stands, a 
planting will be made in each of two consecutive 
years. Here, two blocks of five plots will be 
planted each year. As before, bayleton will be 
used to control disease in one plot, but the 
other plots will be artificially inoculated at 
ages 2, 3, 4, and 5 years after planting. 

The same seed source, spacing between trees, 
and planting procedure will be used in each 
plot. The plots will consist of 80 trees 
planted at 1.83 x 3.05 m spacing. To eliminate 
possible differences in number of initial 
surviving trees, two trees per planting spot 
will be planted initially, with extra survivors 
to be removed by age 2. 

Rust incidence data will be taken annually, 
and disease progress curves constructed for 
various measures of disease incidence such as 
cumulative proportion of stem-infected trees. 

l/R. C. Froelich and G. A. Snow, Impact of 
fusiform rust in Southern pine plantations. 
Study FS-SO-220B-20.3B. 

~/The use of trade, firm, or corporation 
names in this publication is for the information 
and convenience of the reader and does not 
constitute an endorsement by the U.S. Department 
of Agriculture. 
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The yield of the bayleton-controlled plot in 

each block in each year provides the expected 

yield without disease, and the difference 

between the yield of an infected plot and its 

control plot represents the yield loss. The 

two objectives of the data analysis are: 

(1) to determine which measure of disease is 

most highly correlated with yield loss, and 

(2) to arrive at a predictive equation relating 
level of disease with the corresponding yield 
loss expected. 

DISEASE-UNCONTROLLED EXPERIMENT 

Our second study is an adaptation of a large 
site-species study established in the mid-1950's 
(6). The study originally included 113 
southern pine species trials in Louisiana and 
Mississippi, but our study is based on 75 trials 
(36 Louisiana and 39 Mississippi trials) of 
slash pine that survived the first 20 years with 
little or no fire, insect, or disease damage 
other than that caused by fusiform rust4 While 
three slash pine plots were established 'at each 
location, only 190 plots (100 in Mississippi and 
90 in Louisiana) were sufficiently intact to 
provide reliable data on rust impact through 
age 20. 

Installations were widely distributed on open 
sites in the two states south of a line formed 
by extending Louisiana's northern boundary 
across Mississippi. While some installations 
were on old fields, most were on open cutover 
forest land, and they represent a wide range of 
site conditions. Planting interval was 1.83 m 
between and within rows (1,210 trees per acre), 
with Mississippi plots containing 12 rows of 12 
trees each, and Louisiana plots 11 rows of 11 
trees each. All data were obtained from the 
center 64 (Mississippi plots) or 49 (Louisiana 
plots) planting positions in each plot. 
Planting stock was produced from seed collected 
in south Mississippi or the Florida parishes 
of Louisiana, except for about 20 percent that 
was obtained from a Georgia dealer. Georgia 
slash appeared to be less susceptible than 
south Mississippi slash to rust invasion of the 
bole (6), but probabilities of rust-associated 
mortality were unaffected by seed source. So, 
data for the Georgia seed source were included 
in our analyses. No genetically improved stock 
was used. Further details regarding establish
ment and site characteristics appear in 
Shoulders (6), and Shoulders and Walker (7). 

Survival was inventoried in Mississippi when 
installations were 3 years old and in Louisiana 
when they were 5 years old. Differences in 
survival resulted in establishment densities 
ranging from 600 to 1,210 stems per acre. 
Diameters at breast height (d.b.h.) of each 
surviving tree within a plot, and total height 
of at least 12 randomly selected trees, were 
measured when the installations were 10, 15, 

and 20 years old. Total heights of other ran
domly selected trees were measured, if they were 
needed to provide at least 10 dominant and co
dominant trees on each plot to estimate average 
height of the dominant stand. Each tree within 
a plot was scored for presence of one or more 
fusiform rust stem cankers at each of the four 
inventories. Stem infections developed in 
approximately 30 percent of the established trees 
through age 20. 

Two major difficulties are inherent in the 
analysis of these data to provide disease-loss 
information. First is the lack of control plots 
that can be used to estimate the expected yield 
in the absence of rust. Second, the better sites 
generally suffered more infection. Fortunately, 
both of these can be solved, at least partially, 
by the use of a yield model for slash pine 
plantations developed by Dell et al. (8). 

This model predicts the development of slash 
pine plantations that suffer little or no dis
turbances of any kind. The model can be used to 
generate expected survival and yield for each 
plot in the experiment, assuming that plot had 
never been infected. These values serve the 
same purpose as control plots. 

Preliminary results with this approach have 
been encouraging. The model predicts survival 
and yield of noninfected plots in this experiment 
quite well, verifying its applicability to the 
data" in this experiment. Actual survival and 
yield of infected plots deviated from those 
expected by the model and were strongly 
correlated with the rust level in the plot. The 
deviations associated with rust levels are not 
linear, as might be expected, but rather non
linear. increasing in size gradually with rust 
levels at first and then rapidly as rust levels 
increase. This effect can be traced to the 
compensation taking place within infected plots 
for low to medium levels of rust. 

APPLICATION OF DISEASE-LOSS RELATIONSHIPS 

Disease-loss relationships have two basic 
applications. First, forest managers need 
estimates of loss from disease in order to make 
economic decisions on how to avoid that loss. 
Forest managers are particularly sensitive to 
economics because of the long rotations that 
tend to compound small early investments into 
large ones by harvest time. Reliable early 
prediction of expected yield loss due to given 
levels of fusiform rust infection is critical to 
the forest manager responsible for managing 
diseased plantations. 

A second application involves regional surveys 
of forest disease. InCidence surveys provide 
valuable information on the spread of disease 
and expose new disease outbreaks. However, they 
cannot, by themselves, estimate the relative 



impact of disease on forest productivity, since 
only disease incidence, not loss, can be 
surveyed (9). Only through experimentally 
determined disease-loss relationships, followed 
by incidence surveys designed specifically for 
disease-loss estimation, are reliable estimates 
possible. Such estimates are essential for 
rational allocation of limited research money 
to develop controls for the most damaging forest 
diseases. 
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METHODOLOGY FOR ASSESSING POSTHARVEST GRAIN LOSSES 

Kenton L. Harris, Consultant 
7504 Marbury Road 

Bethesda, Haryland, U.S.A. 

The history of organized efforts on postharvest 
grain storage and related problems goes back in 
western civilization to an event a bit over 3000 
years ago that is part of the well-known chroni
cles of Joseph and his brethren. What makes the 
story appropriate for telling here is the means by 
which a problem was anticipated and the type of 
planning and programming that went into the crea
tion of the master plan to solve the problem. It 
was a rather bold plan concocted by a decisive 
expatriate. But, before we chuckle too much, I 
warn you that the audacity of the plot of the 
3000-year-old story may be as nothing compared 
with events of postharvest technology in our time. 

The data presented by Pharaoh was of two dreams 
with contrasting lean and ill-favored kine and 
corn. Coming from a ruler who must have had 
thoughts or even premonitions of possible 
ahead, the dreams were worth taking seriously; es
pecially when the interpreter, Joseph, is a framed 
prisoner who has already had some success in esta
blishing his personal competence and who now has 
his chance to get out of prison. 

It is not much to go on. With no yearly pro
duction figures, with no national figures on 
storage requirements, with a storage of infor
mation on available short- or long-term capacities, 
with no economic or social cost benefit compari
sons, and with no feasibility studies or pre-pro
ject planning, Joseph laid it out as he saw it. 
With abridging, parts of Genesis 41 reads as fol
lows: 

"Now therefore let Pharaoh look out a 
man discreet and wise and set him over the 
land of Egypt. Let Pharaoh do this, and let 
him appoint overseers over the land and take 
up the fifth part of the land of Egypt in 
the seven years of plenty. And let them 
gather all the food of these good years that 
come, and lay up corn under the hand of 
Pharaoh for food in the cities, and let them 
keep it. And the food shall be for a 
store to the land against the seven years 
of famine, which shall be in the land of Egypt: 

that the land perish not through the famine. 
And the thing was good in the eyes of 
Pharaoh, and in the eyes of all his servants. 
And Pharaoh said upto his servants: "Can 
we find such a one as this, a man in whom 
the spirit of God is?" And Pharaoh said 
unto Joseph: "Forasmuch as God hath 
shown thee all this, there is none so dis
creet and wise as thou. Thou shalt be over 
my house, and according unto thy word shall 
all my people be ruled; only in the throne 
will I be greater than thou". 

So the history of organized efforts to estimate 
losses and institute remedial measures goes back at 
the very least 3000 years and we have the innovative 
application of Joseph's Principle: putting aside 
reserves in bountiful years to be used in lean 
years. 

The methodology is there as are the qualifi
cations of Joseph, the combined technician, project 
planner, recruitor, and administrator: but there 
is a need to remind ourselves of some of the plus
es and minuses of this food conservation program. 
First and foremost, Joseph the expatriate had a 
big plus from the beginning. He did not start 
the whole thing as many aid-types are want to do. 
He did not bring his solution to his problem. 
The local ruler had a problem. Joseph listened 
and proposed a solution. The Pharaoh's problem 
was solved, but the problem of Joseph the Ad
ministrator continued, and these and their related 
matters plague us even today. 

Is the now hoarded food to be distributed on 
the basis of food or starvation needs alone? Do 
some get preferred treatment? If so, does this 
include the storekeeper's brethen? Those in high 
places? Those in the military who will preserve 
the government and/or nation? Those who will lie 
with the storekeeper? Does the "Little Red Hen" 
principle apply? Do the expatriates apply their 
cultural mores in a foreign land adapting them to 
a new internationalism but at the same time 
binding a people and a country to this same new 
internationalism? 



Enough of Joseph, but before I leave Genesis 
41 I want to be sure the phase "and lay up corn 
under the hand of Pharaoh for food in the 
cities •.. " did not escape notice, for this is 
the issue that still haunts postharvest loss 
assessment and reduction efforts: The plan was 
then and too often is now to take from those 
that produce and place it in a system that will 
do the most self or political good; in this and 
current situations these are the politically a
ligned cities. 

In the early 1960's Parpia, then Director of 
the Central Food Technological Research Institute, 
Myscore, India mimeographed his summary of the 
Indian food loss situation and came to the 
startling conclusion "an aggregate of 50% wastage 
of food will not be too high a figure for India". 
This is a landmark paper. It produced action in 
the developing world. It did what Parpia wanted 
it to do, and some things he did not want it to 
do. It brought a plethora of accusations and 
commendations with the overall results that 
India, FAO, and others began to focus attention 
on postharvest loss reduction. But in our pre
sent context we must point out that the Parpia 
paper, and all but II of the hundreds of post
harvest loss estimates that preceded and fol
lowed it up to 1977, were unsubstantiated gues
ses most often politically, or financially and 
politically motivated to produce an appropriation. 

We could dwell on the publication and use of 
unsubstantiated and partially documented loss 
estimates ad nauseam but the easiest way to put 
this unfortunate situation, and the whole mat
ter of postharvest loss estimates and methodology, 
in a historical perspective is via three pub
lications. 

The first is a 1977 bibliography by the British 
Tropical Products Institute (l). Of the 265 esti
mates reported world-wide only 11 "are those 
which are fully documented (with) sufficient 
information on the methods ••• to enable a decision 
to be made about the reliability of the estimate." 

The second is the milestone U.S. National Acade
my of Science Postharvest Food Losses Biblio
graphy by Dr. Morris who is our chairman today 
(2). In this 356-page volume only the same 11 
references on quantitative losses under actual 
conditions are fully documented and with des
cribed methodologies. 

The third is a companion milestone to the 
N.A.S. bibliography; a report Postharvest Food 
Losses in Developing Countries (3). Many issues 
were resolved in this report, but what is ger
mane here is the fact that a National Academy 
contract to determine actual postharvest grain 
losses world-wide resulted in a compilation of 
the same old undocumented estimates as had earlier 
plagues us; which brings us to the present. 

The N.A.S. study, the American Association of 
Cereal Chemists, League for International Food 
Education, Tropical Products Institute (England), 
Food and Agriculture Organization of the United 
Nations, and Group for Assistance on Systems Re
lating to Grain After harvest have accepted the 
manual Postharvest Grain Loss Assessment Methods 
as the authoritative compendium in postharvest 
grain loss methodology, Let us now concern our
selves with this volume.* 

A concept basic to the new standardized 
methodology is that cookbook methods will not 
suffice. There are many factors influencing the 
methodology and they all must be taken into ac
count. Social and cultural requirements, fitting 
planning and data into an overview of the post
harvest system as seen by preliminary appraisals, 
representative sampling, and the specific mea
surement techniques themselves are as one. To 
omit any pertinent aspect from a loss assessment 
study is to risk invalidating an entire investi
gation. 

As an illustration, personal, national, econo
mic, cultural, and other biases can have a strong 
effect on everything from project plans to final 
conclusions. Large influential farmers may want 
measurements made to suit their economic needs. 
These plans may be completely inappropriate for 
measurements to develop policies for small farm
ers whose grain-handling systems are less mechaniz
ed and less capital intensive. Grain storage 
scientists may want to continue in their own re
search area to the exclusion of other equally im
portant areas. National governments may favor 
one political region or group over another. In
ternational development agencies may have their 
own priorities. These may be legitimate priorities 
but when they enter the sampling/testing program 
they need to be recognized for what they are and 
what they create, a skewing of results In favor 
of one or more situations instead of national 
or other averages. 

If one determines in advance to measure losses 
only at practical intervention points, then this 
too is legitimate but it may turn the results to 
higher, or lower, loss figures. 

For the purposes of identifying loss points 
which are critical and amenable to reduction, the 
Cereal Chemists manual uses a pipeline concept to 
describe the location and flow of grains to, 
through, and around various points. In this way, 
losses can be viewed individually and in perspec
tive; however, the pipeline concept is not limit
ed to technical or physical factors. Social 
realities come into play and perspective is re
quired to both understand social influence and 
to prevent them from being blindly introduced as 

*~ial in the remainder of this paper has 
been freely drawn from Harris and Lindblad (4). 
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bias. The pipeline approach weighs 
individual loss points and rapidly assesses their 
loss capability and the magnitude and potential 
significance in the total system. Severe wastage 
in a part of the system that handles less than 
10 percent of the grain might be both important 
locally and insignificant nationally. 

We now know that some of the high guesses of 
the 1950s and 1960s were arrived at because some 
local horrible examples were extrapolated into 
undeserved national significance. They should 
have been assessed for what they were: localized 
loss points with their significance related to 
the amount of grain passing through one situation 
not as a situation representative of the system 
as a whole. 

Grain does not move in a straight line and a 
standardized sequence from producer to consumer. 
Harvested grain can be specially dried and other
wise treated to go into special household use; 
some into even more special seed-grain storage. 
This grain may remain in storage or move out for 
food or trade under special conditions influenced 
by factors such as family, weather, or government. 
A portion of the harvest may be held for short
term storage, a part for long-term storage, and 
the rest sold or otherwise traded off the farm. 
This complex situation is depicted in Figure 1. 
Even a simple village market has flowing through 
it grain changing hands at varying rates for 
various social, cultural, economic, and political 
reasons. All the transactions will not be of the 
same quality grain and may reflect different 
degrees of loss. 

Collection 

Receiving Station 

Terminal Storage 

Primary Processor 

Secondary Processor 

Storage 

Wholesale 

Retail 

Consumer 

~~~~l. Grain use flow patterns. 

This Qne xactoJ? -. tbe g:t'ain pipe1!ne - has 
be.en gone into in wme detatl to demonstrate the 
degl'e.e of complexity of postharvest grain loss 
assessment. Its determination is the first 
step in posthaFvest loss methodology. Time does 
not permit treating the whole subject of post
harvest grain loss in such detail and the 
remainder of this discussion will be devoted to 
subsequent steps involved in setting up and con
ducting a survey and' then the analytical 
methodology: 

First is a preliminary appraisal of the over
all situation. Remember that determining 
agricultural losses involves many disciplines 
and goes to the heart of established cultural 
patterns. A multidisciplinary team should visit 
the area and over a period of 30 to 60 days 
chart the grain pipeline (flow) and obtain all 
available local information on the pipeline and 
the most important loss-points. "Importance" 
may be determined by the size of the "leaks," 
by its effect on nutrition, trade, political 
factors, etc. 

Tap all available resources. Small farmers, 
local cooperative managers, etc., may have as 
much relevant information as an economist in the 
ministry of agriculture. Only after the pipeline 
and its leaks have been mapped and understood 
can a loss evaluation study be planned. 

Learn about the culture. Sixty days will not 
be enough to learn all about the culture but it 
will suffice to obtain a working base on the 
roles of men and women; on how to locate reliable 
informers; on reading the body language and other 
signs from government officials; indeed, how to 
locate the people you will need to work with 
both during the initial rapid on-site planning 
and during a survey if one is to be continued. 

In dealing with local sources of information, 
all individuals are not equal. Some are "bal
loons"--innovators who are free to change and 
the first to do so-- and some are "anchors"-
social role conservatives who provide and 
represent stability. Local landowners, especially 
large landowners, are often anchors and will pro
bably give different information than a labor 
organizer. 

There also can be many cultures in every 
country. Not only will different loss informa
tion be given by those with different beliefs, 
but the losses may actually different. 

What we are saying is that one must know the 
local culture before attempting to survey for 
food losses. Chapter III in the AACC manual 
provides guidance for the entomologists, econo
mists, and agricultural engineers when dealing 
with a new cultural arena, but it is best to 
have an experienced anthropologist or sociologist 



along for expert guidance. 

Secondly, as part of the 30 to 60-day assess
ment conduct rapid on-site appraisals of specific 
problems and problem points. For e~ample, 
appraise situations based on an expert evaluation 
of the system with attention to such loss-induc
ing and loss-reducing factors as: 

1. 	 Moisture 
2. 	 Temperatures 
3. 	 Insects, rodents, birds (kinds, numbers, 

association with the grain) 
4. 	 Length of holding 
5. 	 Local quality and quantity controls 
6. 	 Types of bins and other holding vessels 
7. 	 Sanitation-insanitation 
8. 	 Trading quality factors 
9. 	 Use and nonuse of pesticides 

10. 	 Evidence and nonevidence of grain damage; 
kinds and amounts 
a. 	 Frass and webbing 
b. 	 Exit holes 
c. 	 Darkened (rotten) kernels 
d. 	 Degermed kernels 

11. 	 Mechanical loss factors 
12. 	 Location in the harvest-to-use pattern 

Thirdly, plan and conduct local or area-wide 
survey(s) based upon the preliminary appraisals. 

Then one can get down to the season-long 
survey itself. This requires full scale opera
tions plans from sampling, to dry runs, to the 
survey itself, and on to analysis and interpre
tation of results. Analytical results will be 
no better than the lots sampled and the actual 
portions taken as samples. In postharvest food 
loss measurements, the key elements are the 
uniformity of the area being surveyed and obtain
ing a representative sample of the area. As with 
the cultural implications, time permits men
tioning only a few highlights of representative 
sampling, interpretation of results, accuracy 
and reliability. All too often in the past 
representative sampling has been bypassed in 
favor'of impressionistic statistics in which 
glaring examples of local high loss situations 
have been treated as if they were representative 
of an entire area or even country. 

1. Remember that revealing the status of the 
food grain supply may be a delicate matter that 
impinges on matters of national and internation
al security, as well as on local, national and 
international commodity markets and on foreign 
exchange balances. Experience has shown that a 
survey will not have essential local cooperation 
unless it fills local needs - individual, nation
al, and all in-between. 

2. The social, statistical, and sampling 
problems are legion. One needs to be aware of 
social factors; special village allegiances and 

re,qui;l;ements; the role of WOmen, the family, and 
other g~oups; and whether information is best 
collected by lower-status field-workers, peers, 
higher-ranking individuals, etc. 

. 	 Logistic requirements are imposed by terrain, 
delineated and undelineated boundaries; presence 
or 	absence of containers, scales, meters, trans
port; local customs and work patterns; and 
training requirements and capabilities. 

Sampling is in itself a major matter. We 
need to remember that every scientific measurement 
is based on some kind of assumption regarding the 
real world about which the measurement is supposed 
to supply some information. Conducting a survey 
to measure average grain losses is such a measure
ment and it is based on these assumptions; 

a. 	Cultural and economic conditions, level 
of knowledge of farmers, farming practices, 
varieties grown, and harvesting and storing 
practices are essentially uniform through
out the area to be surveyed. If this 
assumption is to be verified by local 
observation, one will have to understand 
the cultural milieu. If it is nonuniform 
in ways that can possibly affect what is 
to be studied, sampling becomes more com
plicated and the advice of experts should 
be sought. 

b. 	All grain to be considered is stored in the 
same manner in units of approximately the 
same size. That is, the largest unit is 
no larger than five times the smallest. 
If the size variation is greater, then 
they should be sampled and analyzed 
separately as two or more populations. 

c. 	Size of farms is uniform to within a factor 
of 5. That is, the largest farm is no 
larger than five times the smallest farm 
(in area producing crops for storage). 
Again, if the size variation is greater, 
then they should be sampled and analyzed 
separately as two or more populations. 

These assumptions limit the survey described 
to a single stratum. This is all that can be 
done using the simple sampling plans outlined in 
the Manual. To go any further than this would 
find us well into details for which we do not now 
have time and aside from the important caution 
on truly randomizing the selection of sampling 
points and sample aliquots, we had better move on 
to actual measurement techniques. 

3. 	Measurement techniques: 

a. 	Specific loss-measurement techniques 
for thrashing, maize shelling, drying 
losses, milling losses as bran, dust, 
incomplete yield, and rice milling 

277 



278 

losses du,ing batch 0, continous 
process milling or polishing are given 
in the Manual. The may be summarized 
as follows: 

Processess may be continuous or batch. 
In 	the former, samples of input and 
output should be taken at regular and 
measured intervals. The amount (1, 5, 
or 	10 min) of production taken from 
various lines in the system can be 
weighed to give the quantity of stock 
carried in that line in. proportion to 
other lines. Overall weights must be 
measured and converted to standard 

moisture content or to dry weight. 

Two fundamental methods are used: 
measurement of total system (mass 
balance), and comparison with a stan
dard. 

Measurement of total system. The loss 
itself may be weighed. The optimum 
process gives zero loss. Examples 
are threshing (loss on stalk) and 
maize shelling (loss on cob). In some 
cases, the loss itself cannot be 
measured, but the input of grain and 
output of products can be weighed, the 
difference being the loss. In other 
cases, loss will be a comparison of 
the traditional or commercial system 
as again~t a perfect handstripping 
standard. 

Co~parison with laboratory standard. 
Comparison is not against a perfect 
(100% recovery) standard but with 
an optimum standard, usually taking 
each unit operation (stage) sepa
rately. Although this method is not 
ideal, if the standard of comparison 
is adequately described, the comparison 
will produce useful information. 

b. 	 Insect feeding during storage accounts 
for most postharvest losses world-wide. 
There are three basic techniques to 
measure these losses. In order of 
their accuracy they are standard 
weight/volume comparisons and a modi
fied weight/volume method; counting 
and weighing insect damaged kernels; 
use of a conversion factor to convert 
percent insect damaged to approximate 
weight loss. The weight to volume 
technique involves setting a weight/ 
volume baseline for a given lot and is 
based on the fact that most losses 
due to insect feeding result from in
ternal tunneling that hollows out the 
kernels leaving the surface largely 

or somewhat intact so that damaged 
kernels occupy about the same amount 
of space but are lighter in weight than 
normal kernels. Time does not permit 
going into moisture and other standard
ization details. 

c. 	Long before grain is completely destroy
ed by molds, yeasts, and bacteria it is 
made useless as food because of its 
odor, discoloration, and formation of 
toxins. In fact, this will occur by 
the time one or two percent of the dry 
weight has been destroyed. Moreover, 
the rate of loss of dry matter due to 
microorganisms depends on moisture 
content, temperature, and the amount 
of physical damage to the grain. Thus, 
these losses can be calculated from 
standard tables prepared for this pur
pose. Such tables are given in the 
loss assessment manual. 

d. 	The measurement of losses due to rodents 
is a science in itself. Suffice to say 
here that the techniques are based on a 
census of the population and calcula
tions based upon the weight of the 
animals involved. The procedures 
themselves require a degree of expertise 
not found in general biologists and had 
best be left to experts. 

e. 	Post-harvest, or more commonly post 
maturation, losses caused by birds in 
the field need to be approached as a 
field-statistics problem concerned 
with the selection of fields, rows, 
ears, etc., and will be mentioned but 
not discussed in detail here. 

Finally, we must keep in mind one basic 
tenet; be sure that the survey is designed to 
answer those questions that require answering. 
If this seems so self-evident as to not require 
stating, I remind you that figures on farm 
losses have been extrapolated from data obtained 
in urban warehouses; that national averages 
that include imported grains have been arrived 
at from shocking local rural examples; and that 
figures for grain silos have been obtained from 
samples taken at the highly-infested bin hoppers. 
This matter of shocking examples points to one 
matter with which I will close. 

Figure 2 reports loss-measurement over a 
period when the grain was being consumed. The 
weight loss measurement at week 8 is 25%. All 
too frequently in the past the 25% figure was 
applied to the total quantity of grain when, in 
fact, losses were much lower over the earlier 
months when most of the grain was in storage and 
the 25% represents a loss of only 6.25% of the 
total. The true cumulative losses are thus 



12.05% and not 25%. 

If, as some argue, it is too much of a chore 
to take samples over the total storage period, 
how can the assessment be made from the final 
figure? The answer is that it cannot, period. 

Moisture, temperature, insect, rodent popula
tion changes, etc., are simply so complex that 
there is only one way to do the job and that is 
do it correctly from the beginning. 

Months in Store 

2 3 4 5 6 7 8 

Quantity 
removed, % 10 10 10 10 10 10 15 25 

Weight I",s 

in sample, % 2 3 5 8 12 18 25 

Weight loss as % 
of total stored 0.1 0.2 0.3 0.5 0.8 1.2 2.7 6.25 

Cumulative weight 
loss as % of 
total 0.1 0.3 0.6 1.1 1.9 3.1 5.8 12.05 

Figure 2. Relation Between Weight Loss and Consumption. 
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INTRODUCTION 

Grain losses in the changing rice culture in 
Southeast Asia is a recognized problem (1, 2, 3, 
4, 5) and technological components to help reduce 
these losses have been developed. But the econo
mic viability and social acceptability of many of 
these technological components are unknown and 
quantitative data upon which to base policy and 
extension program initiatives aimed at reducing 
losses are scarce. 

In the ASEAN Region of Southeast Asia -- Indo
nesia, Malaysia, the Philippines, Singapore and 
Thailand -- rice is the dominant cereal and 
staple food of the population of 265 million. 
The population is growing and, in an effort to 
increase production to meet the growing demand 
for rice, increasing areas are being brought 
under irrigation and existing and new irrigation 
areas are being more intensively managed through 
the use of high yielding varieties in a multiple 
cropping system. This changing production pat
tern has created post-production problems that 
were not nearly as significant with traditional 
cultural practice. In the multiple cropping sys
tem, at least one crop is harvested in a rainy 
season when moisture conditions are such that 
harvesting and drying the crop is difficult and 
biological deterioration occurs rapidly. In add
ition, the short-season, high-yielding varieties 
typically grown in multiple cropping systems are 
easy shattering and, when harvested, tend to have 
a wider range in kernel muturity than the tradi
tional varieties. In other words, the high yiel
ding rice varieties being introduced in Southeast 
Asia as a solution to the problem of food short
age for a growing population have created post
production loss problems that are substantially 
greater than they were with traditional varieties. 
And the post-production problems are likely to 
become increasingly important as production limits 
are reached due to limited availability of arable 
land, irrigation water, and other inputs, and con
servation of crop produced increases in economic 
importance. 

New technological components seemingly appro

priate for the rice post-production system in 
Southeast Asia, such as small threshers and dryers, 
have been developed but their adoption has been 
slow and there are many questions about the eco
nomic viability and social acceptability of these 
components in the economic and cultural setting. 
In an effort to stimulate innovation, pilot pro
jects have placed equipment in the field and given 
technical extension personnel related training. 
But these projects have largely been done without 
the benefit of a prior in-depth socio-economic 
feasibility study to determine the appropriate 
system configuration, social organization, and 
government support policies and programs that 
would be needed to ensure successful innovation, 
and have met with limited success (6). Conse
quently, there is a growing interest among re
searchers and policy makers in examining in depth 
the economic and social setting into which these 
new technological components are being placed to 
determine the economic, social and policy condi
tions under which these loss reducing technologies 
are feasible. There is also the suspicion that a 
better understanding by researchers of the econo
mic and social setting at the farm level would 
lead to innovative research to develop indigenous 
technology for the tropical setting in Southeast 
Asia. 

The purposes of this paper, then, are to iden
tify a number of the economically important losses 
and currently available loss prevention technolo
gies in Southeast Asian rice post-production sys
tems; to outline a methodology for assessing the 
economic viability and social acceptability of 
these technologies; and to identify and discuss 
some of the socio-economic issues in technologi
cal innovation in Southeast Asia. 

LOSSES AND LOSS PREVENTION TECHNOLOGY 

Overview of the Rice Post-Production System 

There are about 36 million hectares of arable 
land in Southeast Asia, of which 78% is used for 
cereals. Three quarters of the cereal area is 
used for rice, the single most important staple 
food crop in Southeast Asia. Farm size is gene



rally very small, in many places in the order of 
one half to one hectare, and agricultural product
ion is labor intensive. About 62% of the economi
cally active population is engaged in agriculture 
(5) • 

Post-production operations, especially in the 
field, are typically manual. Rice is cut panicle
by-panicle with a knife or in bunches with a sickle. 
Threshing is generally accomplished by beating or 
trampling. Drying is done either (or both) before 
threshing by leaving the rice panicles in the field 
in bunches or stacks,or after threshing by placing 
the rough rice on mats, concrete floors or along 
roads for direct solar radiation drying. There is 
little use made of mechanical dryers except by go
vernment rice agencies or private millers who pur
chase high mois ture rough rice from farmers. Rough 
rice is stored at a moisture content of 14-15% 
either in bags or in bulk in a building at the 
farmstead or village, and then milled as needed. 
Private millers and government rice agencies gene
rally store the marketable surplus. Milling is 
done mechanically as hand pounding has disappeared 
from all but the most remote areas. 

Marketing of paddy (rough rice) is generally 
done by farmer selling to trader and trader to 
miller, or by farmer selling directly to miller or 
a government rice agency. The millers and govern
ment rice agencies then supply retail outlets. All 
of the ASEAN countries have government rice agencies 
with responsibility for ensuring adequate supplies 
of rice, and providing a support price to farmers 
and a ceiling price to consumers. 

Quantitative, Qualitative and Economic Losses 

Physical crop losses may be recognized as being 
either quantitative or qualitative and as having 
economic value. As used in this paper, a quantita
tive loss is a reduction in the mass of product dry 
matter that is available to market. A qualitative 
loss is a change in the physical characteristics of 
the product being marketed which will reduce the 
state of excellence of the product and, as a conse
quence, probably the value per unit mass of product 
marketed. Grading standards are used to define qua
lity and relate the price to be applied to each unit 
mass of product to the physical characteristics of 
the material. Monetary values attributed to the 
quantitative and qualitative losses provide a con
venient mechanism for aggregating these losses and 
ascribing a quantitative measure that is commensu
rate with other economic variables used to evaluate 
the merits of alternative post-production systems. 

The term "product dry matter" in the quantitative 
loss definition was deliberately selected because it 
focuses on the product in question and excludes two 
factors, impurities and moisture, which although 
carried along with the product at various stages in 
the post-production system, tend to confuse discus
sions of crop losses. A reduction in impurities 
does not change the amount of the product available 
so should not be considered a quantitative loss. 

Similarily a reduction in moisture content does not 
constitute a loss of food or other desirable mater
ials which make up the: product so should not be 
considered a quantitative loss. Quality of the bulk 
might be considered changed with a change in level 
of impurities or moisture content if the perceived 
state of excellence of the bulk has changed, but 
this is of the bulk, not the product, and unless 
the process of removing impurities or moisture chan
ges the state of excellence of the product itself, 
product quality will not have changed. Economic 
value of the product dry matter may change as a re
sult of the unresponsiveness of the marketing sys
tem to impurity and moisture changes, but since the 
amount of product dry matter has not changed, a quan
titative loss of product should not be assessed. 

Two examples will illustrate how changes in mois
ture content (or impurities) can change economic 
value without changing quality or the amount of pro
duct dry matter available for food or other uses. 
Firstly, a reduction in the moisture content from 
say 20 to 14% in a given bulk of rough rice (or a 
reduction in impurities) will usually bring about 
an increase in the price per unit mass of the bulk. 
This price increase is compensation for the loss in 
mass (water or impurities removed), the cost of dry
ing (or cleaning), the reduction in risk of future 
moisture related quantitative or qualitative loss, 
and any perceived change in state of excellence of 
the bulk. But, if there was no reduction in the 
mass of product dry matter or state of excellence 
of the product itself, there would be no quantita
tive or qualitative losses. As a second example, a 
change in moisture content of a bulk of rough rice 
from 14 to 12% (or a reduction in impurities from 3 
to 1%) will most likely result in a reduction in 
economic value of the bulk because current marketing 
systems do not respond to this type of change. Paddy 
is general Iv considered "dry" if the moisture con
tent does not exceed 14% (and "clean" if the maturi
ty level is less than 3 to 5%). Since the price per 
unit of mass is applied to the product, moisture and 
impurities, which together comprise the mass of the 
lot, at 14% moisture content (or 3% impurities) the 
lot has a greater mass than at 12% moisture content 
(or 1% impurities) and consequently has a higher 
economic value. But again, quantity of product dry 
matter has not changed so there is no quantitative 
product loss even through the unresponsive marketing 
system attributes an economic loss. 

Biological deterioration is likely to have quan
titative, qualitative and economic loss impacts. 
Product dry matter will be lost as the kernel res
pires and is attacked by micro flora, and the state 
of excellence of the product will be reduced as ker
nels are discolored, fissured and fragmented -- re
sulting in less product to market and at a lower 
grade. 

Precise estimates of losses based on extensive 
surveys in Southeast Asia are not available. But 
since precise estimates of losses are almost certain 
to be of less interest and importance to those affec
ted by the losses than questions regarding what to 
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do about the losses, the often quoted (e.g., 6, 7. 
8, and 9) loss estimates in six categories will 
serve as a basis for discussion of some of the is
sues relating to post-production losses. For the 
first four categories, Samson and Duff (10) on the 
basis of an experimental trial conducted at the In
ternational Rice Research Institute in th 1972 dry 
season and field surveys in Central Luzon, Philip
pines, in the 1972 wet season and 1973 dry season. 
estimated the following loss ranges; Harvesting 
1-3%; Handling 2-7%; Threshing 2-6%; and Drying 
1-5%. Subsequently, de Padua (11) added two more 
categories of estimates "based on collective meas
urements done by participants in post-harvest tech
nology training courses over a period of 5 years": 
Storage 2-6%; and Mill 2-10%. These estimates 
are disolayed graphically (Figure 1) in a manner 

RICE CONSTITUENT PROPORTIONS 

WHITE RICE OTHER 
4 DRY MATTER I CONSTITUENTS

LOWER LOSS: 

~flER LOSS '0----- 
HARVESTING 1 0/0 

HANDLING 2 "'0 

THRESHING 2'\ 

DRYING 1 '7" 


STORAGE 2% 


MILLING 2 '10 

HIGHER LOSS: 

MTER LOSS 


HARVESTING 3 "/0 

HANDLING 7 '10 

THRESHING 6 °/0 

DRVING 5 °/0 

STORAGE 6 °/0 

MILLING 

LOSS DIFFfRENCE 

BROKENS 


HEAD RICE 


Figure 1. Rice constituent proportlons (by weight) 
and quantitative losses at various stages in the 
post-production system for the lower (upper graph) 
and upper (lower graph) boundaries of the commonly 
quoted loss ranges. 

that separates the rice bulk into white rice dry 
matter and other constituents portions and illust
rates the changes in these portions as rice pro
gresses through these six post-production stages. 
In the upper part of the figure, losses have been 
included at their lower levels while in the lower 
part they have been included at their upper levels. 

A number of observations pertaining to losses 
and loss related issues may be made. Firstly, as 
observed by Bourne and others (8, 9), the loss esti 
mates are non-additive since the amount to which 

the percentage loss applies reduces with each stage 
of the system. 

Secondly, the loss estimates are quantitative, 
not qualitative, and qualitative effects are only 
evident to the extent that they affect quantitative 
losses. For example, biological damage to rough 
rice while waiting for drying is likely to be a 
source of higher milling losses and lowering of 
grade, but only the milling losses are indicated by 
the illustration. 

Thirdly, the conditions under which high losses 
occur in one category can, in some cases, lead to 
low losses in another category. For example, delay
ing reaping will tend to increase harvest losses 
reduce kernel moisture content, and reduce threshing 
and drying losses since these are to at least some 
extent functions of moisture levels. Hence, the 
aggregated loss indicated by the lower part of 
Fi~ure 1 (about 32%) is likely to be an over esti 
mate even if the individual ranges are representa
tive. 

Fourthly, achieving low losses at one stage in 
the system may make very difficult the achievement 
of low losses at anotner stage. For example, har
vesting losses (including pre-harvest shattering) 
can be minimized by harvesting early when the kernel 
moisture content is high. In a system that omits 
field drying and goes directly to threshing, thresh
ing losses may be very difficult to minimize because 
the high moisture content of the crop makes removal 
of the kernel from the panicle difficult. Hence, 
the aggregated loss indicated by the upper diagram 
(about 9.6%) is likely to be an under estimate. 

Fifthly, there is a possibility of double count
ing losses. For example, drying losses are likely 
the reduction in milling yield caused by kernel 
damage during the drying process or while waiting 
for drying (through biological action). Hence loss 
estimates made independently for drying and milling 
could be referring to the same loss. 

Sixthly, most of the milling loss is not likely 
to be a disappearance of dry matter but rather the 
ending up of white rice dry matter with the bran. 
Hence, the undesirability of most of the milling 
loss will depend on the relative value of the dry 
matter as bran compared to white rice. In Southeast 
Asia bran is an animal feed, so white rice dry matter 
that ends up with the bran is a loss to human con
sumption as rice but not as animal products. 

And seventhly, these loss categories suggest that 
there are a number of stages in the rice post-produc
tion system. Adding new categories such as milled 
rice storage and distribution, and further subdivi
sion of these six categories to identify transport 
and holding components would substantially increase 
the total number of identifiable stages. This sug
gests that there are numerous opportunities for loss, 
and even with low losses at each stage, the cumula
tive amount of these low losses may be significant 
and extremely difficult to reduce. 



Brokens mayor may not constitute a loss. In 
some countries, e.g. Thailand, head rice is predomi
nantly consumed so brokens are separated from the 
head rice and either fed to livestock or used for 
manufactured rice products. In others, e.g. the 
Philippines and Indonesia, consumers do not seem to 
care about the percentage of brokens. So the impor
tance of brokens is both a country specific and an 
economic question. 

Sources of Losses and Loss Reducing Techn~ 

For each component in the rice post-production 
system, sources of losses and technology which can 
be employed to reduce these losses can be identi
fied. Generalization for a geographical area as 
large as Southeast Asia is difficult but an attempt 
is made in an effort to highlight a few of the prob
lems, the current state of technology in the region, 
and the need for a systema approach to solution de
velopment. More in-depth discussions can be found 
in numerous publications (e.g., 1, 3, 4, 5, 6, 9, 
12, 13, 14, 15. and 16). 

Reaping: The high yielding rice varieties being 
grown and advocated in Southeast Asia shatter more 
easily than traditional varieties. Hence timeli
ness of harvest to avoid shattering and to minimize 
the number of immature kernels is more critical with 
the high yielding varieties than traditional varie
ties. (Loss due to lodging, however, has been re
duced with the high yielding varieties due to their 
short straw compared to traditional varieties), In 
an effort to control shattering loss, the method of 
handling the cut panicles immediately after harvest 
has changed in some areas from carrying exposed pa
nicles from field to farmstead for threshing, to 
either bagging the cut panicles and carrying them 
to the farmstead or to threshing in the field and 
transporting the bagged rough rice only. Early har
vesting at kernel moisture contents in excess of 20% 
(wet basis) is also being recommended (10), a prac
tice which leads to high drying losses if the crop 
cannot be dryed quickly (17). 

Field Drying: Field drying of panicles in bunches 
on'ithe stubble or in stacks is used as a means of 
attempting to avoid excessive shattering losses and 
lodging while allowing the kernel moisture content 
to drop. The practice can be effective if there is 
no precipitation, but during rainy weather the mass
ing of the panicles creates an environment which is 
conducive to micro flora growth, heating and result
ing loss of kernel dry matter and quality. Since 
under a multiple rice cropping system at least one 
crop must be harvested during a rainy season, the 
problem is more significant wi th the high yielding 
varieties being grown under the mUltiple cropping 
system than with the traditional varieties which 
are typically harvested in the dry season. One 
solution is to not field dry, but this simply trans
fers the loss problem to the threshing and drying 
stages. 

Threshing/Cleaning: Traditionally rough rice is 
threshed by beating or trampling and cleaned by win

nowing in the wino, With either the traditional 
meth(1ds or a mechanical thresher (which typically 
has a spiked cylinder for threshing and screen and 
fan for cleaning) losses can be significant if work 
rate is too high or the crop being threshed or 
cleaned is damp. In one study in Malaysia, paddy 
loss on the straw during manual threshing was ob
served to be 9.2% of whole grains (13). However, 
under traditional practice gleaners often recover 
kernels left by the manual threshers (18). Mecha
nical threshers/cleaners have not been (1bserved to 
be a source of significant loss, presumably hecause 
work rate capability is high compared to manual me
thods and operators can relatively easily control 
feed rate to minimize losses. Attempted field dry
ing during the rainy season can result in damp pa
nicles -- a cause of high threshing losses. 

Paddy Drying: l~ere are two types of losses asso
ciated with paddy (rough rice) drying. One is the 
losses which arise during the drying process. The 
other is the losses which occur because drying is 
not possible and high moisture paddy must be held. 
Losses during t.he drying process are caused by con
tamination, fissuring and spillage. Contamination 
results from improper operation of a mechanical 
dryer addin~ combustion products to the grain, or 
from paddy being exposed for solar drying bec(1ming 
dirty both potentially contributing t(1 quality 
deterioration. Fissures are fine cracks in the 
rice kernel resulting from rewetting partially 
dried rough rice and are the source of incraeased 
breakage during the milling process and lead to 
reduced milling recovery (a quantitative loss) and 
increased percentage of brokens (possibly a quality 
loss). Wet paddy holding losses are primarily 
caused by micro flora activity and biochemical 
changes that take place in the rice kernel under 
high moisture and temperature conditions, ~nd re
sult in both quantitative and qualitative losses. 
The wet paddy holding losses problem is much more 
significant in Southeast Asia than the drying pro
cess losses problem, and is much more significant 
in the wet season harvest than the dry season har
vest. The small scale mechanical dryer has been 
developed to provide a solution to this problem 
but, except f(1r government rice agencies, is not 
yet being adopted. 

Paddy Storage: Storage losses of dry (e.g., 14% 
moisture content wet basis) paddy arise from micro 
flora, insects, rodents and birds feeding on, da
maging and contaminating the grain, and from natu
ral respiration of the kernel turning carbohydrate 
into carbon dioxide and water and generating heat 
in the process (IS, 19). The tropical temperature 
and humidity conditions under which grain is gene
rally stored are such that micro flora and insect 
popUlation growth is encouraged, even for dry 
grain, and the problem is worsened by grain 
being damaged prior to storage. The problem of 
damage prior to storage is much more severe in the 
wet season harvest than in the dry season harvest. 
Loss control measures include using rodent and 
bird proof buildings, baiting, fumigation for 
insect control, aeration or turning stocks being 
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stored in bulk to reduce temperature and dissipate 
any developing hot spots, first-in first-out inven
tory management to prevent any lot from being stored 
longer than necessary, and controlled environment 
(i.e., artificially reduced temperature and relative 
humidity). Duff (18) found that in the Philippines 
farm stored grain was in very good condition because 
farmers gave high priority in cleaning and drying to 
that portion of the crop to be retained for home 
consumption. The storage problem appears to be with 
the marketable surplus, particularly with government 
buffer stocks as governments with their price sup
port programs, in spite of minimum quality standards, 
tend to be buyers of last resort. 

Milling: Losses during milling are related either to 
the milling machines being used or the product being 
milled. There is a very wide variety of milling 
equipment being used in Southeast Asia but two key 
functions are performed: removal of the hull and re
moval of the bran. Traditional village scale mills 
often combine these functions in one pass through 
an abrasive mill with the result that the rough rice 
is separated into two products: milled rice, and a 
hull/bran mixture. The major problem with these 
mills is that total milling yield (the percentage 
of milled rice recovered from a lot of paddy) and 
head rice (the percentage of whole kernels in 
the milled rice) are both relatively low. Rubber 
roll hullers have been developed to remove the hull 
with less damage to the kernel but the rubber rolls 
are expensive and have a short. life. The ability 
of any mill to obtain high yields (both total and 
head rice) is limited by the quality of the paddy 
being milled. Paddy that is damaged during the wet 
season harvest due to inability to dry or to rewet
ting of partially dried paddy will have fissured 
kernels that break during milling, and kernels that 
are hulls filled with powder rather than white rice 
and become dust in the hulling process. Hence one 
of the major milling problems in Southeast Asia is 
related to grain deterioration problems in the sys
tem before the paddy reaches the mill. 

Milled Rice Storage: Milled rice is stored in South
east Asia as polished rice (bran removed) since 
brown rice becomes rancid very quickly under tropi
cal environmental conditions. Except for Singapore 
which keeps a milled rice stockpile, rice is not 
stored in quantities as milled rice because 
deterioration of paddy rice can be controlled more 
easily than deterioration of milled rice and, with 
paddy, an undesirable appearance resulting from 
deterioration can at least partially be removed in 
the milling process. Milled rice storage losses are 
similar to those of paddy. 

SOCIa-ECONOMIC EVALUATION METHODOLOY 

Technological solutions to many of the problems 
that give rise to post-production losses have been 
developed and are available for adoption but are 
either not adopted in Southeast Asia or are 
being adopted at a rate which is considered by 
scientists and extension specialists as too low. 
This has led to questions about the economic viabi

lity and social acceptability of the solutions in 
the economic and social setting in Southeast Asia 
and to calls for a greater effort to identify eco
nomically and socially appropriate solutions before 
trying to introduce loss reducing technology. For 
example, de Padua (11) has stated that post-produc
tion problems " •.• are beginning to be recognized as 
unique to the conditions under which they exist, 
which mus t be thoroughly diagnosed and understood 
before the s~lutions can be presented and tried 
out." And Saunders, etal (6) in their world wide 
survey of rice post-harvest losses conclude that 
" ... while commendable efforts have been made to 
introduce improved technology into developing coun
tries by '" international agencies, only limited 
success has been achieved, and in the majority of 
cases, projects have had no impact. This failure 
can be attributed to (a) inappropriate technology, 
(b) invalid economics, (c) inappropriate or inade
quate socio-economic/cultural conceptions, (d) in
adequate political and financial planning (e) in
adequate attention to the degree of sophistication 
of the rice delivery system as a whole and failure 
to recognize that it is sophistication that cata
lyzes mechanization (and reduces losses) and not 
vice versa." 

The variability that exists within Southeast 
Asia and the relative scarcity of data relating to 
the economic viability and social acceptability of 
specific technologies creates a situation in which 
it is very difficult to do more than speculate as 
to why loss reducing technology is not being adop
ted at a faster rate, or to develop recommendations 
for government policy and extension program initia
tives to reduce losses. Hence, a methodology for 
examining in depth the socio-economic environment 
at the village level and for identifying and test
ing improved post-production systems has been deve
loped and is in the early stages of being implemen
ted in Southeast Asia. 

The methodology employs a system analysis and 
synthesis approach for first identifying an im
proved post-production system for a specific pilot 
setting and then testing the technical performance, 
economic viability and social acceptability of that 
improved system in the real world pilot setting. 
From this in-depth analysis and evaluation, recom
mendations should be forthcoming for policy and ex
tension program initiatives. Eight steps in the 
process can be defined and are briefly outlined (20): 

Step 1. Define SystEm Boundaries, Functions and 
Selection Criteria: Before attempting to redesign 
a system, the designer must have a clear under
standing of the system's boundaries and functions 
and the criteria which will be used to select an 
improved system from among alternative systems that 
can be proposed using available technology alterna
tives. In Southeast Asian post-production systems, 
the boundaries, for example, may include a particu
lar geographical area and group of farmers asso
ciated with a particular village cooperative, and 
a particular crop such as rice from standing crop 
in the field approaching maturity to milled rice at 



a retail outlet. The functions of the system.may 
be to thresh and dry rice, to mill rice, to market 
farmers' rice, and/or to make available post-produc
tion equipment through credit or rental programs. 
Selection criteria for an improved system may in
clude profitability, crop quality which may affect 
both price and marketability, employment and income 
distribution, and risk as measured by level of debt 
or cash flow or variation in income or food availa
bility from year-to-year. 

Step 2. Collect Information: The criteria for 
selecting an improved post-production system are 
not of much use unless the relevant information per
taining to the alternative systems under consiuera
tion is available to permit the criteria to be used. 
For post-production systems at village cooperatives, 
five categories of information that are likely to 
be useful in analyzing alternative systems may be 
identified. The first contains situation data such 
as plot size and ownership, rice variety, crop matu
rity dates, labor requirements and availability, 
machine availability, and weather patterns. The 
second category contains basic price and performance 
data such as machine initial cost, life expectancy, 
repair rate, fuel consumption and work rate, inte
rest rate on borrowed capital, labor wage rates for 
various types of labor, cost of fuel and prices of 
various commodities such as rough rice, milled rice 
and bran by-product. The third category contains 
product change functions such as functions that des
cribe the change in quantity and quality of product 
during processing and storage as a result of man 
induced processes such as threshing and milling, 
and as a result of processes that occur naturally 
such as deterioration of wet grain being held. The 
fourth category contains decision mechanisms such 
as the criteria farmers use for deciding when to 
harvest, who to hire, when to solar dry and when 
to mechanically dry paddy, and how much to sell, 
when, and to whom. The fifth category contains go
vernment policies that may have an impact on the 
performance of a post-production system, such as 
price subsidies, rice procurement stabilization pro
grams, and credit programs. 

Step 3. Analyze Alternative Systems: The informa
tion that can be collected is unlikely to be in a 
form which is suitable for direct application to 
the improved-system selection criteria. Some form 
of model of the post-production system will be 
needed to develop, from the collected data, informa
tion for use with the selection criteria. Such a 
model can range in complexity from a simple budget 
to a highly complex economic and biologically res
ponsive computer simulation model. Since crop 
losses are likely to be a significant factor deter
mining the profitability of a post-production system, 
an evaluation of the capability of alternative sys
tems to reduce losses should be undertaken as a 
step in generating information for 'the decision cri
teria. And since losses are a function of the in
teraction of the weather, which has considerable 
variability, and the physical capability of a sys
tem to remove the crop from the influence of unfa
vorable weather, an adequate assessment of the 

losses which are likely to occur with a given sys
tem does not appear practical without evaluating 
the system over an extended period of time to cap
ture the effects of weather variability. Since 
evaluating several alternative systems over several 
seasons or years becomes both costly and probably 
beyond the practical time frame and resource capa
bility of physical trials, dynamic, time-based com
puter simulation models appear to offer the only 
practical method of providing the desired informa
tion. In addition to providing needed information 
on crop loss impact, the flexibility of dynamic, 
time-based computer simulation is such that impacts 
of alternative system configurations on other mea
sures of system performance such as profitability 
and risk can be simultaneously assessed -- and for 
a range of system variables that would be impract~ 
ical for physical tests. 

Step 4. Select Improved System: The information 
generated in the analysis step should be sufficient 
to permit the selection of the system that appears 
to be, according to the selection criteria, the 
most SOCia-economically appropriate. 

Step 5. Introduce New System: Once a new system 
has been selected, any necessary hardware must be 
acquired and modifications in social systems, such 
as queuing policies for cooperatively used equip
ment, must be introduced. The importance of having 
a convincing feasibility study as a basis for field 
tests should not be overlooked. Pilot trials neces
sarily require modifications to existing post-pro
duction systems involving people whose way of life 
and livelihood are being affected. Unless the ana
lyst is himself convinced and has convincing evi
dence to support his contention that the alterna
tive system being piloted is better than the exist
ing one, the probability of successfully demonstra
ting a preferred system is low. Another reason for 
having a well developed and convincing feasibility 
study prior to field tests is that the conditions 
under which a field test is conducted are unlikely 
to be as representative of what would be expected 
in practice as they would be if the new system had 
been operating for some time. Without the feasibi
lity study as a reference, there is the real danger 
that the improved system will be judged on the basis 
of an unrepresentative initial appiication in the 
learning phase of system implementation rather than 
on the merits of the system as eventually applied. 

Step 6. Monitor System Performance: In develo
ping models of real world systems, assumptions are 
invariably made and the relationships modeled are 
often approximated. Hence, testing of the improved 
system in real time and space is a highly desirable 
step in evaluating systems both as confirmation of 
the results predicted by the models and as a demons
tration to those who will be considering the adopt
ion of the system. Variables to monitor would in
clude those that are used in the models to predict 
system performance, and the adopted measures of sys
tem performance. 

Step 7. Modify Sys tern, Based on Performance: 
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The data collected during the monitoring step would 
be used to make appropriate modifications to the 
models to improve the correlation of the model with 
the real world. Then the models would again be 
used to generate information for modifying the spe
cifications of the improved system. Monitoring and 
modification would continue iteratively until the 
system is considered optimal or some other limita
tion to the experimentation is reached. 

Step 8. Summarize Evaluation and Prepare Recom
mendation: As a final step in the evaluation pro
cess the results of the analysis and testing should 
be documented in forms that are useful to farmers, 
government extension specialists, policy makers and 
other researchers. 

In Southeast Asia, the general methodology out
lined above is being used in an attempt to find 
village level post-production systems that are eco
nomically viable, socially acceptable and consi
dered better than the ones currently being used. 
The emphasis in this methodology on a detailed exa
mination of the socio-economic environment into 
which technology is being introduced will hopefully 
provide a basis for establishing government exten
sion programs and supporting policies to accelerate 
desirable change in post-production systems. 

SOCIO-ECONOMIC FACTORS TO CONSIDER 

IN SYSTEM EVALUATION 


There are a number of factors that complicate 
the socio-economic evaluation of post-production 
systems which an analyst should be aware of and 
take into account in the analyses. Four factors 
are highlighted and discussed in the context of 
the search for improved post-production systems 
for Southeast Asia. 

Multiple Objectives 

The criteria for selecting post-production sys
tems are essentially based upon objectives that 
those judging the merits of the system attribute 
to that system. These objectives are likely to be 
aimed at three of social concern: con
sumption, security, and equity. The consumption 
category contains objectives that are generally 
associated with maintaining or improving material 
standard of living, such as reduced cost for a 
given output, higher labor productivity, and 
quality product. The security category contains 
objectivE, such as reduced risk of food shortfall, 
increased food self-sufficiency, and reduced finan
cial and health risk. The equity category contains 
objectives such as low unemployment level and 
higher incomes for the rural poor. 

The fact that there are multiple objectives 
should be explicitly taken into consideration in 
establishing the criteria for selecting an improved 
system. For example, in Indonesia, and in other 
areas of Southeast Asia, rice is reaped and threshed 
by harvesters -- individuals who perform this task 
for a percentage of the amou"t obtained. Studies 

examining the economics of using small mechanical 
threshers in the Philippines (21) have suggested 
that these machines are highly profitable as a subs
titute for manual threshing. However, the intro
duction of these machines into Indonesia would un
doubtedly take away a substantial proportion of the 
employment opportunity currently available to the 
harvesters. This factor is likely to weight heavily 
in the decision criteria used by a village coopera
tive unit the adoption of an alternative 
post-production system which has a thresher. In 
spite of the fact that the system using the thresher 
would reduce costs and perhaps lower losses as well, 
the village cooperative unit is unlikely to adopt 
or even want to try the new system if there is no 
solution to the social equity question. Hence the 
analyst should the importance of both 
accommodating multiple objectives in the decision 
criteria and ensuring that the decision criteria 
are those subscribed to by those who will be imple
menting the new system. 

Conflicting Private and Social Goals 

Two categories of participants in grains post
production systems may be recognized. One is com
prised of individuals or groups of individuals, 
such as farmers, traders, village cooperatives and 
millers, who are in a private sector grains 
post-production operation. The other category of 
participants is comprised of policy makers and other 
public servants involved in implementing government 
policies and programs related to the grains post
production industry. 

The objectives or goals of these two 
of participants are usually not identical and are 
sometimes in some degree of conflict. Examples of 
private sector goals include maximum profit, 
and stable income, high return on labor or capital 
investment. low financial risk (minimum cash flow 
or capital investment), and low risk of shortfall 
in personal food supply. Examples of social objec
tives include maintaining a low level of unemploy
ment, equitably distributing income, ensuring an 
adequate total food supply at an affordable price, 
avoiding a balance of payment deficit, trans 
wealth and prosperity from favored regions to 
ressed regions, and upholding food quality standards. 

A degree of conflict between the objectives of 
a social program and the objectives of the private 
sector system toward which that program is aimed 
may exist. For example, a government program aimed 
at reducing post-production grain losses and through 
it increasing the security of food supplies and re
ducing foreign exchange outflow, may be to encour
age farmers to use mechanical dryers in periods of 
unfavorable weather for solar radiation drying. 
Whether or not the saved has sufficient value 
to offset the cost of owning and using the dryer is 
not the prime concern of the government program 
since its objective is to save grain. But for the 
farmer with a profit maximization objective, saving 
grain is only of interest if the saved grain is 
worth more than the cost of saving it, and if in



vestment aimed at saving grain provides a higher 
profit than investment in other areas. In a situa
tion where such is not the case, the conflict may 
be resolved by providing a public subsidy to lower 
the cost of drying to the farmer making if profit
able for him to dry and help achieve. the social 
objective of reduced grain losses. 

Another example of a potential conflict situation 
is between the social objectives of low level of un
employment and equitable income and wealth distribu
tion, and the private objectives of high return to 
labor and capital. The introduction of machines 
such as threshers provides an opportunity for 
greatly increased labor productivity and resulting 
high income to those who own and operate the thre
sher. But the introduction of a thresher will, if 
it has these high labor productivity characteris
tics, displace labor that was formerly used for 
manual threshing. So the introduction of the thre
sher, while having positive impacts for the indivi
duals using the thresher, will have negative im
pacts on others and on the societal objectives of 
low unemployment and equitable distribution of in
come and wealth. 

The designer concerned with devising improved 
post-production systems employing new technological 
components must be aware of these potential con
flicts and ensure that the criteria for selecting 
improved systems adequately reflect the concerns 
and preferences of those most centrally involved 
in the implementation of the new system while at 
the same time meeting the needs of others whose par
ticipation is necessary or desirable. 

Trade-offs Among Measures of System Performance 

Not only are there conflicting objectives bet
ween the public and private sectors but there are 
also conflicting objectives within the public or 
private sectors. Such a situation arises when se
lecting a solution that has a high favorable rating 
according to one objective will result in a low one 
according to another objective, and vice versa. 

For example, consider the alternatives represen
ted in the attached Figure 2 displaying the fixed, 
operating, labor, and timeliness penalty costs, and 
the sum of these costs for alternative capacities 
of mechanical rough rice rice dryer selected by a 
hypothetical village cooperative unit as a supple
ment to solar drying (22). Capacities A and E have 
the same total cost but capacity A has zero fixed 
cost (no investment in a mechanical dryer) and a 
high timeliness penalty cost (from high quantita
tive and qualitative grain losses arising from the 
inability to dry high moisture rough rice in periods 
of unfavorable weather for solar drying), while ca
pacity E has high fixed costs and low timeliness 
penalty costs. Clearly there is a trade-off bet
ween investment in the loss reducing mechanical 
dryer (and the operating costs for using it), and 
grain losses. 

For the farmer, moving from capacity A to capa-
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Figure 2. Anticipated trade-off relationships for 
drying rough rice from a given number of hectares 
with solar drying supplemented by mechanical drying 
in periods of unfavorable weather. 

city C would have a positive impact in the farmer's 
cost minimization objective and negative impacts in 
the farmer's capital investment and cash flow mini
mization objectives. (In this case cost minimiza
tion is equivalent to profit maximization because 
revenue is constant for all system capacities since 
differences in revenue among dryer system capacities 
are the differences in losses and have been included 
in total cost as the timeliness penalty cost.) 

From the societal viewpoint, there may be trade
offs. Moving from point A to point E would reduce 
losses and have a positive impact on the food secu
rity and grain import saving objectives. but it 
could have a negative impact on balance of payments 
if the dryers and fuel to operate them had to be 
imported and this import cost was greater than the 
saving in imports arising from the reduced grain 
losses. 

The trade-offs displayed in this figure also 
illustrate a potential public-private objective 
conflict. Capacities Band D have the same cost 
(essentially the lowest cost), so the farmer, from 
the profitability objective viewpoint, is indiffe
rent to capacities from B to D. However, the far
mer from the perspective of the investment minimi
zation and cash flow minimization objectives, would 
select capacity B while the social objective of 
loss minimization would indicate D as the preferred 
capacity within the range B to D. 

Diminishing Returns to Technical-Performance
Improving Investment 

The technical performance of a system can often 
be improved by increasing the amount of certain in
puts used in producing a given output. For exam
ple, a person reaping rice can likely reduce shat
tering losses by reaping more slowly and carefully 
-- effectively increasing the input of labor for 
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each unit of rice reaped. Similarily, if machines 
such as threshers and cleaners are being operated at 
relatively high rates of work in terms of tonnes per 
hour, losses will likely be higher than would be the 
case at a lower rate of work. The lower rate of 
work, however, implies a greater input of labor and 
capital for a given unit of output. (Capital input 
would be larger because a higher capacity and hence 
more expensive machine would be required to accoffi" 
plish the same task in a given period of time.) In 
the case of grain storage systems, performance such 
as quality maintenance can be improved by increas

investment in such quality control techniques 
as improved storage structures and more frequent 
fumigation -- again at a higher cost per tonne of 
stored grain. 

The improvement in technical performance may be 
a reduction in quantitative loss or qualitative 
loss (such as a reduction in biologically or mecha
nically damaged grains) or it may be an improvement 
in the quality of the product being produced -
such as cleaner grain from a grain cleaner or rice 
with more uniform degree of milling from a rice 
mill. 

A unit of improvement in technical performance 
may well have a value greater than the costs of the 
extra inputs required to achieve the unit of iffi" 
proved performance when technical performance is 
poor (losses are high or quality of product is low), 
but this situation is unlikely to continue to hold 
as technical performance approaches some ideal (e. 
g., no losses or very high quality product). In 
other words, diminishing returns to investment of 
labor and capital for improving the technical per
formance of a system are likely to occur and those 
involved in designing improved post-production sys
tems should not expect that the lower loss system 
will necessarily be the,most profitable. 

SUMMARY 

Excessive losses in rice post-production systems 
in Southeast Asia are occurring, especially during 
the wet season harvest of the easy-shattering, 
short-season, high-yielding varieties being grown 
in a multiple cropping system, because the high 
moisture conditions during the wet season greatly 
accelerate biological deterioration of the grain. 
Losses may be recognized as quantitative, qualita
tive or economic and these are interrelated in the 
post-production system. As greater areas are multi
ple cropped, loss reduction is likely to become in
creasingly important as a means of meeting the 
staple food demand of a growing popUlation. 

Technological components such as small threshers, 
mechanical dryers, and mills are being developed 
for the changing post-production technical condi
tions but the economic viability and social accept
ability in the existing socio-economic environment 
of many of these technological components is un
known and quantitative data upon which to base 
policy and extension program initiatives aimed at 
reducing losses are scarce. 

A systems analysis and synthesis methodology for 
evaluating the economic viability and social accept
ability of farm-level rice post-production systems 
incorporating loss reducing technological components 
is being used in Southeast Asia. The methodology 
has eight steps: define system boundaries, functions 
and system selection criteria; collect relevant 
technical, economic and social information; define 
and analyze alternative systems us quantitative 
models; select an improved system; introduce the 
improved system in a pilot real-world application; 
monitor the performance of the improved system; 
modify the specifications of the improved system 
based on observed performance; and summarize the 
evaluation and prepare recommendations for policy 
and extension program initiatives. Factors which 
must be recognized and taken into account in the 
rigorous assessment of alternatives include: multi
ple objectives aimed at consumption, security, and 
equity; conflicting objectives between the societal 
and private levels, such as increasing labor pro
ductivity through mechanization vs low unemployment 
levels and equitable distribution of income; trade
offs among factors such as level of capital invest
ment in loss reducing technology and amount of crop 
loss; and diminishing returns to investment in loss 
reducing technology. Potential for crop loss re
duction is only one of the socio-economically iffi" 
portant aims of innovation in grains post-product
ion systems. 
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PROLOGUE 

A saying attributed to Lord Keynes is, "A 
thing not worth doing is not worth doing well." 
Accordingly, it seems fitting in an overview of 
such an undertaking as loss assessment to examine 
its rationale and then determine whether its 
methods are appropriate and its resources are 
adequate. Although our preoccupation will be 
with air pollution, which is a distinctive kind 
of abiotic disease, it has much in common 
with other agents of disease. Consequently, we 
should also like to explore the ways in which an 
assessment of pollution-induced losses can util 
ize and aid methods used in the assessment of 
losses caused by other diseases. 

PURPOSE OF LOSS ASSESSMENT 

Three basic presuppositions in the estimation 
of losses in agricultural productivity caused by 
air pollution are as follows. Firstly, infor
mation is needed to make a decision or a series 
of decisions. Secondly, the better the informa
tion, the more correct these decisions are likely 
to be. Thirdly, the overriding reason for the 
making of correct decisions is the development 
and of strategies for the effi 
cient control of pollutants and their effects. 
Without going into what may be a criteriop of 
correctness, we may also presuppose that one part 
of it is the optimization of some set of values 
within the constraints posed by the availability 
of resources and feasible alternatives. More
over, these values may often be in conflict owing 
to the c0mpetition of social, political, and 
economic considerations, the tendency to sacri 
fice long-term goals to short-term needs, or the 

distribution of costs and benefits 
among different groups. A further appreciation 
of the problems that loss-assessment must help 
in solving can be gained by considering the kinds 
of controls and costs that may be involved. There 
are two general categories of control measures 
for the effects of pollutants on crops. The 
first is basically to decrease the amount of the 
pollutant at the receptor. This may be done by 

removal of the pollutant from the effluent at the 
source, conversion of a toxic species to a less 
active form (as by neutralization), or elimina
tion of precursors of pollutants (as with auto
motive emissions). It may also involve dilution 
of the concentration of the pollutant through 
source modification, i.e., through taller stacks 
or the location of sources further from the re
ceptor or the avoidance of having too many 
sources in one area. More recently we have be
come aware that the solution of short-term, local 
problems by the construction of tall stacks for 
sulfur dioxide may produce long-term, remote 
problems in the deposition of oxides of nitrogen 
and sulfur in precipitation. A more drastic 
means of decreasing the pollutants is to remove 
the source or eliminate it, but this may also ef
fectively occur if an alternate technology is 
developed for some process. This has the obvious 
virtue of removing third party costs, but the 
monitoring of controls by the government must 
still be recognized as being in the same realm. 

The second category of remedies involves re
ducing the effectiveness of the pollutant at, on, 
or in the receptor. This may involve the sub
stitution of a crop that is tolerant for one that 
is susceptible or through the development and in
troduction of tolerant genotypes. It is also 
possible that resistance may be heightened by a 
change in agronomic practices, such as in fertil 
ization and irrigation. Another alternative and 
one that has the least to recommend it is the 
chemical control of resistance through the ap
plication of chemicals that alter susceptibility 
or protect (through sorption or reaction with the 
pollutant) against penetration of the 'pollutant 
(1). Although these kinds of remedies are the 
usual means for controlling losses caused by 
biotic agents, one tends to them as a last 
resort for an intractable problem, such as photo
chemical oxidants. 

At present, it is simplest to regard air pol
lution as a third party cost: one that is in
volved in the production of an item but borne 
neither by the producer nor the consumer. This 



facet is probably ~ost apparent in the production 
of electrical energy where generation facilities 
are often located in rural and agricultural areas 
away from the metropolitan consumers. Whether 
the cost to agricultural productivity is balanced 
by contributions to the local tax-base and hence 
the contribution to the support of local public 
expenSes is undetermined but should perhaps be 
added into the equation. 

Nevertheless, one is more concerned with di
rect and indirect costs to the agricultural 
producer than with these more remote aspects. One 
scheme for the estimation of the costs to agri
culture from pollution is given in Figure 1. 
The pollutant-induced effects that result in a 
decreased value of the product are also those to 
which most attention has been given.· The most 
obvious and direct is an effect on the quantity' 
of the product. Except for the occurrence of 
foliar lesions and aesthetic value, less atten
tion has been paid to effects on the quality of 
the product, such as content of raw products or 
nutritive value 0). With some pollutants, such 
as fluoride or heavy metals, accumulation of cer
tain compounds may be a significant factor in 
forage. Little if any attention has been paid 
to effect on quality of the product to survive 
storage or shipping. The foregoing kinds of 
effects may be regarded as productive losses, but 
effects on marketing may also be distributive. 
That is, a pollutant-induced delaying of maturity 
may affect only the price, which is a loss to the 
individual producer, but not the amount produced 
unless frost or other environmental factors in
tervene. 

The more indirect effects of pollutants on 
agriculture can be viewed as losses incurred 
through increased costs of production or -
viewed from the other side of the coin -- as an
other expense borne by agriculture to control the 
effects of pollution. These would be evident if 
pollutant-induced changes required additional 
fertilization or irrigation or if the schedule 
of irrigation must be changed to render a crop 
less sensitive to photochemical oxidants. This 
also illustrates the point that the estimation 
of crop losses should take place in the frame of 
reference provided by the possible strategies for 
control. One example of this is in what costs may 
be involved or imputed to the use of more toler
ant selections or crops. In natural ecosystems, 
there is evidence (4) that selection has taken 
place in areas of air pollution and therefore 
the forests and rangelands may already have man
aged a natural kind of control. However, if 
other desirable traits have been lost in this 
selection, or the genetic heterogeneity (for 
resistance to disease and insects or for abiotic 
stresses) has been narrowed, a potential or de
ferred cost may be involved. When more tolerant 
crops are substituted, both producer and consumer 
of agricultural products may pay a price for this 

form of control. That is, the availability of 
the product may become more restricted (benefit
ting those who can still produce it), and the 
substitute may not be as efficient in the use of 
land, energy, or other costs of agricultural 
production. The use of different management prac
tices may also involve these same kinds of costs. 
Finally, the costs of development of the substi
tute crop will be borne by the taxpayer in ag
ricultural research. Although this may in the 
short run benefit those of us with a parochial 
interest in this abiotic disease, it still repre
sents a diversion of resources that could go into 
the development of greater resistance to other 
threats to productivity. 

It would be an error to view the results of 
loss-assessment as merely providing a counter
weight to the cost of control on some economic 

Effects on quantity 
01 product 

Effects on quality 
of product 

Effects on marketing 
of product 

Decreased value of f"(,hlles I 
and equipment ! 

Fig.l Possible effects of air pollution on agri
culture lafter Weinstein and McCune (2)J. 

balance. Mistakes in the routes chosen to con
trol pollution at its source may also have their 
costs. Perhaps the greatest problem in control 
is how much is necessary. The capital and oper
ational costs of controls represent non-produc
tive investments and expenses. For this reason 
it is important to consider whether it is in
creased control or an increased reliability of 
control that is more important. Does the great
er potential for loss come from short term per
iods of down-time in controls or from overall 
lack of efficiency in the controls. A somewhat 
analogous situation would be where the curtail
ment of certain processes or the switch to al
ternate fuels occurs during periods of unfavor
able atmospheric conditions or greater suscepti
bility of vegetation. Inasmuch as air pollutibn 
also constitutes an insult to human health, the 
cost of control to prevent crop loss must be 
considered to be that in excess of what is re
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qui red to protect health where plants are more 
sensitive. The benefits from control to protect 
crops will have a human health component as well. 
The situation may indeed be similar to the con
struction of dams and resevoirs to control ex
cesses and deficiencies of water. One may alle
viate those stresses and gain hydroelectric 
power and recreational areas as additional bene
fits. 

In all of this, the estimation of losses 
caused by abiotic disease proceeds from the same 
reasons as the estimation of losses caused by 
biotic disease. There is this exception: often
times with air pollution, crop loss-estimates 
can be used beforehand in the planning and siting 
of potential sources. One apparent dissimilarity 
between the estimation of losses from biotic a
gents may lie in the cost of these estimates rel 
ative to the loss actually sustained. With 
biotic disease one is balancing cost versus po
tential loss, i.e., that which might occur if 
remedial action were not taken on the basis of the 
estimate and projections. With abiotic agents 
the costs of estimating the loss relative to 
the actual loss may be higher or lower. However, 
whether one seeks to alleviate drought through 
reclamation or air pollution through controls, 
the cost of loss-estimation might be balanced 
not with loss or potential loss but with the cost 
of remedies that might be sought in the absence 
of information. One example could be in photo
chemical oxidants. One-quarter of one percent of 
the annual cost of present controls does not seem 
to be an exorbitant amount to be devoted to deter
mining their adequacy vis-a-vis agriculture. Yet 
on the assumption of a cost of $ZOO.OO per car 
and a production of 10 million cars per year 
(neglecting effects on fuel efficiency), this 
would amount to $5,000,000 annually. We cannot 
hazard a guess as to what amount stationary 
sources would contribute on the same basis. Yet, 
this approach could be the best and avoid the 
criticism that the cost of a loss-assessment may 
exceed losses that really occur or the circular
ity of argument that the economic justification 
of such an enterprise cannot be determined until 
after it has been done. 

METHODS OF ASSESSMENT 

These considerations of some of the problems 

of control have been undertaken to illustrate 

that the gathering of information must be done 

with a knowledge of the use of that information 

if it is to be efficient and effective. The 

problem for the estimators of crop-losses caused 

by air pollution is not therefore just to deter

mine what the loss may be but to do it in a way 

that can be used to answer some important ques

tions concerning what means Shall be adopted to 

decrease it, if indeed that decision is reached. 


Basically, there should be no differences in 
the general formulation of a crop-loss-model, 
whether it is used for air pollutants or biotic 
pathogens and pests. Such a model should be 
predictive as well as explanatory, based on sto
chastic processes, and contain several components 
regardless of the type of pathogen under consid
eration (5). The major variable that must be 
considered in the crop-loss-model is the pollutant 
(equivalent stress, pathogen or insect population). 
As the classical epidemiologist must be able to 
quantify individual infections and subsequent pr~ 
duction of secondary inoculum, we must describe 
the operating characteristics of the pollutant 
in terms that are relevant not only to its effects 
but also to the source and air quality regulations. 
Concentrations of pollutants can change drasti 
cally on a short-term basis; a shifting plume in
duces almost instantaneous changes, whereas ozone 
closely resembles a daily epidemic in its occur
rence (and also perhaps in the photochemical kin
etics that produce it). Cumulative as well as 
short-term effects must be considered, and the 
resulting problem is similar to adjusting for 
multiple infections on a plant wherein the prob
ability of an effect changes with previous expo
sure. It seems then that a distribution function 
to describe the occurrences of the pollutant 
(pathogen) is needed. It is probable that at 
least four parameters are important in character
izing this function from the plant's point of 
view since sensitivity is probably dependent on 
amplitude, duration, recurrency, and time of day 
of the exposures. 

A few differences between pathogens and pol
lutants should be noted. Many of the same distri 
bution functions used for predicting disease in 
a population also fit the occurrence of pollutants 
around a source except that the time scale is 
compressed, which may result in a daily "plague" 
of ozone or in several "epidemics" of SOZ in a 
day (6). It should also be pointed out that the 
response of the plant will not change the oper
ating characteristics of the source or meteoro
logical patterns, i.e., the plants may die but 
the "spores" will continue to be produced. 

A crop-loss-model for air pollutants should 
include a consideration of kind and degree of 
effect. Many direct effects such as chlorosis, 
necrosis, reduced photosynthesis, yield, or dry 
mass are known. In addition, air pollutants may 
indirectly effect the plant by modifying its re
sponse to other stresses, i.e., moisture, path
ogens, insects, and nutrition. Exposure to air 
pollutants may also change photosynthate parti 
tioning, resulting in measurable changes in crop 
or seed quality and the nutritional value of the 
plants. Indirect effects may also include changes 
in time of maturation resulting in untimely mar
keting or increased probability of deleterious 
effects due to pathogens, insects or environmen
tal conditions. These effects translate to two 
major categories: loss due to decreased produc



tion and loss due to realization of a lower mar
ket price for the crop produced. 

In order to describe effects attributable to 
air pollutants, two sub-models are needed. The 
first is a crop-growth model. It may be possible 
to utilize existing models provided they are amen
able to perturbation by both direct and indirect 
effects of the pollutant. In view of the pol
lutant-plant-pathogen (7) and -insect interactions, 
crop-loss-models for other factors should also be 
included as knowledge increases as to what por
tions of them are sensitive to pollutant-induced 
effects. Secondly, a distribution function is 
needed to describe statistically the likelihood 
of an effect of a given type (direct or indirect) 
and its severity. The circumstances that justify 
controls must weigh the risk with the severity 
of adverse effects, and the mean or median will 
not be adequate to the consideration of extreme 
events or groups in the lowest quanti tiles of 
sensitivity. It is important that this function 
be sensitive to temporal variation in concentra
tions of air pollutant since response to multi
ple exposures is often different from response to 
a single exposure and plant sensitivities vary 
with age (8). It must also account for the 
changes in sensitivity of a plant during an ex
posure. The resultant function would provide a 
season-long characterization of effects likeli
hoods based on the age of exposed tissues and 
cumulative dose during the season. 

Sensitivity of plants to air pollutants is 
governed to a great extent by factors of the phys
ical environment. It is well known that sensi
tivity is affected by temperature, relative hu
midity, moisture, solar radiation and nutrient 
status; indeed it is probably affected by the 
rate at Which these variables change during the 
day (9,10). One might also expect a cumulative 
physical environment effect, a sort of "dose" 
which determines a plant's sensitivity on a 
given day. The distribution function describing 
likelihood of effect€, therefore, must be sensi
tive to the plant's physical environment. The 
time scale within which changes in the physical 
environment occur must also be considered, as 
it is important to know whether short term fluc
tuations (transients) or long term conditions are 
of primary importance in predicting receptor re
sponse. These patterns not only influence sensi
tivity of the receptor but are largely account
able for formation and dispersion of pollutants 
and ultimately determine whether the pollutant 
occurs in the vicinity of the receptor. Thus, 
we may envision our crop-loss-model as a set of 
stochastic processes that are not independent, 
owing to the common climatic and meteorologic 
elements, and whose resultant is a population of 
effects. 

The crop-loss-model must also deal with a va
riety of types of receptors and these are often 
defined by socio-political or socio-economic con

siderations, a troublesome characteristic when de
veloping biological models. Sometimes the recep
tors will be a forest or a population of crop 
plants, but small numbers of plants, for instance 
an ornamental garden, may be the receptors of in
terest. Nevertheless, it is common to evaluate 
effects on human welfare with respect to the in
tended use of the plant and one species may serve 
different functions in different sites or even at 
one site as for example the use of a floricultunll 
crop for the production of cut flowers, seeds, or 
bulbs. A further ~omplication in the air pollu
tion model is that the vegetative receptor is not 
always the final receptor or the receptor of in
terest. Forage crops exposed to gaseous HF may 
accumulate fluoride to toxic levels; however, 
herbivores may be affected by the accumulated 
fluoride long before it reaches levels which pro
duce a measurable effect in the plant (11). 

Ultimately, the model must be conformable with 
the models for the transport and dispersion of 
pollutants and for econometric analyses of the 
effects. Thus some sort of dialectic must proceed 
amongst all these groups as a crop-loss-model 
is developed. 

USES OF INFORMATION 

No matter how brilliant the theory or elegant 
the experiment, a crop-loss-model is likely to be 
a failure if the information it provides cannot 
be used. It was already stated that the major 
use foreseen for this model will be in the making 
of decisions as to whether action is needed and 
what kind of action is appropriate (although the 
correctness of these decisions may not be fully 
evaluated for some time after they have been 
made.) These kinds of decisions -- no control is 
needed; an increase in emissions may be allowed; 
controls are needed to reduce losses; and, con
trols are needed to prevent losses -- are current
ly mandated by Prevention of Significant Deterior
ation regulations, which in turn are based on es
timated source strength and configuration, air 
modelling, and somebody's guess. Generally the 
effects on vegetation are not considered. With 
these alternatives are associated variables in a 
cost-benefit analysis and the probabilities for 
the type I and type II errors of statistical in
ference. It should also be recognized that phil
osophically the failure to act is itself an ac
tion and perhaps the same could be said about the 
failure to decide. Because these decisions are 
made at many levels, e.g., national, regional, 
state, or local, the information should have suf
ficient definition as well as accuracy and pre
cision to answer the needs at each level of reg
ulation. This is essentially not different from 
information on biotic disease that must advise 
the individual producer on spraying programs, in
dustry on potential markets for agricultural chem
icals, or government on the needs for research. 

Once a decision to act has been reached, there 
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is the question of what means should be employed. 
Thus, the estimation and analysis of crop loss 
cannot take place without some way of saying what 
kinds of exposures produce it to answer what kind 
of control shall be used. It is doubtful that a 
generalized model will serve for all pollutants 
or all crops, as each pollutant has different 
characteristics of occurrence and modes of action 
that are operationally significant in its effect 
on the plant. Ultimately, the information should 
be appropriate to the establishment of control 
priorities. This latter aspect of the problem is 
rather important. We have seen considerable 
changes starting in the production, allocation, 
and consumption of energy, and these will be 
accompanied by changes in agriculture, industrial 
production and urban development. Thus, we must 
recognize that loss-assessment has a moving tar
get and we will miss it unless our estimation 
procedures allow for forecasting as well as the 
choice of a limited number of difficult alter
natives. 

But there are other areas in which a loss-model 
may be an asset to the decision-making process. 
For example, in the litigation or arbitration of 
claims concerning injury caused by air pollutants, 
such a model may be the only crop-loss-model to 
appear in court. It might not provide an imme
diately agreeable answer for all parties but it 
could provide a reasonable set of bounds within 
which negotiations take place and make the whole 
process less a swearing contest between expert 
witnesses. 

Partial or complete success in the formulation 
of a crop-loss-model for air pollutants should 
also contribute to other areas of research and 
benefit efforts dedicated to the increase of 
agricultural productivity beyond direct contri
butions to the art of modelling and loss-estima
tion. A considerable amount of data will be 
available on the effects of very simple gaseous 
chemicals on rather important processes and char
acteristics of the plant: amount and quality of 
yield, the partitioning of biomass, senescence 
and maturation, disease resistance, and resis
tance and attractiveness to insects. In the 
last two areas, a simple chemical probe may 
prove more useful as increased attention is paid 
to biological controls in integrated management 
programs. 

But there are limitations to the usefulness 
of this information with respect to air pollution 
and agriculture. Because the research is pre
dominantly carried out in northern temperate 
zones (where the historical development of air 
pollution is greatest), those areas where the 
most rapid industrialization and urbanization are 
taking place may not be able to apply the model 
without a considerable amount of research into 
what values of parameters should be changed and 
whether additional variables should be entered. 
There is also the question as to how well a model 

will apply if it is derived from experimental 
situations that are close to the optimal and 
relatively free of the stresses that occur in 
marginal areas or under less than adequate 
cultural practices. Perhap's one consideration 
that is now receiving more 'attention is whether 
the global effects of pollution should be included, 
such as the effect of increased carbon dioxide or 
particles, changes in the total amount of radia
tion or the spectral quality of irradiance 
reaching the plant, volcanic ash, or other factors 
that may affect productivity. 

ROLE OF RESEARCH 

The question of what contribution research 
can make to the accurate assessment of crop
losses induced by air pollutants is a difficult 
one indeed, and it should be approached from 
three directions. Firstly, we must utilize the 
data-base that has been built to this time to 
develop an initial model. A major requirement 
in this area is to relate laboratory studies to 
what takes place in the field: basically verifi
cation and adjustment. Along these lines, if 
information on crop yields can be combined with 
air monitoring data from industries or govern
ment, it may be possible to develop .!! posteriori 
relationships, which after further verification 
could be useful in a predictive sense. However, 
there is the problem of trying to compile air 
quality data in a form that can be used in the 
model. Here there is a kind of circularity 
involved for until the experimenter determines 
what are the significant characteristics of 
exposure, the monitor may not acquire data or 
know how to express monitoring data in a form 
that can be used to validate the model. Unless 
this is done, the experimenter cannot use field 
data, which may be degraded, to explain the crop 
losses in the field and to develop a model. 

Secondly, a new data base must also be devel
oped. In the future, special attention should 
be paid to collecting information concerning air 
pollutant-induced morbidity, particularly the 
asymptomatic effects where losses in yield may be 
considerable. These studies should be carried 
out using realistic exposure-regimes on crops 
grown under conditions as they would be grown 
commercially. Factors of commercial production 
such as pesticide-use, which are often eliminated 
from experimental work due to "unknown inter
actions," must be included if we wish to compare 
experimental exposures to those which actually 
occur. A new data-base should also provide 
information on the effects of pollutants on 
such factors as genetic diversity of plants, 
biological control agents, biomass production, 
and nutrient cycling and decomposition. In 
addition to the importance of these processes in 
forestry and natural ecosystems, many agricul
tural systems are incorporating practices which 
are dependent on these factors. 



Finally, a strong basic research program is 
needed to characterize exposure-effect relation
ships. It is obvious that a simple concentration 
x time dose calculation does not adequately 
describe what is important to the plant. Rather, 
the effective dose is probably dependent on 
several parameters including, as previously men
tioned, time of day the exposure occurs, fre
quency, amplitude, periodicity and extreme values. 
The residual and temporal interactions of periodic 
exposures must also be characterized since they 
are known to sensitize or desensitize plants to 
later exposure. It is problematic as to how 
models for the joint action of two or more pollu
tants are to be formulated for several reasons. 
One problem is that the data on joint action are 
not abundant and come from rather limited ranges 
of closely controlled experimental conditions 
even though the realistic expectation is that one 
pollutant never occurs by itself. Another prob
lem lies in the temporal interaction of exposures 
where each component may occur consecutively or 
concurrently with the others. A third problem is 
that of tailoring joint action to the needs of 
control where one must estimate what benefits 
would accrue for different reductions in each 
component of the pollutant complex. 

Until these relationships are developed and 
previously acquired data are related to effects 
in the field, little will be accomplished in 
terms of accurately assessing losses due to air 
pollutants. 

EPILOGUE 

There is a considerable amount of satisfaction 
to be gained from the effort to estimate agricul
tural losses so that they may be reduced in a 
hungry world. Those engaged in the problems of 
environmental quality may attain further measures 
of satisfaction by knowing they are making an 
additional contribution to health and the enjoy
ment of life. As we began our discussion with a 
saying of an economist relevant to the worth of 
our undertaking, it is fitting that we end with 
one of E. C. Stakman's concerning its promise: 
"Man was a long time in evolving from an organism 
that adapted himself to his environment into one 
that adapted the environment to himself." (12) . 
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ABSTRACT 

The wide range of estimates for annual crop 
losses caused by air pollution ($135-900 million) 
indicates a lack of objective information on the 
subject. Estimates have been based primarily on 
the presence of foliar symptoms but little is 
known on the relationships between foliar symptoms, 
plant growth stage, and yield loss. For the most 
part, previous estimates disregard subtle injury 
or yield loss in the absence of symptoms. Sound 
experimental evidence on the yield responses of 
plants to ambient levels of pollutants is needed 
before rational decisions on air pollution con
trol strategies can be made. Recent efforts to 
experimentally quantify the effects of pollutants 
on plants in the field have centered on the use 
of ambient pollutant gradients, open-air exposures 
protective chemicals, sensitive and resistant 
cultivars, or field exposure chambers. The advan
tages and disadvantages of each of these methods 
are discussed. We feel that open-top. field 
chambers are presently the best approach to a 
critical evaluation of the effects of gaseous 
oxidant (ozone) pollution on plant yield. The 
effects of the chambers on the environment are 
small, yet ozone (0 ) concentrations can be 
adequately controll~d through exclusion and 
addition. Current methodologies used in open-top 
field chambers and results showing relationships 
between seasonal 03 doses and yield of several 
crop species are presented using regression 
analysis. Estimates of losses for agricultural 
crops at different seasonal 03 levels are given 
using crop production figures and losses calculat
ed from the regression analyses. 

INTRODUCTION 

Historically, plants have been recognized as 
sensitive indicators of the presence of air pollu
tion. Foliar injury caused by sulfur dioxide 
(S02) has been described by numerous investigators 

(1). Injury caused by photochemical oxidants 
was first described in 1944 (2); by the early 
1950's it was widely recognized over a large 
segment of Southern California and in the San 
Francisco area (3). Now, photochemical oxidants, 
primarily ozone (0 ), affect vegetation near 
urban areas througKout the world. Increasingly, 
we are recognizing that 03 injures plants in 
rural areas, many miles from large urban centers. 
Probably,03 causes over 75% of the crop losses 
due to air pollution. 

Previous estimates of annual national losses 
to plants due to oxidants have ranged from 125 
million (4) to over 600 million dollars (5}. 
These estimates were developed using empirical 
predictions based on the presence or potential 
for the occurrence of foliar injury or by subject
ive estimates by experienced observers. Foliar 
injury may correlate with reduction in yield for 
some crops, but its relationship with losses for 
seed or fruit crops is still inadequately under
stood. 

Challenges from industry and concern by con
sumers over control costs, coupled with insuffi
cient data to substantiate the need for the 
original secondary oxidant standard have contri
buted to its relaxation. This relaxation reflects 
the felt need for economic justification of air 
quality standards. Previous research has been 
inadequate to show an economic need for given 
concentration limits because of several weakness
es: 1) Input to the existing criteria documents, 
in terms of dose-response information for plants, 
consisted primarily of foliar injury responses 
to short-term exposures (6-8); 2) there are very 
few data on the effects of ambient levels of 03 
and S02 on plant growth and yield (6-8), and 31 
rural concentrations of 03 and SO have not been 
adequately documented. In order fo improve the 



credibility of economic loss estimates, experi
mental data on yield is needed for pollutant doses 
that span those likely to occur in the ambient air 
of crop production areas. Several methodologies 
are currently being used or discussed to provide 
this type of data. They include the use of: 1) 
pollutant concentration gradients in ambient air; 
2) open-air exposures; 3) protective chemicals; 
4) sensitive and resistant cu1tivars; and 5) 
field exposure chambers. Each of these methods 
meets some of the criteria for an ideal methodo
logy: none meet them all. We will discuss the 
major components of an ideal methodology, examine 
the advantages and disadvantages of the five 
methods, and present some of our results on the 
effects of 03 using open-top field chambers. 

COMPONENTS OF AN IDEAL METHODOLOGY 

The ideal methodology allows an accurate assess
ment of economic losses under different levels 
of pollutant stress. The many factors, environ
mental and otherwise, that can affect plant res
ponse to pollutants should be understood and 
when possible, be made part of the decision 
process. The most critical components of an 
ideal dose-response methodology include: 1) an 
accurate way to control and measure the pollutant 
concentrations; 2) treatment with all concentra
tions under the same environmental conditions: 
3) the identification, understanding, and control 
of factors that affect sensitivity; and 4) a 
biologically relevant .way to repont the pollutant 
dose. 

DEVELOPMENT OF A DOSE-RESPONSE CURVE 

Tests that measure the effects of a single 
concentration over some duration of time (one 
dose plus a control) do not permit the deter
mination of effects at different doses. In order 
to make such predictions, the effects of at least 
four doses (three plus a control) should be 
tested under the same environmental conditions. 
The pollutant concentrations and exposure 
durations should include those likely to occur 
in the ambient air of different regions. The 
highest dose should give a response in the 30 to 
70% range to allow a reasonable dose-response 
curve to be drawn. 

FACTORS THAT AFFECT SENSITIVITY 

Much remains to be learned about the ways that 
climatic factors alter the response of plants 
to pollutants (5). Therefore, plant culture and 
exposures should be done under climatic conditions 
that closely resemble those where plants are 
normally grown. Pesticides, fertilizer rates, 
plant genotype, and plant growth stage may also 
affect plant sensitivity. The better these 
factors are understood and accounted for, the 
closer we can predict the impact of pollutants 
on the agricultural community. 

BIOLOGICALLY RELEVANT CHARACTERIZATION OF DOSE 

For single exposures at set concentrations, a 
relevant characterization of dose is fairly simple, 
generally being reported in terms of duration, 
concentration, and plant growth stage during 
exposure. For long-term exposure to ambient 
pollutant concentrations, the relevant determina
tion and reporting of dose becomes more difficult 
because of fluctuating concentrations and con
stantly changing stages of growth. In crops where 
yield is measured in terms of seed or fruit, the 
growth stage is especially ~mportant because 
there are critical periods when a given pollutant 
level can have a greater effect on yield than at 
other periods. The effects of exposure at night 
are small compared to the effects of day-time 
exposures. We know that for a given dose, the 
concentration factor is more important biologi
cally than the duration of exposure. Thus, the 
pollutant dose must be characterized and reported 
in a manner that considers all of these factors. 

Ambient 0 and S02 doses have been reported in3terms of seasonal, monthly, weekly, or daily 
means; peak hourly means, number of hours above 
one set concentration, or number of hours above 
set concentration intervals. None of these 
adequately show the relationships between ambient 
03 concentration, exposure duration, and plant 
growth stage. The relatively regular diurnal 
fluctuation of O~ concentrations allows some 
abbreviation in the way that an 0 dose can be 
reported and still be bio10gica11; meaningful. 
Ozone levels generally depend upon regional 
weather patterns and sunlight intensity. For 
a given day, changes in 0 concentrations are

3relatively small. The concentration during the 
middle seven hours of the day usually character
izes the highest concentrations for the day. In 
Raleigh, NC, the mean concentration from 0930 to 
1630 hours (daily 7-hr mean) characterizes the 
daylight values (Figure 1). Generally, each 
successive hourly mean 0 concentration varies

3by less than 0.005 ppm. In areas where regular 
diurnal patterns in 0 concentrations occur there3is little need to report each hourly mean. In 
fact, knowing the 7-hr mean would permit the 
estimation of a one hour maximum. 

We have chosen to report doses of ambient 0 
in terms of successive daily 7-hr (0930 to 163d 
hr) and 24-hr means (Figure 2). The 7-hr means 
show the dose for all stages of plant growth and 
for the period of each day when plants are most 
sensitive to 03' The 24-hr means in comparison 
with the 7-hr means provide an indication of the 
relative diurnal fluctuation (9). Thus, the 
daily 7-hr and 24-hr means, coupled for conven
ience with a seasonal 7-hr/day mean (mean of all 
values from 0930 to 1630 hours during the season 
of exposure) adequately describe the 0 dose in 
a biologically relevant way (Figures 13and 2). 
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RESEARCH EVALUATION - THE NEEDS OF AN ADHINISTRATOR 
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Agricultural research and the so-called agri 
culture establishment have been evaluated over 
a period of years by different groups and in 
different ways. At times it seems as though 
there are more criticisms than positive state
ments. Why this happens is not clear, but some 
of the fault rests with us. There are a number 
of studies that could be conducted to bring 
a better perspecitve to the benefits or lack 
thereof of agricultural research. 

In this paper, I'll outline some of the 
evaluations and research that could be con
ducted that would help put agricultural research 
and its methods in perspective with other 
research management systems and some of the 
types of evaluations that I need as a research 
administrator. 

The 	Agriculture Research and Education System 

Before we can discuss the evaluation of a 
system and whether or not it can be improved, 
the system must be understood. Without that 
understanding, it is difficult, if not impos
sible, to conduct proper studies to determine 
if there are models in existence which will 
allow us to perform better. 

Agricultural research is really an applied 
science. It draws upon the knowledge developed 
by chemists, physicists, etc., and applies 
it to agricultural problems. Sometimes that 
fundamental knowledge isn't available so we 
have to conduct the research. As a result, 
most agricultural programs will have a wide 
spectrum of research programs. Since we have 
the responsibility of providing information that 
solves or prevents agricultural problems, we 
have an array of interacting disciplines in our 
departments or units. These programs should 
provide an interactive system ranging from the 
application of knowledge to fundamental research 
going through the often described stages from 
the user, to the county agent, to the extension 
specialist, to applied research, to developmen
tal research, and finally to fundamental 
research. As you move along this spectrum, 
each step becomes more specialized and, there
fore, will have more components. The agent and 

the user have in many ways the most complex 
task as they are the integrators of a large 
amount of information. They must be properly 
trained so they can assimilate, understand, and 
apply the results of research. Thus, formal 
teaching, extension and research are inter
locking. This is why the U.S. system has been 
so productive. 

Evaluation of Needs 

1. 	 Comparative analysis - If the U.S. agricul
tural system is so good yet is so widely 
criticized, why hasn't its productivity been 
compared to those of other countries such as 
Canada, Great Britain, Germany, USSR, etc.? 
Similarly, if the agriculture research 
system is so poorly managed and so unprod
uctive as some say (which I don't believe), 
why hasn't agriculture been analytically 
compared to NSF, NIH, Interior or other 
agencies? I believe agriculture research 
would come out on top or very near it in 
such an analysis. 

2. 	 Competitive funding - Many people seem to 
think that the best research (most produc
tive) is that whi.ch is conducted under com
petitive funding programs. Some competition 
is good but several important factors are 
often overlooked. 

(a) 	 People who become scientists have a 
wide range of personalities. Some of 
them will do well in competition and 
some of them will not and will avoid 
it, yet some of the latter are out
standing scientists. 

(b) 	 Some areas of science that are neces
sary are not suitable for competitive 
funds, i.e., long term plant or animal 
breeding programs. 

(c) 	 Many scientists and administrators 
think formula funds are wrong, but they 
are part of a base program. Many other 
funds fall in the same category, i.e., 
state general revenue funds to institu
tions of higher education; but are they 
discussed in the same way? 
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Let me close with a few observations that 
are important to agriculture but more specific
ally to agricultural economists. If, as you so 
often tell me, the country has underinvested in 
agricultural research, why do we have such 
terrible prices? What would the consequences 
have been if there had been a greater invest
ment? A lesser investment? 

When you do your analysis, don't forget that 
scientific knowledge is cumulative and comes in 
stepwise increments. There is seldom, if ever, 
a major breakthrough. It may appear that way 
but it is really the aggregation of many small 
details. This implies that there is a need 
for many performers in the same area. This is 
true to a degree but scientists have a habit 
of following trends and spending too much 
time fine tuning or applying techniques to 
additional areas when extrapolation would be 
adequate. 

In any evaluation, remember that the United 
States is a large, heterogeneous country and 
aggregate evaluations may not be adequate. 
There are state and regional needs. 

Confidence is a major factor in resource 
allocation. If the funders don't have confidence 
in you and the system, resources will be hard to 
come by, no matter what the data says. 

As a profession, you have a major hurdle to 
overcome. You have to learn to work with other 
scientists. It takes time and effort but until 
you do, your work won't be nearly as effective 
as it could be. In other words, don't talk to 
yourselves so much! 
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Table 1 

NUMBER OF PERSONS 
SUPPLIED WITH FARM PRODUCTS 

BY ONE U.S. FARMWORKER.!.! 

No. supp lied 
per farmworker~/ 

Year Total At home Abroad 

1820 4.1 3.8 0.3 
1840 3.9 3.7 0.2 
1860 4.5 4.0 0.5 
1880 5.6 4.5 1.1 
1900 6.9 5.2 1.7 
1920 8.3 6.9 1.4 
1940 10.7 10.3 0.4 
1950 15.5 13.8 1.7 
1960 25.8 22.3 3.5 
1970 47.1 39.9 7.2 
1975 57.6 42.7 14.9 
1976 54.8 41.1 13.7 
1977 59.8 42.8 17.0 
1978:!) 65.0 46.5 18.5 

~/ Includes farm operators, unpaid 
family workers and hired workers. 

2/ Number supplied includes 
farmworkers. 

3/ Preliminary 

Based on USDA statistics 

One of the problems associated with the 
massive population shifts from the farm is the 
lack of awareness and understanding of the 
problems associated with food production. The 
appearance of even one apple maggot in poly 
ethylene pack of apples will induce cries of 
anger at the local grocery store. In terms of 
productivity, we are dealing not only with 
quantity but also in quality. The demands 
placed on the quality of the finished product 
by the consumer today are far greater than 
those of forty years ago. These demands 
undoubtedly have resulted in reduced hazards 
from naturally occurring contaminants such as 
aflatoxins and insect debris (2,3). 

Thus, in considering the vast growth in 
productivity, we are really addressing the last 
40 years of agriculture--an extremely short 
period of time within the span of man's 
agricultural endeavors. The significance of 
improved productivity is to allow man to meet 
the expanding food requirements of the world 
and at the same time allow him to engage in 
non-agricultural activities. As we consider 
this question of crop loss assessment. it is 
perhaps well to keep in mind this rapid rate of 

change and the speed wi th wh ich informat ion is 
no longer valid. This becomes particularly 
important when one recognizes the last impor
tant crop loss assessment was taken in the mid 
19605 or 60% of the way through these explosive 
decades (4). 

But what has accounted for the dramat ic 
changes in productivity? As a member of the 
agrochemical industry I could point to DDT and 
2,4-D both discovered in the late 30's and 
available to commercial agriculture in the 
mid-40's and claim it was a consequence of 
pesticides. Pesticides are the only large
scale practical way to protect crops against 
insects, fungi and weeds; however, they are 
on ly part of the story. Other major tech
nological advances occurred during this 
pe riod such as improved fert il izers, hybr ids 
and res is tant var iet ies, each of wh ich had a 
major impact on productivity. It is unimpor
tant wh ich advance was mas t sign i ficant. Of 
far greater importance is the fact that the 
development and application of this new 
technology resulted from a three-member team 
approach. The members of the team consisted 
of the scientists and teachers from our land
grant universities, the USDA and industry. 
Wi thout anyone of the three, the others wou ld 
collapse into obsolescence. 

BENEFITS OF INCREASED PRODUCTIVITY 

The two significant benefits of improved 
productivity have mentioned: 

the ability to provide quality food and 
fiber to meet the demand$ of an expand
ing population; and, 

the ability to shift people resources 
from agriculture to non-agricultural 
pursuits and subsequently to provide 
goods and services (5). 

There are other less obvious benefits: 

the discret iona ry use of land. Barrons 
(6) estimated an additional 380 million 
acres of farm land would have been 
required to produce the yields in 
1976/78 based on productivity of 
1938/40; 

the conservation of natural resources. 
Wood preservatives lengthen the life of 
timber used for poles, posts and struc
tural lumber by approximately five 
times. Thus the annual consumption of 
approximately 1 billion cubic feet per 
year would have to be increased accord
ingly to make up the loss. This would 
require forests covering roughly twice 
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The distribution of pesticide sales (Table 
IV) clearly indicates the dominance of herbi 
cides and insecticides over fungicides. 

Table IV 

Leading U.S. Markets Estimated for 

Herbicides, Insecticides, and 


Fungicides, 1978 (8) 


Tye of Millions of:Percentage 
pes tic ide and Dollars of 

crop Purchased Market 

Herbicides: 
Corn 658 38 
Soybeans 550 32 
Cotton 128 7 
Wheat 69 4 
Other crops 327 19 
Total 1,732 100 

Insecticides: 
Corn 208 26 
Cotton 207 26 
Fruits and nuts: -125 16 
Vegetables 88 11 
Other crops 181 21 
Total 809 100 

Fungicides: 
Fruits and nuts: 63 33 
Vegetables 32 17 
Peanuts 27 14 
Soybeans 13 7 
Cotton 13 7 
Other crops 42 22 
Total 190 100 

A11 pes t icides : 
Corn 871 30 
Soybeans 593 21 
Cotton 348 12 
Other crops 1,048 37 

Total 2,860 100 

The worldwide use of pesticides in 1978 was 
estimated at 8.67 billion dollars and distri 
buted by types as shown in Table V. The US 
supplies over 40% of the dollar value exporting 
33% of it productivity. The projected growth 
in dollar value at 4.7% per year to 1984 is 
slow by any standard. For example growth 
projections for the computer industry range 
from 15 to 20% per year. 

The projections suggest the volume of insect
icides may decrease over the period as a result 

of IPM and the use of synthet ic pyrethroids 
'wh ich are used at much lower rates than trad i 
tional pesticides. 

Table V 

World Pesticide Use in 1978 and Projected 
Use for 1984 (9) 

Estimated Use Increase 
1978 Annual 

in 1978 84 Increase 
Million dollars -----Percent---

Herbicides 3,716 29 4.8 
Insect ic ides: 3,028 11 1.8 
Fungicides 1,539 28 4.7 
Other 387 38 6.3 

pesticides 8,670 28 4.7 
Total 

Of major concern to the pesticide industry 
are the drastic increases in costs and time 
associated with the introduction of new agro
chemicals (Table VI), 
Table VI 

Probabilities, Time and Costs Associated with 
the Introduction of a New Pesticide 

1969 1972 1980 (est) 

al 
Survival Rate- 1800 5040 10,000 25,000 

bl
Time- 58 60 LLO 95 
(months) 

cl 
Costs- 1.2 4.1 10.0 20.0 
(millions 

of 
dollars) 

~ Number of compounds screened to achieve one 
commercial product. 

'!!.i 	 Elapsed IOOnths from discovery to first 
commercial sale. 

cl 	 Uninflated costs of research and devel
opment for each commercial success, 
exclusive of production capital costs which 
can exceed RID costs 3 to 5 fold. 

NACA statistics and author's estimate 
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certain aspects of agriculture--e.g., 1) the 
USA produces 38% of the world's food on 14% of 
the world's agricultural land; 2) that of the 
2.7 million farms approximately 0.5 million 
produce nearly 80% of our food and fiber; 3) 
that agriculture provides jobs for 1.6 million 
people; and, 4) that our export of 32 billon 
dollars worth of agricultural produce is by 
far the dominant export minimizing our negative 
balance of payments. Certainly such informa
tion helps the public understand their stake in 
agriculture. 

The risk/benefit approach has been tried 
and apparently without much success. Much of 
this lack of success has resulted from 
inadequate information on both sides of the 
equation. I would suggest that another 
approach is needed--that we need to approach 
the problem on a risk/risk basis. We need to 
ask ourselves what are the current risks, what 
are the alternatives and what are the risks 
associated with those alternatives. In such 
assessments one must measure like with like. 
and the only realistic way this can be accom
pEshed is by measuring risk versus risk (3). 
To achieve this objective we must have current, 
accurate assessments based not only in stand
ardized terms of crop losses, but in terms of 
resources available ... people, energy and land. 

To illustrate, the USDA estimated in 1970 
the impact of withdrawing 2,4-D/2,4,5,-T. They 
determined the risks on the one hand were those 
associated with spraying the materials (presum
ably certain undefined toxicological and 
environmental risks). These were weighed 
against the risks of not having the materials. 
The loss meant increasing direct costs of 
agr.icultural production by 290 million dollars 
per year with requiring an additional 20 
million man months of work without income 
simply to maintain productivity. 

In any judgment based on risk/benefit 
assessments, society will be reluctant to 
accept the risk side of the equation especially 
when those risks deal with human health and in 
today's awareness of our surroundings--our 
environment. This is especially true when it 
is impossible to establish a zero risk position 
(11). The risk of not having a particular 
pesticide must be clearly understood. 

In addition to the establishment of a basic 
understanding of the benfits of pesticides 
there are other uses of crop loss assessments. 
These include RPAR rebuttals and support for 
Section 18 registrations. Also they are of 
major importance in the selection of alterna
tive strategies for pest control. 

I concur with others (12) that the lack of 
proper quantification of crop losses has re
tarded the progress of plant protection. My 
colleagues on the Research Directors Committee 
share this view and have unanimously endorsed 
a proposal to develop new crop loss assessment 
data. The proposal is now before GIFAP which 
will act as the international liasion for 
industry in the implementation of this program. 

Crop loss data can be used by: 

Regulatory authorities as a basis for 
cons iderat ion of regulatory opt ions and new 
regulations. 

Educators as means to inform the public 
concerning benefits of agrochemicals and 
thus provide balanced evaluations against 
the risks. 

Researchers to identify weaknesses in 
various production systems and establish 
priorit ies for future research. 

Private enterprise as means of establishing 
opportunities for investment. 

Society as a whole as it establishes 
priori ties in a world faced wi th inc reas ing 
costs associated with finite resources. 

CHALLENGES 

Part of the challenges of increasing world
wide productivity becomes equivalent when we 
realize that of the 350 million families 
engaged in agriculture worldwide only 3% have 
tractors and over 70% still rely on hoes and 
wooden plows. Another part of the challenge 
becomes evident when we recognize the land 
available for agricultural use is reaching the 
upper limit in the USA at a time when the 
world's population is increasing at 1.8% per 
year or approximately 70 million people 
annually. In the States the loss of agricul
tural land is occurring at the rate of 3 
million acres per year; with an estimated 20 
million areas left available, we should begin 
observing a net decline after 1987. 

The challenge is clearly before us--as 
stated by Dr. Frank Press, President Carter's 
Science Advisor:· 

"We must start thinking of agriculure as an 
equa 1 in scient if ic challenge for the 
computer electronic communications, 
aerospace and advanced energy technology. 
Agriculture will more than match these in 
its demands for new knowledge and 
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Appendix III: Resolutions Adopted by the Plenary Session 

1. 	 The participants of the E. C. Stakman Commemorative Symposium "Assessment of losses which constrain 
production and crop improvement in agriculture and forestry," considering: 

- that the symposium has brought together people from different countries and strongly endorsed 
an interdisciplinary approach, and 

- tpat the scientific contributions provide a world-wide survey of efforts in the assessment of 
losses, and 


- that participants have had ample opportunity to interact and exchange views, 

- HEREBY THANK 


the organizing committee for its foresight in recognizing the need for such an information 
exchange and the great effort put forth to realize the symposium, and 
extend their gratitude to the Department of Plant Pathology at the University of Minnesota 
and to the Minnesota Environmental Quality Board, the sponsor of the symposium, for this fine 
initiative. 

Z. 	 The participants, 

- having considered the urgent need to make more food available to an increasing world population 
and 

- having considered that much of this food could be derived from the prevention of food and crop 
losses due to biotic and abiotic factors, and 


- having reviewed recent advances in yield loss appraisal technology, 

- HEREBY RECOMMEND 


that a coordinated international effort be made at once to focus world-wide attention on the 
problem of food and crop loss prevention, and 
that an International Food and Crop Loss Prevention Year be organized to demonstrate through a 
network of action proposals on the largest scale, the feasibility of food and crop loss 
reduction through appropriate use of modern loss prevention measures and concentrated human 
effort and thus to realize the above objective, and 
that the achievement of this goal be expedited and a Steering Committee be organized to 
approach relevant agencies, including the United Nations and the FAO, to identify appropriate 
activities, and to catalyze their implementation. 

3. 	 The participants, 

- considering the need for improved technology for the purpose of quantifying crop loss, 
- HEREBY RECOMMEND 

that consideration be given to improved coordination and cooperation in development of crop 
loss assessment methodologies for the purpose of assessing yield and quality changes due to 
abiotic factors and phytotoxic substances. 

4. 	 The participants, 

considering the need for improved measurement of crop damage for the purpose of research in 
crop loss and that of providing sound management alternatives for production. 

- HEREBY RECOMMEND 
that emphasis be placed on the development of appropriate, low-cost, dependable equipment 
and/or technology for the measurement of crop response to constraints. 

5. 	 The participants, 

- considering the need for continued efforts to develop appropriate technology to evaluate 

the effects of pests and pollutants on crop production. 


- HEREBY RECOMMEND 
that more attention be given to research the long-term effects of chronic restraints and the 
interaction of constraints on crop production. 
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