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ABSTRACT

Long term BOD data were collected from the Big Eau
" Pleine Reservoir, Wisconsin to: 1) determine the source and
composition of the BOD; 2) determine the role winter BOD
plays in low oxygen le&els and 3) provide deoxygenation co-
efficients and "ultimate BOD" values for the calibratioﬁ of
a limnological model. These studies and related water chem-
istry were measured in the fall of 1974 through the spring
of 1976. |

BOD was initially characterized by its carbonaceous,
nitrogenous and filtrable fractions. Further characteriza-
tion involved differentiating and quantifying the suspended
solids into living biomass and detrital fractians.

The highest reservoir BOD was found in the summer.
This is attributable to algal blooms and subsequent decay.
Within the reservoir, on a yearly basis, filtrable BOD com-
prised 84% of the total BOD; nitrogenous BOD comprised 31%
of the total BOD. Nitrdgenous BOD from inflowing waters
comprised 31% of the total BOD while the filtrable fraction
was approximately 87% of the total BOD. On the average, 904
of the nitrogenous BOD for both inflow and reservoir waters
was filtrable.

Under nondrawdown conditioné, the typical fall and win-
ter BOD is insufficient to cause the extreme low oxygen con-

ditions in the reservoir. Winter reservoir deoxygenation

iii




appears to be induced by decreasing water depths and resul-
tant pesuspension of organics and redﬁced chemical com-
pounds.

Deoxygenation coefficients are generally low (0.05)
suggesting complex organics. Only in the spring inflow wa-
ters does this rate exceed 0.1. This was found to be char-

acteristic of agricultural runoff.
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INTRODUCTION

During the last decade, there has been an increased
use of our water resources for recreation. This has re-
sulted in greater citizen awareness and ihvolvement in main-
taining and improving this resource. Accbrdingly, citizens
have questioned the causeé of nuisance macrophytes, algal
blooms and fish kills that occur.in some waters. One of
these water bodies experiencing such problems is the Big Eau

Pleine Reservoir.

Basin Description

The Big Eau Pleine Watershed (945 kmz), located primar-
ily in Marathon County, Wisconsin, contains one of the high-
est concentrations of dairy farms in the country (Hansen,
1979). Approximately 60% of the land is in a corn, oats and
hay rotation; 15% in pasture; 17% in woodland and 8% in
other land uses (Kaminski 1977 and Shaw 1978). The water-
shed is characterized by gentle rolling hills and by fine
textured soils. Both characteristics account for fairly
high surface runoff during periods of heavy rain and spring
snow melt (Kaminski 1977).

The Big Eau Pleine Reservoir, primarily fed by‘surface
runoff rather than ground water, is located in southern Mar-
athon County in north central Wisconsin (Figure 1). The

Wisconsin Valley Improvement Corporation (WVIC) created the
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reservoir in 1937 by impounding the Big Eau Pleine River
(Martin and Hanson 1966). The 2830 ha. reservoir operates
to augment the flow for the hydro-electric plants downstream
on the Wisconsin River (U.S. Environmental Protection Agency
(EPA) 1974). |
After its impoundment, the reservoir became a popular
recreation site. Unfortunately, thé reservoir has been
plagued with low dissolved oxygen (DO) lending to persistent
winter fish kills. In the last 15 years at least five major
fish kills have occurred (1963, 1971, 1974, 1975 and 1976)
(Kloppenberg 1974 and Shaw 1976). The reservoir's recrea-
tional and economic potential are further diminished by dense

algal blooms which occur during the warmer months.

Previous and Ongoing Studies

The Big Eau Pleine Reservoir has been the focus of sev-
eral research projects within the last several years. In
1972 the reservoir was studied by the National Eutrophication
Survey to determine the factors responsible for its trophic
state (U.S. EPA 1974). Additional baseline data collected by
Student-Originated Studies Program (National Science Founda-
tion) at the University of Wisconsin - Stevens Point (Schmidt
1972 and Nichols 1973) suggest that the reservoir is highly
eutrophic with frequent bluegreen algal blooms.

More recently, the impact of the water level manipula-

tion on the aquatic macroinvertebrates and zooplankton




communities have been investigated by Kaster (1976 and
Buchanan (1976). Buchanan found little effect of drawdown
on the zooplankton populations. However, Kaster found a
generally poor diversity of macroinvertebrates primarily due
to the large regulated shoreline area and its effect on re-
stricting macrophyte development.

These studies led to the present studies at the Univer-
sity of Wisconsin - Stevens Point. The present investiga-
tions are being accomplished by a team of graduate students
who are working to determine the causes and possible manage-
ment alternatives to correct the reservoir and watershed
problems.

Within the reservoir, these studies include a character-
ization of primary production and its limiting factors, sedi-
ment oxygen demand (SOD), biochemical oxygen demand (BOD),
light penetration through snow and ice and snowmelt phenome-
non. The reservoir is also being hydrologically modeled to
produce a water and nutrient budget and limnologically mod-
eled to determine methods of improving water quality. Within
the watershed, methods of land disposal of cheese factory
wastes and its contribution to nutrient and BOD loading are
being investigated.

With increasing concern té eliminate sources of water
pollution, attention has been turned to land use and local
management practices. Agricultural practices, particularly

fertilizer and manure applications and their subsequent




displacemént through soil erosion, may significantly contri-
bute nutrients to the receiving waters.

In cooperation with the area Soil Conservation Service,
Hansen (1979) has developed a cost analysis for conservation
practices required to bring the present land use in fhe wa-
tershed to allowable soil loss values. The watershed is also
being modeled to determine the frequency, quantity and mecha-
nisms of erosion and to localize the source of nutrients.

Hamann Creek (66.7 km2), a sub-basin within the Big Eau
Pleine Watershed (Figure 2), has been completely inventoried
by Kaminski and Elbert (1977) for land use and management.

In addition, flow and water quality are being monitored in
the sub-basin by the Wisconsin Department of Natural Re-
sources.

These land use study recommendations, as well as charac-
terizations of organics originating from the watershed, will
serve as a scheme to decelerate the reservoir eutrophication.
One cause of the eutrophication is the introduction of oxygen
demanding material, measured as BOD. An accurate character-

ization and understanding of sources and extent of BOD is a

necessary step in the development of this scheme.

Purpose of Research

The primary goal of my research is to determine, on a
seasonal basis, the composition of the BOD and its rate of

breakdown. This includes a separation of the total long term
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BOD into its carbonaceous, nitrogenous and filtrable fractions
from the inflow and reservoir. Also, the total BOD's sus-
pended solids fraction is divided into detrital and living
biomass composition. Finally, the seasonal long term BOD is
described by numerical coefficients which may be used in

water quality modeling.

Regulation of the Reservoir

The Big Eau Pleine River has a mean annual flow of 4.81
m3/s at Stratford, Wisconsin (United States Geological Survey
(USGS) 1976). The largest recorded flow is 1,160 mJ/s (USGS
1976). Two smaller tributaries, Freeman and Fenwood Creeks,
contribute approximately 16% of the flow to the Big Eau

Pleine Reservoir (U.S. EPA 1974).

Table 1. Physical and Limnological Data of the Big Eau Pleine
Reservoir (U.S. EPA 1974). '

2

Surface Area* 27 .6 km Shoreline* 106.2 km
Mean Depth#* 4.8 m Mean Detention
Time 0.4 yr
Maximum Depth* 14.0 m '
: Total Alkalinity
*
Length 24.8 km (mg/1 CaCOB) 35 - 60

Breadth#* L.5 km

* At maximum volume.

During the winter and summer months the reservoir is nor-

mally drawn downy during the spring and fall it is refilled to




Figure 3. Morphometric Description of the Big Eau Pleine
Reservoir. L
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the extent that water is available. Physical and limnolog-
ical data on the reservoir are summarized in Table 1 and
Figure 3. Water level fluctuations of up to 9 meters are
common during a normal year of regulation (Figure 11). This
fluctuating stage has an immense impact on the reservoir
surface area considering the reservoir's maximum depth is
about 14 meters and the mean depth only about 5 meters. Af-
ter spring runoff in April, the reservoir reaches its maxi-
mum volume of 134 million cubic meters (MCM). At maximum
drawdown the reservoir volume is 1.7 MCM (Vennie 1978).

This is a reduction of approximately 98%.

General BOD Characterization - Introduction

The BOD test is an empirical test in that it does not
measure the presence of a tangible entity, but rather the
consumption of oxygen with respect to time (Clark 1974).
Generally, the BOD of a water system is defined as ﬁnit oxXy-
gen demanded per unit time period (normally expressed in
mg/1/5 days at 20° C). The test is an attempt to simulate
the natural decomposition of organic matter through aerobic
microbiol action.

Whereas the significance of the BOD in rivers and sew-
age treatment processes has been studied for 80 years, its
significance in lakes and impoundments is a relatively re-
cent concern. BOD measurements on a river or sewage treat-

ment process are generally confined to a 5 day test period.
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Because lakes generally have more resistant organics and
longer retention times than rivers, this 5 day test period

is too short to estimate the ultimate BOD. The importance of
long term BOD studies (20 days or longer) must be emphasized
when long retention times predominate. The organics found
within a lake differ in composition and degradation in com-
parison to rivers and sewage related systems in that thefe is
a decreaséd ratio of'particulate to dissolved organic matter

and the greater autotrophic activity in lakes (Wetzel 1975).

Mathematical Description of BOD

Primarily out of convenience, BOD kinetics have been
considered as a single first order decreasing rate reaction
(Gaudy 1972). The BOD process is a first order reaction in
the sense that the rate of biochemical oxidation is propor-
tional to the concentration of remaining organic matter. In
mathematical terms:

dL/dt = —kl/L Equation 1

where L is the oxidizable organic matter remaining after t
days and k1 is the constant of proportionality, or the rate
constant (Tsivoglou 1975).

The units of L are mg/l and k; has similar units of re-
ciprical time, usually days. The solution to the above dif-
ferential equation is:

L =1, e Kt Equation 2
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where La is the initial amount of oxidizable organic matter
in mg/1, La is thus the amount of BOD that will be exerted
after a very long time, the "ultimate" first stage BOD
(Tsivoglou 1975). BOD is the cummulative amount of L that

has been exerted in any period of time, such that:

-k t)

La(l—e 1 Equation 3

where y is the BOD in mg/1.

While equation 3 generally describes many river systems
with point source input, it poorly describes many systems
over long time periods (20 - 100 days). With respect to
time, the organics break down at different rates based upon
their complexity. Initially there is a rapid breakdown of
the organic material. However, the reaction slows down con-
siderably because the remaining organic matter is more re-
sistant to decomposition. Tsivoglou (1958) recognized this
when he theorized that different components in the waste ef-
fluent are oxidized at different rates. He proposed two si-
multaneous operating first order equations.

The above approach was carried a step further in a

study modeling the Fox River and Green Bay system (Paterson

1975). He suggested that the typical BOD curve consists of
3 separate sub-curves, each having a unique reaction rate.

Initially, the first curve should have the highest reaction
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rate while the subsequent curves should have progressively
lower reaction rates. Thus, as the overall reaction neared
completion, the rate of the reaction should approach zero.
Using this approach, each curve is defined by an equation,
therefore, the total curve is determined by solving the three
equations simultaneously. This procedures was used in the
characterization of the BOD curves for this study.
Mathematically, this procedure may be represented by

the following differential equations:

-dLl/dt = k,L -sz/dt = kL, and —dLB/dt = k.L

373
Equation 4

R 2

which when integrated and added together yield:

_ -k, t
Yt = L1(1 - e 1

) + Lo(1 - e ¥2%) 4 1 (1 - K3
2 3
| Equation 5
The variables are the same as previously described; the num-

bers 1, 2 and 3 refer to the three different reactions.




MATERIALS AND METHODS

Sampling Periodicity, Location and Techniques

Long term BOD and related chemical and biological stud-
ies on the Big Eau Pleine Reservoir and Watershed were initi-
ated in the fall of 1974 and were terminated in the spring of
1976. Generally samples were collected and analyzed on a
monthly basis with additional samples being collected during
periods of rapid change. Locations of the sampling sites are
shown in Figure 4. The majority of these samples were taken
from the reservoir at sites 12, 16 and 23, the inflow at‘site
6 and the outflow at site 26. Where appropriate, top, middle
and bottom samples were collected.

Chemical, physical and biological tests were fun on wa-
ter samples collected in 19 liter containers from each sample
site. Samples for chlorophyli a and plankton enumeration
were collected in separate one liter containers. Sampling
procedures used followed those recommended in Standard

Methods, 13th Edition (APHA 1971) and Hem (1970).

Chemical and Physical Analysis

Temperature data were collected in the field. Dissolved

oxygen samples were fixed in the field and titrated following

the azide modification of the Winkler method. The following

tests were run on each sample within 24 hours: reactive

13
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phosphorus (react P), total phosphorus (total P), pH, spe-
cific conductance (cond), chemical oxygen demand (COD), non-
filtrable residue (suspended solids or SS), and Kjeldahl ni-

trogen (Kjld N). All analysis were performed as suggested in

Standard Methods, 13th Edition (APHA 1971). In addition, am-
monium—nitrogen (NHH) and nitrate plus nitrite nitrogen (N+N)
were determined using a steam distillation method developed
by Bremner and Keeney (1965).

At the end of the BOD incubation period (50 to 100
days), the following tests were run on the samples: pH, spe-
cific conductance, react P, NHM’ N+N, Kjeldahl N and COD.
This post chemistry was performed on the total and the total
filtrable BOD samples.

In this report, organic phosphorus (Org P) is defined as
the difference between the total P and the reactive P. Simi-
larly, organic nitrogen (Org N) is defined as the difference
between Kjeldahl N and the NHj-N. Total nitrogen (Tot N) is
the sum of the Kjeldahl N and the nitrate plus nitrite ni-

trogen.

Biological Procedures

Long Term BOD Test

Long term BOD samples were set up without dilution or
the addition of buffering and nutrient reagents in 2.5 liter
bottles. The samples were capped with a modified rubber stop-

per which allowed all air bubbles to be removed (Figure 5).
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1/4" 1.D. Plastic Tubing *

Durham Tube **
(inserted to bottom of stopper)

No. 4 Rubber Stopper

Figure 5. Modified Rubber Stopper Used to Seal the 2.5 liter BOD bottle

* After the stopper is inserted into the BOD bottle, the plastic tubing is
bent over and held with a rubber band. This seals the bottle.

** Ordinary % inch glass tubing may be substituted for this. When using
the Durham tube, a hole is made at the top of the tube.
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Generally, a sample was analyzed to determine the follow-
ing BOD components: 1) unaltered, giving the total BOD; 2)
filtrable BOD, using a #300 soil sieve (300 openings/inch
U.S. Standard) which is designed to retain materials in ex-
cess of 50 microns; 3) total carbonaceous BOD, inhibited with
methylene blue; and 4) filtrable carbonaceous BOD. To obtain
total and filtrable carbonaceous BOD, 3 mg/l of methylene
blue powder were used as a nitrification inhibitor (Abbott
1948). When necessary, as when the inhibitor was absorbed to
the organics, more inhibitor was added. Samples obtained be-
tween May and October were incubated at 20° C, those col-
lected from November through April were incubated at both 1°
and 20° C.

Daily dissolved oxygen measurements were taken during
the first 5 to 10 days, and at 2 to 4 day intervals thereaf-
ter. Most BCD samples were incubated for 50 days with some
up to 100 days. A best fit smooth curve was constrﬁcted from
the raw data points to obtain the 5, 20 and 50 day BOD values.

To further depict each BOD, a mathematical equation was
developed to describe the raw data points. The long term BOD
at any time was expressed by three simultaneously operating

first order equations (Equation 5).

Biomass and Detritus Estimation

Where biomass, detritus, fixed and volatile solids are

related to BOD.in this report, the year was divided into four
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seasons. They are: winter (December through March), Summer
(June through September), Spring (April, May) and Fall (Oc-
tober, November). The biomass and detritus estimates within
a BOD sample were made by a direct method or, if necessary,

by one of two indirect methods.

Direct Method of Estimating Plankton Biomass

Estimates of the phytoplankton biomass within the reser-
voir were made at sites 12, 13, 14, 16 and 23 using chloro-
phyll a, plankton enumeration and cell volume. Biomass is
defined as the weight of living plankton in a unit volume at
a given time. The trichromatic method was used to determine
the chlorophyll a (APHA 1971). These results were obtained
from the Environmental Task Force (ETF) at the University of
Wisconsin - Stevens Point for this study.

Plankton enumeration and cell volume data were obtained
from a study performed by Sullivan (1978). A Palmer counting
cell (Palmer and Malohey 1954) was used for phytoplankton
enumeration (at 400 X). For cell volume, all counts were
transformed into volumetric units by determining the average
cell colony or filament size of the particular taxa (Vollen-
weider 1974).

A conversion of cell volume (mmB/l) was made to ash free
dry weight (AFDW) by multiplying the cell volume by 0.24
(Wright 1974). The ash free dry weight of plankton biomass
is preferred to dry weight when comparing mixed assemblages

of plankton (AFHA 1976).
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In addition, the biomass was increased 10% to include
the zooplankton community. The ten percent increase in bio-
mass (to include the zooplankton) is an average estimate and
varies both temporally and spatially. For example, it is
probably high during the summer months because of the domi-
nant alga, Aphanizomenon flos-aquae (blue-green alga produc-
ing toxic substances and therefore not heavily grazed).

Odum (1971) states that each level in the food chain de-
creases the available energy by about one order of magnitude
(power of ten). Buchanan (1976) reported a zooplankton spe-
cies composition of the reservoir as being "typiéal for lakes
of the Great Lakes Region". Because numerous plankton were
observed in the BOD bottles during test preparation, a factor
of 0.1 times the phytoplankton biomass was added to the phy-
toplankton to give "total" plankton biomass, herein desig-

nated as biomass.

Detritus Determination

Detritus is defined as the fraction of the fixed sus-
pended solids remaining after the biomass fraction has been
subtracted. Hence, by knowing two variables, the third can
be obtained. The fixed suspended solids rather than the vol-
atile suspended solids were used because the plankton biomass
was expressed in AFDW. Ganerally, fixed or volatile suspended
solids were not measured; however, total suspended solids

were generally measured.
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Approximately 200 observations of total and volatile
suspended solids data were obtained from the ETF. The fixed
suspended solids were obtained by taking the difference be-
tween the total and volatile suspended solids. This data was
separated into site location (eg: river sites, surface and
bottom depth reservoir sites) and seasons.

Regression equations using ETF data were derived to és—
timate the fixed suspended solids from the total suspended
solids (Table 2). Fixed suspended solids were obtained from
the total suspended solids using these equations.

Since both fixed suspended solids and biomass are in ash
free dry weight, the detritai fraction can be obtained (fixed
suspended solids - biomass (AFDW) = detritus (AFDW)); This
constitutes the direct method of delineating the detrital

fraction of the suspended solids in the BOD sample.

Biomass and Suspended Solids Determinations: Two
Indirect Methods

Two appra ches using regression techniques were used to
develop synthesized values for either biomass or suspended
solids when data were missing. In none of the cases were
both values synthesized for the sample.

The first approach was based on developing regression
equations for biomass and suspended solids using Kjeldahl N,
Oorg N, total P, Org P, COD and the 5 and 20 day BOD. Either
all of these variables or a combination of the "most effi-

cient predictors" were used. Generally, the multiple
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Table 2. Seasonal Equations and Relationships of Total and
Fixed Suspended Solids in the Big Eau Pleine Reservoir and River

Site Season N Y=fixed SS; X=total SS Correlation
...Equationt....... Coefficient™™
3% 3¢
River Winter 26 Y = -2.85 + .865X% .983
River Summer 37 Y = -0.94 + .797X 957"
River Fall 33 Y = -0.19 + .653X .899™ %
River Spring 29 Y = -0.98 + .6LLX 879"
| * ¥
Reservoir T Winter 31 Y = -3.08 + .806X .991
T Sunmer 3 Y = -2.26 + .634X .999" "
T Fall 7 Y = 3.01 + .374X .898™%
33
T Spring 12 Y = -5.62 + 994X 947
Reservoir M Winter 12 Y = -2.38 + .868X 995"
M Summer 3 Y = 2.78 + .195X L67
M Fall 7 Y= 2.56 + .323X oo™
M Spring 15 Y = -3.88 + .813X 918" "
Reservoir B Winter 27 Y = -1.98 + ,756X . .991**
B Summer 3 Y = 2.78 + .195X 467
B Fall 9 Y= 2.5 + .323X 918"
B Spring 17 Y = -4.86 + .915X 969" "
33
Tributaries Yearly 20 Y = 0.14 + .449X .751

+ Regression equations predicting the fixed suspended solids
from the total suspended solids.
" ++ correlation coefficient of fixed suspended solids to total

suspended solids.

* significant at 0.05 level.
*%* gignificant at 0.01 level.
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correlation coefficient for this method was not as high as
that derived from the second method; consequently, its use
was restricted to three occurences (Table 3).

The second method was developed for those samples col-
lected from June 1975 through April 1976. These samples were
concentrated ten fold by a sedimentation procedure using a
500 ml graduated cylinder (APHA 1971). An estimate of the
biomass present was available from work performed by Sullivan
(1978) for about 50% of the samples. Phytoplankton biomass
and if necessary, suspended solids for the remaining half
were estimated through regression equations employing mea-
surements made with a fluorometer and spectrometer. This
procedure is possible since chlorophyll a as biomass, will
fluoresce under ultraviolet light, and suspended solids will
interfere with visible light.

A Baush and Lomb Spectronic 88, set at a wavelength of
750 nm and using a one cm cell, was used to measure turbidity.
Fluorescence was measured using a Turner Model 111 Fluorometer
at a 30 X sliding window orifice (APHA 1976).

Fluorometric and turbidimetric measurements of each sam-
ple were made. A 30 ml sample at room temperature (21 - 230
C) was agitated to produce two - 5 ml aliquots of which one
was immediately placed in the spectrometer and the other in
the fluorometer. Readings were taken at 0, 30, 60 and 120
seconds from each instrument. The two sets of four readings

were used as the independent variables in estimating either
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Table 3. Equations Used in Estimating Biomass or Suspended
Solids for Various Seasons Based Upon Chemical and Biochemical
Measurements.

Overall (yearly) Biomass (mg/1)/10 = 1.83 - 44,80T - .720F -
62.830T + 5.3230F - 309.460T + .L960F + 415.2120T - .93
120F B

Fall/Spring Biomass (mg/1)/10 = -10.0 + 3.74BOD5 - 1.27BOD20 +
.53C0D + 16.6TP - 4.060rgP - 7.79KN + 3.900rgN

Fall/Spring Biomass (mg/l) = .73 + .154Chl a

Summer Biomass (mg/1)/10
- 5.99120F

Winter Biomass (mg/1)/10
+ 2.01120F

16.1 - 1.570F - 2.8330F + 10.660F

.372 + .1210F + 2.1330F - 4,2460F

Overall (yearly) Susp Solid (mg/1)/10 = .853 - 22.90T - .9230F
+ 11.430T + 4.2230F - 1838.60T + .12960F + 756.8120T -
3.29120F

Summer Susp Solid (mg/1)/10 = 9.46 - 6.300T.- .8090F - 829.7
30T + 9.1630F + 195.960T - 4.2660F + 675.0120T - 3.99120F

Summer Susp Solid (mg/l) = -69.5 - .980C0D + 63.2TP + 78.60rgP
+ 173.4KN - 129.30rgN | |

Winter Susp Solid (mg/l) = 30.8 + 1.49B0OD5 - 2.54B0OD20 - 1.58
COoD - 62.022 + 343.00rgP‘+ 105653 + 23.30rgN

Fall/Spring Susp Solid (mg/1)/10 = 5.48 + 71.10T - 316.330T +
481.760T - 213.2120T

o0, 30, 60, 120T: refers to reading of spectrometer at 750 nm
when sample was read at 0 - 120 seconds.

0, 30, 60, 120F: refers to reading of fluorometer when sample
was read at 0 - 120 seconds.

BOD5, BOD20: 5 and 20 day BOD. ,

COD: chemical oxygen demand; TP: total phosvhorus; OrgP: or-
ganic phosphorus; KN: Kjeldahl nitrogen; OrgN: organic
nitrogen; Chl a: chlorophyll a.

All BOD and ghemical measurements in mg/1, except chlorophyll
a (mg/m”)

Overall: includes all the months of the year.

Winter: includes December through March.

Summer: includes June through September.

Fall/Spring: includes April, May, October, November.
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suspended solids or phytoplankton biomass.

The estimated biomass values (mg/l) were converted to
ash free dry weight and an additional 10% of this value was
added to produce total plankton biomass (AFDW). Also, as
previously discussed, fhe total suspended solids (mg/l) was
converted to fixed suspended solids. Accordingly, by know-
ing the biomass and the fixed suspended solids fraction, én
estimate Qf the detrital.fraction (AFDW) was possible.

Table 3 shows the eduations used to determine suspended
solids or algal biomass. The correiation coefficients for
these equations averaged .9 or better. Approximately L5% of
the biomass and approximately 10% of the suspended solids

were estimated by the two indirect methods.

Statistical Methods

All of the statistical procedures used in the research
were available as statistical packages or single pfograms on
a Burroughs 6700 digital computer. One-Way analysis of vari-
ance, regression analysis, average and standard deviation
routines were available through the use of "Minitab" package
(Ryan 1976). The stepwise multiple regression program (1130
Scientific Statistics Package 1968) was used to determine pre-
dictive equations for long term BOD. In segmenting the reser-
voir, the analysis of variance program (Spiker 1960) was used.

The design of the analysis of variance was split plot

(within subject design having one within-subject dimensions
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and zero to three between subject dimensions). The within
subject was assumed to be each site. ‘No between dimensions

were used.

Segmentation of the Reservoir by Season and Site

Based upon hundreds of statistical tests comparing indi-
vidual sites to each other, the Big Eau Pleine Reservoir was
divided into segments within which similar water quality
exists. An assumption was made that the water quaiity does
vary on a seasonal basis.

As a result of this assumption, four seasons pefvyear
were delineated, consisting of the following months: Summer
(June through September), Fall (October, November), Winter -
(December through March) and Soring (April, May). The choice
of season length was based upon time of ice cover, thermal
stratification and overturn, primary production and hydro-
logic conditions.

Additional data (XKjld N, COD, total P, BOD5) for the
years 1974 through 1976 were obtained from the ETF to augment
the long term BOD data for this study. A1l three years of
data for any specific season were grduped together as‘one
unit for that season.

Analysis of variance (or the matched T-test) was used to
separate dissimilar sites. The assumption was made that
matched data existed among the sites due to similar sampling

techniques and treatments.
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Statistically, the test states that at a given confi-
dence level (in this case 95%), the compared data (eg: the
B0D5 at site 16 and site 23) are either different or not dif-
ferent. Therefore, if the data were not statistically dif-
ferent, they were judged'to be similar sites. Daté for two
or more sites for a specific water quality parameter (Kjld N,
BOD, etc) for a particular season were tested. For example,
the observations of BODSO_for site 23 surface during the sum-
mer were tested to determine if they were different than the
BOD50 from the bottom waters of site 23 during the summer
period. The sites were étated to have different water quali-
ty if the majority of the parameters (BOD, total P, etc) had
F values indicating this difference. Thisvprocedure was re-
peated using combinations of various sites and qualities for

each season.

Estimation of Season and Segment BOD
and Modeling Coefficients

An iterative approach computer program written by Pat-
terson (1975) was used to determime the three decay rates (k)
and the three BODs (L) from equation 5, for each long term
BOD sample. Average 5, 20 and 50 day BOD values for each
reservoir segment, type of BOD (total, filtrable, etc) and
season were determined by grouping the BODs into the above
mentioned categories. Computer techniques were used to de-

termine average coefficients for each type of BOD and season.
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These coefficients were determined seasonally for each reser-
voir segment. This produced an average BOD curve from in-
dividual BOD curves. From these averaged curves, average (k)

and (L) values were developed.

_Ancillary Studies of the Long Term BOD Test

Effectivenees of Methylene Blue as a Nitrification.Inhibitor

An estimate of the long term carbonaceous BOD was ob-
tained by inhibiting the sample with 3 mg of methylene blue
powder per liter of sample. The nitrogenous BOD (NBOD) was
defined as the difference between the total and carbonaceous
BOD.

Because the total BOD samples were analyzed for N02+
NOB—N and Kjeldahl nitrogen before ineubatioh and after the
BOD tests were terminated, ah estimate of the theoretical
NBOD for that time period can be made. The theoretical NBOb
for that period of incubation may be calculated by at least
two procedures: 1) the difference in the N02+N03—N (mg/1) be-
fore and after incubation times the factor 4.5 to 4.6 (De-
Marco et al 1967); and 2) the difference in the Kjeldahl ni-
trogen (mg/l) before and after incubation times the same
factor. Ideally, the increase in N02+N03—N should equal the
decrease in Kjeldahl nitrogen.

An adjustment in the theoretical NBOD was made for BOD
samples incubated for periods greater than 50 days. Those

samples having had nitrification processes occur for the
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longer incubation period required a reduction in their theo-
retical NBOD. Therefore, it was assumed that over the incu-
bation period, nitrification occured at approximately a cbn—
stant rate. Accordingly, a sample iﬁcubated for 70 days had
its theoretical NBOD reduced to about 70-75% of the origi-
nal theoretical NBOD (50-55 days/70 days = 0.70 - 0.75 x
100 = 70-75%)

Determination of Theta: Relatlng the Decay’ Rate of BOD
at Different Temperatures’

A total of 80 samples having both a total BOD incubated
at 4° C and a carbonaceoﬁs BOD incubated at 20° C were used
to determine the theta value. The samples were separated in-
to four categbries based upon‘location and water type; They
are: 1) in-reservoir (n=35); 2) river sections of the reser-
voir (n=20); 3) various tributaries within the watershed (n=
19); and 4) point source, such as WaSte wafef and manured
field runoff (n=6).

Because minimal nitrification occurs at 4° C, the car-
bonaceous BOD50 was used in the following comparison rather
than the total BODSO' Moore (1941) observed that at tempera-
tures lower than 7.50 C, the course of nitrificatioh became
irrégular. Briggs (1966), in his long term low temperature
studies of BOD, found no nitrification occuring for the 100
day test period. Furthermore, the first order kinetics for

nitrification would be very slow at 4° C and therefore as-

sumed. to be insignificant. -




29

The 20° C decay rates (kl’ k2 and k3 from equation 5)
were multiplied by a conversion factor such that they would
be similar to the observed 4° C 5, 20 and 50 day BOD. A com-
puter program using an iterative routine determined the con-
version factor. The assumption was made that the ultimate
BODs (Ll' L2 and L3) were not affected by temperature (Gotaas
1948). The conversion factor is based upon the equation
is 4° C, T

k /k, = 0(T17T2) wnere T is 20° C, k, is either

1 2
k, or k, or k3 (from équation 5), and theta is iteratively

changed to give the least variation between the theoretical
and observed 50 day BOD at 4° C. A matched T-test was used

to determine the minimum difference between the observed and

theoretical BOD.

Determination of Correction Factor for BOD Caused by Rubber
Stoppers ‘

The modified number 4 and number 5 rubber stoppers used
to seal the 2.5 liter BOD bottles were determined to act as a
substrate and consequentiy contributed measurable BOD (Wiscon-
sin Department of Natural Resources 1977). Although BOD stud-
ies were completed, I found it necessary to correct for the
BOD exerted from‘the rubber substrate. Any large correction
would significantly alter the BOD values and the conclusions
that could be made from them.

A direct method of measuring BOD due to the rubber stop-
pers was made to determine the extent of this oxygen demand.

In this method, duplicate sets of number 4 stoppers were
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inserted into the 2.5 liter bottles. The first set contained
4 stoppers and the second set contained 8 stoppers. In addi-
tion, bacterial seed and buffered dilution water completed
the set-up. After correcting for the added seed, the drop

in DO was plotted against time for 30 days. This gives a
rate of oxygen consumption per rubber stopper per day. The
slope of the line divided by the number of stoppers inserted
in each bottle was multiplied by 2.5 (the number of liters in

the sample bottle).



RESULTS AND DISCUSSION

Total BOD Relationships

A discussion of the sources of BOD both seasonally and
spatially in the Big Eau Pleine Reservoir requires both a
qualitative and quantitative approach. Thus, the total BOD
for any season and location in the reservoir is characterized
by its rate of oxygen consumption, relationship to nutrients
and particulate fractions. |

Few'studies have been made on the effects of algal bio-
mass as a sink in the oxygen budget. The BOD produced by al-
gal biomass may be considerable. According to Stumm and Mor-
gan (1970), algal protoplasm is produced by this stoichemistry

in the photosynthetic zone.

106 CO, + 16 NO3 + HPO) ™+ 122 Hy0 + 18 H' + (trace elements)
P R P = photosynthetic production
C H,.-N, P + 138 0 R = heterotrophic respiration
1067263716 2 (rate of organic matter
(algal protoplasm) destruction)
Equation 6

If phosphorus is the limiting factor according to equa-
tion 6, 1 mg of phosphorus is able to synthesize approximately
100 mg of algal biomass in a single cycle. After settling to
deeper layers, the biomass exerts a BOD of approximately 140
mg for its mineralization (Stumm and Morgan 1970). Thus 1 mg

of biomass (or 1 mm3 of cell volume) mineralization requires

31
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1.4 mg of dissolved oxygen. Furthermore, 0.24 mg of biomass
(AFDW) requires 1.4 mg of DO (where 1 mm° of algal cell vol-
ume = 0.24 mg biomass (AFDW)), and 1 mg of algal biomass

(AFDW) requires approximately 6.5 mg of DO to totally oxidize

it.

Summer Background BOD and Rates of Decay for Biomass and
Chlorophyll a

Regression equations were developed relating available
surface biomass and chlorophyll a with the 5, 20 and 50 day
BOD for the summer period of 1975 (Table 4 and Figure 6).

The intercept of these equations is defined as background BOD;
the amount of BOD not directly attributable to biomass. This
background BOD includes the detrital and soluble BOD frac-
tions. The equation relating biomass and 5 day BOD suggests
a summer background BOD5 (including detrital and sqluble BOD)
of about 1.55 mg/l while the 20 day background BOD is approx-
imately 4.9 mg/l. The mean BODg, BOD,, and biomass for the
data used to develop these equations are: 3.0 mg/l, 8,0 mg/l
and 6.73 mg/l respectively. By subtracting the background
BOD from these mean BODs, it is evident that approximately
half of the summer surface BOD is attributable to biomass
(phytoplankton and zooplankton). In addition, the slope of
the regression equation suggests that 1 mg of biomass (AFDW )
consumes 0.21 mg of oxygen in five days and 0.46 mg of oxygen
in twenty days compared to the 6.5 mg of oxygen if it all

were decomposed.
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Figure 6. Relationship of Summer Surface BOD,, to
Chlorophyll a and Biomass in the Big Eau Pleiﬁg Reservoir.




Background BOD for the 5, 20 and 50 day total BOD re-
gressed with chlorophyll a, yield very similar background
BODs as did the biomass (Table 4). While this suggests an
excellent correlation between chlorophyll a and biomass, it
also suggests a verification of the derived background BOD.
The average BOD5, BOD20 and chlorophyll a concentrations used
in developing the regression equations (Table 4 and Figure 6)
are: 4.5 mg/1, 11.7 mg/l and 39.7 mg/in3 respéctively. The
étrong relationship between chlorophyll a and BQD was ob-

served during the summers of 1975 and 1976 (Figure 7).

Table 4. BOD in the Big Eau Pleine Reservoir Related to
Summer Surface Water Biomass and Chlorophyll a.

Equation
1.55 + .209 Biomass (AFDW) (mg/1) .876%%

I

1}

BOD (mg/1)
BOD

20 = 4,90 + .457 Biomass _  BLEHE*
BOD50 = 9,10 + .587 Biomass .77 5%
BOD, = 1.52 + .050 Chlorophyll a (mg/mJ) .928%*
BOD,, = 4.74 + ,118 Chlorophyll a L925%
BOD50 = 8.37 + .150 Chlorophyll a . Q60 *#

*# Significant at 0.05 level.
*#%* Significant at 0.01 level.
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Figure 7. Big Eau Pleine-Reservoir;Surface‘BOD5 as Vieged
through Periods’of Primary Preduction for 1975- and 1976.
Reservoir Inflow and In-Beservoir Qzu- '
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Applying similar regression techniques to the summer bot-
tom samples, one obtains a 5 day background BOD of 2.2 mg/1,
a 20 day background BOD of 6.3 mg/l and a 50 day background
BOD of 9.4 mg/1. For the 5 and 20 day BODs, the average oxy-
gen consumption per unit of biomass was‘about 35% that of the
surface consumption. The bottom dépth BOD50 oxXygen consump-
tion.was about 65% - 70% (r = .850) that of the surface oxy-
gen consumption. -

Algal biomassvdecompositipn,appears responsible for about
50% of the summer surface BOD. The initial rate of breakdown
is quite rapid. However, as this organic material settles to
deeper waters, the rate of breakdown decreases. This is pri-
marily a function of the resistant organic matter and not of

temperature.

Relationships Between BOD Decay Rates and Biomass

The ratio of BOD5O to BOD5 or BOD20 to BOD5 implies a
rate of organic matter decay. The lower the ratio, the faster
the oxygen is depleted with respect to time, and the less re-
sistant the organic matter to initial decomposition.

An inverse reiationship (r = -.458) exists between the
summer surface chlorophyll a and the ratios of BOD20 to BOD5O'
This implies that a lower rate of BOD decay occurs when the
BOD composition has smaller amounts of chlorophyll a (biomass)
present. As shown in Table 5, this same negative relationship

was found when comparing summer and winter biomass to their
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respective BOD ratios. These values indicate that either
biomass breaks down faster than other detrital fractions, or
part of this biomass has a rather quick rate of decay within

the first five days.

Table 5. Correlation Coefficients of Biomass Correlated to
the Ratios of the 5, 20 and 50 Day Total BOD from the Big Eau
Pleine Reservoir.

Summer Summer Winter
Surface Bottom Surface
N =29 N =8 "N =6
Biomass: (BOD/BOD,)* -.650" - . 489 ~.116
. ++
Biomass: (BOD5O/BOD20)* -.842 -.489 -.346
R. t 4. l1> L]
atio of BOD50 o) BOD5 7 5 5.7
Ratio of BOD to BOD 1.7 1.8 1.8

50 20

* Biomass and BOD expressed in mg/l when correlated.
+ Significant at 0.05 level.
++ Significant at 0.01 level.

Evidence thét suggests algal decomposition is composed of
various stages has been reviewed by Qtsuki and Hanya (1972)
and Jewell and McCarthy (1968). Both postulate that algae and
algal-derived organic matter consists of three fractions. The
first fraction consists of degraded storage products that dis-

appear within a few hours after the organisms are placed in

the dark. In the long term considerations, the oxygen demand
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of this fraction is probably insignificant. However, its de-
composition may be a significant factor when dealing with di-
urnal oxygen variations in natural waters. The second frac-
tion is the biodegradable material which represents about
30% - 70% of the mass of the algae and algal-derived organic
matter. This second fraction degrades at a fairly constant,, |
but intermediate, first order decay rate (0.01 - 0.06/day), so
it will be consumed within a year at normal temperatures. The
third fraction is comprised of slowly decomposing organic re-
fractory compounds.

Figure 8 depicts a typical series of curves separating
BOD into total, filtrable and carbonaceous fractions. The wa-
ter sample, taken during an early August algal bloom (Aphana-

zomenon flos agua being dominant), had over 80% of the organic

nitrogen removed by filtering with a 50 micron filter. A sum-
mary of the chemistry and BOD coefficients for these total,
filtrable and carbonaceous BODs is presented in Table 6.

The reduction.in the organic matter (algal biomass) due
to filtration is evident from the total to filtrable BOD
curves (Figure 8). Generally these curves have an initially
high decay rate, followed by a progressively smaller rate of
decay. The decreasing oxygen consumption is, in part, due to
the remaining more resistant organic matter. |

Golueke and Oswald (1965), Golueke et al (1957), Kleere-
koper (1953) and Skopintzen and Brook (1940) have presented

evidence indicating a presence of non-biodegradable algal
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Summer Surface BOD Curves During an Algal
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Table 6. Chemical and Curve Coefficient -Data from Site 16
Surface Waters from Sample Collected on August 6, 1975.

Parameter* Total BOD CBOD FBOD F-CBOD
BOD5 8.0 6.3 1.7 0.6
BOD20 19.4 13.1 5.8 1.8
BOD5O 29.5 18.0 11.4 3.6
COD 49.2 49,2 34.6 34.6
P04 - P 0.034 0.034 0.034 0.034
Total P 0.175 0.175 0.096 0.096
NH4 - N 0.04 0.04 0.04 0.04
NOZ_NOB_N 0.04 0.04 0.04 0.04
Kjeldahl N 5.04 5.04 0.95 0.95
Chlorophyll a 145.59 145.59 - -
Kl 0.0788 0.1459 0.0398 0.0429
K2 0.0442 0.2796 0.0393 0.0416
K3 0.0062 0.0381 0.0055 0.0055
L1 10.64 5.03 3.83 1.20
L2 11.75 1.41 413 1.37
L3 36.68 13.73 14.92 - L4.60

Total BOD: total unaltered BOD and its chemistry.

CBOD: total carbonaceous BOD and its chemistry.

FBOD: filtrable BOD and its chemistry.

F-CBOD: carbonaceous BOD that is filtreble.
* All chemical par%meters are in mg/1l except chlorophyll a

which is in mg m

+ The 3 K and I values would be uséd in the equation below to
construct the curve as it was observed 1n the BOD analysis.

BOD = Ll(l -

t(time-days)

-K
1 ) + L2(1 - e

2%) + 1501 - e K5t

)
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portions varying between 33% and 76% of the initially present
organic matter. Jewell and McCarthy (1968) found that the
average refractory fraction for over 75 different algal cul-
tures was 40%. Studies by Gunnison and Alexander (1975) sug-
gest that many blue-green algae are not very susceptible to
microbiol decomposition, but tend to be consumed, lysed or
parasitized by a wide range of organisms.

Other studies by Foree and McCarthy (1971) and Otsuki
and Hanya (1972) suggest that microbiol decomposition of dead
algal cells is accompanied by the production of refractory
dissolved organic matter (DOM). This consists mainly of a
yellow unknown acidic material and of a proteinaceous sub-
stance. The composition of this natural DOM is highly varia-
ble and little understood. However, its sources are general-
ly grouped into 1) excretion from phytoplankton, 2) decompo-
sition of phytoplankton, 3) excretion of ahimals and 4) al-
lothchonous materials. Akiyama (1973) has a father'thorough
review of DOM. In summary, he stated that the composition of
DOM is 15% pigment materials, 30% lipid and organic acid ma-
terials, 26% proteinaceous materials and 8% carbohydrate ma-
terials. The molecular weight of the DOM ranges from 700 to
more than 50,000.

Both the second and third biomass decomposition fractions
(moderately degradable and highly resistant) results in a
slowly decreasing BOD with respect to time. On a long term

basis, the effect of the DOM on the oxygen budget may be
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pronounced, especially in lakes and reservoirs with long re-
tention times. Undef anaerobic conditions, DOM may be re-
leased from the sediment into the overlying waters and then
produce a larger and more widespread volume of anaerobic wa-
ter.

BOD50 Relationships to Various Water Quality Parameters

Strong relationships exist between the long fefm BOD and
various water quality parameters (Table 7). Those parameters
strongly correlating with BOD may be used to characterize the
BOD origin and composition. Hence, a good positive relation-
ship between phoéphorus and BOD in the spring may suggest a
BOD caused by organic matter originating from eroded land
surfaces. Overall, Kjeldahl nitrogen correlated best with
the 50 day BOD (r = .836) for the entire study period. Other
closely related parameters which correlated well with BOD
were: NHM’ COD and total P (Table 7).

Seasonaliy, the order and significance of the various
water quality parameters to BOD change considerably. The
fall season has the poorest water quality relationship to BOD.
This may be caused by fall precipitation and inflowing waters,
succession of plankton communities or resuspension of organ-
ics and nutrients due to decreasing reservoir stage.

An estimate of the long term BOD (eg: BODSO) may be made
by using more easily measured water quality parameters to

predict the BOD. A stepwise multiple regression procedure
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Table 7. Correlation Coefficients of Various Water Qualities
to B0D5O for the Big Eau Pleine Reservoir and River.

Parameters . «Summers: . «.Winter.., Fall Spring Rivers

Top Bot Top Bot Top Top Top

observations 12 11 16 9 12 18 18
¥* 3 3* ¥* ¥* ¥*. 3*

BOD, .989"  .882 919" .961 . .752" .959 .933
* * * * * * *

BODZO . 993 .963 .978 . 993 .901 .987 .989
CoD 738" .509 595,736 .224h  .s527  .gen*
React P ~.032 -.142 6607 LML —.115  Lous® gt
Total P 260 .48V 689" h79 1ok .e6u*  Lsert
NH,, -.230 -.552 809" .707t 256  Lou2® . goo*
N+N -.338 .046 -.186 .190 -.111 .195 AN
Kjld N .887°  .536 882" .909" .316 .876*  .717*
pH .298  .883" -—.s74t _.251 _.s20 _.ou8 - .620%
Cond -.155  .373 912" .3u1 -.s39%  eus® 180
DO 703" .uk9  _.2hh 189 -.675% -.270  .089
Susp S -.272  .019 362 .217 -.193 -.064 583"

+ significant at 0.05 level.

* significant at 0.01 level. -

++ includes sites 8, 10 and 11 in the reservoir which become
river channels with increased drawdown during the winter.
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was used to select those water quality parameters which most
accurately estimate the observed BOD. The equations developed
from this approach explain 70% - 95% of the BOD50 (Table 8).

Excluding the use of the 5 day BOD, Kjeldahl nitrogen is
the most closely related parameter to the 50 day BOD (Table
8). This relationship occurs in all seasons, except fall,
where the DO concentration is more strongly related to BODSO'
On a seasonal basis, it is noteworthy that variables such as
pH, specific conductance and DO help explain much of the long
term BOD (Table 8).

The regression equations derived from the cumulative
data for the first five significant variables in the stepwise
regression are given in Table 8. When the BOD5 is included
with the other qualities to predict the BODSO' the r value for
the first five independent variables regressed against BOD50
is .957. The five variables in the order of importance are:

BOD Kjeldahl nitrogen, total P, NH4 and N02+NO -N. When the

5’ 3
BOD5 is excluded in the multiple regression, the r value for
the first five variables is lower (r = .882). The five vari-
ables in order of importance are: Kjeldahl nitrogen, total P,

reactive P, DO and COD.

Organic Nitrogen, Organic Phosphorus and Biomass

Reasonable seasonal relationships were obtained when com-
paring organic nitrogen and phosphorus to both the 20 day BOD

and biomass. In general, the organic nitrogen correlated well
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Table 8. Results of Stepwise Multiple Regression Using Total
BOD as the Dependent Variable, Using Various Water Qualities
as éﬂe Independent Variables.

BOD5 included as Independent Variable

Season N ry r r3 ), r5 Order of first 5 Variables -

Fall 12,752 .939 .984 .989 ,99%4 BOD5, DO, Susp S, React P, Kjld N
Spring 18 .95 .969 .977 .987 .990 BOD,, Cond, Total P, COD, Kjld N
Summer 23 .939 ,965 .970 .972 .973 BODS, COD, Total P, M+N, NH,,
Winter 25 ,916 ,941 .95 ,953 ,961 Bon5, Kjld N, cop, NH, , Susp S
All River 13 .933 .981 .993 .995 ,998 BODS, NH,, Susp S, COD, pH

All Data 91 ,917 .48 ,951 ,953 . 957 BOD5, Kjld N, Total P, NH&’ M-N

BODj excluded as independent Variable

Fall 12 .675 .779 .803 .828 .844 DO, Cond, Susp S, MN, pH

Spring 18 .876 .92 ,974 ,986 .987 Kjld N, MN, Total P, COD, Cond
Summer 23 ,719 ,861 ,840 ,854 ,861 Kjld N, Total P, DO, Susp S, pH
Winter 25 ,890 .901 .913 .925 .931 Kjld N, DO, NH, , COD, pH

All River 13 .917 .956 .969 .976 .980 Kjld N, pH, Cond, MN, COD

All Data 91 .83 .852 .870 .878 ,882 Kjld N, Total P, React P, DO, COD

Including BOD5, the predictive BOD50 regression equation is:
BOD50 = 2,46 + 2,40 B0D5 + 5.72 Total P + 2,76 NH# - 2,44 N+N +
1,76 Kjld N, :
Excluding BQD5, the predictive BOD50 regression equation is:

BOD,) = -3.39 + 0,09 COD - 24,50 React P + 24,83 Total P +
5.71 Xjld N + 0,27 DO,

* All values significant at 0.01 level.
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with BOD and biomass during the summer, while during the win-

ter both organic phosphorus and nitrogen correlated well with

BOD and biomass (Table 9). The strong relationship of organ-

ic phosphorus to BOD observed in the winter and spring suggest
the interaction of phosphorus, sediment scouring and runoff

during winter drawdown and spring snowmelt.

Table 9. Seasonal Relationships of Organic Nitrogen and
Phosphorus to BOD20 and Biomass in the Big Eau Pleine Reservoir.

"

+ v eeieees..Correlation Coefficients.....oovvn
Season Site N Org P:BOD Org N:BOD Org P:Bioms Org N:Bioms

Summer T 11 .000 .170 .351 .318
Summer B 8 . 205 : 126 161 7L
Winter T 8 J773%* .760% .356 . 370
Spring T 8 .813% 4L .165 177
Fall T 7 448 144 429 460
Fall B L 667 667 672 ' 177

+ Top (T) or bottom (B) depth samples for each of the seasons.

Oorg P, Org N, BOD, Bioms = organic phosphorus, organic nitro-
gen, BOD20 and biomass respectively. All expressed in
mg/1 whefi correlated.

# Significant at 0.05 level.

According to the previous equation for protoplasm (equa-
tion 6) (assuming this represents organic matter in general),
2 16 to 1 ratio exists between nitrogen and phosphorus in or-

ganic matter assimulation and decomposition. This 16 to 1
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ratio was observed in the summer and fall reservoir waters
(Table 10). Furthermore, a slight increase of nitrogen or a
decrease in phosphorus is found with depth in the summer and
fall seasons. Spring reservoir waters have a large concen-
tration of organic phosphorus relative to orgahic nitrogen
(Table 10); snowmelt runoff from agricultural practices may
be responsible for this occurence.
During the summer and early fall, the maintenance of

this ratio (approximately 16 to 1) is probably controlled by

the ability of the blue-green algae (mainly Aphanizomenon

flos aqua) to fix atmospheric nitrogen and the process of
luxury uptake of phosphorus. Sullivan (1978) found signifi-
cant algal growth due to sediment resuspension (from drawdown
and subsequent release of phosphorus) in the Big Eau Pleine

Reservoir. : ’

‘Table 10. Seasonal Ratios of Organic Nitrogen to Organic
Phosphorus in the Big Eau Pleine Reservoir. ‘

Season Site Observations org N/Org P
Summer Top 11 15.4
Summer Bot 8 19.0
Winter Top 8 26.9
Winter Bot 1 7.4
Fall Top 7 21.0
Fall Bot L 21.6
Spring Top 8 5.1
Spring Bot 1 1.9
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BOD Relationships to-Particulate Fractions

Total BOD20
A general characterization of the organic matter produc-
ing BOD is possible by analyzing the relationships of the to-
tal BOD to its biomass (AFDW), detrital (AFDW) and volatile
suspended solids fractionsWithhmthe.BOD sample. hese rela-
tionships were established by correlating those fractions of
organic matter to BOD20 for each of the four seasons.

In general, few strong relationships between the BOD20
. and the various particulate fractions were found. However,
the volatile solids did correlate well With BOD20 for the sum-
mer and winter surface reéervdir waters (r = .849 and .551 re-
spectively). Both spring and fall BOD20 appear poorly corre-
lated to the above particulate\fractions (Table 11).

An increasé in the summer surface biomass results in an
increase in the BOD, an increase in volatile suspended solids
(r = .952), an increase in fixed suspended solids (r = .950),
and decrease in the detrital fraction (r = -.559). However;
the summer bottom waters' biomass are inversely related to the
detritus, the fixed suspended solids and volatile suspended
solids (r = -.868 and -.557 respectively). These findings
suggest the logical conversion of the sinking biomass to de-
tritus and to DOM.

The reservoir waters in both the, spring and fall seasons

have very similar BOD composition. Both seasons have similar

concentrations of biomass and detritus in the BOD sample
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(Table 12). During both seasons, the detrital fraction of the
solids in the BOD sample is about four times that of the bio-
mass fraction. The fall season BOD from the bottom depth wa-
ters is directly related to the detrital fraction (r = .730).
These observations suggests that the fall and spring reservoir
BOD is primarily caused by detrital fractions input as spring
runoff, fall rains, stream scouring or biomass die-off and re-
sultant increase in the detrital fraction.

Winter reservoir surface BODs correlate well with biomass
and detritus (Table 11). However, little bioméss is present

in the BOD sample (average biomass (AFDW) = 0.12 mg/1). The

Table 11. Seasonal Relationships of BOD 0 to Volatile and
- Total Suspended Solids, Detritus and Bio%ass in the Big Eau
Pleine Reservoir and River.

Season Site¥ N ..Correlation Coefficients of BOD20 versus
Volatile SS Biomass Detritus Total SS

Summer Res-T 11 . 849 -.449 Q0L ** . 850%%
Summer Res-B 8 .386 137 164 . 337
Winter Res-T 8 .551 . 497 L7 5EE . 556
Winter River 6 .093 .064 664 . .093
Spring Res-T 8 148 .193 -.262 148
Spring River 7 -.190 -.147 460 .101
Fall Res-T 7 . 294 .203 . 297 . 287
Fall Res-B L .281 . 730 -.389 . 291

* Res-T or B = reservoir top or bottom depth samples.
¥% Significant at 0.01 level.
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small concentration of winter biomass is significantly lower
than the average biomass concentration observed in the sum-
mer surface waters (9.2 mg/l). Moreover, the winter surface
reservoir ratio of BOD,, to biomass (21.9) is ten times
greater than that of the summer surface waters'(2.3) (Table
12). Hence, the winter BOD is of a different composition
than the summer BOD, the latter having an overall larger con-

centration of particulate matter (Table 12).

Large Particulate BOD50

Because the biomass (AFDW), detritus (AFDW) and volatile
suspended solids correlated well with the total BOD, these
fractions of organic matter should also correlate well with

the difference between the total BOD and the filtrable

50
BOD5O (hereafter called large particulate BOD or LPBOD). The

greatest average LPBOD occurs during the summer (4.4 mg/1 for

50 days) while the lowest average LPBOD occurs duriﬁg the win-
ter (0.1 mg/1 for 50 days).

Both the summer and winter surface LPBOD correlated
strongly with the detritus and biomass fractions (Table 13).
The summer bottom depth LPBOD is strongly correlated to bio-
mass (r = .932). The bottom depth BOD sample may be composed
of a higher percentage of DOM or minute algal cells because a
negative relationship exists between the LPBOD and detritus

(Table 13). Therefore, the summer bottom depth BOD derived

from material greater than 50 microns appears to be comprised
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primarily of biomass related material.

Table 13. Seasonal Relationships of Large Particulate BOD
to Volatile Suspended Solids, Detritus and Biomass in the
Big Eau Pleine Reservoir and River.

Correlation Coefficients of LPBOD versus
3*
Season Site N Volatile SS Detritus Biomass

Summer Res-T 9 -.005 -.513 .367
Summer Res-B 8 -.508 —.819+ .93 2%%*
Winter Res-T 6 .765 .683 .857
Winter River 5 114 .011 - .090
Spring Res-T 5 493 .663 -.895"
Spring River 7 -.445 -.431 -.030
Fall Res-T 7 -.351 -.259 -.039
Fall Res-B 4 -.075 -.257 .022

* Res-T or B = reservoir top or bottom depth samples.
+ Significant at 0.05 level.
*¥#% Significant at 0.01 level.

Few strong relationships exist between the spring and
fall LPBOD and the volatile suspended solids, detrital énd
biomass fractions. The spring surface reservoir LPBOD is
negatively correlated with biomass (r = -.895) and positively
correlated with detritus (r = .663). Therefore, the spring
reservoir surface BOD due to particulate matter greater than
50 microns is largely comprised of detrital matter. However,
the river inflow LPBOD is negatively correlated with detritus

(Table 13). No strong relationships were found between the
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fall reservoir LPBOD and the organic matter fractions. This
indicates a change in BOD origin between the river and the
reservoir possibly due to sediment disturbance as the reser-
voir fills and is subject to wind action.

The inflowing waters to the reservoir have a low percen-
tage of LPBOD. Seasonally, the LPBOD ranges from 23.7% of
the total BOD (1.4 mg/l for 50 days) to 3.1% of the total BOD
(0.4 mg/1 for 50 days). In general, no strong relationships
are present between the river inflow LPBOD and the biomass
and detritus fractions.

The winter reservoir LPBOD correlates positively with
the volatile suspended solids, biomass and detrital fractions
(Table 13). However, the LPBOD comprises énly about 10% of

the total BODBO'

Nitrogenous BOD50

Nitrogenous BOD50 (NBOD), as did LPBOD, exhibifs a dy-
namic seasonal variation in its relationship to the detrital
and biomass fractions (Table 14). During the sumﬁer, an in-
crease in surface biomass is related to increases in NBOD and
TPBOD. As the summer bottom depth biomass increases, the
LPBOD decreases and the NBOD increases. Furthermore, the
bottom waters' NBOD is positively related to the detritus.
The bottom depth NBOD is primarily due to the proteinaceous
material in this detfitus. This appears likely because Aki-

yama (1973) stated that much of the phytoplankton decomposition
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products become DOM of which about 26% is proteinaceous ma-
terial. Therefbre, the measﬁred detrital components of the
bottom depth waters may be comprised of decomposing plankton
biomass. |

The NBOD from the surface winter waters correlated posi-
tively with the volatile suspended solids, biomass and detri-
tus fractions (Table 14).. Biomass correlated best with NBOD
(r = .819), despite the small average measured bioméss (0.121

mg/1) .

Table 14. Seasonal Relationships of Nitrogenous BOD to
Volatile Suspended Solids, Detritus and Biomass in the Big
‘Eau Pleine Reservoir and River.

Correlation Coefficients of NBOD versus

Season Site’ N Volatile SS  Detritus  Biomass
Summer Res-T 11 -.0L9 - .878** .557
Summer Res-B 9 Ahs55 .526 -.480
Winter Res-T 8 .523 - 455 . 819
Winter River 6 -.094 - -.119 484
Spring Res-T 5 .536 ' .630 .178
Spring River 7 -.360 -.320 -.362
Fall Res-T 7 -.254 -.153 -.115
Fall Res-B 4 .072 .668 -.555

# Res-T or B = reservoir top or bottom depth samples.
#* Significant at 0.01 level.
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The winter inflowing waters to the reservoir have the
highest percentage NBOD (41.4%) of the four seasons. The
reservoir inflow NBOD during the spring is the lowest (21.3%).
Fall and summer percent of the inflow NBOD are 37.3% and 31.0%
respectively. The seasonal variation of percent NBOD in the
inflowing waters may be due to the high flows and dilution ef-
fect during the spring, and low temperatures and reduced ni-
trification in situ during the winter.

Surface water NBOD during the spring correlates positive-
ly with the organic matter fractions (Table 14). Although the
relationship is not strong (r = .630), the detrital fraction
correlates best with NBOD. During spring, the Big Eau Pleine
River's NBOD correlates negatively with the biomass, detrital
and volatile suspended solids fractions. This supports the
idea of high soluble BOD input in the reservoir from spring
runoff. No strong relationships between NBOD and organic mat-
ter fractions were noted for fall surface waters. However,
fall bottom depth reservoir waters were positively related to
detritus and negatively related to biomass (Table 14). The
fall relationships may be explained by scouring of the reser-
voir or latent effect of summer and fall algal bloom die-off
and settling. Also a greater percent of NBOD is present in
fall bottom depth waters.than in surface waters, suggesting

algal biomass decomposition.
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Reservoir Segmentation

Criteria and Physical Boundaries

Because the reservoir is oblong, varies in depth and is
constricted by bridges, the possibility'of varying water qual-
ity was évaluated with respect to various sites and depths
with respect to time.

An acgurate description of the reservoif BOD with respect
to time requires numerical coefficients which closely repre-
sent the BOD dynamics for various depths and sites. 1In reser-
voir modeling it is imperative to have numerical coefficients
describe the sites being modeled. It is important to know
which sites have similar BOD, such that»one series of numberS'_
S will charécterize the BOD for those sites. This grouping of
similar sites is derived through a series of T-tests that de-
termine Which sites are different.

in addition to testing each sité for similar or dissimi-
lar BOD data, other parameters such as total P, Kjeldahl ni-
trogen and COD were used. These parameters correlated well
with BOD (Table 7) and, therefore, would provide additional
support in separating the reservoir into .similar water quality
segments to characterize the BOD.

Water quality variation from one segment to another may
be summarized as a function of the following: stage, biologi-
cal communities, biological-chemical alteration of the chemi-

cal constituents, degree of nutrient inflow quality and its
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movement through the reservoir and export, retention time,
physical properties of the sites and their area (depth and
width), sedimentation composition, temperature, degree of tur-
bulence (water movement), etc..

The results for each season's reservoir segmentation are
shown in Figures 9 and 10. This is a lateral view of the |
reservoir for the four designated seasons. Depending on the
depth of the reservoir, top, middle and bottom sites were mea-
sured and statistically evaluated. The boundaries separating
one water quality area for a particular season from the next
water quality area are, for the moét part, arbitrariiy
placed. That is, the total areavof any one segment was arbi-
trarily defined, although still based upon groupings of simi-
lar sites. However, sites with similar water quality during
one season may be different in another season. The ﬁumber of
water quality segments into which the reservoir has been di-
vided ranges from 3, during the winter, to 6, during the sum-
mer (Figure 9).

The effect of the reservoir stage has not been incorpor-
ated into Figures 9 and 10 mainly because the average stage
level for each season varies with the fluctuating hydrologic
cycles. The reservoir during exfensive drawdown periods would
change drastically over short distances resulting in changes
in quality. In summary, these figures are solely to graphi-
cally depict the varied reservoir water quality, specifically

BOD, from one season to the next.
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The need to describe long term BOD in the Big Eau Pleine
Reservoir is realized particularly under ice conditions when
the reaeration rate is effectively reduced to near zero.
Dissolved oxygen input from the river inflow, photosynthetic
activity and ground water are reduced to the point of insig-
nificance and may be neglected in the reservoir. As long as
this condition exists, any exerted oxygen demand is not coun-
terbalanced.

It is possible to describe the oxygen sink (BOD) for each
segment over extended time by using equation 5. The reservoir
may be further defined by quantitatively describing the total,
carbonaceous and filtrable BOD. A summary of the average
BOD20 and BOD50 values along with numerical coefficients for
each season and segment is presented in Table 15.

From a modeling viewpoint, the most useful BOD coeffi-
cients are those for the filtrable carbonaceous BOD. General-
ly, water quality models have separate routines to consider
oxygen consumption from nitrification and metabolism (elimi-
nating the need for the fotal BOD), and to consider oxygen
consumption due to viable organic matter as algal biomass

(eliminating the need for the unfiltered or total BOD).

Seasonal Filtrable and Total BOD Relationships

Tables 16 and 17 summarize the seasonal distribution of
the total, filtrable, carbonaceous and nitrogenous BOD5O' The

data represents a summary of the total reservoir BOD based
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upon the long term study.

Wide variation exists among the percentage of total BOD
that is filtrable. As shown in Table 16, the summer season
percentages range from 56.3% to 84.3%. Algal biomass or their
remnants appear responsible for the lower percentages because
they occur in the surface waters. The fall season also has a
wide range of percent filtrable BOD (74.0% to 95.0%). The
lowest percentages of the fall BOD occur between sites 16 and
26, which is the main reservoir. This indicates that a major
fraction of the fall and forth-coming winter BOD may be from
algal biomass (fall bloom) or detrital fractions of signifi-
cant size. The percent of filtrable BOD upstream is very high
(90.4% to 96.7%). This indicates that the total BOD is very
low in particulate matter. During the winter, the reservoir
also has a large percent of filtrable BOD(90.8% to 93.1%).
This suggests minimum biomass production and large cpncentra—
tions of DOM and/or small sized organic matter.

The percent filtrable BOD is higher in the spring than in
the fall for all the reservoir sites. Also, the spring total

BOD is greater than the fall BOD50 (Table 16). The larger

50
spring BOD may be due to the highly soluble spring melt BOD,
the general scouring of the sediments from the rising spring

inflows and the spring bloom of Cyclotella in 1975 and Steph-

anodiscus and Asterionella in 1976 (Sullivan 1978). The fall

period phytoplankton population is comprised of larger sized

Crytomonads and Stephanodiscus, and various blue-green algae
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Table 16. Seasonal BOD5 Characterization Based on
Segmentation in the Big gau Pleine Reservoir.

Season Seg N BOD FBOD CBOD % FBOD % CBOD %F-CBOD

Summer 1 8 17.2 9.8 12.1 64,2 70.2 53.5
Summer 2 14 13.3 9.9 77 L 67.3 58.3
Summer 3 3 20.3 10.9 15.3 56.3 75.5 76.2
Summer 4% 1 24.8 20.9 23.6  84.3 95.2 W7 L
Summer 6 L 5.8 L4 3.8 76.7 69.0 63.9
Winter 1 19 9.8 8.8 90.8 63.1 67.9
Winter 2 13 9.5 8.8 6 93.1 64.5 58.4
Winter 3 4 12.7 9.9 b 82.5 58.6 50.9
Spring 1 7 144 13.2  11.6 92.0 80.7 82.2
Spring 2 3 14.3  14.0 10.7 98.2 75.2 _——
Spring 3 5 16.9 16.4 13.8 95.6 81.7 76 .4
Spring 4 L 32.6 31.3 25.6 96.5 78.7 76.5
Fall 1, 7 13.2 9.5 8.8 74,0 66.5 58,4
Fall 2 5 13.2 9.3 8.7 7l L 66.1 58.8
Fall 3 2 9.9 9.0 8.1 90.4 82.1 87.3
Fall L 3 9.0 8.5 . 95.0 79.7 774
Fall 5 2 7.0 6.6 L. L 96.9 62.7 73.0

*# This sample apparently had some biological inhibiting factor
because tre filtrable nitrogenous BOD was higher than the
total nitrogenous BOD. In the summary (Table 17) for each
season this segment's data is excluded.

#% TPhis set of data includes oreobservation during a mid
December melt which increased the average BOD., by 40 - 50%.

BOD: total BOD., (mg/l) as measured without alterdtion.

FBOD: filtrable BOD (mg/l); that which passes through a #300
soil sieve, or mé%erial smaller than 50 microns.

CBOD: carbonaceous BOD5 (mg/1); nitrification was inhibited.

% FBOD: the percentage’of the total BOD that is filtrable.

% CBOD: the percentage of the total BOD that is carbonaceous.

%F-CBOD: the percentage of the total carbonaceous BOD that 1is
filtrable.
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that are removed by filtration (Sullivan 1978).

The average filtrable BOD50 concentrations in the main
reservoir for all seasons, except spring are similar (8.8 mg/1
to 10.9 mg/1). This suggests a common filtrable BOD over
time. TFor example, the average summer surface filtrable BOD50
is 9.8 mg/l while that of the winter surface waters is 8.8
mg/1 BOD 50°

Approximately 96% of the spring and fall inflowing BOD
is filtrable (Table 17). This is similar to the 94.4% filtra-
ble BOD observed in the spring throughout the reservoir. Dur-
ing the winter season, segment 3 (inflowing waters) has the
lowest percent filtrable BOD (82.7%), yet has the highest
average winter segment BOD. A mid December runoff event in
1975 triggered this rise in suspended solids and BOD input
(suspended solids of 16.7 mg/1l; BOD, of 24.7 mg/1). However,
these values would vary from year to year depending on runoff

and river flow conditions.

Seasonal Nitrogenous and Total BOD Relationships

In comparing reservoir segments 1 and 2 for the spring,
fall and summer seasons, there is a slight decrease in the
percent total CBOD in the reservoir with depth. This decrease
in CBOD is accompanied by an increase in NBOD. Over two-
thirds of the yearly filtrable BOD has a higher ratio of NBOD
to total BOD (Tables 16 and 17). This suggests that the de-

gradation products of algae at depth have a higher ratio of
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Table 17. Seasonal and Yearly BOD50 Averages of the Big Eau
Pleine Inflow and Reservoir Waters<

Reservoir Averages
Season N BOD FBOD NBOD % FBOD % NBOD %F-NBOD %F-NBOD

of NBOD
Summer 23 15.8 10.0 4.9 70.6 30.8 41.1 9L4.9
Winter 32 9.7 8.8 3.5 91.7 36.3 35.9 90.8
Spring 15 15.2 14.4 3.0 oL .4 20.2 16.2 93.9
Fall 17 12.1 9.2 3.6 79.8 29.6 34.7 90.7
Yearly 89 12.6 11.0 3.9 84.0 30.7 33.8 90.3
Inflow Averages
Summer 4 5.8 4.4 1.8 76.7  31.0 36.1 89.4
Winter 3 12.7 9.9 5.2 82.5 L1.4 Lo.,1 97.8
Spring 4 32,6 31.3 7.0 96.5 21.3 23.5 100.0
Fall 2 7.0 6.6 2.6 96.9 37.3 27.0 70.2
Yearly 13 15.8 14.3 5.0 87.2 31.4 33.8 91.9

BOD: total BOD 0 (mg/1l) as measured without alteration.

FBOD: filtrable BOD (mg/1); that which passes through a #300
soll sieve, or ma%grial smaller than 50 microns.

NBOD: nitrogenous BOD5 (mg/1); the difference between the
total BOD50 and the garbonaceous BOD 0°

% FBOD: the”’percentage of the total BOB that is filtrable.

% NBOD: the percentage of the total BOD that is nitrogenous.

%F-NBOD: the percentage of the total nitrogenous BOD that is
filtrable.

%F-NBOD of NBOD: the percentage of the total nitrogenous BOD
that is filtrable nitrogenous BOD.
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the amount of NBOD to total BOD over a 50 day period.

Although much of the proteinaceous material (algal bio-
mass) can be filtered out of the summer surface waters (seg-
ment 1), the percent NBOD was higher in the filtrable frac-
tion than in the total unfiltered sample. It appears that
greater nitrogenous decomposition occurs when "non-viable"
organic material is present. Possibly some inhibitor or toxin
is released from the algal cells thus supressing deamination
and nitrification. In addition, this situation implies that
a greater percent of NBOD is derived from NHn or organic mat-
ter smaller than 50 microns (Table 17). This occured for both
the reservoir and inflowing waters of the Big Eau Pleine Reser-
voir.

On a seasonal basis, the average winter NBOD comprises
36% of the total BOD5O. Of course, little of the NBOD is ex-
erted in the reservoir because of the inhibition of nitrifying
bacteria by the cold water temperatures. The smallest season-
al average percent NBOD occurs in the spring (20%). This low:
percentage is probably the result of dilution from snowmelt.
The average yearly NBOD is 31% of the total BOD in the reser-
voir.

During the summer, a negative relationship (r = -.706)
exists between the percent total filtrable BOD and the filtra-
ble CBOD. That is, as the total filtrable BOD increases,
there is an incremental decrease in the CBOD. This indicates

that with increasing concentrations of filtrable BOD, a higher
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percentage of filtrable BOD is nitrogenous BOD. No conclu-
sive relationships were found for the other seasons.

Winter inflow NBOD averages 41% of the total BODBO’
while the spring NBOD averages 21%. However, more NBOD on a
mass basis is input during the spring (high discharge from
spring runoff). During low flow conditions in winter, the
nitrogen loading may come from either local point source dis-
charge or from a natural accumulation of nitrogenous material
which was unable to be oxidized in situ because of the low

water temperatures.

Reservoir Volume, Organic Nitrogen and BOD
in Water Years 1975 and 1976

Hydrologic Considerations and Impact on the Reservoir

Considerable variation occured in reservoir stage be-
tween the years of 1975 and 1976 (Figure 11). In the fall of
1974, the reservoir was much lower than in the fall of 1975.
As a result, the reservoir experienced a very rapid and pro-
longed drop in stage in the 1974-75 winter relative to the
1975-76 winter. Furthermore, the rate of reservoir filling
in the spring of’1976, from the snowmelt and rain runoff, was
six to eight times faster than that of 1975 (Figure 11). Dur-
ing the 1975 water year, the watershed received a normal
amount of precipitation. However, precipitation for the 1976
water year was considerably below normal (National Oceanic

and Atmospheric Administration 1977). As a result of the 1976
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Figure 11. The Big Eau Pleine Reservoir Stage for Water
Years 1975 and 1976.
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summer drought and below normal precipitation, the late

fall reservoir volume was low. Accordingly, the reservoir
was drawn down earlier in the 1974-75 winter and for a longer
duration than that of the 1975-76 winter. |

The intense runoff from the basin in the spring of 1976
suggests low loss rates (little infiltration) and a shortened
time of concentration. The resultant increase in overland
flow, caused increased erosion and consequently a considera-
ble nutrient import to the reservoir. While some of this
runoff was flushed through the reservoir in 1976, much of it
settled out and became a nutrient source (via mineralization)
for further biomass production.

Late summer and fall precipitation in 1976 induced nu-
merous changes in the reservoir limnology. With little rain,
increased sunlight could produce greater biomass. Also with
a decreased stage level (and decreased volume), both nutrients
and biomass were concentrated into a smaller area. Further-
more, easier mixing of the bottom waters and scouring of the
sediment by wave action as water levls are lowered, may have
resulted in resuspension of nutrients.

The preceding factors combined to produce a largef
plankton biomass (Sullivan 1978) and one of a longer duration
(Figures 7 and 11) in the summer and early fall of 1976. The
larger biomass concentrations appear responsible for the high
in situ BOD loading observed in the summer and fall reservoir

waters.-
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Reservoir BOD5 and Organic Nitrogen

Between the two water years, numerous similarities are
evident when comparing seasonal BOD5 and organic nitrogen
throughout the reservoir. The reservoir surface and bottom
BOD5 and organic nitrogen over a two year period are depicted
in Figures 12 and 13. Each data point is based upon three to
eight observations for that day throughout the main reservoir
(sites 12 to 25). BOD5 and Orgahic nitrogen data were ob-
tained from the Environmental Task Force.

The highest BOD concentrations occur during the summer
months in both years. Assuming the summer surface BOD is
primarily affected by algal biomass, it appears that a larger
sustained algal bloom and more gradual succession of these
populations occured in 1976 relative to 1975 (Figure 12).
Furthermore, the greater surface biomass resulted in an in-
creased bottom depth BOD in 1976 relative to 1975.

In both years, increases in bottom depth BOD lég behind
increases in surface BOD (Figure 12). This lag also appears
in the surface and bottom depth organic nitrogen (Figure 13).
In early summer, the mid depth BOD parailels the bottom depth
BOD. However, as summer progresses and greater production
and mixing occur, the mid depth becomes a medium point for the
surface and bottom depth BOD. Hence, as the spent biomass
sinks through the system, the BOD at each depth is affected.

Generally, organic nitrogen concentrations parallel the

BOD (Figures 12 and 13). However, during the summer months,
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Figure 12. Top, Middle and Bottom Depth BOD Values
for the Big Eau Pleine Reservoir through Water Years
1975 and 1976. Each point represents an average of
3 to 8 reservoir sites.
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Figure 13. Top, Middle and Bottom Depth Organic Nitrogen
Values for the Big Eau Pleine Reservoir through Water
Years 1975 and 1976. Each point represents an average of
3 to 8 reservoir points.
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an increase in BOD results in a smaller increase in organic
nitrogen. This suggests thaf during an algal bloom a smaller
percentage of organic nitrogen is present in the surrounding
waters than during less productive periods, or less organic

" nitrogen is present in the algal protoplasm during periods of
maximum growth. |

On a wéter year basis, more BOD ekisted at all depths
in the reservoir in 1976 than in 1975‘(Table 18). However,
when comparing organic nitrogen for the two years, no apparent
variation exists. In both yeafs, organic nitrogen concentra-
tions decreased with respect to increasing depth.

The high winter BOD in January 1976 (Figure 12) was in
part due to a thaw and resultant scouring due to drawdown and
transport of organics into the reservoir. This caused a
slight increase in organic nitrogen (Figure 13), Organic ni-‘
trogen and bottom depth BCD were higher in the winter of 1974-
75 than in 1975-76. This may>be due to the lower reservoir
stages in 1974 and 1975 and resultant scouring of the sedi-
ments by inflowing water. Also, any significant inflowing
BOD or organic nitrogen would not be significantly diluted by

the reservoir's water during this period.
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Table 18. Yearly Average Surface, Mid and Bottom Depth BOD
and Organic Nitrogen in the Big Eau Pleine Reservoir.

5

Water  rereees Depth...... o Ratio of Depths.
Year Top Mid Bot Top/ Top/ Mid/

Mid Bot Bot

BOD, 1975 2.9%2.6  2.0%1.2  2.2+1.0 1.45 1.31 0.91
(mg/1) 1976 3.3*2.7 2.7+1.7 2.3+¥+1.2 1.18 1.43 1.17
org N 1975 1.33+.74 1.16+.22 1.15+.31 1.15 1.16 1.00
(mg/1) 1976 1.32+.48 1.21+.65 1.08+.48 1.09 1.22 1.22

BODg: five day BOD in ng/1.
Org N: organic nitrogen in mg/1.

Top, Mid, Bot: depth location of yearly average.
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Important'Factors Affecting Dissolved Oxygen
BOD and Nutrient Levels

Spring Inflow Waters and Land Use

Water quality originating from the Big Eau Pleine Water-
shed is a function of its land use and hydrologic characteris-
tics. The spring snow-melt water quality is especially impor-
tant because of the heavy soils and frozen ground (Kaminski
1977). Because agriculture is the primary land use in the
Big Eau Pleine Watershed, a sampling of spring runoff from
pastured and tilled land was made to determine the BOD, sus-
pended solids and nutrient concentrations of the_runoff. The
tilled land was divided into areas which had winter manure
spreading and those which did not. Considerable quantities of
manure are produced on the farms as evidenced by the livestock
numbers (Table 19). The pasture area is typified by semi-
wooded areas that lie on lower slopes near stream channels.

Representative snow-melt runoff samples were obtained for
the two land uses in the Hamann Creek sub-basin (Figure 3).
Most of the high BOD and nutrient concentrations apparently
originate from filtrable organic matter (smaller than 50 mi—‘
crons) or soluble compounds (Table 20). By far, the greatest
BOD and nutrients originate from the fields spread with manure
(Table 20).

Data from the Hamann Creek watershed suggest a 5 to 8
fold increase in nitrogen and phosphorus from manured fields

relative to the non-manured fields (Table 20). Hensler et al
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Table 19. Summary of Livestock, Manure and Fertilizer Usage
on the Big Eau Pleine Watershed. (Modified from Shaw)

Livestock Averages (43 farms)

70 head of dairy livestock per farm
33 dairy cows per farm
32 heifers per farm

Manure Handling Over Winter (56 farms)

13% STATED no manuring on frozen ground

48% spread until snow got too deep, then stacked
31% stacked during the winter

21% spread manure all winter

Fertilizer Use for Corn, Oats and Hay

Corn = 260 pounds per acre average (32 farms)
Oats = 196 pounds per acre average (26 farms)
Hay = 246 pounds per acre average (19 farms)

(1970) found that the winter application of dairy cow manure
on snow covered ground resulted in a three fold increase in
the average annual nitrogen and phosphorus losses as compared
to areas with no manure applied. It is noteworthy that the
BOD50 originating from the manured soils in the Hamann Creek
area is the highest of the three land use types. Moreover,
it is the only land use requiring a first decay rate (or de-
oxygenation rate) greater than 0.1 (Table 20). In the semi-
wooded pasture areas, water quality is similar to the non-
manured tilled land (Table 20). The high BOD and nutrients
from the pastured areas may be due to the different dates or
sampling or from manure on these lands from the past year's

use by cattle.
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River Water Quality .

The average spring water quality of the Big Eau Pleine
River is similar to the runoff from specific agricultural
fields such as thoée tilled and spread with manure during the
winter (Table 20). For example, the ratio of Kjeldahl N
(mg/1) to total P (mg/l) for the varying land uses ranges
from 8 to 12 units, while the ratio for the infiowing waters
(site 6) is approximately 8 units. This slight reduction in
the river concentrations may be explained by dilution of sur-
face runoff from "cleaner" sources.

The high inflowing BOD appears to be primarily from sur-
face runoff, particularly from those lands spread with manure
during the winter. An examination of Table 20 for site 6,
which drains the upper two-thirds of the watershed, shows the
first deoxygenation rate (kl) averages about 0.1. This is
similar to the runoff decay rate originating from lands spread
with manure. | |

A survey of a manured field and its‘impact on a small
tfibutary during spring runoff shows a dramatic increase in
COD, nutrients, BOD and suspended -.solids in the river below
the manured field (Table 21). The first deox&genation rate
also increases to -above 0.1 and thus is similar to the maﬁured
field input. |

In summary, much of the spring organic and nutrient load-
ing to the Big Eau Pleine Reservoir may originate from manured

fields. The majority of this organic matter is smaller than
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50 microns and thus would not immediately settle out in the
reservoir. No estimate of the river bedload was available,
although it may be considerable. The bedload would settle out
in the upper reservoir area and act as a nutrient source, oxy-
gen sink, and be available‘for resuspension during subsequent

reservolr drawdown.

Table 21. Case Study of Winter Manure Spreadlng on Snow
Covered Cropland and Its Impact on a Trlbutary in the Big
Eau Pleine Watershed.

S
Location BOD50 COD. React P Total P NHU N+N Kjld N Susp S k1

HA-13" -
Above 18.5 26.2 0.015  0.232 0.60 0.24 1.68 10.4 .0620

Below 22.7 39.3 0.225 0.374 0.88 0.18 3.04 1129.0 .1600

Manured
Field 77.2 224.6 1.640 4,300 0.88 0.10 34.72 3042.0 .1165

# A1l values in mg/1.

+ Samples collected on March 24, 1976 near site HA-13 (northern
part of Hamann Creek Watershed) Approximate river flow
was 25 to 50 cms.

Reservoir Drawdown

The Big Eau Pleine Reservoir's primary purpose is to pro-
vide flow augmentation for the Wisconsin River. However, it
also serves for recreational activities. The reservoir is
known for its Walleye and panfish; it is also known for its win-

ter fish kills.
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The processes of biological oxygen consumption during the
winter are difficult to measure in situ because biological,
physical and chemical rates of activity are reduced 60% to 80%
of that during the summer months. Nevertheless, it is possi-
ble to measure oxygen consumption by considering it over ex-
tended time periods. Thus, while the rate of oxygen depletion
is lcw, the winter:time span is sufficiently long to produce
oxygen depletion.

Three years of winter reservoir DO concentrations with re-
spect to time and reservoir length/(the inflow at site 6 to
site 23) are depicted in Figure 14. Surface dissolved oxygen
concentrations were used to develop these profiles even though
it overestimates the amount of available oxygen during ice
cover. However, if the surface waters ére devoid of oxygen,
so are the lower waters.

Both the duration and fhe area of the reservoir anaero-
biosis varied for the three winters of 1974 through 1976.

Part of this variability is related to the changes of the hy-
drologic and climatic conditiohs. In particular, the reservoir
was drawn downvfor a longer time period during the 1976-77 win-
ter. During this period, ice formation was greater and began
earlier than the other two years.

Winter dissolved oxygen levels within the reservoir tend
to decrease with decreasing stage. Buchanan (1976) in his
study of the reservoir's zooplankton population also mentions

this ocgurrence. He adds that this relationship (reduced stage
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and DO) has not been reported elsewhere. Because the reser-
voir was drawn down longer during the winter of 1976-77, the
period of very low DO is longer. The area of low DO extends
further upstream with greater duration during low stage.

It is significant that areas which become river channels
due to drawdowh have‘low DO. An examination of Figure‘lh for
the time period of January 4, 1977 to January 18, 1977, clearly
shows this occurrence. As stage dropped from 8.04 meters to
6.76 meters, the area of DO concentrations less than 3.0 mg/1
expanded from site 13 to site 23. In the winter of 1975-76,
this situation was not as evident, possibly due to higher wa-
ter levels and a delayed drawdown schedule.

Measured DO concentrations from the inflowing waters
(site 6) of the reservoir were always above 6 mg/1 for the
three winters being studied (Table 22). Except for occasional
winter thaw periods, the BOD entering the reservoir is'low
(ETF 1974-77). Thus, other factors besides the inflowing wa-
ters are causing oxygen depletion further downstream.

The anaerobic conditions are not totally due to the nor-
mal BOD in the reservoir during higher stage. By assuming a
fall BOD50 of 10 mg/1 (Table 9; average of 9 mg/l for this time
period), some oxygen relationships may be determined. Because
ice cover lasts 110 to 140 days, an estimate of a proportional
fall BOD130 from the BOD5O may be made. If a value of 25 mg/l
of oxygen consumption at 20° C is used as total B0D13O, then

the value of BOD exerted at 4° C during this period would be
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approximately 5 to 7 mg/l. Accordingly, this 5 - 7 mg/1 of
BOD130 is insufficient to devoid the reservoir of the 9 - 12
mg/l of oxygen present at fall turnover.

Alexson (1969) states that one of the effects of the res-
ervoir drawdbwn is the stirring and resuspension of sedimenta-
tion, especiaily by ice during low stage. Scourihg by river
current as the upper reservoir area is drawn down to the old
river bed adds organic matfer and may be the major factor re-
sulting in incréased BOD, color and low oxygen. This may ac-
count for the low‘DO conditions that rapidly develop at the
upper sites during the winter months.

Winter water samples fme this upper area are yellowish-
green or yellowish-brown in color, aﬁd have much of their BOD
composed of DOM (Figure 15). It is prdbable that this BOD, as
well as SOD from the upper areas, quickly consumes oxygen from
the inflowing waters. The sediment oxygen consumption is of
major significance in the oxygen balance when the water depth
is relatively shallow. This combined occurrence of BOD and SOD
may produce anaerobic conditions in the upper reservoir area.
With drawdown, this "slug of deoxygenated water" flows down-
stream resulting in an additional release of organics from the
sediments (Environmental Task Force 1977 and Marano 1977).

As such, a "snowball" effect of more oxygen demanding Organics
is produced. This is caused by resuspension of organics and

the redox chemistry in the oxidized microzone. Hence, as the
oxygen sink moves £fownstream it produces increased oxygen con-

suming materials.
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Another means of sediment resuspension is that of carp

(Cyprinus carpio) and other fish activity, as they tend to

congregate near sites 9 and 10 during drawdown. As drawdown
increases, the fish are concentrated in a smaller area, thus
increasing the resuspensién of organics and their metabolic
wastes to be oxidized further downstream.

The reservoir oxygen depletion appears minimally affected
by constant point source input from a secondary sewage treat-
ment plant between site 6 and site 8 during low flow. While
there is an observed incréase in BOD5 at site 8 relative to
site 6, the degree of difference is statistically.small-(Ta—
ble 22). In the winter of 1975 to 1976, there was a 30% in-
crease in the BOD5 at site 8 rélative to site 6. However, an
examination of the data indicates the possibility of an error

in one of the measurements.

Table 22. Comparison of the Average Winter BOD, for Site 6
and Site 8 as Affected by a Secondary Sewage Tréatment Plant.

Time Period* N Site 6 Site 8 T (from T-test)
Winter 74 - 75 11 2.0+2.4%%  2.342,2 0.uu2"
Winter 75 - 76 6  2.3t2.9 L.6+2.3 1.106"
Winter 76 - 77 L 2.4+1.3 2.9+1.2 0.532"
Combined 74-77 21 2.5+2.4 3.1+2.3 1,273"

#* Data obtained from the Environmental Task Force.
** BOD, in mg/1.
+ Cannot reject at alpha 0.05.
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Figure 14 shows that for the three winters fhere is a
definite drop in the reservoir oxygen level as stage decreases.
The timing and extent of this oxygen depletion follows the
timing and extent of drawdown fairly closely. The reservoir
surface waters approach near zero oxygen levels as stage falls
below 8.5 meters (above the base level of 335 meters mean sea
level (msl)), and the reservoir volume falls below 25 MCM.
These values would be higher for the 1975 - 1976 wintef,_but
the rate of drawdown was quicker. |

A series of correlations among the winter reservoir stage,
volume and average DO concentrations for the surface and bottom
waters were strong (r 2 .619). 'The positive correlations sug-

gest that as stage and volume decreases, so does the surface

and bottom waters' oxygen level. Overall, reservoir stage cor-

relates slightly better than reservoir volume with oxygen con-
centrations (Table 23). Thus, by knowing the stage level one
can predict the probable oxygen concentrations to be found at
that reservoir depth. The data used to develop these relation-
ships involved an average of the measured surface or.bottom DO
concentrations which were part of the reservoir system. Hence,
only the right side of the dotted line (Figure 14) for that day
was used. |
Variations in the slope and intercept of the equation for
each year is a function of the climatic conditions for that
year. A greater uniformity and an improvement in the correla-

tion coefficients might be made by using multiple regression
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Table 23. Reservoir Stage and Volume Correlation Coefficients
and Regression Equations for Winter Surface and Bottom Depth
Dissolved Oxygen Concentrations in the Big Eau Pleine Reservoir.

Period Surface DO vs. Bottom DO vs. Surface DO vs.
| ‘Stage - Volume  Stage - Volume  Bottom DO
+ * + * +
1974-75 .876* .719* .878* .787* -.909
1975-76  .619 .651 .707 71 .856"
1976-77  .828%  .765" 803" .817" .905"
overall .744" 613" 7767 6897 .900"
Period Regression Equation Regression Equation

1974-75 Surf DO = -7:50 + 0.5211 STAGE
Bot DO = -7.90 + 0.4779 STAGE

h}

2.81 + 0.1077 VOL.
1.27 + 0.1078 VOL.

I

1975-76 Surf DO = 1.04 + 0.2047 STAGE = 5.14 + 0.0449 VOL.
Bot DO = -2.65 + 0.2690 STAGE = 2.89 + 0.0566 VOL.
1976-77 Surf DO = -12.5 + 0.7300 STAGE = 0.75 + 0.2449 VOL.
Bot DO = -12.7 + 0.6700 STAGE =-1.13 + 0.2473 VOL.
Overall Surf DO = -4.01 + 0.3795 STAGE = 4.02 + 0.0732 VOL.
Bot DO = -5.65 + 0.3811 STAGE = 2.18 + 0.0792 VOL.

¥ Significant at 0.05 level.

+ Significant at 0.01 level.

STAGE: measured in feet above the base of 1100 feet mean sea
level.

VOLUME: measured in million cubic meters with a base volume
of 1100 feet mean sea level.
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techniques. Such variables as 1) the time period since ini-
tial ice cover, 2) projected rate of stage or reservoir volume
drop for a given time period, 3) approximate 5, 20 and 50 day
CBOD at the fall turnover, 4) average DO concentrations and
stage levels during fall turnover could be uéed to improve
the correlation coefficients. In addition, these equations
would serve as a valuable tool in managing the reservoir water
levels to maintain sufficient oxygen. concentrations for.fish

survival.
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Long Term BOD Procedures: Ancillary Studies

Methylene Blue as a Nitrification Inhibitor

The effectiveness of methylene blue as a nitrification
inhibitor is minimally known. Abbott (1948), who initially
advocated its use, suggested it suppresses nitrification and -
denitrification for periods greater than five days. Recently
Montgomery and Borne (1966), in comparing methylene blue with
two other inhibitors, found no differenée among them in effec-
tively suppressing nitrifiCation;

The effectiveness of methylene blue over long periods
of time has not been established. Both of the above studies
lasted less than 10 days. In this study the carbonaceous BODs
were run fér a minimum of 50 days.

Nitrogenous BOD occurs from the oxidation of ammonia to

nitrite and from nitrite to nitrate (Equations 7 and 8).

oNH. + 30, Bitrite forming bacteria ,no7 + 2H' + 2H,0

3 2 . 2 2
’ Equation 7
szoé * 0, nitrate forming bacteria ,yn-
_ 3
' Equation 8

In the firsf equation, 1.5 moles of oxygen participate
in the formation of 1 mole of nitrite-nitrogen. In terms of
BOD, this means that the nitrite—nitrogen concentratibn multi-
plied by 3.43 is equal to the total BOD involved in the oxida-
tion of ammonia-nitrogen to nitrite-nitrogen (Zanoni 1968).

The second equation, representing nitrate formation, shows
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that two moles of oxygen are required for the total oxidation
of ammonia to nitrate. This makes the total conversion factor
for the BOD equal to 4.57 (Zanoni 1968).

The results of Table 24 indicate that the inhibiting
ability of methylene blue does not correlate with the theoref-
ical NBOD. The.measufed NBOD5O exceeds the calculate theoret-
ical NBOD by 50% to 60% (average NBOD, = 3.8 mg/1; theoretical

average NBOD 2.4 to 2.5 mg/l; n = 146; Table 24). The

50
higher value of measurable NBOD5O may be due to 1) an internal
recycling of nitrogen oxidation and reduction (Keshavan et al
1965) in the total B0D5O which would not be measured in the
pre and pbst chemisfry analysis of the hitrogen forms, or 2)
an inhibition of carbon oxidation which is linked to nitrogen
forms in the carbonaceous BOD. The first explanation is more
plausible in accounting for the difference between the ob-
served and‘measurable NBOD .. |

50

Temperature Affects on Long Term BOD

Because the standard BOD test is run at 20° ¢ (APHA 1971),
the results obtained from the tests for the colder months are
not representative of the exygen consumption due to BOD. It
is during the winter mbnths that the oxygen sinks, particularly
BOD, determine the very life of a water system. Therefore, it
is important to have an accurate description of the long term

BOD at low temperatures.




Table 24,

BOD in the Big Eau Pleine River and Reservoir.

ok

Comparison of Observed and Theoretical Nitrogenous

Parameter Reservoir Reservoir River River Combined
Total BODg, Filt. BODg, Total BODy; ~ Filt. BODg,
N 66, 57, 13. 10. 146, .
'NBOD L.0+2.4 3.6+2.0 4.3+3.0 30142, 4 3.8+2.3
dif NN x 4.6 2.8+3.4 - 1,9+2.6 3.5t5.4 2.5+4,0 2.513.4
dif KN x 4.6 3.3+4.1 1.0+4.8 b, 5t5.7 1.3+3.7  2.4xh4,7
Total Pre N 2.15+1.00 1.55+0.82 2.65+1,63 1.83+1.37  1.94+1,08
Total Post N 2,02¢1,12 1,72+1,06 2.46+1.79  2.07+1.54  1,94+1,08
dif Total N 0.13+0,77 -0,16+0.85 0,19+0.73 -0.23+0.46  -0,00+0.79
NBOD-(dif NN
x 4.6) -1.19+3.61 -1,76+3.40 -0.86+3,26 -0.5%2.76 -1.34+3.44
- NBOD-(dif KN o » | o
X 4,6) -0, 68+4. 29 -2.61+5, 14 -0.11+3.89  -1,77+2.34  -1.49+4,59
Corr of NBOD . . -,
to NN x 4,6 0.269 -0,085 0.838 0.732 0.320
Corr of NBOD . .
to KN x 4,6 0.221 0.052 0.757 0.778 0.280

A11 values are in mg/l except the correlation coefficients.
N. ... .number of observed observations :
NBOD. ... .observed NBOD, (the difference between the total BOD50 and the

carbonaceous BOD
dif NN x 4,6.....the
times the factor of 4,6.

times the factor of 4.6.
Total Pre N.....sum of the NO_+NO

This equals the theoretical FBOD.
dif KN x 4.,6,....the difference between the pre and post Kjeldahl N analysis
This equals the theoretical NBOD.

-N and Kjeldahl N before incubation.,

égfference between the pre and post NO +N02-N analysis

Total Post N,....sum of the N62+N33-N and Kjeldahl N after incubation was
terminated. ' '
dif Total N.....difference between the pre and post total N.
MBOD - (dif NN x 4,6).....difference in the observed and theoretical NBOD
based upon an increase in the N02+NO -N concentration.,
NBOD - (dif KN x 4.6).....difference In
based upon a decrease in the Kjeldahl N concentration,
Corr of NBOD to NN x 4,6.....correlation coefficient between the observed and
the theoretical NBOD based upon NO,+NO.-N,
Corr of NBOD to KN x 4.6.....correlation coefficient between the observed and
the theoretical NBOD based upon Kjeldahl N, :

+ Significant at 0.05 level.
* Significant at 0.01 level.

e observed and theoretical NBOD
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Historically, Streeter and Phelps (1922) were the first
to present an empirical relationship between incubation tem-

perature and the BOD rate constant (k) as follows:

k,/ky = o(T1-T5) Equation 9

where (kl) and (kz) are the velocity constants at temperature
Tlvand T2 in degrees Celcius respectively (k2 is usually pre-
sented as the decay rate at T2 or 20° ¢), and theta (6) is a
constant for é specific temperature rénge referred to as the
"temperature coefficient". Accordihg to the above equation,
an increase in theta (6) results in a decrease of the decay
rate. That is, within limits, as the water temperature in-
creases so does biochémical activity. At lower temperatures
the deoxygenation rate is generally reduced to where it prac-
tically ceases (Zanoni 1967). Eqﬁatioﬁ 9 is also referred to
as the Arrehnious relationship»(Therialt 1927 and Zanoni 1967).

Based on experimentai results from both waste water and
river water, Streeter and Phelps (1927) found the average
value of theta to be 1.047 for the temperature range 10° to
27.5O C. Some studies have been made at lower tempefatures on
river water and waste water (Schroepfer et al 1964 and Zanoni
1964), but few studies have been conducted on lake waters.

BOD samples were incubated at 20° C and 4° for water sam-
ples collected during cold months (Odtober —.April). This af-
forded a comparison of the BOD kinetics at 4° ¢ and that of

the more common 20° C BOD. The comparison showed that the
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theta values for the combined and the individual water types
in this study are all higher than the commonly used 1.047 fac-
tor (Table 25). There is a decrease in the best-fit theta
value using the combined data (n = 74) when the period of in-
cubation is reduced (that is, from BOD50 to BOD5; Table 26).
This occurrence may be related to at least three factors.
First,.the rate of decay of the easily}oxidizable organic mat-
ter is now slowed down as much at low temperatures as expected,
resulting in a greater development of the expected BOD. This
indicatesvthat.thé first rate constant (kl) need not be re-
‘duced as much as the slower and very slow rate cbnstants (kz
and k3; from equation 5) retain thgir‘normal reduction.
Second, the BOD at 20° C is lower than it should be due to the
time required to shift the bacteria populations from phychro-
philes (cold water) to mesophychrophiles or mesophiles (warm
water). Third, the decay process, represented by the décay
rate(s) or decay stage(s) are really a complex of more stages
indistinguishable at the higher temperatures, but become ap-
parent as the decay rate(s) are reduced to lower temperatures
(Moore 1941).

Studies by Schroepfer et al (1964) and Zanoni (1964) pre-
sent theta values similar to those determined for the Big Eau
PleinevReservoir and River sites (theta = about 1.133 and
1.100 respectively). In both thé above studies, the sampie
water was waste water effluent. Gotaas (1948) working with

the temperature range of 50 - 150 C with waste water,
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Table 25. BOD5 Temperature Coefficients at 4° C for Various
Water Types in %he Big Eau Pleine Reservoir.

Water Type N +theta Factor times r* Alpha or
decay valuye level of
(k) at 20~ C significance
Reservoir 35 1.120  0.16312 967  0.7402
River section of . | '
reservoir 20 1.140 0.12289 . 965 0.6789
Various watershed
tributaries 19 1.1247 0.15255 . 949 0.9537
Point Sources 6 1.067 0.35429 .999 0.9652
Combined (exclud-
ing point
sources) 74 1,073 0.32389 L9473 0.8418

* coriglation coefficient of observed BOD to predicted BOD
at C.

Table 26. Temperature Coefficients at 4° C for 5, 20 and 50
Day BOD in the Big Eau Pleine Reservoir and River.

BCD - Time N theta Factor times r* Alpha or

\ decay value level of
(k) at 20° ¢ significance

BOD5 74 1,060 0.39364 - +939 0.6527

BOD20 74‘ 1.065 0.36509 . 950 0.9023

BOD50 74 1.073 0.32389 .943 0.8418

* corﬁglation coefficient of observed BOD to predicted BOD
at C.
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estimafed a correct theta value to be 1.109. Moore (1941)
in his long term study of low temperature BOD kinetics of
waste water estimated a theta value of about 1.06 which is
very similar to that of this study for point source pollution

(Table 25).

Oxygen Consumption from Rubber Stoppers Used in thevBOD Test

Oxygen consumption resulting from the rubber stoppers
was estimated at 0.08 mg/1/day. This value was used to adjust
all long term BOD results. The values of 0.5, 1.9 and 4.0 mg
of oxygen were subtracted from the 5, 20 and 50 day original
BOD values. This represents a 0.1 mg/day over 5 days; 0.095
mg/day over 20 days and 0.08 mg/day over 50 days. When
plotted against time these values represent a decreasing (log)
curve. This decreasing oxygen demand with respect to time may
be rationalized when considering the similar kinetics of or-
ganic matter decomposition in the BOD test.

It is felt that 0.08 mg/2.5 liters/day BOD over 50 days
is a good estimate of the oxygen demand by the rubber stoppers.
When vérious BOD blanks were run, they seldom averaged more
than 3 - 4 mg/1/50 days. Furthermore, a comparison of 200
matched samples using the 5-day rubber stopper BOD values,
corrected by the above factor, and thé standard 300 ml glass
stoppered BOD values showed little difference between the two
methods (T = 0.0370). The average for the rubber stoppered
BOD5 was 3.14 + 3.19 mg/l, while that for the glass stoppered
BOD, was 3.13 * 2.94 mng/1.
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- The average rate constant for the four samples, which
measured the rubber stopper BOD, was approximately 0.267 mg of
oxygen/day/2.5 liters/stopper. The above calculation assumes
a straight line passing through the zero intercept. Approxi-
mately 30% of the number 4 stopper, used to seal each BOD
bottle, was directly exposed to BOD sample water. Therefore,
approximately 0.08 mg/l/day of BOD was subtracted from the
long term BOD results (0.267 mg x 0.30 = 0.08 mg).




SUMMARY

Measurements of oxygen consumption due to algal biomass
decomposition were determined during the summer months. One
mg of biomass (AFDW) consumed approximately 0.21 mg/l DO in 5
days; 0.46 mg/l DO were consumed in 20 days; and 0.59 mg/l DO
were consumed in 50 days. Approximately one-half of the sum-
mer surface BOD is directly related to this biomass.

Based upon the particulate fractions within the BOD sam-
ples, the summer surface BOD is primarily composed of algal
biomass and the bottom depth BOD is primarily compoéed of de-
composing biomass and DOM. The winter waters are generally
low in BOD, yet high in small sized organic matter and DOM.
Spring and fall in-reservoir BOD are primarily composed of
detrital matter.

The filtrable BOD5O averaged 84% on a yearly basis. It
varied seasonally: summer, 72%; winter, 92%; spring, 94%; and
fall, 80%.

About 31% of the yearly total BOD is nitrogenous BOD. It
varies seasonally as follows: summer, 31%; winter, 36%; spring,
20%; and fall, 30%. On the average, about 90% of the nitroge-
nous BOD50 from the inflow and reservoir waters are filtrable.

Yearly filtrable BOD50 from the inflowing river waters
averaged 87%. Seasonally it varied as follows: summer, 77%;

winter, 82%; spring and fall, 97%.

100
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A three fold increase in inflowing BOD occurs in the
’spring due to agricultural originated runoff. Of the three
land managements surveyed, winter manuring of fields contrib-
uted the greatest BOD and nutrient loading in the spring.
However, the non-manured tilled soils and pastured areas were
found to be a large non-point source of pollution.

Strong relationships were found between the winter reser-
voir stage and drop in DO. The winter inflowing BOD and the
late fall in-reservoir BOD are sufficient to produce the ob-
served low DO in the winter reservoir.

The reservoir was segmented into various water quality to
establish modeling coefficients describing long term BOD.
Based upon these coefficients, the various types of BOD may be

described for the four seasons.




CONCLUSIONS

1. Long term BOD (as 50 days) provides an accurate des-
cription of the organic matter degradation, although it also
generally requires a more'sophisticated first order equation
to describe it. The long term BOD can be readily separated
into its carbonaceous, nitrogenous and filtrable fractions.

2. The BOD in the Big Eau Pleine Reservoir is primarily
autochthonous. BOD was greatest in the summer, the majority
of which is caused by primary production and its subsequent
degradation. Summer BOD at depth was found to increase after
an algal bloom, which indicates algal biomass is a large BOD
source. This is supported by the high correlations between
both BOD and organic nitrogen, and the nitrogenous BOD and
biomass.

3. Only the spring inflowing waters were high ih BOD and
nutrients. This inpﬁt originates from agricultural surface -
runoff; the highest pollution source was runoff from winfé;
manured fields. A concentrated effort should be made to re-
duce the runoff originating from manured fields. Either
stacking or storing the manure in a holding system during
the winter and early spring would be beneficial. Other tilled
and pastured soils also contributed poor water quality to the
reservoir. Developing more buffer strips next to all streams
and rivers would less the erosion and nutrient loading. A re-

duction in this nutrient load would eventually minimize the

primary production in the reservoir.
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4. A reduction in BOD may be accomplished by: a) a de-
crease in inflowing nutrients and hence a decrease in primary
production, and b) delaying and reducing the winter reservoir
drawdown which would decrease the resuspension of sediments
and the exposure of unoxidized substrate.

5. Based upon three years of BOD5 and one year of long
term BOD data, the effect of the Stratford treatment plant
during winter low flow conditions on the'quality of the Big
Eau Pleine River appears minimal. No significant increase.is
'foundbusing the long term BOD.

6. The majority of the inflowing and reservoir BOD are
filtrable (87% and 84% respectively). Nitrogenous BOD com-
prises approximately 31% of the total BOD in the reservoir and
inflowing waters. On the average, over 90% of this nitrogenous
BOD is filtrable.

7. Increésed in-reservoir BOD in 1976 relative.to 1975
was related to the rapid spring melt»and‘the increase in pri-
mary production.

8. Generally the reservoir and river BOD decay rates are
low (0.05), suggesting complex organics with slow rates of de-

composition. Only in the spring inflow waters does the deoxy-

genation rate exceed 0.1. This was found to be characteristic

of agricultural runoff.
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