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Abstract: Over the past several decades, reductions in phytoplankton stocks and increased water clarity in Lake Erie have resulted from
phosphorus load abatement and the introduction of zebra �Dreissena polymorpha� and quagga mussels �D. bugensis�. The relative impacts
of these developments and their implications for lake management have remained difficult to delineate. To address this issue, we
numerically model the complex biophysical interactions occurring in Lake Erie using a two-dimensional hydrodynamic and water quality
model that is extended to include dreissenid mussel and zooplankton algorithms. The model reasonably simulates longitudinal trends in
water quality as well as the dynamics of central basin hypoxia. Phosphorus is the limiting nutrient through the euphotic zone and its
control decreases the algal growth rate and biomass ��55–60% �. Filter feeding by dreissenid mussels also decreases algal biomass
��25–30% �, simultaneously stimulating increased net algae growth through enhanced algal consumption and subsequent phosphorus
recycling. Effective recycling implies that algae stocks are ultimately regulated by external phosphorus loads. Returning phosphorus loads
to pre-abatement 1960s levels, in the presence of dreissenid mussels, results in a western basin algae concentration of
�0.7 mg dry weight L−1 with a potential for nuisance algae growth.
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Introduction

The water quality of Lake Erie’s western basin �Fig. 1�a�� dete-
riorated dramatically during the 1950s and 1960s as the capacity
of the lake to absorb anthropogenic waste was exceeded. Floating
algal blooms, extinction of benthic organisms and persistent
eutrophication were observed �e.g., Boyce et al. 1987�. In the
1970s, joint Canadian and United States phosphorus abatement
legislation mandated tertiary treatment of municipal wastewater,
implemented programs to reduce agricultural run-off and limited
detergent phosphate concentrations. At a cost of billions of dollars
for research, outreach, and implementation, Lake Erie water qual-
ity improved and a trend of decreasing phytoplankton biomass
was observed from 1970 through the mid-1980s �e.g. Charlton
1994; Charlton et al. 1999�. The discovery of invasive filter-
feeding zebra mussels �Dreissena polymorpha� in the lower Lau-
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rentian Great Lakes in 1988, and their proliferation �e.g., Haltuch
et al. 2000� created a potential for further reductions in phy-
toplankton biomass and increased water clarity �e.g., Madenjian
1995; Ackerman et al. 2001�. The subsequent establishment of the
quagga mussel �Dreissena bugensis� further complicates the
analysis �e.g., Charlton 1994; Charlton et al. 1999�.

Phosphorus abatement has caused a decline in fish species
richness in western Lake Erie and has changed the population
dynamics of commercial and sport fishes �Ludsin et al. 2001�.
Dreissenid mussels are modifying the nitrogen and phosphorus
cycles, shortening turnover times, facilitating phytoplankton
growth and cyanobacterial blooms �Conroy et al. 2005a�. Re-
source managers must decide if the cost of continued phosphorus
abatement is justified, in order to sustain ecosystem rehabilitation,
or whether phosphorus controls should be relaxed to increase the
population of some economically important fish species, simulta-
neously potentially favoring nuisance algae growth. These tasks
require knowledge of the relative impacts of dreissenids and nu-
trient loads on the dynamics of primary production in western
Lake Erie. Several specific questions must be answered. �1� What
are the relative impacts of dreissenid mussels and nutrient loads
on the water quality and algal biomass of western Lake Erie? �2�
What would have occurred if dreissenids had not been introduced
and the nutrient loads had been maintained at post-1960s �1994�
levels? �3� What would have occurred if the dreissenids had been
introduced but the nutrient loads were returned to 1960s levels?
�4� What would have occurred if the dreissenids had not been
introduced and the nutrient loads were returned to 1960s levels?

In this study we address these issues by numerically modeling
the complex interactions among plankton, nutrients, dreissenid
mussels and hydrodynamics occurring in Lake Erie, using a
coupled hydrodynamic and water quality reservoir model. Nu-
merical studies have shown that fully understanding the biologi-

cal responses to physical variability requires models that couple

8



hydrodynamics and the dynamics of water quality and biota �e.g.,
Koseff et al. 1993; Boegman et al. 2008�. The problem involves
adequately modeling the complexity of physical and biological
processes in time and space, with sufficient computational effi-
ciency that long-term trends in water quality may be economi-
cally simulated. Previous models examining Lake Erie have been
either hydrodynamic �e.g., Ivey and Patterson 1984; Boegman
et al. 2001, León et al. 2005� or water-quality based �e.g., Chapra
1977; Lam et al. 1983; Madenjian 1995; Bierman et al. 2005�.
Recent studies integrating hydrodynamics and nutrient-plankton-
dreissenid mussel dynamics have been localized in application to
an idealized water-column �e.g., Edwards et al. 2005� or concep-
tual food-web models �e.g., Noonburg et al. 2003�. These studies
confirm that the impact of dreissenid mussel filtering is influenced

Fig. 1. �a� Lake Erie bathymetric plan view �depth contours are
CE-QUAL-W2 solution plane �longitudinal cross section� showing wi
bathymetry applied to central and eastern basins for estimating the im
bathymetry applied to western basin for estimating the impact of drei
was calculated from the form in panel c such that �i=1

n BiHi��i=1
m B1H
by several coupled abiotic factors which vary naturally in space
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and time throughout a water-body, e.g., the rate of vertical turbu-
lent mixing, the water column depth, horizontal advection and the
spatial arrangement of suitable benthic substrate �see Boegman
et al. 2008�.

In the following sections we describe the application of the
two-dimensional hydrodynamic and water-quality reservoir
model, CE-QUAL-W2 �W2� version 2.11 to Lake Erie. The
model is extended to include a multiparameter dreissenid mussel
and zooplankton module and is validated against extensive water-
quality data collected in Lake Erie during May–September, 1994.
The results support extension of the model, through scaling of the
nutrient loads, to simulate the state of Lake Erie characteristic to
the late 1960s; allowing for prognostic and diagnostic analysis of
the relative impacts of dreissenid mussels and nutrient loads on

m intervals�. W denotes location of field station during 1994; �b�
ntours �contour interval is 20 km�; �c� lateral staircase cross-sectional
of dreissenid mussel grazing and excretion; and �d� Rectangular box
mussel grazing and excretion. The simplified bathymetry in panel d

ere m�n.
at 10
dth co
pact

ssenid

i, wh
primary production.
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Methods

Model Description

W2 resolves the longitudinal and vertical reservoir axes, and is
well suited for application to relatively long, narrow water bodies
such as Lake Erie, which has a 6:1 aspect ratio �Fig. 1�a��. The
longitudinal coordinate direction was aligned with the lake’s lon-
gitudinal axis, corresponding to the direction of hydraulic flow,
the strongest seiche and storm surge movements, and gradients in
temperature, nutrient concentration and plankton biomass �Mor-
timer 1987; Charlton 1994�. The vertical coordinate direction re-
solves the vertical thermal structure, which supports internal
waves and regulates the rate of vertical mixing and hence the
vertical distribution of nutrients and plankton above benthic mus-
sel reefs �Ackerman et al. 2001�. The model has already been
shown to provide a hydrodynamically accurate simulation of the
seasonal variation in the vertical-longitudinal thermal structure of
Lake Erie �Boegman et al. 2001�. In their study, the model accu-
rately predicted water level fluctuations without adjustment, but
modifications to the eddy coefficient turbulence algorithm were
required to correctly simulate thermal stratification and longitudi-
nal currents.

W2 is an organic matter �carbon� based model. The water-
quality module simulates the temporal and spatial dynamics of
inorganic suspended carbon, labile and refractory dissolved or-
ganic matter, particulate organic carbon �detritus�, soluble reac-
tive phosphorus �SRP�, ammonium �NH4�, nitrate plus nitrite
�N+N�, dissolved oxygen �DO�, biochemical oxygen demand and
a single algae type �Cole and Buchak 1995�. Algae succession is
not modeled. Both aerobic and anaerobic processes are modeled,
with aerobic decay of organics being suppressed during anoxia.
The growth rate of a single taxon of edible algae is modeled as

AGR = �T�minAGRmax �1�

This equation adjusts growth downward from the maximum
growth rate �AGRmax=3.6 day−1; Schladow and Hamilton 1997�
by applying rate multipliers that characterize the ambient tem-
perature ��T� and the limiting resource ��min� of light
�availability/photoinhibition�, phosphorus, or nitrogen at each
timestep. The governing water quality equations, evaluated at
each computational grid point, are given in Cole and Buchak
�1995� and Boegman �1999�.

A simple modeling approach is adopted for the dreissenid
mussel and zooplankton water quality modules, where they con-
sume algae and DO and excrete NH4 and SRP. They are treated as
specified external driving functions with fixed populations and
excretion rates estimated from observed data. This simple formu-
lation is applied due to the considerable uncertainty in dreissenid
population estimates and lack of detailed knowledge regarding
appropriate reproduction, growth, mortality and predation rates.

Temporal Discretization

The model timestep is calculated automatically to ensure hydro-
dynamic stability based on internal gravity wave propagation and
advection/diffusion criteria �Cole and Buchak 1995�. The water
surface elevation and eddy viscosity/diffusivity terms are solved
for implicitly and do not restrict the timestep �3.5 min average�,
which is less than the 10 min interval associated with the meteo-

rological forcing.
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Spatial Discretization

The laterally averaged bathymetric grid of Lake Erie used in this
study consists of from 5 to 65 layers spaced at 1 m intervals in the
vertical and 222 longitudinal segments that are 1,414–2,000 m in
length �west to east� �Fig. 1�b��. At each grid node a unique lateral
width �north to south� is specified, over which the hydrodynamic
and water-quality variables are averaged. This two-dimensional
approximation causes difficulties in representing the spatial dis-
tribution of dreissenid mussels with depth across the lateral di-
mension �and hence the offshore region�, because the western
basin surface layer widths are �50 km and midbasin depths are
�10 m. Without making an adjustment, the model would predict
that mussels located at a depth of 2.0 m in the littoral zone will
filter algae uniformly from the water column between 1.0 and
2.0 m for the entire width of the lake.

We used two approaches to address this issue. The first is
based on the lateral staircase cross section caused by the 1 m
depth interval adopted for the layers �Fig. 1�c��. All benthic
boundary conditions �e.g., O2 demand, dreissenid mussel filter
feeding, etc.� were applied to each of the homogeneous layers
based upon the sediment area associated with the step of the
staircase at that depth �Fig. 1�c��. In the second approach, the
bathymetry of each segment was modeled as a rectangular box of
equivalent surface width and total volume �Fig. 1�d��. The dreis-
senid mussel source and sink terms were then only applied in the
bottom layer of water; at the maximum depth of each longitudinal
segment. In this approach, dreissenid mussels were represented,
within the constraints of the laterally averaged model, as true
benthic organisms, and their activities first affected the layer at
maximum depth for that segment. As our objective was to directly
model the dynamic processes controlling vertical turbulent flux of
algae in the western basin water column, simultaneously prima-
rily using the central and eastern basins to provide exchange flow
and allow the development of basin-scale forcing mechanisms
�e.g., basin-scale seiching�, we adopted the first approach for the
deeper central and eastern basins where most mussels are not
located at great depth �Figs. 2�b and c�� and the second approach
for the western basin �Segments 2–65� where most mussels are
located within 5 m of the maximum depth. A sensitivity analysis
�not presented here� demonstrated that using the rectangular ge-
ometry, as opposed to staircase geometry, in the western basin
resulted in a negligible change to the modeled thermal and hydro-
dynamic characteristics when compared to observed values.

Dreissenid Mussel Model

Algae consumption, DO respiration and NH4 and SRP excretion
by dreissenid mussels were added to the water quality model by
adding source and sink terms to the respective water quality con-
stituent equations at the sediment boundary cells. Algae consump-
tion �g algal biomass m−3 s−1� was modeled based upon laboratory
experiments �O’Riordan et al. 1995� as

��A

�t
=

− QZMDZM�A

�z
�2�

where �A=local algae concentration �g algal biomass m−3�;
QZM=individual dreissenid mussel pumping rate �m3 s−1�;
DZM=local dreissenid mussel density �mussels m−2�; t=time;
and �z=1 m thickness of the bottom boundary cell. Applica-
tion of mussel size-specific QZM was not possible due to the
bulk areal nature of the mussel density and biomass observations.

−1 −1
Consequently, a fixed QZM=90 mL mussel h was applied
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�Ackerman et al. 2001�. Due to the large variation in estimated
dreissenid mussel pumping rates found in the literature
�5–235 mL mussel−1 h−1 �Yu and Culver 1999�� and because
there are large uncertainties in specification of dreissenid mussel
densities, QZM was varied by �50%.

Excretion of SRP and NH4 may be modeled using bioenerget-
ics or direct measurements. Rates obtained by both methods are
comparable �Vanni 2002�. We have chosen to model excretion
using directly measured correlations to observed mussel biomass.
Application of a bioenergetics model �e.g., Bierman et al. 2005�
would require knowledge of, among other things, SRP consump-
tion by the mussels, which is presently unknown �Conroy et al.
2005a�. SRP and NH4 excretion by dreissenid mussels �g m−3 s−1�

Fig. 2. �a� Mean dreissenid mussel population density and biomass
by segment. Segments 1–64, 65–154, 155–222 are located in the
western, central and eastern basins, respectively; �b� mean dreissenid
mussel population and biomass density versus depth in the central
basin. Although densities are high-few mussels are located beyond
25 m depth; and �c� mean dreissenid mussel total population and
biomass density versus depth in the eastern basin.
were modeled as
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��SRP

�t
=

PZMBZM

�z
,

��NH4

�t
=

NZMBZM

�z
�3�

where BZM=dreissenid mussel dry weight soft-tissue biomass
�g mussel m−2�; �SRP and �NH4

=local SRP and NH4 con-
centrations �g m−3�; and PZM and NZM�SRP and NH4

excretion rates �g�g mussel�−1 s−1�, respectively. Fixed values
of PZM=0.768 mg �g mussel�−1 day−1 and NZM=1.776 mg
�g mussel�−1 day−1 were applied �Arnott and Vanni 1996�.

Estimates of dreissenid mussel respiration �Effler and Sieg-
fried 1994� were found to be of the same order of magnitude as
in situ sediment oxygen demand �SOD� observations in Lake Erie
obtained prior to the dreissenid mussel colonization. As it is in-
herently difficult to determine the Lake Erie SOD with accuracy
greater than an order of magnitude �e.g., Burns and Ross 1972;
Boyce et al. 1987�, explicit modeling of dreissenid mussel respi-
ration was deemed to be unnecessary and respiration was incor-
porated into the SOD coefficient of 0.55 g m−2 day−1.

Spatial distributions of DZM and BZM were modeled during
1994 as a function of five substrate types by discretizing, geo-
graphic information system maps of substrate distribution �sand/
gravel, mud, sand/mud, bedrock, and glacial till� onto the
bathymetric grid �Haltuch et al. 2000�. The area of a particular
substrate in a grid cell was then multiplied by the fraction of
that substrate observed to be covered with dreissenid mussels
�Haltuch et al. 2000� and the observed mussel density or biomass
in the covered regions �Weisgerber 1999�. The number of dreiss-
enid mussels or the corresponding biomass was then summed
over all substrates in each grid cell and divided by the total sub-
strate area of the cell to give the average dreissenid mussel popu-
lation density or biomass density.

In the western basin, the discretization was performed manu-
ally at each longitudinal segment, whereas in the central and east-
ern basins, the discretization was applied to basin average
substrate specific hypsometric data given at 1 m depth intervals.
Fig. 2�a� shows the distribution of dreissenid mussel population
density and biomass density calculated along the models longitu-
dinal axis. As described earlier, mussels in the western basin
�Segments 2–65� are located on the bottom of each rectangular
cross-section and unique values were applied to the bed of each
segment. A sensitivity analysis �not shown� demonstrated that use
of a rectangular bathymetry �Fig. 1�d�� as opposed to a staircase
bathymetry �Fig. 1�c�� resulted in a negligible change in the
basin-average distribution of dreissenid mussels with depth. In
the central �Segments 66–156� and eastern �Segments 157–222�
basins, the computed dreissenid mussel population density and
biomass density are distributed vertically as shown in Figs. 3�b
and c�, respectively.

Zooplankton Model

Algae stocks and dreissenid mussel grazing impacts will be influ-
enced by the grazing demand of resident zooplankton �Wu and
Culver 1991�. The effects of zooplankton on the Lake Erie eco-
system were modeled by applying field observations of zooplank-
ton abundance from samples collected by National Water
Research Institute �NWRI� and the Ohio Department of Natural
Resources. Plankton data were not available for 1994 and so
zooplankton density, length distribution, and taxonomic composi-
tion observations were estimated for this year by averaging data

recorded throughout Lake Erie from samples collected during
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May–September in 1995 through 1997. Details of the sampling
procedures and taxa observations are given in Frost and Culver
�2001� and Weisgerber �1999, p. 14�.

Zooplankton filtration was introduced as a volumetric pump-
ing rate Qzoo �m3 m−3 s−1� calculated from species-specific length-
filtration regressions �Wu and Culver 1991; Mourelatos et al.
1989; Knoechel and Holtby 1986; Weisgerber 1999�. The SRP
and NH4 excretion rates were modeled using the biomass-
excretion regressions from Wen and Peters �1994�, where the dry
weight biomass of an individual zooplankton specimen was ob-
tained using species-specific length-biomass regressions �Culver
et al. 1985�. The zooplankton respiration rate was estimated from
SRP and NH4 excretion-respiration regressions �Wen and Peters
1994�. Excretion, pumping and respiration impacts were applied
as vertically uniform sources and sinks to the SRP, NH4, and
DO rate equations. These impacts were maximal near July 15th
and segment 50 �see Weisgerber 1999�. Zooplankton grazing
�g algae m−3 s−1� was modeled from Qzoo as a function of the local
algae concentration

��a

�t
= − Qzoo�a �4�

Model Calibration, Validation, and Simulation for 1994
Field Characteristics

To simulate Lake Erie for 1994, physical forcing for the model

Fig. 3. Modeled and field-observed laterally and vertically averaged
and SRP. Observations were obtained during three 5 day lake-wid
corresponds to the temporal midpoint of each cruise, as indicated. G
observations. In the central and eastern basins, the field samples were
et al. 1999�, and so model output is averaged over the top 10 m of t
QZM=90�50%mL mussel−1 h−1. Numbers inside the panels corresp
was derived from 10 min meteorological data obtained during
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1994 from surface buoys and daily measurements of precipitation,
inflows and outflows �Boegman et al. 2001�. Tributary nutrient
input boundary conditions for the water quality model were speci-
fied for the Maumee, Detroit, Sandusky and Grand �Ontario� riv-
ers �Table 1�. Loadings were also specified for four of the 12
largest municipal wastewater treatment plants in the Lake Erie
basin �Dolan 1993� �Table 1�. The remaining wastewater treat-
ment plants were not explicitly modeled as they are located on
modeled tributaries �Table 1�, upstream of the monitoring sta-
tions. The model was initialized for May 10, 1994, by longitudi-
nally and vertically interpolating water quality and nutrient data
from 55 sample locations obtained between 25 April and 23 May
1994 �Boegman 1999�.

The water quality model was validated against extensive field
observations from four water-quality surveys collected by NWRI
during the spring and summer of 1994. The five-day cruises mea-
sured vertically integrated samples of algae, SRP, NH4 and
N+N �June 13–17, July 18–22, and August 8–12� as well as
Seabird profiles of DO and temperature �June 13–17, July, 18–22
and August 29–September 2�. Further information on these data
sets may be found in Charlton �1994� and Charlton et al. �1999�.
To facilitate comparison to the laterally averaged model results,
the vertically integrated field observations are presented as a
variation between the minimum and maximum lateral value at
each model segment �Fig. 3� and the model results are vertically
averaged. This representation preserves some of the spatial het-
erogeneity in water quality observations from large lakes. Model

�observed algae=67	chlorophyll-a �Lam et al. 1983��, N+N, NH4,
e Erie cruises in June, July, and August 1994. The model output
ading denotes the lateral variation of the vertically integrated field

ted from surface to the top of the thermocline �adapted from Charlton
ter column. Black shading denotes variation in simulated results for
results discussed in the text for specific segments and dates.
algae
e Lak
ray sh

collec
he wa
ond to
results within the observed ranges are considered acceptable; our
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results are as accurate as those from a complex multiclass plank-
ton and dreissenid mussel bioenergetics model that neglects hy-
drodynamics �Bierman et al. 2005�. Calibration of the model was
achieved by adjusting the water quality coefficients to obtain a
visual best fit between simulated and observed concentrations of
algae, SRP, NH4 and N+N. Coefficients were maintained within
recommended ranges found in the literature �Burns and Ross
1972; Cole and Buchak 1995; Schladow and Hamilton 1997�.

Simulation for High Nutrient Loading: 1960s Field
Conditions

Extensive field data from the 1960s allow us to simulate Lake
Erie dynamics with much higher nutrient loading conditions in
the absence of dreissenid mussels. Western basin water-quality
fields, characteristic of the preabatement late 1960s, were initial-
ized using data from Vaughan and Harlow �1965, p. 282� and
loading conditions were estimated by scaling the 1994 loads ac-
cording to trends found in the literature �Table 2�. The nonpoint-
source SRP load to the western basin from agricultural practices
was taken to be 4.6 times the total point-source load to the west-
ern basin �Drynan and Davis 1978, p. 28�. This methodology
provides some uniformity and consistency to the loading esti-
mates �Dolan et al. 1981; Lam et al. 1983�, simultaneously ap-
proximating the general condition of the lake during the late
1960s.

Table 1. Water-Quality Parameters of Inflow at Specified Model Segme

Input source Segment

Maumee River 2 DO

Toledo WWTP 2

Detroit River 13, 14, 15 algae,

Sandusky River 50 TS

Cleveland East WWTP 82

Cleveland West WWTP 89

Erie WWTP 159

Grand River 196

Note: Loading time series are plotted in Boegman �1999�. Data Courtes
Geological Survey, P. Richards at Heidelburg College, Ontario Clean W
carbon �detritus�, DO=dissolved oxygen; TSS=total suspended solids;
TDP=total dissolved phosphorus; LDOC=labile dissolved organic carb
demand; and WWTP=wastewater treatment plant.

Table 2. Published Trends in Water Quality Loadings to Lake Erie Sinc
1994 Loads Back to Those Inferred to Be Characteristic of the Late 1960

Influent Species chan

Detroit River SRP decreased

NO2+NO3 increa

NH4 increased

Algae decreased

Maumee River and Sandusky River Total P decrease

NO2+NO3 increa

NH4 increased

Grand River �Ontario� Total P decrease

NO2+NO3 increa

NH4 increased

Municipal wastewater plants Total P decrease

Zooplankton Population decrea
JOURNA
To isolate the effects of changes in loading and mussel colo-
nization from those which result from annual variation in meteo-
rological forcing conditions, the 1994 meteorological forcing data
were used for the 1960s simulations. This was done because we
seek to isolate the effects of variations in meteorology from those
owing to dreissenid mussels and nutrient loads. We know that
both the 1994 and 1960s meteorological conditions were consis-
tent with what is typical for Lake Erie �Hamblin 1987, Boegman
et al. 2001� as the standard deviation of the monthly two-day
averaged air temperature and wind speed in both 1994 �not
shown� and 1968 �Schertzer 1987� were within one standard de-
viation of the 1967–1982 16 year average.

Results

Model Validation: Algae and Nutrients

The model reasonably simulates concentrations and longitudinal
trends in algae, N+N and NH4 and SRP �Fig. 3�, with model
results generally being within the observed ranges. Although we
have spatially averaged both modeled and observed data to facili-
tate direct comparison, it is important to stress that comparisons
to observed profiles of organic seston collected by Ackerman
et al. �2001� at Station W �Segment 33� demonstrate that, within

State variables
Sampling
frequency

, NH4, SRP, N+N, POC, LDOC, RDOC Daily

BOD, TSS, NH4, SRP, N+N Monthly

H4, N+N, POC, LDOC, RDOC, TSS, TDP Weekly

, NH4, SRP, N+N, POC, LDOC, RDOC Daily

BOD, TSS, SRP, N+N Monthly

BOD, TSS, NH4, SRP, N+N Monthly

BOD, TSS, SRP Monthly

TSS, DO, NH4, N+N, SRP Fortnightly

.S. Environmental Protection Agency �Envirofacts and STORET�, U.S.
gency, Ontario Ministry of the Environment; POC=particulate organic
ammonium; N+N=nitrate+nitrite; SRP=soluble reactive phosphorus;

DOC=refractory dissolved organic carbon; BOD=biochemical oxygen

ate 1960s; These Trends Were Utilized in Scaling the Segment-Specific

Years Source

1968–1982 Fraser 1987

1970–1980 Yaksich et al. 1985

1970–1980 Yaksich et al. 1985

1963–1994 Vaughan and Harlow 1965

1970–1980 Yaksich et al. 1985

1970–1980 Yaksich et al. 1985

1970–1980 Yaksich et al. 1985

1970–1980 Yaksich et al. 1985

1970–1980 Yaksich et al. 1985

1970–1980 Yaksich et al. 1985

1972–1990 Dolan 1993

% 1974–1995 Weisgerber 1999
nts

, TSS

DO, N

S, DO

y of U
ater A
NH4=
on; R
e the L
s

ge

57%

sed 27%

6%

57%

d 25%

sed 3%

67%

d 50%

sed 43%

33%

d 86%

sed 61
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the error bounds of the observed data, the model is also reproduc-
ing the observed mussel-feeding signature within 2 m above the
mussel reef.

Specific features identified in Fig. 3 were investigated through
a sensitivity analysis. Switching off all tributary loads causes SRP
concentration peaks at 6 and 7 to be within the observed concen-
tration range. The apparent difference between observed and
modeled data is a consequence of the field observations being
obtained at midlake locations, whereas the tributary load plumes
remain in the coastal regions �Brandt 2007�. Due to lateral aver-
aging, the model distributes the SRP load throughout the lake
width and consequently the model concentrations do not neces-
sarily match midlake observations. Despite this limitation in
observed data, on average the SRP concentration is correctly
specified within the model. Switching off the Detroit River load-
ing resulted in a �50% decrease in the concentration at peaks
denoted by 1, 3, and 7. These peaks result from Detroit River
loads that enter the computational domain in Segments 12–14.
The peaks denoted by 2 coincide with the lake-wide maximum in
observed zooplankton population; the peaks on July 20 and Au-
gust 10 decreased by approximately 40% when the zooplankton
module was switched off �discussed in the following�. Zooplank-
ton loads from tributaries not modeled and switching off the
Sandusky River flow caused an increase in peak 2 amplitude. The
zooplankton maximum, observed in the field data to be near Seg-
ment 50, and the modeled SRP peaks at 6 are also associated with
the Sandusky influent. The amplitudes of Peaks 4 and 5 appear to
be correlated with influents of N+N and NH4 from both the
Maumee River �maximum concentrations of 15 and 0.5 mg L−1,
respectively� and the Toledo waste water treatment plant �maxi-
mum concentrations of 9 and 12 mg L−1, respectively�.

Further spatial correlations between the water quality variables
at the times of the three NWRI cruises were obtained by exam-
ining the simulation output throughout the entire domain �Fig. 4�.
The peaks in algae concentration near segment 65 �peak denoted
by 2 in Fig. 3� are clearly evident in Figs. 4�d–f� to be located
through the transition zone between the central and western ba-
sins. Peaks in dreissenid mussel �Fig. 2�a�� and zooplankton
populations are also found in this region. The elevated concentra-
tions appear to be correlated to elevated nutrient levels �Fig. 3�.
Local maxima of NH4 and SRP are modeled, with SRP being the
limiting nutrient within the euphotic zone. Perhaps increased pro-
ductivity results from the niche provided by Sandusky River nu-
trients, the shallow island chain �Fig. 1�, the temperature gradient
�Figs. 4�a and b�� and the persistent periodic upwelling of central
basin hypolimnetic water from basin-scale internal wave motions
�Boegman 1999�.

During 1994, SRP was modeled to be the factor limiting phy-
toplankton growth within the photic zone. The modeling of SRP
dynamics in Lake Erie by others has been problematic, e.g.,
20–40% error by Lam et al. �1987�, and so we find it instructive
to consider the seasonal cycling of SRP. Concentrations of SRP
are highest during the winter isothermal period �Lam et al. 1983�.
During spring, phytoplankton uptake reduces epilimnion concen-
trations to between 0.001 and 0.002 mg L−1, thus limiting further
growth. In the summer, SRP values are often very low and are
sometimes at the analytical detection limit. Hypolimnetic anoxia
during the late summer may release SRP from the sediments.
Under these conditions SRP concentrations between 0.02 and
0.05 mg L−1 have been observed in the benthos �Burns 1976; Lam
et al. 1983, their Fig. 3.2; Mortimer 1987, his Fig. 7�. The results
in Fig. 4 produce rough quantitative agreement with these data on

seasonal distribution of SRP. Throughout the summer �June 15–
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August 10�, the simulated epilimnetic SRP concentrations are

0.01 mg L−1 �Figs. 4�m–o��. Moreover, the onset of central
basin anoxia �Figs. 4�q and r�� was also associated with increases
in the benthic SRP concentrations to approximately 0.05 mg L−1

during late summer �Figs. 4�n and o��. The agreement between
our results and what is found in the literature suggests that the
modeled spatial distribution of SRP concentration is realistic.

Model Validation: Dissolved Oxygen

The simulated DO �laterally averaged� was compared to three sets
of midlake vertical profiles at 13 stations distributed along Lake
Erie’s longitudinal axis �Fig. 5�. In general the field observations
and model compare favourably, however, the model does not re-
produce the higher observed DO levels found in the central basin
epilimnion �segments 85–125 during August� and the western
basin �Segments 1–20 during June–August�. However, the sea-
sonal dynamics of the central basin hypolimnetic anoxia are well
modeled.

Prior to seasonal stratification, both the observed and modeled
DO �Figs. 5�a and d�, respectively� were relatively constant with
depth throughout the lake. The DO was lowest in the warm, shal-
low western basin and highest in the deep, cold eastern basin.
With the progression of summer, the characteristic deoxygenation
of the central basin hypolimnion �see Boyce et al. 1987� was both
modeled and observed �Figs. 5�e and b�, respectively�, with hy-
polimnetic dissolved oxygen concentrations approaching anoxic
levels. Local stratification has a strong influence upon the occur-
rence and distribution of the central basin anoxic zone �e.g., Lam
et al. 1983; Ivey and Patterson 1984�. The formation of a seasonal
thermocline in the central basin �Fig. 4�b��, positioned the
strongly stratified metalimnion directly above the sloping lake
bed through the transition between the western and central basins
�near Segment 80�. This inhibits vertical transport of oxygenated
surface water allowing oxygen depletion at the sediment–water
interface �Boegman 2006�. At the onset of anoxia near Segment
80, the deeper central basin hypolimnion remains weakly strati-
fied with DO�6 mg L−1. The approach of autumn and the asso-
ciated deepening and sharpening of the central basin thermocline
�Fig. 4�c�� caused the modeled and observed anoxic regions �Figs.
5�f and c�, respectively� to also deepen, following the sediment/
metalimnion intersection eastward into the central basin.

Relative Impacts of P Load Reduction and Dreissenid
Mussels on Lake Erie

To investigate the relative impacts of phosphorus load abatements
and dreissenid mussel colonization on water quality, a suite of
simulations was conducted using late 1960s and 1994 P loading
treatments, both with dreissenid mussels present and absent
�Table 3�.

Water Quality Response
The model’s water quality response to loading treatments of the
1960 versus 1994 was validated by comparison of the modeled
water quality concentrations to field observations from Charlton
et al. �1999�. For both 1994 �with dreissenid mussels present� and
the 1960s �with dreissenid mussels absent�, the model outputs are
within the error bounds associated with the field observations
�Fig. 6�. The model results thus support the conclusion of Charl-
ton et al. �1999� that phosphorus abatement has had a greater
impact in reducing the western basin algae concentration than has

dreissenid mussel predation �grazing�.
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Algae Response
In the western basin, the combined effect of phosphorus
abatement and dreissenid mussel presence is a 69% reduction
in algae concentration, from 0.94 mg L−1 �NZM60� to
0.29 mg L−1 �ZM94�. This matches observed reduction in the
western basin of 59%, from 0.93�0.14 mg L−1 during 1968–
1972 to 0.38�0.12 mg L−1 during 1994–1996 �Table 3�. The
model further predicts a reduction in algae concentration of 56%
�NZM60–NZM94� occurred as a result of the phosphorus con-
trols, whereas dreissenid mussel presence caused a decrease of
29% �NZM94–ZM94�. These values may be compared to data
from Charlton et al. �1999�, where a reduction of 39% in chloro-

Fig. 4. Simulated temperature and water-quality parameters �lateral
These data were vertically averaged to produce Fig. 3.
phyll was observed to occur during the period of phosphorus load
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controls �1968–1972 to 1984–1988� and a further reduction of
32% of the 1984–1988 concentrations likely due to dreissenid
mussels �1984–1988 to 1994–1996�. The greater impact of phos-
phorus abatement in the present study, relative to the observed
data, may be explained by noting that we do not explicitly model
the 1984–1988 loading treatment where phosphorus loads were
higher than in 1994 �Ludsin et al. 2001�. Despite significant in-
creases in phosphorus loading for the 1960s treatment, the algae
growth within the western basin remained phosphorus limited.

Note that the percentage reductions in algae concentration due
to phosphorus load reductions are very similar regardless of dre-
issenid mussel presence, as are the percentage reductions due to

raged� throughout Lake Erie during the three water quality cruises.
ly ave
dreissenid mussel presence regardless of SRP load. However, the
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actual changes in algae concentration leading to these percentage
reductions are not equivalent �Table 3�. For example, the 24 and
29% reductions in algae concentration between NZM60–ZM60
and NZM94–ZM94 correspond to concentration changes of 0.23
and 0.12 mg L−1, respectively.

Algae Mass Balance and SRP Recycling
To delineate the relative impacts of tributary and wastewater
treatment plant inflows, interbasin exchange, net growth �growth
minus mortality and settling� and grazing by zooplankton and
dreissenid mussels on the algal biomass, a mass balance was per-
formed for the western basin. Over each model timestep, the tem-
poral change in algae biomass throughout the basin was balanced
with the net growth, boundary flux and loss to predation. The
cumulative accumulation of algal biomass in each of these com-
partments throughout the seasonal simulation provides insight
into the relative impacts of dreissenid mussels and nutrient load-
ing changes on algal pathways. From Fig. 7, two source-sink
balances are evident. First, a boundary-flux balance, where the
influx of algae from the Detroit River is roughly balanced by the
efflux to the central basin; and second, a growth versus predation

Table 3. Summary of Numerical Simulations Used to Compare the Relat
and Excretion on the Mean Algal Abundance in the Lake Erie Western B

Run

Loads

Mussels

Simulated �A �mg L−1� 0.2

Observed �A �mg L−1� 0.3
�1

Dreissenid mussel SRP excretion �mg m−3 d−1�
Zooplankton SRP excretion �mg m−3 d−1�
Algae SRP uptake �mg m−3 d−1�
SRP uptake demand supported by mussel excretion �%�

SRP uptake demand supported by zooplankton excretion �%�

Note: Rows 1–3 identify the model treatments. Rows 4 and 5 compare t
et al. �1999� �from Fig. 6�a��. Western basin average quantities were deter
given for the monthly realizations. Rows 6–8 show modeled nutrient recy
were calculated by dividing the total simulation uptake and excretion mass

−1 −1

Fig. 5. Modeled �laterally averaged� and observed �midlake� DO pro
field data are longitudinal interpolations from profiles at the locatio
corresponding to the temporal midpoint of each cruise.
QZM=90 mL mussel h for all numerical simulations listed.
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balance where predation by zooplankton and dreissenid mussels
balances net algae growth. The model predicts that dreissenid
mussels consume approximately the same algal biomass as do the
zooplankton, regardless of the external P loading treatment. Dur-
ing the 1994 simulations, the zooplankton populations are
reduced relative to the 1960s �Table 2� and the predation by zoop-
lankton is less than that due to the dreissenid mussels; however,
for the 1960s loads, when zooplankton populations are higher,
predation by zooplankton is more than that by dreissenid mussels.
The values in Fig. 7 are may be compared to bioenergetics models
that neglect algal settling and hydrodynamics. The production and
dreissenid grazing impacts are similar to those from Saginaw Bay
�Bierman et al. 2005�. However, they are two orders of magnitude
less than Madenjian �1995� estimated for western Lake Erie; al-
though the percentage of primary production filtered by the dre-
issenids is comparable ��25% �.

The reduction in net algae growth and the decrease in algae
concentration from the 1960s to 1994 can be shown to result from
enhanced SRP limitation. A decrease in phosphorus load occurs
over this period, causing much less SRP uptake by the algae

les of Changes in Phosphorus Loading versus Dreissenid Mussel Grazing

NZM94 ZM60 NZM60

1994 1960s 1960s

Absent Present Absent

04 0.41�0.06 0.71�0.25 0.94�0.28

12
6�

0.56�0.005
�1984–88�

— 0.93�0.14
�1968–72�

0 0.10 0

0.17 0.27 0.27

−0.64 −1.71 −1.76

0 6 0

26 16 5

ulated and field-observed western basin algae concentration of Charlton
for June, July, and August. The subsequent mean�standard deviation is

between algae, mussels and zooplankton. Basin-average volumetric rates
western basin volume of 2.3	1010 m3 and the simulation time of 137 d.

uring the three Lake Erie summer cruises. Both the modeled and the
icated by the arrows. The modeled data are instantaneous outputs
ive Ro
asin

ZM94

1994

Present

9�0.

8�0.
994–9

0.10

0.17

−0.63

16
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�Table 3�, reduced algae growth �Fig. 7, Table 3� and a reduction
in the basin-average algae concentration �Fig. 6�a��. This process
occurs regardless of dreissenid mussel presence, a sign of
effective internal SRP loading through nutrient recycling.
Dreissenids from western Lake Erie are capable of turning over
the water column SRP pool every eight days �Conroy et al.
2005a�. Interestingly, dreissenid mussel presence has an effect on
growth opposite of that due to the load reductions. The
colonization caused 48% �1994 loads� and 27% �1960s loads�
increases in net algal growth �Figs. 7�a, c, e, and g�, respectively�.
The increase in growth is balanced by P recycling from dreissenid
mussels �Table 3�.

Recycling of P by zooplankton also sustains algae growth. The
modeled 40% reduction in algae concentration for zooplankton
absence �Fig. 3, peak 2 as dicussed above� occurs where nutrient
levels are high. Similar laboratory findings result from selective
grazing �Steiner 2003�, which we do not model. The modeled
decrease in algae biomass is due in part to the decrease in nutrient

Fig. 6. Comparison of simulated basin-average water quality
parameters based on four different sets of model inputs characteristic
of the late 1960s and 1994 with field observations of the same
variables in those same years. Error bars denote standard deviation of
mean June, July, and August concentrations. Observations of SRP,
N+N, and algae are from Charlton et al. �1999; their Tables 8–10�
where algae=67	chlorophyll-a and SRP=0.34	total phosphorus.
The observed 1960s NH4 concentration is from Lam et al. �1983, their
Fig. 3.4� and Burns �1976�. The observed 1994 NH4 concentration is
from the data set shown in Fig. 3, with error bars on NH4 denoting the
maximum and minimum concentration. For all simulations with
dreissenid mussels, QZM=90 mL mussel−1 h−1.
recycling slowing uptake and growth; recycling by zooplankton
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supplies a substantial amount of nutrients �Fig. 8�a�� and supports
a substantial fraction of phytoplankton primary production �Wen
and Peters 1994; Vanni 2002�. Increased mussel grazing, due to
zooplankton absence, also directly contributes to the reduced
algae concentration. Indirect contributions occur through
translocation of excretion to the benthos �Figs. 8�a and b��, where
a two to threefold reduction in nutrient in the absence of
zooplankton turnover rate occurs �Table 3 and Conroy et al.
2005a�. The resulting shift toward benthic production �Vanni
2002�, where growth is light limited �Fig. 8�d��, further slows
uptake �Fig. 8�c�� and growth.

Discussion and Conclusions

We have modeled the longitudinal-vertical hydrodynamics and
water quality of Lake Erie during the spring through autumn of
1994. Unlike previous studies, which neglected hydrodynamics or
have been localized in application, our formulation has allowed
the algae budget of the entire western basin to be simulated in
conjunction with the appropriate hydrodynamic forcing. Based on
the model results, the questions posed in the introduction may be
answered.
1. What are the relative impacts of dreissenid mussels and nu-

trient loads on the water quality of western Lake Erie?
Model results suggest dreissenid mussels reduce algae stocks

Fig. 7. Comparison of the gains of algae from the Detroit River, and
losses to the central basin, and grazing by dreissenid mussels and
zooplankton under different phosphorus loads and rates of dreissenid
mussel pumping rates over May–September, 1994. Concentrations
are total biomass divided by the western basin volume of 2.3
	1010 m3. DR=Detroit River influx, CB=flux to central basin,
GR=net growth, ZM=grazing by dreissenid mussels, and
ZP=grazing by zooplankton.
by 24–29%, regardless of P loads. The phosphorus abate-
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ment is predicted to reduce algae stocks by 56–59%, regard-
less of mussel presence.

2. What would have occurred if dreissenid mussels had not
been introduced and the nutrient loads had been maintained
at post-1960s levels? The model predicts an increase in the
western basin algae concentration from 1994s 0.29 to
0.41 mg L−1 The state of lake-water quality would be similar
to that during 1984–1988.

3. What would have occurred if the dreissenid mussels had been
introduced but the nutrient loads were returned to 1960s lev-
els? The model predicts that the western basin algae concen-

−1

Fig. 8. Selected parameters that effect the simulated SRP cycle. Data
is from run ZM94 averaged from daily output at 12 noon. Contours
show western basin longitudinal distributions of simulation averaged
�a� zooplankton SRP excretion; �b� dreissenid mussel SRP excretion;
�c� algae SRP uptake; and �d� limiting algae growth factor.
tration would increase from 0.29 to 0.71 mg L .
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4. What would have occurred if the dreissenid mussels had not
been introduced and the nutrient loads were returned to
1960s levels? The model predicts that the western basin algae
concentration would increase from 0.29 to 0.94 mg L−1.
Without dreissenid mussels and with increased phosphorus
loads, the lake would return to a eutrophic state similar to
that seen in 1968–1972.

In general, there is an increase in average western-basin algae
concentration for the scenarios used to address Questions 2–4,
relative to the base case of 1994 loads with dreissenid mussels,
where the simulated algae concentration is lowest at 0.29 mg L−1.

Question 3 is similar to the oft-proposed scenario of increasing
the Lake Erie nutrient loads to increase the population of desir-
able fish species. If this were to occur, an increase in algae con-
centration to as high as 0.71 mg L−1 is expected. The increased
algae concentrations would stimulate enhanced dreissenid graz-
ing, although the impact would be partially offset as nutrient turn-
over �Conroy et al. 2005a� further stimulates algae growth. Under
this scenario, the western basin algae concentration may surpass
the water quality target of 7 �g L−1 chl-a �Task Group III 1978�.
Increases in phosphorus loading since 1995 �Peter Richards,
Heidelberg College, Tiffin, Ohio, personal communication, 2006�
have matched our own observations of increased algae concentra-
tions and an increased representation of Microcystis, rather than
the Anabaena and Aphanizomenon blooms of the 1960s and
1970s �Conroy et al. 2005a�. This switch has been attributed to
selective filtration and/or engineering of both SRP and NH4

cycles by dreissenids �e.g., Conroy et al. 2005b, Bierman et al.
2005�. Over the same period, fish managers report increased re-
cruitment of young-of-year yellow perch �Perca flavescens� and
decreased recruitment of walleye �Sander vitreus� �Jeffrey Tyson,
Ohio Division of Wildlife, personal communication, 2003�. Al-
though we do not model selective filtration, it is reasonable to
expect that a significant increase in algae concentration
��0.7 mg L−1� would exacerbate these observed trends.

Relative to Question 1, Fig. 7 shows a balance between pre-
dation and growth, sustained by recycling. This feedback loop
lessens the overall effectiveness of mussel predation in achieving
basin-wide plankton reductions. The weak effect of mussel
presence/absence and strong effect of external loads on phos-
phorus uptake, algae net growth and algae stocks has also been
observed in the laboratory. Steiner �2003� found biomass to in-
crease in response to nutrient enrichment regardless of predator
presence/absence. At low enrichment levels �such as those found
in Lake Erie� selective predation was not evident. Dreissenids are
a major factor in the recycling and flux of phosphorus in the
western basin of Lake Erie �Arnott and Vanni 1996�; their pres-
ence increases the amount of internal loading and rate of nutrient
cycling �Conroy et al. 2005a�. Efficient internal recycling through
settling/decay, respiration/photosynthesis and predation/excretion
will act to maintain the pool of bioavailable phosphorus, causing
algae stocks to be ultimately regulated by external phosphorus
loads. Losses and gains of internal SRP through allocation to
growth/egestion and remineralization, respectively, are not mod-
eled and will affect the recycling efficiency. We expect these
effects to be minimal. The ingestion to excretion mass ratio is
consistent with literature values, which for the case of 1994 loads
with mussel presence is 0.005, in agreement with observed esti-
mates of 0.006 g SRP g algae−1 �James et al. 2002; assuming
67 mg algae mg chl-a−1�. Moreover, the modeled SRP uptake de-
mand supported by excretion from both mussels and zooplankton
of 15–26% and 6–16% �Table 3�, respectively, is consistent with

literature values of 4–58 and 10%, respectively �Vanni 2002�.
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Reduced impacts of mussel grazing on plankton stocks, rela-
tive to previous published estimates �e.g., MacIsaac et al. 1992;
Madenjian 1995�, are also a consequence of the formation of a
concentration boundary layer above the mussel beds, where a
zone of algal depletion may be as thick as 1–2 m �Ackerman
et al. 2001� and as much as 48% of the ambient near-bed water is
refiltered by dreissenid mussels; thus limiting their ability to filter
the entire water column �O’Riordan et al. 1995; Edwards et al.
2005�. The model used in this study has been shown to resolve
the concentration boundary layer, and its effect on refiltration has
been thoroughly investigated in a companion paper �Boegman
et al. 2008�.

The results and discussion support a simple model for the
lower trophic level dynamics in western Lake Erie. External loads
regulate the size of the available nutrient pool and in turn phos-
phorus uptake, primary production and biomass. Predation
decreases biomass, but increases primary production through nu-
trient recycling. However, this model and the conclusions should
be considered within the context of the modeling limitations of
the study. The two-dimensional geometry hinders the spatial
representation of the dreissenid mussel beds and loading
dynamics—in particular differences between nearshore and off-
shore regions are not simulated �e.g., Hecky et al. 2004�. Our
lower trophic level representation is also overly simplistic with
planktonic groups aggregated into two trophic levels with fixed
populations and excretion rates. Nonetheless, this study thus
serves as an initial benchmark to which more complex biophysi-
cal models may be compared �e.g., León et al. 2005; Zhang
2006�.
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Notation

The following symbols are used in this paper:
AGR � algae growth rate;

AGRmax � maximum algae growth rate;
BZM � dreissenid mussel biomass density;
DZM � dreissenid mussel population density;
NZM � dreissenid mussel NH4 excretion rate;
PZM � dreissenid mussel SRP excretion rate;
QZM � dreissenid mussel pumping rate;
Qzoo � zooplankton pumping rate;

�T � temperature rate multiplier;
�min � growth-limiting resource �light, phosphorus, or
nitrogen�;

JOURNA
�A � local algae concentration;
�NH4

� local NH4 concentration; and
�SRP � local SRP concentration.
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