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ABSTRACT. Dreissenid mussels (Dreissena polymorpha and D. bugensis) biodeposit large quantities
of filtered materials (i.e., feces and pseudofeces) directly on bottom substrates. These biodeposits have
the potential to increase oxygen demand in sediments and overlying waters and thus contribute to
hypolimnetic anoxia in Lake Erie. We hypothesized that higher potential oxygen demand of sediments
would occur in areas near shore than in offshore hypolimnetic waters as a result of biodeposits carried
by currents from littoral water where mussels, available foods, and biodeposits may be most abundant.
To address this hypothesis, we measured potential oxygen demand (mg O,/L/120 h incubation) at six sites
near shore and six sites offshore monthly June to September 2002 and August 2003. In addition, we com-
pared, in post priori hypothesis, seven sites with and five sites without dreissenid mussels. Contrary to
our hypotheses, potential oxygen demand was not significantly higher in bottles containing nearshore
sediments than offshore sediments. Similarly, potential oxygen demand was not significantly higher at
sites with dreissenid mussels than at sites without mussels. Data are consistent with pre-dreissenid stud-
ies which show oxygen demand and percent ash-free dry weights of sediments were higher offshore than
near shore and ash-free dry weight of sediments decreased June to September. Therefore, the present
study provides no evidence that dreissenid mussels have contributed directly—via biodeposition—to
increased anoxia observed in Lake Erie in the mid to late 1990s.
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INTRODUCTION

In the mid 1990s, phosphorus concentrations and
hypolimnetic anoxia increased in the central basin
of Lake Erie but algal production remained at his-
torically low levels (Dolan 1993, Nichols et al.
2001, Rockwell er al. 2002, Rockwell and Warren
2003). These observations created a “trophic para-
dox” for eutrophication models developed in the
late 1960s and early 1970s for many waters in the
Great Lakes and possibly throughout North Amer-
ica (National Academy of Sciences 1969, Vollen-
weider 1974, Vollenweider et al. 1974, McGucken
2000). Eutrophication models predicted that reduc-
tions in phosphorus loadings would create a cas-
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cade effect that would reduce phosphorus concen-
trations in water, reduce algal production, reduce
decomposition of settled algae in profundal-off-
shore areas, and reduce anoxia in hypolimnetic wa-
ters. In Lake Erie, model expectations of decreased
hypolimnetic anoxia were obtained between the late
1970s, when pollution-abatement programs were
initiated, and the early 1990s, a decade after target-
phosphorus loadings were reached (Makarewicz
and Bertram 1991, Sweeney 1993). However, low
phosphorus loadings since the early 1980s coin-
cided with, paradoxically, increased phosphorus
concentrations, decreased algal production, and in-
creased anoxia in central Lake Erie in the mid and
late 1990s.

The following hypotheses were proposed to ex-
plain the paradox observed in Lake Erie (DePinto
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2002; personal communications, workshop partici-
pants, Lake Erie Trophic Transfer Study, University
of Windsor, Ontario): (1) increased phosphorus
loadings that were undocumented; (2) reduced hy-
polimnion volume attributed to low water levels
and/or increased heat penetration caused by in-
creased water clarity (this would increase anoxia
due to the reduced volume of oxygen in the hy-
polimnion); (3) reduced oxygen diffusion between
epilimnetic and hypolimnetic waters due to meteo-
rologic conditions (this would increase anoxia due
to less movement of oxygen from the epilimnion
into the hypolimnion); (4) increased oxygen de-
mand due to dreissenid mussels (zebra [Dreissena
polymorpha)] and quagga [D. bugensis] mussels)
(through respiration when live and through decom-
position when dead); and (5) increased oxygen con-
sumption by sediments as dreissenid mussels
contribute organic materials to the microbial pool
(mussels concentrate and increase the speed at
which organic materials are removed from the
water and deposit these materials on substrates in
the form of feces and pseduefeces).

Hypotheses that include dreissenid mussels to ac-
count for the Lake Erie “trophic paradox” are plau-
sible because the magnitude of ecological changes
that mussels caused in littoral waters of Europe,
North America, the Great Lakes, and especially
Lake Erie has been great (Nalepa and Schloesser
1993, Dermott and Kerec 1997, Karatayev et al.
1997, Berkman et al. 1998, Johannsson et al. 2000).
For example, dreissenid mussels are believed to be
one of the two most influential factors that im-
pacted the trophic status of Lake Erie during the
past 200 years (Nalepa and Schloesser 1993, Stoer-
mer et al. 1996). One mechanism by which dreis-
senid mussels impact trophic status is through
filtration of particulate material from water and
subsequent deposition of resulting materials as
feces and pseudofeces in the form of lightly com-
pacted biodeposits on substrates where they enter
the benthic-detrital pool (Maclsaac et al. 1992,
Nichols and Hopkins 1993, Botts et al. 1996, Stew-
art et al. 1998, Makarewicz et al. 1999, Nichols
2001, Pires and Van Donk 2002).

Biodeposits from dreissenid mussels could im-
pact profundal oxygen concentration by increasing
organic materials in sediments and subsequent de-
composition. These processes may have contributed
to the increased hypolimnetic-oxygen depletion ob-
served in Lake Erie. Biodeposits could originate
from mussel populations found on substrates in hy-
polimnetic areas but densities of mussels on profun-

dal sediments are relatively low (ca. 6,000/m2) and
it is likely that the majority of mussel-derived
biodeposits in Lake Erie would originate in littoral
waters where densities of mussels are high (e.g.,
30,000-700,000/m?2) (Griffiths et al. 1991, Dermott
and Munawar 1993, Nalepa and Schloesser 1993,
Stanczykowska and Lewandowski 1993). Thus,
transport of dreissenid biodeposits from littoral to
nearby areas by currents could have substantial im-
pacts on the organic content of substrates in
nearshore hypolimnetic waters. For example, in
shallow western Lake Erie, it has been estimated
that dreissenid mussels significantly reduced phyto-
plankton abundance by consuming 5 million metric
tonnes of phytoplankton per year and ejecting 1.4
million metric tonnes of this material per year onto
surrounding sediments (ca. 28%) as feces and pseu-
dofeces (Madenjian 1995, Makarewicz et al. 1999).

In the present study, we address possible impacts
of dreissenids on sediments to explain the paradox
of increased phosphorus, less abundant algae, and
increased anoxia in Lake Erie. We hypothesized
that dreissenid mussel populations found in littoral
waters would increase organic material found in de-
positional areas along the perimeter of the lake (i.e.,
near shore) where stratification occurs relative to
offshore sediments and that these deposits would
increase oxygen demand of sediments, thereby con-
tributing to the increased area of hypolimnetic
anoxia. We developed our study design around the
sampling schedule of the Research Vessel Lake
Guardian in 2002 and 2003 and two basic ques-
tions; can potential oxygen demand be used to mea-
sure impacts of dreissenids (1) based on proximity
to shore, where impacts would most be expected,
and (2) based on post priori knowledge of the pres-
ence and absence of mussel populations? In addi-
tion, we evaluated whether potential oxygen
demand of sediments can be used to differentiate
between sites and measure metabolism of sediments
in Lake Erie.

METHODS

We determined potential oxygen demand and
ash-free dry weight (AFDW, ca. organic content) of
surface sediments at 12 sites located throughout
Lake Erie June to September 2002 and August 2003
(Fig. 1). A total of ten replicate samples were ob-
tained at each of three sites (ER 43, ER 78, and ER
15) 17-19 June and 18-20 July 2002, six samples at
each of these three sites and nine additional sites
(6L, Sandusky, Port Alma, Cleveland, ER 30,
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Cleveland

Sandusky
FIG. 1.

Site locations where sediments were collected for potential oxygen demand

studies of Lake Erie in 2002 and 2003. Circles = nearshore sites, squares = offshore
sites, solid = sites with observed dreissenid mussels, and open = sites without observed

dreissenid mussels.

Ashtabula, Erie, Port Dover, and Barcelona) 7-21
August 2002 and 14-18 September 2002, and 16
samples at each of four sites (6L,ER 43, ER 78, and
ER 15) 14-18 August 2003 (Table 1).

A total of six nearshore and six offshore sites
were sampled to address our first geographically
derived hypothesis (Fig. 1). In addition, seven sites
with and five sites without dreissenid mussels were
sampled to address our second hypothesis (Fig. 1,
Table 1). Pre-selected nearshore sites were located
in 7 m of water where sediments are typically hard
and composed of sand, gravel, and rocks (Bedford
and Abdelrhman 1987, Marvin et al. 2002). These
pre-selected nearshore sites correspond to sites si-
multaneously sampled for other Lake Erie trophic
studies (this volume). Unfortunately, most near-

shore, pre-selected sites occurred in extensive
beach ridges formed approximately 6,000 years ago
and much of this area has remained free of deposi-
tional sediments due to strong currents and wave
energy (Bolsenga and Herdendorf 1993). As a re-
sult, several nearshore site locations were moved to
deeper water to obtain depositional sediments be-
cause biodeposits of mussels are unlikely to accu-
mulate in high current areas dominated by sand,
gravel, and rock substrates (Kemp and Thomas
1976, Thomas et al. 1976, Hargrave 1972, Belanger
1979). Two nearshore sites along the north shore
were moved south (Ports Alma [moved 15 km] and
Dover [10 km]) and three sites along the south
shore were moved north (Cleveland [2 km],
Ashtabula [4 km], and Barcelona [3 km]) to obtain
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Number of replicate samples obtained for potential oxygen demand and ash-free dry

weight determinations of sediments from Lake Erie 2002 and 2003. Category designation; O =
offshore, N = near shore, A = dreissenids absent, and P = dreissenids present.

2002 2003
Category

Site designation June July August September August
Sandusky 0O, A 6 6

ER 43 O, A 10 10 6 6 16
Port Alma 0, A 6 6

ER 78 0O, A 10 10 6 6 16
ER 30 O,P 6 6

ER 15 O,P 10 10 6 6 16
6L N, P 6 6 16
Cleveland N, A 6 6

Ashtabula N, P 6 6

Erie N, P 6 6

Barcelona N, P 6 6

Port Dover N, P 6 6

soft-mud substrates. In addition, an offshore site
(ER 30) was substituted for one site (Port Stanley
located 30 km north of ER 30) because no deposi-
tional sediments were found between these two
sites. Three (Port Alma, ER 30, and Port Dover) of
the six relocated nearshore sites were moved far
enough to change their geographic (nearshore ver-
sus offshore) designation. Two additional sites (6L
in the western basin and Erie in the central basin)
were sampled in the present study to increase the
number of sites sampled near shore. Four sites (ERs
43, 78, 30, and 15) correspond to long-term, water-
quality monitoring sites (USEPA, Great Lakes Pro-
gram Office, Chicago, Illinois). Site designation
based on the absence and presence of dreissenid
mussels was based on post prior observations of
mussel occurrence.

Sediments were obtained with a box-corer (i.e.,
similar to an Ekman; 35 X 38 cm; n = 2/site). The
box-corer obtained an undisturbed sample of sub-
strate and overlying water. Overlying water was
partially drained and individual plexiglass tubes (47
mm diameter) were placed in the box-corer and in-
serted into substrates. Tubes were sealed, removed,
and taken to a laboratory, where the remaining
water was removed. One small “plug” of surface
sediment was removed from each large plexiglass
tube by insertion of a smaller tube (9 mm diameter
by 1.5 cm deep, 1/tube) into sediments, sealed, re-
moved with intact sediments, and sediments were
individually placed in 300 mL bottles containing
well water. Each plug contained approximately 0.95

cm3 of sediment. Well water, obtained from a
source routinely used for fish culture (Great Lakes
Science Center, Ann Arbor, Michigan) provided a
uniform medium to reduce variability of oxygen de-
mand caused by water at individual sites throughout
the lake. In August 2003, formalin (2% final solu-
tion) was added to 8 of 16 replicate bottles at each
of four sites to determine chemical oxygen demand
in the absence of biological metabolism (Dale 1978,
Hargrave 1972). Dissolved oxygen (mg/L) within
each bottle was periodically determined (ca. 24 h
periods) until approximately 160 h at ambient incu-
bation temperatures of 20-22°C. Oxygen was mea-
sured with an electric oxygen meter (YSI 5000)
equiped with an electric paddle-stirrer (YSI 5010).
The meter was routinely calibrated (ca. every 15-20
measurements) by air-saturation and comparison to
measurements with another oxygen meter (YSI 95).
Plugs of sediment were obtained for dry (105°C >
24 hours), ash (525°C > 24 h), and ash-free dry (dry
minus ash-free) weights to determine organic and
inorganic fractions of sediments.

Oxygen demand of sediments was determined for
120 h incubation by weighted regression models fit
to oxygen depletion curves for individual bottles.
Cumulative potential oxygen demand of sediment
was then defined as the amount of oxygen lost from
0 to 120 h in mg O,/L. This approach was used in
order to compare oxygen demand among samples
measured at different time intervals. Sites were cat-
egorized according to location (offshore and near
shore) and dreissenid mussels (absent and present).
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TABLE 2. Mean potential oxygen demand (mg O,/L after 120 h incubation) and percent ash-free dry
weight of sediments from Lake Erie August and September 2002. O = offshore, N = near shore, A = dreis-

senids absent, and P = dreissenids present.

Potential oxygen demand (mg O,/L)

Percent ash-free dry weight

Site August September Mean August September Mean
Sandusky (O, A) 5.59 5.61 5.60 9.40 7.40 8.40
ER 43 (O, A) 6.22 6.69 6.46 9.60 7.70 8.65
Port Alma (O, A) 5.75 5.84 5.80 9.60 8.60 9.10
ER 78 (O, A) 3.88 4.40 4.14 7.90 6.00 6.95
ER 30 (O, P) 5.81 5.15 5.48 5.70 4.40 5.05
ER 15 (O, P) 6.40 6.93 6.67 8.50 5.40 6.95
6L (N, P) 4.47 5.08 4.78 8.10 6.30 7.20
Cleveland (N, A) 5.65 6.49 6.07 7.60 5.50 6.55
Ashtabula (N, P) 7.42 6.52 6.97 7.70 6.20 6.95
Erie (N, P) 4.74 5.53 5.14 5.00 3.00 4.00
Barcelona (N, P) 5.65 5.95 5.80 4.80 3.80 4.30
Port Dover (N, P) 4.59 4.30 4.45 5.30 2.90 4.10
Mean
Total 5.51 5.71 5.61 7.43 5.60 6.52
Location
Offshsore 5.61 5.77 5.69 8.46 6.58 7.52
Near shore 5.42 5.65 5.53 6.41 4.61 5.52
Dreissenids
Absent 5.42 5.81 5.97 8.82 7.04 7.93
Present 5.58 5.64 4.83 6.44 4.57 5.51
The greatest number of locations was sampled in RESULTS

August and September 2002, therefore these two
months were chosen to test differences (ANOVA)
in potential oxygen demand and percent ash-free
dry weight of sediments in comparable categories.
Biological oxygen demand was determined by sub-
traction of total oxygen demand and chemical de-
mand (as determined in the absence of biological
activity; see above). Areal oxygen demand was de-
termined from extrapolation of the surface area of
the 9 mm diameter sediment plug (63.6 mm?2)
placed in each bottle.

Potential oxygen demand as measured in the pre-
sent study is a surrogate for sediment oxygen de-
mand which occurs in situ in undisturbed lake
sediments. Potential oxygen demand occurs under
uniform conditions of sediment resuspension, tem-
perature, and available nutrients present in sedi-
ments at time of sampling. Chemical oxygen
demand occurs in the absence of biological activity
as induced by metabolic sterilization.

No significant differences in mean potential oxy-
gen demand of sediments were found between sites
located offshore and near shore (p = 0.356) and be-
tween sites where dreissenid mussels were absent
and present (p = 0.631) (Table 2). However, mean
oxygen demand in both August and September was
slightly higher offshore (5.61 and 5.77 mg/L, re-
spectively) than near shore (5.42 and 5.65 mg/L). In
addition, percent ash-free dry weights were signifi-
cantly higher (ANOVA, p < 0.05) at offshore than
nearshore sites and at sites where dreissenid mus-
sels were absent than present.

Potential oxygen demand and ash-free dry weight
of sediments exhibited consistent differences be-
tween sites June to September 2002 (Fig. 2). Rela-
tive ranks of these variables (i.e., first, second, and
third in order of decreasing value) were: ER 15, ER
43, and ER 78 for potential oxygen demand and ER
43, ER 15, and ER 78 for ash-free dry weight, ex-
cept in September when ash-free dry weight was
higher at ER 78 than ER 15. No consistent seasonal
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FIG. 2. Mean potential oxygen demand (2a) and
percent ash-free dry weight (AFDW) (2b) of sedi-
ments from Lake Erie, June to September 2002.

trend was observed in oxygen demand at sites ER
15 and 78, whereas significant increases (ANOVA,
p < 0.05) occurred at ER 43 between June and Sep-
tember. Ash-free dry weight exhibited significant
seasonal downward trends at each site June to Sep-
tember (p < 0.05).

In general, biological and chemical oxygen de-
mand did not occur at the same rate and were not
the same at each site within each of the three basins
of Lake Erie (Fig. 3). Biological demand occurred
at a slower rate than chemical demand. After 40 h
incubation, mean percent oxygen demand of biolog-
ical and chemical components was 34 and 66%, re-
spectively; after 80 h mean proportions were 58 and
42%, respectively; and, at 155 h incubation mean
percent demand was 55 and 45%, respectively. Bio-
logical demand in the central basin accounted for a
higher proportion (ERs 43 and 78 = 67 and 62%,
respectively) of potential oxygen demand than in
the western (6L = 47% biological) and eastern (ER
15 = 45% biological) basins.

Potential oxygen demand of surficial sediments
in Lake Erie is about one order of magnitude
greater than total sediment oxygen demand mea-
sured using chambers placed directly over sedi-
ments in the lake (Table 3). In general, potential
demand remained relatively stable at two of three
sites (ER 15 and ER 78) and increased at one site
(ER 43) June to September, and increased at 9 of 12
sites between August and September, whereas total
sediment oxygen demand measured in situ was
greatest in June and decreased August—September
(Tables 2, 3, and Fig. 2).

DISCUSSION

Results of the present study do not support the
hypothesis that potential oxygen demand and ash-
free dry weight of sediments was higher near shore,
in closer proximity to high densities of dreissenids,
than offshore, where dreissenid densities are rela-
tively low. In addition, post prior comparisons of
an additional hypothesis indicate no differences oc-
curred where dreissenids were present and where
they were absent. The rationale underlying these
hypotheses is that filtering of suspended materials
by dreissenid mussels would increase biodeposits to
sediments and these biodeposits would increase
oxygen demand and ash-free dry weight of sedi-
ments relative to contrasting categories.

Causes for unsupported hypotheses in the present
study are not known, but several probable explana-
tions exist. First, biodeposits from dreissenid mus-
sels may not accumulate in nearshore waters where
mussels are most abundant. Biodeposits from mus-
sels may be light enough to be carried by currents
directly into offshore-profundal areas. In addition,
sediment resuspension that occurs throughout Lake
Erie may incrementally carry dreissenid biodeposits
to offshore areas thereby preventing them from ac-
cumulating near shore (Charlton and Lean 1987).
However, it has been shown that biodeposits, espe-
cially pseudofeces, are concentrated in mucus pel-
lets and may accumulate within a few meters of
dreissenid colonies relative to areas without dreis-
senid mussels (Hamburger et al. 1990, Ten Winkel
and Davids 1982, Stanczykowska and Lewan-
dowski 1993, Botts et al. 1996).

Second, there may not be a net increase in the
amount of organic material reaching sediments as a
result of biodeposition by mussels. For example, in
a small reach of the Seneca River, total oxygen de-
mand of benthos and sediments was about the same
before and after dreissenid colonization (Canale and
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FIG. 3. Biological and chemical potential oxygen demand of sediments from the western (site
6L), central (ERs 43 and 78), and eastern (ER 15) basins of Lake Erie, August 2003.

Chapra 2002). However, oxygen demand of mac-
robenthos (primarily dreissenid mussels) in the
river was seven times higher after mussel coloniza-
tion than before colonization suggesting that mus-
sels were more efficient at utilizing carbon through
respiration than sediments were through decompo-
sition (Canale and Chapra 2002). In addition,
Rakesh et al. (2001) determined that oxygen de-
mand caused by dreissenid respiration in the river
could be one order of magnitude higher than sedi-
ment oxygen demand. Therefore, respiration by
dreissenid mussels could actually reduce oxygen
demand of sediments by utilizing organic materials
above sediments that would otherwise accumulate
in sediments.

Third, sites were categorized by presence and ab-
sence of mussels only. Relative densities of dreis-
senids in these hypotheses-derived categories were
not considered. If biodeposits accumulate in sedi-
ments in proportion to mussel densities, then areas
with high densities of mussels would be expected to

have higher oxygen demand and ash-free dry
weight of sediments. In addition, if mussels were
not detected due to low sampling effort (n = 2 box
cores/site/visit) then comparisons based on dreis-
senid categories would be negated. For example,
mussels were not observed at ERs 43 and 78 but
potential oxygen demand and ash-free dry weight
were 25-50% higher at ER 43 than ER 78. If mus-
sels occurred at ER 43 then our measures of oxygen
demand would be in line with the hypothesis of
presence and absence of dreissenids. At present,
there are no data on the lake-wide distribution and
densities of mussels to correlate with hypotheses-
derived categories. However, observed presence
and absence of dreissenid mussels in box-core sam-
ples correspond closely with the presence and ab-
sence of mussels throughout the lake in 1992
(Dermott and Munawar 1993). Mussels were absent
in the western third of the central basin in 1992 and
this is the same area where mussels were absent in
2002-2003 (Fig. 1). This area corresponds to the
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TABLE 3. Mean-areal oxygen demand of sediments from Lake Erie.T = triangle and D = dome shaped

chambers.
Oxygen demand (g O,/m2/d)
Source June July August September Mean
Potential oxygen demand
Present study 2002
Sandusky 5.28 5.29 5.29
ER 43 4.27 5.67 5.86 6.31 5.53
Port Alma 5.43 5.51 5.47
ER 78 3.50 4.67 3.66 4.15 4.00
ER 30 5.48 4.86 5.17
ER 15 6.46 7.08 6.03 6.54 6.53
6L 4.22 4.80 4.51
Cleveland 5.33 6.12 5.73
Ashtabula 7.00 6.16 6.58
Erie 4.47 5.22 4.85
Barcelona 5.33 5.61 5.47
Port Dover 4.32 4.06 4.19
Mean 4.74 5.81 5.20 5.39 5.28
Total oxygen demand
Snodgrass and Fay 1987 (T) 1.25-1.49 0.76-1.19 0.66-0.68 0.60-0.71 0.86
(D) 0.44-0.49 0.21-0.33 0.03-0.45 0.00-0.20 0.32
Davis et al. 1987 (T) 1.45 0.93 0.48 0.87 0.93
Snodgrass 1987 (D) 0.50 0.26 0.62 0.2-0.3

area where anoxia has been most prevalent in Lake
Erie for decades.

Fourth, impacts of dreissenids on potential oxy-
gen demand and ash-free dry weight of sediments
may not be detectable compared to other processes
that determine oxygen demand and anoxia in Lake
Erie. For example, the most likely factor that would
mask measurement of dreissenid impacts on sedi-
ments is the pelagic-derived organic material pro-
duced in the trophogenic zone which settles and,
when combined with a relatively small hy-
polimnion, results in hypolimnetic anoxia in the
western-third of the central basin of Lake Erie
(Burns and Ross 1972; Burns 1976a, b; Charlton
and Lean 1987). In the late 1970s, before the inva-
sion of dreissenid mussels, as much as 80% of the
hypolimnetic oxygen demand in the central basin
was attributed to phytoplankton produced in the
epilimnion (Davis et al. 1981). This resulted in
higher sediment oxygen demand (including mac-
robenthos) and ash-free dry weight of sediments
offshore than near shore (Davis et al. 1981, Charl-
ton and Lean 1987). This corresponds to the geo-

graphic pattern of potential oxygen demand and
ash-free dry weight found in the present study. In
addition, the temporal pattern of decreasing ash-
free dry weights between spring and fall observed
in the present study is similar to those before dreis-
senids colonized Lake Erie (Davis et al. 1981).
However, in 1978 the greatest total sediment oxy-
gen demand occurred in the western basin near site
6L, whereas the present study found relatively low
potential oxygen demand in western basin sedi-
ments. Davis et al. (1981), using in situ chambers,
attributed high oxygen demand in the western basin
to the abundance of macrobenthos. Macrobenthos,
including dreissenid mussels, were not included in
the present study but it has been shown that oxygen
use by dreissenid respiration can exceed sediment
oxygen demand by an order of magnitude and be
substantial enough to impact oxygen balances in
freshwater systems (Effler and Siegried 1994,
Rakesh et al. 2001, Canale and Chapra 2002). In
the late 1990s, it is unlikely that respiration by
dreissenids contributed substantially to anoxia in
the western third of the central basin of Lake Erie
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because this area has been periodically anoxic for
many decades (perhaps centuries) and seasonal col-
onization by mussels has not been observed (Burns
1976b, Delorme 1982, Charlton 1987, Mortimer
1987). Therefore, the absence of mussels in this
area is more likely a result of anoxia caused by
other ecological processes in the lake.

The last possibility for unconfirmed hypotheses
is that the increase in sediment oxygen demand
caused by dreissenid mussels is not detectable using
methods in the present study. A small increase in
dreissenid oxygen demand offshore may not easily
be detected with the present study design, espe-
cially if both offshore and nearshore areas exhibited
increases due to dreissenid biodeposits. Methodol-
ogy to detect differences would even have to be
sensitive enough to separate atmospheric factors
which, based on eutrophication models of the late
1960s and early 1970s, could account for hypolim-
netic oxygen changes observed in the 1990s (Charl-
ton In press). Testing for relatively small and
uniform increases caused by dreissenids may re-
quire use of identical methodology and determina-
tion of a total oxygen budget of the hypolimnion
before and after mussel colonization.

Use of potential oxygen demand as measured in
the present study is an efficient way to compare
scale and relative importance of metabolic activities
of sediments from different sites and basins in Lake
Erie. Consistent differences between individual
sites and differing proportions of biological and
chemical oxygen demand between basins (Fig. 3)
indicate the usefulness of measuring sediment me-
tabolism. However, the present study indicates that
one or more unknown limiting factors occasionally
occurred during incubation of bottles. The potential
list of limiting factors could be substantial. For ex-
ample, Davis ef al. (1981) measured 23 variables
(e.g., depth, temperature, oxygen, benthos, percent
sediment size, phosphorus, bacteria, and light)
within large plexiglass chambers incubated in situ
to measure sediment oxygen demand and deter-
mined that 14 variables significantly affected oxy-
gen demand. In the present study, two likely
limiting factors include percent organic content of
sediments and oxygen concentration. Organic con-
tent of sediments is often positively correlated with
oxygen demand, especially in sediments with low
organic contents (< 10%) (Davis et al. 1981). The
present study included sediments with low organic
contents; however no relationship was found be-
tween oxygen demand and organic content of sedi-
ments in the lake or sediments left in bottles after

incubation. Therefore, oxygen limitation is the most
likely limiting factor in the present study because
concentrations in bottles were often reduced to
< 2.5 mg/L (43% of bottles) and occasionally re-
duced to < 0.5 mg/L (3%) after 120 h of incubation.
In general, metabolism of aerobic bacteria de-
creases substantially below about 2 mg/L and
ceases below about 0.5 mg/L as aerobic bacteria die
and anaerobic bacteria thrive (Zobell 1943, Berg et
al. 1962, Berg and Jonasson 1965). About 17% of
oxygen concentrations below 2.5 mg/L occurred in
bottles from ER 15 and Ashtabula, whereas the re-
maining 26% occurred in bottles containing sedi-
ments from the other 10 sites.

Explanations for higher biological and chemical
demand in the central basin and relatively fast rates
of chemical oxygen demand are not known. In addi-
tion, it is not known whether it is higher biological
activity that contributed to central basin anoxia ob-
served in the 1990s. However, the rate of oxygen
demand by biological and chemical components is
unusual in that chemical demand exceeded biologi-
cal demand in the first 40 h of incubation. In gen-
eral, biological demand occurs first when oxygen
concentrations are relatively high (> 2 mg/L) and
chemical demand usually proceeds with an inverse
relation to oxygen concentrations (Walker and
Snodgrass 1986, Davis et al. 1981).

At present, there are two basic methods to mea-
sure oxygen metabolism of sediments—in vitro and
in situ. Three in vitro studies were performed dur-
ing the Lake Erie trophic studies program; potential
oxygen demand in the present study, measurement
of oxygen changes in overlying water of sediment
cores, and measurement of oxygen profiles in sedi-
ment cores (Matisoff and Neeson 2003, Matisoff et
al. 2005). All three methods allow measurement of
oxygen metabolism of sediments during cruise-in-
terval sampling. In situ methods, which were not
used in the subject studies, include sediment-con-
tact chambers and sediment-containing bottles (e.g.,
Davis et al. 1987, Snodgrass and Fay 1987). Place-
ment of chambers over undisturbed substrates may
include water circulation and/or water replacement
devices and bottle techniques may include in situ
incubation and in vitro laboratory temperature and
current simulation to mimic ambient conditions.
Placement of in situ chambers has shown that oxy-
gen metabolism of sediments before dreissenid col-
onization accounted for 59% (range 30-81%, n = 4)
of the total-hypolimnetic oxygen demand in Lake
Erie (Davis et al. 1981, 1987).

Potential oxygen demand undoubtedly overesti-
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mates actual demand of the microbial and chemical
components of sediments in the hypolimnion com-
pared to in situ chamber techniques because sedi-
ments are resuspended in bottles when oxygen is
periodically determined. Therefore, the value of the
potential oxygen demand technique is the ease in
which the same method can be used to make geo-
graphic and temporal comparisons. In addition, re-
suspension of sediments in hypolimnetic waters of
Lake Erie occurs at a much greater rate than previ-
ously thought (Charlton and Lean 1987), so use of
suspended sediments in incubation studies may lead
to a greater understanding of oxygen deficits in
Lake Erie, especially if impacts of sediment resus-
pension can be related to current driving variables.
One of our conclusions is similar to that of Davis et
al. (1981, 1987) who suggested that some measure
of sediment-oxygen metabolism be incorporated
into trophic-status monitoring in the Great Lakes.
Adequate measurement of sediment oxygen de-
mand seems even more important since benthic
dreissenids have invaded, colonized, and potentially
impacted oxygen concentrations in hypolimnetic
waters that are used to measure progress of water-
pollution abatement programs in Lake Erie and the
other Great Lakes.

SUMMARY

The present study of the potential oxygen de-
mand of sediments based on proximity to shore and
the presence/absence of dreissenid mussels suggests
that dreissenid mussels did not have a direct impact
on increased hypolimnetic anoxia in Lake Erie in
2002-2003. If our study had indicated substantial
impacts in agreement with our hypotheses, it would
have contributed to our understanding of increased
anoxia in the central basin of Lake Erie in recent
years. It is possible dreissenid mussels contribute
too little oxygen demand to sediments to measure
using our hypotheses and study methods. Even a
small increase in oxygen demand caused by mus-
sels may be important to hypolimnetic anoxia in
Lake Erie. As is, the present study does not help ex-
plain the “trophic paradox” of decreased phospho-
rus loadings, increased phosphorus concentrations,
decreased algal concentrations, and increased
anoxia that occurred in Lake Erie in the 1990s.

However, trends in our data support historical
studies that show anoxia in the central basin is
caused by pelagic-rain of plankton and its subse-
quent decomposition. These trends include higher
oxygen demand offshore than near shore, decreas-

ing ash-free dry weight of sediments June to Sep-
tember, higher ash-free dry weights of sediments
offshore than near shore, and the absence of dreis-
senid mussels in the central basin where anoxia has
occurred for several decades. In addition, there was
a higher proportion of biological oxygen demand in
the central basin than in the western and eastern
basins. These observations are consistent with
trophic models developed in the late 1960s and
early 1970s of pelagic-derived phytoplankton that
settles into the hypolimnion and causes anoxia in
the western-third of the central basin of Lake Erie.
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