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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 ACl is to stimu
lale, sponsor, provide for, and supplement present programs for the con
duct of research, investigations, experiments, and the training of scien
tists in the field of ,vater and resources which affect water. The Act is 
promoting a more adequate national program of water resources research by 
furnishing financial assistance to non-federal research. 

The Act provides for establishment of Water Resources Research Insti
tutes or Centers at Universities throuv,hout the Nation. On September l, 
1964, a Water Resources Research Center was established in the Graduate 
School as an interdisciplinary component of the Universily 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 available hy other sources; coordinating University re
search with water resources program.'l of local, State and Federal agencies 
and private organizations throughout the State; and assisting in training 
additional scientists for work in the field of 'vater resources through re
sc:arch. 

This report is number 35 in a sC'riC's of publications desiv,ned to pre
sent information bearing on water resources research in Minnesota and the 
results of some of the research sponsored by the ~enter. In this investi 
gat ion the research was directed towards developing mathematical mode1 
to predict the nutrient au tpuL of a sma 11 rural watershed. 

ii 



This Bulletin serves as the Research Project Technical Completion Re
port for the following research project: 

OWRR Project No.: B-012-Minn. 

14-01-0001-1914 

Project Title: 	 Development of a Mathematical Model to Predict the Role of 
Surface Runoff and Groundwater Flow in Overfertilization of 
Surface Waters. 

C.P. Straub, School of Public Health 

1968 	 December 31, lQ70 

V-B 

Mathematical Model for Predicting Watershed 
Nutrient Output 

accounting mathematical model was devised for 
the New Prague watershed in Minnesota. The New Prague watershed is 23.3 
square miles in area and is predominately a rural watershed. Model input 
data was col lected over a 2 1/2-year period from a stream gaging station 
and lWO automatic sampling stations. Over SOO water samples were analyzed. 
Extensive effort was placed on better understanding the nitrogen and phos
phorus cycles. It is evident that the spring runoff process and aecumulR
tive winter fertilizer applications constitute the maior portion of dif 
fuse sources of nutrients in the watershed. Point sources from feedlots 
and municipal and industrial effluents contribute only 11 percent of the 
annual I~N (total nitrogen, four components) and 7 percent TP (total phos
phorus). Di sperse sources accounted for 89 perce.nt of I.N and Q'3 percent 
of TP, with spring runoff in the two months of March and April accounting 
for 79 percent of the Rnnual leN and (,4 percent of the TP. The nutrient 
output from the watershed could he decreased by increasing penetrRtion of 
the large amounts of leN and TP in snowpacks into the soil through land 
terracing to ret art rapid spring runoffs and suh-surface drains to allow 
rapid drainage during the crop season. 

/ *mathematical model/ *watershed/ *nutrients/ 
streamflow/ sewage treatment plant/ effluent/ annual 

precipitation/ soil/ organisms 

*manure spreading/ *spring runoff/ '~snowmelt/ 
depletion processes/ nitrogen trans

feedlot drainage 
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CHAPTER 1 

INfRODUCTION 

The State of Minnesota with its many bodies of fresh water is acutely 
faced with the problem of eutrophication. Eutrophication is the process of 
fertilization of surface waters and it occurs naturally at a slow geologic 
rate, but man and his many activities are advancing this rate at an ever 
increasing pace. It is the advancing eutrophication rate that stimulated 
this research effort, and although many nutrients contribute to overferti
lization, only nitrogen and phosphorus are considered in this investigation. 

1-1 PURPOSE AND SCOPE 

It is reasonably easy to determine the magnitude of a nutrient load* 
from pOint sourcesll, such as industrial or municipal waste water. These 
point sources may be the major contributors of nutrient load from an urban 
or highly industrialized watershed, but to vastly oversimplify, such point 
sources of pollution can be identified and a plug in the pipeline can elimi
nate it. Quite obviously such a procedure is not operationally feasible 
and the apparently simple task of ident ify ing, locating, and keeping ac
curate records of the magnitude and type of pollutant can be a gigantic 
task. Nonetheless, from a technological viewpoint, point sources can be 
identified, their nitrogen and phosphorus loads determinec with a reason
able degree of accuracy, and technological or administrative forces may be 
applied to reduce the impact of these substances on the degradation of 
water resources. 

Before such nutrient reduction forces can be properly allocated and 
applied to a specific nutrient source, it is essential to evaluate each 
source in relation to the overall nutrient load for the entire watershed. 
Such a "big picture" approach allows better allocation of nutrient reduc
tion forces so that they may be conc:entrated on those nutrient loads which 
constitute a substantial percentage of the load. In order to properly 
assess the sources of nitrogen and phosphorus load, we must be able to 
quantify and evaluate the various sources as they relate to the total 
watershed output. We shoul d also be able to apply our limited nutrient 
reduction forces to the total watershed with maximum benefit (minimum nutri
ent output). It is to the optimum use of our nutrient reduction forces 
that this project is addressed. 

*Nutrient load is the term utilized throughout this report signifying a 
nutrient weight per time period, and is often stipulated as a density 
figure; i.e., 1bs/ac-yr. 

IIPoint source is a term used to indicate a pollutant or nutrient source 
which is discharged from an open or closed water carriage system and at 
a well defined point reaches a body of natural surface water or ground
water. 
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In order to properly address ourselves to such a problem we must 
obtain a mathematical expression which will, with proper input for the 
watershed in question, predict the total nutrient load for the watershed. 
Further, the mathematical expression, or model as it will be subsequently 
referred to, must represent both point sources and disperse sources. 

Initially, published data, equations, and theory were to be utilized 
for model development. Unfortunately, published data, equations, and 
theory were not adequate. Therefore it was necessary to make additional 
studies to obtain required information. The data were collected from the 
New Prague test watershed and were utilized to evaluate some of the dis
perse sources 

It is obviously quite illegitimate to develop a model and test it with 
the same data which were utili7-ecl for development. This <,1;1S certainlv ;1 
major shortcoming of the project, and the model was not tested or proven 
to the extent desired. Nonetheless, the basic approach to simplified 
modeling and analvsis for nutrient enrichment control is estahlishecl, and 
the same basic methodology should be equally appropriate for anv pollution 
abatement effort. 

1-2 WATERSIIED TEST AND SAMPLING PROGRAM 

Several sites were investigated for possible use in model testing 
and for data collection. Four criteria used for test watershed selections 

\Vcre: 

I) a minimum of three Yl'ars of United States Geological Survev 
(U.S.G.S.) stream sl,lge gage records, 

2) ratL'd st ream st,lge gage records, 

'3) U.S.C.S. Qu,ldr(1l1gle map coverage, and 

4) disperse sources of nutrients to the maximum extent possible. 

The U.S.C.S. and thl' Minnesota Department of lIighways had conducted 
joint small vCltl'rshed studies for about 10 vears, and 15 watershecls varv
ing from 0.3 mi 2 to almost 100 mi 2 satisfied the first requirement. Manv 
of the stre(lmS we're qui tl' fL1Shv, and <<Jere not rated for high stages, thus 
thev <<Jere c1 Lminaled. Only the :-.lew Prague watershed shown in Fig. 1.1 
ml't ,d I of the rl'quirements. 

The :-.lC\V Prague lcst <,atershl,d included 23.3 mi 2 . About 21.4 mi 2 were., 
rur;ll <vitll about 20 miL in cultivation (see Table 2.7). The City of New 
Prague had an area of about 1.1 mi 2 and an easilv sampled industrial 
point source <vhich Has disch,lrged through the storm sewers directly into 
tile stream. The geogr:lphical location of the sewer discharging the in
dustrial process <vater eff] uent is shmvn on Fig. I. I as Station (Sta.) 
77. Liquid <.;astes requiring treatment <vere cClrried in a separate sewer 
to the modern secondary selVage treatment facility <vhich discharged its 
treated effluent into a stabilization pond. Effluent WClS released from 
the stabilization pond into the stream at Sta. 78. These <vere the only 
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Figure 1.1 	 New Prague Watershed with Contour Intervals and Station 
Sampling Sites. 
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two point sources for lhe entire 23.3 mi 2 watershed, the area was completely 
mapped, and the U.S.G.S. had rated the stage records and had rechecked the 
datum and rating periodically for several years. The watershed was consid
ered ideal because it included an urban area and was reasonably typical of 
Minnesota with regard to terrain and general agricultural practices. 

Fig. 1.2 is the same basic map as in rig. 1.1, but contours were de
leted and the subwatersheds with the area in square miles and percent of 
watershed were shown. Following is a brief description of each Sta. ,md 
the sampling program utilized for the particular station. Sta. 30, the 
output of the watershed is first discussed, then the discussion proceeds 
from the uppermost (southern) subwatersheds downstream to Sta. 30, first 
on western half, then the eastern half. The order of presentation is thus 
St a. 30, 31 and 86, 35, 32, 34 and 33. Both watershed descript ion and sam
pling techniques are discussed. 

1-2.1 Sta. 30. 

Sta. 30 (see Fig. 1.3 and Fig. 1.4) was located at the output of the 
watershed and drained 23.3 mi 2 (14,912 acn~s). The stream gaging station 
was installed by the U.S.G.S. on June 27, 1960, with the tipping bucket re
cording rain gage installed in The gaging station was instal 
about 20 ft. upstream of a 10 1 x 8 concrete box cuI vert which acted as the 
flow control for low and high stages. There was a 40 x 100 foot pool at 
the downstream end of the culvert, and discharge was critical at the drop 
into the pool for all low st ages. At medium stages, cr i t i flow occurred 
at a gravel riffle 300 ft. below the culvert. The stream was not flashy 
during the spring runoff, and the ratings for high flows were based upon 
conditions which were reasonably steady state. 

In addition to the rain and stage gages at Sta. 30, a PS-67 automatic 
sampler (Fi.g. 1.5) was housed in an aluminum shed. The PS-67 sampler was 
designed to take 48 ]00 ml samples in pint milk jars. To start the sam
pler, the backwash tank, which contained about 45 liters of water was 
first pumped into the stream--this removed about 40 liters of waler from 
the tank, and i.n so doing, all air was removed from the 30 ft of 3/4 inch 
plastic pipe between sampler and sample point in the stream. A float in 
the backwash tank stopped and reversed the screw type pump, bringing 
stream water through the ]00 ml trap and then into the backwash tank. 
Thirty feet of 3/4 inch pipe contains about 2.5 liters of water, so the 
first portion of the pumpage from the stream removes the 2.5 liters of 
water which was in the backwash tank and represents the previously taken 
sample. The continuance of pumpage, up to the stop float in the backwash 
tank, provides in excess of 35 1i.Lers of water to wash away any effects 
from the previous sample, leavi.ng in the 300 ml trap only the last portion 
of the some 40 Itters which were pumped from the stream. After pump stop
page, the trap was released to drain into the pint jars through plastic 
tubing. This entire cycle required about two minutes. 

The short tubing between the trap and pint jar was not washed, and 
was contaminated from previous samples. The sampler was always used in 
the same stream and seldom were adjacent sample concentrations different 
by more than one order of magnitude. Due to the short time of contact, 
and the small surface area of the short tubes, this contamination was 
considered negligible. 
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Figure 1. 3 Sta. 30, Looking Downstream Duri ng Low F low. 

Figure 1.5 PS-ti7 Automat ic Sampler as Installed at Sta. 30. 

Figure 1.4 Sta. 30, Looking Upstream. 
are in the Foreground. 

Gaging and Sampler Honsing Units 
Figure 1. 6 Gurley Current Meter, Wading Rod, Earphones, and Case; DH-48 

Depth ing Sampler; and Carrying Case wi th a Pint Bottle 
for the , Wide Mouth one Uter Jars for Dip Sampling, and 
Squeeze Bottles [or Rinsing. 
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The sampler was designed to take samples at any preset time interval 
from a minimum of about 15 minutes to a maximum of once every 24 hours. 
Additionally, reed switches were attached to the Stevens A-35 recorder 
drive wheel (see Fig. 1.19 for Stevens A-30 installation), and stream stage 
increments of about 5 inches would independently initiate the sampling 
An event marker was installed on the recorder so that each sampling cycle 
would leave a mark on the recorder paper at the precise moment a sample was 
released from the trap. The event mark was merely a dot imprinted by an 
arm attached to a rotary solenoid and imprinted with typewriter ribbon. 
Events closer than 10 to 15 minutes appeared as a single dot, and 
even with magnification it was often imnoRsible to determine where multiple 

samples had occurred. 

This latter point was a definite drawback to the sampl ing system. It 
was not at all uncommon to have more samples than event marks, in fact, it 
was a rare occasion when event marks and samples coincided exactly. Fortu
nately, mismatch between event marks and samples often occurred during 
per iods of minor f1 ow change. In such a case, samples could be assigned in 
almost any arbitrary way and the load for the period in (lllPstion 

would, for al] practical purposes, be the same. 

Because of the requirement by the Minnesota State Board of Health, who 
did all of the chemical analyses, that a 600 ml sample be submitted for 
analysis, it was necessary to take two samples each time the PS-67 samp ling 
cycle was activated. This created no particular problem as the sampler 
had a continuous sampling circuit which when energized would cause the 
sampler to repeatedly sample until the final (48th) sample was taken and 
the system shutoff aWl tch was automatically A microswitch was 
attached to the system so that when the sampling cycle was initiated, the 
continuous sampling circuit was also energized. After the second sample 
was initiated, the continuous sampling circuit was de-energized. 

Samples were also taken with the DH-48 depth integrating sampler 
shown in Fig. 1.6. The depth integrating sampler was specifically designed 
for sediment sampling, and through a large variation in streamfloW, the 
sampler collects a clean crosS section of flow lines. If the sampling 
mechanism allows a hydrauliC head to build up, flow lines will fan out 
away from sampling od flce, and suspended mated al may have sufficient 
energy to cross the fJ ow lines and enter the ori fice--this, of course, re
sults in a higher concentration in the sample jar than would have been ob
tained had the flow lines not fanned Ollt from the orifice. The DH-48 was 
designed to minimize this error. Finally, samples were also taken with 
the wide mouth glass jars shown in Fig. 1.6. The bottles were merely 

dipped into the stream at the sampling point. 

Sta. 31, 7.73 mi2 or 33% of the total area, was selected as the 
uppermost point on the western subwatershed because it had reasonable 
access and provided adequate f low for sampl ing. Sampling was ext remely 
difficult where stream depth was less than four to six inches, and with 
velocities less than about 0.05 fps the DH-4S sampler was inoperative. 
These lower limits on sampling, combined with access were the main criter
ia used for subwatershed locat ion. Samples were obtained wi th both the 

DH-48 and the dip bottles. 
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Streamflow was routinely determined at the time of sampling. Fence 
post stakes which were used as stream stage reference posts were driven 
into the stream bed at Sta. 31, 32 and 35. Fig. 1. 7 shows the gagi ng 
stakes at Sta. 32 and 35. Flow control at Sta. 31 was virtually non-exis
tent and flow estimates based on stage alone were questionable. 

Two methods were used to determine stream flow: one was the acceptable 
hydrological method of measuring streamflow with a current meter at several 
points in the cross sel;.tion; the other method is the rough esti.mate ob
tained by throwing in a stick, timing its travel for a ten foot span, and 
multiplying this single velocity value by the entire cross sectional area 
at about the midpoint of the ten foot of stream length that the stick 
traveled. Interestingly, when the cross sect ion was accurately m('asured 
as in the current meter method, both methods gave nearly identical results. 
Further, it is the author's belief, although data are not available to 
substantiate it, that at low fJows where the stream velocitv is less than 
0.05 to 0.1 fps, the latter "rough estimate" provides a much more accurate 
measure than can be obtained through the use of the current meter. All f 
these remarks, of course, apply to shallow streams suitable for wading. 

After several streamflow measurements were made, the stream was 
rated, and except for an occasional check with the stick method, the rating 
curve shm<ln in Fig. 1.8 was used to determine streamflow. 

The Gurley current meter shown in Fig. 1. was used to measure stream 
velocity. A rope marked in one foot increments was stretched across the 
streambed, and at each one foot increment, stream depth ami velocity at 
0.6 depth was determined. Fig. 1.9 is a typical gnging form usC'd to de
termine the streamflow. 

For a check on the accuracy of our streamflow measurements, the Sta. 
30 flow was measllred on four separate occasions and compared to the U.S.G.S. 
continuolls record logs. The following tabulation indicates the rel"Uon 
between U.S.G.S. and Gurley on the four occasions. 

Date 4/27/(,9 7/7/69 8/22/69 9/2/69 

Gurley (cfs) 23.5 2.11 0.88 O. 3 

U. S.C. S. (ds) 24.3 2.70 1. 08 0.60 

Difference -3 -22 -18 5 

Abs. Diff. (cfs) -0.8 -0.59 -0.20 +0.03 

The U.S.G.S. states that their low records are normally Hithin 10/, of 
the actual flow, but they often use as a reasonably certain range 
that will include the actual flow. Gurley measurements and flow es
timated by stage measurements taken from the fence post gages were assumed 
to be within 25% of the actual flow; Le., it is that a range of 

of the estimated flow includes the actual statistical 
purist may want to know the confidence level of the range--sllch cannot 
be accurately or reasonably provided with the data available.) 
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The subwatershed is quite tvpical regarding general landform and 
agricultural practices. The livestock density was higher in the Sta. 31 
and Sta. 35 subwatersheds, which comprise the western half of the water
shed. The western half also appeared to have the greatest densitv of corn 
crop during the period of this study. Fig. 1.10 shows the small feedlot 
and manure stack close to Sta. 31 and Sta. 86. 

Sta. 86 was a tile drain which had easy access, was above the stream 
at even moderate flood flow, and drained both field crop and corn. Sta. 
86 is shown in Fig. 1.11 at one of the highest flow rates sampled (about 
150 U.S.G.P.M.). It was sampled bv merelv holding a widemouth glass jar 
into the discharge, and flow was measured with a stopwatch and a two-gallon 
bucket. The tile is located about 50 feet downstream of Sta. 31. 

1-2.3 Sta. 35. 

Sta. 35 included 3.24 mi 2 or l4~ of the total. The subwatershed was 
immediately downstream of Sta. 31, and the total area drained at the sampling 
point was 3.24 mi 2 + 7.73 mi 2 , or 10.97 mi 2 , 47% of the total. Sta. 35 was 
rated with the Gurlev current meter and the stake shown in Fig, 1.7 was the 
stream stage reference point about 20 feet above the culvert. Fig. 1.12 
shows the culvert which provided good flow control at virtually all stream 
stages. The samples were taken upstream of the culvert, near the stake shown 
in Fig. 1.7. Fig. 1.13 is a view of the landscape in the vicini tv of Sta. 
35, and is quite tvpical of the entire watershed. Various views are shown 
in Fig. 1.14, these indicate the similarity in terrain and agricultural 
practices throughout the watershed. 

1-2.4 Sta. 32. 

Sta. 32 is the southeastern subwatershed of 8.33 mi 2 or 3f)~ of the 
total area, selected on the same basis as the southwestern Sta. 31 previous
ly discussed. Visual inspection of the area indicated that a smaller por
tion of the land was in row crops, but this could have been merelv a coinci
dence related to the crop rotation scheme. Similarlv, fewer livestock were 
maintained in Sta. 32 subwatershed that in Sta. 31 and Sta. 35. 

1-2.5 Sta. 34. 

Sta. 34 representa 1.29 mi 2 , of which 1.1 mi 
2 

is the urban watershed 
from the City of New Prague. The area draining into Sta. 34 includes Sta. 
32, for a combined total of 9.62 mi 2 or 41i, of the total watershed. Since 
the urban subwatershed would (or should) significantlv affect the output at 
Sta. 30, a gaging and automatic sampling station was established similar to 
that previously described for Sta. 30. 

A 30" diameter corrugated galvanized steel culvert (the stilling well) 
was inverted about five feet upstream and off to the side of the culvert, 
several fence post stakes were driven into the stream bed around the base 
of the culvert, and a steel strap was welded around the culvert and stakes. 
Additionally, steel angle iron was welded from the stilling well to the 
stream culvert for additional support and for installation of a platform. 
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Figure 1.12 	 Downstream from Culvert at Sta. 35. 

Figure 1.13 	 Typical Gently Rolling Landscape Near the Southern Tip of the 
Watershed, About Two Miles South of Sta. 31. 
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Figure 1.15 Sta. 34 Gaging Station ShoyJjng Stilling Basin, Recorder 
Housing, ilnd Weir at Low Flow. 

Figure 1.14 Typical Walershed Landscapes in the Early Spring. Top photo 
Shows the Aqueous Ammonia T[lIlks Utilized for Applying Ferti
lizer Lo Row Crops Prior to Planting. Figure 1.16 St a. 34 PS-67 Sampler Shed and Gaging Station. 
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Figure 1.17 Sta. 34 Wei r at Low Flow as Seen From Inside the Culvert. 

Figure 1.18 Sta. 34 Weir at Medium Flow as Seen From the Road Bed. 
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Holes at 90° to stream flow were then cut into the culvert, the recorder 
housing box secured to the top by welding, and the recorded components in
stalled. Since the project was short term, a datum was not established. 

The culvert was so large and full of debris and sediment, that it was 
ineffective for flow control. To establish flow control, a weir was in
stalled across the face of the culvert (see Figs. 1.15, 1.17, and 1.18). 
Sufficient streamflow measurements at low flows provided a reasonably ac
curate rating below about five cfs. The stream, which at Sta. 34 carried 
the runoff from the impervious urban area, was so flashy that, on more than 
one occasion, the author watched the stream rise and fall. Such rapid chan
ges in streamflow make steady state measurement by current meter impossible. 

t takes about 30 minutes for one man to measure and record streamflow, even 
for only 10 measurements. 

In a typical storm which resulted in an outflow of 22 cfs (2.47 ft. 
stage), the flow 30 minutes before the peak was 13 cfs (1.94 ft. 
and one hour before it was 2.75 ds (1.25 ft. stage). The falling limb 
was almost as rapid. The maximum change for any 30 minute duration was 
from 3.5 cfs (1.32 ft. stage) to 22.2 crs (2.48 ft. stage) and occurred dur
ing the 17 July 1969 storm. A rather subjective combination of extrapola
tion of the rating curve and comparison to the flow at Sta. 30 was used to 
establish the flow rating above 5 cfs. 

Fig. 1.15 shows the installed stilling well and weir and Fig. 1.16 
shows the sampler shed with the st ill ing well and gaging station in the 
background. The weir is shown in Figs. 1.17 and 1.18, and the Stevens 
A-30 recorder showing the delta stage magnets attached to the staging 
drive wheel, the reed switch, the event marker, and the electrical leads 
is in Fig. 1.19. 

1-2.6 

Sta. 33 was included so that a sample downstream from Sta. 78, the 
sewage treatment plant stabilization pond effluent, could be obtained. 
Flow al Sta. 33 was estimated by adding the flow from Sta. 78 to the flow 
at Sta. 34. 

1-2.7 Winter Sampling. 

The stream was sampled during the winter, where over three feet. of 
ice developed at Sta. 30. Open channel flow depth at the low winter flow, 
which was almost. all as a result. of Sta. 77 and Sta. 78, was about. one foot 
at the deepest. part. of t.he stream at Sta. 30. The three foot of ice float
ing on the surface created rather high hydraulic pressures, and the water 
in the drill hole commonly rDse t.o within a few inc.hes of the ice surface. 
Sta. 34, at the weir, froze over on only one occasion, and then it. was a 
very fragile sheet a few inches above the water. Fig. 1.20 shows the 
winter weir flow at Sta. 34, and 1.21 shows the start of t.he drilling 
through the three foot. thick sheet ice at St.a. 30. Both phot.ographs 
were taken the same day. 
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1-3 MODEL DEVELOPMENT METHODOLOGY 

As discussed, the New Prague data were utilized for both 
model development and test, and to the extent feasible published data were 
utilized for the model development. In Chapter 2 the nitrogen cycle and 
balance are discussed, and Chapter <3 presents the cycle and balance for 
phosphorus. Both of these chapters include a combination of New Prague data 
and data. The balance and loading rates obtained are compared to 
published data and the criteria for selection of the New Prague balance 
figures are delineated. The principal reason for conducting a balance was 
to determine the reasonableness of loading rates computed. The balance 
itself was not an objective of this project. 

Chapter 4 presents a discussion of the data analysis results. Data 
analysis is in the Appendix, and discussion in Chapter 4 is oriented to 
interpretation of the New Prague data along the lines of establishing a 
better understanding of the causes of processes which influence the nutrient 
load of a drainage basin. Chapter 5 presents the model perceived and dis
cusses possible extensions of the model for use in other watersheds. Fin
ally, Chapter 6 summarizes, stipulates the model limitations and possibili
ties, and recommends a priority for research oriented to nutrient enrich
ment studies. 

Before proceeding, it must be emphasized that loading rates and 
values used throughout this report are carried to several significant 
figures for mathematical convenience only. Rounding has often been neglected 
for mathematical continuity; i.e., 700,000 - 3,500 = 696,500 and is often 
shown that way for mathematical completeness when, from a practical point 
of view the answer would more appropriately be 700,000 3500"" 700,nOO 
which, from a mathematical viewpoint is trivial. 

CHAPTER 2 

NITROGEN 

Nitrogen compounds are ubiquitous and of significant importance in 
public heal th, agriculture, and industry. Methemoglobinemia, which is norm
ally associated with groundwater, is caused when nitrates are taken into 
the intestinal tract of babies and converted to nitrite which is then ab
sorbed into the blood stream where it combines with hemog10bin thus de
priving various organs and tissues of their needed oxygen supply. It has 
also been indicated that high nitrate water can produce pathological con
ditions in the intestines, resulting in chemical diarrhoea. The U.S. 
Public Health Service has established drinking water limits of 45 milli
grams per liter (mg/l) of nitrates (U.S. Public Health Service, 1962). 
There are reports which indicate that concentrations as low as 5 mg/l of 
nitrates may produce harmful effects in anima1s and humans (Scalf, et al., 
1968). 

This chapter is presented in four separate sections; the first section 
being a qualitative review of the nitrogen cycle as it relates to a 
drainage basin. The second and third sections are concerned with a quanti
tative analysis of the nitrogen sources and depletions, while the fourth 
secti on presents the nitrogen balance as determined for the New Prague 
watershed. 

2-1 THE NITROGEN CYCLE 

For convenience of presentation, the cycle will be discussed in four 
distinct physically separated zones; atmospheric, interface between soil 
and atmosphere, plant-root and soil-water, and the surface-water zone. 
Groundwater inter-relates with surface-water and the plant-root zone, and 
is discussed in each of these zones. 

2-1.1 

The atmospheric zone is essentially a zone providing a transport 
mechanism for nitrogen compounds. All compounds in the atmosphere are 
subjected to the vagaries of wind action. If the basin under consideration 
is quite large, several hundreds or thousands of square miles, the effect 
of the wind action is not as dramatic or unpredictable as is the case for 
the small basin. Even rainfall patterns on a small watershed can be so 
obscure as to defy analysis. Nonetheless, the atmosphere, which is 78% N2 , 
constitutes a vast nitrogen reserve in the environment and cannot be ig
nored. 

(a) Nitrogen Transformation. None of the authors (cited later) con
sidered that microbial activity contributed to nitrogen transformation in 
the atmosphere. Further, most do not give credence to the hypothesis that 
lightning is an important source of nitrate. Stevenson (1965) discusses 
several research results which merely emphasize that little is known about 
the origin of atmospheric nitrogen compounds. Statistical evidence has 
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indicated that volatilization from the oceans and nitrogen fixation from 
the trails of meteorites and electrical storms can be considered a minor, 
if not negligible, source. Feth (1966), who discusses Junge's nation-wide 
survey of ammonium and nitrate in rainwater, states, "No correlation was 
found with thunderstorm activity, density of industry, population, or agri 
cultural activity." There apparently was some correlation with soil pH, 
industrial activity, fertilizers, or smog. The reported tainfall data have 
shown an ammonia to mineral nigrogen ratio (A/N) of approximately 2:1 and 
Stevenson reports that the photochemical reaction; 

+ + °2'6N2 + l8H20 -+ 

o as proposed by Angstrom and Hoberg*, satisfied the interdependency and 
ratio. Stevenson further indicates that Eriksson, Hutchinson, and Virtanen*, 
in separate reports, concluded that the interdependence of ammonia and ni
trate may be explained by the photochemical oxidation of ammonia to ni
trate. Allison (1965) attributes the burning of fossil fuels and volatili 
zation from the soil as the principal sources of ammonia. In contrast to 
others, Allison states, "Electrical discharges in the air probably account 
for most of the nitrates in rainwater but some oxides of nitrogen are also 

released from the soil." 

Atmospheric gaseous nitrogen is subjected to photochemical and lightning 
fixation, the end products, ammonia and nitrate, then join with air pollu
tants causing an increase in storage of the atmospheric nitrogen compounds. 
It may be appropriate at this juncture, to define 'storage' as it will be 
utilized throughout this report. All physical entities to be discussed 
from a mass balance viewpoint must include an input, an output, and stor
age. Storage at time to equals So, after time t l , it equals Sl' The change 
in storage was caused by the input rate, I, and output rate, Q, both oper
ating between to and t . Mathematically, the storage, or as more appro

l
priately named, the mass continuity equation, is: 

Sl 	 So + [1 (tl - to) - Q(tl - tn)J. 

and it is obvious that Sl may increase or decrease depending entirely upon 

the values of I and Q. 

(b) Air Pollution. In addition to the poorly defined natural sources 
of atmospheric nitrogen compounds, are the sources that are lumned into 
the air pollution category. Tncluded in this category are the pollutants 
from processing or manufacturing plants, automobiles, fuel burning, forest 
or other fires, ammonia which is volatilized from the addition of ammonia 
fertilizer, and various nitrogen compounds which are carried into the 
atmosphere by wind erosion of the soil surface. 

(c) 	 Depletion of nitrogen from the watershed 
ways: denitrification, volatilization, and 

from fire and volatilization from leaf surfaces were 
because 	a fire yielding an appreciable nitrogen loss would be 

in nature and beyond the scope of the enrichment model. Vola

*See reference by Stevenson (1965). 

tilization from leaf surfaces is considered negligible in comparison to 
the other mechanisms. 

2-1.2 

The interface zone includes all animals, the erodible soil surface, 
and the atmosphere up to the top of the vegetative canopy. The sources of 
nitrogen contributing to the cycle are sewage spreading, non-grazing animal 
excretion, and industrial fertilizer application. The depletions are at 
tributed to gaseous nitrogen and wind erosion mentioned in the previous 
paragraph, harvesting of crops, grazing of animals, and removal of soil 
and organic matter in runoff and erosion. 

(a) Sources of Nitrogen Compounds. Although manure spreading is 
widely practiced in Minnesota, it is a rather unimportant source of 
nutrients. The major benefits derived from manure spreading are the de
velopment or stabilization of soil organic matter and the disposition of 
a waste product. Soil tilth is dependent upon soil organic matter, and 
it is not uncommon for manure spreading to be instituted for this reason, 
with a commercial fertilizer providing the required nutrients for crop 
growth. Although not extensively used in Minnesota, the agricultural use 
of effluent from primary and secondary sewage treatment facilities has po
tential economic benefits as indicated in the research conducted by Kardos 
(1967). 

Transient animal excrement contribution to the nitrogen compounds with
in a basin are difficult to quantify, but migratory birds can supply ap
preciable nutrients. Commercial fertilizers are, of course, the major 
source of plant nutrients in most cultivated agriculture. Specific used 
are to be covered in a following sectj on, it is sufficient to note here 
that commercial fertilizers are applied at the Late of several hundred 
pounds of nitrogen per acre annually under certain cropping conditions. 

(b) The depletion processes include gaseous 
nitrogen. , crop harvest. animal grazing, and runoff-ero
sion. The depletion of gaseous nitrogen is attributed to denitrification 
and ammonia volatilization. Denitrification is discussed subsequently. 
Ammonia volatilization is considered of significance only when present 
close to the soil surface. Ammonia, when in the soil-water solution, par
tially forms the ammonium ion which is not subject to volatilization. The 
ammonia ammonium equilibrium indicates that not all ammonia is converted 
to the ionic form. and certainly the gaseous phase is subject to volatili 
zation. General prevailing agricultural practice in the New Prague water
shed dictates that gaseous or aqueous ammonia be tilled to six to eight 
inch depth. It is then assumed that volatilization is negligible. Data 
to support or reject this hypothesis not reviewed. 

Wind erosion can only be mentioned as an obvious depletion process-
data relative to quantification of nutrient losses from this mechanism 
were not found. Similarly, nutrient depletion from animal grazing must 
be by conjecture and estimate. The quantity of nutrients removed with 
crop harvest is reasonably documented, and such data are presented in 
Section 2-3. Runoff and erosion processes are major factors in nutrient 
depletion and wll1 be considered in detail. 
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and leaching, effectively remove nutrients and organic matter from the basin. 

Plant-Root and Soil-Water Zone2-1. 3 

It is in this zone that the in-basin recycle process occurs. PI ant 
and bacteria living separately, in symbiosis, as parasites, or on each 
other's waste products, continually convert organic nitrogen to mineral 
nitrogen and back to organic nitrogen, repeatedly. Within this zone, 
the sources and depletions involve the gaseous state; sources are via 
nitrogen fixation, while depletions are by denitrification. 

a 
(a) Nitrogen Fixation. Nitrogen fixation in the soil is 


biological process. Stevenson (1965) states that Dhar' s 1960 theory of 

photochemical nitrogen fixation in the soil "has been conspicuously ig

nored by soil scientists, a consequence arising from almost complete re

jection of the theory." Biological fixation is by four distinct groups 

of plants: blue-green algae, free-living bacteria, bacteria living in 

symbiosis with leguminous plants, and bacteria living in symbiosis with 

nonleguminous plants. Stevenson (1965), Nutman (1965), Vincent (1965), 

Jensen (1965), Waksman (1952), and Allison (1965) provide considerable 


detail 	on the nitrogen-fixation process. 

(b) Denitrification. Denitrification occurs both chemically and 

biologically, and is the reduction of nitrate to nitrite and the further 

reduction of nitrite to nitrous oxide andlor molecular nitrogen. Allison 


limits denitrification to the biological processes only, whereas 
Broadbent and Clark (1965) use a broader scope of the term which includes 
chemical and biological reactions that transform nitrate or nitrite to 
gaseous nitrogen, usually or N20. The term does not include transforma
tion to, or the of, ammonia. The reduction of nitrate to 
ammonia is commonly called nitrate reduction, not denitrification. The 
extent to which nitrate reduction occurs in the soil is not well documented 
and because of this lack of information it is omitted from further consider

ation. 

The denitrification process is considered to be second only to leach
ing in terms of nitrogen depletion from the soil (The New Prague study indi
cates more than ten times as much denitrification as 1 15N exper
iments conducted by other investigators, but discussed by Broadbent and 
Clark (1965), and Allison (1965, 1966) clearly indicate that the process 
exists and that nearly all of the gaseous nitrogen evolved is derived 
from nitrate. Although the organisms which perform the denitrification 
are facultative anaerobes, it has been shown that rather significant de
nitrification will occur in finely textured, well-aerated soils. Where 
high microbial activity occurs, particularly in pockets or organic matter 
such as around root hairs, oxygen levels are reduced and denitrifying 
microbes thrive. Broadbent and Clark say, "the continuing small losses 
of nitrogen that occur within small pockets of microbial activity or 
within the larger-sized soil aggregates in presumably well-aerated soils 
are probably more serious when taken collectively than the more rapid de
nitrification that occurs when the entire profile becomes anaerobic or 

nearly 	so." 

(c) Internal Cycle. Within the plant root zone is the closed 100p 

! 
Leached material may return to the cycle through phreatophytes or capillary 
rise to the root zone. Ammonification is that biological process by which 
organic matter is mineral ized to ammonia and the ammonium ion. Sources of 

1 
soil-organic. nitrogen are precipitation, bacterial decomposition of plant 
and animal wastes, and nitrogen fixation. Bulk precipitation and nitro
gen fixation have been discussed, and bacterial decomposition and immobili 
zation will be discussed subsequently.

t 
t 

t 

The ammonia and ammonium ion have five depletion routes; volitilization, 


leaching, nitrification, inunobilization, and ammonia fixation. Sources of 

ammonia are precipitation, commercial fertilizer, and ammonification. Vola


• 
 tilization is a depletion from the basin, but this may add to the basin 

storage or atmospheric nitrogen compounds and an indeterminable portion may
t return in bulk precipitation. Anunonium fixation is adsorption of the am
, 
monium 	 ion onto the clay colloid. Appreciable quantities of the ammonium r ion may be bound or fixed in this manner, and subsequently released for 
plant growth. Fixed ammonium is not readily volatilized nor is it readilyt 

( available for oxidation to the nl trate form which is so easily l,·~ached


" t (Nommik, 1%5; Scarsbrook, 1965; Alexander, 1965; Allison, 19(5). 

\ 

Nitrification is the further mineralization of ammolda, through oxidiz
ing bacteria to the nitrate stat", and under normal conditions the nitrite 
is rather quickly oxidized to the nitrate state. Alexander (1965) dis
cusses nitrification in detail. 

1 
Nitrite is normally a short liv"d oxidation state which will accumulate 

only in alkaline soils containing quant it ies of NH!+ I- (A11 ison, 
19(6). Nitrite accumulations are toxi.c to most plants, they are soluble,i 
and leach as readily as nitrate. Broadbent and Clark (l965) discuss chemi\ 
cal means of nitrite reduction and the general instability of nitrite.~ 
Nitrite is formed from the oxidation of ammonia or the reduction of nitrate,

) and it s deplet ion pathways are leaching, reduction to gaseous nitrogen, and 
oxidation to the more stable nitrate. 

Nitrate sources are the oxidation of nitrite, application of fertili 
zer, or infiltration from precipitati.on. There are four nitrate depletion 
pathways; leaching, plant uptake, denitrification, and immobilization. 
Leaching is reportedly the most important depleti.on mechanism known, and 
denitrification is a close second. Plant uptake is not a loss until the 
crop is removed from the basin, and immobilization is a 'tie up' of the 
otherwise available mineral ni trogen. Bartholomew (1965) presents an 
excellent review of the interacting and opposing processes of mineraliza
tion and immobilization. 

Immob Llization denotes the conversion of inorganic nitrogen to the 
organic form during the process of bacterial decomposition of biological 
waste products. The reported critical value of the carbon to nitrogen 
(C/N) ratio of 20 to 25 determines the amount of nitrogen subject to 

l 	 immobili zation (Harmson and Kalenbrander, 1965). Material to be decom

posed with a CIN ratio greater than 20 to 25 will result in bacterial ab

sorption of nitrogen from the surrounding environment, whereas a lower
} 	 CIN ratio will permit a net mineralization of the nitrogenous material. 

cycle which circulates nitrogen from organic to mineral forms back to organ"': 
ic, etc. The soil-organic nitrogen fraction may be depleted by three path
ways; soil erosion, leaching, and ammonification. The first two, erosion 

?F. 
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Plant uptake of nitrogen is almost all in the NH4 ', N03 ' or urea 
form, but other organic forms and minor amounts of nitrite are also ab
sorbed ,1965). Scarsbrook says, "Soil inorganic nitrogen in 
most arable soils is nearly all utilized in the N03- form regardless of 
past fertilization practices. Accordingly, N03- is the most important 
source of available nitrogen for cultivated plants~ Since N0 3- does 
not react with soil , the total supply of N0 3 in the root zone is 
available." Alexander says, "The pendulum is now swinging in the 
opposite direction, and the detrimental consequences of ammonium oxidation 
are becoming more apparent." This statement is made with relation to the 
high loss of nitrate via leaching, whereas the ammonium adsorbs onto the 
colloidal material and is stored in the soil. Finally, Allison (1965) 
states, "The use of ammonia-nitrogen, rather than nitrate-nitrogen, as a 
means of reducing leaching losses usually has only limited advantages since 
the ammonia is oxidized to nitrate rather rapidly, except when 
the soil is very cold. Fortunately, exact knowledge of the state of 
transformation, or the mechanism, is not required in order to develop a 

and workable enrichment model. 

Plant-organic matter is either harvested, consumed by a grazing animal, 
or returned to the soil. Through animal grazing, some nitrogen is returned 
to the soil in feces and urine. Even though an entire crop is harvested, 
appreciable quantities of organic matter remain with the roots and root 
hairs. 

The literature reviewed indicates that leaching is one of the most 

important depletion pathways. The data from the current New Prague study 

does not agree with this contention, the greatest loss component at New 

Prague was identified as the combined runoff and erosion pathway. There 

is no doubt, however, that leaching is considerable, and once the nitrogen 

has penetrated into the root zone, it is no longer subject to runoff and 

erosion losses. Leaching can provide depletion through tile drains and 

into surface water, into groundwaters which serve as a base flow for sur

face water, or into groundwater storage. 


The removal of nitrogen from groundwater storage by capillary rise 

and phreatophytes is not well documented. Phreatophytes are plants whose 

roots are deeply penetrating and they can reach the water table at depths 

up to 30 feet. Host of these plants are of no direct economic interest, 

except for their negative effect of water depletion. The major non-economic 

plants in this group are the ash, alder, willow, aspen, cottonwood, grease

wood, saltgrass, and saltceder (Davis and DeWiest, 1966). The only eco
nomically important is alfalfa, whi ch is, of course exten-
 Isively grown in Hinnesota. 

~ 

,.. 2-1.4 ,In the surface-water zone, the nutrients accumulate and create the in

land water problem of overfertilization. There are two distinct categories , 

of inland water -- flowing and impounded. Estuaries present still other 
 tconditions and will not be discussed in this report. The objective herein 

is to develop a mathematical model to predict the nutrient output of a 

watershed. The effect of the nutrient on the receiving body of water is {

beyond the scope of this study. Flowing water provides a transport medium 


~ 
t 
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where biological, physical, and chemical action will transform nitrogen 
compounds, and may result in a change in time of travel within the trans
port medium, a change of state of chemical nature, or a change in quantity 
of the nitrogen compounds and/or total nitrogen. 

Lotic, or running-water, ecology is discussed in Odum (1959), Reid 
(1961), and several other texts on freshwater ecology. The uptake and re
lease of nitrogenous material is cyclic in the lotic environment, just as 
in the soil environment. 

The cycle in the lotic environment complicates an accurate measure of 
stream nutrient load at any given point in time or space. Some of the free
floating organisms will have their organic-nitrogen included in a stream 
sample of water, whereas those with avoidance reactions or that are attached 
or rooted will not be included. Thus in the late spring, nutrient uptake 
by non-measured flora and fauna may be quite high, reducing the levels in 
the stream. In the fall, the dying organisms may contribute substantially 
to the nutrient load in the stream. 

Certain organisms derive their nutrients from the water and then 
leave the aquatic environment and possibly the basin. The multitude of 
insects who spend their larval stages in lotic water or the bottnm muds 
indicate the possibility that such depletion may be appreciable. The bottom 
muds of most streams (espeCially those utilized for irrigation 
are much higher in nutrient concentrations than in found in the water flow
ing above. Benthic organisms live in these muds and displace some nutri 
ents into the water. The nutrients in the bottom muds are derived from 
soil erosion products and from decomposition of dead material which settles 
to the bottom, decomposes, and remains in the bed. 

It is apparent that modeling of the nutrient input-output for a drain
age basin will require many simplifying assumptions. 

2-2 SOURCES OF NITROGEN COMPOUNDS 

Section 2-1 presented a qualitative review of the nitrogen cycle. In 
section the quantitative aspects of the watershed sources will be dis

cussed, particularly as they relate to the New Prague watershed. Section 
2-3 deals with watershed depletion from the quantitative viewpoint, and 
Section 2-4 presents the nitrogen balance for the New Prague watershed. 
Where available, existing data are presented and critiqued. Data from the 
New Prague watershed are included as appropriate. 

2-2.1 

Included in this category are all of the nitrogen compounds which fall 
onto the soil or a watercourse. This includes fallout derived from 

It does not include free nitrogen taken from the 
oxidized jnto a nitrogen compound. The term 'fallout' is 

that not all nitrogen compounds from the atmosphere 
are deposited with rainfall. Some, and possibly a major portion, settle 
out with dust or other dry material. Feth (1966) defines bulk precipitation 
as "rain plus the water soluble constituents in dry fallout that are depos
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ited on the sample collecting surface between rains." Bulk precipitation 
is a very useful term and will be utilized with slight modification. In the 
context used here, bulk precipitation includes all of the substances under 

which settle to the earth surface. The term 'precipitation' will 
be used in the classic sense which infers the settling of moisture as rain, 
sleet, hail, snow, dew, etc. 

A review of Table 2.1 shows that the spread in the reported data is 
rather large. Jones (in Stevenson, 1965) reported a value of 50.8 1bs/acre
yr* of nl trogen in rainfall for Nigeria and Roelofsen (in Stevenson) reported 
a value of 27.1 lbs/acre-yr in Sumatra. These are considered by Stevenson 
to be unrealistic as the values exceed most other published data. Stevenson 
agrees with Eriksson's earlier observation that many of the high results re
ported for nitrogen in precipitation may be the result of sampling and 

errors or contamination. If these extreme values were deleted, 
a range of 1.0 to 22 Ibs/acre-yr would be obtained. 

The concentration of nutrients is appreciably higher in rainfall than 
in snow as evidenced by Shutt and Hedley's 17 years of data reported by Fetll 
(1966): 

2. 'IA, 2.3 1.0 

N, (N0 2 + N03) 1.3 0.2 6.3 

A/N Ratio 1.8 5.0 

The A/N rat 0 is the ratio of the compound of ammonia to the compounds of 
nitrate plus nitrite, but is often reported as the ammonia to nitrate ratio. 
The rainfal A/N ratio of 1.8 shown above is quite close to the value of 
2 previously discussed in Section 2-1.l(a). 

A review of the New Prague data in Table 2.3 indicates an A/N ratio 
considerably different than ,and thus suggests that processes or mechanisms 
other than purely photochemical reactions are responsible for the atmospheric 
ammonia and mineral nitrogen found at New Prague. 

Table 2.1 is a listing of some of the existing data relative to the 
annual load per acre of nitrogen in various nitrogen compounds. Table 2.2 
lists similar data reported as concentrations in mg/l. A review of such 
data is complicated by the techniques of reporting. The investiga
tors report data in units of , or lbs/ac. Additionally, some refer to 
nitrogen whereas others refer to the nitrogen compound. Obviously, any 
discussion of the A/N ratio is related to the compounds, Shutt and Hedley's 
A/N ratio, but as nitrogen would be: 

'~l. 1 Ob/ac) (also see Appendix E). 
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(0.7778)2.3 
6.1* 

(0.2258)1. 3 

For comparative purposes, all data included in this report will be as 
nitrogen, and loadings are on the Ib/ac basis. Some of the data listed in 
Tables 2.1 and 2.2 required conversion. The ultimate purpose, of course, 
for listing such data is to evaluate the bulk precipitation source of nutri
ents. A gLance at Tables 2.1 and 2.2 indicates the paucity of data. In 
the few cases where organic nitrogen was measured, it was found to be sig
nificant. Further, the data listed under IN were placed there because 
authors generally refer to the value as 'nitrogen in precipitation'. 
Weibel's Cincinnati study was the only one reviewed which specifically 
indicated a total nitrogen that included ammonia, mineral, and organic 
nitrogen (Weibel, 1969). 

It was not feasible, during the course of this study, to conduct a 
bulk precipitation sampling and analysis. In an attempt to estab a 
working baseline, eight snow samples from the New Prague watershed were 
analyzed. These data are tabulated in Table 2.3. The parenthetical values, 
which indicate the concentrations of the compound form, were included only 
for the purpose of computing the A/N ratio. None of these datB represent 
a fresh sno"fall catch, but the early samples (No. I to 3) were collected 
within a few days after a snowfall. All samples included the entire snow
pack from surface to within an inch or so of the soil. 

It is apparent that the data from New Prague reflect a bulk precipi 
tation. ;:he only published figure found for bulk precipitation was 2.56 mg/l 

(0.57 mg/l N0 3-N) (Feth, 19(6). Feth's data indicate that the bulk 
precipitation is approximately 16 times greater than that contained in 
rainfall. His data were taken at Menl i'ark, California, a rather densely 
populated area with considerable industry and traffic. 

Analysis of the data listed in Table 2.3, with results appropriate for 
the enrIchment model and the nitrogen balance was difficult, to say the 
least. Shown in the table are three different mean values for each sub
stance listed, only the nitrogen components will be discussed here. The: 
data, when arrayed and plotted on arithmetic or logarithmic probabiJitv 
paper do not approach a straight line; i.e., the data are neither normally 
nor log-normally distributed. An addi t ional analysis was made deleting 
samples no. 3 and 4. The data then more nearly approach the log-normal, 
but exclusion of these samples is a denial of that which physically exists. 

It is not uncommon for rainfall to create a similar pattern, w th 
certain stations receiving much higher values than their neighboring 
stations. Hydrologists have long used the Theissen polygon as method 
of obtaining a weighted average which can then be assumed to y to the 
entire watershed. The method is covered in most hydrology and will 
not be presented here. Figure 2.1 shows the watershed, the sampl.ing sites, 

*The numbers 0.778 and 0.2258 are equal to the ratios of Nand re
ively. 

if for example; Linsley, et aL, 1958 or Schwab, et at., 1966). 
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1 
Table 2.1 Reported Loading of 	Nitrogen in Precipitation (lbs 

Time ofSource Location 	 LN (N0 3 +)-N NH4-N N0 3-N Org-NCollection 

Hutchinson1 	 World Pre 1954 0.7-6.2 

Mean 5.5 


Eriksson1 	 Europe & 
U. S. Pre 1952 	 0.7-1B.7 

Jones1 	 N. Nigeria Pre 1960 50.B 

Roe10fsenl 	 Sumatra Pre 1941 14.9-43.3 

Mean 27.1 


Miller 2 	 World 1905 1.6-19.9 0.5-14.0 
Mean 7.8 5.4 
England 1905 1. 35 
New Zealand 1905 0.45 
Kansas 1905 3.64 2.62 

w Mississippi 1905 3.09 	 2.35
'''' 

Weibe1 3 Cincinnati 	 1963 B.6 4.7 3.9 

Schreiner 2 Temperate 

Zone 1938 6.1 4.6 


Feth4 Inland N. 
Europe 1955-56 0.6-5.9 0.4-3.6 0.2-2.3 

Coastal 
Europe 1955-56 1.1-13.4 0.7-11.7 0.4-1. 7 

",0. Carolina 

& Virginia Pre 1966 6.0 


Wisconsin 8.0 

Buckman 7 HlImidemperate 1960 5.0 

Danie1 7 	 Oklahoma 1930-37 0.4-1. 5 

Bryant 7 	 New York Pre 1948 8.93 

Shutt 4 Canada 	 1925 7.0 
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I Table 2.2 Reported Concentration of Nitrogen in Precipitation /1) 

Time of
Source Location 	 EN -+NH4+)-N ~114-N NO,-N Org-N

Collection 

Millerl 	 England 
Hean 
Tropical 
C1ean 

Feth2 	 Western U.S. 

Sweden 

Yaalon Isreal 

Collison2 NevI York 

Weibe1 3 Cincinnati 
w 
+

No. Carolina 
& Virgjnia 

1905 	 0.22-5.0 
1. 20 


1905 0.13-2.1 

0.50 

1955-56 	 0.30 

1952 	 0.17-1.50 

1964 	 0.39-22.0 

l.(ll 0.121919-28 	 1.13 

0.581963 1. 27 0.69 

Pre 1966 	 0.62 

1 Adapted from Allison (1965) 

2 Adapted from Feth (1966) 

3 Adapted from Weibel (1966) 

4 Adapted from Cooper (1966) 


Table 2.3 	 Concentration of Sediment, Nitrogen, and Phosphorus Found in Sno\.; Samples Taken at Net" Prague, 
Hinnesota. 

Sample No. 

2 3 5 


Date* 11-18 12-11 12-11 2-6 2-6 

Station* 77 34 78 34 30 


Substance 


SS 33 3 10 3000 2000 


TP 0.31 0.06 0.14 2.70 .80 


SP 0.27 0.06 0.08 0.44 0.51 


N1lrN 0.29(0.35)11 0.25 (0.30) 0.27(0.33) 1.40(1.70) 1.40(1. 70) 


.., Org-N 0.94 0.14 0.17 4.20 3.00 

J1 

N02-N 0.02(0.07) 0.02(0.07) 0.02(0.07) 0.03(0.10) 0.03(0.10) 

N03-N 0.10(0.84) 0.30(1.33) 0.30 (1. 33) 1. 00 (4.43) 1. 00 (4.43) 

n; 1. 44 0.71 0.76 6.63 5.43 

A/N Ratio 0.38 0.21 0.24 0.38 0.38 

IIValues in parentheses are mg/l of the compound foren for coenputing AI:::: Ratio. 

*Date refers to date sample was collected, stations per Figure 1.1. 

http:0.30(1.33
http:0.10(0.84
http:0.03(0.10
http:0.03(0.10
http:0.02(0.07
http:0.02(0.07
http:0.02(0.07
http:1.40(1.70
http:0.27(0.33
http:0.17-1.50


Table 2.3, continued. 

Sample No. 
6 7 8 

I\'eighted 
Date 2-6 2-6 2-6 Arith. Geom. ;< Mean 

Station 86-32 86 86+ )-lean ~ean 2-6 Only 

Substance 

SS 8 10 4 630 34 398 

TP 0.28 0.24 0.25 0.72 0.30 0.56 

SP 0.25 0.17 0.17 0.24 0.20 0.23 

NHrN 0.79(0.96) 0.74(0.55) 0.77(0.94) 0.74(0.90) 0.60(0.73) 0.86 

LV 
C1' 

Org-N 

N02-N 

N0 3-N 

i:N 

0.05 

0.02(0.07) 

0.95(4.21) 

0.81 

0.05 

0.02 (0.07) 

0.98(4.34) 

1. 79 

0.12 1.80 

0.03(0.10) 0.02(0.07) 

0.38(1.68) 0.64(2.83) 

1. 30 2.48 

0.31 

0.02(0.07) 

0.53(2.35) 

1. 81 

0.63 

0.02 

0.81 

2.32 

A/N Ratio 0.22 0.12 0.53 0.31 0.30 

*Geometric mean (GH) is GH of EN, and GMEN -1 I:GH(N). 
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and the weighting ratios applied to the February 6 data. Since the snowpack, 
and all the foreign matter in it, must enter the soil or streams, it will 
be assumed that the weighted value applies to the entire watershe~, for the 
full depth of snowpack to be melted. 

In the spring of 1970, there were only about 3.0 inches of water in the 
snowpack, whereas in the 1969 spring runoff there were almost 6.0 inches of 
water in the snowpack. The 1969 calendar year precipitation was about 26.3 
inches, of which about 19 inches was rainfall and the remaining 7.6 inches 
represented snowfall, some of which or percolated into the soil 
prior to spring melt. 

It can readily be shown that if 

x nutrient concentration, , and 

P precipitation in inches of water, 

0.226XP L, the load in 

Thus, if the bulk precipitation for ZN 2.32 (the value shown in 
Table 2.3 for weighted average precipitation) was assumed applicable to all 
precipitation, at 26.3 inches, 

ZN 0.226(2.32) (26.3) 13.7 

This value is at the upper end of the data reported in Table 2.1 for pre
cipitation only, and as previously indicated, bulk precipitation was about 
16 times greater than in rainfall alone. Further, it has been previously 
shown by Shutt and Hedley's data that rain/snow ratios are 2.3 for ammonia 
and 6.5 for mineral nitrogen. At New Prague the mineral nitrogen was 65% 
of the sum of mineral plus organic, thus a weighted rain/snow ratio may 
reasonably be, 

0.65(6.5) + 0.35(2.3) = 5.0, 

and load computation would proceed as follows: 

LN = 5.0(0.226) (X) + 0.226(X) 

where 

inches of rainfall 

inches of water in total snowfall 

X concentration as determined for snowpack 

LN nitrogen load. 

Then upon substitution of the correct values for , and X, 

LN = 5.0(0.226) (2.32) (19) + 0.226(2.32) (7.3) 54 lbs/ac-yr. 
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A value of 54 is 10 to 17 times greater than the mean loading 
values listed in Table 2.1, and this seems reasonable in light of Feth's 
higher bulk precipitation. For the 23.3 mi2 watershed at New Prague, the 
bulk precipitation for 1969 would then add 805,000 Ibs of nitrogen. 

The deposition of material on vegetation will not be considered in 
detail. The mechanisms of leaching metabolites from plant leaves are dis
cussed in several publications, but little is quantitatively known relative 
to the process. Tukey and Mechlenburg (1961), utilizing tagged nutrients, 
found that the process is simply a recycle mechanism. The tagged material 
was found in the leaves, in the leachate, and was reabsorbed into the root 
system. Tukey and Morgan (1962) discuss the various metabolites which are 
leached including nitrogen and phosphorus. It would appear that material 
in the leachate may also consist of material which was deposited on the 
plant--the tagging proves that some, if not all, is derived from within 
the plant. For the purpose of the enrichment model development, this 
part i cular mechanism will be ignored. It will be assumed that all of the 
bulk precipitation reaches the soil surface, and that if any additional 
nutrients reach the soil through the leaching process, they can be ignored 
as they merely recycle to the plant and do not add or detract from the 
total nutrient removal at cropping stage. Further, and possibly more im
portantly, the accuracy obtainable in a nutrient mass balance does not 
justify the inclusion of such a small increment. 

2-2.2 

The natural sources of nitrogen input to a watershed are limited to 
molecular nitrogen fixation, animal excretion, and primary rock decomposi
tion. Recycle mechanisms, such as leaf litter and root decomposition, are 
not additions to the watershed's supply of nitrogen. 

Biggar and Corey (1969) report an average of 
12 Wisconsin soi Is (see Table 2.32). They 
further indicate nitrogen fixation adds about 14% of the total nitro-
ge.n load entering Lake Mendota. Allison (1955) used 15.2 in his 
nitrogen balance (see Table 2.32). If an arbitrary average of 13.5 
is selected, for the 20.3 square miles (see Table 2.7) of soil which is 
either in crops, pasture, or woodland and wildlife, this would then repre
sent an annual addition of 175,000 lbs of nitrogen. 

(b) The intentional use of domestic animal excre
ment for a subsequently. Very little data were 
found giving the expected nitrogen yield from various wild animals. Fortu
nately, most anima1s leaving their excrement within a watershed also grazed 
and derived their nitrogen from the watershed. In such cases, they do not 
add to the source of nitrogen, they merely recycle it and deplete a minor 
portion of the total supply by tying up some nitrogen in animal tissue. 
The major exception to this is, of course, the migratory bird. Mackenthun 
and Ingram (1967) indicate that domestic ducks yield 2.1 Ib/yr of nitrogen 
and wild ducks about 1.0 lb/yr. Loehr (1968) indicates a total nitrogen of 
29.2 , for duck, much higher than Mackenthun's values. Regardless of 
the exact loadings, it is obvious that in a watershed containing wetlands, 
several thousand pounds of nitrogen may be accrued through defecation by 
migratory birds. 
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2-2.3 Fertilizers 

Included in the fertilizer category are the usual sources of soil 
applied fertilizers; i.e., manure spreading and commercial fertilizers. 
Additionally, drainage from livestock feedlots and spreading of treated 
sewage effluent will be considered. All of these latter items are actual 
pollution sources, and they generally drain directly to a watercourse. 
The enrichment model includes these direct pollutants, bue the potential of 
using the soil as a medium to turn a waste into a resource is so inviting 
that they are briefly discussed in this section as fertilizers rather than 
pollutants. 

(a) Manure Spreading. The prevailing nractice has been to apply manure 
during the winter when soils are frozen, and tillage occurs as soon as trac
tors can traverse the fields. Manure spread on frozen ground does not be
come a part of the soil-complex, and much of it is carried away during 
snowmelt or spring runoff. The practice has been outlawed in Wisconsin, 
and attempts are now being made to make the practice illegal in Minnesota. 
Table 2.4 shows the characteristics of animal wastes, Table 2.14 provides 
additional details relative to weight of animal and daily loadings. The 
total cattle population in the New Prague watershed is estimated at a maxi
mum of 500 cows, and if they produced 81 lbs/animal-day of manure (Loehr, 
1968), this would amount to about 7500 tons of manure annually. Assuming 
that they are beef cattle, in order to maximize the computation, Table 
2.4 indicates 14 lb/ton, and with 7500 tons, the yield should be 105,000 lbs 
of nitrogen. This value is probably high, but even as a maximum it repre
sents a rather minor source of nitrogen. Another 150 to 200 head of swine 
are in the watershed, and again using Loehr's l~ading data, 200 swine would 
yield 6400 lbs of nitrogen. Other livestock in the New Prague watershed are 
minor, and the total manure source of nitrogen for the entire watershed will 
be assumed to be 110,000 lbs annually. 

Table 2.4 Animal Waste Characteristics (lb/ton manure) Townshend, 19h9. 

VolatileAnimal N PSolids 

Dairy Cattle 322 11. 2 2.0 

Fattening Cattle 395 14.0 4.0 

Hogs 399 10.0 2.8 

Horses 386 l3.8 2.0 

Sheep 567 28.0 4.2 

(b) Commercial Fertilizer. Commercial fertilizers can, of course, be 
applied to the soil at any desired loading. Much has been written about 
the various yields under certain crop rotation schemes, soil types, conser
vation practices, and fertilizer applications. Since the enrichment model 
and the nitrogen balance are tested on the New Prague watershed, commercial 
fertilizer data pertinent only to New Prague will be given. Table 2.5 indi
cates the fertilizer application rates for New Prague. The table is quite 
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an oversimplification; for example, soy beans following corn often receive 
no fertilizer, corn following soy beans usually gets 130 pounds of Nand 
175 to 200 pounds of 6-24-24*. Leary (1970) recommends 150 Ibs actual N 
and 175 Ibs of 6-24-24 for both the soy bean category and the non-specific 
row crop (usually corn or soy beans). 

A sample of 35 existing cropping schemes for the New Prague watershed 
were analyzed to determine the amount of land in various crops the 
per iod of the study. Table 2.6 indicates the cropping schemes, and if these 
are summed for a five year crop pattern, we have: 

5 Year Acreage % 

Corn (C) 305/1.1 32.5 

Beans (B) 140.5 1.5 

Row (R) 979 10.4 

Grains (G) 1965.8 21.0 

Hay (H) 2800.7 29.9 

Pasture (P) 1.40.5 1•• 7 

Considering that the watershed consists of about 12,600 acres of culti
vated land, or 63,000 acres for a five year period, the sampling represents 
an evaluation of 15% of the total acreage. This would be a good statisti
cal representation if the samples were randomly selected -- such was not the 
case. The 35 samples shown represent 100% of the information available from 
the County Agricultural Agent and the Soil Conservation Service District 
Office. Having spent considerable time in the New Prague area, it is the 
author's opinion that these estimates are quite reasonable, and agricultural 
patterns do not appreciably change for several tens of miles in any direc
tion from New Prague. Table 2.7 shows the overall watershed land use pattern, 
and Table 2.8, developed from the data in Table 2.7 and Table 2.5, indicates 
the crop use and estimated fertilizer application of 1,240,000 lbs of nitro
gen. 

(c) Sewage Effluent Spreading. Sewage effluent spreading has been 
shown by Kardos (1967) to be of direct economic benefit. Tables 2.9, 2.10, 
and 2.11 are shown here merely as a point of interest. Table 2.9 indicates 
the substantial increases in yield with increased application of waste water. 
Similar New Prague yield data show alfalfa at 3.4 tons/ac (38% less), corn 
at 96 bu/ac (14% less), and oats at 65 bu/ac (11% less). 

The data presented by Kardos indicate the tremendous potential of utiliz
ing a waste as a resource. Considering only , the crops took up 

a11 applied in waste water irrigation levels of one inch and two 
inches per week. At one inch per week, the crop removed 200% of the applied 

uptake of certain waste products contained in sewage 
water may be detrimental to crop growth or utilization. In the discussion 
such interactions are not considered. 
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Tab 1 e 2.6 New Prague Annual Cropping Schemes 

Acres Crops* Acres Crops 

196.7 C-G-3H 14 

37.5 COG-3H 81 

91.0 C-G-3H 2 

H4.2 Continuous Row 106.6 

72 .6 C-G-3H 111.5 

15.0 Pasture 37.5 

21. 2 C-G-2H-C 4.7 

8/•• 8 C-G-H-C-G 53.5 

95.5 B-C-C-G-H 79 

54.0 C-G-H-C-G 9 

67.5 C-C-G-II-C 22 

32.0 R-R-G-R-R 105 

30.0 R-R-G-IJ-R 30.4 

26.0 Pasture 17.4 

105 Sweet Corn 8 

15.0 C-B-C-B-B 79 

6.4 Pasture 21 

Pasture 

C-G-H-C-G 

H 

G-H-H-C-G 

C-C-G-H-H 

Con ti nmms Corn 

Pasture 

G-C-G-H-H 

G-C-G-H-C 

C-G-3H 

Pasture 

C-G-H-H-C 

G-H-C-G-C 

H-C-(;-IHI 

Cont inuous Row 

C-C-G-IHI 

C-G-Il-lI-C 

*C Corn; 
or Corn). 
Pasture 

G Grain; H = Hay (Alfalfa Mixture); B Beans; 

land usually not capable of being cultivated. 

R Row (Beans 

Table 2.7 New Prague Watershed Land Use Pattern 

Area % of
Land Use 

sSl..!... mi. total 

Total Watershed 23.3 

Total Urban & Major Roads 1.6 
New Prague 1.1 
Heidelburg 0.1 
Major Roads 0.4 

Total Rural 21.4 
Cultivated to Crops 18.7 
Pasture 1.0 
Woodland and Wildlife 0.6 
Farm Roads and Buildings 1.1 

Total Surface Water 0.3 
Lake Tietz 0.3 
Stream Channels 0.019 

Farm Land Til e Drained 
(69% of Crop & Pasture) 13.6 
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100 

6.9 
4.7 
0.4 
1.7 

91.8 
80.2 
4.3 
2.6 
4.7 

1.3 
1.3 
0.08 

58.4 



Table 2.8 industrial Fertilizer Application for New Prague Watershed 

Total Fertilizer - Ibs
Crop Acres 

N P 

Corn 

Beans & row 

Small grains 

Hay 

Pasture 

4095 

1500 

2646 

3767 

529 

868,000 

240,000 

132,000 

197,000 

63,000 

106,000 

109,000 

Total 12,600 1 ,2 /+0,000 475,000 

Table 2.9 Crop Yield at Various Levels of Application of Waste Water in 
1965 (Kardos, 1967) 

Crop & Units Waste Water Applied, in/wk 
1 2 

Alfalfa hay, tons/acre 2.27 If, 6 7 5.42 

Corn, bu/acre 63.3 114.4 110.8 

Corn silage, tons/acre 3.11 3.93 4.32 

Oats, bu/acre 1+5.2 80.1 72.6 

Table 2.10 Average Amounts of Constituents in Waste Water App.1ied 
(Kardos, 1967) 

Amount Applied at 2 ins/wk 
Constituent Ib/ac-yr 

Phosphorus 105.6 133.8 86.8 

Nitrate - N 63.4 206.6 72.3 

Organic - N 75.1+ 65.2 3/+.2 

Table 2.11 Pounds per Acre of Nutrients Removed in Harvested Crops Receiv
ing Various Weekly Levels of Waste Water in 1965 (Kardos, 1967) 

Waste Water Applied, ins/wk 
Alfalfa Corn Silage 

N 96.2 2/+8.4 28 /+. a 90.2 106.9 111.5 

p 8.1+ 27.5 33.6 10.9 17 .1 19.2 
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nitrogen, which means that supplemental sources of nitrogen are required; 
whereas, at two inches per week, 10/+% of the applied nitrogen was removed 
by the harvested crop. The net result, of course, is a reduced need for 
supplemental nitrogen and a major bonus in terms of the nitrogen depletion 
occuring via harvest rather than as a nutrient discharged to surface waters. 
Kardos states that at the two inch per week irrigation rate, one million 
gallons of waste water per day requires only 129 acres. He states, "To 
dispose of similar waste waters from a city of 100,000 people would require 
only 1290 acres, ..• If. The word "similar" should probabl y be underscored, 
but the potential is obvious regardless of the exact figures presented by 
Kardos. 

(d) Feedlot Drainage. Feedlot drainage is a direct source of nutrient 
enrichment, and as evidenced by Figures 2.2 and 2.3 and Tables 2.12 and 2.13, 
the problem is itensifying. Allred (1969) indicates that, using population 
equivalents based upon biochemical oxygen demand (BOD), a 200 cow dairy farm 
has a population equivalent to a city of 3,000, and on the same basis, a 
250,000 bird farm has a population equivalent equal to a city of 25,000 
people. Townshend, et al., (1969) published data on human population 
equivalents for farm animals as projected to 1975. Their estimates included 
Canadian data and U.S. data provided by R.C. Loehr. The 1975 estimate 
includes a projected change in feed. Using their data (Townshend, et al.) 
for nitrogen equivalents, rather than BOD equivalents, the 200 cow dairy 
farm equals a city of 2,1+00 people, and the 250,000 bird farm equals a city 
of 1,000,000 people. 

Stewart, et a1. (1967) indicate, as a result of their extensive study 
of subsurface water under various fields and corrals, that nitrates do 
percolate into the groundwaters, but they state that more studies are re
quired before "the significance and magnitude of this pollution can be 
assessed." A well 100 feet deep was found to contain 15 to 20 mg/l N03-N 
and another at 30 feet depth contained 150 to 170 mg/I N03-N, both of these 
close to feedlots, the latter having been abandoned for 10 years (Biggar 
and Corey, 1969). Table 2.14 i.ndicates the nutrient loading from various 
animals, and Table 2.15 summarizes some concentration data from beef feedlot 
runoff. Similar data have been published elsewhere, but none have been 
found which indicate loading. 

Evaluation of the nutrient contribution in the New Prague watershed 
is somewhat simplified by the small size of the total herd population. 
Previously it was estimated that, on the basis of manure production, 
105,000 lbs of nitrogen could be expected from 500 head of cattle. If the 
maximum value in Tab Ie 2.11+ is taken, the l:N 49 1bs /1 00 ani mals daily, 
and the 500 head herd would then produce about 90,000 lbs of nitrogen per 
year, the minimum for 1000 lb animals is 26 Ibs /100 anima1s and would re
sult in about 48,000 Ibs of nitrogen per year. From Table 2.31 it can be 
seen that at a maximum 0 f 110,000 lbs per , this represents 1+.1+% of 
the total sources. If a minimum value of ,000 Ibs were used, a 1+6% re
duction from the 110,000 lbs, the total nitrogen source would be reduced by 
only 2%. In applying these figures to a similar watershed with 5,000 head 
the uncertainty of its relation to other sources would be large indeed. 

(e) Septic Tank Effluent. The discharge from septic tanks can be a 
major source of nutrients. Table 2.16 presents a good synopsis of septic 
tank loading. It is estimated that within the watershed there are about 
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Table 2.12 Trends of Numbers of Livestock Farms in Hinnesota (Allred, 1969) 

Number of Farms 

Livestock Present 1980 Reduction 


Hogs 50,000 6,000 :1 

Feed cattle 20,000 3,000 7: 1 

Dairy cows 60,000 16,000 4:1 

Beef cows 20,000 4,000 5:1 

Turkeys 1,0000 400 2:1 

Laying Hens 28,000 200 14:1 

Sheep 10,000 400 25:1 

Table 2.13 Projected Changes in Average Herd (or Flock) Size on Minnesota 
Livestock Farms (Allred, 1969) 

Average Size Ratio 
Livestock Present 1980 of 

Hogs 100 1,000 10 

Feed cattle 40 425 10 

Dairy cows 20 50 2.5 

Beef cows 25 200 8 

Turkeys 16,500 50,000 3 

Laying hems 400 30,000 75 

Sheep 50 500 10 
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Table 2. 1/i Waste Loading for Various Animals 

Dairy cow 

1000 110 (1) 38 5.2 

1000 1b (1) 37 23 

1000 1b (1) 49 

1200 1b (2 ) 38 
 7.9 
1000 1b (3) 36 5.0 

(4) 	 2.2 16.5 2.3 

Beef cattle 

1000 1b (1) 26 11 

1000 1b 26 

400-1100 1b (2 ) 19 
 11.0 

(4) 	 5.3 16 7.0 
(5 ) 	 5.4 18.2 11.6 

Swine 

100 1b (1) 3.2 2.4 

100 1b (1) 6.4 

100 1b (1) 7.0 

30-200 Ib (2 ) 6.6 
 1.6 
100 	1b (3) 5.1 1.11 

(4) 	 3.1 4.3 1.6 

Poultry 

4-5 1b (1) 0.3 0.06 0.11 

4-5 1b (1) 0.36 0.23 
 1.1 
0-4 1b 


broiler (2) 0.22 
 0.04 
5 1b hens (2 ) 0.34 0.12 
5 1b hen (3) 0.56 0.16 

(4 ) 	 1.0 2.9 1. 30 

Duck 	 (1) 8.0 0.6 	 n.3 

(1) 	 Loehr (1968), (2) Webber & Lane (1969), (3) Moore (1969), (4) Townshend 
& Reichert (1969), and Townshend et .'11. (1970). 

No attempt has been made to credit the original investigators.* 
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250 five-member family homes which are on septic tanks. The City of New 
Prague is on a sewer system and will be discussed separately. From Table 
2.16, it is seen that 27 lbs of nitrogen are contributed by each five
member family discharging an average of 50 gal/cap-day of sewage. This 
computes to 6,700 Ibs of nitrogen added to the watershed by the 250 families. 
For the nitrogen balance, the source will be rounded to 10,000 lbs. Even 
at 10,000 Ibs this source represents less than 0.5% of the total. 

Table 2.16 Average Septic Tank Effl uent (Polta, 19(9) 

Cone. Load*Substance 
Ib 

Organic N 10 7.6 

NOZ-N ° 0 

0 0 

-N 25 J9.0 

EN 35 27 

6.5 5 

a five-member family and 50 gal/cap-day sewage discharge. 

';0 

2-3 NITROGEN DEPLETION 

Nitrogen depletion may be merely a loss of nitrogen from the basin, or 
it may result in an enrichment of surface waters. Depletions involving de
nitrification, harvest, animal uptake, wind eroded soil, and ammonia volati
lization do not directly contribute to enrichment of surface waters. Pro
ducts of denitrification and wind eroded soil may return as bulk precipita
tion, and animal uptake may result in excrement which enriches stream or 
surface impoundments. Depletion to groundwater mayor may not contribute 
to surface water enrichment, depending upon whether the groundwater serves 
as surface-water baseflow or merely remains in groundwater storage. Suh
surface drainage, soil erosion, surface runoff, and munidpal or industrial 
effluent contribute directly to the nutrient enrichment and each wi JJ he 
discussed separately. 

2-3.1 Non-Enri chment Losses 

(a) Denitrification. Webber and Lane (1969) estimate 20 lhs 
lost annually through den it rification in sOl Is cult iva ted wi th corn c:rops. 
This loss is for soil under a manure application, and at twice the appli
cation, denitrification doubled. Allison (1955) reports that 10 to 20% of 
the total mineral nitrogen in the soil Is lost through deni trif ication and 
Broadbent and Clark (1965) report a loss of 10 to 15%. For the New Prague 
watershed, assuming 15% loss 0 f the total n1 trogen sourc:e, the deplet ion 
would he 350,000 Ibs. Fifteen percent loss of the applied fertilizer would 
represent a 186,000 lb depletion. If Webber and Lane's 20 lbs/ac: was used 
to compute the annual loss for the 12,600 aeres in agric ul tural c:rops, it 
would come to 252,000 Ibs of nitrogen, or if the 20 lbs lac loss ,vas ap
plied to the entire watershed, it would come to 298,000 lhs. A consider
able amount of the total nitrogen supply is tied up in forms not subjec:t to 
denitrification, so the 350,000 lbs is probably high. An arhitrary esti
mate of 250,000 lbs loss for the watershed was used for the nitrogen bal
ance. 

(b) Harmsen and Kalenbrander (1.965) report 
that ammonia atilization are usually ') to 20% of that ammonia 
which is applied as fertilizer. New Prague prevailing prac:tice Is to till 
the ammonia to a depth of six to eight inc:hes. It will be assumed that a 
maximum of 10% is lost by volatilization, and reference to Table 2.8 shows 
this to be about 110,000 lbs (not all fertilizer nitrogen is in the ammonia 
form). 

(c:) Considerable data have been published rela
tive to crop nutrient yield in the c:rop. These data which are 
not shown here, are comparable with the New Prague yields shown in Tahle 
2.17. 

Oats and wheat are small grains whi ch at a mean yield of ')5 lbs 
on the 2646 acres in small grains yield about 150,000 lbs of nitrogen. The 
4095 acres in corn yield about 630,000 Ibs of nitrogen, the 1500 acres in 
beans and non-specific row crops yield about 140,000 Ibs. The hay is only 
20 to 30% alfalfa, and the 3767 acres in hay will yield approximately 
300,000 lbs of nitrogen. The total harvest depletion then comes to about 
1,220,000 lbs. 
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Table 2.17 New Prague Crop Yie1 ds (Hanson. 1970 and Leary, 1970) 

Crop 

Oats 65 61 12 

Wheat 28.2 50 10 

Corn 96 154 25 

Soy Beans 24 90 9 

Alfalfa 3.4 T/ac 153 14 

(d) Other Dep1 etions. Such depletions as animal uptake and wind 
erosion are not well enough documented to be predictable. It can be readily 
seen, however, that livestock uptake is quite small for the New Prague 
watershed. The animals that contribute the 110,000 Ibs of manure could 
weigh as much as 500,000 Ibs wet weight. Thus if as much as 1% of the wet 
weight of all these animals were nitrogen, that is still only 5000 lbs. 
Even if 5000 lbs accurately represented the weight of nitrogen in the ani
mals, this could only be depletion if the 500,000 Ibs of animal represented

i I annual growth of livestock. 

2-3.2 

Table 2.18 summarizes some of the published data on nitrogen concen
trations and loadings in tile drain effluent. Tables 2.19, 2.20, and 2.21 
list the concentration and loading data for the tile drain samples at Sta. 
86. Figure 2.4 is a plot of these data, with flow between the data points 
estimated as a response to known rainfall. Load between data points was 
drawn by eye. Table 2.22 is a tabular integration and summation of the 
load curves in Figure 2.4. 

Table 2.23 represents an analysis of the flow data to determine the 
inches of water drained under various assumed ac:res of drained land. The 
purpose for the analysis was to develop additional information whi.ch \olOuld 
assist in evaluating the amount of land drained by the 6,025 feet of drain 
tile at Sta. 86. The tile reportedly drains 49 acres (Skaife, 1970), 37 
acres of field c:rops which receive 80 Ibs of nitrogen/year, and 12 acres 
of corn which receive 200 Ibs of nttrogen as aqueous ammonia and 200 lbs 
of 6-24-24. If the tile actually drained the entire 49 acres, the tield 
would require only 123 feet of tile per acre drained, which is not realis
tic. The tile would be required to drain effectively at 355 feet spacing, 
which is only feasi.ble for deep tile in very rapidly drained soil -- neither 
of which exists at Sta. 86. 

A review of the soil survey maps indicates that most of the soil in the 
New Prague watershed is Clarion, Glencoe, Hayden, Lester, Lakeville, LeSueur, 
and Webster -- all moderately slow drainage loams. Clari.on has the highest 
infiltration rate, being 0.5 to 1.0 inches per hour, but it represents, 
arealy, less than 14% of the soil types. Over 50% is either LeSueur, 

Table .18 Nitrogen in Tile Drains 

Ref Location & 

1 San Joaquin, Calif. 
irrigated & fertili~ed 44.5 

I San Joaquin, Calif. -
irrigated & fertili~ed 23.0 

San Joaquin, Calif. -
Irrigated & fertilized 37.0 

San Joaquin, Cali . -
Unirrigated & noncropped 1.0 

1 Yakima, Washington 33 

1 United States -
intertilled crops 1 7 .1 

1 Unit"d States -
annual not tilled 32.5 

1 United States 
el 

- bi & 
23.0 

Wisconsin (inorganic + organic) 
average 6.7 

2 Yakima, Washington (Range 38-166) 81 

(1) Biggar and Corey (1969) 

(2) Sylvester (1961). 
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Table 2.19 Sediment, Phosphorus, and Nitrogen Concentrations, Tile Drain Effluent, 1969 (mg/l) Sta. 86 

Date SS TP SP r,'HTN Org-N N0 2-N N0 3-N 
l:N 

4/5 22 2.4 1.0 0.55 1.3 0.06 4.6 6.5 0.71 

4/27 8 0.56 0.43 0.25 2.4 0.03 14 16.7 0.84 

5/10 2 0.25 0.23 0.11 0.34 0.02 15 15.5 0.97 

5/17 2 0.25 0.21 0.05 0.83 0.02 13 13.9 0.94 

6/12 0.8 0.19 0.15 0.05 0.36 0.02 24 24.4 0.98 

6/21 3 0.13 0.12 0.08 0.44 0.02 16 16.5 0.97 

6/30 1 0.13 0.13 0.05 0.36 0.02 17.7 18.1 0.98 

7/7 3 0.16 0.11 0.08 0.46 0.02 14 14.6 0.96 

7/12 1 0.17 0.02 0.07 0.52 0.02 15 15.6 0.96 
\.n 

7/20 3 0.28 0.24 0.05 0.49 0.02 2.3 2.9 0.80'" 

SS - Suspended solids 
TP - Total phosphorus 

SP - Soluab1e phosphorus 


(mg/1) Sta. 86Sediment, Phosphorus, and Nitrogen c.oncentrations, Tile Drain Effluent, 1970Table 2.20 

Org-N l:NDate SS TP SP NH3-N 

• 15 0.743/24 13 1.2 1.1 0.51 3.3 0.14 11 

4/2 13 0.56 0.56 0.80 3.3 0.10 9.6 13.8 0.70 

1.4 2.86 0.494/12 4 0.43 0.40 0.14 1.3 0.02 

0.33 0.11 1. 47 2.25 0.654/19 100 1. 73 0.73 0.34 

5/5 3.3 0.28 0.22 0.16 0.27 0.02 5.13 5.58 0.92 

0.980.23 0.23 0.093 0.29 0.04 19.7 19.75/13 1.6 
20 20 0.975/19 3.33 0.30 0.29 0.056 0.41 0.063 

0.31 0.30 0.07 0.61 0.023 1. 67 2.37 0.705/25 0.07 
0.02 1.2 2.01 0.605/28 6.0 0.60 0.42 0.13 0.66 

6/16 0.5 0.45 0.40 0.12 0.07 0.04 2.1 2.33 0.90 
\.n 0.22\.n 0.42 0.36 0.13 1. 76 0.11 0.56 2.566/29 3.67 

SS - Suspended solids 
TP - Total phosphorus 
SP - Soluab1e phosphorus 



________ 
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Table 2.21 Flow, Concentration, 
Nitrogen, Sta. 86 

~e 

4/5/69 0.2230 2.4 

4/27 0.0220 0.56 

5/10 0.0039 0.25 

5/17 0.0059 0.25 

6/12 0.0002 0.]9 

6/21 0.0003 0.13 

6/30 0.0074 0.13 

7/7 0.0022 0.16 
7/12 0.0019 0.17 

7/20 0.0053 0.28 

3/24/70 0.0035 1.2 

4/2 0.540 0.56 

4/12 0.0120 0.43 

l+/19 0.3340 1.73 

5/5 0.0097 0.28 

5/13 0.0064 0.23 

5/19 0.0038 0.30 

5/25 0.0034 0.31 

5/28 0.0380 0.60 

6/16 0.0240 0.45 

6/29 0.002.3 0.42 

and Loading of Total 

6.51 2.9 

16.7 0.067 

15.5 

13.9 

0.005 

0.008 

24.4 

]6.5 

18.1 

0.0002 

0.0002 

0.0052 

14.6 
15.6 

2.S6 

0.0019 
0.0017 

O.OOSO 

15.0 0.023 

13.8 0.16 

2.86 

2.25 

5.58 

0.028 

3.] 

0.015 

20.1 0.008 

20.5 0.006 

2.37 

2.01 

0.006 

0.12 

2.33 0.058 

2.56 0.005 

Phosphorus and 

7.8 

2.0 

0.33 

0.44 

0.026 

0.027 

0.73 

0 .17 
0.160 

0.08 

0.28 

4.0 

0.18 

4.0 

0.29 

0.70 

0.42 

0.044 

0.41 

0 . .30 

0.032 
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Table 2.22 

Month 

Total Phosphorus and 
of Fig. 2.4, Sta. 86 

Nitrogen Loading Data Based on Integration 

Total Ibs 
TP ZN 

Table 2.23 Tile Draina?:e Analysis 

Inches of Hater drained L 

Month Ave cfs Acres Drainea 
cfs davs1 5 28 49 

3/69 

4 

5 

6 

7 

8 

9 

o 

12 

1/70 

2 

3 

4 

5 


6 


7 


B-12 est. 

year 

0.47 

0.99 

0.07 

0.02 

.03 

0.02 

0.01 


0 


0 


0 


0 


0 


0.02 


1.00 


0.02 


0.05 


0.01 


0 


0 


2.2 14 68 

4.36 44 199 

0.50 46 214 

0.20 47 220 

0.38 4B 232 

0.07 48 235 

0.03 48 236 

0.01 48 236 

0.01 4B 236 

0.01 4B 237 

0.01 o o 

0.01 o 

0.55 1 lB 

2.9 H 105 

0.47 3 19 

O. 33 27 

0.02 	 3 127 

0 35 130 

0 35 367 

1/2/69 

3 

4 

5 

6 

7 

8/12 

1969 

1/2/70 

3 

4 

5 

6 

7-12 est. 

970 

Max. f 

0.128 

0.118 

0.0075 

0.0031 

0.0070 

0.0005 

0.0:37 

0.142 

0.0096 

0.0202 

0.0006 

0.5 

3.97 

3.54 

0.233 

0.193 

0.217 

0.015 

1.15 

4.26 

0.298 

0.606 

0.018 

0.5 

6.30 

5.62 

0.37 

0.15 

0.34 

0.024 

12.8 

.82 

6.67 

0.47 

0.96 

0.029 

10.0 

0.79 

3.37 

3.01 

0.20 

0.079 

0.18 

0.013 

6.85 

.98 

3.62 

0.25 

0.52 

0.016 

5.39 

0.42 

1.93 

1.72 

0.11 

0.045 

0.11 

0.0075 

3.92 

0.56 

2.07 

0.14 

0.79 

0.0090 

3.07 

0.24 

l/A cfs-day is the volume of water represented by the flow of one cuhic foot 
per second for one day. 

2/Inches drained is the depth of water over the assumed area, and is eaual 
to the volume of cfs-days noted after conversion from cfs-davs to acre
inches. 

3/Since this represents the maximum flow for the tile, it is assumed that 
one day's flow will yield water equivalent to the drainage coefficient. 
The values then are inches/day and are referred to in the text as the 

coef fi. ci.en t. 

;1 	 58 
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lill 

Phosphorus 

1969 3.2 1.7 0.98 

1970 2.3 1.3 .71 

Average 2.8 1.5 0.85 

I 
II: 

Glencoe, or Webster, and the remainder falls somewhere hetween these ex
tremes, with a negligible portion of the soils consisting of rapid drainage 
sandy loams. The average infiltration rate for the watershed was estimated 
to be about 0.5 inches per hour, which places the region in the Soil Conser
vation Service class termed slow" drainage. Skaife (1970) 
recommends a drainage density of 400 feet of tile/acre drained (ft/ac) on 
Webster soils and :i00 ft/ac on Glencoe. Almost a11 of the 49 acres at Sta. 
86 is Webster, possibly five to 10% is Glencoe. 

If the recommended drainage density of 400 ft/ac were used at Sta. 86, 
only 15 acres would be drained. This would represent a design spacing of 
108 ft, a drainage coefficient of 0.79 inehes per day (Table 2.23), and an 
average nitrogen load of 12.2 lbs (Table 2.24). If it were assumed 
that the tile could effectively drain to a greater width, say 200 ft spac
ing, this represents 28 acres of drained land, a drainage density of 215 ft/ 
ae, a drainage coefficient of 0.42 inches per day, and an average nitrogen 
loss of 6.6 lb If it were further assumed that the tile drained 
the entire 49 acres with a drainage density of 123 ft/ac, the drainage co
efficient would be 0.4 and a nitrogen loss of 3.7 lh/ae-yr. With
out a thorough engineering analysis, it is difficult to accurately deter
mine the amount of land actually drained. It is difficult to imagine a tile 
at three to four foot depth effect vely draining beyond a 100 foot reach 
(less than 200 ft spacing or a drainage density of 2.5 ft/ac). 

For the purpose of estimating the 1969 depletion from subsurface drain
age, it does not significantly matter which values are used. There are an 
estimated 400,000 ft of tile in the watershed (Skaife, 1970), and if we 
assume the st reambanks will drain similar to the tiles, the SO ,000 ft of 
streambank brings the total subsurface drainage length to 450,000 ft. 
Making any of the assumptions discussed (it will he noted that as acres 
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Table 2.24 Nitrogen and Phosphorus Loads as Computed for Three Possible 
Drainage Areas at Sta. 86 

lb 
Nutrient Assumed Acres Drained 

Period 15 28 49 

Nitrogen 

1969 16 8.5 4.8 

1970 8.7 4.6 2.7 

Average 12 6.6 3.7 

drained increases, losses per acre decrease) the losses through drain tiles 
and streamhed are about 17,800 lbs for 1969. Annroximately 90% (about 16,000 
lbs) of this is lost during spring runoff. 

It may reasonably he argued that the streamhed infiltration contributed 
considerahly more than indicated. The justification for using this value 
was that the drainage only included fields which were above field capacity 
but below saturation, whereas the suhsequent streambed infiltration was a 
groundwater base flow. For simplicity, the drain losses will be rounded to 
20,000 lhs. 

2-3.3 Runoff 

The mechanism and governing soil erosion losses were covered 

in an unpublished paper , 1970) and will not be repeated herein. 

In this section, data will be presented for evaluation of the nitrogen loss 

from the comhined effect of the runoff and erosion processes. Tables 2.25 

through 2.28 summarize the studies conducted at the Morris campus of the 

University of Minnesota. These data were collected from 6% slope Barnes

loam plots 13.3 feet wide and 72.6 feet long. Tables 2.25 and 2.26 list 

the losses in terms of eroded sediment, and snowmelt versus rain

fall. Table 2.27 includes the summation of each of these components. Tahle 

2.28 was developed from seven years of soil loss data and two years of nut

rient loss data associated with soil loss. 


The average annual losses are based upon the product of the seven vear 
average tons/ac soil loss and the two year average Ibs nutrient per ton of 
soil loss. Timmons, et a1. (1968) state, "Erosion studies at other 10ea
tions have shown that soil losses from 300-ft slope lengths may be twice the 
losses obtained from 75-ft slope lengths." They predict that although the 
average N loss is 183.1 1hs/ac for the 72.6 ft slope length, a field of ahout 
nine acres with a 300-ft slope length and in continuous corn could lose 228 
1hs / ac-yr of ni trogen (The 3 and 4 significant figures are as reported hy 

Table 2.29 was included to provide an example of the complexity of 
evaluating runoff and erosion losses. fn a later chapter where predictive 
equations are developed, runoff and erosion equations will be diseussed. 

Sta. 30, the watershed output yielded about 300,000 Ibs of nitrogen. 
Sta. 77 and Sta. 78, industrial process water and municipal sewage treat
ment facility effluent, respectively, contributed a combined total of 
13,000 Ihs/yr and leaching (sub-surface drainage) has been previously es
timated at 20,000 Ibs. The difference, 297,000 - 33,000 = 264,000 lbs is 
shown in Table 2.31 as "Other Runoff". For the purpose of obtaining a 
nitrogen balance, whether this contribution is from surface runoff or 
groundwater is immaterial. 

Sta. 30 yielded 265,000 lbs of nitrogen in only 53 days of spring run
off. This constitutes 89% of the annual load of nitrogen, indicating the 
importance of snowmelt and spring runoff. The value of 264,000 Ibs of nitro
gen as Other Runoff represents a loading of 17.6 Ibs/ac-yr of nitrogen for 
the total watershed, which is within the values indicated in Table 2.29 and 
2.30, and will he utilized for the nitrogen balance. 
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Table 2.25 	 Nitrogen Loss in Runoff Water and Sediment from Snowmelt and 
Rainfall for 1966 (lb/ac-yr) (Tinunons, et a1., 196H) 

LN 

Cropping Rainfall 
H2O Sediment 

Fallow 0.78 1.30 0.53 24.43* 

Corn - continuous 0.05 0 0.32 3.76 

Corn - rotat ion 0.80 0 0.19 1. 58 

Oats - rotation 0.07 0 0.08 0 

Hay - rotation 0.40 0 0 0 

Table 2.26 Nitrogen Losses in Runoff Water and Sediment from Snowmelt and 

Rainfall for 1967 (lb/ac-yr)(Timmons, et al., 1968) 


l:N 
Cropping 

Fallow 4.19 1.05 1.45 86.56* 

Corn- continuous 0.60 0 0.43 19.24 

Corn - rotation 1.00 0 0.17 6.00 

Oats - rotation 0.95 2.71 0.23 6.52 

Hay rotation 5.75 0 0.05 0.03 

"'Significant figures are as reported. 

Table 2.27 	 Average Nutrient Loss for Two Seasons for the Natural-Rainfall 
Erosion Plots (Timmons, et al., 1968) 

Ave Annual Ave. 
Nutrient LossCropping Soi 1 Loss Annual (lb/ac-yr)Treatments tons/acre Runoff 

)~N 	 p 

1966 
Fallow 3.80 3.80 27.1 0.2 
Corn - continuous 0.36 0.91 4.2 0.1 
Corn continuous 0.19 2.05 2.6 0.1 
Oats - rotation 0.01 0.20 0.2 0 
Hay - rotation 0 3.41 0.4 0.1 

1967 
Fallow 10.28 4.63 93.3 0.5 
Corn - continuous 3.14 2.98 20.3 0.2 
Corn - rotation 0.62 2.35 7.2 0.1 
Oats rotation 1.02 2.09 10.4 0.1 
Hay rotation 0 3.83 'J.9 0.3 
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Annual and Accumulated Losses Based on 1961-1967 Soil LossesTable 2.28 
and 1966-1967 Nutrient'Losses (Tinunons, et al., 1968) 

Cropping 
Treatments 

Avg. Annual 
Soil loss 
tons/ Acre 

Avg. Annual 
Nutrient Loss 
lbs/ton of 
soil lost 

1966-67 

Avg. Annual 
Nutrient 

Loss 
lb/ac 

1: Nitrogen 

Fallow 

Corn - continuous 

C-O-H rotation 

21. 37 

9.44 

2.22 

8.57 

7.03 

14.26 

183.1 

66.4 

31. 5 

Phosphorus 

Fallow 

Corn - continuous 

C-O-H rotation 

21. 37 

9.44 

2.21 

0.05 

0.09 

0.39 

1.07 

0.85 

0.86 

Table 2.29 	 Nitrogen Losses From Runoff and Erosion Reported by Various 
Investigators 

DescriptionInvestigatorsll lb/ac-yr 

Hays, et al. 

Rogers 

Knoblauch 

Duley & Miller 

Bryant & Slater 

42 

2 

32 

62 

19 

99 

10.4* 

<1. 0'" 

Fayette silt loam in oats, 90% 
in two storms 

Fayette silt loam in corn 

Dunmore silt loam in either 
corn or wheat 

Callington sandy loam, 3.5% 
slope 

Same soil after crop established 

Shelby loam, 1/80 acre, 3.6% 
slope, fallow - total nitrogen 

Fallow Dunkirk silty loam, 5% 
slope 

Fallow Ontario loam, 8% slope 

*Dissolved nitrogen only. 


IISee Barrows and Kilmer (1963) for original references. 
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Table 2.30 Range of Nitrogen Losses from Runoff and Erosion; 

Reference 

Barrows and Kilmer (1963) <1 99 
Weidner, et a1. (1969) 11 237 
Biggar and Corey (1969) 0.6 99 
Sylvester (1961) 2.5 7.4 
Loehr (1970) <1 7 
Sawye r (1968) 5.9 8.1 
Timmons, et al. (1968) 31. 5 183.1 

2.4 NITROGEN BALANCE 

A mass balance sheet for the New Prague watershed is presented in 
Table 2.:n, the values entered are those derived previously in Section 2-2 
and 2-3. Tables 2.32 and 2.33 are included for comparison with the New 
Prague nitrogen balance. Table 2.32 is one of the earliest nitrogen bal
ance studies published and its conclusion was more on the bas1s of compar
ison to an often quoted classical report, rather than for the comparison 
of comparable studies. 

Allison's balance sheet r.-eflects a national aver.-age, and it is based 

on data obtained over 20 years ago. For example, commercial fertilizer 

nitrogen was applied at 1.7 Ib/ac-yr as compared to the New Prague value 

of 83 Ibs/ac-yr. Nitrogen yield in CLopS is shown at 215.1 Ibs/ac-yr by 

Allison, wher.-eas New Prague yield was 81. 2 These two items ap

pear to indicate the difference in agricultural practice. Allison's study 

is an aver.-age value [or East, West, Mid-West, extenSive, and intensive 

farming. The New Prague watershed represents a rather intensively culti 

vated mid-west farming region. The other items in the balance sheet must 

be assumed to be equally affected, and comparisons will not be made. 


Biggar.- & Corey's data in Table 2.33 do not include depletions, and are 
shown because it is the only published data found for.- a region similar to 
New Prague. The low commercial fertilizer and high manure application rates 
indicate quite a different fertilizer practice for the Wisconsin soils. 
Legume source of nitrogen is comparable in both studies, but that is only 
because the values were determined on the basis of published data. 

Biggar and Corey indicate 8 Ibs/ac-yr from precipitati~n. As previ
ously shown, bulk precipitation in Menlo Park, California had a concentra
tion approximately 16 times greater than in rainfall. It was assumed that 
the estimated 1)4 lbs/ac-yr at New Prague was a reasonable bulk precipita
tion value since it was only 6.8 times greater than Biggar and Corey's Wis
consin value for precipitation. 

Since a nutrient balance was not one of the objectives of the study, 
furlher data manipulation and study toward this end was not justified. A 
considerable amount of stalistic»l analysis was accomplished on the repli 
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cate samples taken, and it was decided to include a table showing possible 
maximum and minimum values for the nitrogen balance. 

Table 2.34 lists the minimum and maximum val ues usi ng a factor of 1.5, 
except for fertilizer and crop yield figures, which have been rounded off 
to seemingly logical values within about 20% of the estimated value. The 
1. 5 factor would represent about a 30- confidence interval if all of the 
error could be attributed to sampling and chemical analysis~ Errors in 
measuring the flow rate, curve plotting, and integration of the curve de
tract from this apparent 30'0r 99.9% confidence interval. 

Table 2.31 New Prague Watershed Soil Nitrogen Balance, 1969 

Total Nitrogen* 
lb/yr percent 

Sources 
Bulk precipitation 


N fixation 


Manure & feedlot 

drainage 

Commercial fertilizer 

Septic tank effluent 

TOTAL 

Non-enrichment depletions 
Denitrification 

Ammonia volatilization 

CLOp yield 

Other 

SUKTOTAL 

Enrichment depletions 
subsurface drain 

Other runoff 

SUBTOTAL 

Total depletions 

To groundwater or soil storage 

805,000 

175,000 

110,000 

1,240,000 

2,340,000 

250,000 

110,000 

1,220,000 

1,5RO,000 

20,000 

261+,000 

28/, ,000 

1,864,000 

476,000 

54 


12 


7.4 

83 

0.7 

157 

16.8 

7.4 

81. 2 

106 

1.3 

20 

125 

32 

34.3 

7.5 

4.7 

53.0 

100 

10.7 

4.7 

52. 1 

67.5 

0.9 

12. 

79.6 

20.4 

*The number of significant figures shown are for mathematical completeness 
only and should not be construed to be an indication of accur.-acy. 
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Table 2.34 	 Minimum and Maximum Estimates for Nitrogen Balance and Loading Values Estimated for the 
Total 14,912 Acre Watershed 

Bulk precipitation 
N - fixation 
Hanure & feedlot drainage 
Commercial fertilizer 
Septic tank effluent 

TOTAL 

Non-enrichment depletions 

Denitrification 
Ammonia volatilization 

Cl\ Crop yield
'" 

SUBTOTAL 

Enrichment depletions 

Subsurface drain 
Other runoff 

SUBTOTAL 

Total depletions 

To groundwater or soil storage 

36 
7.85 
4.9 

67.1 

116.3 

11.2 
4.9 

83.2 

0.9 

12.6 

95.8 

20.5 

81.1 
17.6 
11.1 

100.6 
1.0 

211.4 

25.1 
11.1 

100.6 

136.8 

2.0 
26.2 

27.3 

165 

46.5 

1b/yr 
Minimum 

537,000 
117,000 

73,000 
1,000,000 

7 1 °00 

1,734,000 

167,000 
73,000 

1,000,000 

1,240,000 

13 ,000 

188,000 

1,428,000 

306,000 

Maximum 

1,210,000 
263,000 
165,000 

1,500,000 
15,000 

3,153,000 

375,000 
165,000 

1,500,000 

2,040,000 

30,000 
390,000 

420,000 

2,460,000 

693,000 



CHAPTER 3 

PHOSPHORUS 

The biological cycle of phosphorus is more complicatecl ancl not as well 
understood or documentecl as that of nitrogen. The cycle includes geologic 
time with phosphorus bound in ocean or lake secliment, ancl not reappearing 
at the earth's surface until an upheaval exposes the buried sediment. Once 
exposed, the processes of weathering and surface erosion, or solution in 
groundwaters returns the phosphorus to the biological cycle. 

Weiss (1969) lists the various sources of phosphorus in surface water 
(see Tab Ie 3.1). He indica tes that the phosphorus in surf ace streams 
undergoes very little uptake through the stream biota, littoral plants, or 
benthic organisms. He further inclicates that most of the phosphorus will 
move downstream as part of the stream bed load or as material floating on 
the stream bed. This was fairly well born out in the New Prague study 
where it was found that the decant from a mud sample taken from the upper 
layer of the bed of the stream indicated level of phosphorus several 
times greater than that in the stream immediately above the bed. 

Most of the nitrogen in the aquatic and soil environment is available 
to biologic systems for transformation and recycle in a conti.nuum. Such 
is not the case with phosphorus compounds, and it appears that only a por
tion of the phosphorus which reaches a soU, lake, or river bottom is 
available for plant growth (Barrows and Kilmer, 1963; Harter, 1968; Hayes, 
et al., 1952; Howeler and Woodruff, 1968; Juo and El 1 is, 1968; Shapiro, 
1968; Weaver, 1969). Many studies have been publ i shed on the availabilit y 
and/or uptake of fertilizer phosphorus applied to particular types of soils 
under particular cropping conditions. 

Some researchers have extrapolated from the soil environment to the 
aquatic environment, as exemplified by Martin (1969), does not 
occur and phosphorus in the soil solution is usually less than 0.1 ppm 

and drainage losses less than 1.0 pound per acre per year [Ib/ac-yrl. 
Even where erosion occurs and soil becomes sediment in a water supply and 
total phosphorus may be as high as 1,000 pounds/I,OOO tons of sediment, 
only about 10% becomes available for the growth of water plants, the rest 
remaining in an unavailable form." Harter (1968) indicates that 
influxes of P into the lake may be held temporarily and subsequently re
leased to growing plants and algae." 

Extrapolation from one environment to another is a questionable pro
cedure and algae are known to take up and store phosphorus for later use. 
This attribute of algae indicates that a relatively high influx concentra
tion of phosphorus in the water environment can quickly be removed by the 
algae, phosphorus concentration in the water can remain low, ancl the algal 
population may not appreciably increase until a controlling factor such as 
temperature, nitrogen, CO, etc., is provided--then a bloom would occur. 
It would be possible in such a case as that just described to assume that 
the phosphorus was s tared in sediment rather than algal cell s--part ieularly 
if we analyze for soluble phosphorus only. Rooted aquatic plants and ben
thic organisms are also possible users of phosphorus bound in sediment and 
any study ignoring these factors should be questioned. Considerable re
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Tab 1 e 3.1 Sources of Phosphorus in Surface Wa ler 

Geochemical 

Mineral Solution 

Soil Leaching 

Bottom Sediment Release 


Atmospheric Washout 

Particles 


Biological 

Degradation of PI ant and Animal Tissues 
Terrestrial 
Aquatic 

Agricul tura 1 

Fertilizer 

Livestock Excrement 

Wastewaters - Human Activity 

Sewage 

Detergents 

Industrial 

Source: Weiss (1969) 

search relative to phosphorus uptake or availability has been done in the 
aquatic environment (Schofield, 1968; Shapiro, 1968; Harter, 1.968; Morgan 
and Engelbrecht, 1960; and Fitzgerald, 1970), and much more is needed in 
order to separate fact from opinion. 

The goal in this project was to develop a model to preclict the water
shed output for total nitrogen and total phosphorus. The test watershed 
previously described and used in the development of the nitrogen baLmce 
was similarly used for the phosphorus balance precliction, and much of the 
groundwork for the phosphorus balance was accomplished in the nitrogen 
chapter. I n this chapter only phosphorus is discussed, and the 
specific chemical nature of the is ignored. 

3-1 THE PHOSPHORUS CYCLE 

As previously mentioned, the phosphorus cycle does not exist in the 
same elemental or molecular continum as does nitrogen. Most of the organic 

eventually (in terms of geological time) finds its way to a 
watercourse and becomes buried in the sediment beds of lakes or oceans. 
Phosphorus in the profundal zone of the ocean or a lake is essentially 
lost from the biosystem. Millions of years may lapse before the buried 

is to the surface via uplift, weathering, erosion, 
groundwater solution, or volcanic action. 
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Fig. 3.1 indicates Weiss' conception of the phosphorus cycle in sur
face waters. In the soil environment, phosphorus is transformed via vari
ous biological organisms and may, as with nitrogen, be returned to the soil 
via plant decay or grazing animal waste products. Further discussion of 
the phosphorus cycle was not essential to the goals of this project, and 
thus was omitted. 

3-2 SOURCES OF PHOSPHORUS COMPOUNDS 

3-2.1 Atmospheric Fallout 

As previously mentioned, the data relative to phosphorus in atmospheric 
fallout or rainfall are indeed sparse. Weibel (1969) reported a concentra
tion of 0.08 mg/l with an annual 30 inch rainfall yielding a load of 0.55 
lb/ac-yr. Loehr (1970) does not stipulate a specific loading, but indi
cates that about 1% of the total phosphorus input in U.S. streams was de
rived from precipitation. Ferguson (1968) reports similar estimates--both 
represent the data as millions of pounds per year. 

In Section 2-2.1, the bulk precipitation of total nitrogen was thor
oughly discussed and the Theissen polygon method was used to obtain a 
weighted average. Published data had shown that nitrogen concentration was 
lower in snowfall than rainfall, and appropriate factors were thus applied. 
No such data existed for phosphorus, and in the absence of other logic, a 
one to one correspondence between the phosphorus in rainfall and snowfall 
was assumed. 

Fig. 2.1 shows the weighting map, and the snowfall data are listed 
in Table 2.3. The total phosphorus weighted average was 0.87 mg/l. With 
the 1969 annual precipitation of 26.3 inches, the loading was 

TP 0.226(0.87)(26.3) 5.2lbs/ac-yr. 

This value is about ten times greater than Weibel's value for phosphorus in 
precipitation data and since nitrogen bulk precipitation is about 16 times 
greater than that found in rainfall, the value was assumed to be reasonable. 
For the entire 23.3 mi 2 , this represents a source amounting to about 78,000 
lbs annually. 

3-2.2 Natural Sources 

As with the nitrogen compounds, the natural sources of phosphorus 
cannot be quantified. The natural input to a watershed (excluding the 
atmospheric fallout, much of which is a result of man's activities) is 
limited to migratory animal excrement and primary rock decomposition, 
neither of which can be adequately quantified at this time. 

3-2.3 Fertilizers 

(a) Manure Spreading. Based upon the data presented in Chapter 2 
(see Section 2-2.3(a)), the maximum phosphorus production would be about 
30,000 lbs. This value assumes all 7500 tons of manure were from fatten
ing cattle. If all were dairy, the value would be 15,000 1bs, or if hogs, 
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21,000 Ibs of phosphorus. 30,000 Ibs was used in the phosphorus balance 
since the nitrogen source from cattle was also maximized. 

. 8 indicates a value of 475,000 
Ibs of 

(c) The potential for the use of sewage 
effluent dispose of a waste was discussed in 
Section 2-2.3(c) and some data relative to crop yield and nutrient uptake 
by crops are shown in Table 2.9 through 2.11. The adsorption of phosphorus 
by soil colloidal material increases the effective removal of phosphorus 
when wastes are returned to the soil. 

(d) Feedlot drainage relative to nitrogen was 
discussed similar manipulations with respect to phos
phorus are unnecessary and thus were omitted. Since feedlot drainage 
cannot exceed the total animal waste production for the watershed, the 
30,000 Ibs of phosphorus derived in (a) above was assumed as the total 
animal source, whether drained from feedlot or spread on soil. 

t may be noted that concentration data such as that presented by 
) in Table 2.15 are quite typical and are of little help in 

attempting to quantify a nutrient loading or balance. 

(e) Table 2.16 shows a load of 5 lbs/yr for a 
five-member, 2, it was assumed that 250 families 
were using septic tanks. This results in 1250 lbs of phosphorus which 
was rounded to 1.500 Ibs. 

3-3 PHOSPHORUS DEPLETION 

3-3.1 

Harvest depletion was the only loss appropriate for this category. 
As with nitrogen, such losses as animal uptake and wind erosion cannot be 
adequately documented at this time. Animal uptake has been shown to be 
quite small for the New Prague basin (see Section 2-3.1 (d». The follow
ing is based on the data shown in Table 2.8 and Table 2.17. 

Phosphorus Area Phosphorus 
Plant Planted Plant 

Crop acres lbs/yr 

Grains 11 2646 29,000 
Corn 25 4095 102,000 

Beans 9 l500 14,000 

Hay 8 3767 30,000 

TOTAL 175,000 
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The grains category includes only the small grains, mostly oats and 
wheat, and the phosphorus plant uptake shown was an average value. The 
value for hay was quite arbitrary--some of the hay crop was alfalfa, and 
most was a mixture of grasses and alfalfa . 

3-3.2 

The various arguments for computing a loading value for nitrogen and 
phosphorus were presented in Section 2-3.2. Tables 2.19 through 2.24 list 
the data and show the analysis, and Fig. 2.4 shows the loading plot of 
these data. 

From the data presented in Table 2.22 it can be seen that Sta. 86 
48 Ibs of phosphorus. Utilizing the same argument presented for 

nitrogen, this represents a total watershed yield of about 3600 lbs, whicb 
was rounded to 4,000 lbs fo r the balance. 

Most published data indicate concentrations somewhat below that found 
in the New Prague tile drain at Sta. 86. The following indicates the range 
and arithmetic average for the Sta. 86 phosphorus concentrations: 

Min. 0.13 

1969 Avg. 0.45 

Max. 2.40 

~1in. 0.28 

1970 Avg. 0.59 

Nax. 1.73 

Biggar and Corey (1969) report data with a range of 0.053 to 0.23 
and Sylvester (1961) reports a value of 0.251 mg/l. It was quite evident 
from the data shown in Table 2.19 and Tab 1 e 2.20 that the chemical compo
sition of subsurface drainage water changes as the season progresses. Total 
phosphorus and organic nitrogen are quite high during the early spring 
runoff--on the sample collected April 5, 1969, soluble phosphorus represent
ed only of the total phosphorus and NO]-N was only 71% of N. During the 
growing season, on June 30, 1969, 100% of the phosphorus was solub Ie, and 
98% of N was It appears that during spring, when the soils are qui te 
saturated, e organic material was found in the tile drain efflu
ent, but it was of interest that organic material drained throughout the 
time the tile was draining. Such manipulations, interesting as they may 
be, must be left to a subsequent study. 

The loading values from the New Prague study range from 0.71 lb/ac-yr 
to 3.2 lbs , with the 0.71 lb being applicable only if the tile 
actually drained the full 49 acres (see Table 2.24). A more reasonable 
range would be 1. 3 lbs / ac-yr to :3.2 Ibs , and wi th the 1. 25 factor 
applied to this we have a range of about 1.0 to 4.0 
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3-3.3 

Appendix D contains the analyses of data which LndLcate about 29,000 
lbs of P in the surface runoff at Sta. 30 for 1969 (see Table 4.9). The 
point sources at Sta. 77 and Sta. 78 contribute about 6,600 lbs of P (see 
Table D. 4), and subsurface drainage contributed about 4,000 lbs, leaving 
29,000 - (6,600 + 4,000) 18,400 lbs of P for the "Other Runoff" category. 
The 18,400 lbs for the 14,912 acre watershed Lndicated a 1969 runoff load
ing of 1.2 

Table 2.27 shows that losses of phosphorus from runoff and erosion 
plots in Minnesota range from 0.0 ]b/ac-yr for an oats in rotation plot, 
to 0.5 Ib/ac-yr for a fallow plot in 1967. The seven year average shown 
in Table 2.28 indicates a low of 0.85 lb/ac-yr for continuous corn and a 
high of 1.07 lb/ac-yr for the fallow plot. Table. 3.2 shows additional data 
indIcating the broad range of values obtained by various investigators and 
under the conditions specified. 

3-4 PHOSPHORUS BALANCE 

The mass balance sheet determined for the New Prague watershed is 
shown in Table 3.3. Tabulation of the maximum to minimum values (see 
Tab I e 2.34) did not appreci ably increase the usefulness of the balance 
and was omitted. 

The following tabulation indicates the relative amounts of nitrogen and 
phosphorus which are tied up in soil storage or yielded to crops. 

YIelded to 

Total Nitrogen 20 52 98 

Total Phosphorus 66 30 37 

It could be argued that these percentages indicate the greater availability 
of nitrogen in the soil environment. That nitrogen is quite mobile in the 
soil environment and more available to plants than phosphorus is questioned 
by no one and does not need to be rediscovered. 

Since it is a well known fact that nitrogen, particularly the nitrate 
component exhibits this general availabil tty to plants and the ease of 
mobility as compared to phosphorus, we may be in a better position to use 
these facts to test the reasonableness of the balance. We see that the 
nitrogen and phosphorus balances indicate a proper relationship relative 
to soil storage and crop uptake, and must, be considered 
reasonable. 

Table 3.2 Phosphorus Losses from Runoff and Erosion Reported by Various 
Investigators. 

Investigator 1bs Description 

Biggar and 
Corey (1969)* 0.04 Crops and Pasture 

0.003 Woodlands 
1.0 Manured Crops 

Mackenthun and 
Ingram (1967) 1.8 Corn, 20% 

0.5 Corn, c10pe 

Barrows and Kilmer 
(1969) 47 Fallow, 3.68% slope 

Biggar and 
Corey (1969) 48 Fallow, 3.6% slope 

33 8" spaded, 3.6% slope 
O. I Sod, 3.6% slope 

11 ....'heat, 3.6% slope 
2 Corn-wheat-clover, 3. slope 
8 Corn-annual, 3.6% slope 

Sawyer (1968) 0.4 Wisconsin lands 

Weidner, et a1. 
(1969 ) 2.7 Corn, improved practice 

9.0 Corn, prevailing practice 
0.36 ....'heat, improved practice 
1.2 Wheat, prevailing practice 
1.3 Apple orchard 

Sylvester (1961) 1.28 Diversified farm, Washington 
2.88 Diversified farm, Washington 
3.88 Diversified farm, Washington 
0.92 Hay, corn, and grain farm 

Cooper (1969) 0.15 Minimum forest, Finland 
24 Maximum forest, Finland 

*Soluble only. 

7574 



.1 

I 
Table 3.3 New Prague Watershed Soil Phosphorus Balance, 1949 

lbs Iyr 
Total Phosphorus 

lbs/ac-yr Percent 

Sources 

Bulk precipitation 

Manure & feedlot 

Commercial fertilizer 

Septic tanks 

TOTAL 

Non-enrichment depletions 

Crop yield 

Enrichment depletions 

Subsurface drains 

.,:1 Other runoff 

TOTAL 

In storage 

78,000 5.2 

30,000 2.0 

475,000 31. 8 

1,500 0.1 

584,000 39.1 

175,000 11. 7 

4,000 0.3 

18,400 1.2 

197,000 13.2 

386,600 25.9 

13.3 

5.1 

81. 3 

0.3 

100 

30.0 

0.7 

3.2 

33.8 

66.2 

CHAPTER 4 

DISCUSSION OF RESULTS FROM 
NEW PRAGUE DATA ANALYSIS 

One of the reasons this project came into being was that upon review
ing the literature it was found that very little had been documented rela
tive to nutrients in surface runoff. Most of the published material seemed 
to be an opinion that "this or that" was the major cause of nutrient enrich
ment, or where published data were available, they were usually from small 
runoff plots which quite poorly represented the real world. Now, a couple 
years later, after considerable massaging of the data, examination of graphs, 
overlays, regression equations, and maps, we have a little more appreciation 
for the lack of good hard "real world" data of which we were so critical 
at the beginning of the project. In a complex watershed so many interac
tions occur that analysis of the minute processes was almost an impossibil
ity. 

For example, minute processes such as diffusion and mobility of an 
ion in a soil system is, no matter how mathematically complete it may be 
described, a function which varies with soil type and moisture. A brief 
look at a soil type map shows that the soil type differs appreciably in 
the horizontal. Further, the soil type is only indirectly a causal fac
tor, porosity and diffusivity are the physically controlling factors. 
These factors change in the vertical profile probably even more than in 
the horizontal. 

Organic matter, vegetation, and soil moisture all have their effect 
upon the porosity and diffusivity, and these are all a function of time. 
Most data are based upon laboratory studies generally using a repacked 
soil column, often an artificial one, that could be adequately described 
from a physical viewpoint for duplication of the experiment. It is con
jecture as to how well such studies represent a portion of the real world, 
but assuming that the results do accurately describe a specific portion, 
we know that a soil sample only a few feet away may differ significantly. 

The argument presented above is equally applicable to most processes 
involved in the yield of a nutrient to a stream. The erosion process and 
some of the mathematical equations derived for it were discussed in an 
unpublished paper (Johnson, 1970), and the same sort of conclusions were 
found for the erosion variables. What is needed, is a technique of mathe
matically averaging a group of the physically significant variables by 
their inclusion into some other variable set or sets. For example, Wisch
meyer and Smith (1958) conclude that the EI term in their erosion equation, 
which is the product of the storm kinetic energy and the maximum 30 minute 
intensity, appears to measure the combined effects of 1) the decrease of 
infiltration rate during rainfall, 2) the geometric increase of erosion 
with the increase of surface flow, and 3) the protection against splash 
erosion by the film of flowing water. Although such a conclusion may be 
conjecture, the conjecture is obviously preliminary to proof. 

It is evident after reviewing published data and some of the New 
Prague analytical results, that a broad scope and generally applicable 
nutrient enrichment model would not be the product of this research ef
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fort. The model developed was a product of the discussion in this chapter 
with the actual model development deferred unti.l Chapter 5. In this chap
ter, the discussion will proceed from 1) regression equations, 2) loading 
data analysis results, and 3) a summary. 

4-1 	REGRESSION EQUATIONS 

Regression equations were run for concentration of total nitrogen, 
ammonia, organic nitrogen, nitrate nitrogen, total phosphorus, soluble 
phosphorus, and suspended solids each on flow, and total nitrogen, ammonia, 
organic nitrogen, nitrate nitrogen, total phosphorus, and soluble phosphorus 
each on suspended sediment. 

The data were subdivided into 1) Pre-crop, March 1 to June 30; 2) 
Crop, June 15 to November 15; and 3) Post-crop, October 1 to March 1. The 
Pre- crop period includes the high runoff from snowmelt and early spring 
rains before plant cover becomes established. The Crop period includes 
an overlap of both Pre and Post, and should represent a period of reasonably 
good vegetative ground cover. The Post-crop period includes the late fall 
storm runoff after harvest, but the major flow and load during this period 
is point source. 

Within each of these major categories, the data were further subdivided 
by three rather arbitrary flow groupings. The flow groupings were Q ~ 2, 
2<Q<5, and Q ;;" 5. The tabulation which follows is a summary of some of the 
most pertinent equations. In the tabulation it will be noted that the stan
dard error of the slope is included as a plus or minus value after the slope 
exponent. 

4-1.1 Nitrogen 

In Table 4.1, the equations are shown with the proportionality con
stant, the dependent variable, and the standard error. A positive exponent 
indicates that as flow increases, the concentration of the nutrient also 
increases (a contaminating runoff). This is an indication that the nutri 
ent is being added at a greater rate than flow (Q) . Whether this greater 
rate is due to churning of the nutrient rich stream bed, erosional products 
brought in by surface runoff, or subsurface leaching cannot be defined at 
this point. An exponent of zero indicates that concentration is independent 
of flow (this does indicate that, on the average, the added f] ow cont ains 
the same concentration as the stream--when this is the case, a linear rela
tion exists between flow and load, and use of average flow and concentra
tion to compute load is a satisfactory procedure). Finally, a negative 
exponent indicates that the incoming Q dilutes and reduces the concentra
tion (a diluting runoff). 

Graphical presentations of some of the data in Table 4.1 are shown in 
Fig. 4.1 through 4.5. The abscissa indicates the three seasonal periods, 
and the ordinate indicates the mean value of the exponent. The graphs 
were developed for visual interpretation of trends and they do not directly 
represent stream load or concentration. They do represent peri ods when the 
incoming runoff was contaminating or diluting. The region above a zero rep
resents conlaminating runoff, and the negative region one of dilution. A 
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TABLE 4.1 (Continued) 

Description Pre-Crop 69 Crop Post-Crop Pre-Crop 70 

N 	Components 


30, NH3 
 o . 0 3Q 0 • 5 8 ± 0 • 0 9 o . 16Q- ° • 3 6 ± ° • ° 9 1.03Q-3.4±0.7 o.4 7Q ° • 0 9 ± 0 • 1 3 

Org-N 1 • 2Q 0 • 1 3 ± 0 • 0 3 1.2Qo.15±0.04 O. 7 Qo. 36 ±O. 5 1 1. 1Q °030 o • ° 7 

N0 3 
1 • 2Q 0 • 3 6 ±° . ° 4 0.94Qo.89±00l0 o . 5 4Q - 0 • 7 6 ± ° • 7 4 1.7Qo.oo±o.o6 

34, NH3 0.10Qo.44±0-13 0.11Qo.19±0.08 0.11Q-0020±0.23 o . 140 ° • 3 5 ±0 • 1 1 
co 
0 

Org-N 1.lQ°032±O.o7 o . 9 2Q 0 . 3 2 ± ° . ° 7 o . 6 5Q ° • 0 4 ±° . 2 1 o . 650 ° • 5 7 ± 0 • 1 7 

1. 7Q- ° • °1 ± 0 • 09 1.44Qo.12±0.07 0.910-0 .64±0 013 1.7Q-o.o3-'-0.07NOs 

30, 5P o . 4 6Q - 0 • 0 7 ± ° . °5 1 • 13Q- 0 • 2 1 ± ° • 0 4 3.4Q-l. 2:'::0 ·13 1 • 3Q- 0 • 0 8 ± 0 .0 8 

0.31Q-00i0 o • ° 7 0.5Q-0.3o±0.04 0.76Q-0034±0013 0.3')f'\0.16±0.0634, 5P 

EN on 55 

30 1.955° .25±0 .02 2.355 o • 16 ±0.05 0.4455°.59 ±O. 4 3 3 • 855 0 • 1 °± ° • 0 3 

34 2.455°. 12 ° • ° 5 2.255°.0 8±0.0 3 2.855-0.07:'::0.07 2.955 o • 09 ±0.03 

TP on 55 

30 0.4655°. 06 :'::0.07 1.5550 • 0 0 ± 0 . 0 5 1. 555 0 • 1 5:':: 0 • 3 3 1.0555°. 05 o . ° 5 

34 0.2955° .17±0. 05 0.655 o • 09 ±0.02 1.255-0 .02±0 .07 0.3155°.18 ±o. 05 

TABLE 4.1 (Continued) 

Pre-Crop 70
69 Crop 	 Post-Crop 

TP, Sta. 34 

0. 5Q o.08 o • 0 6 0.76Q-O.l1±0.03 1. OQ - ° . ° 7 ± 0 .j 9 0. 33Q °033±0.07 
All Q 

o • ° 6 0.9Q-0.15 ° . 2 2 0.4Q-0. 27±0. 38 0.70Q-o.23Q 	 ~ 2 

1.1Q-O.48±1.0 0.31Qo .60±0 .26
2<Q< 5 

0.9Q-0.12±0.19 o . 7 2Q 0 • 0 3 ± 0 • 3 6 
Q 	 ;:: 5 

co 
I-' 

55, 5ta. 30 
25Qo.0 8±0 .19 o . 3 3Q 1 • 7 4 ± 0 • 0 7 

4. 5Q °.o8±o.o9 25Q°039±0.08
All 0 

320- 0 • 12 ± 0 • 1 5 
Q :; 2 

0. 5Q 2.40±0073 27Q-O.26±0035
2<Q<5 

1.3Q2.09±0.586 • 30 0 • 7 2 ± 0 . 1 3 Q 2: 5 


55, 5ta. 34 

4.8Ql.00±0-19

23 Qo.54±Ool4 32Q°.17±0.09 240 1 • 2 ±0.15 
All Q 

17Q-o.05±O.78 16Q-O.79±O.16 27 Ql. 7±0. 20 
Q 	 ::: 2 

1.8Q2.7±0.71.0Q3.4±2.12<Q<5 


1200Q-o .8 ±o. 5 98QO' 3 4 ±0. 54

Q 	 ? 5 

http:16Q-O.79�O.16
http:17Q-o.05�O.78
http:32Q�.17�0.09
http:1.3Q2.09�0.58
http:25Q�039�0.08
http:5Q�.o8�o.o9
http:0.9Q-0.12�0.19
http:0.70Q-o.23
http:0.9Q-0.15
http:33Q�033�0.07
http:0.76Q-O.l1�0.03
http:0.3155�.18
http:1.0555�.05
http:0.4655�.06:'::0.07
http:2.855-0.07:'::0.07
http:0.4455�.59
http:0.3')f'\0.16�0.06
http:0.5Q-0.3o�0.04
http:1.7Q-o.o3-'-0.07
http:1.44Qo.12�0.07
http:1.lQ�032�O.o7
http:0.11Q-0020�0.23
http:0.11Qo.19�0.08
http:1.7Qo.oo�o.o6
http:1.2Qo.15�0.04
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Figure 4.2 Regression Exponents for Seasonal Subsets, Nitrogen, Sta. 34. 

Figure 4.1 Regression Exponents for the Seasonal Subsets, Nitrogen, 
Sta. 30. 
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SS, Sta. 30. 

Figure 4.4 Regression Exponents for Seasonal Subsets, Sta. 30. 
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0.5 

0.0 

-0.5 

-1. 0 

-1. 5 

line sloping upwards shows that as the season progresses, the runoff be
comes more contaminating and the opposite for downward sloping line. 

In order to examine the confidence which can be placed upon these 
trends, the regression exponents ± 2 standard deviations may encompass the 
0.0 point, for which case we conclude that the concentration is independent

REGRESSIONS ON Q of Q. If, however, the range does not include the zero paint, we can say 
with 95% confidence that the concentration is a positive or negative func
tion of Q, as the case may be. For example, during Pre-Crop season. 

--------- Sta. 34 

Sta. 30 .28!O.03, or
C O:N) ~ 2. 

x~ Regression exponent 
for Sta. i. 2.4QV. C(I:N) ( 2.4Qo.34, with 

Standard deviation 
95% confidence*. If, however, we were to look at the Crop period for 

"X 3 4 + 2 2<Q<S, we have, 
.lO±O.26, or ~ ,-,-' C(l:N) 5....... ~............... , 


5.20- u • 62 «; C(I:N) ( 5.2QO.42. ~ - ~....... "'" 

" -~--- -----X34~-~~-- It is evident that in the first example, the closest approach to the zero 

point was 0.22, and in the second example the zero point was included in 
the interval. The nearest to zero exponent for the flow sub-subsets, using......... """'-V, ' 

the criteria established above provides the following tabulation for the ex 
ponents of I:N:\\ ' .... , .....,,,- 20 

\\ Sta. 30 0.22 0.37 -0.48 

Q ~ 2 0.52 

2<Q<5 0.46 0.00 

Q ~ 5 0.10 0.00 

Sta. 34" 0.08 0.13 0.00\~ ,+ 20 
Q ~ 2 0.00 0.00 -0.11 

2<Q<S 0.00 0.00 

Q ;;:. 5 0.00 0.00\'::-20 
The regression equations within each of the seasonal subsets show

CROPPRE POST definite trends based upon the flow subsets. For example, during the CropCROP CROP season the f.N exponents are: 

All Q 0.47+0.05 

Figure 4.5 R2gression Exponents
TP. 

for Seasonal Subsets, Sta. 30 and 34, Q ~ 2 

2<Q<S 

Q 3- 5 

0.76±0.12 

-0.10±0.26 

O.2S±0.13 

*This is actually true only for the exponent, the constant should also be 
corrected by the standard deviation of the intercept for the true 95% 
interval. 
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These exponents apparently indicate an anomaly; i.e., during low flows, an 
increase in Q tends to bring in a higher concentration of nutrients than 
was in the flow, in medium flows the additional Q is a dilution, and at 
higher flows the trend is the same as at low flows, but with less nutrient 
input per unit increase in Q. 

It may be argued that this was accounted for by the fact that base 
flow was about 1.4 cfs, and any increase in flow was due to surface runoff, 
the earliest part washing in the greatest nutrient load. Flow greater than 
5 cfs would be adequate for scour of the bed, releasing some of the nutrients 
from the bed to the stream. (This is certainly born out by the strong sus
pended sediment equation, CSS = 1.3Q2, for Q > 5, whereas the exponent is 
negative below 5 cfs.) Flow between two and five cfs was mostly on the 
slow falling limb of the hydrograph, and was generally supported by runoff 
trickling over previously washed surfaces of from groundwater drainage. In 
general, flow below five cfs was clear looking and did not appear to appre
ciably scour the bed. On the rising limb, flow may go through the 2<Q<5 
range in less than one hour, but the range m"V he sustained on recession 
for hours or days. 

The data from Sta. 34 cannot be used to support or reject the argument 
presented above. For one thing, the S. E. of the exponents were generally 
so large that all of the sub-subset flow data appear independent of flow. 

Iii 
! II.! 

Further, the base flow at Sta. 
determinations for Sta. 34 are 

34 was about 0.5 cfs, and 
not very accurate above 5 

finally, 
cfs. 

the flow 

I i 

,I 
From Fig. 4.1, NH3-N exponent decreases 

the highest exponent in Pre-crop to the most 
steadily, so that it goes 
negative in the late fall 

from 
and 

il 
I, 

winter Post-crop season. The same general trend is shown in Fig. 4.2 for 
Sta. 34. This would seem quite logical since most of the NH

3
-N in runoff 

is assumed to be derived from animal wastes and commercial fertilizer. 
Manure and aqueous ammonia applied as fertilizer would apparently be a 
cause of the high contaminating exponent in the spring runoff Pre-crop 
season. The concentration of NH3-N in tile drain effluent (see Table 2.19 
and 2.20) was about 10 times greater during the early Pre~rop season than 
in late summer. NH3-N does not move as freely once it is incorporated into 
the soil, and the runoff water was apparently an NH3-N diluting factor dur
ing the remainder of the year. 

Both Fig. 4.1 and 4.2 indicate an Org-N component with a definite con
taminating runoff water throughout the year. (It must be remembered that 
any exponent greater than a minus one indicates that some of the material 
in question was brought in with the runoff water--an exponent of exactly 
minus 0he shows that the added water does not change the load; i.e., L = 

5. 39kQa+ ,where a = -1 leaves L = 5.39k.) This was a most surprising re
sult, because all other factors except suspended solids showed the same 
trend toward a diluting runoff, and a check of the regression equations 
of Org-N on SS indicated a negative exponent for both the Crop and Post
crop (-0.37 and -0.83, respectively). Further, the SS line in Fig. 4.3 
can be seen to be decreasing from Crop to Post- crop the opposite of the 
Org-N trend. It was apparent, whatever the reason, that all runoff water 
brings with it at least as much organic nitrogen as exists in the stream 
(the organic nitrogen concentration in the stream was routinely greater 
than 1 mg/l, often several mg/l, and rarely less than 0.1 mg/l). 

Ii 
i 

'1: 

;lliJli 

The increase in ZN exponent from Pre-crop to Crop in Fig. 4.1 may be 

mostly attributed to the steep N0 -N increase during the same period. The3
same trend was also evident for Sta. 34 in Fig. 4.2 although at a lower 
level. Both N0 and NH3 were applied as fertilizers, and both components3 
were found in the runoff of a manured field. Nitrate moved quite freely 
with the water, and as long as rainfall caused either surface or subsurface 
runoff, nitrate would probably be in solution in the runoff water. Further, 
the regression of N03-N on SS showed a positive exponent for all seasons. 
The exponent was in every case, larger for N0 3-N than for phosphorus or 
organic nitrogen, and was higher than NH -N during Crop and Post-crop sea3
sons. These relations seem to substantiate the reported ease with which 
nitrate is removed from farm lands. The ZN relation followed the same 
trend as N03-N, and the ZN regression on SS also indicated a positive expo
nent at all seasons. 

One of the most useful results from the regression analysis was the 
derivation of equations which could be used to predict the load between 
actual data points. Section 4-2 may be referred to for the load analysis 
Which was based upon a subjective best fit between actual data points and 
the load curves predicted by regression equations. 

The general equation derived from the regression analysis was 

C = kQa (4.1) 

where k = a constant, and a = an exponent, both derived from the regression 
analysis. The load*, in lb/day is 

L = 5. 39kQa+l. (4.2) 

It is evident that mean C and mean Q will correctly predict load only 

when 


L = 5.39kQ. 


the condition which requires that a = O. (An example of the error en
countered when incorrectly using mean values is in the Appendix n intro
duction.) 

Since averaging is not acceptable, we must write Eqn. (4.2) as a 

function of time. 


L (t) 5.39kQ(t)a+l (4.3) 

and from the regression equations it is apparent that both a and k vary 
with different seasons. This implies a discontinuity in L(t) at the 
season break points. Further, when we say we cannot average, it is strict 
ly a relative matter. If flow and load are plotted on an hourly basis, then 
Q and C are averaged for the hour, if daily, then it is the mean dailv val
ues which are used. The wider the time span taken, the greater the poten
tial error, particularly if the span is taken so wide that the seasonal 
discontinuity cannot be accounted for. 

*From Appendix A, L 5.39CQ. 
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C 

0 

The regression equations were also used to determine the appropriate 

time span for the enrichment model. 
 A desirable time span would be the 

single annual period--this is an unacceptably long time span. 
 Hourly or 

daily values would provide many data points and would certainly be adequate 

--the accuracy of equations and of the information to be inserted 
into the 
equations does not justify the task of even daily predictions. Similarly,
we could use weeks, months, quarters, etc. Monthly data predictions appear 

to be desirable from the modeling point of view, 
and require only 12 time 
oriented predictions. Further, it does include more than one data point for

each seasonal discontinuity. 


A test of the monthly time period is shown in Tables 4.2 and 4.3. To
test the interval, the actual surface runoff (q) in inches/month was used. 

Appendix A shows that to convert 
from Q to q, for an area A, 

Q ~ q, 

Thus we can sUbstitute q for Q in Eqn (4.3) and in Ibs/day we have 
AL(t) ~ 5.39k [722 q (t) 

Taking monthly data, we have, in lbs/month, 

L(t) = l64k[7~2 q(t)] a+1 	 (4.4) 

and for the 14,912 acre area contributing to Sta. 30, we have, 

L(t) = l64k[2lq (t) ]ex+l (4.5) 

and for the 6157 acre area contributing to Sta. 34, 

a+lL(t) = 164k[8.Sq(t)] . (4.6) 

Sta. 	 '"030 mean annual concentrations of N was about 4.5 mg/l, 	 <Uand meanflow about 17.3 cfs. 	 0
The predicted load using these values, would be 	 ..-1 

'"0 

L = 365 x 5.39 x 17.3 x 4.5 + 153,000 lbs. 	 .w 
ill 

<.l 
•...! 

The regression for all 	 '"01969l:N data at Sta. 	 <ll30 showed that concentration 
~ was related to flow by 	 P-< 

3.lQo. :t o. ° 	 Zc 	 N 

a very good regression with a low standard error. Inserting the mean 	
0 
<') 

annual flow to determine the load bv annual average regression, we have, 	
<\! 
.w 

27 U) 

L 365 x 5.39 x 3.1 x 17.31 . = 225,000. 
N 

For Sta. 30, 	 ..;.the % of total as re1ated to the integrated nitrogen load 
was, Il! 
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52 

4-1.2 Phosphorus 

Tables 4.4 and 4.5 were developed 
4.3 for the predicted nitrogen output . 

on the 
The 

same b
load, L, 

asis 
was 

as Tables 4.2 and 
predicted by the 

equation shown, and the Sta. 30, and Sta. 34 values are as indicated in 
Table 4.9 and Table 4.10. It was evident that monthly averaging was an 
adequate time interval. 

From Fig. 4.5 it may be inferred that the slope of the TP exponent re
acted similarly to the ammonia nitrogen in terms of a steady decrease as 
the season advanced. The trend was not as conclusive for Sta. 34 as for 
Sta. 30, but was well within a minus one or two standard deviations, as 
shown. 

The downward trend may have resulted from the phosphorus in manure or 
commerc ial fertilizer becoming tied up in plants or the soil complex. A 
comparison with the ammonia regressions on SS in Fig. 4.4 indicated that 
the ammonia tie-up was in plants, whereas phosphorus was apparently tied 
up in the soil complex and was released with eroded soil. Nitrates and 
phosphorus definitely indicate a positive relationship to the amount of 
sediment in the water, and this relationship appears to strengthen as the 
season progresses . Whether the contaminating sediment is from eroded farm 
lands or churned up streambed cannot be differentiated. 

4-1.3 

Possibly the most useful purpose of the regression equations was that 
they provided a means of predicting the nutrient load between data points. 
Admittedly, the regression equations are only valid for the New Prague 
watershed in 1969, but it is almost certain that an equation of the type 

L(T) ~ 5.39k.Q(t)el i +l 
1 

or its equivalent in 1bs/mo, 

L(t) = 164ki q (t) 

can be derived for and applied to many Minnesota watersheds. ki and eli 
may be derived from a minimal amount of sampling data, depending upon the 
accuracy needed for prediction. Although the Pre- crop 1969 and Pre-crop 
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Table 4.4 Sta. 30, TP, Predicted Load 

Point Total IntegratedMonth Eqn. L 
Sources Predicted Load 

Jan. 640(21RO)-0.2 0 560 560 600 

Feb. 0 650 650 540 

Mar. 74 (21RO)1.10 10,400 360 10,760 W,800 

Apr. 10,000 1110 11,100 10,200 

May 1,050 1310 2,360 1,700 

June 295(21RO)0.81 1,000 710 1,710 980 

July 1,500 210 1,360 1,770 

-0..,. Aug. 300 210 510 530 

Sept. 45 210 255 270 

Oct. 640 (21RO)-O. 2 310 310 440 

Nov. 360 360 400 

Dec. 560 560 600 

TOTALS 30,495 28,830 

Table 4.5 Sta. 34, TP, Predicted Load 

Point Total Integrated
Month Eqn. L Sources Predicted Load 

Jan. 164(8.5RO)O.93 0 110 110 150 

Feb. 0 100 100 110 

Mar. 82(8.5RO)1.08 4100 110 4210 2300 

Apr. 3900 110 4010 2200 

May 125(8.5RO)O.89 280 110 390 350 

June 125 110 235 170 

July 200 110 310 280 
-0 
\.11 0Aug. 110 l10 150 

Sept. 50 l10 160 140 

Oct. 164(8.5RO)0.93 0 110 110 150 

Nov. 0 110 110 120 

Dec. 0 110 110 120 

TOTALS 9%5 6240 

http:164(8.5RO)0.93
http:125(8.5RO)O.89
http:82(8.5RO)1.08
http:164(8.5RO)O.93


1970 regression equations di d di ffer sli.ghtl y, they generally predicte.d a 
load which was reasonably comparable; i. e. , 

Pre-CroE 70 

EN Load Equations 20Ql.13 

Q 13 20 

Q 6.5 143 166 

Q 88 3965 3140 

The TP equations provided similar results, but the Pre-crop 70 equation had 
a coefficient 2.4 times the Pre-Crop 69, and most Pre-crop estimates were 
thus about double that obtilined with the 1969 equation. The. flow values 
used above were chosen for simplicity (Q = 1), or were averages (Q 6.5 
was the arithmetic mean of Q values used for the regression analysis, and 
Q 88 was the mean spring flow during the March and April, 1969 high flow 
period) • 

from the regression equations it was apparent that almost all increased 
flow caused an increase in the total load. Only if pure water were added 
to a streilm-f]ow could the load remain constant. The exponential relation
ships discussed were a means of assessing the effect of the added water on 
the purity of the stream--pure water input could churn the streambed and in 
that way could cause an increase in total .load. 

Anytime the regression exponent fell below -1.0, it must have been an 
anomaly. The LN exponent of -1. .31 for Post-crop could easily be ex
plained by statistical limits. NH3-N exponent of -3. .7 could not be 
disposed of so easily. The latter exponent indicated that the addition 
of runoff water tended to drive off the NH3-N which WilS in the stream be
fore flow increased. It is the author's opinion that the long time span 
during this period (a period which includes ice covered streams and possi
ble anaerobic conditions) coupled with sparse data points (only 24 total) 
samples, and the inherent sampling error are the combined cause of the 
large negative exponent. 

From a practical point of View, it does not matter what runoff rela
tion exists during this six-month Post-crop period. Only 0.9% of the total 
volume of the storm runoff water occurred during this period, and of the 
total N, 4700 lbs or 1.5% of the annual occurred during this six months. If 
the point sources were removed from the 4700 Ibs of N only 310 lbs were at
tributable to surface runoff. Regardless of the accuracy of these numbers, 
it was evident that enrichment from runoff was not of practical importance 
during the late fall and winter, and to devote much energy to its analysis 
was a waste of that energy. 

4-2 LOADING 

4-2.1 

From daily integration of Fig. 4.6, the total daily load in lbs and 
flow in cfs-days were tabulated for summation. Table 4.6 shows a sample 
tabulation for the month of July at Sta. 30. The curve used for the actual 
integration was plotted on recorder paper and was about 40 fe.et long. 

The 1969 annual loading graphs are shown in Fig. 4.6 through 4.9, and 
the values summarizing the integration for total load are listed in Tables 
4.7 through 4.10. Tables 4.11 and 4.12 .list the EN and TP loads by season. 
The point sources were deleted from the lOild in Tables 4.11 and 4.12 (See 

D) the values represent the disperse sources contained in the 
runoff load. 

Figs. 4.10 and 4.11 present, graphically, the resul ts of the annual 
load analysis for LN and TP, respectively. From these semi-log plots it 
was evident that spring runoff was the major contributor of nutrients. 
91% of the total annual ):N and 73% of the total annual TP were removed in 
March and April alone. When only the runoff load was considered, the values 
were 94% and 88% respectively. 

The loading rates for the Sta. 30 runoff load alone (pOint sources de
leted) during the March-April period were 108 lbs/ac-yr for LN and 7.9 
Ibs for TP. Similar high runoff loading rates are found at Sta. 34, 
with 72 lbs/ac-yr for EN, and 4.2 lbs/ac-yr for TP. 

4-2.2 

It was not possible Lo directly measure the urban runoff and the re
sultant urban portion of Lhe nutrient load because of the short term hydro
logic data taken at Sta. 34. A system of separation of the hydrograph was 
utilized, and the technique and analysis is presented in Appendix D. 

Tables 4.13 and 4.14 were developed only for the purpose of comparing 
the loading rates for different seasons and for the urban area. The load
ing rates for anything less than annual cannot be too literally interpreted, 
and were of value only in comparing the general order of things. For exam
ple, as expected, the urban runoff rates indicate a higher nutrient load 
than that determined for the total area. 

Urban area runoff and load were not adequately monitored for accurate 
determination. A little arithmetic manipulation was required to get any 
type of urban loading values, and their accuracy certainly must be chal-

Based on the two storm events, it was found that about 15% of the 
total load (EN was 11% and 22%, and TP was 14% both times) was from the 
urban peak. If we were to assume that 15% of the annual runoff load was of 
urban odgin, we could then compute a 1969 annual urban load. 

Table 4.15 is a synopsis of the rates which would exist if such an 
assumption were valid, these values may be high. If during spring runoff, 
the urban area only contributed its areal proportion (0.047) of load, but 
contributed the full 15% during the rainfall seasons, the estimated values 
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Table 4.6 Sample Tabulation of Monthly Loading Integration Data 
Table 4.7 ZN, 1969, Sta. 30 - Fig. 4.6 

I 

! 

I;! 

i 

III 
I 

Sta. 

Day 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

30 

cfs-day_ 

4.7 
4.8 
4.5 
4.0 
3.8 
3.3 
3.1 
6.5 
5.2 
3.7 
3.2 
3.8 
7.5 

10.5 
10.5 
12.0 
13.0 
13.5 
10.5 

7.8 
6.5 
5.2 
5.0 
6.0 
4.5 
4.5 
3.6 
3.1 
2.9 
5.0 
3.0 

Period July, 

TP-1bs 

35 
25 
20 
20 
20 
15 
55 
50 
35 
30 
30 
40 
65 
90 
75 
95 

260 
210 
170 

80 
60 
40 
30 
40 
30 
30 
20 
20 
20 
40 
20 

1969 

ZN-1bs 

160 
160 
145 
125 
100 

80 
120 
250 
150 
110 

75 
110 
260 
480= 
470 
570 
690 
630 
450 
380 
310 
220 
200 
250 
150 
180 
120 
100 

90 
150 
100 

Month 

Jan. 

Feb. 

Mar. 

Apr. 

May 

June 

July 

Aug. 

Sept. 

Oct. 

Nov. 

Dec. 

TOTAL 

Table 4.8 

Month 

Jan. 

Feb. 

Mar. 

Apr. 

ZN, 1969, Sta. 

Total 
Monthly 

1bs 

1,000 

1,200 

147,000 

123,000 

10,000 

3,400 

7,400 

1,900 

400 

550 

900 

650 

297,000 

34, Fig. 4.7 

Total 
Monthly 

1bs 

150 

150 

39,000 

35,000 

Total 
Monthly Load 

1bs/ac-yr 

0.8 

1.8 

118 

99 

8.0 

2.7 

6.0 

1.5 

0.3 

0.4 

0.5 

0.5 

20 

Total 
Monthly Load 

1bs/ac-yr 

0.3 

0.3 

76 

68 

TOTAL 185 1770 7400 
May 

June 

3,800 

1,350 

7.4 

2.6 

July 1,800 3.5 

Aug. 500 0.9 

Sept. 250 0.5 

Oct. 240 0.5 

Nov. 170 0.3 

Dec. 150 0.3 

TOTAL 82,000 8.5 

. i 
'I; 
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Table 4.9 Total Phosphorus, 1969, Sta. 30, 4.S 

Jan. 600 0.5 


Feb. 540 0.4 


Mar. 10,SOO 8.7 


Apr. 10,200 8.2 


May 1,700 1.4 


June 9S0 O.S 

IT~ 

July 1,770 1.4 


Aug. 530 0.4 


Sept. 270 0.2 

0\ 
\.0Oct. 440 0.3 0\ 
,....j~: 

Nov. 400 0.3 
i' 

Dec. 600 0.5 0 
lJ.0\ M1 

TOTAL 28,830 1.93 
rd 
-I.J'IIi:I' 1!ro Ul 

11 
Table 4.10 Total Phosphorus, 1969, Sta. 34, 4.9 '"d 

rd 
1"-8 0II ~~a Z ..:l 

:E: 

Jan. ISO 0.3 \.0 

Feb. llO 0.2 

Mar. 2,300 4.5 2+Lf) 
Apr. 2,200 4.3 \.0 

'<l' '<l'May 350 0.7 
Q)

June 170 1.0 H 
;:l 

M iJ'July 280 0.5 ",-j 

Aug. 150 0.3 "'" 
NSept. 140 0.3 

Oct. ISO 0.3 
,....jNov. 120 0.2 CX) \.0 '<l' N 0 ro \.0 '<l' N

,....j ,....j ,....j ,....j ,....j

Dec. 120 0.2 

AEp/Sqt OOOt


TOTAL 6,240 1.0 
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Table .11 LN, Runoff Load by Season 

Total output, Ibs 

Total loading, lbs/ac-yr 

Point sources, lbs 

Runoff,lbs 

RUIloff loading, Ibs 

Total output, lbs 

Total loading, lbs 

Point sources, lbs 

Runoff, lbs 

Runoff loading, lbs/ac-yr 

10,000 

Sta. 30 

Sta. 34 

a Point Sources 

III

tl 1,000 

c 

100---L~L--L~L--L--L--L--L--L__L--L__L--L 

1 2 3 4 5 6 7 8 9 10 11 12 

Month 

4.11 Histogram of Total PhosphorUF; hv "Month 

1()6 

Table I, .12 TP, Runoff Load by 

Total output, lbs 

Total loading, lbs/ac-yr 

Point sources, Ibs 

Runoff, Ibs 

Runoff load, lbs/ac-yr 

Total output Ibs 

Total loading, Ibs 

Point sources, 1bs 

Runoff, 1bs 

Runoff load, 1bs/ac-yr 

270,000 

109 

2,300 

267,700 

108 

7/, ,000 

72 

300 

73,700 

72 

Season 

Mar & Apr 

21,000 

8.4 

1,470 

19,530 

7.9 

4,500 

4.4 

220 

4,280 

4.2 

107 

22,700 

4.6 

6,400 

16,300 

3.3 

7,450 

3. 

600 

6,850 

3.3 

0.75 

2440 

25/,0 

O. ') 1 

950 

0.1,6 

If/+O 

5]0 

0.25 

4700 

0.6 

4390 

310 

0.01, 

1110 

0.% 

890 

220 

0.07 

Post-Crop 

Sept-Fcb 


2H50 


0.38 

265O 

200 

0.03 

790 

0.26 

650 

140 

o.ns 
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would probably be low (see Table 4.16). It appears that urban rates lie 	 Table 4.13 Synopsis of i:N Runoff Loading Rates for Sta. 30 
somewhere between 23 and 60 1bs/ac for l:N and 1. 9 and 5.7 for TP. The 
urban loading rates from minimum to maximum represent 5% to 14% of the 	 RateDescriptiontotal annual runoff load (for either nutrient), whereas the urban area 	 Ibs 
represents 4.7% of the watershed. It is evident that the urban area con
tributes more than its proportionate share of nutrients, regardless of 

Total, 	annual 20the analytical technique used to determine the loading rates. 
Runoff, annual 19 

Pre-crop 110 

Crop 3.3 

Post-crop 0.04 

Storm, June 25, 1969 8.6 

June 29 5.2 

July 8 8.6 

May, 28, 1970 23 

Storm, 	June 25, 1969 83 

July 8 160 

Table 4.14 Synopsis of TP Runoff Loading Riltes for Sta. 30 

RateDescription 
1bs/ac-yr 

Total, 	annual 1.9 

Runoff, annual 1.5 

Pre-crop 7.9 

Crop 0.51 

Post-crop 0.03 

Storm, June 25, 1969 0.8 

June 29 	 0.7 

July 8 	 0.8 

May 28, 1970 	 3.9 

Storm, 	June 25, 1969 9.1 

July 8 12 
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Table 4.15 Load Rate Comparisons, Assuming Urban Runoff Contributes 15% 
of the Total Annual Load 

Description 	 N TP 

Sta. 30 

Runoff, annual, Ibs 283,000 28,000 

Urban, lbs 42,000 4,000 

Rural, lbs 241,000 24,000 

Total Load rate, 19 1.9 

Urban rate 60 5.7 

Rural rate 17 1.7 

Sta. 34 

Runoff, annual, Ibs 81,000 4,900 

Total load rate, 13 0.8 

Rural, Ibs 39,000 1,000 

Rural, 7 0.2 

Table 4.16 Load Rate Comparisons, Assuming Urban Runoff Contributes 15% 
of Rainfall Runoff and Area Proportion of Spring Runoff 

Description 	 l:N TF 

Sta. 30 

Runoff, annual, lbs 283,000 28,000 

Urban, lbs 16,000 1,400 

Rural 267,000 26,600 

Rate, Urban, 23 2.0 

Rural 19 1.9 

Sta. 34 

Runoff, annual, lbs 81,000 4,900 

Rural, lbs 65,000 3,400 

Rural, lbs/ac-yr 12 0.6 
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CHAPTER 5 

THE 	 MATHEMATICAL MODEL 

Trite as the inference may seem, there are about as many ways to de
sign mathematical descriptions of a phenomenon as there are people involved 
in designing them. A review of a few models relative to water resources 
will certainly verify the statement. (Loucks and Lynn, 1966; Leeds, 1967; 
Dawdy and Feth, 1967; Wallis, 1967; Huff and Kruger, 1967; Buras, 1967; 
Revelle, et al., 1968; Hendrix, 1968; Cleveland, Reid, and Walters, 1969; 
Hoover and Arnoldi, 1970; Rodin, 1969; Steele, 1968). This list of models 
and model builders is by no means exhaustive, but does represent a cross 
section of some of the types of models used in water resource management 
or assessment. 

Most mathematical models encompass one of the following features: 

1) 	 a model which is a statement based upon proven principles; i.e., 
conservation of mass, energy, and momentum, laws of thermodynamics, 
etc. 

2) 	 a model derived from basic principles but not proven. 

3) 	 a model derived from basic principles, and with empirical constants 
yield in reproducible results. 

4) 	 a model based upon logical relationships which mayor may not be 
supported by empirical constants and reproducible results. 

5) 	 a model derived from empirical relationships which has reasonable 
predictive capability, but the relationships are not necessarily 
supported by logic or basis principles. 

6) 	 a model which utilizes elaborate statistical techniques to discuss 
a data set but does not provide a predictive tool beyond the bound
aries delineated for the data set. 

Our nutrient enrichment model was derived upon a combination of 4), 5), 
and 6). Models derived enti rely upon short-term regression analysis usu

do a good job pf describing that specific situation during that spe
cific time interval. If regressions were to be made on causal relations, a 
good definition of the specific situation, coupled with the regressions, 
could possibly shed some light on the cause and effect relationships we 
desire. 

We chose to make the regressions on streamflow and on suspended sedi
ment. Neither can be considered a causal mechanism, in that they are both 
effects responding to the same or similar causal mechanisms which release 
the nutrients. The dependent variable of f1 ow was selected primarily be
cause it was continually monitored and permitted an extension of data be
yond the discreet points available where samples were taken. The suspended 
sediment as a dependent variable was an attempt to link concentrations to 
erosion products, as discussed in Chapter 4, and was not used in the model 
development. 
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It was apparent from the discussion in Chapter 4, that a model in 

which annual averages were simply inserted, the crank turned, and out popped 
the correct annual loading, was not to be. The model development to follow 
used a monthly mean value. The user may want to decrease the time span to 
any other convenient interval. 

5-1 MODEL CONCEPT 

The model was originally intended for use by individuals involved in 
pollution control activities--such individuals include engineers, chemists, 
biologists, planners, lawyers, etc. Neither the author nor most of the 
personnel involved in the pollution control activities are endowed with ad
vanced mathematical techniques, particularly those statistical techniques 
involved in time series analysis, probablistic modeling, dynamic program
ming, etc. One sometimes feels that some of these models are designed to 
perpetuate the model builders, rather than solve some problem. This view, 
of course, is false, and it will very possibly be through use of some of 
these advanced statistical techniques that we will eventually understand 
some of the underlying causal mechanisms which are now beyond our capa
bilities. 

With this preamble, the task of building a model was initiated with a 
very simple algebraic summation of the load. 

LDF + LRP + LSP + LFL + LM + LT + LST + LFW + LR (5-1) 

where 

LDF Load, dry fallout 
LRP Load, rainfall 
LSP Load, snowfall 
LFL Load, feedlots 
LM Load, sewage treatment plant effluent 
LI Load, industrial process effluent 
LST Load, septic tank effluent 
LFW Load, forest and wildland 
LR Load, runoff ~ LTD + LRR + LUR + LGW 

LTD Load, tile drainage 
LRR Load, rural runoff 
LUR Load, urban runoff 
LGW Load, groundwater 

An equation for each of the preceding nutrient sources was developed 
and is presented in the following sections, with the composite model pre
sented in Section 5-2. 

5-1.1 Dry Fallout Load, LDF 

Earlier in the report, it was shown that nutrient concentrations in 
bulk precipitation were considerably higher than in rainfall or snowfall 
and that the concentration for nitrogen compounds was higher in rainfall 
than in snowfall. It seemed appHrent that three discreet atmospheric sour
ces of nutrients actually existed; i.e., dry fallout, rainfall, and snow
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f all. Rather than utilize the technique of Chapter 2, where the increased 
rain/snow ratio was questionably applied to the bulk precipitation (that 
a concentration in rain is 5 times greater than in snow may not mean that 
bulk precipitation during rain season is 5 times greater than during snow 
season), it was decided to attempt a separation of the three components of 
precipitation. Although somewhat of a defiance of common sense logic, it 
was assumed that each of the three components were mutually exclusive. 
That rainfall following a month of no rain should contain higher nutrient 
concentrations than rain falling on the second day of a stQrm is evident. 
Putting it into mathematical terms was not so evident. With this argument 
and for lack of better criteria, the components of bulk precipitation were 
assumed independent. 

(a) Nitrogen. As estimated in Chapter 2, the total load for 1969 was 
805,000 lbs. Table 2.3 lists the concentrations in snowfall, and from this 
table and the factor of 5, it was assumed that the concentration in snow
fall was about 1.0 mg/l and 5.0 mg/l in rain. Thus, we have, 

Bulk LOHd NDF + 0.226A(R x CNR + S x CNS) (5.2) 

where 

NDF Nitrogen load, dry fallout, lbs. 
A area, acres 
R rainfall, inches 
S snowfall, inches 
CNR concentration of L:N in rHinfall, mg/£ 
CNS concentration of l:N in snowfall, mg/£ 

Then, 

805,000 NDF + 0.226 x l4,9l2(19x5.0 + 7.3xl.0) 

NDF + 320,000 + 26,000 

and, 

NDF 459,000 lbs 2.6 lbs/ac-mo. (5.2a) 

(b) Phosphorus. Since we hHd no criteria for separation of rainfall 
and snowfall, we have, 

Bulk Load PDF + 0.226 (AxCP) x (R + S) (5.3) 

where 

PDF phosphorus load, dry fallout, lbs. 
CP phosphorus concentration 

From the data in Table 2.3, CP 0.20 mg/l was chosen as reasonably repre
Sentative. Thus, from Table 3.3, 

78,000 PDF + 0.226 x 0.2 x 26.3 x 14,912 

PDF 60,000 lbs 0.34 lb/ac-mo. (5.3a) 
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5-1.2 Rainfall Load, LRP 
(a) 

(a) Nitrogen. The nitrogen, as separated above would be 
NFL NCt + NBt + NSL + NPL, (5.8) 

NRP 0.226 x R x CNR, Ibs/ac-yr (5.4) 
where 


or 

NFL nitrogen load, all animals, 1bs 
NCL nitrogen load, dairy cattle, 1bs0.019 x R x 	CNR, Ibs/ac-mo (5.4a) 
NBL nitrogen load, beef cattle, lbs 
NSL nitrogen load, swine, lbsand for the 	New Prague model with CNR 5.0 
NPL nitrogen load, pou1try, lbs 


NRP 0.95R, lbs/ac-mo 

From Table 2.14, the loading rates used were: 


with R in inches of rain and NRP in lbs/ac-mo. 

Dairy cattle, 12 lbs/animal-mo 
Beef cattle, 7 lbs/animal-mo(b) 
Swine, 2 lbs/animal-mo 
Poultry 0.1 Ib/animal-moPRP 0.226 	x R x CPR, (5.5) 

and,0.019 x R x 	CPR, Ib/ac-mo, 

AC dairy cattle populationand with the assumed CPR 0.20, 
AB beef cattle population 
AS swine populationPRP 0.0038R, lb/ac-mo 	 (5.5a) 
AP poultry population 

Thus,5-1. 3 Snowfall Load, LSP 

(a) Nitrogen. The assumed concentration of nitrogen in rainfa11 was NFL 12AC + 7AB + 2AS + O.IAP, Ibs/mo, (5.8a) 
CNS = 1.0 mg/l, thus 

I 	 I and NFL is the nitrogen produced by the animal population in the watershed. 
NSP 0.226S, lb/ac-yr, (5.6) The total could be an enrichment load only if the entire population always 

defecated directly into the stream. Even unchecked defecation in a feed
0.0195 lb/ac-mo. 	 (5.6a) lot draining directly to the stream will yield only a portion of the total. 

How to define the portion that reaches the watercourse is, of COllrse, the 
(b) Phosphorus. Since there was no difference (assumed) between rain $64 question. It may be possible, however, to use the worst case approach 

and snow, (assume 100% to stream) and find that it may be an insigni ficant source. 

(b) 	 From an identical analysis for phosphorus, we havePSP 0.0038R lb/ac-mo. 	 (5.7) 

PFL 1.5AC + I.SAB + 0.5AS + O.03AP, (5.9) 
5-1.4 Feedlot Runoff Load, U't 

where PFL is the phosphorus load in Ib/mo., 1.5 is the month1y phosphorus 
It is virtually impossible, with the data at hand, to develop an equation load per dairy cow, etc. Although Townshend's data in Table 2.4 indicate 

predicting feedlot nutrient load. Depending upon the design of the feedlot, beef cattle with double the loading rates based upon Ib!ton of manure, the 
Table 2.14 data indicate little difference in the dairy cow/beef cattlethe source may be major or insignificant. In Chapter 2 we assumed a certain 
phosphorus loads.livestock population and from published data we selected a loading value, as

suming all excreta as a source. In constructing nitrogen and phosphorus an
5-1.5nual balances, the maximum values were used to compute the sources. For the 


modeling purpose, we will utilize the data from Table 2.14 and average values 

The treated 	domestic sewage loading rates shown in Table 5.1 werewill be applied. 

based upon effluent from secondary treatment. The following indicate the 
comparative data between Table 5.1 and the effluent from the stabilization 
pond (which receives secondary treated effl uent): 
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lbs/cap-yr 

IN TP 

New Prague, Sta. 78 3.8 1.8 

From Table 5.1 6.5 
 1.9 

The values found at New Prague will be used, but the actual load rate should 
be determined for each specific treatment plant to which the model is ap
plied, as the nutrient output may be affected more by the types of wastes 
received than whether secondary treatment with or without a stabilization 
pond is provided. 

(a) Nitrogen. 

NM MNR Nu,x (5.10) 

where 

NM : nitrogen load, lbs/mo 

MNR = effluent load rate, lbs/cap-mo 


~0.31 lbs/cap-mo at New Prague 

Nu population using treatment facility 


; 3000 for New Prague, 


thus, 

NM 930 lbs/mo at New Prague (5.10a) 

(b) Phosphorus. 

PM MPR x Nu, (5.11) 

where 

PM = phosphorus load, lbs/mo 

MPR = effluent load rate, lbs/cap-mo 


0.15 lbs/cap-mo at New Prague 
and PM 450 lbs/mo at New Prague. (5.11a) 

5-1.6 

This source is usually a constant, but may be a function of season, as 
for example the waste effluent from a cannery which may either close down 
during some months, or the process itself may change on a seasonal or peri 
odic basis. For New Prague the rates were constant and reasonably accurate
ly determined. 

(a) 

NI 1790 lbs/yr 

150 lbs/mo (5.12) 

(b) Phosphorus. 

PI l3l0 lbs/yr 

110 lbs/mo (5. l3) 

5-1. 7 

Having no better criteria than those utilized by the S. Eo Wisconsin 
Planning Commission for deriving the loading rates in Table 5.1, the values 
will be used directly. 

(a) Nitrogen. Their assumption was that 30% of 10 .1bs/cap-year, or 
3 lbs/cap-yr leached through the soil to the watercourse. Polta, 1969 re
ported a value of 27 lbs for a five-member family, as compared to 50 lbs/yr 
for a five-member family in Table 5.1, thus the value used may be high. We 
previously assumed 250 families, or a rural population of 1250. Thus, 

NST 0.25Nr, (5.14 ) 

where 

0.25 the monthly loading rate, lbs, 

Nr rural population, and 

NST lbs/mo. 


Table 5.1 Major Nutrient Contributions 

Source Nitrogen Phosphorus 

lbs/~ 1bs/caJ2/yr 

Treated domestic sewage 6.5 1.9 

Soil absorption sewage 
disposal systems 3.0 0.2 

lbs/ac-y!' 

Rural runoff: 

Cropland and pasture 0.06 0.04 

Forest land 0.03 0.003 

Manured land 3.0 1.0 

Urban runoff 8.0 2.2 

Precipitation 8.0 0.14 

Ground water 1.2 mg/l 0,01 mg/l 

Source: Southeastern Regional Planning Commission, 1969. 
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For New Prague, 


NST 0.25 x 1250 310 lbs/mo. (5.l4a) 


(b) Phosphorus. Similarly, the phosphorus loading from Table 5.1 is 
0.2 	lb/cap-yr, based upon 5% of 3.5 lb/cap-yr from the effluent to the soil. 
This again is higher than given by Polta, but will be utilized. On a monthly 
basis, 

PST 	 0.017Nr (5.15 ) 

and 	 for New Prague, 

PST 21 lbs/mo (5.15a) 

5-1.8 

Noel Larson, the hydrologist for Superior National Forest, U.S. Forest 
Service, Ely, Minnesota, provided some unpublished and as yet not analyzed 
data from their Boundary Water Canoe Area nutrient enrichment study. From 
the brief conversation with Mr. Larson, it was evident that concentrations 
of phosphorus were generally less than 0.05 mg/i, and EN less than 1.0 mg/t. 
These values will be utilized for a very rough estimate of the loading 
values. 

From 

L ; 5.39 Q C, 

we can estimate, 

NFW 5.39Q, and 	 (5.16 ) 

PFW 	 0.27Q (5.17) 

as the load in lbs/hr with Q in cfs. From Appendix A, we have 

A 

Q = 722 q, 


with q in inches per month. Upon substitution into Eqns. 5.16 and 5.17, we 
have, 

(a) 

NFW 0.0075 A q, lbs/mo (5.l6a) 

where A acres, and q runoff in inches. 

(b) 	 Phosphorus 

PFW = 0.00037 A q, 1bs/mo (5.17a) 

5-1.9 Runoff Load, LR 

The division of runoff load into the components of rural runoff, urban 
runoff, tile drainage, and ground water flow are somewhat arbitrary, and the 
values measured and computed for Sta. 30 include all four components. Even 
when urban load was subtracted from Sta. 30 in Chapter 4, it was found that 
the peak contained a higher load at Sta. 30 than was delivered by the urban 
load, some of this was probably due to churning of the nutrient rich stream
bed. 

Table 5.2 indicates the 1969 runoff, q, as a function of a ratio to 
rainfall. The relation is better indicated in Fig. 5.1, from which Eqn. 5.18 
was developed. 

(T /3-1)
r 	 1U [or 5 > T > 12 (5.18)* 

and 	r q/R 
T month of year 
q inches runo f f 
R inches rainfall 

Then 	we can write, 

q = rR = 10-(T/3-l)R (5.19) 

Eqn. 	 5.19 shou.ld be written in general terms as 

q (t) ret) R, 	 (5.l9a) 

indicating that runoff is a function of rainfaU and some ratio which 
varies with time (such a simple time function does not actually exist, the 
runoff is a function of many physical [actors, each of which may in itself 

Table 5.2 Runoff as a Ratio to Rainfall, Sta. 30 

Period Runoff RainfaU Ratio 
Inches Inches 

January o 
February o 
March 4.33 

April 4.14 

May 0.53 3.14 0.17 

June 0.22 3.95 0.056 

0.26 3.63 0.072 

August 0.053 1. 30 0.041 

September 0.005 0.97 0.005 

October 0.021 3.13 0.0067 

November 0.005 0.89 0.0056 

December 0.002 2.45 0.008 

*See Note on Fig. 5.1. 
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be a function of time). The accuracy with which q may be predicated [or any 
storm event or time period is, of course, the subject of hydrology. Many 
books and articles have been published which describe certain hydrologic 
models. The re was no intent ion, as a result of this research, to Hdd to the 
resource of hydrologic models. Very few hydrologic models were designed to 
p redic t a streamflow hyd rograph for an ungHged watershed. Ma themHt i cal tech
niques such as those described by LHrson and Mackmeier, 1968; Huggins and 
Monke, 1968; Mackmeier and Larson, ]968; and McSparran, 1968 offer consider
able promise, but were beyond the scope of this project. 

The fundament a] requirement for a quality model was to establish some 
relationship between runoff, q, and rainfall, R, so that the basis model 
could be tested. We have shown in Eqn. 4.4 that load may be written as a 
function of q, 

A
L(t) 16/,\( [722 q(t) 	 (4.4) 

and for the present we will define q(t) as i.n Eqn. 5.19, which upon sub
stituti.on into Eqn. 11.4 becomes 

L (t) l64k. [~R 10-(T/3-1] (S.20)
.L 722 

for I 5 ~ T ~ 12 

and for the New Prague Sta. 30, A 14,912 aeres. 

T/3-1
L x (R. 	 (5.20H) 

for 5 " T. ;{ 12 
l 

Eqn. 5.19c describes the period from May to December, and the period from 
January to April can only be described in terms of q; i.e., Eqn. 4. 

L(t) l64k. (21q)ai+l 
l 

Thus we have at Sta. 30., the runoff load 

)ai+1 for 1 .::; .::; I" and 

L 	 IMk x for 5 " '" 12. 

the total runoff load may thus be described with the single discontinuity. 
q may best be estimated by the assumption that January and February will 
provide essentially a zero runoff and that the entire snowpack plus 
esti.mated addi.tional rainfall or 1 will runoff during ~1arch and 
Apri.1. 

Tables 5.3 through 5.5 summarize the use of Eqn. 5.20c and 5.20d as 
predictors of the runoff load. As indicated at the beginning of this 
chapter, the runoff 10Hd Hctually consists of four components; tile drain
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age, rural runoff, urban runoff, and groundwater as base flow. The Eqn. 
5.20 and its manipulations include all four components. Considerable 
liberty has been taken in the development of Eqn. 5.20c and 5.20d, and their 
application, even for New Prague, must be questioned. To further break down 
the runoff components into their proper components cannot be justified with 
the data at hand. Loadi.ng rates, such as so many lbs/ac, could be applied 
to urban or tile drains, but it has been shown that the loading rates are 
extremely variable, and for tile drains, one cannot accurately determine 
the amount of land drained by tile. 

5-2 COMPOSITE MODEL 

The composite equation for nitrogen is, 

N = (2.6 + 0.095R + 0.019S) As Precipitation 

+ (12AC + 7AB +2AS +O.lAP) x 0.3 Feedlot 

+ MNR . Nu Municipal 

+ r.(N!) Industrial 

+ 0.25 Nr Septic tank 

+ 0.0075 ~ qn Natural 
A 

+ NR(Tj) w 

722 
q (T

i 
) 

for 1 '" Ti ~ 4 Runoff 
A 

+ NR(T
l 

) w (T/3-1)R] 

for 5 ~ T 12 ('i.21) 

and for Phosphorus 

P (0.34 + 0.0024R + p.0024S)A
s Precipitation 

+ (1.5AC + 1.5AB + 0.5AS + 0.03AP) x 0.05 Feedlot 

+ MPR • Nu Municipal 

+ Z(PI) Industria 1 

+ 0.017 Nr Septic Tank 

+ 0.0037 qn Natural 
A 

+ w 
722 q (T 

for 1 < Ti "" 4 
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Table 5.3 LN Runoff Load at Sta. 3n as Predicte.d by Eqn. 5.20c and 5.20d. 

Period ai 
R 
q 

Eqn. 
Predicted 

runoff 
load 

Jan. 4.4 0.00 o 15,000'q o 

Feb. o 15,000'q o 
Mar. 2.4 0.28 4.33 19 , 300' q1. 2i'l 125,000 

Apr. 4.14 19,330·q1.2i'l 11i'l,000 

May 3.14 2,700·Rl . 28 11,70n 

June 2.9 0.47 3.95 .471,420 10,600 

July 3.63 460·R1.47 3,000 

Aug. 1. 30 150·-1.47 22n 

Sept. .97 46' .47 4t, 

Oct. 4.4 0.00 3.13 71'H 220 

Nov. 0.89 31' R 28 

Dec. 2.45 lS'H 37 

TOTAL Nitrogen Runoff Load 2fi8,849 

Table 5.4 TP Runoff Load at Sta. 30 as Predicted by Eqn. 5.20c and S.20d 

Period k j 
R 
q 

Eqn. runoff 
load 

Jan. 3.9 o o 13,400q ° 
Feb. o 13,400q 

March 0.45 0.10 4.33 2, 100q 1.1 10,400 

Apr. 4.14 2 ] 00 1.1 , .q 10,000 

May 3.4 .1 ,400 

June .1 -0.19 3.95 .81 1,200 

July 3.63 22nRo . 81 h10 

Aug. .30 
.81 

ltd) 

Sept. 0.97 62Ro. H1 tiO 

Oct. 3.9 o 1. 3 fi3R ZOO 

Nov. 0.89 28H 25 

Dec. 2.45 L3R 320 

TOTAL Phosphorus Runoff Load 24,375 
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A 
+ PR(T

i 
) = l64k. 

~ 
~ 
722 

[10-(T i /3-l)la+l 

for 5 .::: Ti .::: 12 (5.22) 

where Nand P are in lbs/month, As = area of streams, acres, and A = 
area of forest and woodland drainage, acres. The factor of 0.3 ana 0.05 
used on feedlot load were arbitrarilv chosen to be the same as those used 
for sentic tanks. 

For New Prague we have, 

A 12.2 acres 
AC 500 animals 
AB AS = AP = 0 
Nu 300 people 
NI 150 lbs/mo 
Nr 1250 people 

An qn = 0 
MNR = 0.31 lbs/cap-mo 
MPR = 0.15 lb/cap-mo 
PI = 110 Ibs/mo 
NR and PR as per Table 5.2 and 5.3 

Then, 

N (32 + 1.2R + 0.23S) + (1800) + (930) + (150) + (310) + 
Runoff (Table 5.2) (5.2la) 

"" and 
P 

UJ 
rl 

P (4.1 + O.029R + 0.0029S) + (40) + (450) + (110) + (21) + 
.D 

C\J 
Runoff (Table 5.3) (5.22a) 

"" The runoff load yielded the greatest portion of its nutrients during 

'" the spring runoff and snowmelt periods. This relation would be expected 

"" to hold on all Minnesota watersheds. That the runoff component of the total 
UJ 
rl 

load was the largest component for the New Prague watershed does not detract 
.D 

C\J 
from the importance of the other components, and when appropriate parameters 

"" from other watersheds are used, some other component may dominate. 
"d 
to 
C\J For the New Prague watershed two sources which obvious Iv need further 

"" study are the loads from feedlots and the combination of rural, urban, tile, 
p and groundwater runoff. Although such models as indicated in Eqns. 5.21 
UJ 
rl 

and 5.22 are grossly oversimplified and do not utilize equations describing 
.D 

C\J 
the physics of the process, they do permit an estimate of the various sour

"" ces in an accounting manner such that optimum use may be made of pollution 
control resources. 

r--. 

"" The values shown in Table 5.6 and 5.7 were carried to the nearest unit 
UJ 
rl 

for accounting continuity, but the values were generally rounded to two 
.D 

C\J 
significant figures in Table 5.8. The most questionable values mav be 

"" oJ< 
those related to the feedlot loading, and the reader may, of course, choose 
another constant of proportionality he deems more reasonable. Table 5.8 
shows the ratio of predicted to integrated loads as a %, and interestinglv 
all are within one order of magnitude. The largest errors occur during the 

125 



Table 5.6 Total Nitrogen Sources for New Prague, as Predicted bv Eqn. 5.21a 

Period NDF NRP NSP NFL NM NI NST NR 1: 
32 1. 2R 0.23S 1800 930 150 310 

Jan. 32 o o 1800 930 150 310 o 3,222 

Feb. 32 o o 1800 930 150 310 o 3,222 

Mar. 32 o 1.0 1800 930 150 310 125,000 128,223 

Apr. 32 o 1.0 1800 930 150 310 118,000 121,223 

May 32 4 o 1800 930 150 310 11,700 14,926 

June 32 5 o 1800 930 150 310 11,600 13 ,827 

July 32 4 o 1800 930 150 310 1,000 6,226 

t-' 
N 

'"' 
Aug. 32 2 o 1800 930 150 310 220 1,444 

Sept. 32 1 o 1800 Q30 150 310 44 3,267 

Oct. 32 4 o 1800 930 150 310 220 3,446 

Nov. 32 1 o 1800 930 150 310 28 3,251 

Dec. 32 2 o 1800 930 150 310 37 3,261 

TOTAL 384 23 2 21,600 11,800 1,800 3,720 268,849 307,538 

Table 5.7 Total Phosphorus Sources for New Prague, as Predicted by Eqn. 5.22a 

Period PDF PRP PSP PLF PM PI PST PR 1: 

Jan. 4.1 o o 40 450 110 21 o 625 

Feb. 4.1 o o 40 450 110 21 o 625 

Mar. 4.1 o 0.1 40 450 110 21 10,400 11,025 

Apr. 4.1 o 0.1 40 450 110 21 10,000 10,625 

May 4.1 0.1 o 40 450 110 21 1,400 2,025 

June 4.1 0.1 o 40 450 110 21 1,200 1,825 

July 4.1 0.1 o 40 450 110 21 630 1,256 

t-' 
N 

Aug. 4.1 0.1 o 40 450 110 21 140 765 
-.J 

Sept. 4.1 0.1 o 40 450 110 21 60 685 

Oct. 4.1 0.1 o 40 450 110 21 200 825 

Nov. 4.1 0.1 o 40 450 110 21 25 650 

Dec. 4.1 0.1 o 40 450 110 21 350 94~ 

TOTAL 49 0.8 0.2 480 5,400 1,320 252 24,375 31,876 
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and this is to he expected as the data used to developperiods of low flow, 
runoff contained all components of load. Thus, :i.nregression equations for 

truth, the runoff equation for the low flow periods predict the total load 
in the predictor equationsrather than only the runoff portion. This fault 

albeit arbit rarily, eliminated in the development of the runoff was somewhat, 
ratio, r, and the runoff load Eqns. S.20c and 5.20d. 

The high values of the total load predicted during Septemher to Decem
the estimate used for feedlot load, and partly dueber may be due to 

The quitethe sparsity of data collected at New Prague dur:i.ng this span.to 
close annual values shown in Table 5.8 are em:ouraging, and, although meager, 

to offer a simpl:i.fied technique of accounting nutr:i.entthe model appears 

loading sources. 
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CHAPTER 6 

SL~Y AND CONCLUSIONS 

This project, completed over a two and a half year period, involved 
establishing a stream gaging station, two automatic sampling stations, and 
chemical analysis of over 800 water samples. In excess of 600 documents 
and publications were reviewed in an attempt to find appropriate data and 
to avoid duplication of effort. 

Extensive effort was placed on a review of the nitrogen cycle and an 
attempt at establishing a balance for the New Prague watershed was a neces
sary step toward a better understanding of the cycle. Comparative rates 
(lb/ac-yr) were derived, and in certain instances the values derived were 
considerably higher than some of the published data. It is the author's con
tention that loading rates which are based upon mean values contribute to 
errors as it will rarely be the case that load is a linear function of flow. 
Other sources of difference can be related to the fact that many such loading 
rates are based upon laboratory data which may not truly represent the real 
world. Further, the area which is used as the effective area may be inappro
priate, particularly when subsurface drainage is considered. Finally, sig
nificant difference in loading rates can occur as a result of analytical 
and sampling variance. 

The model developed is a simple and somewhat crude model, it lacks 
mathematical sophistication, and requires some subjective judgment. fn 
fact, it would best be called a nutrient enrichment accounting model. Al
though the model shown cannot be properly applied without development of 

and through regression equations, and a runoff model is also required,a i
does not detract from the general usage of the model for most ~innesota 

watersheds. Assumed values of k and a using some hydrologic data and some 
educated guess work should provide a method of predicting the general order 
of the various sources of nutrients. As seen in Tables .5.6 and .5.7, certain 
sources are several orders of magnitude greater than others--these are ob
viously the ones which we should concentrate on, either control wise or re
search wise. 

For the New Prague watershe.d, it is evident that the spring runoff 
process contributes to the major portion of the diffuse sources of nutri
ents. To recommend a control program for a watershed such as New Prague 
would be difficult indeed. When the modeling or accounting procedure in
dicates such a high portion of the nutrients to be derived from the disperse 
sources, control becomes an extremely difficult, if not impossible, task. 

A review of Tables .'i.1i and .'i.7 shows that the point sources from feed
lots, municipal, and industrial effluent contribute only 11% of the annual 
l:N and 7% TP. In contrast, the disperse sources accounted for S9% of EN 
and 93% of TP, with spring runoff in the two months of ~arch and April ac
counting of 79% of the annual EN and' 64% of the TP. \ffien considering only 
the total annual runoff load, these two months contribute 91% and 1l4% re
spectively. It is evident, that to accomplish any appreciable re
duction in nutrients, the control effort must be concentrated on spring 
runoff. It is beyond the scope of thls paper to delve into control mech
anisms, ~ se, but it is the author's opinion that, in a watershed such as 

this, if X dollars were alloted to a nutrient control project, they would 
be wasted if the classic approach were taken and the dollars allotted to 
sewage treatment facilities. This is not to say that other criteria might 
indicate the need for additional sewage treatment, hut in this watershed and 
with nutrients as the criteria, spending additional dollars on sewage treat
ment is a resource wasted. 

The values indicated in Tables S.1i and 5.7 [or precipitation are hased 
upon the amount falling directlv on the streams (approximatelv 12 acres). 
The total watershed area is almost l'i,OOO acres, thus, the quantity of EN 
in total annual bulk precipitat ion is on the order of SOO,OOO Ibs and TP 
about 63,000 Ibs. (These differ slightlY from the l:N and TP balances due to 
method of calculation). Most of this, 4S0,OOO Ibs l:N and iiI ,000 lbs TP (91i)\ 
and 98%, respectively) is derived from the dry fallout. If one assumed that 
four months of snow had collected on the surface to melt and run off into the 
streams, this would represent a source of over 160, 000 1hs of l:N and 20,000 
Ibs of TP. If the total bui k preci pitat ion of the two months of high run
off were added to these values, we obtain about 250,000 Ibs of l:N and over 
30,000 Ibs TP. It is evident, from such values, that bulk precipitation 
plays a major role in nutrient enrichment--particularlv where the hulk pre
cipitation can accumulate over a long period of time, and then he funneled 
out of a watershed in a very short period of time. 

Although this discourse does not c lari fv what need s to be done to re
duce the nutrient output of the watershed, it does indicate the direction 
that some new research should take. Firstlv, large scale methods of increas
ing penetration of runoff into the soil should be investigated. Terracing 
to prpvpnt surface runoff, drains to allow the dammed up water to infiltrate 
the surface before reaching the stream, surface runoff drains (plugged for 
snowmelt) to allow quick dra inage during crop season, and similar advanced 
agricultural engineering techniques need to be evaluated for their possible 
incorporati on on 11 watershed has is. Considering the amount 0 f ):N and TP 
collected in the snowpack, inducing its penetration into the soil could 
eliminate the need for the high fertilizer application on certain crops, 
and it might even prove to be an economically profitable venture. Further 
research needs to be done on bulk precipitation to determine its sources 
and whether certain air pollution controls will have an effect upon the 
bulk precipitation rates. 
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APPEN1)IX A 

ABBREVIATIONS 

ac 	 acre 
cfs 	 cubic feet/second 
ft 	 foot 
gm 	 gram 
hr 	 hour 
in 	 inches 
kg 	 kilogram 
1 	 liter 
lb 	 pound 
L 	 load, i th location, 

j th time segment 
LN 	 nitrogen load 
LP 	 phosphorus load 
l:N total nitrogen, four components 
TP total phosphorus 
mg milligram 
sec second 
sfd second-foot-dav, 

I cfs for 1 day 
TP total phosphorus 

CONVERSION FACTORS 

-2 one cubic foot 2.832xlf) cuM c meters 
28.32 liters 

7.48 gallons 
one cubic foot/sec 0.646 minion 

449 gals/min. 
one 	second-foot-day one cfs x one day 

86,400 ft 3 
1.98 ac-ft 

one acre 43,560 ft 2 
0.4047 hectare 

ODe lb/ac 0.89 kg/ha 
0.32 tons/mi 2 

Tn order to determine the load in precipitation, the concentration, C, 
the precipitation, P, and the area, A, must be known. Calculate as follm.rs: 

28.32C[lfJP(in)A(ac) x 	 x --3 
x gm ft aC 

thus, 

0.226 CPA L in Ib/ac-yr 

if 

C is in mg/l 

A is in acres, and 

P in annual precipitation in inches. 


If other than annual P is used, the units must be changed accordingly. 

cfs to 	inches/mo: 

ft 3 ac 86,400 sec day
Q[-J 	x x X x 

sec 	 A(acres) day mo. 

12 
x 722 in 

rna 

thus, 

722 t = q inches/rna 

or, 

Q q x A1722, 

where q is the monthly runoff, and A is the area in acres. 

3 ac 12Q['!'s"J 	 x 1 x x x 
sec 43,560 ftL 

0.9917 	in 
hr 

thus, 

0.9917 *= q, or 

Q 1.008 qA qA 

Where, 

q in/hr 

A acres 


0.226 
ac 

132 

x 

http:follm.rs


The sfd is a measure of the total volume of water flowing during a 
specific time interval. In order to compare the volume to precipitation, 
it is often convenient to transform the volume into equivalent inches of 
water over the appropriate watershed area. 

3 
cfs-day/acre 

'1 1. 98 ft 23.8 in 
43,560 

thus, 

23.8 x measured c~~ inches of runoff.watershed acreage 

The 	 load values are computed as follows, 

3 gm 	 28 86,400 sec[ft JC [~l x 1000 mg x gm x x ~~~Q sec I 

5.39 lh/day, 

thus, 

5.39 	QC L in lb/day with Q in cfs 

and C in 


APPENDIX B 

SAMPLE ANALYSIS PROCEDURES 

The basic sampling methods were discussed in Chapter 1, and their de
scription will not be repeated here. This Appendix briefly outlines the 
bottle preparation for sampling, and the preparation of the sample for sub
mittal to the analytical group. Analytical techniques used bv the State 
Board of Health were essentially as described in Standard ~ethods (American 
Public Health Association, 1965). 

R-I Rottle Preparation 

Since phosphorus was kno~l to adsorb onto glassware, soap was not used 
to wash any of the sampling bottles. All bottles were given a dichromate 
acid bath, pre-rinsed in tap water, and a final rinse with de-ionized dis
tilled water. A better procedure, in the author's opinion, would be to 
rinse the bottle in the water to be sampled, so that absorption from the 
sample to the glass would be minimized. Whether desorption from the glass 
to the sample causes greater error than adsorption from the water to the 
glass was not answered in this project, and in a very superficial review of 
published literature the author could not find the answer to this question. 
Concentration must certainly be the factor determining which way (adsorption 
or desorption) the phosphorus goes, but for the type of study conducted at 
New Prague, and with the reasonably high phosphorus levels found there this 
error at a maximum would be negligihle by comparison to the other sources of 
error. 

B-2 	 Sample Preparation for Submittal 

Samples taken by the dip method were labeled and refrigerated until 
suhmitted to the laboratory. Samples taken hv the DH-48 were poured into the 
liter jars at the time of sampling, and the same pint jar was used until at 
least 600 ml had been poured into the liter jar. These were also labeled and 
refrigerated. A clean pint jar was placed in the DH-48 for the next sample. 

The PS-67 preparation was somewhat more involved and is best recapitu
lated by the inclusion of the instruction sheet prepared for an assistant. 

AUTOMATIC SAMPLING INSTRUCTION 

1. 	 Take about 60 pint bottles (l08 if both samplers operating) inverted 
in carrying case. 

2. 	 Take empty carton. 

3. Lift rack on sampler, 	support with angle iron. 

4. 	 Remove and cap pints. 
a. 	 Check to see that numbers show and are correct. 
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b. 	 Evaporation should effect bottle I the most and 48 the least - any 
visual deviation from this must be noted in log bOOK. Refer to 
sampler handbook if bottles are being filled appreciably different 
from 300 mI. 

c. 	 If all 48 are not filled, remove unfilled bottles, rinse with de
ionized water and replace - be careful to note numbers. 

5. 	 Position clean pint bottles, numbered as they are placed in position. 

6. 	 Remove angle iron, push rack down firmly, and check to assure hose de
pressed into bottle neck as much as possible. 

7. 	 If time does not permit compositing, refrigerate and composite next day. 

8. 	 To composite, record data on Automatic Sampler Data (ASD) sheets as 
follows: 
a. 	 Enter sample No. from next consecutive number in the Field Data Book. 

b. 	 Assign the column No. 1 thru 48 to samples composited from 2 consecu
tive pint jars; i.e., pints 1 and 2 go into liter bottle marked 1, 7 
and 8 into bottle marked 4, etc. 

c. 	 Shake the pint jar lightly, and pour contents into liter jar. 

d. 	 Weigh the liter jar and record in "no rinse wei column. 

e. 	 Record tare weight (inscribed on liter jars) 

f. 	 Rinse pi nt jar and add to the Iiter jars. 

g. 	 Add dilution water (de-ionized) to bring "Rinsed Sample 
up to minimum required for analysis. 

h. 	 Compute "DIL FCTR" as the ratio of rinsed sample to sample weight. 

9. 	 Record "Date", "Time", and "Q" as obtained from strip chart records. 

APPENDIX C 

REPLICATE ANALYSIS 

There were 254 samples representing a total of 65 replicates with no 
fewer than triplicate samples. The replicates were separated into five 
groupings: 

1. 	 Automatic Sampler 

2. 	 Tile Drain 

3. 	 DH-48 Depth Integrating Sampler 

4. 	 Bucket 

5. 	 Dip 

The first three categories are self explanatory, the bucket was used to ob
tain a large enough grab sample to fill three liter jars, which were then 
submitted to the chemical analysis laboratory as independent samples. The 
dip sampling was merely the submerging of the one liter jar into the stream. 

A comparison of total pooled estimate of the total pooled estimate of 
the standard deviation with the pooled estimate for the bucket samples is 
shown below. 

SS TP l:N 

Total pooled (254 obs) 124 2 J15 6.5 

Bucket (45 obs) 	 7 n.n6 n.13 

These normal standard deviations are, of course, in mg/l units, and one 
can readily see that most of the deviation is found in the taking of the 
sample. 

I 

I 

Iii I ~h 
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APPENDIX D 

ANAlYSIS OF WATERSHED LOADING DATA 

The numbers of water samples collected from the New Prague area were: 

Sta. 30 298 
Sta. 31 34 
Sta. 32 22 
Sta. 33 42 
Sta. 34 276 
Sta. 3S 25 
Sta. 77 20 
Sta. 78 51 
Sta. 86 33 
Snow 

Total 809 

Each of the 809 water samples were analyzed by the Minnesota Department of 
Health--Chemical Analysis Laboratory for: 

Total SoIi ds 
Volatile Solids 
Suspended Solids 
Suspended Volatile Solids 
Ammonia Nitrogen 
Organic Nitrogen 
Nitrite Nitrogen 
Nitrate Nitrogen 
Total Phosphorus 
Soluble Phosphorus 
pH 

Specific Conductance (on only about half of the samples) 

Analytical and sampling procedures were covered in Appendix B. The only 
analyses required were total nitrogen, total phosphorus, and suspended 
solids. Much of the other data were provided by the analytical group as 
part of their routine procedures. The volatile solids, pH, and conductivi
ty were not utilized in this study. Further, the four components of nitro
gen were considered in determining l.:N, and only total phosphorus loads were 
computed. 

Runoff flow and volume was a prerequisite to the determination of chem
ical or sediment As mentioned in Chapter 1, very good streamflow 
determinations w~re made at Sta. 30, with total credit belonging to the 
U.S.G.S. (not only for the accuracy and continual maintenance of their 
gaging station, but certainly for their Cooperation and assistance). Sta. 
34, which also had continuous records, was much less accurate due to lack 
of rating above 5 cfs (see discussion in Chapter 1). All other stations 
were sampled and stream flow was measured only at the time a sample was 
taken. The frustration of attempting to extrapolate between points for the 
three different stations using consistent criteria for extrapolation, and 
the overall lack of accuracy of a total load computation, led to the omis
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sion of load de.termination ;for all subwatersheds.,. except Sta. 34. The. 
subwatershed data are briefly discussed in Section D-3.4. 

In general, flow was plotted for the period to be analyzed, the stream
flow loading data points were plotted, and the appropriate regre.ssion equa
tions were utilized to compute a "theoretical" load (based strictly on the 
regression equations, not on any physical parameters). This "theoretical" 
line was then visually compared to actual data points, and i.f for a time seg
ment it was apparent that measured loading was consistently above or below 
the "theoretical" line, the line was replotted by eye to better fi.t the data. 
Finally, the plotted loading curve was manually integrated and the total 
load for the specified period thus determined. 

It was apparent that several errors accumulate when detennining a 
loading value. Statistical evaluation of the replicate data can provide 
a standard deviation for concentration in a sample, and we may possibly 
stretch the statistics to include some confidence relative to how certain 
we are that the sample is representative. It is a completely different story, 
however, when we discuss load. Here we deal with an unknown accuracy in 
measuring streamflow*, an inaccuracy from the estimation and plotting of the 
loading curve, and an error in integrating the curve. The combined effect 
of all of these errors cannot be statistically analyzed, thus a statistically 
sound confidence interval cannot be placed upon the load prediction. 

In order to be able to compare the New Prague loading results with those 
from other watersheds, the results must be reported on a per area basis; i.e., 
lbs , as used throughout this report. This means that area must be de
termined, and a few minor errors such as accuracy of contours on the u.s.r..s. 
Quadrangle maps, accuracy of delineation of drainage boundary from the con
tours, and the accuracy of measuring the area all enter into the tota1 error. 

Even though all of these errors p1ace a definite cloud of doubt over the 
values obtained, all published data bear most of the same errors, and most 
published data are not based on load curve integration. ""ost of the published 
data have loading estimates based upon mean flow and mean concentration. The 

example indi.cates the foily of the averaging technique. 

Regression analysis from Appendix A shows that for Sta. 30, from June 1') 
to Oct. 30, 1969, concentration of total nitrogen (CTN) may be estimated from 
flow (Q) by, 

CTN 2. 9Q0.47. 

The load (LTN), as deri.ved in Appendix E, is 

LTN 5.39Q·CTN, 

and assuming the number of days indicated in the tabulation, the total 10ad 
for the assumed period is estimated and summed as follows. 

*This error includes reading of the stage record as well as measurement of 
streamflow with the current meter, and all rating curves really only repre
sent a "best fit" of stage versus Q, with few data points actually falling 
precisely on the rating curve. 
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.47
Q Load No. of 

cfs lb/day Days 

2 4.0 43 12 516 

20 11.9 1,280 2 2,560 

100 25.2 13,600 1 13,600 

TOTAL LOAD 16,676 

Ari thmetic Mean 

10.9 6.5 382 15 5,730 

Geometric Mean (0.55) 

3.53 5.2 99 15 1,485 

The second portion of the tabulation shows the load computed if the 
arithmetic or geometric mean values of flow and concentration are utilized 
to compute the loadings. The true load for the hypothetical 15 day period 
is 16,676 1bs; however, if mean values are used it can be seen that esti
mates are only about 34% or 9% of the true value (depending upon whether 
arithmetic or geometric means are used). Most of the data reviewed utilized 
mean flows and mean concentrations to predict their reported loading values. 
From this simple example, it was obvious that plotting of data and integra
tion was a better estimate of the "real world" situation than could be ob
tained with statistical averages, even though such averages may be esti
mated with precision. 

D-l Precipitation Analysis 

A continuous recording rain gage at Sta. 30 was installed and maintained 
by the U.S.G.S. Six fence post rain gages were ultimately distributed around 
the watershed, and the plan was to use these data and the Theissen po.1ygon 26. 
method to determine rainfall patterns. On several occasions the stream at 
Sta. 30 or 34 indicated a substantial increase in streamflow and the rain 
gage reports would show either no rain or very small quantities. Fortunatelv, p 26.3 
Mr. Earl Kuenhast, Minnesota State Climatologist, provided considerable addi
tional data and with his able assistance the isohyetals shown in Figures D.l 
through D.5 were developed. 

Average precipitation was computed by weighted average based upon the 
isohyetals drawn. The values in parentheses on Fig. D.l represent the 
weighted area ratios, and a sample calculation based on these values is figure D.l 1969 Annual Precipitation 
shown below for the 1969 annual. 

P = 24.5(0.03) + 25.5(0.30) + 26.5(0.55) + 27.5(0.12) 26.3 

P values are indicated on each of the isohyetals. 
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Figure D.2 25 June 1969 Precipitation 
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Figure D.3 29 June 1969 Precipitation 
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D.5" 

0.60 

2.00 

P 0.85 

2.50 

2.25 

Figure D.4 8 July 1969 Precipitation 
Figure D.5 28 May 1970 Precipitation 
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D-2 Punoff Volume Analysis 

Hydrographs of the storm events for June 25, June 29, and July 8, 
1969, and May 28, 1970 are shown in Figs. D.6 through D.9, respectivelv. 
Each will be analyzed only to the extent necessary to determine the volume 
of runoff. As previously noted, volumes were determined bv integration 
of the flow rate curves, and the method of counting squares was utilized. 

Base flow was maintained by the point sources at Sta. 77 and 78. The 
flow at Sta. 77 was estimated at 0.41 cfs (150 Sfd). This estimate was 
based upon low flow data from Sta. 34, and personnel at the milk processing 
plant stated that the outflow was continual and constant. 

The load from Sta. 78, the sewage effluent point source, was not as 
easily determined. The analysis which follows was devised in order to take 
into account the evaporation from the stahilization pond, the level of in
put in millions of gallons month, the rather constant level normally 
held in the pond, the days pond outlet was closed, and the periods 
when pond level was known to be lowered or raised. 

Table D.l is a two page synopsis of the technique used. Col. 1 is 
the million gallon monthly input to the sewage treatment facility. Col. 
2 is merely the conversion of the input from millions of gallons per month 
to cfs. Col. 3 is the number of days the stabilization pond outlet was 
closed, and Col. 4 is the lake evaporation as estimated from U.S. Weather 
Bureau Climatological Records. Col. 5 is the monthly millions of gallons 
discharged to the pond minus the lake evaporation (after conversion of 
lake evaporation from inches to million gallons -- the pond had an area 
of 25 acres). Col. 6 is the conversi on of Col. 5 from . to cfs, and 
represents the level of outflow which would maintain the pond at a constant 
level :is outflow merely equalled inflow minus evaporation. As indicated 
in Col. 3, outflow did not occur for several days in 1969 and 1970, further, 
it was known that at certain times the pond level was intentionally raised 
and at other times it was lowered. 

Col. 7 shows the monthly volume that entered the pond, after the evapor
ation effect was deducted, and Col. 8 is the accumulaterl summation of Col. 7. 
Col. 9 is the assumed outflow and Col. 10 is the accumulated outflow volume 

I! 	 based on the assumed outflow in Col. 9. Where the volume outflow in Col. If) 
exceeds that in Col. R particularly during a one month increment, there was 
a lowering of the pond. The opposite applies to raising the pond. The as
sumed outflow shown in Table D.l, Col. 9 was used to prepare the loading data 
shown in Section D-3.1. 

For the 1969 period under consideration, the outflow totaled about 160 
efs days or about 0.44 cfs as a daily average. From Col. 9 of Table D.l the 
estimated outflow varied from 0.3 to 1.00 cfs, and when subtracting the point 
source flow for runoff load determination, the appropriate values were used, 
not the average. 

D-2.l Annual Flow, 1969 

The 40 feet of plotted annual data was integrated to obtain Table D.2, 
and the following summary: 
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Table 	D.l Station 78 -- Sewage Inflow-outf1ow Analysis 

Col. 1 2 3 4 5 

Million Input Days Lake Million 
Date Gallons Equiv Outlet Evap. Gallons 

Input cfs Closed Inches in Pond 

1/69 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
1/70 

2 
3 
4 
5 
6 
7 
8 

3.04 
2.06 

13.8 
23.7 
14.6 
8.90 
7.95 
8.79 
7.68 
6.94 
6.58 
6.79 
7.77 
7.46 

10.0 
13.9 
15.7 
11.8 
11.2 
9.24 

0.16 
0.11 
0.71 
1.22 
0.75 
0.46 
0.41 
0.45 
0.40 
0.36 
0.34 
0.35 
0.40 
0.38 
0.52 
0.72 
0.81 
0.61 
0.58 
0.48 

o 
o 
o 
o 
o 
o 
o 
o 

22 
o 
o 
o 
o 
o 

18 
16 
o 
4 
6 
o 

7.34 
7.19 
7.32 
8.07 
4.59 

5.53 
8.33 


est. 8.50 

est. 8.50 


3.04 
2.06 

13.8 
23.7 

9.69 
4.02 
2.98 
3.31 
4.56 
6.94 
6.58 
6.79 
7.77 
7.46 

10.0 
13.9 
12.0 
6.16 
5.43 
3.47 

Table D.l, Continued. Station 78 Sewage Inflow-Outflow Analysis 

6 7 8 9 10 
Monthly Monthly Accum. Assumed Accum. 

Date in Pond Volume Volume Outflow Outflow 

1/69 0.15 4.65 4.65 0.30 9.30 
2 0.11 3.08 7.73 0.30 17.7 
3 0.71 21. 3 29.0 0.75 40.2 
4 1.18 36.6 65.6 0.75 63.4 
5 0.48 14.9 80.5 0.50 79.0 
6 0.21 6.30 86.8 0.40 91. 0 
7 0.15 4.65 91.4 0.35 102 
8 0.17 5.27 96.7 0.35 113 
o 0.89 7.10 103 0.35 115 

10 0.35 10.9 115 0.35 126 
11 0.34 10.2 125 0.35 137 
12 0.35 10.9 136 0.35 148 
1/70 1.00 31. 0 167 0.35 158 

2 0.41 12.7 179 0.30 167 
3 1. 29 16.8 196 0.30 171 
4 1.44 20.2 216 l.00 185 
5 0.60 18.6 235 1.00 216 
6 0.35 9.1 244 1.00 242 
7 0.34 10.5 255 0.35 251 
8 0.17 5.27 260 0.35 261 



Table D.2 Monthly Runoff Volume 

Month 

January 28 13 


February 25 13 


March 27 /.0 1160 


April 2620 1100 


May 360 110 


June 165 t.o 

July 185 65 


August 60 13 


September 30 25 


October 1,0 13 


November 30 13 


December 28 13 


TOTAL 6311 2578 


Sta. 30 

Total Runoff Volume, Sfd 6,300 2,600 

Total Point Source, Sfd 310 150 

Total Natural Runoff, Sfd 5,990 2,350 

Drainage Area, acres 11,,912 6,157 

Equivalent Runoff, inches 9.6 9.1 

D-2.2 D.6 

The June 25 storm was one of the few storms which resulted in a hydro
graph that was rather easy to separate the urban from the rural flow. 

. The following is a summary of the computations, Appendix E may be re
ferred to for conversions and some equation derivations. 

Sta. 34 


Area, acres 11+,912 6,157 


Total Flow Volume, cfs-hrs 155 81 


Point Source Volume, cfs-hrs 15 7 


Total Runoff Volume, cfs-hrs 140 74 


Total Runoff, inches 0.009 1).012 


, 1.0 

Urhan 

704Area, acres 

30
Storm Volume, cfs-hrs 30 

0.045Storm Runoff, inches 

D-2.3 Storm, June 29, 1969, Fig. D.7 
Sta. 30 

1/,,912 6,157Area, Acres 

118 32
Total Flow Volume, cfs-hrs 


15 
 7Point Source Volume, cfs-hrs 


113 
 25Total Runoff Volume, cfs-hrs 


0.0076 0.00/,1

Total Runoff, inches 

D-2.4 Storm, July 8, 1969, Fig. D.8 

11,,912 6,157
Area, acres 


127 
 71Total Flow Volume, cfs-hrs 

14 7
Point Source Volume, cfs-hrs 


113 65
Total Runoff Volume, cfs-hrs 


0.0076 0.011
Total Runoff, inches 

Urban 


704
Area, acres 


31 31
Storm Volume, cfs-hrs 
0.045Storm Runoff, inches 

D-2.5 

6,15711+,912Area, acres 

1,100 
 280Total Flow Volume, cfs-hrs 


51 
 15
Point Source Volume, cfs-hrs 


1,049 
 265Total Runoff Volume, cfs-hrs 
0.0430.070Total Runoff, inches 

D-3 Loading Analysis 

Plots which were a combination of sample values and those predicted by 
regression equations (see Section 1,-1) were utilized to determine load values. 
The point source loadings are analyzed in Section D-3.l, analysis of storm 
events in D-3.2, subwatershed data are discussed in Section D-3.3, and annual 
data were discussed in Chapter 4. 
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Figure D.6 Storm Runoff, June 25, 1969. Figure D.7 Storm, eTune 29, 1969. 


151 


I \14 
(f) I~ ,
u 

I~ 12 

\Q) 
.j..l 
ttl •cr: 

/10 
,

:;: /'0 
.-! 

'" /' ... --
/ ...

8 ~ 

'" 



II 

til 
'H 
u 

Q) 
.!J 
m 
~ 

~ 
0 
rl 
Ii< 

18 

16 

14 

12 

10 

8 

6 

4 

2 

0 

100 

90 

1 
"Sta. 30 

80 r 
,/\	• 

\I
70 , \t- Sta. 	34 

'"ta. 30 I 
Il- I I I ,, 	 60 \ 

\ 	
11) \'H 
u ,I \ ,t  ,I , 	
Q) 

, 

.!J 	 50m\, 	 ~ I 	 "\
I 	 " 

\ 	
~I 0 
rl 
Ii<, 	 40 I 

\ 	 I \ 
I 'ISta . 34 

I ; 
/\ 

\ 

" 	
30 I 

, ' ... I r- " """'- ---- .. --." I ' 
o 

I- , 

. ./ ....J-- ,. , .", 

, 

t I 


6 8 
4 8 12 16 20 24 4 8 12Hour 

Hour 
Figure D.8 Storm, July 8, 1969. 
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II 
D~3.l Point Source Loadings 

The outflow, in cfs, from the sewage treatment facility (Sta. 78) was 
previously determined. This data combined with concentration data was plot
ted on Fig. D.lO, and the monthly integrated taDulation is in Table D.3. 
Unfortunately samples were not taken until Oct. 23, 1969, but a total of 51 
samples were taken between Oct. 23, 1969 and Sept. 2, 1970. The stabiliza
tion pond effluent valve was closed at approximately the same time in 1969 
and 1970, input to the plant was about the same, and for lack of better cri
teria, the 1970 winter and spring data were projected backwards to fill the 
void in 1969 data. 

Sta. 77 was a partially submerged culvert. The only way to accurately 
determine flow during high and medium stages would have been to measure flow 
above and below the culvert outlet. Many days of dry weather (1969 was an 
extremely dry summer) caused all tile drains to completely dry up, the creek 
bed became at Sta. 32 and Sta. 35, at which time the only flow at Sta. 34 
was from Sta. 77. Flow at Sta. 34 seldom fell below 0.42 cfs, and since this 
was a very steady flow, not affected by storms, average now and average con
centrations were used to estimate load. Flow at Sta. 77 was by no means con
stant, as it carried a significant portion of the storm drain water from New 
Prague. Nonetheless, the industrial process continued quite independent of 
storm runoff. 

Fig. D.ll and Fig. D.12 are normal and log-normal arrays of the 20 
samples taken at Sta. 77, and the following is a synopsis. 

Total Phosphorus: 

C = 1.6 mg/l 

L 3.6 Ibs/day 

Annual 1310 Ibs 

Total Nitrogen: 

C = 2.2 mg/l 

L .1.0 

Annual* 1790 lbs 

Mean total phosphorus concentration is about the same using the normal or log
normal, but LN shows a poor fit to normal. The EN calculated normal mean is 
2.8 mg/l, whereas the log-normal graphical estimate is 2.3 mg/I. The lower 
value is used, but for practical purposes either would suffice. Total point 
source loadings were recapitulated in Table D.4. 

*Computed as 11x150 + 1 x 140 = 1790, not 365 x 5.0 = 1825, this was done to 
simplify the monthly loading, all months at 150 Ibs, except February which 
received 140 lbs (see Table D.3). 
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Table D.3 Stabilization Pond Loading, Sta. 78 

Month I,N 

900January 1970 450 

1000February 550 

March 250 500 

1000 1500 

May 1200 3000 

600 1700June 

July 101) 400 

August 11)0 701) 

201)September 101) 

October 1969 200 400 

November 250 500 

500December 450 

11 ,301)TOTAL 5250 

All analytical data which follows assumes that the stabilization pond efflu
ent at Sta. 78 occurred as though all of the above were for 1969; i.e., we 
assume that the May 1970 load of 1200 Ibs is equally applicahle to May 1%9, 
(See Section D-3.l) 
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Figure D. 11 	 Industrial process water nutrient concentration of l:N and 
TP arrayed on normal probability paper. 
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Figure 0.10 Nitrogen and Phosphorus Load, Sta. 78 
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Table D.4 Point Source Loadings, Sta. 77 Plus Sta. 78 

Month* 
T.N 

January 5fiO 10S0 


February fiSO 
 1140 


March 1fiO fiSO 


April 1110 
 1650 


May Bl0 31S0 


June nO lRSO 


July 210 ')SO 


August ;:>10 R50 


September 210 350 


October 3]0 SSO 


Novemhpr 1AO G50 


Decemher SilO A'i() 


TOTAT. 6560 1 '\, ()91: 


*Assumes Sta. 7R data applicahle for 1969 estimate (See Section n-1.1) 

D-3. 

In this section, the four stonns \,,111('h were n,pn's(,nt'ed hv 1 iso11\'e[;)18 
in Section Jl-l arc analyzed. The an;ll is accomnlish('d in the samp \"OlV 

as previously descrih"d, except that urhan runo load spparalccl for two 
storms. 

The urban load was based upon the separat ion of runoff (see Sect. i Tl-;». 
When the runoff \.;;]s separated at St . 34, a time base at Sta. 10 W;]t; sel('clpd 
so that thEe volume in the peaks at ;1. 30 and 34 werc "hout trl(' sam,'. 
time base was used as the critp~ion fo~ separation 0 the 1 ]leaks; i. 
if for Sta. '14 the peak \vas separated hetwcen ()7()3 and ;JOn on th,· rUil" 

analysis, the same time and interva was uspd for load analysis. 

Furthe.~, the. curves shown in Fig. D.I] through D.:'!) were based upon rc~

gression analysis. A few data points \Vere availabl and \.;cre shown for com
parison with the regression. 

rl 
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Storm! June 25, 1962, 18 hours! FL~. D.l3 and D.14 

PointTotalEN Sources 

75 4
Sta. 34 

311 4930 

31 
 1

Urban 34 
91 1330 


12 
 3
Sta. 34 

41 IS30 

4 
 0.7

Urban 34 

6 
 430 

Storm, June 29,1969,18 hours, Fig. D.lS and D.16 

Total Point 
Sources 

70 4Sta. 34 

49
208 

11 3 

30 

Sta. 34 

14
35 

Storm July S! 1969, 18 hours, Fig. D.17 and D.1S 

30 

2 

Storm, May 28! 1970, 36 hours, Fig. D.19 and D.20 

EN 

Sta. 

TP 

Sta. 

D-3.5 

Total Point Net Rate 
Load Sources lbs 

34 290 8 282 11 

30 1540 120 1420 23 

34 45 5 40 1.6 

30 2S5 46 239 3.9 

Subwatershed Analysis 

Net 
lbs 

71 

262 

30 

7S 

9 

23 

3.3 

2.0 

Net 

72 

1.59 

8 

21 

Rate 
lDs/ac-yr 

5.6 

S.o 

83 

n.7 

O.S 

9.1 

Rate 

5.2 

0.0 

0.7 

The original intent of sampling the subwatersheds was to try to evalu
ate the load on a smaller area basis, and hopefully relate the load to per
tinent factors within the subwatersheds. Several weeks and quite a bit of 
imagination went into the analysis of these data, the net result was a con
siderable quantity of paper filled with computations and tabulations and 
literally dozens of graphs. After considerable massaging of these data the 
only conclusion which could be drawn was that they did not really add any
thing to the data obtained at Sta. 30 and Sta. 34. 

If the subwatersheds had been monitored continuously for streamflow, 
it is very probable that extension of regression equations, coupled with 
grab samples, could have provided useful information. It should not be 
inferred that the data collected from these subwatersheds were useless, 
such an implication would be erroneous and presumptive. Many very useful 
experiments have been conducted with fewer samples than the number taken 
at any of the subwatershed stations. The fact remains, however, that such 
a large quantity of samples coupled with their continuous streamflow records 
completely overwhelm the small quantity of information obtained at the sub
watersheds. 

It is difficult to come forth with a positive recommendation relative 
to such sampling programs. To say that grab sampling should be avoided is 
ridiculous, yet the ideal would be a continuous record of quality and stream
flow. The latter is not even possible, at this time, for some qualitv param
eters. Even if continuous records could be made of a desired parameter, 
considerable thought must be given to determination of how spatiallv repre
sentative the single point of sampling is. Definitely, an eXperimental 
program should not include sampling subsets which are so few in number that 
they became meaningless by comparison to the basic set. 

Total Point 
Load Sources 

Sta. 34 SO 4 

30 220 19 

Urban 34 45 

30 SO 5 

Sta. 34 11 2.7 

30 35 10 

Urban 34 4 0.5 

TP 

30 7 3 

Net 

70 

201 

44 

75 

8.3 

25 

3.5 

4 

Rate 

0.0 

S.o 

160 

0.7 

O.S 

12 

161 
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Figure D.13 LN load, storm, June 25, 1969. 
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Figure D.15 EN load, storm, June 29, 1969. 
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Figure 0.17 EN load, storm, ,July 8, 1970. 
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