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ABSTRACT

The hypolimnetic oxygen depletion rates of the Lake Erie
Central Basin have been reassessed using a new approach. In the past,
the Central Basin rates have been calculated using the available data,
excluding some areas based on either temperature and/or depth
definition. The high spatial variability in the data caused
uncertainties in the mean value which were sufficiently large to
prevent a statistically meaningful interval oxygen depletion rate
time-trend analysis. The new approach reduces the effect of spatial
variability (80%) on the calculation of the interval oxygen depletion
rates and hence permits the identification of a time~trend with more
precision, particularly when the data is corrected for the effects of
vertical mixing, temperature effects on metabolic rates by using Qo
coefficient, variable hypolimnion thicknesses, and seasonal
variability. A linear regression analysis of the final corrected
depletion rates with time shows a significant increase in the yearly

3 -1

average hypolimmetic oxygen depletion rate of 0.030 gmem. ™ mo. =1

yre
between 1929 and 1980. This increase in the rate accounts for a loss
of 4 to 5 gm.m'3 of oxygen from the Central Basin hypolimnion since
the earliest oxygen records in 1929. This increase may be directly
related to an increase in the trophic level of the Central Basin,

since most of the major limnological variables which affect the

depletion rate have been accounted for.
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RESUME

On s'est servi d'une nouvélle approche pour réévaluer les
taux d'appauvrissement en oxygdtne de l'hypolimnion du bassin central
du lac frie. Par le passé, on a calculé ces taux pour le basin
central en se servant des données existantes, en excluant certaines
régions pour les raisons de température et/ou de profondeur. La
grande variabilité des données dans 1l'espaces causait certaines
incertitudes sur la valeur moyenne qui &taient suffisamment
importantes pour emp@cher une analyse statistique significative de la
tendance du taux d'appauvrissement en oxygene en fonction du temps.
La nouvelle approche diminue 1'effet de la variabilité dans 1l'espace
(80%) sur le calcul des taux d'appauvrissement en oxygetne; elle permet
donc d'identifier avec plus de précision les tendances temporelles
surtout si les donnfes sont corrigées en fonction des effets du
mélange vertical, des effets de la température sur le taﬁx métabolique
en fonction de la loi de Van't Hoff-Arrhénius, de 1'épaisseur variable
de 1'hypolimnion et de la variabilité saisonni2re. Une analyse par
régression linéaire des taux.d'appauvrissement corrigés en fonction du
temps montre un accroissement important de 0,030 g.m™3mo."la"! du taux

annuel moyen d'appauvrissement de l'hypolimnion en oxygtne de 4 2
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5 g.m$ dans 1'hypolimnion du bassin central depuis les premiers
enregistrements  des teneurs en oxygdne en 1929. Cet accroissement
peut @tre 1ié directement 3 une augmentation du niveau trophique du
bassin central, car on a tenu compte des principales variables

limnologiques affectant le taux d'appauvrissement.
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EXECUTIVE SUMMARY

"Lake Erie Central Basin Oxygen Depletion Changes from 1929-1980"

The Léke Erie Central basin hypolimmnetic oxygen depletion
rates have been reassessed using a new approach. A semi-objective
method using oxygen depletion rates and chemical data was Qsed to
determine the trend study area, where the high spatial variability
that exists in the Central Basin, was reduced by 80 to 90%, thus
allowing any time-trend to be identified with more precision.

The oxygen depletion rates using only data in the trend
study area for the years 1929 to 1980 are calculated and corrected for
.effects of vertical mixing, temperature, thickness, and seasonal
variability. A linear regression analysis of the final corrected

depletion rates with time shows a significant increase in the yearly

-3 1

mo." -1

average hypolimmetic oxygen depletion rate of 0.030 gm.m. yr.

between 1929 and 1980. This increase in the rate accounts for an
oxygen loss of 4 to 5 gmbm'a, and can be attributed to an increase in
biological production, due to increasing phosphorus loadings, since
most of the major limnological variables which affect the depletion
rate have been accounted for. Conversely, allowing time for the lake
to respond, the oxygen conditions in the hypolimmion can be improved
by reducing the phosphorus loadings, which proves the validity of the

’

GLWQA.



RESUME X L'INTENTION DE LA DIRECTION
"Appauvrissément en oxygdne du bassin central

du lac £rié entre 1929 et 1980"

On s'est servi d'une nouvelle approche pour réévaluer le
taux d'appauvrissement en oxygdne de 1l'hypolimnion du bassin central
du lac £rié. Une méthode semi-objective, faisant intervenir les taux
d'appauvrissement en oxygene ainsi que certaines données chimiques, a
servi 2 détérminer la zone destinée 2 1'étude des tendances; la grande
varigbilité dans 1l'espace qui existe dans le bassin central y est
réduite de 80 2 90%, ce qui a permis d'ideﬁtifier avec plus de
précision toute tendance en fonction du temps.

Les taux d'appauvrissement en oxygene entfe 1929 et 1980
sont calculés uniquement pour les données recueillies dans cette zone;
ils sont corrigés en fonction des effets du mélange vertical, de 1la
température, de 1'épaisseur et de la variabilité saisonni2re. TUne
analyses, par régression linéaire en fonction du temps, des taux
d'appauvrissement corrigés montre un accroissement important de
0,030 g.m.'smu.'lén'1 du taux annuel moyen d'appauvrissement de
1l'hypolimnion en oxyg®ne entre 1929 et 1980. Cette augmentation

explique une perte d'oxygkne de 4-5 gdm'a; il est possible de

’



1'attribuer 2 un accroissement de la production Siologique da 3
1'augmentation des charges en phosphore car on a tenu compte de la
plupart des variables limnologiques affectant le taux d'appauvrisse-
ment. Par contre, si on laisse au lac.le temps de s'épurer, la teneur
en oxygetne de 1l'hypolimnion peut s'amBliorer apr®s réduction des

charges en phosphore, ce‘qui prouve la validité de 1'AQEGL.
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INTRODUCTION

Hypolimnetic oiygen depletion rates for the Central Basin of
Lake Erie have been reported by many authors; each having their own
approaches and methods of calculations. (Dobson and Gilbertson 1971,
Burns 1976, Charlton 1980, Rosa and Burns 1981,vAnderson et al 1984,
El-Shaarawi 1984). Dobson and Gilbertson (1971) defiﬁed the
hypolimnetic waters as water which was no more than 3.0°C warmer than
the minimum temperature observed during a sampling survey. In calcu~
lating oxygen depletion rates no corrections were made for the effects
of vertical mixing, temperature differences, hypolimnion thickness,
seasonal variability and East Basin advection. Dobson and Gilbertson
analyzed the data from 1929 to 1970 and concluded that the Central
Basin oxygeﬁ depletion had ‘increased at a rate of 0.075

gnem=2emo.~leyr=1, from 1950 to 1970.

Charlron (1980) established the existance of hypolimnion
waters, at stations with depths greater than 15 m, by using
temperature-depth traces where available. He then calculated a
relationship between temperature and  hypolimnion thickness.
Subsequently he wused this relationship to estimate hypolimnion
thicknesses for the years when temperature-depth traces were not
availéble. Next, he used the actual and estimated thicknesses in a
second regression analysis between oxygen depletion rates and

hypolimnion thickness to correct the original oxygen depletion



rates to rates which were standarized to the thickness observed in
1970. By this method, Charlton attempted to correct for hypolimnion
thickness variation but he did not 'attempt to correct for
reoxygenation resulting from vertical mixing or for different oxygen
uptake rates resulting from different temperatures (Q;4), or for the
effects of advection from the East Basin. Having analyzed the data
from 1929 to 1977 in this manner, Charlton concluded that: "the
hypothesis of a large long-term trend to increasing oxygen depletion
does not seem to be supported by the present analysis of the available

data." (Charlton 1980).

On the other hand, Burns (1976) determined the depletion
By using the Mesolimnion Exchange Model (Burns 1976), oxygen coming
into or leaving the system by water moving horizontally into and out
of the East Basin and vertical transport of oxygen by the
incorporation of water from the thermocline or loss of water by
hypolimnetic erosion, is accounted for. By using temperature change,
the model also accounts for the oxygen brought into the system by
water exchange, that is, water which enters the hypolimnion and later
leaves it causing no change in volume but causes an increase in oxygen
concentration and temperature. This model permits correction of rates
to a standard temperature but Burns (1976) did not make such a

correction.



Dobson and Gilbertson, Charlton, and Burns wuse the
basin-wide approach, subjectively excluding some areas either by
temperature or depth definition, in calculating the mean oxygen and
temperature concentrations, and oxygen depletion rates. However, the
basin-wide approach is good and representative of the basin itself
only with an adequate sampling grid, because there exists a marked
variability in the chemical concentrations throughout the Central
Basin. Rosa and Burns, Anderson et al, and El-Shaarawi first
determine sets of observations which form a homogeneous group within
the hypolimnetic waters. Ihe data calculations are then performed
using only the homogeneous group within each basin thus reducing the
variability due to spatial variations in concentrations and

non-representative sampling (Anderson et al, 1984).

The different approaches in data analysis and interpretation
present some conflicting conclusions in the Lake Erie Central Basin
historic oxygen depletion rate trend. The existing differences in
data analysis and trend interpretation between Dobson and Gilbertson,
and Charlton have been documented by Charlton (1979) and those between
Charlton, and Rosa and Burns have been the subject of a special

workshop held in 1981 and summarized by Barica (1982).



METHODS

An example of the spatial variability in the temperature and
oxygen concentration rates is shown in Fig. 1 a. Also oxygen
depletion rates (Fig. 1b) and the rate of hypolimnion temperature
increase (Fib. 1l¢) vary across the basin; showing the rates in the
western part of the Central Basin to be far higher than those in the
eastern part. This means that data collected from a set of stations
restricted to the western part of the basin cannot be comﬁared with
data collected subsequently from stations sited predominantly in the
eastern part of the basin. This difference shows the necessity of
determining an area in the basin which provides comparative
information over the entire time period and reduced spatial
" variability. Lake Erie Central Basin surveys after 1967 were mostly
basin-wide, but before this date, as far back as 1929, only certain
localized areas were_sampled. Therefore, if we wish to establish a
time trend, we must establish a method for determining oxygen

depletion rates which is compatible with the early data.

The accuracy in determining the homogeneous groups depends
upon the intensity of sampling in space and time, such as a high
density of stations, and frequent surveys. The 1977 and 1978 surveys
were designed to establish the spatial variability within the Central
Basin, and to provide ample data for the application of the

Mesolimnion Exchange Model. 1In this study, the 1977 and 1978 data



sets are  used to . semi-objectively identify, and isolate
non-representative groups to alleviate much of the non-homogeneity of
the Central Basin, before a time—~trend analysis can be assessed with

greater precision, by using only homogeneous groups.

The observed interval oxygen depletion rates for each
station in the basin are then determined and inspected to permit the
identification of the homogeneous group, henceforth referred to as the
trend study area, where spatial wvariability could be sufficiently
reduced. The uncertainty, in the concentration of three major
parameters, due to temporal and spatial variability in the trend study
area is then computed and compared with that for the whole basin.
Finally, the observed, interval oxygen depletion rates using only data
within this area for the the years 1929 to 1980 are calculated. These
rates are then corrected for effects of vertical mixing using
hypolimnion temperature inc;ease, Qo adjusted to a standard
temperature of 10° C, standarized to a mean thickness of 4.7m, and
finally adjusted for seasonal variability. These corrections permit
the computation of oxygen depietion.rates which are independent of
variability induced by the different weather, prevailing in different
years. This type of information permits reliable comparisons of data
from different years. The dissolved oxygen concentrations were
determined in 1977 and 1978 by using the modified Winkler iodometric

method (Philbert and Traversy 1973).



RESULTS

The trend study area for each basin were defined by first
determining the mean summmer depletion rates for each station for 1977
and 1978. These were then plotted for the two basins, thus giving a
depletion rate disttibu;ion map. The arithmetic mean and standard
deviation (S.D.) were also calculated for each basin, to identify the
homogeneous groups. Next all the stations that were within one S.D.
from the mean were marked, and with the exception of a few, were all
found to. 1lie in one area in each basin. The boundaries for these
areas were defined and that part of éach respectiVeAbasin inside the
boundary became the trend study area (Fig. 2). These areas, which can
be defined by polygons, occupy the offshore regions of each basin. To
see the effect of using the trend study area on reducing the spatial
variability, the simple hypolimnion mean and S.D. for 3 major
parameter (temperature, dissolved oxygen, and oxygen depletion rates)
were calculated for both the Central Basin trend study area and the
whole basin (Table 1). From the table it can be seen that the spatial
variability (mean variance) is substantially reduced (80-90%) in the
trend study area. This reduction in the spatial variability is
probably due to the exclusion of non-representative sampling and
shallow zones 1in the basin, where physical turbulence and point
sources are responsible for their heterogeneous nature (Lam et al,

1983).



The trend study area method for calculating historical
oxygen depletion rate was used for data collected in the years and the
number of stations shown on Table 2. The data collected from stations
lying outside these areas were rejected at once, and the remaining
data were carefully scrutinized, retaining only that data maintaining
a consistent temperature—depth relation. The observed interval oxygen
depletion rates for the trend study area were calculated by using
oxygen concentration differences between surveys. The hypolimnion

oxygen depletion rate, for each station, was calculated using the’

expression
(Y. Y:p)
_ iA - "iB - -
v = -t (gmem-3.DAY™!)
where: Y and T are oxygen concentrations (gm»m'a) and temperature

(°C) respectively, i is the station, and A, B are the mid
survey dates used to calculate the observed interval

depletion rate.

The arithmetic mean observed hypolimnion oxygen depletion

rate for n stations is given by (R,)

n
R, = ( iz:l Y;)/n (gnem~>+day™!)



The available data from 1929 to 1980 was analyzed for each survey
interval and the results are shown in Table 3 and Fig. 3A. The
equation for the regression line between year (X) and observed

depletion rate (Ry) is,

R, = 0.022X + 1.61 (P < .01)

As mentioned, in order that these observed rates may be compared,
for trend analysis, corrections and adjustments must be made for
either physical or chemical factors that may have_altered the actual
rate. The most important of these factors are: VERTICAL MIXING,
TEMPERATURE DIFFERENCES, HYPOLIMNION 'I;HICKNESS s AND SEASONAL
VARIABILITY; the methods used in correcting the observed depletion

rates for these processes are described in the following section.



OBSERVED RATES CORRECTED FOR DIFFERENT PROCESSES

i) Vertical Mixing

The correction for vertical mixing can be made by using the
hypolimnion temperature increase, and the thermocline oxygen and
temperature gradients estimated for each survey interval. The
following expression is derived using the basic principles outlined by
Burns (1976) in his Mesolimnion Exchange Model corrections for
downward incorporation of oxygen contained in the thermocline water

which is entrained into the hypolimnion from the thermocline:

A = e . AT . Eqn. 1
(Te - Tp)
where; A0 is the increase in hypolimnion oxygen concentration due

to mixing processes, To, Ty are the mean epilimnion and
hypolimnion temperatures, O, O are the mean epilimnion
and hypolimnion oxygen concentrations, and AT 1is the

hypolimnion temperature increase.

Vertical mixing and turbulent diffusion introduce oxygen
into the hypolimnion (Burns 1976, Lam et al, 1983) which cannot be
accounted for by measuring concentration changes only, therefore this

. addition of oxygen to the hypolimnion must be calculated and added to
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the simple rates, to account for differences in depletion rates due to
these processes. Central Basins field measurements have shown that
downward entrainment processes were contributing enough oxygen to the
hypolimnion to account for about 10% of the oxygen depletion during a
13-day period in August 1979 (Ivey and Boyce 1982). However, although
the downward mixing of oxygen can be substantial it can vary markedly
within and between years and must be allowed for differently in each
case. In 1977 and 1978 this process introduced 19%Z and 7%
respectively, of the total oxygen consumed in the hypolimﬁion. The
observed rates corrected for vertical mixing (Ry) are shown in
Table 3, and the equation for the regression between time and

depletion rates is shown in Table 4.

ii) Temperature

Hypolimnion temperature increases during the stratified
season and increases the biochemical oxygen uptake rate. Metabolic
rates are very dependent on temperature with the reaction rate usually
doubling with every 10°C rise in temperature, (Q10=2). In order that
depletion rates within the summer, and among different years, can be
compared, they should be standarized to a single temperature. This
temperature is taken to.be 10°C, which is close to the seasonal mean
hypolimnion temperature. The following equation will be used for this

correction (Salisbury and Ross 1978):
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K
Log Qo = [—o—] Log [2] Eqn. 2
T - T) K1

where T} and Tp are temperatures with Ty > T), K; and K, are depletion
rates with K, > K;. The rates for each survey interval after
standardization to a mean temperature of 10°C (Rq) are shown 1in

Table 3, and the regression equation is shown in Table 4.

iii) Thickness

This relationship allows the rates to be corrected for
hypolimnion thickness by the method which is desc;ibed below. The
volumetric oxygen depletion rate (Rg) is made up of oxygen uptake
which occurs in the water column (Ky,) and the uptake that occurs at

the sediment water interface (Kg) Burns 1976, such that:

Ks
Rg = —— +Rv Eqn. 3.

d
The sediment oxyge'n demand is inversely proport;i.onal to hypolimnion
thickness (d). The equation shows also that the value of Rq is
dependent on K, as well as Ry, and that the hypolimnion thickness

only partially effects the value of Rq- Equation 3 has the form of

a two-coefficient polynomial function, namely:
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y = ax +b

Hypolimnion thicknesses were only observed from 1961 onward,
and before the thickness corretion can be applied to the years prior
to 1961, these thicknesses must be estimated. Since hypolimnetic
oxygen depletion rates have a high negative correlation with water
levels (El Shaarawi, 1984) and hypolimnion thickness (Charlton, 1979),
these two variables were tested for dependence from 1961 onward. The
following relationship, best described by a linear equation of the

form y = ¢cx + d was established;

y = 5.15 x -0.40

(n =17, r = 0.83, P < .001)

where y is the hypolimnion thickness, x is the water level difference
(water level-datum). By using this relationship the hypolimnion
thicknesses for the years 1929, 1949, 1950 and 1951 were calculted at
5.1, 2.8, 3.5 and 4.8 m respectively.

Before the correction for the effect of thickness on
depletion rate can be applied, the relationship between thickness
alone and depletion rate must be found. This is easily achieved by
residual analysis to remove the effect of time on depletion rates as
established above. Thus, the survey interval oxygen depletion rates
which are cohsideredl to be independent of effects related to

increasing time, (Op) were calculated by removing the annual rate of
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increase of 0.028 gm°m'3mm.‘l yr'l‘from Rq as previously determined
(see Table 4).
Qr = Rate for year, Rq - ((T-1929) 0.028)

the residual rates were correlated with the inverse of thickness and a
relationship showing the effects of thickness alone on depletion rate

was obtained, as shown
y = 5.8 x + 1.90 (P < .01) Eqn. 4

Thus substituting the values of Eqn. 4 into Eqn. 3 we obtain,

'3=mo."1),

¥y = Qr = Residual Depletion Rate (gmem

1/d = Inverse of thickness (m‘l),

x
K, = 1.90 gt_n'm—3mo.-1, Kg = 5.89 gmqn_zqno.-l.
Thus the relationship between oxygen depletion rate and thickness has

been established by regression analysis using only the residual

interval depletion rate and hypolimnion thicknesses from 1929 to 1980.

The proportion of the oxygen depleted as SOD versus WOD is
considered to remain constant with time, thus the time independent
interval oxygen depletion (Qp) at any time, t(QT,t) is considered

to consist of two parts namely,
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kg
Qr,¢ = F¢ (=2 + Ry )
d
F: K
= t s + F. K Eqn. 5

de
where; Fi is a factor for the observation interval, t,
and d; is the hypo-thickness dufing interval, t.

Fe Kg

Thus SOD, = =, and WOD = Fr Ky
. 4, v

Q¢

Since the mean hypolimnion thicknesses observed from 1961 to 1980 is
4.7 m, the part of the observed depletion rate affected by thickness,
the SOD, was corrected to a standard thickness of 4.7 m in each case

as follows,

ral Eqn. 6

Thus the thickness corrected oxygen depletion rate for the interval ¢,
readjusted for the rate increase due to time (Rq - Qf), previously

removed to calculate the residuals, is
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Ft Ks
= + Ft-Kw + (Rq - QT) Eqn. 7

Rt = QT,t,c 4.7

Since the values of K; and Kg; are known, the values of oxygen
depletion with observed thicknesses were corrected using Eqns. 5 and
7. The thickness corrected rates are shown in Table 3, with

regression equation shown in Table 4.

iv) Seasonal Adjustment

At this point, there is one final correction to be made,
that is, the rates must be adjusted for seasonal variability. Past
research has shown that the depletion rates tend to decrease at oxygen
concentrations less than 2.0 mg-L’l, (Mathias and Barica 1980);
although Cornett and Rigler, 1984 attribute this decrease to an
increase in the oxygen transport by turbulént mixing across the upper
boundary of the hypolimmion (vertical mixing), and the rates are shown
(this paper, Table 3) to be variable within the season. The results
of a regression analysis between R¢ and time of year shows that a
decreasing trend with season does exist. Thus, the thickness
corrected rates (Ry) have a relationship with time of season:

’

Ry = -0.0128 + 4.35 (P < .01), where B = Time in J. Days (May 1 = 1)
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Therefore within any season (100 days) there is a decline in oxygen

=3 1 1

depletion rate of 1.20 gmem™ “eseas.” " or 0.012 .gm-m"s'day' as the
season progresses. The thickness corrected rates (R;) were adjusted
to mid-stratified season (taken as July 14 or J. Day 75, May 1 = 1) by

using the following procedure:
Rc = Ry + (J.DAY - 75) 0.012

The final corrected rates, independent of the time of season, are

shown in Fig. 3B with regression equation
R. = 0.028X + 1.55 (P < .001)

In order to make the depletion rates comparable to other investigators
(yearly mean) the final corrected interval oxygen depletion rates
(Rc) were averaged for each year and plotted against time, results

are shown on Fig. 3C with regression equation
Ry = 0.033X + 1.20 (P < .001)

Using the average rates (Ry) to determine the trend, each year has a
weighting factor of, one (1) in the'correlation, while in using the
interval rates the weighting factor for each year is equal to the
number of interval rates (R¢)for that year. For this reason, the

»

regression coefficient changes when the yearly averages are used, the
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weighting factor (no. of i_nt:ei‘vaj. rates), Table 2, is higher for the
latter years (1977 to 1980) because of the greater number of surveys
conducted. In order to account for the appropriate weighting factor
for each year on the average rate (RA), a multiple regression
analysis between time and weighted depletion rate (Rpw) was run.
Each year was given a weighting factor equal to the square root
of the number of interval rates from Table 2 (El-Shaarawi, personal
communication). This proéedure decreased the regression coefficient
between time and depletion rate from 0.033 to 0.030 gm.m‘amo. “lyp-l
(Table 4). This weighting procedure as a final correction in the
oxygen depletion tremd is very important since the trend may be highly

influenced by weighted regression (Anderson et al, 1984).
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CONCLUSIONS

The trend study area approach was devised because there
exists west to east variability in the Central Basin hypolimnion
dxygen and temperature concentrations Fig. 1(A). For this reason, the
interval oxygen depletion rates using arithmetic mean concentration
from different parts of the basin cannot be used. The variability in
the basin means (spatial) is greater tﬁen the difference between basin
means (temporal). The trend study area has much less spatial
variability (80%) enabling the temporal differences to be .more
significant (Anderson et al, 1984) allowing the calculation of the
interval oxygen depletion rate with greater precision. Another reason
for choosing this approach was to retain consistency in the area
used. The trend study area remains stratified throughout the summer
and the East Basin advection is restricted to the eastern-third of the
Central Basin, Boyce et al (1980), and therefore, does not affect this
area. Chiocchio (1981), found that strong winds from the South West
blowing consistently for 14 days could possibly effect the Central
Basin up to 60 to 80 km, west of the Pennsylvania Channel. Thus the
concentration difference, if any, between the water masses would have
a negligible effect on the trend study area, but a profound effect on
the eastern end of ,the Central Basin Fig. 1(A), (B), illustrating a

further need for the trend study area approach.
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In the progression of corrécting for the different proces-
ses, (the final interval, and yearly mean corrected rates are shown on
Fig. 3B and 3C- respectively) the fit of the data points around the
regression line improves as each successive correction was applied to
the observed rates, thus improving the correlation coefficient between
depletion.rate and time (Table 4). After all the corrections are
applied to the observed rates there is a considerable improvement on
the line fit, whereby the regression coefficient increases by'23Z,ythe
correlation coefficient increases by 42% and the total sum of squared
deviations and the error of regression decreases by 45%. Thus, the
vertical mixing correction, adjustment to a standard temperature,
standardization to a mean hypo-thickness, and removing seasonal
variability, further strengthens the regression relationship between

time and depletion rates to establish an increasing historic tread.

We can see that in trying to establish changes in the oxygen
depletion rates is a complex matter because many factors (physical,
chemical and biological) affect the rate. This study provides an

example of how to undertake this difficult topic.

‘The sequence of applying the corrections is very important
with the most independent processes being done first, i.e. the verti-
cal mixing correction is mainly dependent on the interval
temperature increase (AT). This correction has to be applied to the

observed depletion rates in order to arrive at the actual depletion
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rate, before any other corrections are applied. Next, the rates are
corrected to a standard temperature and then they are standardized to
a mean hypolimnion thickness, after the actual temperature independent
rate was calculated. The seasonal wvariability has to be corrected
for, after all the other corrections are applied because the earlier
corrections are required to reveal any seasonal trend that may exist

with the other variables removed.

By using the trend study area approach for the Central Basin
of Lake Erie and applying the knowledge in the limnology of the lake,
the difference in interpretation between Dobson and Gilbertson and
Charlton has been resolved and we are confident that there has been an
increase in the oxygen depletion rates between 1929 and 1980. There
is no doubt that the L#ke Erie Central Basin water quality has
deteriorated in the past 50 to 60 years. By using diatom records,
Harris and Vollenweider (1982) state that Lake Erie had undergone
initial eutrophication as early as 1850, although the main evolution
toward eutrophic systems occurred du:ing this century. The Central
Basin anoxic area has increased substantially from 1930 to the early
seventies, Hendendorf (1980). Finally, phosphorus loading to the lake
has been increasing from 4,000 metric tons in 1900 to 27,000 metric

tons in 1970, Sly (1976).

The increase in phosphorus loadings to Lake Erie in the last

’

century has caused an increase in biological productivity. An
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increase in productivity in the euphotic zone would result in greater
amount of organic material settling into the hypolimnion (Hargrave,
1975). Decomposition of this organic material has had a greater
stress in the hypolimnetic oxygen reserve thus increasing the
hypolimnetic depletion rate. Furthermore, since the phosphorus
concentrations in Lake Etie have been decreasing in the past decade
(Rosa, 1985), a decrease in the oxygen depletion rates should be
observed (El-Shaarawi, 1984) after the lake has undergone a
stabilization or lag time period. The present analysis accounts for
most of the known limnological factors which affect the oxygen
depletion rates, so that these corrected rates may be compared from
year to year in testing for time-trends; thus any observed trend may
be related to trophic level changes in the Cent?al Basin of Lake

Erie. The data reported does not show a decrease in the depletion
rates in the early seventies, but after 1974 (Fig 3C), the rates seem
to show a lowering trend, although not statistically significant. We
are hopeful that in the 1980's an even lower trend in the hypolimnetic
oxygen depletion rates will be observed. It seems then, that the
phosphorus loading reductions, one of the Great Lakes. Water Quality
Agreement's objectives, is beginning to show its effects in decreasing

the oxygen depletion rates in the Central Basin of Lake Erie.
ACKROWLEDGEMERTS

We would like to express our gratitude to F.M. Boyce, M.N.

Charlton, D.E. Rathke, A.H. El-Shaarawi, D.C. Lam, G.K. Rodgers, F.C.



22

Elder and J. Barica, for their time and constructive criticisms on

this manuscript.
REFERENCES

Anderson, J.E., El-Shaarawi, A.H., Esterby, S.R. and Unny, T.E. 1984.
Dissolved oxygen concentrations in Lake Erie. 1. Study of
spatial and temporal wvariability wusing cluster and
regression analyses. J. of Hydrology, 72:209—229;

Barica, J. 1982. Lake Erie oxygen depletion controversy. J. Great
Lakes Res. 8(4) 719-722.

Beeton, A.M. 1963. Limnological survey of Lake Erie, 1959-1960.
Great Lakes Fishery Commission, Technical Report No. 6,
32 pp.

Boyce, F.M., Chiocchio, F., Eid, B., Penicka, F. and Rosa, F. 1980.
H&polimnion flow between the Central and East Basins of Lake
Erie 1977. J. Great Lakes Res., Vol. 6, No. 4.

Burns, N.M. 1976. Oxygen depletion in the Central and Eastern Basins
of Lake Erie, 1970. J. Fish Res. Board Can. 33:512-519,

Canada Centre for Inland Waters. 1973. Summary Data Atlas of Lake
Ontario and Lake Erie. CCIW Paper No. 10.

Charlton, M.N. 1979. Hypolimnetic oxygen depletion in Central Lake
Erie: Has there been any change? 1Inland Waters Dir. Sci.
Publ. Ser. No. 110, 25 pp.

Charlton, M.N. 1980. ’Oxygen depletion in Lake Erie: Has there been

any change? Can. J. Fish. & Aquat. Sci. 37:72-81.



23

Chiocchio, F. 1981. Lake Erie hypolimnion and mesolimnion flow
exchange between the Central and Eastern basin during 1978.
CCIW Unpublished Manuscript.

Cornett, R.S., and Rigler, F.H., 1984, Dependence of hypolimnetic
oxygen consumption on ambient oxygen concentrations: Fact
or artifact. Water Resources Res. Vol. 20, No. 7, 823-830.

Dobson; H.H., and Gilbertsdn, M. 1971. Oxygen depletion in the
hypoliﬁnion of the Central Basin of Lake Erie, 1929-1970.
Proc. Conf. Great Lakes Res. 14:743=748.

El-Shaarawi, A.H. 1984. A statistical model for dissolved oxygen in
the Central Basin of Lake FErie.. J. of Hydrology
72:231-243.

Fish, C.J. 1960. Limnological survey of eastern and central
Lake Erie, 1928-1929. U.S. Fish and Wildlife Service,
Special Scientific Report - Fisheries No. 334, 198 pp.

Great Lakes Institute, University of Toronto. 1964, Great Lakes
Institute data record, 1962 surveys, Part 1, Lake Ontario
and Lake Erie. Report PR 16, 97 pp.

Great Lakes InstiFute, University oé Toronto. 1965. Great Lakes
Institute data record, 1963 surveys, Part 1, Lake Ontario,
Lake Erie and Lake St. Clair. Report PR 23, 195 pp.

Hargrave, B.T. 1975. .The importance of total and mixed-layer depth
in the supply of organic material to bottom communities.

Symp. Biol. Humg., 15, pp. 157-165.

[



24

Harris, G.P. and Vollenweider, R.A. 1982. Paleolimnological evidence
of early eutrophication of Lake Erie. Can. J. Fish. Aquat.
Sci. 39(4):618-626.

Herdendorf, C.E. 1980. Léke Erie nutrient c¢ontrol program an

- assessment of its effectiveness 1im controlling Lake
eutrophication. U.S. Environment Protection Agency Rept.
#600/2-80-062,354 p.

Ivey, G.N. and Boyce, F.M. 1982. Entrainment by bottom currents in
Lake Erie. Limnol. Ocenogr., 27(6):1029-1038.

Lam, D.C.L., Schertzer,W.M. and Fraser, A.S. 1983. Simulation of
Lake Erie water quality responses to loading and weather
variations. IWD Scientific Series Wo:. 134, 310 pp.

Mathias, J.A., and Barica, J. 1980. Factors controlling oxygen
depletion in ‘ice-covered lakes: Can. J. Fish and Aquat.
Sci. 37(2):185-194.

Philbert, F.J., and Traversy, W.J. 1973. Methods of sample treatment
and analysis of lake waters and precipitation samples.
Proc. Conf. Great Lakes Res. 16:294-310.,

Powers, C.F., Jones, D.L., Mundinger, P.C. and Ayers, P.C. 1960.
Applicationé of data collected along shore to conditions in
Lake Erie. Publ. No. 5, Great Lékes Res. Div., Univ. of
Michigan, 78 pp.

.Rodgers, G.K. .1962, Lake Erie data report, 1961. Great Lakes
Institute,Un%versity of Toronto, Preliminary Rept. No. 3,

’

141 pp.



25

Rodgers, G.K. 1963. Lake Erie data report, 1960. G;eat Lakes
Institute, University of Toronto, Preliminary Rept. No.'ll,
138 pp.

Rosa, F. and Burns,N.M. 1981. Oxygen depletion rates in the
hypolimnion of Central and Eastern Lake Erie - a new
approach indicates change. Manuscript report. National
Water Research Insgitute, CCIW, Burlington, Ontario,
L7R 4A6.

Rosa, F. 1985. Lake Erie Central Basin total phosphorus trend
analysis from 1968 to 1982. NWRI Contribution No. 101.

‘Submitted to the J. of Great Lakes Res.

Salisbury, F.B., and Ross, C.W. 1978. Plant Physiology, Belmont,
Calif: Wadsworth Publishers, 2nd Ed. pp. 23-26.

Sly, P.G. 1976. Lake Eirie and its Basin. J. Fish. Res. Board,

Canada, 33:355-370.



°1 0°1 %°0 , .
0°s LY 19 3 ddueTaIEBAp
ueay
[N ETAAR ] 99°0%65°6 71 (VT A S 8 i 68°13£0°01 Wy S
96°0%L6°C So°TFL6°C
O1°T¥6L°S L9°0¥80°6 1 1S°¢32L79 88°TF9C°6 6t Y
L1°'15¢¢°C [§ AT A4
78°0%69°L IL°0%0L°8 1 [AAN A XAV 86°13499°8 Ly €
96°0+09°¢ 89°T+08°1
19°0F€8°6 £9°0FeY L 1 L8°T¥97%°6 66°T5L8"°L 6% 4
SO°T¥SIE S8 CFST°E
(IR EYA ArA | LS°0FSL°9 6 CLTIFTILTT 89°1350C°¢L Wy 1
8461
0'1 8°'0 9°'0 9°¢ 0°¢ 9°'C DUBTIBA
ueay
960+ 1% "¢ e OF18°Cl ST BI"CFSE°E 6L " T1318°¢C1 S S
80°1¥09°¢ . 8B CFILT
01°'1¥60° Y LY 0F8T°CT 61 10°C¥99°Y 8S IFL1°C1 9% Y
L8°0F09°¢€C . LL°TFE9°E T
18°0%19°9 6 "0FE9°IT <1 C8°TF8I "L LLTFOTCTT £y € |
80 1¥61°¢ 61°C3¥SC°¢C :
00°T¥%8"8 e 1706 1T ST 1€°139L°8 S6°TFLY 11 1% A
96°0F85°C 6% CFE9°¢
: 88°0%96°6 T1L°0FEL" L 01 00°TxeE 01 0e°Ts0E°8 1€ 1
HloE mIEE.Ew ﬁl.oE _uewgd
a3ey T/9KW 0, N mmmm . 1/9K o N “ON -
uotjoydaq uaBAx(Q *dwa] uot3aTdaq uadfxg *dwag, Aaaang
vai1y Apnig puai] utrseg 97oyM
LLo6l

“d°sS pue ‘sajex :cmuwﬁaov .nﬂbmuuuuﬂmouou uR9l

1 ¥4VL

uotumyjodiy uIseg [BIIUI)



TABLE 2

# OF INTERVAL

# OF STATIONS

YEAR RATES DATA SOURCE IN T.S. AREA USED
1929 2 FiSH 6
1949 1 POWERS 5
1950 1 POWERS 7
1951 2 POWERS 7
1961 1 GLI-LANDS&FOREST 12/13
1962 1 GLLI 16
1963 2 GLI 16
1967 3 CCIW 8
1969 2 CcCIwW 8
1970 2 cCIw 7
1971 1 CCIW 5
1973 2 CCIW/CLEAR 8/10
1974 2 CLEAR 8
1975 2 CCIW/CLEAR 8
1977 4 CCIW 15
1978 4 cCIw 15
1979 5 CCIW/CLEAR 6/7
1980 2 CLEAR




TABLE 3
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TABLE 4.

INTERVAL OXYGEN DEPLETION RATES TREND ANALYSIS
STATISTICAL RESULTS

7>Regféssion' - Significance Correlation N
X Y Coefficient Level Coefficient
(Rates) .* Standard
Error

Year Ro 0.022 *,008 P < .01 0.45 39
Year Ry 0.025 *.007 P < .01 0.46 39
Year Rq 0.028 %,007 P < .001 0.53 39
Year R¢ 0.029 *.006 P < .001 0.58 39
Year Re 0.028 *.005 P < .001 0.64 39
Year Ra 0.033 *.006 P < .001 0.76 18
Year = Ray  0.030 *.006 P < .001 - 0.76 18

R, = observed interval rates.

Ry = Ry, corrected for vertical mixing.
Rq = Ry, corrected for temperature.

Ry = Rq, corrected for thickness.

Rc = R¢, corrected for seasonal variability; (final
corrected rates).

Rp = Average of R. for each year; (yearly average).
Rpow= Rp, corrected by using weighting factor for each year.

N = No. of rates used in the regression.
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OBSERVED INTEFWAL RATES Figure 3
r=045 o ® e | OXYGEN DEPLETION RATES.

OXYGEN DEPLETION RATE (GM-M -MJ)

A
1800 7 1834 1951 1968 1085
800
CORRECTED INTERVAL RATES 480{ YEARLY AVERAGE FROM (B)
r=0.
2604 0.76
240+
m-
B c
%00 B 34 951 wes wes 900 v 34 - 068 765




