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ABSTRACT

Large-scale die-off of cisco, a cold-water fish, occurred in Lake Mendota,
WI in the 1930°s and 1940’s. This die-off was attributed to increased
eutrophication of this lake. The increased fertility of the lake was proposed to
cause an increased rate of deoxygenation of the hypolimnion. The hypolimnion
of this lake has become anoxic since the turn of the century, therefore the cisco
must have been inhabiting a layer of water just below the thermocline that was
sufficiently cold and oxygenated to meet their physiological requirements. A
study was conducted to determine the rate of deoxygenation of various parts of
the hypolimnion of this lake in the early 1970’s. The results of this study were
compared to previous studies made on this lake since 1906.

Marked year-to-year variations were found in the rate of deoxygenation
of the hypolimnion. There was a general trend of increasing rates of
deoxygenation of the water just below the thermocline. However, the rate of

deoxygenation of water just above the sediment in the deep hole of the lake



has not changed during this time. A two component model of
the rate of deoxygenation was formulated in which the rate
that occurs just below the thermocline fits zero order
kinetics with respect to oxygen concentration and is con-
trolled primarily by the biochemical oxygen demand of the
algae raining down from the epilimnion. A first order rate
expression with respect to oxygen was found for the deoxy-
genation that occurs just above the sediments. This rate
was controlled primarily by abiotic reactions of reduced
iron and sulfur compounds diffusing out of the sediments and
oxygen diffusion into the sediments.

Using the US OECD phosphorus load hypolimnetic oxygen
depletion rate model it was found that in general the oxygen
depletion rates just below the thermocline have on the aver-
age increased in response to an increased phosphorus load to
the waterbody. It is estimated that since 1910 the phos-
phorus load to this lake has increased from approximately
23 x 106 to 50 x 106 kg P/yr. This change in phosphorus
load is supported by the decrease in Secchi depth that has
occurred in this lake over that periqd of time.

It is concluded that the large scale die-off of cisco
that occurred in this lake could have been the result of in-
creased phosphorus loads to the lake arising from more in-
tensified agriculture and urbanization of the lake's water-
shed. This phosphorus caused increase in phytdplankton bio-
mass which increased the rate of deoxygenation of waters
just below the thermocline, thereby in some years making the

niche the cisco were inhabiting an unsuitable habitat.



INTRODUCTION

Large scale die-offs of cisco occurred in Lake Men-
dota, Wisconsin in the 1930's and 1940's. Various ex-
planations have been offered to explain these die-offs
ranging from disease, introduction :of toxic chemicals and
increased eutrophication of the lake resulting in the in-
creased deoxygenation of the hypolimnion. This paper
presents the results of a study devoted to examining the
data available on the rate of deoxygenation of the hypo-
limnion of Lake Mendota for the period from the early
1900's to the early 1970's. It provides additional in-
formation on increased eutrophication on the demise of

cisco in this lake.

LITERATURE REVIEW

Characteristics of Cisco

Cisco, Leucichthys artedi, are characterized as being

pelagic, cold stenotherms, plankton eaters, as having
terminal mouths, traveling in schools of one age group
only, and exhibiting a need for high dissolved oxygen in
the water (Frey, 1955; Cahn, 1927). According to Pritchard
(1930), these fish spawn in late November or early Decem-
ber, depending upon the water temperature of the lake. |
The spawning ground is generally located on avsand or rock
bottom in about three meters of water. The young cisco

hatch in the spring, March to early May. The fry will



remain in the shallow water, as a school, until about June
when they are forced to migrate to the hypolimnion due to
the warming of the epilimnion. John (1954) and McCormick
et al. (1971) indicate that adult cisco move into.the
hypolimnion earlier than the younger fish, because the
older fish cannot survive at warm temperatures as well as
the younger fish. Cisco remain in the hypolimnion until
overturn if sufficient dissolved oxygen is present.

McCormick et al. (1971) reports cisco are the most
temperature tolerant of the Coregonids, but the least
temperature tolerant of the fish in the inland lakes.
The ultimate lethal temperature (when all fish die) for
all ages of cisco is 26°C, which is the lowest for any
North American fish (Edsall and Colby, 1970; Colby and
Brooke, 1968). When the dissolved oxygen is depleted in
the hypolimnion, the cisco are forced to move up into the
warmer water. Older fish will resist the upward movement
as long as possible and are the last to make this forced
migration (Frey, 1955; Fry, 1937). Cahn (1927) attributes
some obser&ed die-offs of cisco to the forced migration:
into the thermocline where warmer water and insufficient
oxygen exist.

Frey (1955) studied thirty-seven lakes with cisco and
fifty-three non-cisco lakes. The hon—cisco lakes had a
variety of oxygen profiles. The deeper lakes with cisco

had large amounts of dissolved oxygen in the hypolimnion,



and the shallower lakes with cisco had an oxygen maximum
at the thermocline. This plus-heterograde (oxygen max-
imum at or near the thermocline) oxygen profile in the
shallower cisco lakes could explain how the cisco survive
in the shallow lakes.

Frey (1955) divides the lakes he studied into three
layers:

supra-cisco layer--epilimnion, with oxygen greater

than three mg/l, but temperature over 20°C

infra-cisco layer--temperature under 20°C, but

oxygen less than three mg/l

cisco layer--oxygen greater than three mg/l, and

temperature under 20°C

The non-cisco lakes had little or no cisco layer, while
cisco lakes had a large cisco layer and a larger "margin
of safety" against oxygen depletion and extreme conditions.
The lakes had variations in oxygen from year to year and
month to month so the thickness of the cisco layer is
important to their survival. |

One factor affecting the existence of cisco in a
lake could be eutrophication. Eutrophication may cause
oxygen depletion in the hypolimnion, and decrease the
volume of the lake available for total fish production
(Smith, 1969); If eutrophication continues the fisheries
change from cold water fish, like cisco, to what are
generally considered to be the less desirable warm water

fish. Lee and Jones (1979) have recently completed an



extensive discussion of eutrophication fisheries relation-
ships in waterbodies where they have shown that the fish
yield in a waterbody can be correlated with a normalized
phosphorus load to the waterbody.

Some lakes with oxygen depletion do contain cisco
populations. The cisco in lakes with clinograde oxygen
profiles, usually considered eutrophic, may be able to
survive by remaining at the thermocline-hypolimnion bound-
ary in cooler temperatures and at a point where oxygen is
present. Oxygen diffuses slowly across the thermocline,
and if a large oxygen demand is not present, the water
just below the thermocline should have some oxygen. This
area could be exhausted of oxygen as eutrophication in-

creases and causes oxygen depletion at the boundary.

Cisco in Lake Mendota

Lake Mendota, Madison, Wisconsin, once supported a
large population of cisco. Many fishermen would catch
these fish during their spawning season (John, 1954).
Large die-offs of cisco occurred in Lake Mendota and the
population is now essentially extinct. On July 30, 1935
about 1,400,000 dead cisco were found floating on the sur-
face (Telford, 1954). These die-offs amounted to about
one-hundred tons of cisco, and was the largest reported
die-off of Lake Mendota cisco. Other recorded die-offs

occurred in the summers of 1940, 1941, 1953, and 1955

(John, 1954).



In an article in the Wisconsin State Journal, Pyre

(1932) quotes Ralph Hile (U.S. Bureau of Fisheries) as
saying that the cisco are intolerant of eutrophication.
He also quotes A. D. Hasler as saying that the cisco die-
offs were due to oxygen depletion forcing the cisco into
warmer waters of the thermocline. Hasler stated, "Their
position is precarious at best, and with increased eutro-
phication there is a greater likelihood that many indivi-
duals, not being able to acclimatize, will succumb." An-
other article in the same paper quotes Dr. Bowman, a
Madison City Health Officer, as saying that the cisco
deaths were due to oxygen depletion, not any disease.
Pearse (1934) also reports few cisco in Lake Mendota due
to low oxygen. Cooper (1956) attributes the cisco de-
cline in Mendota to increasing fertility and less oxygen.
Birge and Juday (1914) reported that the hypolimnion of
Lake Mendota was anoxic in 1909 during late summer. This
situation would force the cisco to inhabit a narrow band
of cold water that exists just below the thermocline where
there is sufficient oxygen input from the epilimnion as’
a result of the diffusion through the thermocline.

The relatively short period of years during which the
cisco die-offs occurred would suggest that oxygen deple-
tion played a large role in their Aemise in Lake Mendota.
If the only reason for the decline of the cisco was year

class failure, it would be expected that the cisco



population would not become extinct in such a short period
of time as had occurred. The rapid demise of the cisco
may also suggest that accelerated eutrophication in Lake
Mendota effected the hypolimnion just below the thermo-
cline and caused oxygen depletion to an extent to force
the cisco into the thermocline, where increased tempera-

ture and/or insufficient oxygen caused their deaths.

Oxygen Depletion in Lakes

Dissolved oxygen is depleted both in the water column
and at the mud-water interface by animal, plant, bacterial
respiration, and by chemical oxidation. The vertical dis-
tribution of oxygen after stratification or ice cover will
be a result of the oxidation processes at various sites and
the mixing processes which distribute the deficit through-
out the lake. The significance of respiration in the water
column and of respiration and chemical oxidation near the
sediment-water interface at any point in the lake, is in-
fluenced by physical mixing arising from the vertical mix-
ing, horizontal translations, and density currents.

The major factor in depletion of oxygen in the water
column away from the sediments appears to be bacterial
respiration which has been found to have a zero order de-
pletion rate with respect to oxygen. ZoBell and Stradler
(1940), using Lake Mendota bacteria, showed that respira-

tion of bacteria is independent of oxygen concentration



in the range of 0.2 to 36.5 mg/l. <ZoBell (1840a) incu-
bated bacteria at various temperatures (8, 18, 25, and
37°C), and in all cases, the rate of oxygen use by bac-
teria was independent of the concentration of oxygen. The
same kinetic relationship has been found by other inves-
tigators. Burns and Ross (1972), working with Lake Erie;

Fruh and Davis (1972), studying Texas impoundments; and

Amberson (1928), investigating Arbacia eggs and Paramecium,
sﬁpport the finding of a zero order depletion caused by
microbial respiration. Marine bacteria show the same in-
dependence of oxygen concentration in their respiration in
the range of 0.3 to 12.74 cc/1l of oxygen (ZoBell, 1940Db).

The zero order rate constant has been found to occur
in lakes even though bacterial respiration is dependent
upon factors such as the population of bacteria, the
amount of organic matter present, the ease of oxidation
of the organic matter, the type of cell membrane, and the
temperature of the water (ZoBell and Stradler, 1940;
ZoBell, 1940a; Waksman and Renn, 1836; ZoBell, 1S40b,
Hutchinson, 1957; Varma and DiGrano, 1968; Fitzgerald,
1961). It appears that even though these factors are
important, the rate of respiration of bacteria is none-
theless independent of oxygen, and is zero order with
respect to oxygen concentration.

The oxygen deficit resulting from the sediments is

more difficult to evaluate than the biochemical oxygen



demand (BOD) of the water column due to the larger number
of possible mechanisms involved. McDonnell and Hall (1867)
have shown that invertebrates in the sediments

exert a zero order oxygen demand with respect

to oxygen (Martin and Bella, 1971; Rolley and Owens, 1967).
The oxygen depletion may also be catalyzed by the sulfate

ion as proposed by Burns and Ross (1972) where Desulfovibrio

bacteria are present.

If the diffusion of oxygen into the sediment is the
rate-limiting step, the oxygen demand may appear to be
first order with respect to oxygen (Mortimer, 1971;
Howeler and Bouldin, 19713 Bouldin, 1969). In contrast,
if the diffusion of reduced species such as sulfide or
Fe(II) from the sediment is greater than the reaction
rates with respect to oxygen and/or rates of oxygen supply
through mixing, the sediments' oxygen demand may be ex-
pected to be zero order with respect to oxygen, and de-
pendent upon the concentration gradient of reduced species
in the sediment interstitial water and the overlying water.

The data obtained from river sediments by Rolley and
Owens (1967) or from the well mixed laboratory systems of
Mortimer (1942) which suggest diffusion controls the de-
pletion of oxygen cannot be applied to stratified, poorly
mixed lakes with gyttja sediments.‘ If an anoxic micro-
zone forms above the sediment (Hutchison, 1957), no oxygen

gradient exists across the sediment-water interface, and



oxygen diffusion is likely insignificant. In these in-
stances, the oxygen depletion is controlled by the trans-
port of oxygen demand substances from the sediment. The
transport of solutes from the sediment is likely controlled
by molecular diffusion from the muds and turbulent dif-
fusion from the interface into the water column (Mortimer,
1971).

Martin and Bella (1971), working with estuary sediments
found that when the circulation of water above the sediment
was stopped, the rate of oxygen uptake decreased gradually
rather than sharply. A sharp decrease would be expected
if diffusion of oxygen into the sediments controls the rate.
Instead, mixing appears to be most important. Sullivan
(1967) proposed that the release of dissolved solutes from
the sediments into the water and the subsequent dispersion
of these into the overlying water are most important in a
lake. When the sediments are reduced, iron, manganese,
phosphate and sulfide will be released into the inter-
stitial water and be dispersed by turbulent mixing (Mor-
timer, 19715;

In lakes with a large sediment oxygen demand, it is
commonly observed that the vertical oxygen profile during
the winter and early summer has some exponential character,
with a smaller concentration of oxygen at the sediment-
water interface and larger concentrations farther away

from the sediment (Hutchinson, 1957). Since the deficit



in the upper portions of the water column is zero order
and fairly uniform, the exponential profile above the
sediment may be a result of the sediment demand distri-
buted by vertical mixing.

Some of the material released at the anoxic microzone
by the sediments may have greater concentration at the
surface of the muds than deeper in the sediment. The
compounds deeper in the sediment are reduced, even in
oligotrophic lakes (Gorham and Swaine, 1965). At overturn,
all compounds become oxidized in the upper sediment, ex-
cept when these sediments become anoxic after stratifica-
tion in eutrophic lakes the compounds are reduced (McMahon,
1969).

The oxygen demand of sediments is composed of an
abiotic and biotic component. The biotic component is
made up of the oxygen demand arising from the respiration
of benthic organisms utilizing the organic matter present
in the sediments. The abiotic component is primarily re-
lated to the oxidation of reduced sulfur species, prin-
cipally sulfide and ferrous iron. Stﬁmm and Lee (1961)-
found that the oxidation of ferrous iron by dissolved

oxygen obeyed the first order rate expression with respect
to oxygen

- d FE (I1) _  rE (II) PO (OH)Z.

d+ 2
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Mortimer (1941) observed the difference in iron con-

centration between the aerated and anaerobic sediment.

He found no release of iron above aerated sediment, but

an increase in iron was noted above anaerobic sediments.
The increase in iron concentration and other reduced sub-
stances is due to greater solubility of the reduced form
over the oxidized form (the oxidized form‘in some cases
forms a precipitate). Mortimer also observed at initially
high oxygen concentrations the initial depletion was rapid
for lake sediments, but the rate of oxygen depletion de-
creased as the concentration gradient decreaséd.

Another major element causing oxygen depletion is
oxidizable sulfur compounds. When the sediment or water
becomes anoxic, sulfate acts as a hydrogen acceptor to
form hydrogen sulfide (HZS) (Symons, 1969). Burns and
Ross (1972) state that bacteria can oxidize hydrogen sul-
fide to sulfate, which in turn, in anoxic water, could be
reduced to hydrogen sulfide. In their study, the reduc-
tion occurred in an algae mat covering the sediments and
the oxidation occurred in the overlying water. Burns and

Ross (1972) concluded that Desulfovibrio and Thiobacillus

act as an intermediate, but necessary step in the cyclic
process of sulfate catalyzing oxygen depletion.

Some of the hydrogen sulfide produced from sulfate
reduction reacts to form iron sulfide and manganese sul-

fide, and when these are released into the oxygenated
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water, the iron is oxidized to ferric which precipitates
as a hydroxide and the sulfide is oxidized to sulfate.
Chen and Morris (1972) investigated the kinetics of
the oxidation of sulfide, and found the order wasvfractional
for both oxygen and sulfur which indicates that competing
pathways and/or diffusion processes are significant.
Manganese (II) is also released from the sediments at
oxygen concentrations of five mg/l or less in the over-
lying water (Delfino, 1968). Manganese is oxidized at a
slower rate than iron in the neutral to slightly alkaline
range by dissolved oxygen and some reduced manganese can
be present in oxygenated natural water. Delfino (1968)
and Delfino and Lee (1968; 1971) found a first order de-
pletion reaction with respect to oxygen for manganese,
similar to the reaction for iron. The pH is too low in
most natural waters, though, to have much manganese oXxi-
dized since a pH of 8.5 or greater is necessary before

appreciable oxidation occurs (Stumm and Morgan, 1970).

Mixing of the Oxygen Demand

The above discussion takes into account only verticﬁl
mixing and would produce isopleths of oxygen parallel to
the sediment. Thus, it would be expected that the upper
hypolimnion nearest the shore Be depleted in oxygen more
quickly than the hypolimnion above the deeper areas. This

theory assumes that the sediments are of the same type
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-and oxygen demand, which is not always the case. The
sediments near the shore often have less oxygen demand
than the deeper sediments and therefore, the deeper areas
would be depleted faster.

Vertical turbulence was proposed by Hutchinson (1857)
to explain distribution of dissolved solids and reduced
substances in the water column of lakes. As the amount
of mixing increases, so does the rate of oxygen depletion
and the height in the Qater column that is affected. This
vertical mixing affects oxygen status to approximately ten
meters above the sediment within one-hundred days of strat-
ification in Lake Mendota. A well-mixed hypolimnion such
as Lake Erie (large vertical turbulence) may appear to be
depleted uniformly. The hypolimﬁion currents may also
mix the sediments down five to fifteen centimeters in the
sediment, though in Lake Mendota, only the top two centi-
meters are well mixed, with partial mixing to about
fifteen centimeters.

In contrast to the vertical turbulence, it has been
suggested that the distribution of dissolved oxygen could
be modeled by assuming lateral translations to be the
overwhelmingly important factor in mixing the lake (Mor-
timer, 1942). Thus, the zone of oxygen depletion near
the sediment would be spread horizontally throughout the
hypolimnion, and the deficit at any depth in the center

of the lake would become a function of the rate of
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depletion at the sediment, the volume of water at that
depth, and the magnitude of horizontal currents. Such a
model would likely result in the same type of profile as
the vertical turbulence model in that the deeper areas

of the lake would be depleted less rapidly than the upper
hypolimnion due to the closer proximity of the sediments
and the smaller volume of water involved. It can be ex-
pected that both mixing processes occur in lakes, and
that the relative importance of the two is determined by
lake morphology.

Mortimer (1942) feels that most water flow in the
hypolimnion is horizontal and that the turbulence from it
is the mechanism of heat and chemical exchange in large
lakes. Hypolimnetic currents have been observed in Lake
Mendota at a depth of 15 meters of 20 m/min. (Bryson and
Suomi, 1952; Frey, 1966).

Both models (vertical and horizontal mixing) have
neglected profile-bound density currents, which can be
regarded as the seepage of a thin layer of water down the
slope of the sediments due to increased density from either
the temperature differences or solutes derived from the
sediments after they become anoxic (Mortimer and Mackereth,
1958). Although these currents may be neglected in large
lakes in the summer where wind geﬁerated currents are
large and the slope of the basin is small, it is unlikely

that these currents can be neglected on small, deep lakes,
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especially with ice cover. This process is quite dif-
ferent from the considerations of vertical and horizontal
mixing in lakes in the summer, in that it can be envisioned
as "filling" the deep hole area of the lake with anaerobic
water. However, as discussed by Lee (1970), the release

of benthic gases from anaerobic conditions can cause mix-
ing of this water with overlying water and also contribute
to oxygen depletion through methane-oxidation and contribute
to oxygen depletion in lakes. For further information

on the oxygen demand of aquatic sediments consult the
reviews by Burdick (1976), Bowman and Delfino (1978)

and Conway (1972).

US OECD Eutrophication Studies on Oxygen Depletion

Rast and Lee (1978) and Lee et al. (1978a) have found
a reasonably good correlation between a normalized phos-
phorus load to a waterbody and the waterbody's summer
mean planktonic algal chlorophyll, Secchi depth, and hypo-
limnetic oxygen depletion rate. The-original Rast and
Lee relationship is based on about 40 US waterbodies.
Recently, Jones and Lee (1981) have expanded the number
of waterbodies covered by these relationships to about
90 lakes and impoundments located throughout the US. The
Jones and Lee relationships are shown in Figure 1. As
shown in part C of this figure there is remarkably good

agreement considering the multitude of factors involved
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between the normalized phosphorus loads and the hypo-
limnetic oxygen depletion rate.

Subsequently, Cornett and Rigler (1979) have developed
a similar relationship to that of Rast and Lee between
the phosphorus retention coefficient of lakes and their
hypolimnetic oxygen depletion rates. It is clear from
the US OECD eutrophication studies that the oxygen deple-
tion of the hypolimnion of many lakes and impoundments is
tied to the phosphorus load to the waterbody and the
planktonic algal chlorophyll that results from this load.
This would account for the so-called BOD oxygen depletion
rates in lakes. The sediment oxygen demand, while
originally for waterbodies, was controlled by phosphorus
load through productional BOD (algae) in the surface
waters, once the waterbody sediments begin to build up
a significant reservoir of reduced iron and sulphur
species the sediment demand becomes dominated by abiotic
processes through'the oxidation of these species.

Newbry et al. (1979; 1980) have applied the US OECD
eutrophication modeling results to TVA Cherokee Reservoir
which is part of the Tennessee River system and found that
the phosphorus load derived planktonic algal chlorophyll
accounted for about one-third of the total oxygen demand
of the hypolimnion of this waterbody. The remainder could

be accounted for by the nitrification of ammonia (bacterial
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oxidation to nitrite and nitrate) that was present in the

hypolimnion at the onset of thermal stratification.

MODEL FOR OXYGEN DEPLETION IN THE HYPOLIMNION

Oxygen Demand of the Water

As previously discussed, the depletion of oxygen in
the water, far removed from the sediments, can be modeled

by the zero order expression:

where k_ may be expected to vary with temperature, primary
production in the euphotic zone, and the relative volumes
of the euphotic zone and the hypolimnion, and DBOD is the

deficit caused by BOD.

Oxygen Demand of the Sediments

The sediment system contains a variety of different
possible mechanisms of oxygen depletion occurring simul-
taneously. It appears that mixing processes control the
sediment-water interface oxygen demand. Generally, mix-
ing processes are formulated as first order processes
(Lerman, 1979).. Lakes with large sediment oxygen demand

have been observed té have oxygen profiles that approach
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exponential character with rapid oxygen depletion at the
sediment-water interface and less oxygen change with
depth at depths more than a few meters above the sediment-
water interface. The exponential shape of the oxygen
profiles can be explained by the sediment oxygen demand
being distributed into the overlying water by vertical
mixing.

Hutqpinson (1857) has discussed these oxygen profiles

and proposes that they can be approximated by:

. [zm -z]
sz e L2 VAt |
m

where DSed is the deficit due to the sediment demand and
mixing, Z is the depth, t is the time, Zm is the depth
of the mud-water interface, and A is the turbulent mix-
ing coefficient for the lake in cmz/sec.

The value for A in Lake Mendota has been estimated

2cmz/sec'and

by Hutchinson (1957) to be above 2 x 10~
therefore is a lake with about medium mixing character-
istics. In Lake Mendota the sediment affects the dis-
solved oxygen to about ten meters above the interface.
Lake Erie has a much larger A value and the hypolimnion
appears to be depleted uniformly (Hutchinson, 1857; Burns
and Ross, 1972).

To determine the effect of the sediment and the BOD

on any point in the hypolimnion the two deficits must

18



be added:

Dtotal - DBOD B Dsed'

The concentration of dissolved oxygen at any point in the
lake can be obtained from the above. This simple model

was described by Hutchinson (1857).

where CO is the initial concentration of oxygen at strat-
ification, ko is the zero order rate constant (mg/l/day),
t is the time since stratification in days, Z - Zy is
the depth of the boundary of the hypolimnion and the
thermocline, Zh is the thickness of the hypolimnion and
Zm is the depth of the sediment-water interface in meters.
In order to evaluate the applicability of Hutchinson's
(1957) model to Lake Mendota, a study was conducted of

the oxygen depletion rates at several depths in this

lake. The results of this study are presented below.

MATERIALS AND METHODS

Lake Mendota is a hard water eutrophic lake located
in Madison, Wisconsin. The lake has a surface area of
15.2 square miles (39.4 x 106 metersz), a maximum depth

of about twenty-three meters, an average dépth of thirteen
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meters, and a total volume of 487 x 106 meters3 (Delfino,
1968; Torrey, 1972). The temperature and oxygen profiles
during the summer are of the clinograde type. As pre-
viously mentioned, the lake experienced large cisco die-
off in the period 1930 to the 1950's.

During this study, the dissolved oxygen and tempera-
ture data were collected by a YSI (Yellow Springs Instru-
ment Company) oxygen membrane electrode, as were the data
from Torrey (1972) and Sonzogni (1974). All other data
collected by Birge and Juday (archives data), Stewart
(1965), and Delfino (1968), were done by the Winkler pro-
cedure. Birge and Juday, however, used an unmodified
Winkler procedure which would be subject to interferences

by nitrite.

RESULTS

Oxygen Demand of the Water

To determine the zero order rate constant for oxygen
depletion in a lake, it is necessary to physically separate
the various sites for oxygen demand. A depth of fifteén
meters (in a deep hole of twenty-three meters) should be
sufficiently high in the water column when the A value
is 2 x 102 cmz/sec as in Lake Mendota, to minimize the
effect of mixing above the thermocline.

The depletion rate constants at fifteen meters for

20



1906, 1907 and 1909 are respectively, 0.15, 0.18 and 0.10
mg/l/day. These rate constants are obtained from the
slope of a plot of dissolved oxygen concentration ob-
tained by Birge and Juday (archives data) versus time
(Figure 2). The oxygen depletion rate constants for the
years 1961 to 1963 at fifteen meters can be obtained from
the data of.Stewart and are respectively, 0.20, 0.17 and
0.20 mg/l/day (Figure 3). In 1966 and 1967, the deple-
tion rate constants were 0.20 and 0.23 at fifteen meters
based on the data of Delfino (1968) (Figure 4). Data
obtained in this study from 1970 and 1971 was measured

at sixteen meters (Figure 5) where the values were 0.20
and 0.24 mg/l/day. In 1972, at fifteen meters, the rate
constant was 0.15 mg/l/day (Figure 5).

Figure 6 presents the observed rate constants for
oxygen depletion for Lake Mendota at a fifteen to sixteen
meter depth for the period 1906-1972. It is evident upon
examination of this figure that there are marked year to
year differences in oxygen demand within any short time
interval. The data of Sonzogni (1974) and Conway (1972)
for 1972 shows that the rate of oxygen depletion that
year was approximately the same as what Birge and Juday
observed in 1906 and 1907. However, all of the other
1960-1970 data show an apparent increase in the rate of
oxygen depletion at the fifteen to sixteen meter depth

compared to 1906-1907. Examination of the data for the
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Figure 2. Oxygen depletion in Lake Mendota at 15 m depth
for the period 1906-1909. Data from Birge and
Juday (archives).
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Figure 3. Oxygen depletion in Lake Mendota at 15m
depth for the period 1961-1963. Data from
Stewart (1965).
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Figure 4. Oxygen depletion in Lake Mendota at 15 m depth

for the period 1966-1967. Data from Delfino
(1968).
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Figure 5. Oxygen depletion in Lake Mendota at 16m
depth (1970-1971) and 15m depth (1972). Based on data
from Torrey (1972), Sonzogni (1972) and Conway (1972).
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various periods shows that 1972 was an atypical year for
Lake Mendota both in terms of hypolimnetic temperatures
and algal productivity. The hypolimnion of Lake Mendota
in 1972 was four to five degrees colder than normal due
to early onset of thermal stratification.in the spring.
Also, the frequency and severity of algal blooms during
late spring and early summer was less than normally ex-
perienced during the past ten years on this lake. Both
of these factors would tend to reduce the rate of dis-
solved oxygen depletion just below the thermocline and
thereby contribute to the low rate constants observed

in this year. If the 1972 data is judged to be atypical
it is apparent that the rate of oxygen depletion just
below the thermocline has increased from 0.15 to 0.2
mg/l/day in the period 1906-1910 to 1860-1970. - This rate
of increase can be attributed to increased influx of algae
available phosphorus since phosphorus has been found to
be 1imiting algal growth in this lake. This point is
discussed further below.

In order to determine the sensitivity of the estimate
of oxygen depletion rate constants on depths, the rétes
were evaluated for depths of ten, eleven and twelve
meters. This data is presented in Figure 7. The oxygen
depletion rate constants for ten‘and twelve meters in
19b6 are respectively 0.11 and 0.13 mg/l/day; for 1971,

they are 0.17, 0.17 and 0.18 (10, 11 and 12 meters); and
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Figure 7. Oxygen
depletion in Lake
Mendota at 10, 11

and 12m depth, for
the period 1906-1972.
Based on data from
Birge and Juday
(archives) for 1906,
Torrey (1972) for
1971, Sonzogni (1974)
and Conway (1972) for
1972. |



for 1972, the rate constants are 0.17, 0.18 and 0.17
mg/l/day. The rate constants at fifteen meters are
slightly greater than at ten, eleven and twelve meters,

though the difference is small.

Oxygen Demand of the Sediments

To evaluate the sediment impact on oxygen demand, a
depth of twenty-one meters (in the deep hole of twenty-
three meters) was chosen. This depth should reflect
mostly the sediment oxygen demand. The oxygen depletion
at the sediment has been observed to be exponential with
time (Figures 8, 9 and 10) (See Conway (1972) for complete
data). A first order plot can be obtained from a log of
oxygen concentration versus time. The slope of this plot
is the apparent first order rate constant. This rate
constént should include the diffusion of dissolved sub-
stances, oxygen diffusion into the sediment, and the con-
trolling factor of mixing. The rate constants for oxygen
depletion from 1906 to 1972 are in Figure 11 and no |
apparent increase in the rate constants is observed. This
diagram appears to be scattered, with no definite incréase
in'rate with time. The scatter could be partially due to
different depths bging sampled, but as can be seen in
Figure 10, there is not much difference in rates between
twenty and twenty-one meters of 0.041 and 0.04y day_l.

An increase in rate constants would not be expected
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Figure 8. Oxygen depletion in Lake Mendota at 22m depth

for 1906 and 1907. Data from Birge and Juday
(archives).
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Figure 10. Oxygen depletion in Lake Mendota at

20 and 21m in 1971 after Torrey
(1972).



poLudd 8Y3 404 ©IOPUIL 3¥e] UL W(Z

0.6 096l 0s6l obel

"¢L61-9061L
Je Sjue3ISUO0D d3ed uoL3a|dap usbAxQ ‘|| d4nbL4

ogsl orA]! olel 0oo0sel
_ ! _ _ T _ I T
—4900-
@® ONI43d —1c00-
\
@ A3YHYOL
® 1yVvM3lsS 0iop AVANM PUD 394HI8 @ dv00-
@ A3¥YO0L |
D|D uo
AVMNOID P AVANr PUuD 39418 @ :
@ IN9OZNOS deoo-
ONIdT730 @ @ LYYM3LS
~z200-
@ LYVYM3lLS

AVA NI LNVLSNOD 3L1VY NOIL3I1d3Ad NIOAXO



above the sediment, if the rate is dependent upon mixing
and release of inorganic substances. If the anoxic
microzone, as described by Hutchinson (1957), is assumed
to form, mixing is the most important factor in the dis-
persal of reduced substances, and the rate would not be
expected to change with time. The anoxic microzone de-
velops as a result of chemical oxidation and bacterial
respiration at the mud-water interface in relatively
stagnant (quiescent) water (Hutchinson, 1957). The effect
of this microzone on the rest of the hypolimnion is a
result of turbulent diffusion, not molecular diffusion.
The molecular diffusion is too slow to explain macro-
stratification in the hypolimnion when compared to the
turbulent diffusion. Gorham (1958), on the other hand,
suggested that when an oxidized microzone develops during
reaeration of the bottom waters, that it is due to ‘the
mixing of the sediments into the overlying water. Gorham
feels that this zone is not a barrier to diffusion as
Mortimer (1941) and Hutchinson (1957) describe it. The
authors are in agreement with Gorham on this point.

The reduced substances in the sediment that become
oxidized and cause oxygen depletion are mostly sulfur,
iron and possibly manganese. Lee (1962), Bortleson (1870),
and Bortleson and Lee (19723 1974) found that Lake Men-
dota sediments contain large amounts of these chemicals.

Gardner and Lee (1965) have shown that Lake Mendota
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sediments have a high oxygen demand that is exerted
almost instantaneously, i.e. within a couple of minutes,
followed by a much slower demand of at least equal or
possibly greater magnitude which is exerted at a steady

rate over a period of months or more.

DISCUSSION

From the data obtained in this study it is evident
that a combined zero order first order model discussed
above adequately describes the oxygen demand of the Lake
Mendota hypolimnion. This model, when coupled with
Hutchinson's (1957) mixing coefficient expression described
above, can be used to formulate oxygen concentration depth
profiles in the hypolimnion. The rate constant for any
particular waterbody for the water column depletion rate
(zero order ko) can be estimated from the relationships
developed by Rast and Lee (1878) and Lee et al. (1978a)
based on either the planktonic algal chlorophyll in the
waterbody or for phosphorus limited phytoplankton biomass,
the phosphorus load to the waterbody normaiized by the”
waterbody's mean depth and hydraulic residence time as
shown in Figure 1. Further ko may be estimated from the
" Secchi depth (see Figure 1) for those waterbodies in
which the water clarity is primarily determined by phyto-
plankton. Rast and Lee (1978) and Jones and Lee (1981)

have discussed the appropriate application of the US OECD
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eutrophication modeling results which relates phosphorus
loads to various eutrophication related response param-
eters. As they discuss, these relationships cannot be
used blindly. Much of the criticism about the so-called
lack of applicability to a particular waterbody relates
to the fact that the individual suggesting the lack of
applicability has not taken the time to follow the direc-
tions provided by Rast and Lee (1978), Lee et al. (1978a)
and Jones and Lee (1981). If used properly these re-
lationships provide water quality managers with extremely
powerful tools by which they can judge the impact of al-
tering phosphorus loads to waterbodies on the waterbody's
eutrophication related water quality.

The first order rate constant representing the sedi-
ment oxygen demand cannot be estimated based on the re-
sults of the US OECD eutrophication study since this
rate is not determined by the current trophic status of
the waterbody but as described above is determined
primarily by the abiotic processes involving the oxida-
tion of iron and sulfur compounds present in the sediments
by dissolved oxygen. These rates are primarily controlled
by mixing processes rather than chemical kinetics. Lee
(1970) has presented an extensive discussion of the factors
influencing the transfer of materials between sediments
and overlying water. He reports that transfer is primarily

controlled by abiotic and biotic mixing processes. While
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it is relatively easy to measure the kinetics of oxygen
demand of sediments under completely mixed conditions
using procedures similar to those used by Gardner and
Lee (1965) and Lee et al. (1978b), it appears-that the
greatest problem in modeling oxygen depletion in the
hypolimnion is the appropriate characterization of the
mixing processes associated with the sediments and the
overlying waters. Until a much better understanding in
this area is achieved, it is going to be difficult to
predict the oxygen profiles in the hypolimnion of the
lake based on the characteristics of the sediments and
the normalized phosphorus load to the waterbody. It is
important to emphasize however that while the shape of
the oxygen concentration depth curve in the hypolimnion
cannot be reliably predicted at this time, the extent .of
deoxygenation of the hypolimnion can be predicted through
the use of the results of the US OECD eutrophication
study program as described by Rast and Lee (1978) and Lee
et al. (1978a).

Stewart (1976) attempted to utilize oxygen depletion
and Secchi depth data collected on Lake Mendota over a
70-year period to examine the eutrophication of this lake.
He indicated that he could see little if any trend ‘in
the data. With respect to hypoliﬁnetic oxygen depletion
Stewart attempted to examine trends based on a weighted

mean oxygen concentration in the hypolimnion of the lake.
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However, Conway (1972) pointed out that the oxygen de-
mand of the lower waters of Lake Mendota has not changed
in the 70-year period of record and therefore Stewart's
weighted mean oxygen concentration is influenced by the
oxygen demand of the sediments which is independent
within the time period examined of the eutrophication of
this lake.

With respect to Secchi depth, the data Stewart pre-
sented show that between 1916 and the mid 1960's there
was an apparent change in average summer Secchi depth
from about 3 m in 1916 to slightly less than 2 m in the
1960's, i.e. a little over a 1 meter change in 50 years.
Rast and Lee (1978) pointed out that significant changes
in chlorophyll could take place in a eutrophic waterbody
and have little impact on the-water clarity of. the water-
body as measured by Secchi depth. Secchi depth is only
sensitive to chlorophyll changes at chlorophyll levels
of a few ug/l. At chlorophylls of above 10 ug/l which
are typical for Lake Mendota during the summer, large
changés in the planktonic algal chlorophyll can occur -
and have little or no impact on the waterbody's Secchi
depth. As discussed below, the changes in Secchi depth
as reported by Stewart for Lake Mendota for the period
from 1916 to the 1960's are the two changes that would
be predicted based on the US OECD eutrophication study

results as reported by Rast and Lee (1978). For some
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unexplained reason the Rast and Lee (1978) phosphorus
load hypolimnetic oxygen depletion rate relationship
shown in Figure 1 part C did not include Lake Mendota
data. It is of interest therefore to see how well this
lake fits the line of best fit for this relationship.

The 1971 and 1972 points for Lake Mendota are shown as

LM 1 and 2, respectively, on Figure 1. It is evident
that Lake Mendota also fits the same relationship in which
its normalized phosphorus load can be used to predict its
hypolimnetic oxygen depletion rate. Further and most
importantly, it is apparent that the year to year varia-
tions that occur in a lake's phosphorus load in hypblim—
netic oxygen depletion rates can readily account for an
appreciable part of the scatter of the data about the
line of best fit for the relationship shown in part C-of
Figure 1.

From the Birge and Juday (archives data) oxygen
depletion rates, and the US OECD  phosphorus load eutro-
phication response relationships shown in Figure 1, it
is concluded that about a 0.75 meter change in Secchi
depth should have occurred between 1910 and 1970. This
is very close to that estimated by Stewart to have occurred
during this period.

Using the phosphorus load oxygen depletion rate re-
lationship shown in Figure 1, it is estimated that the

1910 phosphorus load to Lake Mendota was in the order of
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23 x 106 kg/year. This computes to over a 200 percent
increase in phosphorus load occurring to this lake in
the 60-year period of record. This estimate is based on
an average of the three rates found by Birge and Juday

( archives data). Examination of the phosphorus loads
to Lake Mendota as reported by Sonzogni (1974) in which
he estimated that the early 1970 loads to this lake were
a little less than 50x106 kgP/year, that the urbaniza-
tion of the Lake Mendota watershed in the 60-year period
could readily account for the increased fertility of
Lake Mendota that has occurred. No single factor seems
to stand out as the primary cause of the increased phos-
phorus loads. It appears to be due to a combination of
domestic wastewater input from several small communities
located within the watershed, increased urban area within
the watershed and increased or at least more intensive
agricultural practices with the latter probably the most
important of the three. It is also of interest to es-
timate the change in planktonic algal chlorophyll in
Lake Mendota during this 60-year period. The 1972
summer average planktonic algal chlorophyll was 20 ug/l
which fits well the normalized phosphorus load chloro-
phyll relationships shown in Figure 1A. Using this re-
lationship, based on the changes in hypolimnetic oxygen
depletion rates and Secchi depth, it is estimated that

the average planktonic algal chlorophyll in 1310 would
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be on the order of 10 ug/l. Using the relationships de-
veloped by Jones et al. (1978) to relate mean summer to
maximum summer chloroph§11 where the maximum is estimated
at being 1.7 times the mean, in 1910 the maximum algal
bloom should have produced a concentration of about 17 ug/l
while in the early 1970's a concentration of 34 ug/l of
peak chlorophyll would have been expected.

While the data upon which these estimates are made
are quite limited, they are felt to have considerable
réliability based on the fact that Lake Mendota's normal-
ized phosphorus load fits well the US OECD eutrophication
study program results for planktonic algal chlorophyll,
Secchi depth, and hypolimnetic oxygen depletion rate.

Rast et al. (1981) have shown that the relationships shown
in Figure 1 have considerable reliability in being able
to predict new water quality response terms based on al—’
tered phosphorus loads to the waterbody.

It is evident from this review that there has in gen-
eral been appreciable eutrophication of Lake Mendota in
the 60-year period from 1910 to 1970. This eutrophication
could have readily resulted in the BOD type oxygen demand
arising from increased algal production in the surface
waters to cause the limited ecological niche, that the
cisco were inhabiting in the colder water just below the
thermocline, to disappear. While it is impossible at this

time to reconstruct the conditions that surrounded the
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massive die-offs that occurred in 1932, 1940, 1941, 1953,
and 1955 it is highly likely that these were years with a
warmer than normal hypolimnion and/or greater than normal
phosphorus loads and the associated planktonic algal
chlorophyll.

It is interesting to note that the year to year var-
iations in hypolimnetic oxygen depletion rates, measured
by Birge and Juday (archives data) as well as those found
in this study, are such that even though there has been
an estimated 24 x 106 kg/year increase in phosphorus load
to the waterbody, some of the depletion rates prior to
1910 are greater than some of those found in the 1970's.
This strongly supports the large scale cisco die-off
occurring within a particular year, which would be coin-
cident with the factors that control hypolimnetic oxygen

depletion rate, combined in such a way as to create

worst case conditions for a particular phosphorus load.
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