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FOREWORD 

This Bulletin is published in furtherance of the purposes of the Water 
Resources Research Act of 1964. The purpose of the Act is to stimulate, 
sponsor, provide for, and supplement present programs for the conduct of re
search, investigations, experiments, and the training of scientists in the 
field of water and resources which affect water. The Act is promoting a 
more adequate national program of water resources research by furnishing fi
nancial assistance to non-federal research. 

The Act provides for establishment of Water Resources Research Insti
tutes or Centers at Universities throughout the Nation. On Sept. 1, 1964, a 
Water Resources Research Center was established in the Graduate School as an 
interdisciplinary component of the University of Minnesota. The Center has 
the responsibility for unifying and stimulating University water resources 
research through the administration of funds covered in the Act and made a
vailable by other sources; coordinating University research with water re
sources programs of local, State and Federal agencies and private organiza
tions throughout the State; and assisting in training additional scientists 
for work in the field of water resources throuqh research. 

This report is the seventeenth in a series of publications designed to 
present information bearing on water resources research in Minnesota and 
the results of some of the research sponsored by the Center. The study with 
which this report is concerned was designed to measure the primary producti
vity rates of the surface waters of Lake Superior, Michigan, Huron and Erie. 
Great Lakes ore carriers were made available for the field operations asso
ciated with this project which was carried out during the 1967 and 1968 ship-

seasons. Production rates were determined using the carbon-14 technique 
with light, temperature and incubation time remaining constant. Uniform pro
cedures also were followed with respect to collection and processing of samp
les onboard ship and at the lakeside laboratory. Sample activity was mea
sured with an Ansitron II liquid scintillation counter and final productivity 
calculations were made for each lake station. Since project procedures were 
standardized, direct comparisons of the productivity levels, or water quality. 
could be made among the four lakes studied. Baselines of primary surface
water productivity were established for the lake studied. Such baselines are 
necessary and useful in any study of advancing eutrophication within the Great 
Lakes. Additional studies are being supported by the Center. 



I. INTRODUCTION 


Importance Primary Productivity ~~~~ 

There has been much discussion in recent years concerning the en
richment and resultant productivity of the Great Lakes. Discussions 
both academic and socia-political have dealt extensively with this pro
blem, and there are a number of reasons for the almost cosmopolitan 
interest in this phenomenon. Among these are the following: 

(1) The phytoplankton may serve as a food source for invertebrates 
in the lakes involved. Therefore, an estimate of the production of 
organic matter by phytoplankton allows one to make e~timates of the 
potential of a lake as a food source for man or other animals in the 
food chain. 

(2) Productivity studies of this type also will help to answer 
some of the fundamental questions which arise in connection with problems 
of water quality and water pollution. Phytoplankton are primary producers 
in the food chain, and they represent organisms that utilize basic sub
stances such as nitrates, phosphates, magnesium, carbon dioxide and var
ious trace metals for nutrition and growth. If conditions of tempera
ture and light penetration are optimum, an increase in nutrients in the 
aquatic environment will generally stimulate an increase in the phyto
plankton biomass. Therefore, changes in phytoplankton biomass and the 
attendant productivity may reflect the advancing stages of eutrophica
tion whether these are brought about as a natural phenomenon or as a 
result of increasing water pollution. 

(3) Studies of seasonal fluctuations in productivity and the depth 
of the euphotic zone also can be useful to water supply engineers and 
others responsible for water treatment processes and plant operation. 

(4) In an affluent society such as we enjoy in the United States, 
man is experiencing a reduction in the work day and an increase in lei
sure time. He, therefore, is faced with the challenge of profitably 
channeling his energies during these free periods. Hundreds of thousands 
of people have turned to stream, lakes, and other waters for relaxation 
and recreation. This is evidenced by the gigantic increase in boating, 
swimming, water-skiing, fishing, and the like. It is wise, therefore, 
for aesthetic as well as health reasons to attempt to preserve in a 
natural unpolluted state the lakes and waterways of our country. Pro
ductivity studies can provide information relating to the quality of 
water and hence to a better utilization of this natural resource. 

Lakes Studied 

Carbon fourteen productivity studies reported here were carried out 
in four of the five Great Lakes, namely, Superior, Michigan, Huron, and 
Erie, during the 1967 and 1968 shipping seasons. 

Lake Superior ranks as the largest body of fresh water in the world 
with a surface area of 31,820 square miles. It is located at the head 
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of the Great Lakes chain and is 602 feet above sea level and more than 
1300 feet deep at its deepest point. The lake is 350 miles in length, 
and its maximum width measures 160 miles. This was the only lake for 
which productivity determinations were made for two consecutive seasons. 

With a surface area of 22,400 square miles, Lake Michigan ranks 
sixth in order among the largest lakes in the world. It is the only 
member of the Great Lakes chain that lies wholly within the boundaries 
of the United States. At an elevation of 580 feet above sea level and 
with a maximum depth of 923 feet, Lake Michigan's measurements are 307 
miles by 118 miles. 

Lake Huron, the fifth largest lake in the world, has a surface 
area of 23,010 square miles. It lies 580 feet above sea level and is 
750 feet deep at its deepest point. Lake Huron is 206 miles long and 
101 miles wide at its maximum breadth. 

The fourth largest member of the Great Lakes group ranks as the 
twelfth largest in the world. It is Lake Erie, which has a surface 
area of 9930 square miles. The maximum dimensions of this lake are 
206 miles in length and fifty-seven miles in width. It lies 572 feet 
above sea level and although the maximum depth of this lake is 210 feet, 
the average depth is only fifty-eight feet. 

Many of the basic attributes of the Great Lakes, such as locations, 
depths, and shapes, resulted from the events that occurred one-half 
billion years ago when bedrock foundations were laid down. It is be
lieved, hmoever, that the immediate predecessors of the modern Great 
Lakes came into existence not more than 20,000 years ago (Hough 1958). 

Objectives of the Carbon Fourteen ~ 

Since no integrated body of kno~oled~e was available concerning the 
productivity of the Great Lakes as determined by the carbon fourteen 
method, it seemed important that a study of this sort be undertaken. 
The investigation reported here deals with such a study and was carried 
out on Lakes Superior, Michigan, Huron, and Erie. In each instance, 
sampling included the entire length of the lake and the methodology was 
uniform throughout. 

Although a multitude of possibilities exist with respect to the 
goals which might have been selected, the following objectives were 
chosen as being especially important both from a practical and an aca
demic point of view: 

(1) To obtain base lines of primary productivity of the surface 
waters for the lakes investigated. 

(2) To determine the effect of season on primary productivity; 
that is, does productivity increase or decrease, and to what degree as 
the season progresses. 

(3) To determine whether or not differences in productivity exist 
in various water masses along longitudinal lake transects. 

(4) To make comparisons of the productivity levels of the lakes 
under investigation. 
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II. LITERATURE REVIE\V 


Early Methods of Measuring Primary Productivity 

Primary productivity studies are presently having considerable 
impact on quantitative biology. The early realization that organisms 
within a lake are interdependent and mutually highly sensitive to 
changes within their environment (Forbes 1887) probably gave rise to 
the conceptual development of the food webs of Shelford (1913), Per
filiev (1929), and MacFayden (1948). The resultant today of these early 
works is that limnologists are viewing lakes as ecosystems including 
both the living community and the nonliving environment functioning 
together as a unit. 

Productivity measurements of the sea were first attempted by 
Atkins (1922, 1923) in the English Channel. The author measured pro
ductivity from the end of winter to the height of summer by determining 
the loss of carbon dioxide and the loss of phosphate under one square 
meter of ocean surface. Cooper (1933) estimated the productivity of 
the English Channel by measuring the change in the oxygen and nitrate 
content of seawater. By measuring the undersaturation of oxygen in a 
water layer below the euphotic zone in conjunction with calculations 
of the oxygen exchange occurring between the layers of water directly 
above and directly below the euphotic zone, Siewell (1935) calculated 
the productivity of plankton algae. In a somewhat similar manner, 
Riley and Gorgy (1948) estimated the productivity of the Sargasso Sea 
by measuring the vertical distribution of oxygen. According to 
Steemann-Nielsen (1952), he used a nitrate-phosphate metabolism calcu
lation for the estimation of productivity in the sea (Steeman-Nielsen 1940). 

The first method which directly measured phytoplankton productivity 
in the sea was devised by Gran. It later became known as the Gaarder 
and Gran dissolved oxygen method (1927). This method involved the col
lection of water samples from various depths, measuring the oxygen con
tent of an aliquot of the sample, returning the sample to the collec
tion depth for "in situ" incubation followed by remeasurement of the 
oxygen content. The change in oxygen concentration noted after incuba
tion was considered to be an expression of the photosynthetic rate. 
The accuracy of this method was greatly increased by simultaneously 
suspending a sample contained in a black bottle. This was done for the 
purpose of excluding light. Such a sample provided information regard
ing the respiration rate. Since the oxygen needed in respiration must 
be added to the amount of oxygen produced in the "light" bottle to 
arrive at the total or gross photosynthetic rate, a combination of light 
and dark bottles provided a more precise method for measuring producti
vity. 

The light and dark bottle oxygen method was used extensively by 
Marshall and Orr (1930); according to Steemann-Nielsen (1952), Gran and 
Thompson (1930) and Steeman-Nielsen (1951a) made use of this technique. 
However, it was found to be suitable only in waters that were slightly 
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eutrophic since the sensitivity in oxygen measurement was inadequate to 
detect differences in oligotrophic waters. 

Riley (1938, 1939) had very little success using a modification 
of the Gaarder-Gran dissolved oxygen method (1927) which can be attri
buted to prolonged incubation time. 

Carbon Fourteen Method 

It is quite evident from the above discussion that a more sensitive 
method for measuring primary productivity was needed. Steemann-Nielsen 
(1951a, 1952), while on cruise aboard the well-equipped oceanographic 
vessel Galathea, devised a new and much more sensitive method of measur
ing primary productivity, namely, the carbon fourteen method. 

This method incorporates the use of a radioact ive tracer to measure 
productivity and was found to work successfully in both oligotrophic 
and eutrophic waters. 

The carbon fourteen method consists of adding a known amount of 
radioactive carbon dioxide in the form of a carbonate or bicarbonate to 
water samples which contain natural phytoplankton. The samples are ex
posed to light for a certain period of time and are subsequently fil
tered through membrane filters. The filters are washed thoroughly or 
treated with fuming vapors of hydrochloric acid to remove any excess 
carbonates which may be present in the seawater. The filters are 
allowed to dry thoroughly and then the activity present on the filter 
is measured with suitable radiation detection equipment. Knowing the 
initial activity of the carbon fourteen added and having measured the 
activity present on the filter, one determines the amount of carbon 
fourteen fixed, Since one is using the amount of carbon fourteen fixed 
as an indicator of the amount of organic carbon fixed in the environ
ment, determination of the total carbon dioxide available in the envir
onment is needed. This is done using hydrochemistry. Once the total 
carbon dioxide that is available to the phytoplankton in the sample is 
known, a simple proportionality equation is used to calculate the amount 
of organic carbon (carbon twelve) fixed. The mathematical relationship 
is as fo llows : 

~ carbon 14 added amount 
amount carbon 14 fixed amount 

Thus the amount carbon 12 Fixed 

(amount carbon 12 present) (amount carbon 14 fixed 
amount carbon 14 added 

Application of the Carbon Fourteen ~~~ 

The new carbon fourteen method was quickly adopted by many scien
tific workers studying the productivity of the sea, and the method re
ceived wide acclaim in a rather short period of time. In addition to 
the experimentation done by Steemann-Nielsen (195la, 1952. 1954, 
1958a, 1958b), Ryther and Vacarro (1954) studied marine photosynthesis 
using the carbon fourteen method and the oxygen technique. 
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The primary product ivity of both the coastal and oceanic waters 
of the Northeast Atlantic was studied by Currie (1958) using the carbon 
fourteen method. In 1958, Corlett used Steemann-Nielsen's (1951a) 
method to determine the productivity of the western Barents Sea, and 
Berge (1958) used a modification of the carbon fourteen method to study 
productivity of the Norwegian Sea. Angot (1961), Holmes (1961), and 
Kob1entz-Mishke (196 ) used the carbon fourteen technique to study 
selected areas of the Pacific Ocean. 

Several freshwater workers also used the carbon fourteen approach 
to study productivity. According to Vinberg (1960) the earliest app 
cations of this method to freshwater were made in Russia by Kuznetsov 
(1955a, 1955b) and S"rokin (l955. 1956). Nygaard (1955) studied the 
productivity of five Danish lakes and Rodhe (1958a) similarly studied 
several Swedish lakes. 

Frey and Stahl (1958) and Hobbie (1962) used the method to study 
the primary productivity of two inland lakes in the Arctic region. The 
productivity of some Alaskan freshwater lakes was studied by Goldman 
(1959, 1960). Jonasson and Mathiesen (1959) used the method to measure 
the productivity e)f two Danish eutrophic lakes. 

Carbon Fourteen Method 

The following conditions must be met if th(~ amount of carbon four
teen bound in the plankton algae upon completion of an experiment is to 
give an absolute measurement of photosynthesis: 

(1) Assimilation rates of radioactive carbon fourteen dioxide and 
natural carbon twelve dioxide must be equal. 

(2) Carbon fourteen dioxide must be incorporated in the plankton 
algae only through the photosynthetic process. 

(3) No carbon fourteen dioxide must be lost during respiration 
which occurs Simultaneously with photosynthes s. 

(4) Organic matter must not be excreted from the plankton algae 

None of these conditions, however, are fully met and thus vari.ous 
errors are int roduced i nt 0 the method for wh ich many sc ient i fic workers 
have provided correction factors. 

Steemann-Nielsen (l958b) demonstrated that carbon fourteen dioxide 
is assimilated at a slightly slower rate than carbon twelve dioxide. 
The author suggests a 5 per cent correction factor be used but indicates 
that the factor varies under various experimental conditions and is very 
difficult to measure.* 

*The variation usually consists of a 5 pcer cent increase beyond the 
rate observed in experimentation, 
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It was also found that carbon fourteen dioxide is incorporated 
into the plankton algae during dark fixation periods. Experimentation 
by Steemann-Nielsen (1958b) reveals that the dark fixation of carbon 
dioxide does not exceed more than 1 or 2 per cent of the assimilation 

rate under optimal light conditions. 
Carbon fourteen dioxide assimilated during photosynthesis was also 

found to be involved in the respiration process and released into the 
external environment as free carbon fourteen dioxide. A variety of 
conditions can determine the fraction of radioactive carbon dioxide 
that will be given off during respiration, but the duration of the 
experiment seems to be especially significant. Steemann-Nielsen (1958b) 
states that under optimum light conditions, the respiration rate equals 
approximately 10 per cent of the photosynthetic rate. A 6 per cent 
correction factor is suggested by the author to include the amount of 
carbon fourteen dioxide lost during respiration. This value, however, 
is useful only under those conditions where the respiration rates do, 
in fact, equal 10 per cent of the photosynthetic rate and cannot be 
applied unconditionally to other experimental conditions. In these 
situations, different correction factors will be needed. 

The question of whether or not organic material is excreted by 
plankton algae is not as yet fully resolved; hence, no correction factor 

is included for this. 
Arthur (1967) concludes that a possible large source of error in 

the carbon fourteen method of measuring productivity may result from 
the breaking up and subsequent release of carbon dioxide from the 
phytoplankton cell during the filtration process. He found that a dir
ect relationship existed between the volume filtered, the filtration 
time, and the destruction of the phytoplankton cell. 

It is quite evident that any given set of correction factors is 
valid only for a certain set of experimental conditions and when these 
vary, so also must the correction factors vary. For this reason, Jitts 
(1958) according to Vinberg (1960) was first to suggest discarding any 
correction factors and rather confine one's work to exacting experi
mental conditions. Rodhe (1958b) and most other scientific workers 
have agreed to this viewpoint and have carried out their investigations 

on this basis. 

Variations in the Carbon Fourteen Method 

Steemann-Nielsen (195la) used two variations in the method of 
measuring primary productivity of the marine plankton algae. The first 
method involved collection of water samples at various depths in the 
ocean, inoculating them with the radioactive carbon fourteen dioxide 
and resuspending the samples "in situ" at the various collection depths 
for one-half a solar day to include all light intensities. Photosyn
thetic rates were determined on the basis of the amount of carbon fixed 
per unit of time under one square meter of sea surface for each of 

these depths. 
Appropriate productivity curves were constructed from the results 

obtained. While the "in situ" method is probably the best, attendant 
difficulties are many. Time needed to complete operations, manpower 
requirements, need to return to sampling points upon completion of 
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incubation period, and equipment loss in bad weather are but a few of 
the many problems confronting the investigator. 

A second method which avoided these difficulties was therefore 
devised. According to Steemann-Nielsen (1951a) the procedure is as 
follows: 

Samples were collected from the surface, from the 10 per cent 
blue-green light level and from the 1 per cent light transmission level 
to include various planktonic relationships that might exist under dif
ferent light intensities. The samples were incubated under laboratory 
conditions for four hours at an illumination of approximately 1600 
foot-candles. At this level of illumination, he found the photosynthe
tic rate to be approximately 75 per cent of the maximum. Ryther (1956) 
and Steemann-Nielsen (IY58a) found that the productivity below the 
1 per cent light level was negligible. On this basis, Steemann-Nielsen 
suggested that productivity in terms of carbon fixation could be deter
mined by multiplying the maximum photosynthetic rate by one-half the 
depth of the euphotic zone. If one multiplies this value by the number 
of hours from sunrise to sunset, the total amount of carbon fixed in 
terms of milligrams carbon per square meter per day can be determined. 
This method produces results which correspond closely with those 
obtained by Corlett (1958) using a similar technique. 

While on marine cruises, Steemann-Nielsen (1958a), Berge (1958) 
and Cushing (1958) modified the carbon fourteen method in another way. 
These authors used a series of light filters to simulate the light in
tensities at the various depths. Studies by Berge (1958) indicated 
good agreement between experiments conducted by this method and the 
"in situ" experiments. 

In 1956, Sorokin (Vinberg 1960) modified the carbon fourteen method 
in still another way while wlrking in the lUbinsky reservoir in Russia. 
He calculated the ph"tosynthetic rate at every depth by determining the 
surface rate of photosynthesis and multiplying the resultant by two 
coefficients. one representing the light conditions at the various 
depths and the other representing the distribution of the phytoplankton. 
The coefficient needed for light correction was determined by collecting 
a number of water samples from one depth and suspending these at de
sired depths for half a solar day. To determine the second factor. he 
collected water samples from various depths and exposed these to cor
responding light conditions. From the resultant productivity rates he 
obtained a coefficient representing the unequal distribution of phyto
plankton. 

As is evident from the discuss i('n of the various methods used to 
measure primary productivity utilizing the carbon fourteen technique, 
light is a controlling factor. It must be realized, however, that light 
is not the sole factor, but rather a part of a system of complicated 
environmental factors. It Io)ould appear, however, that the photosyn
thetic process occurring in plankton algae under field conditions reacts 
to a greater degree to conditions of illumination than to any other 
environmental factor. Although the carbon fourteen method first devised 
by Steemann-Nielsen (1951a, 1952) received a wide acclaim initially, 
it can readily be seen that a variety of modifications of the original 
method soon arose. Each of these new modified methods had its own 
advantages and disadvantages. Thus, the method chosen to measure pri
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mary productivity should probably be selected on the basis of the pro
blem at hand. Because of its high sensitivity and certain logistical 

i advantages, the carbon fourteen method was chosen for this project.
'''I 
I 
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III.~1ETHODS AND l\IATERIAI~S 

~~~_ Account of Field Operations 

During the 1967 shipping season, the steamships Cason J. Calloway 
and Sewell Avery of the United States Steel Corporation, and during 
the 1968 season, the steamer Ernest T. Weir of the Hanna Mining Company 
were made available for the field operations associated with this study. 
In addition to laboratory space, both food and lodging were provided 
the investigators. Plate 1 illustrates the type of vessel utilized 
in the field operations. 

Plate 1. Great Lakes Ore Carrier 

The surface water productivity of Lakes Superior and Michigan was 
investigated during the 1967 shipping season with Lakes Superior, Huron 
and Erie being studied during 1968. Data were collected at irregular 
intervals from June 29 to October 25 during the 1967 season and from 
May 21 to August 25 in 1968. The shipping companies determined to a 
large extent the scheduling of the trips which accounted for the 
irregularity of the sampling runs, 
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The field portion of the carbon fourteen study involved bringing 
aboard ship all the necessary equipment needed for the productivity 
studies. A portion of the equipment was left aboard ship for the 
en tire season. These inc luded the fo llow ing: incuba tor, prepara t ion 
pan, vacauum pump, three millipore filter heads with suction flasks, 
pasteur pipettes and bulbs, carbuoys, indicator solutions, burettes 
and clamps, protect i ve cloth ing and thermometers. Much of the mis
cellaneous equipment and supplies that were loaded aboard for each trip 
was removed at its conclusion for the purposes of washing glassware, 
replenishing distilled water, properly discarding isotope contaminated 
wastes, and various other activities. 

Since the study was carried out aboard a moving vessel, modifica
tions of the carbon fourteen method originally described by Steemann
Nielsen (1951a) became ne.cessary. The term surface water as used in 
this study refers to the!. irst five meters ~)f lake depth 

Samples were collected immediately behind the bow wave because 
this represented the zone of thorough mixing. Since the hull of the 
ship is IDcated aprroximately twenty-f ive feet below the surface, it is 
assumed that thorough mixing of the water occurs to this depth. The 
samples collected were incubated under conditions of constant illumina
tion and constant temperature. The incubator was wired for twenty watt 
[luorescent daylight bulbs, [;lllr at which were used to provide an 
average illumination of WOO foot-candles as suggested by Ryther (1956). 
The temperature was kept constant at flOo F by rem~)ving the door of the 
freezing compartment and installing an electric fan. The fan was 
vented through tl1(' idt~ of tlw fn"ezi,ng compartment to circulate the 
cooler air and thereby dlstribllte the heat produced by the fluorescent 
bulbs. The incubatur used was a Gpneral lc:lectric model with outside 
dimpnsions of 34~ inches by 23 inches by 22'; inches. This was large 
erwllgh to accommodate two full sets of samples consisting of six bot
tles. The six samples represented collectiDns from two stations and 
a distance of seventy miles. 

The' sampling devie ,,!;ed was extremely simple and inexpensive. 
t consisted of a weighted plastic jug which was modified by cutting 

a rectang\llar opening into its side (Plate 2). The lead weight was 
coated with teflon t avoid jloss ible sample contaminat ion. Plate 3 
shows the samp I er be i ng hwered in to the wa ter a long the port s ide of 
the ship Imrnediatelv behind the foredeck. The port side of the vesse 
was chosen to avoid sample contamination from the sanitary facilities 
which were periodically flushed out of the starboard side of the 
vessel. Approximately one liter of surface water was collected per 

throw with this relativel primitive device. This was enough to 
provide all the water needed at anyone station. 

~ of Processing the Aboard Ship 

Upon being brouRht aboard ship. the sample was transferred to a 
me lLter plastic beaker and immediately divided into three equal por
tions using biochemical oxygen demand bottles (B.O.D.) (Plate 4). 

2 
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Plate 3. Method of Sample Collection 
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Plate 4. Transfer of Sample Into B.O.D. Bottles 

The B.O.D. bottles were then taken to the shipboard laboratory and 
inoculated with five microcurries of carbon fourteen bicarbonate within 
five minutes (Plate 5). The bicarbonate was rissolved in one mililiter 
of sterile water, pH 9.5. This is a product obtained in ampoule form 
from and standardized by the New England Nuclear Corporation. Protec
tive clothing in the form of rubber gloves was used whenever handling 
the carbon fourteen ampoules. Pasteur pipettes were used in making the 
inoculations. Each ampoule was rinsed with water from the sample bot
tle to remove any remaining carbon fourteen. The empty ampoules and 
other waste materials collected during operations were stored in a 
plastic bag and then removed at the end of the ship's run. 

As mentioned earlier, the samples were inoculated as quickly as 
poss ib Ie in to two c lea r and one wrapped bot t Ie. The "da rk bot t Ie" was 
the one wrapped in opaque plastic (Plate 6) and rewrapped in aluminum 
foil (Plate 7). The opaque plastic served to shut out all light, and 
the aluminum foil caused the light energy within the incubator to be 
reradiated, thus keeping the contents of the bottle from being heated. 
This treatment of the "dark bottle" stops as quickly as possible any 
photosynthesis, thereby providing a control. The three bottles were 
then placed in the incubator (Plate 8) under a constant illumination 
of 1000 foot-candles and a constant temperature of 60

0 
F and allowed 

to incubate for four hours. Upon the completion of the incubation 
time, the three samples were removed from the incubator and filtered, 
under vacuum, through .45 H.A. millipore filters (Lasker and Holmes 
1957) as illustrated in Plate 9. An extremely important phase in the 
mechanics of filtration was the washing step (Plate 10). Samples were 
washed very thoroughly with approximately 250 mililiters of deionized 
distilled water per sample to remove any excess carbon fourteen that 
may have adhered to the outer surfaces of the phytoplankton or to the 
millipore filter. This excess carbon fourteen is present since an 
excess was placed in the sample originally to ensure that a sufficient 
amount of carbon fourteen would be available for the phytoplankton to 
assimilate during photosynthesis. 

14 
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Plate 5. Inoculation of Samples 
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Plate 6. Wrapping of Control Sample with 
Black Plastic 
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Plate 7. Control Sample Rewrapped with 
A 1 urn; nurn Foil 
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Plate 8. Placement of Samples in Incubator 
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Plate 11. Placement of HA Millipore into 
Planchettes 

After washing, the .45 H. A. millipore filters containing the 
phytoplankton were removed with bone tip forceps, and each was placed 
in a small milk bottle cap shaped drying container called a "planchette" 
(Plate 11). Plate 12 shows the planchettes being placed in a desic
cator containing calcium chloride as the drying agent. The filters 
were allowed to dry for at least five days to ensure that any excess 
moisture from the filters had been removed. If all moisture is not 
removed, a phenomenon known as quenching occurs which produces in
accuracies when the radioactive disintegrations are later counted by 
the liquid scientillation procedure. 

The waste water from the washing process contained radioactive 
material and thus was collected and saved aboard ship in specially 

Ii marked carbuoys. Upon return to the laboratory, this waste water was 
disposed of by approved procedures. 

~-,p'
,~"J 
, 
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Plate 12. Drying of Filters in Desiccator 
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Chemical Determinations 

On each trip chemical data were collected to. determine the amount 
of natural carbon dioxide that was available to the phytoplankton in 
the environment. Water samples were collected at three arbitrarily 
selected spots in each lake. On this basis, the lake was divided into 
thirds and one sample was collected from each section. The pH, water 
temperature, and alkalinity were determined immediately after collec
tion of the sample. The titration procedure as carried out aboard ship 
is shown in Plate 13. 

Plate 13. Chemical Analysis of Water Samples 

At the time that a collection was made for chemical analysis, 
water was also collected for total solid determinations. The latter 
samples ;,Jere analysed at the lakeside laboratory. The procedures found 
in Standard Methods for the Examination of Water and Wastewater 
(A.P.H.A. 1965) were~e~or all chemic;i determinations. The nomo
graph method was employed for the assessment o[ the amount of free 
carbon dioxide in the water, and by calculation the total available 
carbon dioxide in the water sample was determined. 
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Collection, Preparation Counting Procedure £f 

c...:c==::......;:.:. SamE les 

I 

I 

Plankton samples were collected at the same locations that water 
was taken for chemical determinations. Such samples were obtained on 
several trips to better determine the quantity and the types of organisms 
that are involved in the productivity of the lakes during various times 
of the year. Four-liter plastic jugs were used for these collections 
as shown in Plate 14, and 160 milliliters of formalin* was added as a 
preservative. 

",;r" ... J 
'~ 

At the laboratory the plankton samples were placed in an isolated 
building and allowed to remain undisturbed for twenty-one days or more 
to ensure the complete settling of organisms. At the conclusion of the 
sedimentation period, the supernatant was carefully drawn off to a 
volume of approximately SOD milliliters using a teflon tube which had 
its end wrapped with a square of number ten bolting cloth. The remain
ing suspension was washed into graduated imhoff cones and allowed to 
settle for another twenty-one days. Again the supernatant was drawn 

* Undiluted commercial formalin reagent (37% formaldehyde) 
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off, this time to a volume of thirty-five milliliters. The remaining 
suspension was agitated and poured into holding bottles. The imhoff 
cones were then washed with fifteen milliliters of distilled water to 
remove any organisms that might have adhered to the glass walls. This 
washwater was added to the thirty-five milliliters already present in 
the holding bottles, thus standardizing the sample at fifty milliliters. 
The sample was then ~igorously shaken a total of thirty times and ten 
milliliters were drawn and spun down for two minutes in an angle head 
centrifuge after which the clean supernatant was removed, leaving a 
final volume of two milliliters. For counting purposes, the sample 
was again thoroughly agitated and a one milliliter aliquot was withdrawn 
and placed in a Sedgewick rafter cell. Ten random fields were counted 
using the twenty power objective which has a field diameter of 0.75 
milliliters. Organisms which were questionable were examined under a 
standard coverslip at higher magnifications to permit closer inspection 
and the recognition of salient characteristics. 

In making decisions relative to identity, the texts and keys of 
Tiffany and Britton (1952), Smith (1950), and Prescott (1962) were con
sulted. The qualitative and quantitative data for this study including 
total count of the plankton organisms are presented in Tables XXVI 
through XXXV (Appendix A). 

Preparation in the Laboratory 

Upon return to the laboratory after the completion of a sampling 
trip which lasted from 5 to 6% days, the filters containing the phyto
plankton were placed in glass scintillation vials using bone tip forceps. 
The scintillation vials selected were the twenty-three milliliter size 
which permitted the complete submersion of the millipore filter in the 
scintillation fluid. 

An Ansitron II liquid scintillation counter, manufactured by the 
Picker Nuclear Corporation (Plate 15), was used in place of the open 
window Geiger Mueller tube used by many earlier workers in the field. 
The Ansitron II reduced problems of geometry and absorption encountered 
by the Geiger Mueller method and thus greatly increased the counting 
accuracy of the samples. Scintillation fluid was added to each indivi
dual sample with an automatic pipetter. The scintillation fluid was 
composed of 4.33 grams of 2,5 diphenyloxozole commonly referred to as 
PPO combined with .433 grams of 1, 4-bis-2 (5 phenyloxozole) benzene, 
commonly referred to as POPOP. These scintillators were dissolved in 
one liter of reagent grade toluene. 

Glass and plastic scintillation vials are available for use, but 
it is advisable to use glass vials since the filter can be stored for 
much longer periods of time and recounted if necessary. Plastic vials 
tend to swell upon the addition of the scintillation fluid and are 
usable for only approximately twenty-four hours. After filling, caps 
Were immediately placed on the vials to decrease the quenching effect 
that occurs when dissolved oxygen enters the system. 

Quenching, when it occurs, is a phenomenon which causes a decrease 
in the counting accuracy of the sample due to the absorbance of energy 
produced during the disintegration of the carbon fourteen. The most 
cornmon quenching agents involved in this study are dissolved oxygen, 

21 



, 
1 
r

/
Plate 15. Ansitron II Scintillation 

WAter, the ilter and Rny debris including the phytoplankton which may 
be on the hlter. It j,; possible tel reJl1(lVe til(' dissolved oxygen from 
the system hy either purging t.he sample with inert gas or by using 

trasollic ;]I;i.lation (Rilpkin 1 ), hut reI,] l.Jorkers feel it worthwhile. 
Dllr tilis ,;tudy samples wpre not d('nXVI~e\lated. 

~ardi~ S (II!. Count i ng 

Alter tilt, samples had heen prepared for count'ing, they were placed 
in til<' Ansitrc)1l II inti 11()m('ter. The l;e[1(>rol principles involved in 
liquid scintillal counting are as follows: The sample containing the 
radioactivl> carbon fourteen ::lssimi lilted by the phytoplankton is lowered 
into a lead lined, totally dark counting chamber. The counting chamber 
contains matched photomultipli('r tubes, As the carbon fourteen dis
integrates, ene is produced which i.1i converted by the scinti tlation 
fluid into photons or light enC'rgy. Thc' photomultiplier tubes then 
detect <llld convert the photon,; lnt eiectricai impulses which can be 
recorded. 

The sampll's we're allowed to dark adapt and cool for: twenty-four 
hours before being crHInted. It i.s Iwcessary to dark adapt the samples 
as any extemcll light source', ",;peciall ljuore'scent lighting, greatly 
excites tho" scinti Ilation fluid and the meUlllic ions in the glass vial", 
('ven though low level potassium gl:HiS hCld been Llsed in the latter. 
Gn'at inaccuracies in s<lmple co"nts he produced if this procedure 
is not fo lowed. Since the machine used for this project remlired that 
the photomllit iplier tubes hE' refrigerated, the samples 
to machine temperature (12 0 C) before being c(\\Inted. 
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calibration ~ Liquid Scintillation Counter 

Before the samples can be counted, it is necessary to determine the 
performance or efficiency at which the machine is operat ing. If the 
efficiency of the machine is not determined, only the apparent activity 
in the scintillation vials can be measured and not the true activity. 
Factors such as machine noise (electronics within the machine which 
cause counts to be recorded randomly by the machine), background, 
excited scintillation fluid, and any quenching agent all can account 
for inaccuracies in the final activity recorded for the sample. These 
must be recognized and proper corrections made. 

To a large extent, careful machine setting will eliminate the 
machine noise, and proper sample preparation was, in this instance, 
relied upon to eliminate problems with the scintillation fluid, Back
ground, as well as the remaining machine noise, was virtually eliminated 
by the control bottle since the activity measured in it (the dark 
bottle) included the unwanted counts which could then be sllbtracted 
from light bottle counts. 

To correct for any quenching agents that may have been present 
within the samples, the counting efficiency of the machine had to be 
determined using various amounts of quenching agents. A calibration 
curve was then constructed and the true counting efficiency de:te:rmined 
for each sample counted. 

To calibrate the liquid scintillation counter, the following 
procedure was followed: Fifteen samples were collected and processed 
according to the procedure: described earlier. These samples were 
designated as "standard samples" to be used as a reference and the basis 
for the construction of calibration curves for e:ach successive trip 
thereafter. The samples were divided into three groups five samples 
each. Into each sample within a group, 100 lambdas (0.1 ml) of carbon 
fourteen in toluene were injected. This material was obtained from and 
standardized by the Atomic Energy Commission. To four of the five 
samples prepared in this manner, increasing amount of acetone were 
added to produce varying degrees of quenching. Hence, while all the 
standards prepare:d contained a known amount of activity, a range of 
activity was recorded by the scintillation counter due to the quenching 
agent added. 

The Ansitron II liquid scintillation counter has three independent 
counting channels which are regulated by potentiometers. The first 
channel was set to bracket the carbon fmlrteen energy spectrum while 
the second channel was set to bracket only a portion of the spectrum. 
In this instance, the third channel was used as a monitor of the first, 
but it can be used tor count ing pu rposes if clua I lahe led compounds 
are used. 

The prepare:d standards were then counted six times each and the 
mean value selected to increase counting accuracy. Since a known amount 
of carbon fourteen in toluene had bee:n added to each sample vial, it 
was possible to calculate the per cent ef iciency of the machine hy 
dividing the number of counts recorded (first channel printout) by the 
number of counts produced by the injected radioactive material and mul
tiplying by 100. The counts recor:ded in channel two were then divided 
by the channel one counts to arrive at a ratio. The per cent efficiency 
was then plotted against the channels ratio for each of the three sets 

23 



of standards. Due to mechanical error, the three sets of standards 
produced slightly different calibration curves. A more accurate,best 
fitting, straight line curve was constructed by applying the statis
tical least squares method found in Standard Methods f2£ the Examination 
of ~ and Wastewater (A.P.H.A. 1965) to the counts obtained from the 
three sets of standards. 

Determination of Sample Activity 

All samples from a sampling trip were subsequently counted at 
machine settings identical with those used for the standards. By deter
mining the channels ratio for each sample and consulting the calibra
tion curve, it was then possible to accurately determine the efficiency 
at which each sample was counted. Thus, a factor was established for 
each sample which was used to detennine the true activity present on 
the filter. 

Counting Statistics 

The samples were all counted to a 1 per cent standard error of 
the mean. This was accomplished by presetting the second channel to 
10,000 counts. When this number of counts was reached the machine 
stopped counting and recorded the results. Ten thousand counts in the 
second channel was chosen because the standard error of this number of 
counts equals I per cent. This greatly increased the counting time of 
the samples because the dark samples contained very little activity. 
Most control samples required 300 minutes of counting time to achieve 
this degree of accuracy. Without the use of an automatic machine, it 
would not have been feasible in tenns of man hours to attain this 
degree of accu racy. 

Final Calculations and Methods £i Data Analysis 

Since two light samples and one dark control were collected at 
each sampling station, the final activity contained within the phyto
plankton collected at each sampling station was determined by using 
the mean value of the light bottle count minus the control bottle count. 
The light bottle values, in most instances, ,.ere very similar as might 
be expec ted since experimenta I and samp ling techn iques were uni form. 

In as much as the ultimate goal was to detennine productivity in 
terms of carbon fixation, the results obtained had to be converted from 
disintegration counts to gravimetric units. To this end, the propor
tionality equation referred to in the literature review (page 4) was 
utilized. It is 

amount of C14 added amount of c12 
present 

amount of Cl4 fixed amount of C12 fixed 

In the above equation, three of the four elements are known, namely, 
the amount of carbon fourteen added, the amount of carbon twelve pre
sent as determined through the use of hydrochemistry, and the amount 
of carbon fourteen fixed which has been resolved through the use of 
the scintillation counter. Thus, by calculation, the amount of carbon 
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fixed can readily be determined. If incubation time is considered, 
the rate of carbon fixation can be defined as well. From the series 
of sampling stations observed, it was then possible to determine 
statistically whether or not differences in productivity occurred among 
the lakes studied. Comparisons of productivity levels between the 
lakes were also easily made. A multiple linear regression model ,,,as 
used to establish the variation which occurred seasonally or along the 
various transects of the lakes sampled. The model llsed for data ana
lysis was as follows; 

Y A + BX + CT + e 

where Y total amount of carbon fixed 

A amount of carbon fixed at time zero and 
distance zero 

B rate of change in Y seen in traveling one 
additional mile fr8m a fixed point at a 
given calendar date 

x distance in miles from the fixed point 

C rate of change in Y noted per day at a 
given distance from the fixed point 

l' time in days since of sampli.ng 
season 

e unexplained or unaccountable error 

The complete analysis was carried out by the Biomedical C.. ;mputer 
Center. This greatly accelerated the analysis of data. 
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IV. RESULTS OF 1967 ANn 1968 DATA 

Chemical Analysis 

The chemical data including pH, water temperature, alkalinity and 
total solids were collected for the purpose of determining the total 
carbon dioxide available to the phytoplankton for carbon fixation. 
Initial inspection of the chemical results indicated that differences 
between samples within any given lake were very slight. To verify this, 
a two-way analysis of variance test was applied to the data. The pro
cedure for this test is described by Dixon and Massey in their text. 
The actual calculation and the final results of this test have been 
tabulated in Appendices B, C, D and E. Appendices Band D present 
Lake Superior data; Appendix C represents data from Lake Michigan and 
Appendix E those from Lake Huron. 

The test revealed that in 1967 no significant variations existed 
tn the total carbon dioxide available within the areas sampled or as 
the season progressed either in Lake Superior or Lake Michigan. However, 
in Lake Superior during the 1968 sampling season, according to this 
test a significant difference existed in the available carbon dioxide as 
one moved from one area of the lake to another. There was, on the other 
hand, no indication of any seasonal variation in the carbon dioxide con
tent of the waters. After much discussion, including comparisons with 
data collected during the 1967 season, it was decided that the variation 
noted was due to sampling error and did not represent a true variation. 
This view was supported by a statistical consultant (Bartch 1968). In 
any event, the variation noted would not significantly have affected 
the final calculated values of amount of carbon fixed. The two-way 
analysis of variance test, when applied to the 1968 Lake Huron data, 
revealed no significant variation in the carbon dioxide content of the 
waters. It was concluded that, in general, while appreciable differ
ences may exist between lakes, there is very little variation in the 
total available carbon dioxide content within the waters of any given 
lake. 

On the basis of this analysis, the mean value of all carbon dio
xide data collected during the season from a given lake was used to 
calculate the amount of carbon fixed by the phytoplankton in that lake. 
The following values were used for each lake sampled during the 1967 
and 1968 sampling seasons; 

(1) Lake Superior, 1967 - 40.78 milligrams per liter 

(2) Lake Michigan, 1967 - 97.05 milligrams per liter 

(3) Lake Superior, 1968 - 39.99 milligrams per liter 

(4) Lake Huron, 1968 - 71.72 milligrams per liter 
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Lake Superior, Trip June 30-July i. 1967 

Due to various mechanical problems and rough weather sampling 
did not begin until 6:15 a.m., June 30. At that time, the ship was 
125 miles from the Duluth, Minnesota, piers. 

Figure 1 shows the sampling stations and the results obtained. 
Table 1 immediately following provides the detailed information. Due 
to the late start in sample collection, only nine samples were obtained 
on the downbound trip while fourteen samples were obtained on the up
bound course. 

It had been previously estimated that a total of twenty-four sam
ples could be collected per trip if a two-hour sampling schedule was 
adhered to. However, th is schedu Ie had to be a ltered a t various times 
due primarily to wind conditions which affected the speed of the ship. 
Upon completion of the dawnbound trip, it was decided to record surface 
water temperatures to determine whether productivity levels followed 
any temperature pattern throughout the lake. Thereafter, the temper
atures were obtained for most of the sampling trips. 

If one scans Figure 1 closely, it will be noted that variations in 
productivity levels do occur between the sampling stations although 
many appear to be very similar. Examination of Table 1 reveals pro
ductivity levels ranging from .8 to 4.5 X 10-3 milligrams carbon fixed 
per liter of surface water. The mean productivity value observed on 
this trip was 2.5 x 10- 3 milligrams carbon fixed. 

Closer examination of the productivity values for the various 
sampling stations indicates that the level of productivity for station 
1 is 3.7 X 10- 3 milligrams carbon fixed per liter surface water or 
higher than the next three successive sampling stations which are much 
closer to the shoreline. One might have expected the opposite result 
since nutrients washing from the land masses would presumably be avail 
able to the phytoplankton and would be more concentrated than in areas 
further from populated land masses. 

In comparing the productivity levels from sampling station to 
sampling station, it will be noted that at station 5, only thirty miles 
from the previous sampling point, the productivity rate had increased 
considerably. The highest rate (4.5 X 10- 3 milligrams carbon fixed) 
was reached at station 6, which incidentally is located in the deepest 
portion of the lake. The productivity value at station 7 remained high 
with respect to the mean value, but declined at sampling stations 8, 
9, la, and 11 which are located where the lake begins to narrow. 

On the upbound course, sampling stations 12 and 13, located in 
the deepes t port ion 0 f Lake Superior, aga in revea 1 increased product i 
vity levels measured at 4.0 and 3.5 X 10- 3 milligrams carbon fixed per 
liter of surface water respectively. The upbound course is usually 
located eight to twelve miles south of the downbound course. 

Approaching the land mass named the Keweenaw Peninsula, the pro
ductivity levels for stations 14 through 17 are again reduced and are 
at approximately the same 1evel as that observed at the downbound 
stations in this area. Stations 15 and 16 show a lower rate of pro
ductivity than some deeper water stations on either side even though 
the former are just three and four miles off shore respectively, where 
one might normally expect to Dbserve increased productivity rates due 
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4 3 4 3~ PM 2.3 
----,+-------------------+---+------: 

., 5 : 30 6/30 2: 3(1 P~1 3.7 
\------ --f-- _ ------- 1 
1 __ 6 - 6 : 30 6/10 4:30 M~ 4.5 

(, - 7 	 : 30 6/30 6:45 PM 4.3 --_._------- ------
8 '1 - 8 : 30 6/30 8::10 I'll 	 2. 

') 8· 9 : 36 6/30 10:30 • q 

r~~----9--.---;;---"";---; 7 / I, 12: .:lO !,r~]'14. I 2. -I 

2 2: 30 Ml 11. '; 1.7 

12 13 4:30 M! 6.0 lLO 

3.5 

1I, 11, l~ 	 8:30 AM 2.9 
f- 

15 15 - 16 1'1 : 30 AH 7.0 2.0 
I----------l ------------+---__f__ 

6 16 J 7 : 17 ; 30 AM 7.0 3.0 
~-------------_+---f-----

7 17 	 18 177//, 11;30 AM -/ .0 2.2 

19 17 17//+ /..: 30 P~l 7.5 1.6 r-- ------11--
20 J '/ I I, : 30 P~l 8.0 1.6 

21 17 7/4 2:30 8.0 2.0 

L2 :'.: 30 7.2 2.5 

22 22 23 	 c); 30 10. 1.1 

23 23 . D,d uth pi /1+ (,: 30 PN 10.') 0.8 

* t+ !In•. incubation tin\(!; GOOF.; 1000 Ft.-C(Jndles Light. 
(lIlg!l 	sur \,ater) 
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to the influx of nutrients from the nearby land mass. 
It is also noted that near the group of islands known as the 

Apostle Islands, located in western Lake Superior, the productivity 
levels are considerably lower than might be expected with the lowest 
productivity value of the entire trip being observed at sampling station 
23 near the Apostle Islands and closest to the densely populated cities 
of Duluth, Minnesota, and Superior, Wisconsin. 

Although surface water temperatures were recorded on only the up
bound trip, it appears that productivity levels are not greatly in
fluenced by temperature conditions at this time of the year. This is 
particularly emphasized by the fact that higher productivity values 
occurred where the lower surface water temperatures were recorded while 
lower productivity values were found in areas having higher surface 
water temperatures. 

From previous observations near the western end of Lake Superior, 
the lake had been observed to be in an isothermal condition throughout 
June and into the month of July. The temperatures of the surface water 
observed on Trip 1 suggest the initial formation of a thermocline or 
layering of the water in the western and far eastern portions of the 
lake. This meant that the upper layer of water was warmer than the 
isothermal conditions which usually persists below the thermocline in 
oligotrophic lakes such as Lake Superior. When the lake is in an isother
mal state, continuous mixing of the entire lake occurs. This mixing 
process redistributes vital nutrients that have settled out during the 
past season. Thus, when the early Summer thermocline forms, increased 
productivity can be expected to occur due to the presence of a higher 
concentration of nutrients in the upper layer of water at a time when 
increased water temperatures and light intensity occur. 

Lake Superior, Ju ly lS-Ju ly 20, 1967 

The second sampling trip of the season occurred approximately two 
weeks after the first trip. A total of twenty-six samples were collected 
and processed on this trip. Figure 2 presents the results of the trip 
graphically, while Table II contains the basic data. As is very evident 
from Figure 2, station 1 reached a productivity level more than five 
times that of any other sampling station on this trip. The sample was 
collected two miles off the shoreline and just seven miles from the 
Duluth, Minnesota, piers (Table II). This is an area of shallow water 
which had a temperature of 120 C. The unusually high productivity rate 
suggests that some type of enrichment of the lake water has occurred 
and that it probably originated in or near the cities of Duluth, Minn
esota, and Superior, Wisconsin. More research in this area of the lake 
is needed to determine whether this degree of eutrophication is, in 
fact, a reality or whether the sample represents an isolated and unre
presentative event. 

One notes, if the remaining sampling stations on Figure 2 are ex
amined, a general increase in the level of productivity over that ob
served on Trip 1. For example, the mean productivity value of sampling 
stations 2 through 26 is 2,9 X 10-3 milligrams carbon fixed per liter 
of surface water which is approximately 16% higher than that observed 
On the preceding trip. 
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Table II. 

LAKI~ SUPERIOR PRODUCTIVITY STUDIES 

SUH1'1ATTON OF Df,TA, TRIP 2. 
JULY 15 JULY 20, 1967 
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Sample 
station 

1 

2 

3 

4 

5 

() 

7 
----- 

8 

') 

10 

II 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

2/f 

25 

26 

---

Station to Station: month Til1le of 
Surface 

])istallce in Hiles day collection 
wate 

Temp. 'r; 

D\lluth picr - 1 : 7 7/1 'j 12: 30 Ml 12.0 
-----

I - 2 : 31 7/15 2:30 MJ 6.9 
--- 

2 - 3 : 31 7/J6 If: 30 Ml 7. I 

3 If : 31 7/l (, 6:30 Ml 7.0 
-----

4 - ') : 30 71 ](, 8:10 5.2 
------- .-1-

(.) - 6 : 61 7/1 (, 12: 30 PI'I 1'.5 
----- 

(, - 7 : 31 7/1(; 2:30 PH ".6 
----  ---- 

7 8 : 30 71 ]() I. : 30 PrJ If. 9 

8 9 : 1 71IC, 6: 30 P~I 5.0 

9 10 : 31 7 II () H: :) 0 prj ~ . 1 
------------ 

10 - 11 : :ll 7/16 10:30 PH 11.0 
------

II - 12 : 31 7/1(, 12::30 AN 16.0 

12 - 13 : 3 7/20 2: 00 AM 1').9 

13 ttl : 35 7/20 4:00 Ml 11.9 
-------

I I, 15 : 17 7/20 '):00 AH 7.0 
----

15 - 16 : 11 7/20 6:00 AM 5.3 
--------

16 - 17 : 31. 7/2() 8: 00 M1 /.. 5 

17 - 18 : 17 7/20 9:00 Ml 4.9 
-----

18 19 : 17 7/20 10:00 111;1 5.2 

19 - 20 : 3/. 7/20 Noon 1') . 5 
-  - ...

20 - 21 : 17 7 I 'J.O 1:00 PH 7.2 

21 - 22 : 17 7/20 2:00 1'11 11.8 

22 - 23 : 35 7/20 I.: 00 P~1 8.0 

23 24 : 17 7/20 5:00 PH 9.6 

24 - 25 : 17 7/20 6:00 PM 11.6 
-------

25 - 26 : 35 7/20 8;00 PM 11.6 , - -

* 4 hra. incubation time; 
(mg/l surface water) 

Carbon 
jn mg x 

:ix~~ 

,<', 

28 .I~ 

4. /. 

4.8 
-----

1.8 

4.6 

3.8 

2.1 

2.7 

1.6 
----

3.~ 
----------. 

2.5 

3.9 

2 . I. 
. 

3.9 

1.8 

4.3 

3.7 

1.5 

3.7 

2.0 

3.2 

1.3 

1.6 

O. I 

1.7 
-------_. 

5.5 



Closer scrutiny of Table II and Figure 2 discloses that at certain 
points rather marked variations occur in the levels of productivity. 
Sampling stations 2 through 6 with the exception of station 4 have 
values which are considerably higher than the mean. Station 4, however, 
only thirty-one miles from station 3 and 5, has a productivity level 
2~ times smaller than the latter stations. Sampling stations 7 through 
9 and station 11 show reduced productivity levels. Stations 10 and 12 
represent carbon fixation at a rate well above the mean. 

The upbound trip also indicated that no apparent linear trends of 
productivity occurred along the course traveled in Lake Superior. At 
sampling stations 13, 15, 18, 20 and 22 through 25, all productivity 
levels are considerably lower than the remaining stations. It should 
be noted that at station 24 there is a near absence of productivity. 
Although the downbound course was only nine miles from the upbound 
route, great differences were observed in productivity values for the 
same general area of the lake. This is especially obvious when one 
compares the rather high productivity rates of stations 2 through 6 
to the very low productivity rates of stations 21 through 25. The mean 
rate of carbon fixation for stations 2 through 6 is 3.8 X 10-3 milli
grams per liter surface water while the mean rate for stations 21 through 
25 is only 1.5 X 10-3 milligrams per liter of surface water sampled. 

An attempt to correlate the surface water temperatures with pro
II ductivity rates was unsuccessful either in terms of relating increased 

productivity levels with increased water temperatures or decreased pro
ductivity values with decreased water temperatures. Also, it was not 
possible to associate increased productivity levels with any nearby 
land mass or reduction in depth although it had been assumed that such 
land masses and shallows might influence the nutrient concentration of 
the water. 

Plankton samples were not collected on the first trip, but were 
collected on the three which followed. Unfortunately, the plankton 
collected on the second sampling trip were preserved with a contamin
ated formalin solution. The solution formed an orange precipitate 
that could not be separate~ from the plankton, thus making counting of 
the organisms an impossibility. As a result no plankton data are avail
~ble for the first two sampling trips on Lakes Superior and Michigan. 

Lake Trip 1, October ~-October 10, 1967 

The third sampling run of the 1967 season was made during the first 
ten days of October, approximately 2~ months after the second trip. 
Because of scheduling problems, the steamship Cason J. Calloway could 
no longer be used for our study. As a result, all project equipment 
had to be transferred to another United States Steel Corporation steam
ship, the Sewell Avery. This accounts for the long lapse in time that 
occurred between the second and third sampling trips. 

Beginning with the month of October and extending through approx
imately mid-December is a period referred to by all personnel working 
aboard the lake carriers as the "Fall Sea Season." This season is 
characterized by much heavier or rougher seas produced by the many 
storms that are quickly generated when cold air masses collide with 
warmer air masses over the Great Lakes. 
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In the course of some thirty-eight individual runs on the Great 
Lakes, the investigator encountered rough weather on many occasions. 
One of the most violent of the storms occurred on this trip as is evi
denced by the much altered upbound course shown in Figure 3. This 
particular storm blew out of the north-northwest with wind speeds 
measuring as high as fifty miles per hour. Since the wind was blowing 
across the entire lake, waves measuring between ten and thirteen feet 
were encountered on the first portion of the upbound course. When an 
ore boat is empty, as was the case in this instance, it rides approxi
mately eight feet higher in the water. This produces a tremendous 
stress which is much greater than that experienced by a fully loaded 
vessel. Due to its great length, the stress on the vessel when empty 
occurs at mid-ship since the majority of its weight is confined to the 
forward and aft ends. This strain becomes especially obvious when the 
mid-deck of the vessel begins to undulate as much as one foot in high 
seas. After a three-day storm of this sort, one captain found that 
35,000 rivets, approximately one inch in diameter, had to be replaced 
in the mid-section and other areas. Early on October 9, to reduce this 
stress on the vessel, the empty cargo holds were filled with about ten 
feet of water and the ship was headed directly into the storm path un
til protection was obtained from the northern shoreline of the lake 
on October 10. As the storm worsened, sampling and the processing of 
samples became much more difficult since all equipment used had to be 
lashed down. Even the samples in the incubator had to be immobilized. 

At this time of year, water temperatures of most lakes drop and 
the thermocline begins to disappear. Complete mixing of the lake water 
then takes place primarily due to wind action. The temperatures of the 
surface water recorded on this trip (Table III) indicated that a ther
mocline was still present in Lake Superior. This assumption is based 
on the observation that temperatures at all sampling stations were well 
above 40 C. In the absence of a thermocline the water would have been 
nearly isothermal and very cold. 

Twenty-four samples were collected and processed on this sampling 
trip. From Figure 3, it will be seen that the overall productivity 
level of the lake was much higher than that observed on the two previous 
trips. Productivity values r~nged from 4.1 to 12.0 X 10-3 milligrams 
carbon fixed per liter of surface water. The lowest productivity value 
recorded for Trip 3 was 4.1 X 10- 3 milligrams, which is considerably 
higher than the mean productivity values for either Trip 1 or 2. 

The mean productivity value of Trip 3 was 8.0 X 10- 3 milligrams 
carbon fixed per liter of surface water or more than three times the 
value observed for Trip 2. These steadily increasing productivity 
values indicate that a continuous build-up of the phytoplankton, or 
primary producers, is occurring in this lake as the season advances. 
No locational trends are obvious since sampling stations show inter
mittent high and low productivity values irregardless of the proximity 
of land masses, depth of water or surface water temperatures. 

Sampling stations 19 through 24, though located in a part of Lake 
Superior not sampled on any other sampling trip, demonstrated pro
ductivity values that were very similar to those observed in other 
areas of the lake sampled (Figure 3 and Table III). This supports 
previous evidence that although individual variations in productivity 
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Table Ill. 

LAKE SUPERIOR PRODUCTIVITY STUDIES 


SllMMATION OF DATA) TRIP 3. 

OCTOBER 4 - OCTOBER 10, 1967 


Sample 
station 

1 

2 

3 

1+ 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

Station to Station; month Time of Surface 
water

Distance in Miles day collection Temp. °c 
-- --

Duluth pier - 1 : 3/+ 10/4 10; 00 Ml 12.0 
-- - 

1 - 2 : 25 10/4 12; 00 P~l 12.0 

2 - 3 : 25 10/4 2; 00 P~l II+. 0 
.~ ' 

3 - 4 ; 25 10/1+ 4;00 PM 14.) 
f  - 

4 - 5 : 25 10/4 6;00 PM llt. ) 

5 - 6 : 25 10/4 8; 00 P~l 13. :> 

6 - 7 : 25 10/4 10;00 I'M 11.0 

7 - 8 : 25 10/5 Hidnight 10.,> 

8 - 9 : 25 10/5 2; 00 AN 11.0 

9 - 10 : 49 10/5 6: 00 AM 9.0 

10 - 11 : 38 10/5 9:00 AN 11.0 
- 

11 - 12 : 1+5 10/5 12; 30 PN 12.0 
-- ---  -_. 

12 - 13 ; 9 10/9 5:00 AM ,1 0.5 
--- 

13 - 1/+ : 23 10/9 7:00 AN 10.5 
----  -

1/+ - 15 : 24 10/9 10:00 AN 9.0 

15 - 16 : 23 10/9 Noon 8.5 

16 - 17 : 3/+ 10/9 2:00 PN 8.5 
- - -- 

17 - 18 : 23 10/9 4;00 PH 8.5 

18 - 19 : 35 10/9 8:00 PH 8.5 
- l 

19 - 20 : 11+ 10/9 11:00 PH 7.0 

20 - 2 J : 49 10/10 2: 00 AM 10.0 

21 - 22 : 50 10/10 6:00 AN 8.5 
-- --  -~-

22 - 23 : 14 10/10 7:00 AN 7.5 

23 - 24 : 28 10/10 9: 00 AH 8.0 

Carbon fixeJ 
ill mg x I. ~ 

9.3 

12.0 

6.9 
-

5.7 
-

7.2 - 
4.1 

8.8 

8.1 

6.8 

8. 1+ 

8.1 
-

4.3 

-

10.4 

6.7 

8.8 

7.9 j 
6.3 J 

, 

7.7 
, 

I 
8.0 

11.2 

8.9 

8.0 

11.8 
--- 

* 4 hrs. incubation time; 60°F.; 1000 Ft.-Candles light. 
(mg/1 	 surfaco water) 
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levels do occur in localized areas across the lake, the entire lake 
becomes more eutrophic as the season progresses. 

Plankton samples were collected at the same time that water was 
collected for chemical determinations. Table XXVI (Appendix A) lists 
the organisms found in the three respective areas of the lake. One 
notes very little difference in the types of organisms found in the 
various regions although an appreciably higher number of blue-green 
algae occurred in the central portion of the lake or in the other 
re~ions sampled. The Chrysophyte, Dinobryon, was found to be consld
erahly more abundant in the eastern regi'lll of the lake than in other 
areas. Diatoms were [ound to be rather scarce in all regions of the 
lake during this time p('ri::.d. 

"Unidentified nannoplankton" refers t th,'se organisms that cannot 
he c()lJ(~ct<'d thr,.1ugh the use of nets (Ruttner 1')66), "Nct plankton" is 
descrihed as planktonic organisms that can he collected using nets 
(i~clch J91+"). On this trip, nannnplankton:ls well as net plankton or
i'~(]nLsrns were scarce Ln Lhe arQas samp led. 

The five prf'dominal1t plnnktonic organisms in descending order of 
abundaf1c(, arc l.ynp,bva cur1i0rta, Asterlonella 
~rm()sa, and Chnncuccus, 

Lak,' Superior, Tr!x ~, Oct"ber ;l-October ll, 

The fnurth and fi.llal Saml)ling trip on Lak(' Superior during the 
1')67 ;;(,<1son "ccurred betwPl'J1 tober 21 and lIctuber 27. A total of 
t\vC'nty-lotlr snmp-Ies 'Were cu l~cted and processed during this trip. 
FiV,urf' It pictorially present the results ot the trip with tabulated 
data listed in Tahle lV. 

Cnmparing the dala in FigurE' I. with thosE' in figure 3, which re
,,,,,,,ntH the result,; 0: the third sampling lrin one again notes a gen

eral advancing sPilsunal i.l1creasc in the product ivity levels in Lake 
SlIPQri or. 

Tilhle,lV discloses a :)rOdllctivity range extendi.ng from :3 ') to 
2,') X I I mi 11 igrams carbon fixed ppr I iter of surface water. The 

Illean p t[vit)' value for thl' ent j re twenty-four sampling stations is 
X 10- milligrams. This value is Dt least three times the mean 

Cdrilon fLxatinn value nuted C'r the first two samp! ng trips on Lake 
Superior and represents a significant increase over the mean product i
vitv level of .(1 X iU- 3 milligrams carbon fixed observed for the third 
sampling trip, This is especially true when one cnnsiders that only a 
maximum of eleven days time elapsed between Trips 3 and 4, respective!.\!, 

Clos(,r examination o( Table I, reveal a much more uniform level oj 
productivity on the downbound course than was observed on any previous 
trip. This, at first lance, might suggest more uniformity in the 
\vilter masses across the lake. One might expect this to occur if [50

thenna!. conditions existed in the lake since cc)mplete mixin)2; of the 
entire lake would be occurring possibly creating more uniformity in 
til<' environmental water Cclllditions and thus more uniformity in pro
ductivity. 

The upbound trip, however, shows intermittent high and low pro
ductivity values as experienced on previous trips although not quite 
as frequently. As before, It was not possible to correlate high or low 
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Table IV. 


LAKE SUPERIOR PRODUCTIVITY STUDIES productivity levels with proxLm1ty to land masses or with water depths, 


Sllf-lNATION OF DATA, 'J'H 1 P 1+. 

OCTOtER 21 - OCTO BEn 7. 7, 1967 

LOOO 

39 

Sllmp Station to St~tion : month 
st~)tion Distance in Miles day 

1 D1lluth pi"r - 1 : 20 1() /21 

2 I - : 26 10/21 

2 3 : 2 10/21 

LI l 4 : 5 10/21 

5 4 - 5 : 25 10/21 

6 'j - 6 : 2 " ,) J 1 

I 6 - 7 : 2. I () /2 I 

B 7 8 : I () /2 I 

9 H - <) : 'l5 10/2 J 
---- ._, 

10 9 - 10 : 36 I (JIL2 
-

11 10 - II : 36 10/22 

12 11 - 12 : 38 10/22 

13 12 13 : 17 If) '(; 

It, 13 - 1/+ : 2/, 10/27 
--

15 14 - 15 : 25 IO/2! 

16 1 ') - 16 : 2 1() /2 7 

17 16 - 17 ; 5 10/27 

1 B 7 18 : 2t, 10/27 

19 8 - 19 : 38 10/27 
------- ~--~.... 

20 19 - ; ;; ~) 10/27 
---_._. 

2. J 20 - 21 : 25 10/27 

22 2 J 22 : 2 10/27 
--

3 - 23 : 27 J ,7 

21, 23 - 24 : 3H 10/27 

* (; hrs. incuba!-jon Lime; 60"!'.; 
(mg/l surfaco water) 

Tim,~ of 
collection 

3:00 11M 

'):00 Ml 

7; 00 Ml 

9:00 Ml 

11: 00 Ac1 

1:()O 
. 

3: 00 1'1-1 

6:0() PM 

'J: 00 1'>1 

l'lidni 1',IIl 
.-

:(lO M! 

6:00 AN 

10:011 l'N 

Nidni i',lll 

2: 00 Ml 

I;:()(J Ml 

:O(J MI 

8;00 Ml 

II :00 M! 

1: 00 Pi'! 

3: 00 Ft-l 
-

5:00 PH 

7: 00 ]';'1 

10: 00 1',\1 

Surfncc 
IVater 

0 
Tc~_C 

'-

-------

------

Carbon fi 
in mg x 10~ 

10.0 

'I. I 

10. 

10.0 

'J. 9 
---~--

10. :3 

7.B 

') . 

10. ') 
-------

10.g 
--------

II. 'j 

'1.2 

II. <) 

• 

6.6 
~~~.... -----~. 

3.9 

B.6 
i 
i 

8.6 

9.0 

8.2 

6. (, 

7.4 

.6 

6.0 

1.2 .9 

Examination of plankton samples collected on this trip revealed 
very high concentrations of the blue-green algae Lyngbya contorta in 
all three regions of the lake, as shown in Table XXVII (Appendix A) 
It is also noted that much higher numbers of Dinobryon were found in 
the western and eastern regions of the lake than in the central revion. 
Extremely high numbers of unidentified nannoplankton were found in all 
three regions sampled with the highest concentrations noted in the 
western portion of Lake Superior. 

The five predominant plankton organisms involved in the producti 
vity of the lake during this time period were as follows: 

(1) contorta, (2) (3) Asterionella formosa, 

(4) Synedra~, (5) ulna. 

Michigan, Trip ,1., July .i-July}, 1967 

The first sampling trip on Lake Michigan was made between July 1 
and July 3, 1967, 101 th the first sample being collected four miles from 
the Mackinac Bridge. The Bridge is the official landmark designated as 
the separation poi.nt between Lake Michigan and the Straits of Mackinac~ 
These straits connect Lake Michigan and Lakp. Huron. From Lake i'1i.chigan, 
twenty-one surface water samples were collected and processed on this 
sampling trip. 

The location of sampling stations and the findings are presented 
in Figure 5. It will be seen that the downbound course very nearly 
bisected the lake for its entire length. The upbound course, on the 
other hand, tended to follow the eastern shoreline of the lake. This 
reduced both the distance and time of travel significantly, Samples 
were taken approximately two hours apart which resulted in sampling 
intervals of thirty miles. 

The productivity values observed ranged from 2.9 to 17 3 X 
mi 11igrams carbon fixed per liter of surface water (Table V), The mean 
productivity value was .1 X 10- 3 milligrams. 

If the productivity levels of the various sampling stations are 
examined, one will note that a great deal of variation exists between 
stations. Stations I, 2, 20 and 21 located in the northern most por
tion of Lake Michigan illustrate productivity levels that are consider
ably below the mean. The least productive station of the entire trip 
was station 2. Productivity values at stations 3 through 7 are consid
erably higher than those at the north end of the lake. Four stations 
reflect levels of productivity that are greatly below the mean value; 
these stations are 2, 9, 13 and 14. Sampling stations 11 and 12, 
however, located at the very southern end of Lake Michigan, are consid
erably above the mean. In this case the values were 9.4 and 12 4 X 
milligrams carbon fixed per liter of surface water, respectively. If 
the productivity levels of all stations are considered, one finds that 
an area of relatively low productivity in the south central portion of 
the lake and conversely an area of high productivity in the north 
central portion of the lake exist. 

Although considerable variation occurred with regard to surface 
water temperatures, it would appear that at all stations for which 

40 



Table V. 

q_N 
~.D LAKE l'1JClII(;AN I'I(ODllCTTVITY STUDIES 

Dtil-l 
V·:~~~~ Stn,!tlATJON OF DATA, TRIP 

J lIT"Y 1 J IlLY 3, 1967 

c=:r 

Sample Station () Station: I1lonlh Ti\\le of 
S til t i on Distance in Miles dilY collectio11 

----

1 1'lackin<lc Brdp,. 1 ; L, 7/1 9: 15 AM 

2 1 - 2 ; 31 7/1 11:15 AM 

3 2 - 3 : 37 7/1 1: 30 1'!-1 
-

(I 3 - 4 : 30 7lJ 3: JO 1'JI1 

5 II 5 : 36 7/1 ') :tl ) PN 

6 5 6 : 31 7/1 7 :45 I'll 
.~- --

7 6 - 7 : 3/ 7/1 9:45 Pc! 

8 7 - 8 : 6 /1 7/2 1:45 Nl 

9 8 - 9 : 32 If;! 3:45 Nl 
-~-~~-~ 

10 9 10 ; 34 7/2 5: /15 AM 

11 10 - 11 : 2/4 7/2 7 ;30 Ai'! 

12 11 - 12 ; 4 7/2 8:30 )11 

13 12 - 13 ; 35 7/2 10: 30 1'"1 
-

14 13 - 11+ : 49 7/'l 12:4') AM 

15 14 - 15 : 35 7/3 2 :/15 AM 
-

16 15 - 16 : 30 7/3 II: 30 At! 
----

17 16 - 17 : 35 7/3 6:30 Ml 

18 17 - 18 : 33 7/3 9:00 Nl 

19 18 19 : 35 7/3 11; 00 At-'l 

20 19 - 20 : 34 71) 1: 00 PM 

21 20 - 21 : 35 7/3 3; 00 PM 
--

* 4 hrs incubation time; 60°F; 1000 Ft-Candlcs 
(mg/1 surface water) 
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15.0 

11.0 

10.0 

10.0 

16.5 

17.0 

ight 

Cn rbon ixc~. 
in mg x 

'"i', 

5.3 

2.9 
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9.9 
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Figure 5. }liLlignllns carhon i xc-d per liter of Lakp 
~lichigan surface \valer; Trip ,.lui\' I-JI! ,J')('7; Four 
hours incuhntioJ1) F., 1000 [oot-C:l11dl ligh. 
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temperatures were recorded, a thermocline was well-established by this 
time. Since temperatures were recorded only for surface waters, one 
can not determine the depth of the thermocline. 

The productivity levels did not show a linear relationship with 
respect to sampling location or surface water temperatures. 

Lake 1., July .!I-July 1967 

Approximately two weeks after the first trip, between July 17 and 
July 19, a second run was undertaken. Only seven stations are reported 
on the downbound course (Figure 6), This reduction in samples was due 
to very high counts that occurred in the control bottle. These high 
counts negated the light bottle counts from four stations. This was 
the only trip in which this problem arose. The cause is a matter for 
speculation only. Several factors could have been responsible. For 
example, contamination of the filters could account for such an error. 
Also, the problem could have been caused by extraneous material intro
duced into the control bottle. This material might have trapped sig
nificant amounts of the inoculated carbon fourteen during incubation. 
It is possible that material of this kind could have become embedded 
in the millipore filter and not have been removed during the washing 
process and thereby producing the very high activity recorded for the 
control bottle. However, the appearance of the filters was similar to 
others processed on this trip; no visual clue was provided relative to 

III! the actual cause of the problem. 
The productivity levels of the seventeen samples analysed ranged 

from 2.8 to 17.5 X 10-3 milligrams carbon fixed per liter of surface 
water (Table VI). This is a slightly broader range than was observed 
on the preceding trip) The mean productivity level of the seventeen 
samples was 8.1 X 10- milligrams carbon fixed which is exactly the 
same value as that observed for the previous trip. 

A general inspection of the data reveals that the greatest pro
ductivity occurs in the northern half of the lake with stations 1, 3 
through 6, 14, 16 and 17 having much higher levels than the remaining 
stations. The great variation in productivity which occurred between 
station 1 and station 2 is particularly noteworthy. Station 1 has the 
highest productivity level observed on this run; yet, only thirty miles 
away is station 2, which represents an area with only one-sixth this 
rate of production. Another unanticipated finding was the very low 
productivity levels of sampling stations 8 through la, which are located 
in the bowl end (extreme southern portion) of the lake where the water 
may be expected to be highly fertile since they might be greatly in
fluenced by the highly industrial and highly populated cities of 
Chicago, Illinois, and Gary, Indiana. 

Surface water temperatures ranged from 11.5 0 to 20.5 0 C with the 
highest temperature being recorded at station 8, the southern most 
sampling station in the lake (Table VI). These temperatures were gen
erally higher than those observed on the preceding trip. However, they 
cannot be positively correlated with the higher productivity levels 
observed at individual sampling stations. 
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Tab Ie VI. 

LAKE mCHIGAN PRODUCTIVITY STUDIES 

SUMNATlON OF TRIP 2. 


JULY 17 - JULY 19, 1967 


Samph> 

station 
Station to Station: 

Distance in ~li les 
nonth 
day 

Time of 
collection 

Surface 
water 

I'(>mp. °c 
ea rbon 
in mg x 

~~ 
10,~,J 

1 ~ackinac Brdg.  1 : 18 7/17 7:30 AN 17.3 17.5 

2 1 - 2 : 30 7/17 9:.10 AM J6.8 3.0 

3 2 - 3 : 63 7/J 7 11:.10 AM 15.5 16.0 

4 3 - I, : 33 7/17
"

3: 30 PM 11.5 10.7 

5 4 - 5 : 33 7/17 5: 30 PM 11.5 11.7 

6 5 - 6 : 32 7 /17 7: 30 PM 16.5 9.5 

7 6 - 7 : 31' 7/17 9:30 PH 17.1 3.9 
....~ -----_. 

8 7 - 8 : 99 7/18 10 :45 PM 20.5 3.2 

9 8 - 9 : 31 7/19 12:30 AM 18.9 2.8!---. 
10 9 - 10 : 35 7/19 2:30 AM 17.5 5.5 

11 10 - 11 : 35 7/19 4:30 AM 17.1 6.9 

12 7/1911 - 12 : 35 6:30 AN 15.9 6.7 

13 12 - 13 : 35 7/19 8:30 AM 15.5 5.3 

14 13 14 : 34 7/19 10:30 AM 17.1 12. L; 

1.) 14 - 15 : 35 7/19 12:30 PM 17 .8 4.3 

16 15 - 16 : 35 7119 ;/ : 30 PM IS.3 8.2 

17 16 - 17 : 35 7/19 4: 30 PM 19.6 10.3 

* 4 hrs. incubation time; 60°F.; 1000 Fl-Candles light. 
1 surface water) 
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~ Michigan, Trip October £-October ~, 1967 

From October 6 through October 8, 1967, the third sampling trip 
was made on Lake Michigan. Scheduling problems, already described in 
presenting the Lake Superior data, also apply to Lake Michigan and 
account for the great lapse in time (2~ months) that occurred between 
the second and third sampling trips. Twenty-four samples were collected 
and processed on this trip which resulted in a uniform and extensive 
coverage of the surface waters since most sampling stations were no 
more than twenty-five miles apart. 

One is immediately impressed by the very significant increase in 
productivity levels that had occurred sinc~ the July runs (Figure 7). 
These levels ranged from 9.4 to 37.1 X 10- milligrams carbon fixed 
per liter of surface water sampled. The mean productivity level 
(16.5 X 10-3 milligrams carbon fixed) is more than twice the means ob
served on the two preceding trips. 

Closer examination of the data discloses that in general the down
bound samples taken along the mid-section of the lake were lower in 
productivity than upbound samples which were collected along a course 
east of the mid-line and nearer to shore. Extremely high productivity 
values were found at sampling station 12 and 13, which were located in 
close proximity to the Chicago area and in a region where the water 
temperatures were higher than in any other portion of the lake. High 
productivity levels may also be seen at stations 17 through 22 (Figure 
7). The latter stations are all located in close proximity of the 
eastern shoreline and in fairly shallow regions of the lake. All the 
stations discussed above suggest that a relatively high degree of 
eutrophication exists in these areas of the lake. 

Temperature data (Table VII) indicated that the lake was beginning 
to cool since temperatures were generally lower than those observed in 
July (Table VI). The temperatures observed indicated that a thermocline 
was still present at this late date . 

Quantitative results of the plankton counts made on samples col
lected during this trip are presented in Table XVIII (Appendix A). It 
can be seen that very high concentrations of blue-green algae (Myxo
phyceae) were present in all three lake regions and that they constitute 
the predominant class. 

Examination of the plankton samples also revealed a very high con
centration of nannoplankton all across the lake. Unidentified larger 
algae, some of them filamentous, were found in high numbers in the 
central region of the lake. They were grouped under the heading "net 
plankton." The five most abundant organisms were all members of the 
Class Myxophyceae and include the following: (1) Microcystis incerta, 
(2) Coelosphaerium, (3) Lyngbya contorta, (4) Chroococcus, 
(5) Merismopedia glauca. 
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s Lil t j on 

1 

2 

3 

4 

5 

6 

7 

S 
t

9 

10 

1 J 
r----

12 

13 

III 

J5 

16 

17 

18 

19 

20 

21 

22 

23 

24 

Station to Station : month Time of Surface 
w[lterDistance in Miles day co llec tion Temp. DC 

M[lckinac Brdg. I : 47 10/6 4: 00 AN 11.0 

1 - 2 : 26 10/6 6: 00 AM 11.0 

2 - 3 : 25 10/6 8:00 Ml 12.0 
-

3 - /+ : 25 ) 0/6 10:00 AM 12.0 

4 5 : 25 10/6 Noon 11.5 
1- -

5 - 6 : 25 10/6 2:00 PM 14.5 

6 - 7 : 25 10/6 /+: 00 PM 13.5 

7 8 : 25 10/6 6:00 PM 14.0 

8 - 9 : 37 10/6 9:00 PM 14.5 

9 - JO : 38 10/7 Midnight I It. 0 

10 - 11 : 25 lO/7 2:00 AM 13.0 
- -

11 12 : 25 10/7 II: 00 Ml 17.5 
-~ -

J2 - 13 : 15 10/7 4:30 PM 17.0 
---- ,---- - .

13 - ill : 25 10/7 6:30 PM 15.5 

1/+ - 15 : 26 10/7 8:30 PM 16.0 

15 16 : 25 10/7 10:30 PM 15.0 

16 - 17 : 26 10/8 12:30 AM 15.0 
----

17 - 18 : 25 10/8 2:30 AM 14.0 

IS 19 : 25 10/8 4:30 AM 13.0 

19 - 20 : 25 10/S 6:30 AM 12.0 

20 - 21 : 25 10/8 S:30 AH 12.0 
--

21 - 22 : 25 10/8 10: 30 AM 13.5 

22 - 23 : 26 lOIS 12:30 PH 13.5 
-- -

2~ - 24 : 25 10/g Z:30 PN 13.0 
-'-~-' 

>~ / .. hrs. incubation time; 

surface Ivater) 
60°F.; 1000 rt-Cand les 1ight. 
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Table VII. 

MICHIGAN PRODUCTIVITY STUDIES 

SU!:<l}lATTON OF DATA, TRIP 3. 
OCTOBER 6 - OCTOBER 8, 1967 



Lake Michigan, Trip October 23-0ctober 26, 1967 

The fourth and final sampling trip of the 1967 season was under
taken approximately two weeks after the third trip (October 23-0ctober 26). 
Intense storm activity during the entire trip made every phase of the 
operation much more difficult. The first sample was collected fifty
eight miles from the Mackinac Bridge since severe storm activity made 
it unsafe to be on the deck of the ship earlier in the trip. The re
mainder of the downbound trip improved very little, but it was possible 
to collect and process the samples on schedule. 

The upbound course followed the western shoreline of Lake Michigan 
closely (Figure 8). This course was taken to escape the same intense 
storm activity encountered on the downbound trip. 

With the exception of sampling stations 18 through 21, it will be 
noted that the productivity level of the lake remained quite high. If 
one scans Figure 8, it will be seen that stations 6 through 17, exclud
ing station 10, located in the central and southern lake regions have 
very high productivity values, while the remainder of the stations show 
reduced rates of production. 

The productivity levels for this trip ranged from 4.1 to 
33.2 X 10-3 milligrams carbon fixed per liter of surface water with 
station 12, located farthest south and closest to Chicago, exhibiting 
the highest level (Table VIII). The mean productivity value was 
17.54 X 10- 3 milligrams carbon fixed. This represented a slight in
crease over the mean of the previous trip and suggests that even at this 
late date, productivity levels were continuing their rise although this 
was occurring at a slm~er rate than observed earlier in the season. 

Compared to the ilrunediately preceding trip, surface water temper
atures showed a definite reduction over the entire lake. This reduc
tion, to some extent, could have been brought about by the storm 
activity which undoubtedly mixed the warmer surface water with the cold 
water from the hypolimnion. It must be remembered, however, that this 
is the time of year when lake temperatures normally decline as a result 
of falling air temperatures and other factors. Factors such as light 
intensity and length of day relate to this phenomenon. All these 
forces working together are responsible for the reduction in surface 
water temperatures observed each fall. In this instance, it will be 
noted that stations 18 through 21, which reflected the lowest product
ivity values, were the stations that had the lowest surface water tem
peratures. 

Total plankton counts on this trip decreased significantly from 
the values observed in the first part of October as shown in Tables 
XXIX and XXVIII of Appendix A. Although members of the Class Myxo
phyceae were still the predominant planktonic organisms, their numbers 
were greatly reduced from those noted on the preceding trip. The 
diatoms, (Class Bacillariophyceae), were more abundant in the central 
and southern regions of the lake than in the northern portion. Uni
dentified nannoplankton remained at approximately the same level as on 
the previous trip. The unidentified net plankton grouping was consid
erably reduced. Coelosphaerium, Microcystis incerta, Chroococcus, 
Tabellaria fenestrata, and Asterionella formosa were the five most 
abundant plankton organisms collected on this trip. 
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Tab 1 ..' VIII. 

LAKE ~lICHIGAN PRODUCTIVITY STUDIES 


SUHMATlON or DATA, TRIP 4. 

OC1UHER 23 - OCTOHER 26, 1967 


Samp}(, Station to Station: month Time of Surface Carbon LXCt 


station Distance in l1ile's day collection IT:~n. 0c in mg x to;

] tlilcldnac llrdg. 1: 58 :3 1:00 All 9.0 15.0 


2 1 - 2 : 25 lC/2] 3:00 All 9.0 16.7

f------I----------------+----1----_+-___+-____--I 

3 2 - 3 : 2/, 10/23 5:00 AM 9.0 16.7 
f-----.------------+-----+-----t----t---__-l 

If 3 - 4 : 24 101':>3 l:OOAH 9.0 16.7 
1------ --------1----+-----1-----+-_.__--1 

5 4 - 'i : 24 I () /2] 9: 00 I\M 9.0 111. 7 
f----. -----------.---.-----1----+------1-----1------1 

6 :> - 6 : ,)L. lO 3 11:00 11M 9.0 26.2 
..- .. -~ --'-- 

7 (, - 7 : 2t, JO/23 1:00 PH 9.0 21. 7 
~--··~--------····---------l------ _____._-+___-+____~ 

8 7 - 8 : 22 10 /23 3 : 00 PH 1l. 0 19 . 7 
---- .--.---.----- --'--+-------+----+------i 

9 R - 9 . 30 I(l!:>3 6:00 P~l 11.0 22. 
--_.__._----_._--------1--.-1-._----+----+------1 

10 9.. 10 : 30 IO/2] 9:00 1l.0 11.7 

11 10 ,. 11 ':>6 1O/7/j Midnight 13.5 28.1 
-,--- ----.---------- ..-.---+'----.---+-------+-----1 

12 11 - 12 : 30 ]0/2/, ]:00 All 13.5 33.2---- -----.. --~---.----- --- 
13 17 - 13 : 9 ]0/25 7:00 liN 12.0 25.7 

III -- -

111 13 - 14 : 25 10/25 9:00 AM ll.S 19.8 
t----·--~----------_______·__~I--____ 

15 III 15 : 25 JOn:) 11:00.'\M 8.1 27,2 
- ~---.----,------

16 ]'i - 16 : 25 JO/25 l:()O F:-l 11.3 3.4 
-.--- --"----.---.......------~---__t----_I 


l! 1(,.. 17 : 25 10/25 3: 00 PM 11 ,0 ?2 . 9 
--_.-.. f--- ------------+---t------+----+____~ 

1(; 17 - lR : 25 JO/25 5:00 PM 5.0 11.7 
-----.j- .,--------------+---I-----+-----+-------l 

1'J I ti - 19 :;:> ') lO /2 7 : 00 P~l 6 , 0 9.9 
-----.. 1--------------+----+ 

:20 If) 20 : 25 10/25 9:00 PH 5.0 ILl 
- ' 

21 20 - 1 : 25 1]0/25 11:00 PN 6.0 7. 

22 2I - 22 : 37 10/26 2:00 AM 7.5 11.7 

23 22 - 23 : 36 10/26 5:00 fuM 7.0 10.2 

Zit 23 2/, : 39 10/26 8:l5/U"j 8.0 11.2 

4 hrs. incubation time; 60oF_; 1000 Ft-Cnnd1es light.. 
(mg/l surface wator) 
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~ Superior, 1, ~ ll-~ 26, 1968 

The 1968 sampling season was initiated approximately one month 
earlier than in 1967 with the first trip beginning on May 21. Sample 
collections and associated laboratory procedures were carried out 
aboard the steamship Ernest T. Weir, owned by the Inland Steel Corp
oration and operated by the Hanna Mining Company. The procedures were 
the same as those used during the 1967 season. Since the main steel 
plant owned by the Inland Steel Corporation is located at Detroit, 
Michigan, nearly all ore cargo was delivered to this point during the 
1968 shipping season. Thus, while it became possible to extend the 
study to Lake Huron during this season, it was necessary to drop Lake 
Michigan and no samples were collected in that lake. 

Figure 9 presents the Lake Superior data for the first sampling 
trip, and Table IX follOWing immediately includes a tabulation of the 
detailed results. The sampling trip terminated at Taconite Harbor 
which is located approximately eighty-four miles up the North Shore of 
Lake Superior from Duluth, Minnesota. In all, twenty samples were 
taken. 

With the exception of three stations, productivity levels were 
relatively uniform. Sampling station 12, one of the exceptions, is 
located at the very eastern end of Lake Superior and very close to the 
source of the St. Mary's River where one normally might not expect a 
low value because the water is comparatively shallow and large land 
masses are close by. The productivity level here was only 3.5 X 10-3 

milligrams carbon fixed per liter of surface water as contrasted with 
a mean of 6.4 X 10- 3 milligrams. It is also interesting to note the 
wide variation in the productivity levels of sampling stations 4, 5, 
19 and 20, all located in the same general area of the lake. Of these 
stations, 19 and 20 represent the low values. 

The_3urface water productivity ranged from 2.9 at station 19 to 
9.0 X 10 milligrams carbon fixed per liter of surface water at station 
1 with the highest productivity levels being observed at the first four 
stations. 

As in 1967, plankton samples were collected from the surface 
waters of the lakes studied. During the 1968 sampling season, collec
tions from Lake Superior and Lake Huron were made on Trips 1, 3 and 5. 
The lakes were again arbitrarily divided into three approximately equal 
portions and samples were collected within these areas. Such samples 
were subjected to chemical analysis, as well as plankton identification 
and quantitation. 

Lyngbya contorta, a blue-green algae, was found in high numbers 
in all three regions of Lake Superior. The maximum concentration was 
found in the west end of the' lake and the minimum at the east end, as 
shown in Table XXX (Appendix A). Although fewer in number, diatoms 
were found to be rather evenly distributed throughout the lake. 

Unidentified nannoplankton were found to be in high concentrations 
all across the lake. The five most abundant phytoplankton organisms 
noted on this trip were Lyngbya contorta, Synedra ~, ulna, 
Asterionella and Melosira. 
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Table IX. 

LAKE SUPERIOR PRODUCTIVITY STUDIES 


Sl.JM}1ATION OF DATA, TRIP 1. 

NAY 21 - MAY 26, 1968 


Sample 
station 

1 

2 

3 

4 

5 

(, 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

Station to Station: month Time of 
Suriace 
water

Distance in Miles day collection 
treml'. °c 

Duluth pier 1 : 11 5 /21 4: 30 PM 5.0 

1 - 2 : 32 5/21 6: 30 PM 8.0 

7. - 1 : 33 5 /21 8: 30 Pt-l 8.0 

3 - 4 : 3/ 5/21 lO:30 PH 8.0 

4 - 5 : 33 5/22 12;30 AN ** 

5 - 6 : 33 5/22 2: 30 AN 

6 - 7 : 31 5 4;30 AH 

7 - 8 : 31 5/22 6:30 AN 

8 - 9 : ]2 5/22 8:30 AN 

9 - 10 : ]2 ') /27. 10:30 AN 

10 - 11 : 32 5/22 12 :30 PH 

11 - 12 : ]1 5/22 2; 30 fil 

12 - 13 : 8 5/25 2:30 PN 

13 - 14 : 33 5/25 4 :30 PH 

14 - 15 : 34 5/25 (, : 30 1'1'1 

15 - 16 : 33 5/25 8:30 PM 

16 - 17 : 34 5/25 10:30 PN 

17 - ]8 : 34 5/?6 12:30 AH 

18 - 19 : 33 5/26 7:30 AN 

19 - 20 : 33 5/26 4:30 AH 

* 4 hrs. incubation time; 60 0 P.; 1000 Ft-Cancl1es light. 
1 surface water) 

** Failure of thermometers (including spare) 
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Carbon 
in mg x '", 

9.0 

8.1 

8.5 

6.9 

7.4 

6.5 

6.2 

8.0 

5.2 

5.8 

3.5 

6.3 

5.8 

6.4 

7.7 

6.1 

5.5 

2.9 

4.2 

II 



Lake Superior, Trip June 22-~ 26, 1968 

The second sampling trip of the season began on June 22 and ended 
on June 26. Twenty-one samples were collected at intervals of approxi
mately thirty-four miles. Results illustrated in Figure 10 show that 
sampling stations 2, 4, 5 and 19 at the western end of the lake have the 
highest productivity rates. Stations 3, 20 and 21, on the contrary, 
located in the same portion of the lake are much less productive. In 
general, the eastern one-half of the lake exhibits a lower productivity 
than the western half (Table X). Values for productivity ranged from 
4.3 to 9.9 X 10-3 milligrams carbon fixed per liter of surface water. 
This range is slightly less than that seen on the previous sampling 
trip. The mean productivity value of 6.2 X 10-3 milligrams carbon 
fixed also is slightly less than the value noted for the preceding trip, 
which was 6.4 X 10- 3 milligrams. This indicates that the productivity 
of the entire lake differs very little from that observed 
earlier. 

Surface water temperatures ranged from 40 to 100 C. 
number of sampling stations exhibiting temperatures of 50 
suggested that no well established thermocline was present 
at this time. 

Superior, Trip 1, July ~-July 11, 1968 

one month 

The large 
60to C 

in the lake 

During the second week of July, a third sampling run was made. 
Twenty-two samples were obtained. In this series a considerable amount 
of variation was observed (Figure 11). The greatest variation was noted 
in the western two-thirds of Lake Superior. If one compares Figure 10 
with Figure II, it will be noted that a general decline in productivity 
seems to be occurring as the season advances. The carbon fixed at ten, 
or nearly half of the stations sampled, was below the lowest reported 
productivity level recorded on the previous trip. Ihe low levels on 
this trip (July 8-13) were seen at stations 1, 3, 8, 9, 12, 13, 17, 18, 
20 and 21, respectively. 

Productivity ranged from 1.6 to 7.4 X 10-3 milligrams carbon fixed 
per liter of surface water with the mean value being 4.7 X 10-3 milli 
grams. Both the productivity range and the mean value of this trip are 
considerably lower than the values reported for the earlier trips. 
Worthy of mention are the very low productivity values noted for samp
ling stations 17 and 18. These stations are in close proximity to sta
tions 7, 8 and 9, which represent much higher levels of productivity. 
This seemingly anomaly is again repeated with respect to sampling sta
tions 3 and 21 (low productivity levels) and stations 4 and 22 (high 
productivity levels). It should be pointed out that 
days time elapsed between the upbound and downbound 
allow for much shifting in the water masses to occur 
redistribution of the plankton. This could account 
noted. 

Although temperature data recorded in Table XI 
presence of a thermocline at all points in the lake, 

a period of four 
trips, which could 
possibly causing a 

for the variations 

do not indicate the 
sampling stations 

1 through 3, 12 through 14, and 22, which are located in the relatively 
shallow and enclosed portions of the lake do illustrate the initial 
stages of a thermocline formation. 
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Tilble X. 

LAKE SUPERIOR PRODUCTIVITY STUDIES 

SUJ:1HATION OF DATA, TRIP «) 

JUNE 2 JUNE 2(,) 1968 0. ..... 
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a> .... 
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a> .... 
'" 
u.c r '" be ""' .....
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-------

Si11lljl 112 

SL;ltiol1 

1 

2 

:3 

4 

S 

6 

7 

8 

9 

10 

11 

12 

13 

14 
-

I ') 
--------

16 

17 

18 

19 

20 

21 

1:1 t i. on t 0 S tilt i on : month of 
Surfilcc 
water

Distilncc in Miles day colI (,c {. ion 
TC'n'[l. 0(: 

Duluth pier - 1 : IS () 2:00 AN 8.0 

I 2 : 33 4:00 AM 8.0 
-

- 3 : 31 6/22 6 :00 1'1:'1 8.0 

3 - !, : 3? Cl/n 8: DO A~l 7. 

I, - 5 : 31 (, / 2 10 :00 N'l 5.0 
-

5 - (i : ',12 In Nooll S.O 

() - 7 : 35 6/22 2:001','1 6.0 

7 - 8 : 30 6/:' 'J !,: 00 1';>1 6.0 

8 - 9 : 32 6/2/1 6 :00 Hi 5.0 

C) - 10 : 32 8:00 1, • 0 

J 0 I I : 32 (, 10 :CJO PI<! ').0 
.._ ---,-

11 - 1:' : 32 6/23 1'1idnigilt 10. D 

I - 13 : 8 C, /25 :no Pi'l 10.0 

13 - 14 : 33 6/25 1: 00 AH 5.D 
'~. 

14 - 15 : 33 /26 3 :00 .1\'1 5.D 

15 - l(, : 34 6/26 5 :()O Nl 5.D _ ... 

1(, - 17 : 3tl 6/26 7 :00 Al"! 6.0 

17 - 18 : 3!, 6126 9:00 AN 6.0 

18 - 19 : 34 0120 11: DO Am 6.0 
------

19 - 20 : 34 /26 1 : 00 Pf1 6.0 

20 - 21 : 34 () /26 3 :00 1'1'\ 9.0 

60°F.; 1000 Ft-Cllndles light. 
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Cil rbon f i xl'0 
j n mg x ]();, 1 

6.1 
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9.6 I 

6.1 

9.9 
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------~--
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Tab le XI. 

I.AKE SUPERIOR PRODUCTIVITY STUDIES 

SUMMATION OF DATA, TRIP 3. 
JULY 8 - JULY 13, 1968 

:1 
:1 

., 1000 Fl-C;)ndles light 

S I .. ,surface I bamp Co StCltl.on t() StatIon: Time of .. Car on 
. . .. wa ter. _

statIon Dlslancc 1n MIles collection 'J' 0c In mg x 10 .I-- emp.. ,', 

1 Duluth pi~r 17 7/8 8:00 AH 11.0 

2 I 1 2 32 I 7/81 10 : 00 AH 10.0 

9.S3 2 3 Noon 

4 J 4 2: 00 TN 6.5 

:00 1'1'1 6.0 

6: 00 rM ).0 
-----i]-n 

7 6 7 33 7/P, I) :00 PM 5.0 
--+---~--

8 7 8 32 

9 8 9 32 7/9 I 1>1 j dII i ;;h t If,S 

10 9 10 35
f- . 

7/9 2:00 5.5 
r------------------y-······· 

3.5 

S.4 

3.3 

6.7 

4 c
• J 

7.4 

6.1 

4.3 

5.3 

11 11 3t+ 7/9 ~:OO 5.5 

2 12 35 7/9 6:00 11.0 

6.4 

4.0 

r-----~---------------·---~-----4 

15 14 15 

16 15 16 

6.5 

17 16 17 7/l? 

34 7/13 

311 7/13L-____ _______________ •___ 

20 19 20 34 

~ 

I 0 : 00 AN 11, . 0 

Noon 12.0 

5.0 

6. 

5.0 

~,' 4 hrs. incubation time; 
(mg/l surface water) 

4.1 

4.7 
--------

6.2 

4.7 

1.7 

1.6 

5.] 

4.2 
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Plankton samples were collected from all three regions of Lake 
Superior on the third sampling trip. Unfortunately, two of the sam
ples were destroyed during the course of the complicated concentration 
procedure. For this reason, only the sample from the central lake re
gion was available for study. See Table XXXI in Appendix A. The blue
green algae, Lyngbya contorta, was again the predominant organism. 
However, a considerable increase in numbers of Chrysophyceae and Bac
i1lariophyceae was noted relative to the findings on Trip 1. 

The nannoplankton concentration remained at approximately the same 
level as that observed on the earlier trip. On the same basis, the 
unidentified net plankton increased considerably. The vast majority 
of the unidentified net plankton were cyclotella-like organisms which 
lacked the characteristic striations found on the actual diatom. It 
is possible that these organisms may have been the cyst form of another 
planktonic organism found in the lake. Other than these forms, 
Lyngbya contorta, Synedra acus, formosa, Dinobryon, and 
Rhizoselenia were the predominant organisms of the phytoplankton. 

Lake Superior, Trip !!" July 29, 1968 

Approximately two weeks after the third sampling trip, arrangements 
were completed for a fourth trip across the lake. This trip began at 
Taconite Harbor where the ore cargo was loaded aboard ship. This 
accounts for the change in origin noted in the downbound course 
(Figure 12). 

The productivity level of the lake changed very little from the 
previous trip. Actually calculation of the mean productivity value 
indicates that the mean is exactly the same as that noted for the pre
vious trip, or 4.7 X 10-3 milligrams carbon fixed per liter of surface 
water. The productivity ranged from 1.0 to 9.2 X 10- 3 milligrams. 
(See Table XII.) 

It is of interest to note the distribution of the productivity 
values found at the various stations sampled on this trip. Stations 1 
through 5 illustrate a consistent increase in productivity at each 
successive point as one moves toward the open water on the downbound 
course. On the same course, sampling stations 6 through 10 all show 
reduced productivity when referred to station 5 (Table XII). With the 
exception of station 10, all these sampling stations are located in the 
open water and deepest portions of I~ke Superior. At station 11, of 
the upbound course, located in an area of the lake known as Whitefish Bay, 
the highest productivity level of the entire trip was observed. The 
remainder of the sampling stations, with the exception of stations 16, 
17 and 18, reflect productivity values that are below the mean value 
noted for the trip with stations 1, 12, 13 and 14 exhibiting the lowest 
values of all the stations sampled. 

Temperature data recorded for the surface waters still indicate 
that the thermocline is incomplete. 
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Figure 12. Milligrams carbon fixed per liter of Lake Superior surface water; TripJuly 24-July 29, 1968; Four hours incubation, 60° F., 1000 foot-candles light. 

~~ 

+

___ 'J: 

:r 

;::.. 
~ 

'> 
A 

::r: 
G"'; 

~ 

t-..;) .......... 


~~ -: 
'" I~ 

Ct> 'C
N G~ 

c:~ n ><::.-::> -: 
<: 
r-:c 
-< 

.!'
'X: • 



Lake Superior, 2, n-August 26, 

The fifth and final sampling trip of the season was made between 
August 21 and August 26, approximately one month after Trip 4. During 
the months of July and August, the entire region surrounding Lake Sup
erior usually experiences its brightest and warmest days. The 1968 
season was no exception to this pattern as was borne out by the marked 
increase in the surface water temperatures. Temperatures noted on this 
trip further indicate that a thermocline had been established in most 
areas of the lake (Table XIII). A total of twenty-two samples was col
lected and processed on this run. 

It will be noted that in contrast to the preceding trip, a general 
increase had occurred in the productivity level of the lake. Stations 
1, 2 and 3 reflect the highest values. The extremely low levels of 
productivity seen on the previous trip were not in evidence and a 
greater uniformity prevailed (Figure 13). 

Productivity rates on this run ranged from 3.5 to 12.0 X 1 
mil igrams carbon fixed per liter of surface water with a mean of 

3
5.6 X 10- milli.grams. During the one month that elapsed between 
fourth and fifth samplinr.; trips, the mean carbon fixation rate increased 
nearly one milligram per liter of surface water sampled. 

Although temperatures of the surface water were considerably in
creased over those noted on the earlier trips, one can not interpret 
these as linear or as related to any linearity in the productivity 
values found at the various stations at this time. 

Plankton samples showed very high concentrations of the Chrysophyte 
in the western portion of Lake Superior. However, very few 

these organisms were found in the other two areas of the lake. This 
is indicated in Table XXXII (Appendix A). The numbers of Lyngbya con
torta were highest in the central region of the lake and lowest at the 
western end. In contrast, diatoms were found in highest concentrations 
at the western end of the 
in descending order were 
Asterionella formosa and 

lake. The five 
Lyngbya 

most 
co

numerous 
ntorta, 

organisms 
Synedra ~cus, 

Lake Huron, 1, ~ 22-!!!'y 1968 

The first sampling tri.p on Lake Huron was made May 22 to May 25 
inclUSive. The first sample was collected three miles from the Detour 
Reef Light which is located very near the mouth of the St. Mary's 
River. This light marks a separation point between Lake Huron proper, 
its North Channel, and the river systems emptying into the northern 
portion of the lake. The main navigation routes traveled by the ship
ping lines are situated in the western portion of Lake Huron. These 
navigation routes are followed primarily because they represent the 
shortest longitudinal route across the lake and also because many 
points in the more easterly portions of the lake are extremely shallow, 
mak ing navi.ga t ion in these a reas very haza rdous. The downbollnd and 
upbound courses traveled are separated by approximately seven miles. 
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Table Xlll. 

LAKE S UPI': RIOR 1'IWDUCTIVITY STUIlIES 


SUNHATION 017 DATA, TRIP 5. 

AUGUST 2] AUGUST 26, ]968 

S<lmple 
station 

1 

? 

3 

{, 

') 

6 

7 

8 

9 

10 
- 

11 

12 

13 

11, 

15 

16 

17 

18 

19 

20 

Station to Station : 1110nth Time 01 
Surface 

,,,ntc r 
Dj tLmcc i n ~1i 1('S day co1 ]ecl-ion 

Temp. "c 

Duluth pier - 1 : 9 8 1 4:30 MI 13.5 

1 - 2 : 32 8iLl () : :\1-\ 12.0 
._--- ,----- 

2 - 3 : 1 Hln 8: :jO fIl'1 IL,.O 

'j - 4 : 31 8/11 10:30 MI 13.0 

I, 5 : 32 H/2] 12: 30 8.0 

') - 6 : 32 Il 1 7:30 l'N ~ 5 
~~~ ~--

6 - 7 : 22 B/2l I,:'W j'e! .0 
,,'- - . -- f-----

7 - 8 : linl 6: :lO 12.0 

8 9 : 32 Ill;>] 8:30 1'"1 8. 

') - 10 : 32 H/2] 10: ]'\'
" 

9.5 

10 - 11 : 32 Ii I '!2 ];) : 30 ,'It\j 11.0 
- ---- 

11 - 12 : 33 B/?? :30 Ml j().O 

- ---- 

P 13 : 33 B/!:) 4 :30 1"'1 ] [,.0 

13 14 : 3l, 5 6:30 l.3.0 

It, - 15 : 33 p,n5 : 30 J"'1 9.0 

15 - 16 : :)14 g/2:1 10:30 1'1'1 B.O 

16 - 17 : 31 11 I?(, ]2:30 AN 8.0 

17 - HI : 34 8/1.6 2:30 NI 13.0 

Hi - 19 : 32 /t'6 4:30 /\"1 12.0 

19 - : J!+ B/26 6:]0 1\'1 17.0 
\--._- -  --t-. 

21 20 - 2] : B/2() :30 AFt 11.0 
-------

:n 2] ?2 : :11 B!:'6 10:30 1').0 

~, 4 hrs. inGuh Lion l C)OoF.; lOOO Ft -Cand Ie>s 1 
surLlcc \'~I1.C·I') 
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Carbon [i :\1 
lin mg x 10): ,,' 

7.7 

9.3 

12.0 
f---

() . () 

~j . 
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3.6 
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4.9 
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5.1 
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5.5 
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6.5 

'). B 
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The same two-hour sampling schedule employed for the other lakes 
studied was followed here. This resulted in the collection of a max
imum of fourteen samples on any given trip due to the shorter distance 
across this lake. 

A very high level of productivity existed at nearly every station 
(Figure 14). Station 3 was the most productive (20.1 X 10- 3 milligrams 
carbon fixed per liter of surface water). One also will see that the 
productivity level s f the downbound stat ions are higher in nearly 
every case than those observed for upbound stations. An extremelv low 
rate of production will be noted at station 88 when it is compared to 
station 7. Only nine miles separated the stations. However, H should 
be recognized that a day of time had elapsed between the collections. 
Stations 3 and 11 illustrate a similar variation in productivity In 
this instance, the time lapse between collections was, for all practical 
purposes, two days, the distance separating the stations was eighteen 
miles. 

Productivity levels ranfjed from 3.0 to 20.! X 10- 3 milligrams 
carbon fixed per liter of :,:urface water (Table XIV). The mean product
ivity value was 12.0 x 

With the exception of the central region of the lake, counts of 
plankton samples revealed an absence of blue-gn!en algae and a predomi
nance of Chrysophytes, especially the diatoms as shown in Table XXXlI 
(Appendix A). The Chrvsopilyte Dinogryon was not f'und in the northern 
waters of the lake and Ivas :'resent in very low numbers in the central. 
lake region. H0wever, a hi",h concentration of th('se organisms appeared 
in the southern porti ('n. 

In this lakC', diatoms as a group vler(' ["und to be more abundant 
both in terms of Gcn('ra and numbers of r~anisms than they had been in 
either Lake Superior or Lake Hichip,an. high concentrations of 
nannoplankton were also noted. The cyclotella-like organism previous] 
mentioned was predominant in the net plankton. 

The five most frequently seen were (1) Oinobrvon, 
(2) Melosira, formosa, (4) Svnedra aCllS, and 
(5) Tabe11aria 

Huron, Trip 2:,. ,Jt~ 25, 19(,i"i 

The second sampl; trip on Lake Huron undertaken between 
June 23 and June 25, Iv[th a total of thirteen samples being leeted 
and processed wh Ie ross tn<"; the lak('. Fi "ure l'i jndi cates that the 
highest level of productivtv occurred at station I, wllich was ocated 
just seven miles from narrmvs, the point where the river systems empty 
inlo the lake. 1\.0 days later, hOl.ever, at sample station 13, located 
approximately four miles closer to the narrows, the productivity level 
was found to be less than one-third of that recorded for station 1. 
This represented the 10lyest carbon fixation level encountered on the 
entire trip. These fi.ndings again indicate that a great deal of var
iability can occur in productivity levels within a single lake Sta
tions I, 3, 9 and 11 exhibit levels of producti,vity that are consider
ably greater than those observed at the remaining stations . 

If one compares Figure 15 (Trip 2) with Figure 14 (Trip 1) it will 
inunediately be noted that a Significant reduction in productivity oc
curred during the one month which separated the trips. The productivitv 
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T;,ble XIV. 

lAKE HURON PROlJUCTIVITY STUDIES 

SUNHAT ION OF DATA, TRIP 1. 

HAY May 25, 1968 

~~~~ ~ ~ 

Salll!,! St:aLiol1 lo Station: monlil Ti of 
Surface 

s l (I t i. Clll Distance ill Mill',', ,j;, Y collc'ction 
Tl·II'p. "C 

-~-- ~~-

1 Detour Li ,r - I : 3 s/n O:'lOP~l 1; f: 

--~~~ 

2 1 - ? : :Jl 'j :J J? : MI 
'--'

3 ? - 3 : I 5/23 2: 30 M! 
-~- -

14 - 1+ : 1 5rn 1+: 3() Ml 
~-- -~-

'> t, - 5 : 32 ')/23 : 'J() Ml 
~----,-

6 - 6 : 32 ',/? :I 8: Ml 
f----~ 

7 (, - 7 : :3 ] 5/7.3 0:30 1\1'1 

8A 7 - SA : 2 " 'J /2 /, 'j: ()O Prl 

8n 8A - : 3/, 'Y/?.I+ 7:0() PM 

9 8n - 9 : 31, 'j /2 /, 9:00 PH 

10 ') 10 : 31, liJ, 1 :00 PH 
1-----~-

1 I 10 - 1 I : 31, 5/25 1: ClO AM 
----

12 11 - 12 : 'J 5 3: 00 Ml 

13 12 - n : 36 'i /25 5:00 Ml 

* I, l,rs. inClIb:1tioll time; F.; 1000 Fl'-Candlcs light. 
1 surf,u:;c lI'ator) 

*'k Failure of thermol1leters (iliciutii llg 
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Carbon 
in mg X 10~ 

If+.O 
-

ll, .1, 
.-

20.1 

1t, .6 

9.6 

1.6.8 

13.7 

10.9 

3.0 

.9 

11.6 

9.0 
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13.1 

7.11 
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Figure Milli carbon fixed pc-)" lite!: of 
Lakce Huron surfacc Ilote!:; ip 1, nay 22-Nay 25, 1968; 
Four hOHrs incubati.on, F., 1000 foot-eand lees 1 i ght. 
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levels of the lake ranged from 3.8 to 12.1 X 10- 3 milligrams carbon 
fixed per liter of surface water sampled (Table XV). The mean pro
ductivity value of the samples collected was 7.0 X 10-3 milligrams. 
This is approximately one-half the mean value observed on the previous 
trip. 

Surface water temperatures ranged from 8.0 to 15.00 C which sug
gests that a thermocline existed throughout areas of the lake sampled. 
Although the highest surface water temperatures were observed in the 
more southerly portions of the lake, correspondingly high productivity 
levels were not found. 

Lake Huron, Trip 1, July 2.-July 1968 

Fourteen samples were collected and processed on the third sampling 
trip on Lake Huron (july 'l through July 13). On the downbound trip a 
rather uniform rate of productivity characterized stations 3 through 0 
with reduced levels being seen at stations 1, 2 and 7 (Figure 16) How
ever, on the return trip, productivity was found to be lower than val
ues observed for any of the downbound stations. Sampling stations 11 
and 12 showed nearly a sixfold reduction in rates over those observed 
in the same area two days earlier. Comparison of the mean productivity 
level of the two runs shows that mean rate of production on the down
bound trip was nearly twice as high as th~3 for the upbound trip. The 
productivity levels were 6.5 and 3.4 X 10 milligrams carbon fixed per 
liter of surface water respectively. Overall the productivity values 
ranged from 1.3 to 8.0 X 10-3.milligrams carbon fixed and the mean pro
ductivity value was 4.9 X 10- 3 milligrams carbon fixed. The latter 
value, if compared with the mean of 7.0 X 10- 3 mi lligrams recorded three 
weeks earlier, and the mean of 12.0 X 10-3 milligrams found approxi
mately seven weeks earlier, represented a total reduction of almost 
60 per cent. 

Surface water temperatures increased as might be expected with the 
advancing season. On this trip, the temperatures ranged from 11.0 to 
18.00 c. It was assumed that a thermocline was well established through
out the lake. (Table XVI). 

Except for a small number of organisms collected at the southern 
end of the lake, blue-green algae (Myxophytes) were not found on this 
trip. The golden brown algae (Chrysophytes) predominated the phyto
plankton as shown in Table XXIV (Appendix A). The Chrysophyte, 
Dinobryon, was found in high numbers in the north and central lake 
regions with the diatoms being most abundant in the southern portion 
of the lake. If one compares the findings of this trip to those of the 
first samp ing trip (Table XXXIII, Appendix A) it will be seen that an 
increase in the diatom population occurred in all regions of the lake 
sampled. The phytoplankton, Dinobryon, was also found to be more abun
dant in both the north and central regions of the lake than was noted 
in the earlier trips. The numbers of nannoplankton decreased while the 
net plankton remained at approximately the same level as noted in the 
first sampling trip. Asterionella formosa, Dinobryon, Fragilaria 
crotenesis, Synedra ~, and Tabellaria fenestrhta, all diatoms, with 
the exception of Dinobryon were the most abundant phytoplankton. 
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Table XV. 

LAKE HURON PRODUCTIVITY STUDIES 

SUMHATION OF DATA, TR 1 P 2. 

JUNE 23 JUNE 2 , 1968 

Sample Station to Station: 
station Distance in Miles 

1 Delour Light - I : 7 

2 1 - 2 : 23 

:3 2 : 38 

4 3 - 4 : 31 

5 4 - ') : 32 

6 5 - 6 : 30 

7 6 - 7 : 32 

8 7 8 : 18 

9 8 - 9 : 65 

10 9 - 10 : 34 

II 10 - II : 35 

12 11 - 2 : 38 

13 12 - 13 : 29 

* 4 hrs. incubation t11TIC, 

1 surface HateY) 

Honth of 
Surface 

\Va lc r c, tion Temp. 0(; 

6/23 10: M! 11.0 

:3 12 : 8.0 

6/23 2 30 P~l 8.0 

6/23 4::10 PH 10.0 

6/23 6 : PH 12.0 

6/23 8:]0 P~l J3.0 

6/23 10: 30 P~l 1').0 

6/25 2:00 Ml 10.0 

6/25 6:00 Ml I If. 0 

6/25 8:00 Ml 12.0 

6/2 ') I():OO Ml 11.0 

6/25 12: 15 P~l 9.0 

6/25 2:00 PH 9.0 

Carbon f ' ~; 
in mg }; 10.: 

12. 1 

4.6 

9.0 

[,.2 

5.8 

5.3 

5.2 

7.7 

1 I .1+ 

6.7 

9.1 

6.6 

3.8 

i 
i 
i 

""'.it~~

\ 
C- ..~ "'\ 

\ '>1 . '\ 
. IF'-~I? \2~ri '" 1/ ~ C lv,\;, 

>< 
til 
<.) ~ ~~,01 ..... 
(1) 

:> 

:),> 
<J '" u 

.-I 

.-I 

...: 

'" 

" ,.~j 
., 1000 Fe-Cano les 1iglll. 

Figure Jt:. NLlJigra",,, Cari1Ol) fb:<:eo per liter of Lake 
lluron !curfacc 1,"Jtcr; Trip 1, .lul" 'J-JuJy 13, 1968; Four 
hours incubation, F., lOOO foot-candles light. 
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Tub Ie XVI. 

LAKE HURON PRODUCTIVITY STUDIES 

SUHHATION OF DATA, TIUP 3. 


JULY 9 JULY 13, 1968 


Samp e Station to Station : month Time of 
Surface 

Carbon
'WaterIf; lat inn Distance in l'li 1 day collection lim" 0C i.n mg x 10~ 

1 Dc'lnur Light - 1 : 9 7/9 2 : 30 1','1 13.0 5.0 
-- --  -~ ~-

2 1 - 2 : 30 7/9 tl: 30 1'1'1 11. 0 4.5 
-  --- f---- ---- .- --  -

3 2 :I : 29 7/9 :30 PH 13 .5 7.5 

4 3 - 4 : 3] 7/9 8: 30 P>1 13.0 6.9 
-----  ------- 

5 Ij 5 : 31 7/9 1O:JO Pi-! lLI.O 7.8 
----  -  --

6 5 - 6 : 40 7/l 0 12:30 N1 16.0 8.0 
---

7 6 - 7 : 33 7/10 2: 30 liM 16.0 5.6 

8 7 - 8 : 13 7/11 3:00 IN 18.0 4.1 

9 8 - 9 : 32 7/11 5 :00 1'1'1 18.0 3.9 

10 9 - 10 : 33 7/11 7 :00 I'd 15.0 4.2 
I------ 

11 10 - 11 : 3tf 7/1 9: 00 Pl'1 .0 2.6 
--

12 11 - 12 : 34 7/ll 11 :00 IN 11.5 1.3 I 
--  ---------- 

13 12 - 13 : 33 7/12 1 :00 A~l 14.0 
- -- 

14 J3 - llj : 34 7/12 3:00 A}1 13.0 
~---

* 4 hn;. incubnt-ion time; 60 0 r:.; 1000 Ft-Candlcs light. 
surface \vater) 
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~~. Trip July 25-July 1968 

Approximately two weeks after the third sampling trip preparations 
were completed for another run and supplies were once again loaded 
aboard the steamer Ernest T. Weir. A total of thirteen samples were 
collected and processed during the trip. 

A general inspection of Figure 17 indicates that by July 25 through 
28, the productivity level of the entire lake had increased considerably 
over that observed earlier in the month. The levels ranged from 2.9 to 
9.2 X 10-3 milligrams carbon fixed per liter of surface water with sta
tions 6 and 9 representing the low and high values respectively 
(Table XVII). The mean productivity value calculated for the entire 
trip was 6.5 X 10- 3 milligrams as contrasted with a mean of 4.9 X 10- 3 

milligrams for the previous trip. Great variability is apparent in 
some parts of the lake. Sampling stations 6 and 8 as well as 5 and 9 
particularly emphasize this variability. The stations concerned are 
located only seven miles apart with collection times differing by only 
three days. 

Surface water temperatures when compared to those of the preceding 
trip showed a general and overall increase. TIley ranged from 14.0 to 
20.00 C. However, the temperatures could not be specifically correlated 
to the productivity levels observed at a given sampling station. The 
high surface water temperatures everywhere indicated that a thermocline 
was being maintained. 

Lake Hu ron, Trip August 22-Augus t 1968 

The final sampling trip on Lake Huron was made near the end of 
August. Fourteen samples were collected and processed during the nm. 
Figure 18 indicates that another significant increase had taken place 
in the general productivity rate of the lake. It is interesting to 
note that the highest levels of productivity were found at the opposite 
ends of the lake with samples collected at stations I, 2, 8 and 9 re
presenting these highest values. Excepting three stations (7, 13 and 
14), productivity levels were much higher than the mean observed on the 
preceding sampling trip a month earlier. 

On this trip the productivity values ranged from 2.7 to 14.2 X 
milligrams carbon fixed per liter of surface water. The mean value was 
9.4 X 10-3 milligrams. If one scans Figure 18, it will be found that the 
samples representing the lowest and highest productivity levels were 
collected in very close proximity to one anuther (only eight miles 
apart). However, it also will be seen that as much as three days 
elapsed between collection times. (Table XVIII). 

Surface water temperatures ranged from 17.0 to 24.0° C. On a lake
wide baSiS, this represents approximately a three degree rise in the 
mean surface water temperatures, during the one month which had elapsed 
between sampling runs. Although the general increase in surface water 
temperatures is undoubtedly associated with the rise observed in pro
ductivity levels across the lake as a whole, one must exercise caution 
when associations are made between productivity levels of individual 
sampling stations and recorded surface water temperatures. 
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Tahle XVII. 

LAKE HURON PRODUCTIVITY STUDIES 
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Figure 17. Nil] i grams carbon fix('d plJ!: Ii ter 
sllrJac(' water; Trip if,.JU 25-July 28, 1968;

0 
incllhaLion, 60 F.) 1000 -candles light. 

Snmpl(, Stntion to Stnlion : lllouth Time of 
Sur[ilcc' 

Carbon fi 
station Distance iu Miles d:ly col h'ction 

wnLer 
in mg X Jll;~fe'''p. (lC 

1 ID. tour Light : 8 7/25 : MJ 1';.0 8.9 
~ ---

2 1 - 2 : 31 7/25 7; 30 Ml ) Ii . 0 8.2 
----_.-1

3 2 3 ; 28 7 'l 9:30 AN J . ') 

--- 
4 3 - 4 : 29 7/25 11: 30 Ml 17.0 6.1 

'j - .5 : 3J 7 /? ') J: P~l ]g,O 3.0 
--------

6 - 6 : 39 7/Z'l : P~l 20.0 2.9 
------ _. 

----~-

7 6 7 ; 32 7/28 5: 30 Ml 1 .5 7.4 
-

8 7 - 8 : 31 7/28 7: 30 Ml 17. " 6.6 
-------

9 8 - 9 : 32 7/2fl :30 Ml 17. 9.2 

10 9 - 10 : 29 7/28 1 1 : MJ 18.0 8.6 
--- 

11 10 II : 3L, 7/28 1: 30 PM 17 ..S 5,1 
------

12 1 J - J2 : 3] 7/28 3:30 PH 1').0 7.7 
.

13 12 - ] : 31 7nil r,: 'lO Ptl J .0 '.>.2 

SUHNATION OF DATA, TRTP 4. 


JULY 25 JULY 28, 1968 


1 surface w:lter) 

of Lake 
Four 
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Tab Ie XVIII. 

LAKE HURON PRODUCTIVITY STUDIES 

SllHI'1ATlON OF DATA, TRIP 5. 

AUGUST 2 AUGUST 25, 1968 
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Figure' lB. Hi Lake 
Huroll sllrfnc(' vater; 
hours incub.:ltipn, 
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Sample I Station to Stat ion : month 
station Dist;:lncC in Niles 

1 IDC'Lour Light - 1 : 6 2 

2 2 32 12.5 

3 2 3 31 10.3 

4 3 4 24 8 10.1 

5 I LI - 5 : 31 8/22 8: 30 Jl'; 20.0 7.8 

6 5 - 6 : 36 8/22 10:30 PM 20.5 9.7 

7 (, - 7 : 36 8/23 12:30 AM 22 .5 4.2 

8 7 - 8 : 12 8/2/+ 8 :L,5 I'1'1 2LI.0 13.8 

9 I 8 9 28 I 8/241 10:30 1'1'1 I 22.0 J2.9 

10 I 9 - 10 : 34 I 8/25 12 :30 j\M 21.0 9.0 

11 I 10 - 11 : 33 I e/2:, 2:30 AN 20.0 8.8 

12 I 11 - 12 : 33 8/25 4:30 AM 19.0 9.6 

l3 I 12 - 13 : 30 8/25 () :30 AM 18.0 6.5 

14 I 13 - 14 : 32 8/25 8 :30 Al'1 17.0 2.7 

* 4 hrs. incubation Lime; 60°F.; 1000 Ft.-Candles light. 
(mg!l surface water) 

78 



The plankton samples collected in August showed that blue-green 
algae, which previously had been relatively insignificant, was the pre
dominant organism (Table XXXV, Appendix A). The Chrysophyte, Dinobryon, 
was found to be most abundant in the northern region of the lake and 
completely absent in the southern region, This is a complete reversal 
of the results presented in Table XXXIII (Appendix A) which reports 
plankton data collected on the first sampling trip of the season. 

Diatoms remained in rather high concentrations throughout the lake 
but compared to earlier trips their numbers were slightly reduced. 
Diatoms were much less concentrated in the southern part of the lake 
than in the other areas sampled. 

Unidentified net plankton was composed primarily of a cyclotella
like organism. The five most common planktonic organisms were 
Coelosphaerium, Fragilaria crotenensis, Tabe1laria 
fenestrata, and Merismopedia glauca. 

Erie, Trip July lL. 1968 

During the fourth sampling trip of the 1968 season, word was re
ceived that the steamship Ernest T. Weir, with its load of ore, was 
bound for Rochester, New York, at the eastern end of Lake Erie. This 
provided an excellent opportunity to sample the much discussed waters 
of a lake that is reported to be the most eutrophic of all the Great 
Lakes. With the exception of surface water temperatures, no chemical 
or physical data were collected on this trip through Lake Erie. For 
this reason, data which could be used for calculation of the carbon 
dioxide content of the waters were obtained from the literature. For 
example, in arriving at the total solids value, a publication by Beeton 
(1965) was consulted. He reported a value of 180 milligrams per liter, 
a figure supported by Powers et. al. (1960). The alkalinity value 
used for Lake Erie was 90.4 milligrams per liter, a figure also reported 
by Beeton (1965). Kramer's findings (1961) based on values of fifteen 
samples collected along very nearly the same course as that followed 
by the S. S. Ernest T. Weir were used for the pH value. It was 7.9, 
which represented Kramer's mean. This value is very similar to pH 
values reported by Fish et. al. (1960) on work done in the central and 
eastern basins of Lake Erie in 1928-29. Through the use of the nomo
graph and the above chemical data, it was possible to determine the 
amount of free carbon dioxide available to the phytoplankton in Lake 
Erie waters. Final calculations establishing the total amount of car
bon fixed per liter of surface water were made using the above 
approach (see methods section for details). 

The results of the five samples collected and processed on July 
27 while crossing Lake Erie are graphically presented in Figure 19 and 
in a tabulation, Table XIX. It will be seen that the productivity 
levels of this lake are phenomenally high. Although only five samples 
were collected the data obtained and ana for this particular run 
suggest a definite linear increase in the productivity levels from the 
eastern to the western ends of the lake. More data would be needed, 
however, to completely substantiate this finding. Unfortunately, no 
other opportunity became available to sample this lake. 
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Table XIX. 

LAKE ERIE PRODUCTIVITY STUDlES 

SUHHI\T10N OF DI\TA, TRIP 1. 

JULY 27, 1967 

Slir L1C(' Carbon f ixc,lTi o[monthU1tioll to Stillion:Sample water -3 
0collection[by in I1lg x 10,.,Distance in Miless Ul t i Oll Temp. C 

ti:61 t lU vcr 127.723.06: 00 MI- 1 : 13 7127 
Li~_ ~~--

51'.722.01 2 : 31 9: 00 Mt7/272 
l~~~- ~--

1,2.1{23.0NO,)12 - 3 : 57 7/n 
~~~-

2L,.0 36.83: 00 P;lL, 62 1/273 :4 
~-

:50.62 'j. 06: 00 1'~1- :, : 49 1/275 

-C;mu] l.i .. Ij Ill'S. incu\J,ltion t.imc; GO"F.; 1000 
surface \\',1tc1') 

Productivity levels ranged from 30.6 to 127.7 X 10-3 milligrams 
carbon fixed per liter of surface water with a mean of 58.4 X 10- 3 

milligrams. The sample collected at station I indicated that during a 
four-hour incubation period carbon was fixed by the phytoplankton at 
a rate exceeding one-tenth milligram per liter of surface water. This 
represents a productivity rate that exceeds the four other stations 
sampled by a factor of two. The extremely high productivity found at 
all stations supports the claims of those who state that this warm, 
shallow member of the Great Lakes family is indeed in a very advanced 
stage of eutrophication. 
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V. DIS{:USSION O}-' RESULTS 

Potential Causes of Variation in Productivity 

The examination of virtually anyone of the Figures presented in 
the previous section immediately demonstrates that productivity varia
tions of considerable magnitude do occur between stations. This di
versity was noted in all of the lakes except Erie and during both the 
1967 and 1968 seasons. Many of the largest variations in levels of 
productivity occurred at stations that were located in the same general 
region of the lake, and some stations were actually in very close prox
imity to one another. 

Pondering the reasons for overall variations in productivity, 
several explanations present themselves. For example, in large bodies 
of water such as those composing anyone of the Great Lakes, surface 
currents exist which may cause a variety of circulation patterns to 
occur. Wind speed, wind direction, and temperature variations within 
the water masses of the lake are probably three of the most important 
forces governing such surface water movements. Barometric pressure 
above the water surface, rotation of the earth (coreolis force), 
expecially the moon, also play an important role in determining the 
various circulation patterns that occur in a large body of water and 
must not be overlooked. 

Studies concerning the circulation pattern of western Lake Superior 
(Ruschmeyer and Olson 1958) indicate that typically the surface waters 
in this portion of the lake move in a counterclockwise direction. This 
causes surface waters to flow toward the western portion of the lake 
along the north shore and toward the eastern portion of the lake along 
the south shore. This counterclockwise pattern was found to exist in 
the region west of the Apostle Islands. The authors also found that 
a definite south shore drift occurred in an easterly direction along 
the south shoreline. Drift bottles and temperature measurements were 
used to determine the circulation pattern of the western region of the 
lake while drift bott les were used exclusively to determine the south 
shore drift pattern beyond the Apostle Islands. Although information 
regarding the circulation patterns for all regions of the Great Lakes 
is presently unknown, it seems safe to assume that a variety of patterns 
could exist within a large lake, each being composed of a series of 
distinct and relatively independent water masses. Since phytoplankton 
are free floating organisms, they can be considered an integral part 
of any water mass and will, therefore, be carried along by the prevail
ing currents in any given area of the lake. Hence, it is reasonable 
to aSSume that observed variations between sampling stations could be 
brought about by the movement of such masses of algae laden water from 
one area of the lake to another. Since in this study samples were 
collected as the ore boat moved steadily across the lake, many areas 
or patches of both heavily and sparcely concentrated phytoplankton 
would be encountered. Under these conditions, the concentration of 
plankton algae at the particular time of sampling would determine whe
ther a high, moderate or low productivity level would be recorded at 
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that point. In small lakes, variations of this kind have been observed 
by Rodhe (1958b) who in Lake Erken noted very rapid changes in rates 
of production, in some instances amounting to several hundred per cent. 
He ascribed this to the horizontal redistribution of the plankton algae 
brought about by the wind. 

Another factor which could directly affect the productivity level 
of particular sampling stations within a lake during the same time 
period is the concentration of nutrients. Lakes such as Superior, 
Michigan, and Huron undergo a spring and fall turnover, a period of 
time when the thermocline disappears and the lake literally undergoes 
a complete mixing process. This also is regarded as the time when 
essential nutrients from the bottom or lower levels of the lake are re
distributed throughout the upper levels. By this process, the phyto
plankton of the euphotic zone are supplied with nutrients essential for 
growth and reproduction. This usually results in an upsurge in numbers 
and biomass during these periods which are reflected by increases in 
productivity levels. As the season progresses, these essential nutrients 
are utilized by the phytoplankton. Ultimately, the nitrates, phosphates, 
and other essential nutrients may thus be reduced or even exhausted in 
areas where heavy concentrations of plankton algae occur. Such areas of 
depletion, when contrasted to areas of nondepletion, could account for 
the variations in productivity described earlier. It must be remembered, 
however, that a given water mass or lake area can remain highly pro
ductive for several days or even weeks after the nutrient supply has 
essentially vanished. Rhode (1958a) and Steemann-Nielsen (1954) state 
that freshwater algae are capable of storing large amounts of nutrient 
material, primarily phosphates, in the cells which for a time sustains 
the productivity rate of the area depleted in nutrients. 

The variations observed in productivity during this study might 
also be attributed to light intensity and quality. For example, tur
bidity of the water would affect both the quality and intensity of the 
light energy. Thus the influx of turbid water from a river system or 
turbidity produced by wave action in a shallow area could be responsi
ble for the reduction in productivity of a given water mass. This 
applies to the laboratory test conditions imposed by this study as well 
as to the field situations because increased turbidity would have an 
effect on both systems. 

Temperatures might also be responsible for variations in the field, 
but these could not be directly checked by the procedure followed in this 
study since incubation temperatures were constant. However, it should 
be pointed out that while some samples were collected from waters which 
had temperatures of 50 C, others were taken from areas which had tem
peratures in excess of 20 0 C. According to van t'Hoff's law, the met
abolic rate is doubled to tripled for every temperature rise of 100 C 
(Ruttner 1966). Since this could result in an increased number of or
ganisms in the areas of highest temperatures, the results obtained by 
the laboratory procedure which, other conditions being equal, would 
relate directly to the number of organisms present and thus indirectly 
reflect lake temperature conditions. 

Another physical phenomenon which could explain the wide variation 
often seen between sampling stations in the course of this study is 
that of upwelling. It is a well-known fact that cold water, water with 
the greatest density, sinks. However, sinking water is not limited to 

83 

regions in which waters of high densities are being formed but also 
occurs wherever there is a convergence of currents. Since, ultimately, 
sinking water must rise, regions evidently must exist where ascending 
motion of water prevails since the amount of water that sinks must 
equal that which rises. Diverging currents and strong winds of an 
appreciable duration will assist in this phenomenon. Such a movement 
of water from the deep parts of a lake to its surface is referred to 
as an upwelling (Sverdrup et. a 1. 1942). S teemann-Nie lsen (l958b) 
stated that in the seas, wherever two circulation patterns or fronts 
combine, eddies are found which bring nutrient enriched waters to the 
upper levels. Furthermore, he found that samples collected wherever 
these fronts occurred were characterized by productivity rates which 
were very high. It is reasonable to assume that this phenomenon would 
also apply to the Great Lakes. In the present study, the low producti
vity rates in the same area of the lake found on the return trip several 
days later could be explained on the basis that a replenishment of 
nutrients by the upwelling process had occurred in the interim. 

Still another explanation for the variations of productivity seen 
is that of "grazing." In this case, "grazing" refers to the consumption 
of algae by organisms of the second trophic level. According to Harvey 
et. al. (1935). who proposed the theory of grazing, copepods and other 
organisms were able to reduce diatom populations locally by the inten
sity of their feeding activity. Assuming that this is true for fresh
water lakes as well as the seas, one can readily envision small areas 
in the lake where phytoplankton concentrations have been depleted by 
this means to the point where productivity levels are very low. In such 
a situation, a very highly productive area might be immediately adjacent 
to an area of low productivity. This could account for the very rapid 
changes in levels of production that occurred on some of the trips. 
Also, the presence of a substance toxic to the phytoplankton could ac
count for the productivity variations seen. However, due to the very 
large dilution factor of the Great Lakes, the probability of this being 
a factor of major significance is doubtful. 

In the preceding discussion, several possible explanations have 
been offered relative to the cause for variations in productivity levels. 
Among these were (1) variations in the population of individual water 
masses, (2) differences in nutrient concentrations, (3) variation in 
light intensity and quality, (4) temperature differences, (5) the up
welling of subsurface water, (6) "grazing" activity, and (7) variation 
due to the presence of a toxic substance. 

Since, in general, the Great Lakes are deep lakes and because the 
shipping lanes were in the deep water portions, turbidity was not a 
noticeable factor. Thus it seems reasonable to assume that light in
tensity and quality were not a major cause for the variability in pro
ductivity that was noted. If one looks at surface water temperature 
differences (Tables I - XIX) it will be seen that for a large portion 
of a season, a thermocline was not definitely established in any of the 
lakes sampled except Erie. It can be assumed that during periods when 
the thermocline is absent, continuous mixing of the waters will occur 
and that temperature differences would not be great enough to account 
for the great variations seen in productivity. If one dismisses tem
perature as a major cause for productivity variation because of thp 

84 



general mixing which occurs during much of the sampling season, it is 
difficult to conceive that upwelling would play an important part in 
productivity changes since this phenomenon can only be effective where 
thermal stratification exists. Although much remains to be learned 
about the "grazing" phenomenon and the importance of toxic metaboIi tes, 
it seems unlikely that these factors could be responsible for the large 
productivity variations observed. 

In the opinion of this investigator, the productivity variations 
seen were primarily caused by population differences within individual 
water masses encountered while crossing the lakes. The highly produc
tive stations probably reflected water masses that contained high num
bers of organisms and the stations exhibiting low productivity reflected 
masses of water that contained fewer organisms. Very intimately asso
ciated with the productivity of any water body is the concentration of 
essential nutrients. Without an ample supply of these, production 
would soon cease. The continuous movement or circulation of water 
masses could provide a method for enrichment. Thus it is very diffi
cult to separate the nutrient concentration and the productivity of 
individual water masses. It must also be remembered that an ecological 
system was being studied and therefore all the factors previously dis
cussed may be involved. 

Productivity Trends, 1967 1968 

The 1967 sampling season spanned a period of approximately four 
months during which four trips were made. Sampling began on June 30, 
1967, and terminated on October 26, 1967. 

The mean primary productivity values and the mean surface water 
temperatures observed on each Lake Superior sampling trip are shown in 
Table XX. This tahle indicates that the primary productivity level of 
Lake Superior was very low when the season began. As the season pro
gressed, so also did the product i vity rates. During the months that 
passed between sampling trip 2 and sampling trip 3, a significant in
crease in productivity occurred. During this period the mean surface 
water temperature of the lake increased nearly two degrees, which is 
noteworthy when one considers the water mass involved. It should also 
be noted that in the interim between trips 2 and 3, the surface water 
of the lake probably reached temperatures above the recorded mean. The 
increase of nearly one milligram carbon fixed, noted between sampling 
trips 3 and 4, also represents a distinct increase in productivity. 
This is especially impressive because only a two-week span of time had 
separated the two trips. 

When this project was originally conceived, various statistical 
methods were considered to determine whether or not any changes seen 
in productivity levels across a lake were statistically valid. It was 
finally decided that the productivity trends, if they existed, might 
be related to two factors, namely, (1) distance from a given point (for 
example, the further out in the lake away from populated centers and 
surrounding land masses the lower the productivity rate), and (2) the 
span of time during which all samples were collected. 
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When a multiple linear regression model was used to analyse these 
factors, it was immediately noted that on this basis, no relationship 
existed between the productivity rates and distance from a given point 
in any of the lakes sampled. 

It was, however, noted that a positive correlation existed between 
the productivity levels of the lakes sampled and the time of sampling. 
This indicates that the primary productivity of the lakes is cyclic in 
nature and that the rate of production varies depending upon environ
mental conditions. 

The range in product [vity values observed in Lake Superior during 
1967 is shown in Figure 20. A distinct increase in productivity is 
seen as the season progresseu. 

For extended periods of time during the previous winter, very cold 
temperatures were experienced over the entire northern portion of the 
United States. This resulted in the greater part, approximately 95 per 
cent, of Lake Superior freez ing over. Th i s was a Iso t rue for the other 
members of the Great Lakes group. In order for ice to form, the temp
erature of the entire body of water must first reach a temperature of 
4oC, the temperature at which water is most dense. As the temperatures 
of the water decreases, its density also decreases and a layer of ice 

00finally forms on the surface when C is reached. 
At these reduced temperatures, the physiological responses of the 

plankton algae to its environment are tremendously reduced or stopped. 
In order for the photosynthetic process to occur in the phytoplankton, 
sunlight also is necessary. The ice cover on the lake considerably 
reduces the available light reaching the organisms. If any snow cover 
is present on the ice, there is a further reduction in light. A com
bination of low temperatures of the lake water and low light levels 
would result in a reduced rate of productivity. The productivity rate 
would be further diminished by the normal die-off and settling of 
plankton algae which occurs during the winter period. The geographic 
location of Lake Superior is such that its water temperatures increase 
very little above the isothermal state of 40 C until late June or early 
July. This also is the time when the intensity of light reaching the 
earth's surface is greatest since the sun's altitude is at or near its 
maximum. 

It can thus be reasonably assumed that the low temperatures which 
caused reduced physiological activity in the phytoplankton, the reduced 
light intensity during the months prior to the first sampling trip, 
and the relatively small number of organisms present at the beginning 
of the season are all interrelated and probably account for the low 
rate of productivity characterizing the first two sampling trips on 
Lake Superior during the summer of 1967. As the season progressed, 
water temperatures began to rise. This resulted in a more rapid assimi
lation of available nutrients by the phytoplankton and in a faster re
production rate due to increased physiological activity. Larger num
bers of organisms under the more favorable temperatures resulted in the 
increased productivity rates noted on the final two sampling trips of 
the season. 

The results presented in Tables XXVI and XXVII (Appendix A) indi
cate that there was a tremendous buildup of the blue-green algae 
Lynghya contorta during the summer. Wi th the except ion of 
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in western Lake Superior, there was no great change in the population 
size of other forms. 

Results from the 1967 Lake Michigan runs (Table XXI) were quite 
similar to those of Lake Superior. The range in productivity is shown 
in Figure 21. Lake Michigan, in its entirety, lies to the south of 
Lake Superior. Thus, in Lake Michigan, in contrast to Lake Superior, 
there i.s a shifting of aU seasonal events to an earlier date and an 
increase in the length of the season. If the two lakes are compared 
for the same time period, mean productivity values and mean surface 
water temperatures during the first trip illustrate this shifting of 
seasonal events i.n Lake Michigan (Tables XX and XXI). The progression 
of events remains the same for Lake Michigan as for Lake Superior al
though values for the individual parameters of light i.ntensity, surface 
temperatures, photoperiod and seasonal length would be different. 

The results reported in Table XXI indicate that productivity rates 
for the first and second sampling trips on Lake Michigan are the same. 
During the 1967 sampling season on Lake Michigan, an event occurred 
which significantly affected the nutrient concentration of the lake 
water in certain areas and may have affected the productivity rates as 
the season progressed. Reference is here made to the second sampling 
trip and to the "alewife" ki.l. On that trip, at certain points, 
literally millions of dead scavenger fish commonly referred to as 
"alewives" virtually blanketed the lake. These fish ranged in size 
from approximately three to six inches. Although considerable numbers 
of the dead fish were noticed in the northern portion of Lake Michigan, 
the greatest concentrations were found in the southern half of the lake. 
The deterioration of th" "alewives" was well underway as was indicated 
by the partially decayed bodies, the slime around the fish, and the un
mistakeable odor of rotting n"sh. Hben fully broken down, the fish 
remains would return nutrients such as nitrates and phosphates to the 
lake. One agency estimated that 300 million pounds of "alewives" died 
in Lake Michigan during 1.9(,7. Analytical work by the U.S. Bureau of 
Commercial Fisheries has shown that alewives about six inches long 
contain 2.23 grams of phosphorus per pound of fisb. On this basis, 
735 tons of phosphorus were added to the lake water as a result of this 
kill (Michigan Hater Resource Commission, Department of Conservation, 
and Michigan Department of Pub] ic Health 19(8). No evidence of these 
fish remained wh(~n the third trip was made some 2J., months later. How
ever, very high prodllct iviLy values were generally observed across the 
lake on the final sampling trips of the season. Extremely high rates 
of production cbaracterizcJ th" southern regions of the lake (Figures 
7 and 8). 

Another factor must be considered before one can assume that the 
extremely high productivity found in the southern part of the lake was 
caused by the "alewife" ki.ll. The probability is very great that tbe 
waters of this r<~gion are enriched by the domestic and industrial 
effluents that are emptied into it from the densely populated and highly 
industrialized cities of Chicago, Illinois, and Gary. Indiana, both 
located at the southern end of the lake. These effluents, expecially 
if domestic sewage was involved, could greatly increase the supply of 
nutrients and the carbon fixation rates. 
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Table XXI 

1967 Hean Productivity Values and Surface Water Temperatures Lake ).'ichigan Sanpling Trips. 

Trip }:unbers and Ilate. 
Carbon fixed 

m:;/liter X 

in 

•• 
Surface water 

t.er.rpe!"3ture, °C .. 

Trip 1. July 1 - July 4 8.1 24.3 15.4 

Trip 2. July 17 - July 19 8.1 24.3 16.7 

Trip 3, Oct. 6 - Oct. s 16.5 1+9.5 13.7 

Trip 4. Oct. 23 - Oct. 26 17.5 52.5 B.8 

• l~ hr. incub.ation; 60eF.; 1000 foot-candles light. 

•• Calculllt~. on b.asis of twelve-hour d~y. 
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It is unfortunate that due to conditions beyond our control, 
sampling on both Lakes Superior and Michigan had to be terminated in 
late October. Had it been possible to extend the period, it would have 
been most interesting to establish the time at which maximum producti 
vity was attained and to ascertain the rate at which the productivity 
subsequently decreased. 

In Lake Michigan, the blue-green algae far exceeded other plankton 
algae as shown in Tables XXVIII and XXIX (Appendix A). The increase 
in the diatom population noted during the last trip is indicative of 
colder water. An inspection of Table XXI shows that a considerable 
reduction in temperature had actually occurred. The temperature had 
dropped from 13.70 to 8.80 C. 

The 1968 sampling season on Lakes Superior and Huron confirmed the 
fact that primary productivity in the Great Lakes is definitely cyclic 
in nature. An example of such a pattern is portrayed in Figure 22, 
which shows the carbon fixation values observed in Lake Superior. 

The mean productivity rates noted for the first four sampling trips 
on Lake Superior indicate that a well-defined maximum had been reached 
by the third week in May. This high value persisted during the follow
ing month, but in the early part of July it dropped to approximately 
two-thirds of its original value and remained constant at that level 
for the next two weeks. By August 21, another distinct rise in pro
ductivity had taken place. The values inv~lved here were 6.4 X 10-3 

milligrams carbon fixed for May, 6.2 X 10- milligrams for June and 
4.7 X 10-3 milligrams for July 8 and 24. The August rise brought the 
carbon fixation value up to 5.6 X 10- 3 milligrams. Mean surface water 
temperatures were relatively low for Trips 2, 3 and 4 (Table XXII). 
Temperatures were not recorded for the first sampling trip. It is 
interesting to note that on the third trip, even though an increase in 
surface water temperatures of approximately 10 occurred between the 
second and third sampling trips, the mean productivity of the lake 
plunged to its lowest level for the season. 

If one recalls the type of climatic conditions which prevailed 
during the months of May through July 1968, it will be remembered that 
the lake area was beset with unseasonably cold air temperatures accom
panied by very dense fog and large amounts of rain. Very few days of 
bright clear weather were actually experienced before late summer • 
This is reflected by the surface water temperatures. The cloudy, rainy 
weather, in addition, reduced insolation and, therefore, the amount of 
light that could reach the lake surface. Since light is a primary 
limiting factor for photosynthetic activity at the northerly latitudes 
in which Lake Superior is located (Rodhe 1958b) the 1968 season could 
be expected to be less productive than normal because of the unusual 
climatic conditions which were experienced. The reduced light inten
sity and low surface water temperatures are therefore believed to be 
the two main factors responsible for the reduced productivity rates 
Seen during the mid-summer period. 

The 1968 winter season was one of rather mild temperatures and a 
very portion of Lake Superior remained free from ice cover 
(personal observation). Due to the mild winter, the portions of the 
lake that actually were frozen did not have as thick a layer of ice as 
that observed during the previous winter. In addition to very mild 
temperatures, the winter was characterized by a scarcity of snow. 
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Tablo XXII 

1968 Mean Productivity Values and Surface Water Temperatures - Lake Superior SOJT1pling Trips. 

~-

Carbon fixed in Carbon fixed in Surface water 
Trip ~Urobers and Dates 

lng/litor x 10-3• ** tomperature, °c. 
-= 

Trip 11 Hay 21 - Hay 26 6.4 19.2 

Trip 2. June 22 - June 26 6.2 18.6 6.4 

Trip 3. July 8 - July 1) 4.7 14.1 7.3 

Trip 41 July 24 - July 29 4.7 14.1 7.2 

Trip 5. Aub• 21 - Aue. 26 5.6 16.8 11.1~ 

* 4 hr. incubation; 60°F.; 1000 foot-calOdlos li;;ht• 
• * Calculated on basis of twelve-hour day. 
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Thus, most ice-covered areas of the lake were free of snow and there 
was relatively little reduction in photosynthetic light penetration. 
A greater rate of productivity was, therefore, possible during the 
winter season, both in the open and ice-covered regions of the lake. 
The mild winter was followed by an early spring breakup. This breakup 
occurred during the first part of March or approximately three weeks to 
one month earlier than usual. The outcome was that an earlier than 
usual redistribution of nutrients also took place. The higher concen
tration of nutrients available to a population of plankton algae which, 
because of the mild winter conditions, was well-developed, provided a 
basis for an early spring pulse which could be reflected by the rela
tively high productivity rates. It is believed that these conditions 
account for the late spring productivity peak observed during the first 
sampling trip • 

The results of the final sampling trip of the season show a rever
sal in the primary productivity trend (Table XXII and Figure 22). Dur
ing the month of August, climatic conditions improved greatly and there 
were many warm, bright days. This is reflected by the increased mean 
surface water temperature and by a significant increase in the mean pro
ductivity. 

It will be seen that a reduction in Myxophytes and an increase in 
Chrysophytes, especially Dinobryon, occurred as the season progressed. 
The diatom population peaked near midsummer and then decreased as the 
lake temperatures rose. See Tables XXX, XXXI and XXXII (Appendix A). 
This is in contrast to the normal expectation that the greatest diatom 
population and the lowest blue-green algae concentration would occur 
during the earliest portion of the season. A reversal of this trend 
might be expected to occur as the season progresses and water temper
atures increase. The rather unusual phytoplankton sequence observed in 
1968 might be attributed to the effects of unusual currents which car
raied blue-green algae from warmer water areas or to the narrow surface 
water temperature range. 

Again, as in 1967, it would have been advantageous to extend the 
sampling season. Unfortunately, shipping schedules did not permit such 
arrangements. 

In Lake Huron, the productivity trend for 1968 was very similar 
to that discussed earlier for Lake Superior. As was true in Lake Sup
erior, the highest mean productivity rates for the entire season were 
found during the first sampling trip the third week of May. On the 
second and third trips, marked reductions were seen in the rates of 
production. In late July, the productivity levels began to rise and 
by the fifth sampling trip, August 22, they had climbed to a value 
approximately three-fourths of that recorded at the outset of the sea
son. See Table XXIII and Figure 23. 

From the mean surface water temperatures, it appears that a ther
mocline was well-established in this lake by the second week in July. 
It seems strange that with increased water temperatures there was still 
a reduction in carbon fixation during'the second and third trips, June 
23 through July 13. Normally it would be expected that such conditions 
Would result in an increase in the metabolic rate and photosynthetic 
activity on the part of the plankton algae. This would result in a 
faster rate of assimilation of nutrients, in accelerated reproduction, 
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Surface Hater 
Trip l~"':!bors and Dates 

'!J'':;;/liter x tDr1pOl~,1. turo, °C. 

Trip 1, l'llY 22 - ~:ay 25 

** 

12.0 J6.0 

Trip 2, June 23 - Juno 25 21.07.0 10.9 

Trip 3. July 9 - July 13 14.) 
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16.9 
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and in increased productivity. As was pointed out in the discussion 
of Lake Superior data the 1968 winter season was unusually mild and 
relatively free from snow. Thus, the layers of ice which existed would 
have allowed good light penetration and continued algal activity. 
Therefore, in the spring algal productivity, because of a lesser winter 
kill, would get an earlier and better start. Since most of the lake is 
located much farther south than Lake Superior, it seems safe to assume 
that the spring breakup in Lake Huron occurred at an earlier date. 
After the breakup, the spring turnover takes place, generally redis
tributing essential nutrients. Thus, the plankton algae could be ex
pected to show increased rates of production early in the season. Re
sults of the first sampling trip, May 22 through May 25, show that this 
actually occurred . 

The very sharp reduction in productivity noted on the second and 
third trips when the water temperatures were a good deal higher is dif
ficult to explain. However, it will be recalled from the previous dis
cussion of the Lake Superior data that the months of May, June and July 
were unseasonably cold, wet and frequently darkened by dense cloud cover . 
This statement, except for temperature, applies equally well to Lake 
Huron. It is, therefore, likely that light could have been the primary 
limiting factor responsible for the reduction observed in productivity 
during these two runs. 

The final sampling trips, July 25 and August 22, showed the same 
reversal in the productivity as that observed during the final trip on 
Lake Superior. The bright, clear days, combined with appreciably in
creased water temperatures, presumably account for this late summer 
upsurge. 

The results of a microscopic examination of the Lake Huron plankton 
samples are presented in Tables XXXIII through XXXV (Appendix A). The 
classic algae shift with corresponding temperature increases so often 
noted in smaller freshwater lakes was observed in this lake. During the 
early portion of the season when the water temperatures were low, 
Chrysophytes, composed primarily of diatoms, predominated. However, as 
the season progressed and surface water temperatures increased, blue
green algae, few in number at the outset, became dominant. The numbers 
of diatoms characteristically decreased. 

Since no sampling trips could be scheduled before May 21 and after 
August 25, there is no basis on which one can establish the maximum 
rate of production that occurred in Lake Huron during this season. 

Variations in Lakes Productivity Rates 

Although the productivity rates and trends have been discussed for 
both the individual sampling trips and on the basis of years for each 
lake, it seems most appropriate to discuss the variation in seasonal 
productivity rates noted between years and between lakes. The mean 
productivity rates are presented in Table XXIV. An examination of the 
data presented in the table indicates that Lake Superior is by far the 
least productive of the four lakes sampled. Lake Huron, Lake Michigan, 
and Lake Erie show increased productivity rates in that order. 

It will be seen that even though the length and dates of the two 
sampling seasons on Lake Superior did not coincide, comparison of the 
mean carbon fixation rates and the mean water temperatures indicates 
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that for all practical purposes they remained the same. The mean pro
duction for Lake Huron was found to be approximately 30 per cent higher 
than the mean noted for Lake Superior. The mean temperature in Lake 
Huron, however, was nearly twice that of Superior. Applying van t'Hoff's 
rule, one might normally expect the productivity mean of Lake Huron to 
be nearly twice that of Lake Superior if temperature were the only con
trolling factor. The mean seasonal productivity level of Lake Michigan 
was more than twice that noted for I~ke Superior and approximately 39 
per cent higher than the mean rate observed in Lake Huron. Lake Erie's 
mean rate of production is most impressive as is its increased water 
temperature. The mean productivity value is more than twelve times 
greater than that of Lake Superior, seven times greater than the mean 
noted for Lake Huron, and nearly five times greater than the mean sea
sonal value observed for Lake Michigan. This indicates that Lake Erie 
is in a considerably more advanced stage of eutrophication than the 
other lakes studied. 

In seeking an explanation for the differences in productivity 
rates or degrees of eutrophication, factors such as the following must 
be considered: (1) chemical characteristics of the lake, (2) light 
reaching the lake, (3) water temperature of the lake, (4) length of 
growing season, and (5) amount of industrialization and number of popu
lation centers surrounding the lake. All of the preceding and many 
additional factors are complexly interrelated and contribute to the 
trophic nature of the lake (product ivi ty). Fu rthermore, the geograph
ical location of a body 01 water can modify anyone or all of the above 
factors and thus affects its productivity. 

In pointing out the variations in the mean seasonal productivity 
rates observed dur Lng the 1967 and 1968 sampling seasons, Lake Er ie 
deserves special attention. Lake Erie is literally surrounded by large 
population centers, all of which are highly industrialized. This lake, 
in addition, is small and very shallow with an average depth of only 
fifty-eight feet. Undoubtedly, the effluents discharged into the lake 
by these population centers greatly affect both the chemical and bio
logical composition of the lake. It was not surprising, therefore, 
that this lake had a very mllch higher rate of production than the 
other lakes. As was indicated previously, if the mean seasonal pro
ductivity rates are compared, the value for Lake Erie was five times 
greater than that of Lake Michigan. However, if a comparison is made 
of the Lake Erie maximum productivity rate with the maximum for Lake 
Michigan, 
to 1. 

which was found near Chicago, this ratio is reduced to 3.5 

':"'="=:::"::".1:.. Productivity Rates in Great Versus 

Freshwater Lakes----  of-  Oceans----- 

Although this study provides information concerning primary pro
ductivity rates of the surface waters of several of the Great Lakes, 
it does not deal with the integral photosynthetic rate of the entire 
euphotic zone. Due to logistical problems and the requirements for 
strictly comparable data, it was not possible in the course of this 
study to deal with this phase of Great Lakes productivity. 
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However in 1961, Putnam and Olson did investigate the integral photo
synthetic rate in a portion of 	western Lake Superior. The sampling 
season of these authors corresponded closely to that used during the 
present study. Putnam 	and Olson used the "in situ" carbon fourteen 
method and the productivity rates at the 2.5, 5, 7.5, 10, IS, and 20 
meter levels were determined. 	 Since the I per cent light transmission 
level was found to be located at the twenty meter depth, samples were 
not collected below this point. It was assumed that only minute 
amounts of product ion occurred 	below this level. 

By utilizing the data collected by Putnam and Olson (1961) relative 
to light penetration, temperatures and other factors, and the mean sea
sonal surface water productivity rate observed for the 1967 and 1968 
sampling seasons, it was possible to calculate the approximate integral 
photosynthesis that occurred in Lake Superior. From this, a general 
estimate was made of the total 	productivity that occurred in the eupho
tic zone of the entire 	Lake during the two sampling seasons. Although 
the values calculated will only be approximate since data collected in 
1961 are being applied 	to other data collected in 1967 and 1968, it is 
felt that this theoretical consideration may, in fact, be valid as an 
"order of things" assessment. 

To carry out the calculations, the mean value was determined for 
seven samples collected by Putnam and Olson at each sampling depth 
throughout the season. The 2.5 meter sampling depth had the highest 
rate of photosynthesis throughout the enLire season. Rates at al 
other sampling depths were converted to a percentap;e of the maximum 
rate. By calculating the mean of the percentages of production at all 
depths and multiplying this by twenty, which represented the depth, in 
meters, of the euphot ic zone, a factc)r of 11. I meters is obtained. 
Multiplying the mean of the 1967 and 1968 surface water productivity 
rates by this factor, one obtains the amount of productivity occurring 
under one square meter in the entire euphotic zone. Since the seasonal 
productivity rates of both sampling seasons on Lake Superior varied so 
itt Ie, the mean of the two seasons was calculated and used in the sub

sequent calculations. The calculations are as folhws: 

16.64 mg 	 XIl.lm 184.7 mg ca 

Approximately 185 milligrams carbon were fixed per square meter of 
surface water per day throughout lhe euphotic zone in Lake Superior 
during the 1967 and 1968 sampling seasons. Multiplying this value by 
the number 0 f squa re met ers compos ing the su rface a rea of Lake Super i or 
one finds the total amount of carbon fixed throup;hout the euphot ic zone 
of the entire lake. The equation bel~w represents this calculation: 

2184. 	 mg carbon/m2/day X 82,367,000 m
 
15,213,184,900 mg carbon/day 


In order for this value to be more meaningful, ORe can convert it 
U' grams, pounds, and Lons. These va lues are 

(I) 	 fixed/day 
(2) 
(3) tons carbon f 
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If the total amount of 	carbon fixed per day is multiplied by the number 
of days composing a sampling season, the total organic production of 
Lake Superior for both 	the 1967 and 1968 sampling seasons can be calcu
lated. These values are reported only in tons for the sake of simpli
city and are as follows: 

(1) Lake Superior, 1967: 

16.7 	tons fixed/day X 120 days/season 

2004 tons fixed/season 


(2) Lake Superior, 1968: 

16.7 	tons fixed/day X 98 days/season 

1637 tons fixed/season. 


These values, although approximate, indicate that a great amount of 
primary organic production did occur in Lake Superior during the 1967 
and 1968 sampling seasons. These values become even more impressive 
when one considers that this production was accomplished primarily by 
plankton algae, most of which are microscopic in size and are located 
in approximately the first Sixty-six feet of lake water. Since no data 
were available on integral photosynthesis in the other Great Lakes, cal
culations such as those []lade for Lake Superior can not be made. How
ever, on the basis of the data collected it seems reasonable to assume 
that the integral primary production in the other lakes would be greater. 

It also would seem of value and interest to compare the surface 
water product i vi ty ra tes of the Grea t Lakes wi th other freshwa ter lakes 
of the world and to selected areas of the ocean. Information of this 
type has been summarized in Table XXV. The surface water productivity 
rates recorded in this tabulation represent mean values from the first 
five meters of water and during comparable seasons. 

It is interesting to note the very reduced rates of surface water 
productivity in Grand Traverse Bay and in Douglas Lake compared to the 
productivity levels noted for the open water regions of the Great Lakes 
sampled. Grand Traverse Bay is a rather isolated portion of northeas
tern Lake Michigan while Douglas Lake is an inland lake in the state of 
Michigan. This again illustrates the great variability that can exist 
in waters from the same general region and even in the same lake as was 
previously illustrated and discussed. 

The mean seasonal productivity rate of Lake Huron corresponds close
ly to those noted for Bras d' Or Lake (Nova Scotia). Lake Erie values 
approach those of Lake Erken (Sweden) and the carbon fixation rate in 
Lake Superior approaches that of the northeast Atlantic near Denmark. 
Although the mean productivity rate of Lake t1ichigan surface waters is 
somewhat higher and the Lake Erie productivity rate is considerably 
higher than the productivity values noted for the various lakes and 
ocean areas of the world previously mentioned, they fall below the sur
face water product ivlty rates of Lake Erken in Sweden and far below the 
productivity rates of the two extremely eutrophic Danish freshwater 
lakes, Lake Esrom and Lake Fureso. 
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Table XXV 

Mean Surface Water Procluctivi Rates of thp Grcnt lukes 
and Other Fre~Nater Lakes and Ocean 

.-
Produc ti Rate.take or Ocean Investigator

in mg.C! I lyand Location 

16.62 Parkos (J96Lake Superior 

23.01, Parkas (1%8)Lake Hpron 

Parkos ( 1 I)37.62Lake Michigan 

175.20 1'arkos (1968) 


Grand Traverse Bay, 


Lake Er 1e 

O.3l, Saul1r1en; (Ol (len:;)
N.E. Lake Hicltigan 

Douglas Lake, Mich. Sallnderc; et a]. ( %:1) 0.23 
-

Bras d'Or Lake, 
23.5 CeCIl illlcl lla r g rave (I %(,)

Nova Scotia, Canada 

Brooks Lake, Alaska 3.2 ICo (1%0) 

Maknek Lake, Alaska Go! clman (19 ()O)8.8 

J~oclho (19')8b)Torne Tr({sk, Sweden 6.4 

Rodhe (l958b)Rans a ren, Sweden 8.8 

take Erken, Slveclen Roclhe (1') ')8b) 

Jonasson and 

221. 0 

Lake Esrorn, Denmark 1600 Nnlhiesen (1959) 

Jonasson ;1ncl
Lake Fures~, Denmark 2100 Mathies"n (1959) 

N.E. Atlantic 
21 Steemann-Ni.e1sen (1960)

ncar Denmark 


North Atlant.ic, lame 

S t(·,emann-Nie 1scn (197.5lat. as Great Lakes 


Southeast Pacific 
 Holmes (1961)3.3 

Southwest Pacific ,\ngot (19(1)7.2 
~ 

North Pacific, 
Koblen t z-iHs!Jl~<! (19(,1)6.4Sub-Arc tie Region 
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VI SUl\lMARY AND CONCLUSION 

This study was designed to measure the primary productivity rates 
of the surface waters of Lakes Superior, Michigan, Huron and Erie. 
Great Lakes ore carriers were made available for the field operations 
associated with this project which was carried out during the 1967 and 
1968 shipping seasons. Production rates were determined using the car
bon fourteen technique with light, temperature and incubation time re
maining constant. Uniform procedures also were followed with respect 
to collection and processing of samples onboard ship and at the lakeside 
laboratory. 

Sample activity was measured with an Ansitron II liquid scintilla
tion counter and final productivity calculations were made for each 
lake station. Since project procedures were standardized, direct com
parisons of the productivity levels, or water quality, could be made 
among the four lakes studied. Some of the more important findings and 
conclusions are summarized below. 

(1) Baselines of primary surface water productivity were established 
for the lakes studied. Such baselines are necessary and useful in any 
study of advancing eutrophication within the Great Lakes. 

(2) A comparison of the mean productivity rates shows Lake Superior 
to be the most oligotrophic of the Great Lakes studied. Eutrophication 
becomes more pronounced in Lakes Huron, Michigan, and Erie, respective
ly with Michigan and Erie being most productive. 

(3) Productivity variations of considerable magnitude were found 
to exist within a given lake and during the same sampling trip. It is 
believed these variations represent population differences within indi
vidual water masses encountered while crossing the lake. 

(4) Productivity rates with respect to time and lake position 
were not linear, with the exception of Lake Erie which was less ex
tenSively sampled. Productivity was found to be cyclic in nature, its 
rate depending upon the environmental conditions. 

(5) Highest productivity tended to occur in those lake areas near 
large population centers, a fact which indicates possible enrichment 
from these sources. 
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ruo-WAY ANALYSIS Of' VARIANCE ON CO2 DATA, LAKE MICHIGAN, 1967. 
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ESTLA'!'ZD fu:3I:U,L VA.lUA-'!CZ. 

F test 
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