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Abstract Dreissenid mussels have been hypothe-
sized to cause selective decreases of phytoplankton in
nearshore areas (nearshore shunt hypothesis) as well
as the near-complete loss of the offshore phytoplank-
ton spring bloom in some Laurentian Great Lakes. To
evaluate whether mussels can reasonably be expected
to mediate such changes, we extended the three-
dimensional hydrodynamic-ecological model (EL-
COM-CAEDYM) to include mussels as a state
variable and applied it to Lake Erie (USA-Canada).
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Mussel-mediated decreases in mean phytoplankton
biomass were highly sensitive to the assigned mussel
population size in each basin. In the relatively deep
east basin, mussels were predicted to decrease phyto-
plankton in both nearshore and offshore zones, even
during periods of thermal stratification but especially
during the spring phytoplankton maximum. Spatially,
impacts were associated with mussel distributions but
could be strong even in areas without high mussel
biomass, consistent with advection from areas of
higher mussel biomass. The results supported the
nearshore shunt hypothesis that mussel impacts on
phytoplankton should be greater in nearshore than
offshore waters and also supported suggestions about
the emerging importance of deep water offshore
mussels. The results of this study provide an important
insight into ecological role of mussels in lowering
plankton productivity in some world’s largest lakes.
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Introduction

Dreissenid mussels are invaders that can have large
ecological impacts in lakes (Karatayev et al., 1997;
Higgins & Vander Zanden, 2010). In the very large
Laurentian Great Lakes, advent of dreissenid mussels
was associated with decreased phytoplankton abun-
dance in shallower and/or nearshore areas such as
inner Saginaw Bay (Fahnenstiel et al., 1995), near-
shore Lake Erie and Ontario (Nicholls et al., 1999) and
west basin Lake Erie (Charlton et al., 1999; Mak-
arewicz et al., 1999). Changes associated with colo-
nization in the deeper waters of outer Saginaw Bay
(Fahnenstiel et al., 1995) and the offshore waters of
central and eastern basins of Lake Erie (Makarewicz
etal., 1999; Charlton et al., 1999) were smaller or non-
existent. The summer Chl-TP relationship, which
changed significantly with dreissenid arrival in many
shallower locations (e.g. Nicholls et al., 1999) had not
changed as of 1997 in offshore waters of Lake Erie
(Smith et al., 2005) even though quagga mussels
(Dreissena bugensis) had already colonized the pro-
fundal zone of the east basin by 1992-1993. As the
mussel population continued to expand in deep waters
(Haltuch et al., 2000), evidence of decreased spring
phytoplankton biomass in offshore east basin appeared
(Barbiero et al., 2006). More recently, the expansion
of quagga mussels to deeper waters of Lakes Huron
and Michigan has been associated with large decreases
of phytoplankton biomass and production, particularly
during the spring diatom maximum period (Fahnenst-
iel et al., 2010; Vanderploeg et al., 2010; Evans et al.,
2011). Dreissenid mussels can be important in nutrient
budgets in smaller lakes (Goedkoop et al., 2011) and
may be important even in very large lakes (Evans
etal.,2011). A meta-analysis suggests that dreissenids
can strongly affect phytoplankton even where deep
and relatively cold waters might be expected to limit
the direct grazing impact (Higgins et al., 2011). Given
the evidence for ecosystem-wide impacts of dreissenid
mussels, even in very large and deep lakes, there is
need for an improved capacity for predictive model-
ling of their role in lake ecology.

The characterization of mussel effects on phyto-
plankton can be greatly complicated by factors such as

@ Springer

coincident changes in external nutrient loads and
variations in the choice of metric (especially Chl a vs
phytoplankton biovolume) for phytoplankton (Conroy
et al., 2005a), posing serious problems for predictive
modelling and management. Hydrodynamic processes
also pose a number of challenges. In large lakes,
shallower nearshore areas are generally more produc-
tive with a higher potential for new organic matter
export (production > respiration; Bocaniov & Smith,
2009) and may afford mussels favourable substrate
and access to plankton (Hecky et al., 2004) but the
often poorly characterized exchange between such
areas and deeper offshore areas (Rao & Schwab, 2007)
may alter the resulting spatial pattern of phytoplankton
in surface waters, as exemplified for cases of water
transport across mussel-colonized reefs (Maclsaac
etal., 1999; Ackerman et al., 2001). Even in shallower
waters that do not normally form strong thermal
stratification, mixing strength may frequently be
insufficient to deliver plankton at a rate that satisfies
the filtering demand of the mussels (Ackerman et al.,
2001; Boegman et al., 2008a). Effective grazing rates
may be substantially less than expected from
approaches that assume a well-mixed system and
laboratory-derived values for mussel filtering perfor-
mance (Yu & Culver, 1999; Boegman et al., 2008a).
Nutrient regeneration by mussels can represent a very
substantial internal load (Arnott & Vanni, 1996;
Conroy et al., 2005b) but the availability of the
nutrients to phytoplankton (or other potential users
such as benthic algae) will depend on patterns of
thermal stratification, vertical mixing and horizontal
advection (Zhang et al., 2008). Spatially resolved
models that include essential features of the system
hydrodynamics, as well as important processes such as
external and internal nutrient loading, are necessary
tools for developing a predictive understanding of
dreissenid mussel effects in large lakes.

Considerable progress has been made in spatially
resolved modelling of physical and ecological vari-
ables in lakes, including Lake Erie. Boegman et al.
(2008b) presented the first spatially resolved and
hydrodynamically linked model to include a depiction
of dreissenid mussels. They extended a two-dimen-
sional reservoir model for hydrodynamics and water
quality variables (CE-QUAL-W?2) to include dreisse-
nid mussels and zooplankton. The model was used to
analyse the implications of variable P loading and
mussel presence for the vertical and longitudinal
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variations of nutrients and phytoplankton in Lake Erie,
with an emphasis on west basin. Zhang et al. (2008)
used the same two-dimensional modelling framework
but increased the detail of the lower food web model.
These modelling efforts have confirmed conclusions
from earlier modelling studies (e.g. Bierman et al.,
2005) that mussels can have major impacts on
phytoplankton but have also revealed some of the
complexities that arise from variations in depth,
stratification and mixing strength. Indirect effects of
mussel-mediated nutrient cycling are predicted to be
important (Zhang et al., 2008) and are also affected by
hydrodynamic conditions.

Mussel distributions are notoriously heterogeneous
(Patterson et al., 2005; Naddafi et al., 2011), and the
often large populations residing in the nearshore will
experience different conditions from populations
residing in deeper waters (Vanderploeg et al., 2010).
To capture these and other pertinent realities requires a
three-dimensional (3D) approach, which we present
here. It is the first lake ecosystem model we know of to
include the 3D hydrodynamics and a biological model
that treats mussels as a state variable, with relatively
realistic descriptions of mussel energetics and feeding.
Here we use simulations and observations of Lake Erie
in 2002 to assess model performance and evaluate
hypotheses about spatio-temporal variations of mussel
effects on phytoplankton, including sensitivity of
effects to variations of mussel biomass. Questions of
particular interest were whether mussels could be
expected to have a major impact on the spring bloom
in deep, cold waters (Fahnenstiel et al., 2010;
Vanderploeg et al., 2010; Evans et al., 2011) and
whether impacts in shallower waters are likely to be
greater than in deeper offshore waters (Hecky et al.,
2004).

Materials and methods
Model structure and description

The model used in this study is a coupled hydrody-
namic and water quality model (ELCOM-CAEDYM,
or ELCD) that consists of two interdependent models.
One is the 3D Estuary and Lake Computer Model
(ELCOM) that is used as the hydrodynamic driver and
simulates the Coriolis forcing, advection, mixing,
turbulence and the effects of inflows/outflows, in

addition to simulating the water body temperature
(including surface thermodynamics), salinity, tracers
and velocity dynamics (Hodges et al., 2000; Laval
et al.,, 2003). The model has been described and
validated in detail in many studies (e.g. Hodges et al.,
2000) including Lake Erie (Leon et al., 2005). The
second model is the Computational Aquatic Ecosys-
tem Dynamics Model (CAEDYM) that is able to
simulate the carbon (C), nitrogen (N), phosphorus (P),
dissolved oxygen (DO) and silica (Si) cycles, along
with inorganic suspended solids and phytoplankton. In
the current study, phytoplankton are represented as
five groups to represent some of the functional
diversity. A detailed description of the CAEDYM
parameterization is given in Leon et al. (2011), where
evidence is presented that the model was able to
reproduce major features of phytoplankton and nutri-
ent dynamics in Lake Erie.

Mussel sub-model description

The equations for mussel energetics are of the same
form as for the clam Tapes philippinarum growing in a
temperate estuarine lagoon (Spillman et al., 2008) and
are listed in Appendix A—Supplementary Material.
The interactions of mussels with other model state
variables follow the schematic in Fig. 1. Parameter
values were changed to reflect knowledge of Dreis-
sena polymorpha and D. bugensis; where available,
parameters suitable to D. bugensis were used (Appen-
dix B in Supplementary Material) as it was expected to
be the dominant species in most parts of Lake Erie in
our year of simulation, 2002 (Patterson et al., 2005).
There is no harvest or stocking of dreissenid mussels
so that aspect of the T. philippinarum model was not
used. As in Spillman et al. (2008) the model recog-
nizes three size classes (Fig. 1) but differs in treating
the classes as distinct cohorts rather than simulating
the transfer of biomass among classes by growth. This
allows for greater computational efficiency while still
permitting use of size-dependent parameters for
energetics.

Bivalve biomass (g tissue C) and numbers (density)
are simulated concurrently. Dynamics of bivalve
biomass (Bf for size class j) reflect the difference
between ingestion of phytoplankton and detrital
particles (Ga 4+ Gpoc) and losses to respiration
(Rpic), excretion (Epoc), and a combined egestion
and mortality term (Epoc). Bivalve nitrogen and
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phosphorus concentrations are also explicitly mod-
elled in a similar way (though without a respiration
term), by assuming a fixed C:N:P ratio for mussel
tissue (Appendix B in Supplementary Material). As a
result, simulated excretion of N and P is sensitive to
the balance between mussel C, N and P demand and
the relative supply of those elements in their food, in
contrast to previous approaches that used fixed
biomass-specific nutrient excretion rates. Bivalve
numbers (B_}\I“m) within each size class j are adjusted
for size-dependent mortality. Reproduction (i.e. gam-
ete production) and larval dynamics are not simulated.

Grazing rate (G) is a function of filtration rate,
which is influenced by temperature, bivalve size and
seston concentration. Grazing rates in the model are
reduced under high food concentrations due to bivalve
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ingestion limitations and satiety thresholds or in the
presence of detrimentally high inorganic loads.
Assimilation ratios are used to derive the fraction of
filtered food which is egested or excreted (E). A user-
defined fraction of ingested food is egested as
particulate organic matter in the model, with excretion
then calculated dynamically to ensure nutrient homeo-
stasis within the bivalve. Respiration (R) is a function
of bivalve size and temperature, with oxygen con-
sumed via respiration calculated by applying a stoi-
chiometric factor associated with respired carbon
(Spillman et al., 2008, 2009). Mortality increases with
both temperature extremes and low DO.

In CAEDYM, mussels are assumed to have direct
interactions (e.g. filtration of particles) only with the
bottom vertical grid cell. The particle and nutrient
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fluxes through grazing, defecation, excretion and
mortality interact with the larger elemental balances
within CAEDYM (Fig. 1) through exchange with
overlying cells. Dissolved and particulate organic
matter contributions to the water column by mussels
(Epoc(B)), Epon(B)), Epop(B)), Epoc(Bj), Epon(B;)
and Epop(B)) are summed over the mussel size classes
and added to the detrital pools represented by state
variables POC, PON, POP, DOC, DON and DOP
(Spillman et al., 2008). Similarly, the algal and POM
pools have corresponding terms to account for grazing
losses. Mussels graze on both algae and detritus. The
implications of selective feeding by mussels are a topic
of interest to lake ecologists but, for this stage of the
modelling, we felt the literature was inadequate to
support robust specifications of preference among
algal groups so no selective preferences were desig-
nated. The implications of this decision will be
considered in the discussion section.

Model setup

The coupled ELCD model was run for Lake Erie for
2002, primarily for two main reasons: (i) since the
most comprehensive validation data as well data on
distribution of biomass and densities of mussels set
exists for this period; and, (ii) ELCD results for 2002
have been recently validated against the field obser-
vations (Leon et al., 2011).

A 2-km horizontal grid and 40 vertical layers of
variable thickness were used to represent the Lake Erie
bathymetry as in Leon et al. (2005, 2011). To account
for the spatial variability of meteorological conditions
across the entire lake it was divided into three sections
(west, central and east basins, Fig. 2) and different
measured meteorological data from the three stations
located in each basin were applied to a given section.
The meteorological data for 2002 were retrieved from
two sources of archived data, the National Water
Research Institute (NWRI) and the NOAA National
Data Buoy Center. The lake was simulated for 190 days
(April 10 to October 17) with a time step of 5 min.

Initial conditions for Lake Erie in respect to physical
(e.g. water temperatures), biological (phytoplankton
concentrations, major groups of phytoplankton) and
chemical parameters (e.g. nutrients, suspended solids,
DO, etc.) were the same as in Leon et al. (2011) and
derived from observations at some selected stations
(Fig. 2; west basin: 965, 966, 968, 969, 970, 971, 973

and 974; central basin: 945; 946, 949, 952, 953, 954,
961 and 962; east basin: 879, 886, 934 and 940). The
initial spatial distribution of mussel biomass was
estimated using the lake substrate distribution (Haltuch
& Berkman, 1998) and a regression model, based on
Patterson et al. (2005), that predicts biomass for each
defined depth from depth range based on substrate and
basin. Three mussel size classes of 0.000874, 0.0131
and 0.046 g shell-free dry weight per individual
(equivalent to shell lengths of 5, 15 and 25 mm) were
defined and assigned relative abundance of 55, 30 and
15% of total numbers based on information in Patter-
son et al. (2005). The resulting carbon biomass of the
individual size classes was mapped onto the bathym-
etry of Lake Erie (Fig. 3) using GIS mapping solutions
(ArcView 8) and assuming carbon is 45% of shell free
dry weight (Walz, 1978). Table 1 summarizes the
assigned mussel population levels for the three main
basins of the lake.

Model parameters

The configuration and parameters for each of five
simulated phytoplankton groups were taken as in Leon
et al. (2011). All other biological and chemical
parameters were also adopted from Leon et al. (2011).
Sediment oxygen demand and nutrient flux parameters
were also set based on historical data available that was
specific to Lake Erie. Parameters for quagga mussels
were taken from literature and are presented in
Appendix B—Supplementary Material. Note that once
the parameter values were estimated from literature
values, or assumed in the case of unknown values, then
no further parameter adjustments were made.

Model validation

Data on water temperature and phytoplankton Chl
a concentrations in Lake Erie in 2002 for model
validation came from several different sources, such as
an Environment Canada-University of Waterloo study
in the east basin (Depew et al., 2006; North et al.,
2012), “Star Database” housed by the National Water
Research Institute (NWRI) of Environment Canada,
and U.S. E.P.A. survey cruises on Lake Erie. Stations
used in the model validation are shown in Fig. 2. To
evaluate the ability of our model to predict the
observed data we used a combination of graphical
techniques and quantitative statistics that included
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tests for statistical significance (pared ¢ test and linear
regression analysis) and calculation of statistical
measures of fit. Because statistical measures of fit
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capture different aspects of model performance, we
used simultaneously several commonly used measures
with the published ranges of performance ratings for a
better and more comprehensive assessment of model
performance and comparison between two different
models to indicate whether there is a statistically
measured improvement.

The selected measures included six different indi-
ces: relative error (RE), root mean squared error
(RMSE), Nash-Sutcliffe efficiency (NSE), RMSE-
observation standard deviation ratio (RSR), percent
bias (PBIAS) and a cost function (CF) (Table 2). In the
literature, RE values are usually in the range between
0.3 and 0.6 with a median value of 0.4 in the
phytoplankton studies using simple biochemical mod-
els but RE tends to increase with the model complexity
(Arhonditsis & Brett, 2004). RMSE is another fre-
quently used error index in model evaluations. The
smaller values of RMSE indicate smaller errors and
better model performance with a value of 0 indicating
a perfect fit. The NSE is a dimensionless coefficient
indicating how well the plot of simulated versus
observed data fits the 1:1 line (Moriasi et al., 2007). It
ranges between —oo and 1. Values between 0 and 1 are
generally considered as acceptable levels of model
performance (Moriasi et al., 2007) but the closer the
NSE is to 1, the more accurate the model is. RSR
combines an error index and a scaling factor so that it
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Table 1 Average mussel biomass (2C m~?) for all mussel classes in the beginning and in the end of simulations

Class 1 Class 2 Class 3 All classes
Shell size: 5 mm Shell size: 15 mm Shell size: 25 mm
Initial Final Initial Final Initial Final Initial Final

West basin 0.016 0.064 (+302%)  0.111 0.143 (+29%)  0.194 0.137 (—29%) 0.321 0.344 (+7%)

Central basin ~ 0.009 0.050 (+429%)  0.065 0.101 (+57%)  0.113 0.115 (+1%) 0.188 0.265 (+42%)
East basin 0.577 0.713 (+24%) 3.990 2.904 (—27%) 7.004 3.882 (—45%) 11.571 7.500 (—35%)
Lake-wide 0.140 0.203 (4+45%) 0.969 0.749 (—23%) 1.701 0.980 (—42%) 2.811 1.933 (=31%)

Numbers in brackets indicate the percent of increase/decrease (4/-) of mussel biomass in the end of the simulations relative to its
initial concentration

can be applied for comparison of different constitu- 1 < ICFl < 2 (good), 2 < ICFI < 3 (reasonable) (Rad-
ents. The optimal value is O that indicates a perfect fit ach & Moll, 2006).

but all values that are <0.7 can be considered as The statistical significance tests included the paired
acceptable level of model performance (Moriasi et al., t tests that were conducted using non-transformed data
2007). PBIAS measures the average tendency of the and the linear regression analysis that was performed
model predictions to be smaller or larger than the using the logl0-transformed data to comply with the
observations (Gupta et al., 1999). Positive and nega- assumption of homoscedasticity. The ordinary least
tive values of PBIAS indicate model underestimation squares (OLS) regressions are good for predictive
or overestimation bias, respectively. PBIAS has an purposes but they are known to underestimate the
optimal value of 0 with the low magnitude values slope between two variables. Therefore, the ranged
indicating accurate predictions. The range of accept- major axis (RMA) regression was also used to uncover
able values for PBIAS depends on the constituent the true slope between two variables.

being evaluated. It was recommended that values
within £70% to be considered satisfactory for nutrient

simulation studies (nitrogen and phosphorus) (Moriasi Results

et al.,, 2007). CF is a measure of goodness of fit

between model and observations with the following The patterns in predicted mussel dynamics will be the
reported performance rating: ICFl < 1 (very good), subject of detailed examination in a following paper.

Table 2 Summary of statistical measures of fit used for a model skill evaluation

# Measure name Formula Literature source
1 Relative error " 10i-s; Arhonditsis & Brett (2004
RE — 2oy 251 (2004)
i=1 0i
2 Root mean squared error

RMSE = <ﬁ§j(0i - Si)z) v

i=1

3 Nash—Sutcliffe efficiency NSE — 1 {Zil(o,ﬁg)?} Moriasi et al. (2007)
o Xle-or
4 RMSE-observation standard deviation ratio N o) Moriasi et al. (2007)
(0i=5i)
RSR = RSI\fDSE — (Z:\:l ,)1/2
’ (Zi:l (()’7O)<)
5 Percent bias PBIAS — {ZN: l (oN,fs,>.1oo] Moriasi et al. (2007)
i=1 0i
6 Cost function _ Z,N:I |0i—Si| Radach & Moll (2006)
CF= N-SD,

O; ith observation of the constituent being evaluated, S; ith simulated value for the constituent being evaluated, O mean of the
observed data for the constituent being evaluated, SD,, standard deviation of observations, N number of observations
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In brief, the model predicted that mussel biomass
could increase or decrease over the simulation period,
depending on the size class of mussel and the lake
basin concerned (Table 1). The lake-wide mussel
biomass over all size classes decreased by about 30%
during the simulation period. While mussel biomass
decreased in east basin, it increased in central and west
basins (Table 1). The biomass of class 1 increased in
all three basins, while biomass for class 2 also
increased in west and central basins but decreased in
east basin. The biomass of class 3 decreased in west
and east basins but was stable in central basin. Lake-
wide, the biomass of class 1 increased while two other
classes decreased in biomass (Table 1).

The ability of ELCD model to capture the major
spatial and seasonal dynamics of temperature and Chl
a distribution in Lake Erie has been demonstrated
previously (Leon et al., 2011). Predicted and observed
temperatures were similar and the seasonal thermo-
cline that forms in offshore locations in central and
east basins was evident in the simulated temperatures
(e.g. Fig. 4a). Shallower stations that are not normally
observed to display pronounced thermal stratification
were also predicted to have little vertical temperature
structure (e.g. Fig. 5). Lake-wide comparison of the
predicted surface and near-bottom temperatures over
time and space showed a good agreement with
observations (Fig. 6a, b). The statistical measures of
fit (Table 3) were all in the acceptable range (Arhon-
ditsis & Brett, 2004) and together with the regression
analysis (Table 3), indicated a good ability of the
model to reproduce surface and near-bottom temper-
atures. The model had an average tendency to predict
surface temperatures that were 4% cooler than the
observations (Table 3; PBIAS = 4.04) and near-bot-
tom temperatures that were 1.2% warmer than the
observations (Table 3; PBIAS = —1.19).

The model with the added code to simulate mussels
continued to provide satisfactory simulations and
showed statistically measurable improvements in
model performance (Tables 4, 5). For example,
smaller SE, RMSE, RSR, CF, larger NSE, as well as
PBIAS that was closer to O (Table 4). The tests for
statistical significance and linear regression analysis
also indicated the improvements in new model
performance (Tables 4, 5). In the relatively deep and
transparent east basin, a deep Chl @ maximum is often
observed and such features were also evident in
simulated Chl a (Fig. 4). The deep Chl a maximum
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predicted by the model is a result of differential
growth, loss and settling, as variations of phytoplank-
ton Chl:C and phytoplankton vertical migration were
not simulated. At shallower and better mixed loca-
tions, a distinct deep maximum is not usually observed
but observed profiles are often non-uniform, with an
increasing trend towards the lower depths. The model
predicted that there would be vertical variations,
although the location and magnitude of Chl a peaks
did not always coincide with available observations
(Fig. 5). With closer (1-3 m) approach to bottom, the
model predicted a pronounced decrease of Chl a at
stations with appreciable mussel biomass and rela-
tively well-mixed conditions (Fig. 5). Observed pro-
files usually did not approach bottom closely enough
to clearly resolve such features but, where they did, a
near-bottom decrease of Chl a was commonly appar-
ent. As evident from Figs. 4 and 5, snapshot compar-
isons for individual sites and times indicated variable
agreement between simulations and observations with
some deviations being observed between model and
data. For example, the model underestimated the depth
of the deep Chl ¢ maximum by more than 5 m for
station 23 (Fig. 4a; June 12) and over-predicted Chl
a by almost 100% for station 442 (Fig. 5b; June 10).
However, overall predicted Chl a concentrations were
in reasonable agreement with the observed values (e.g.
lake-wide results; Fig. 6c, d; Tables 4, 5).

For the east basin, observations in 2002 suggested a
bimodal seasonal pattern of Chl a, with a spring or early
summer maximum, a summer minimum, and interme-
diate values in late summer and early autumn (Fig. 7a,
b). The seasonal pattern of predicted Chl a had a similar
bimodal pattern. The pattern was apparent whether
mussels were simulated or not, but there was a
systematic shift to lower values when mussels were
simulated. The predicted spring-early summer maxi-
mum was diminished and delayed when mussels were
simulated, both for nearshore and offshore zones. For
the offshore zone (Fig. 7b), predicted Chl a captured
the major seasonal dynamics very well, particularly the
early maximum and summer minimum, and agreement
was improved when mussels were simulated and
predicted values were lower. Agreement between
predicted and observed was not as close in the
nearshore zone (Fig. 7a), as the model underestimated
the early increase (early May) of observed Chl a, and
predicted even less Chl a when mussels were simu-
lated, and slightly overestimated Chl a in the summer.
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Predicted nearshore values for summer through fall
were nonetheless closer to observations when mussels
were simulated than when they were not.

The most dramatic predicted effect on Chl a in east
basin was during the early spring maximum (Fig. 7¢),
which was diminished by about 2 mg m— in both
nearshore and offshore zones compared to maximum

Temperature, C

values of 4-5 mg m™> in simulations without mussels
(Fig. 7a, b). During the summer minimum, values from
simulations with mussels were similar to, or even slightly
larger than, those from simulations without mussels, but
in late summer and fall predicted values with mussels
were mostly 0.5-1 mg m ™ lower than without mussels.
Despite persistent thermal stratification, the offshore
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Fig. 6 Scatter plot of the observed values versus predicted
values for lake-wide comparison of surface temperatures (a;
depth from 0 to 6 m, N = 324), near-bottom temperatures (b; 0
to 1 m above bottom, N = 324) and Chl a concentrations in the

zone was predicted to display lower Chl a in the presence
of mussels throughout the late summer and early fall
(Fig. 7c¢).

Lakewide, the predicted Chl a in the surface layer in
simulations with mussels showed strong seasonal and
spatial dynamics, which are illustrated here with
emphasis on the period preceding and during the early
season maximum (Fig. 8a, c, e). In early May,
predicted Chl a was highest in western parts of the
lake when mussels were not simulated. By June 1,
highest Chl a was predicted to occur in central basin,
especially along the north shore, with high values in
the northern nearshore of east basin as well. By July 1,
highest values were predicted to be within boundary
zone between west and central basins (e.g. Sandusky
Bay). Simulations that did not include mussels (results
are not shown here but see Fig. 8a—f) produced a
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d showing non-transformed and loglO-transformed data,
respectively. N is the number of the compared pairs

generally similar picture of the major spatial and
temporal variability of Chl a but some of local maxima
predicted with mussels were elevated or even appear-
ing as new (e.g. east basin on June 1) compared to the
scenario when mussels were not simulated. These
localized areas of elevated phytoplankton Chl a and
new maxima were short lived and appeared at places
where nutrients were limited (e.g. east basin) meaning
that mussel grazing, and therefore, mussel-driven
nutrient recycling, can be responsible for that.

The difference in predicted Chl a for the surface
layer when mussels were included (Fig. 8b; note the
scale) shows that on May 1 the largest decreases were
in the east basin, especially in the northern nearshore.
Decreases approached 1.0 mg m™ in parts of east
basin, and 0.5 mg m ™ in localized parts of west basin.
Central basin showed very little difference and even
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Table 3 Summary of model performance statistics and regression analysis to evaluate the model ability to simulate surface and near-
bottom lake temperatures

Surface (from O to 6 m) Near-bottom (0 to 1 m above bottom)

Field observations Predicted Field observations Predicted
N 324 324 324 324
Mean 15.87 15.23 11.11 11.19
SD 7.87 7.78 7.10 6.83
RE 0.081 0.113
RMSE 1.68 1.73
NSE 0.95 0.94
RSR 0.21 0.24
PBIAS 4.04 —1.19
CF 0.162 0.182
OLS slope 0.97* 0.93*
RMA slope 0.99* 0.96*
R 0.96 0.94

N number of observations; Mean mean value; SD standard deviation; RE relative error; RMSE root mean squared error; RSR RMSE-
observation standard deviation ratio; NSE Nash-Sutcliffe efficiency; PBIAS percent bias; CF cost function; OLS ordinary least
squares regression; RMA ranged major axis regression; R coefficient of determination

* Significant at the P < 0.01 level

Table 4 Summary of statistical measures of fit and significance tests to evaluate the model ability to simulate Chl a concentrations in
the surface mixed layer of Lake Erie

Lake-wide East basin nearshore East basin offshore
Field data Mussel scenario Field data Mussel scenario Field data Mussel scenario
(observations) —————————— (observations) ————————— (observations) ——
Mussels  Mussels Mussels  Mussels Mussels  Mussels
OFF ON OFF ON OFF ON
N 400 400 400 135 135 135 142 142 142
Mean 2.27 2.65 2.29 1.42 2.19 1.69 1.71 2.29 1.91
SD 23 1.76 1.67 0.79 1.24 0.94 1.24 1.42 1.22
RE 0.60 0.48 0.82 0.49 0.64 0.48
RMSE 1.90 1.65 1.53 0.97 1.48 1.18
NSE 0.32 0.49 —2.81 —-0.53 —-0.42 0.09
RSR 0.83 0.70 1.95 1.24 1.19 0.95
PBIAS —16.57 —0.61 —54.64 —18.95 —33.77 —1145
CF 0.59 0.47 1.47 0.89 0.87 0.66
Paired 7 test — + - — - +

(P < 0.05)

— significant difference between observations and simulations, + no significant difference between observations and simulations. For
all other abbreviations see Table 3

some patches of increased Chl a. On June 1, very large were predicted for much of west basin and parts of
decreases (up to 4 mg m > or more) of Chl a were central basin. On July 1 (Fig. 8f; note the scale) the
predicted in the northern nearshore of east basin largest predicted decreases (I mg m ™ or more) were
(Fig. 8d; note the scale). Decreases of 0.5-1 mg m™> in the boundary area between west and central basins
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Table 5 Linear regression analysis of the observed (O) and simulated (S) lake-wide Chl a concentrations in the surface mixed layer

of Lake Erie using log10-transformed data

Regression equation R? P valuee SE N

# Mussel scenario  Dependent variable ~ Regression method
1 Mussels OFF S OLS

2 Mussels OFF S RMA

3 Mussels ON S OLS

4 Mussels ON S RMA

0.675*[0] + 0.166% 046  <0.001 0.273 400
1.027*%[0] + 0.096*  0.46  <0.001 400
0.745*[0] + 0.081*  0.56  <0.001 0.244 400
1.006*%[0] 4+ 0.029*  0.56  <0.001 400

OLS ordinary least squares regression, RMA ranged major axis regression, R? coefficient of determination, SE standard error of the

estimate, N number of observations
* Significant at the P < 0.01 level

but a sizable areas of strongly diminished Chl
a occurred along the southern margin of the central
basin and in its northwestern corner, where the
assigned local mussel biomass was minimal. The east
basin continued to show appreciable (>0.5 mg m™)
predicted decreases of Chl a in easterly areas but lesser
decreases, and even localized increases, in western
parts of the basin.

Basin-average simulated Chl a as well as differ-
ences between mussels ON and OFF scenarios
provided a picture of the predicted sensitivity to
presence or absence of mussels, and to hypothetical
variations in the initial mussel biomass (Figs. 9, 10).
Compared to east basin, west basin was predicted to
experience a smaller decrease of Chl a with mussels
included, and the central basin to experience very little
decrease. Similar to east basin, predicted decreases in
west basin were largest during the early maximum
(May and June), negligible throughout much of the
summer, and larger again in autumn. The summer
period of little or no mussel effect appeared longer in
west basin than east. On a basin-average basis,
inclusion of mussels in the simulations did not result
in any substantial Chl @ increases in any basin,
although, there were some episodes of Chl a increases
in east basin (0.5 mg m~>; mid to late June, Fig. 10a)
and smaller increases in central basin (0.3 mg m™;
early June, Fig. 10c). The increases were as much as
20% (east) and 5% (central) of values with mussels off
(Fig. 10b, d) but were brief. Unlike east and central
basins, west basin did not show any increases in Chl
a when mussels were turned on (Fig. 10e). In all basins
(Fig. 10b, d, f), there were time periods when the
effects of including mussels were nearly proportional
to the hypothetical £50% range of mussel biomass
(e.g. east basin: early July to early August; central

@ Springer

basin: mid June to mid July; west basin: April to late
July). There were also episodes of non-proportional
effects, more pronounced in east basin than in any
other basin (e.g. east basin: spring to early summer,
late summer to fall; central basin: late summer to fall;
west basin: late August to mid September). At times,
there was little or no predicted mussel impact regard-
less of the assigned biomass values (e.g. east basin:
early August; central basin: end of July; west basin:
early to late August), implying that factors other than
mussel biomass were limiting the effects of the
mussels on the phytoplankton. These episodes coin-
cided with predicted water temperatures exceeding the
upper limit for optimal feeding (7%, 18°C) and, in
west basin, approached the upper limit for feeding
activity (Tax, 25°C, Appendix B in Supplementary
Material). However, on average, in west and central
basins the effects of including mussels were nearly
proportional to the hypothetical variations, £50%
range, in mussel biomass (Table 6) while the effect
was non-proportional in the east basin.

Simulations with and without mussels indicated
that early diatoms, flagellates, and the Others group
were the major phytoplankton groups while late
diatoms were of appreciable but lesser importance
(Fig. 11). Cyanobacteria reached their greatest abun-
dance in west basin but even there were <0.5 mg m >
Chl a equivalent. The dominant patterns of seasonal
succession were similar with or without mussels but
early diatoms, which dominated the spring bloom,
were particularly diminished when mussels were
included, especially in east basin. In west basin,
flagellates and the Others group accounted for much of
the predicted decrease of total Chl a when mussels
were turned on. Both early and late diatoms were
predicted to have brief periods of enhanced biomass
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Fig. 7 Time series output of the predicted basin average
nearshore (a) and offshore (b) Chl a concentrations with the
observed values in east basin, showing model results with
mussels OFF and ON. Difference in Chl a between mussels ON
and OFF for nearshore and offshore zones in east basin (c).
Negative values in ¢ denote lower Chl a for mussels ON results

when mussels were turned on while the Others group
at the selected west basin station showed short period
oscillations between increased and decreased biomass
for much of the summer. Although not shown in
Fig. 11, cyanobacteria in west basin during late
summer were predicted to be more abundant when
mussels were turned on, but the effect was small
(0.5 mg m™> Chl a equivalent or less).

Discussion

While sufficiently complex to require simulation run
times of a week or so, ELCD as used here is still a
highly simplified and incomplete representation of
Lake Erie but it has been shown to capture some of the
major features of Chl a, N and P dynamics (Leon et al.,
2011). In the present study, we extend the previous
Lake Erie ELCD model (Leon et al., 2011) to include
mussels as a state variable. All previously published
studies either simulated mussels with a constant
biomass or only accounted for their grazing effect.
To the best of our knowledge, the present study
presents the first model that includes mussels as a state
variable with their own dynamics (Table 1). An
analysis of model predictions concerning mussel
energetics and implications for nutrient cycling and
algal productivity in the lake is in preparation and is
the subject of a following paper. Here we suggest that
the predicted mussel dynamics were in a reasonable
range, forecasting neither a collapse nor an explosion
of the population. The mussel biomass increased in
west and central basins (Table 1) but decreased in east
basin meaning that the mussel growth was negative
there. A recent study on mussels in Lake Ontario
(Malkin et al., 2012) shows that mussel growth may
indeed be limited over much of the period we simulate,
at least in a part of Lake Ontario that is comparable to
east basin of Lake Erie, and can be negative. Lacking
any published measurements of mussel growth on the
bottom in Lake Erie, particularly for 2002, the model
results are within a reasonable range for seasonal gain
and loss of biomass.

In this study, we focus on patterns in phytoplankton
biomass and note that, with addition of mussels, the
predictions of Chl a spatial dynamics showed an
improved agreement with observations (Tables 4, 5).
It can be that the model with mussels ON shows better
statistics than the model with mussels OFF mainly
because phytoplankton abundance without mussels is
overestimated in the summer. However, any factor
increasing mortality of phytoplankton that is similar to
mussel grazing, e.g. zooplankton grazing, would result
in a similar improvement. Our model with both
mussels OFF and ON did include a mortality term
for the effect of zooplankton grazing but it will not
properly account for the seasonal changes in zoo-
plankton abundance. Nonetheless, the improvement in
the statistics supports the idea that representation of
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Fig. 8 Model predictions of the spatial distribution of Chl
a with mussels ON in the surface layer at 2 m depth of Lake Erie
for May 1 (a), June 1 (c¢) and July 1 (e). Model predictions of the

the mussels may be required for accurate simulation of
phytoplankton abundance. In general, model predic-
tions were much closer to observations when mussels
were turned on, the main exception was the spring Chl
a increase in the east basin nearshore. Observations
suggested the spring increase occurred earlier than the
model predicted, and the disparity worsened when
mussels were turned on. It is likely that spring
warming and Chl a increases at the beginning of our
simulation period had advanced further in nearshore
than offshore waters (Holland & Kay, 2003) but we
had only offshore data for initialization. The earliest
samples did not suggest a strong bias but the near-
exponential Chl a dynamics in spring (Fig. 7) would
lend great weight to even moderate initialization
errors.

The reproduction of vertical Chl a concentrations
was also imperfect. It might be that the model is still
unable to capture the full dynamics of such a large and
dynamic lake as Lake Erie where conditions at any
fixed station are at constant change because of the
water movement, strong currents, upwelling and
downwelling events. For example, Fig. 5a shows that
two profiles taken at the same station within 1 h
showed a remarkable difference of almost 50% in Chl
a. Comparisons with observations are also compli-
cated by the fact that Chl a:C ratios are fixed for each
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algal group in the model, so that model variations of
Chl a mainly reflect biomass changes. By comparison,
field observations of Chl a are affected by photoacc-
limation and other physiological processes that can
have a strong influence on the spatial dynamics
including vertical distributions (White & Matsumoto,
2012). There is scope for including photoacclimation
in ELCD (Hipsey & Hamilton, 2008) so future model
applications could be more refined. Other desirable
refinements could include explicit modelling of zoo-
plankton (e.g. Zhang et al., 2008, Boegman et al.,
2008b), although the model as used here did include
temperature- and oxygen-dependent phytoplankton
mortality terms, and associated dissolved and partic-
ulate nutrient cycling terms, that can capture some of
the expected zooplankton impacts.

The desirability as mussel (or zooplankton) food of
algal groups can also be varied, and in our application
of ELCD the group-specific mortality terms did vary
to reflect presumed grazer preferences. For example,
the cyanobacteria group, configured to represent the
larger colonial forms, was assigned a lower mortality
constant to reflect lower edibility, whereas flagellates
were assigned a higher mortality (Leon et al., 2011).
Some cyanobacteria, notably Microcystis, are often
rejected as food by dreissenid mussels, particularly
when they occur in colonial form, although selectivity



Hydrobiologia (2014) 731:151-172

165

(a) eastbasin | —— 1ssels OFF

6 —— mussels ON (100%)
~~~~~~~~~ mussels ON (150%)
——— mussels ON (50%)

Chl-a, mg m>

Apr I May | Jun I Jul I Aug | Sep l Oct
T T T T T T

90 120 150 180 210 240 270 300

Day of the Year (2002)

Fig. 9 Time series output of the predicted basin average Chl
a concentrations in east (a), central (b) and west (¢) basins
showing a sensitivity of phytoplankton to initial mussel biomass
and densities: comparison of 4 scenarios (mussels OFF, and
mussels ON with 100, 150 and 50% of best estimate for initial
biomass)

can be variable (Vanderploeg et al., 2001, 20009;
Fishman et al., 2009). Ecosystem models have
supported a role for mussel grazing in promoting
increased abundance of inedible groups, particularly
Microcystis (Noonburg et al., 2003; Bierman et al.,
2005; Zhang et al., 2008; Fishman et al., 2009). In the
current application we did not feel we had sufficient
information to properly assign explicit feeding

preferences for mussels, although information to
support such decisions is growing (e.g. Naddafi
et al., 2007) and could allow future model refinement.
In our simulations, cyanobacteria remained low in
biomass (<0.5 mgChl a m~>) even with mussels
turned on, but they did increase by nearly 50% in
summer at stations in west basin near higher mussel
biomass areas (e.g. er91, Fig. 2). The low sinking rates
assigned to cyanobacteria (Leon et al., 2011) may have
lessened their vulnerability to mussel grazing (Zhang
et al.,, 2008) while nutrient competition from other
groups was alleviated. The west basin of Lake Erie has
been famous for its late summer cyanobacterial
blooms in recent years (Millie et al., 2009) but in our
simulation year (2002) cyanobacteria did not appear to
form a bloom that was extensive enough to elevate
average summer cyanobacteria above 0.5 mgChl
a m > (Ghadouani & Smith, 2005).

Comparing model predictions of mussel impacts
with evidence from field studies is greatly complicated
by uncertainties in the observational estimates but it is
of interest to know whether model predictions are at all
reasonable. Although we simulated 2002, the sudden
appearance of mussels in the model (with no attempt to
account for any of the coincident and longer-term
benthic community changes that have been observed
in invaded lakes, e.g. Karatayev et al., 1997; Patterson
et al., 2005; Higgins & Vander Zanden, 2010; Gergs
et al., 2011), should be most comparable to the initial
effects of the rapid colonization of the lake in
1989-1993. In east basin, our assigned initial mussel
biomass of 11.6 gC m~> was somewhat higher than
the reported average of 7.7 for the immediate post-
colonization years of 1992-1993 (Jarvis et al., 2000;
with unit conversions according to Patterson et al.
2005, and assuming C is 45% of dry weight). The
model predicted a decrease of spring-summer average
Chl a of 22%, within the range of 15-25% inferred by
field studies (Charlton et al., 1999; Makarewicz et al.,
1999; Barbiero & Tuchman, 2004; results from latter
two sources for summer only as their spring data were
for dates earlier than simulated here).

By contrast, the model predicted only a 6.9%
decrease of Chl a in west basin, whereas the field
studies suggested decreases of 10—46% upon mussel
colonization. Our model assumed a low average
mussel biomass in west basin (0.32 gC m™?) com-
pared to a survey estimate of 4.8 gC m~2 for
1992-1993 (converted from Jarvis et al., 2000). Our
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Fig. 10 Magnitude of the predictive change in Chl a for
different mussel biomass scenarios (100, 50, and 150% of best

estimate for initial biomass) relative to the base scenario with west basin (e, f)

mussels OFF, expressed in absolute (mg m73) and relative (%)
values for each basin: east basin (a, b), central basin (¢, d) and

Table 6 Predicted change (average and median values) in Chl a for different mussel biomass scenarios (50, 100, and 150%)

expressed in % relative to the base scenario with mussels OFF

Basin Average change for mussel scenario Median change for mussel scenario

50% 100% 150% 50% 100% 150%
East 16.3 222 26.3 14.8 20.5 244
Central 1.8 33 4.6 1.6 3.0 42
West 35 6.9 9.9 32 6.3 9.2

@ Springer



Hydrobiologia (2014) 731:151-172 167
5 _(a) east basin ; ——— Farly Diatoms (b) east basin
[l\ Late Diatoms o 4 50
4L I/ e Flagellates |Ml/\j\
i Others AR\ N
3t ) TR e T
fo hoohY
s / | \g\/\ ” s
// ‘ b ——— Early Diatoms 7| -0
1} f by Late Diatoms
// \M
o [ Flagellates
0 = ——— Others 7100
1 1 1 1 1 1 ! 1 - 1 1 1 1 CF
(¢) west basin (d) west basin 140 =
5F Q
4 20 E
- N S)
.E 4 1o %'
)
g 31 120 &
2,1 &
6 : ——— Early Diatoms 40 =
1k Late Diatoms -60 2
TV iy | Flagellates §
0r NN ——— Others 1-80 H
1 1 1 1 1 1 1 1 1 1 1 1 [a W}
e) lake-wide lake-wide
© ——— Early Diatoms ® 153
Late Diatoms 40
4r N Flagellates .
\ —— Others ’“. 1-5
/ 4 -10
2+ \ ,’ ——— Early Diatoms s
\\ | Late Diatoms )
\b / -------- Flagellates 4 -20
—— Oth
ok Others 1 o5
Apr | May [ Jun | Jul [ Aug | Sep [ Oct | Apr | May [ Jun | Jul [ Aug | Sep | Oct |
T T T T T T I T T T T T =
90 120 150 180 210 240 270 90 120 150 180 210 240 270
Day of the Year (2002)

Fig. 11 Model predictions of algal group dynamics at 2 m
depth with mussels ON in east basin, station 23 (a); west basin,
station er91 (c¢) and lake-wide average (e). Corresponding
differences in algal groups between mussels ON and OFF, as

biomass estimates for west basin and central basin
(where simulated impacts were again lower than
suggested by field studies) were likely too low,
particularly in west basin (see Patterson et al., 2005),
but it is hard to know what a truly accurate value
would be. For example, the average mussel biomass in
west basin was reported as 0.034 gC m™>in 1992, 9.6

percent of total Chl a in simulations with mussels OFF, are
shown in b, d and f. Negative percentages indicate decreased
abundances when mussels are ON. Cyanobacteria were pre-
dicted to remain <0.5 mgChl a m > and are not plotted

in 1993, and 0.085 in 1998 (Jarvis et al., 2000).
Surveys reveal strong variability of mussel biomass
even within basins and substrate categories (e.g.
Patterson et al., 2005) and both physical and biotic
processes can have quick and dramatic effects on
mussel population sizes (e.g. Werner et al., 2005).
With a nearly direct proportionality between assigned
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mussel biomass and predicted degree of impact in both
west and central basins (Table 6), predicted impacts
could probably be reconciled with those inferred from
field studies by adjusting the assigned mussel biomass
within the observed range. To explore the model
ability to reasonably predict the phytoplankton bio-
mass in central and west basins with much higher
initial biomass observed in the 1992-1993 survey of
Jarvis et al. (2000), we performed an extra sensitivity
test. The initial values in west and central basins were
assigned to be the average biomass values observed in
1992 and 1993 (Jarvis et al., 2000; west basin:
4.8 gC m™?; central basin: 2.9 gC m™?), 15 times
larger those used in the present study. The new results
indicated that the model was still able to reproduce
reasonable Chl a dynamics in both basins. Compared
to west basin, central basin experienced smaller
decreases in Chl a. The model predicted average
decreases in Chl a (expressed as a % relative to the
base scenario with mussels OFF) of 19% in central
basin and 43% in west basin. Such changes are more
consistent with the decreases inferred from studies of
post-colonization years (e.g. Makarewicz et al., 1999).
There is uncertainty in the model parameters for
mussel energetics that could also affect predictions,
but the effect of uncertainty in mussel biomass is
obviously great. Strong tests of models and predictions
of possible future conditions demand better knowl-
edge of mussel biomass distributions and their
controlling factors (cf Zhang et al., 2008). Progress
in identifying physico-chemical (Naddafi et al., 2011)
as well as biotic (Patterson et al., 2005; Werner et al.,
2005; Naddafi et al., 2010) factors associated with
dreissenid mussel population dynamics is very impor-
tant to success of ecosystem modelling efforts.

The model also predicts, as might be expected but
has not to date been shown with 2D horizontal
resolution, that the impact of mussels on surface layer
phytoplankton is highly variable in space and time
(Fig. 8b, d, f). Impacts are related to the assigned
mussel biomass distribution (Fig. 3) but only loosely,
because of the strong effects of water mass advection.
The strong spatio-temporal variability poses chal-
lenges to observational programs that have to charac-
terize basin characteristics with limited numbers of
stations and observation dates. It is easy to understand
from Fig. 8 how two studies, using somewhat different
sampling dates and locations, could reach different
conclusions (e.g. 9.8 vs 46% decrease of west basin
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summer Chl a upon mussel colonization; Makarewicz
et al., 1999; Barbiero & Tuchman, 2004). However, a
model such as the current one could be used to better
choose stations and/or interpret results from them. For
example, simulations suggest that stations along the
south-central coast of the central basin, where
assigned mussel biomass was low, may frequently
display depressions of Chl a resulting from effects of
“upstream” mussels in the southwest central, and even
west, basins.

The most sophisticated previous modelling study of
mussel effects (the 2D Lake Erie model of Zhang
et al., 2008) concluded that, while mussels in the years
1997-1999 consumed an appreciable fraction of the
phytoplankton, the biomass of non-diatom edible
algae biomass nonetheless increased as mussel bio-
mass assigned in the model increased. Biomass of
diatoms (also edible) either increased (west basin) or
showed decreases far less than proportional to the
mussel biomass increases (central and east basins). It
was suggested that concentration boundary layers
[which the hydrodynamic models of Zhang et al.
(2008) and Boegman et al. (2008b) were able to
capture] intensified as mussel biomass increased, thus
constraining mussel grazing rates, while excreted
nutrients were still able to diffuse upward and support
faster phytoplankton growth. This mechanism was
proposed to explain why simulated impacts on phy-
toplankton biomass were so much less, or even
opposite to, those suggested by simpler previous
modelling studies (Maclsaac et al., 1999; Noonburg
et al., 2003; Bierman et al., 2005).

Nutrient excretion by dreissenid mussels is an
important process (Conroy et al., 2005b; Naddafi
et al., 2007, 2009) and can reasonably be expected to
stimulate phytoplankton growth. The current model, as
in Zhang et al. (2008) and Boegman et al. (2008b), did
predict higher growth rates in the presence of mussels.
However, we found no evidence that increased mussel
biomass would promote a sustained increase of edible
algae groups or of total biomass. Increased mussel
biomass gave decreased average biomass of phyto-
plankton in each basin (Table 6), including non-diatom
edible algae (our “flagellate” and “others” groups).
Enhancements of early and late diatoms with inclusion
of mussels (Fig. 11) were ephemeral and small com-
pared to the decreases of phytoplankton biomass. It may
be important that feeding and nutrient excretion rates
are coupled in our mussel model (Spillman et al., 2008).
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Excretion of a nutrient will decrease as the intake of the
nutrient through grazing decreases, which seems con-
sistent with observations that mussels grazing on
P-limited phytoplankton excrete less P and can actually
raise C:P ratios of seston (Naddafi et al., 2008). By
comparison, mussel excretion rates were assumed to
continue unabated when phenomena such as concen-
tration boundary layers or poor food stoichiometry
limited nutrient intake in the model of Zhang et al.
(2008). Further sophistication of ecosystem models for
mussels, for example to better allow for the flexibility of
mussel tissue nutrient stoichiometry (Naddafi et al.,
2009) and better characterize biodeposition processes
(Gergs et al., 2009) is desirable, but the relatively
realistic mussel model used here suggested that
sustained elevation of edible phytoplankton biomass
through mussel activity is unlikely in Lake Erie.

The nearshore shunt (Hecky et al., 2004) predicts a
greater effect of mussels on plankton in nearshore than
offshore zones, partly on the assumption that mussel
biomass will often be greater in the more hospitable
(for mussels) nearshore habitat. The spread of quagga
mussels into the profundal zone of the Laurentian
Great Lakes (e.g. Nalepa et al., 2010), including Lake
Erie (Patterson et al., 2005), has greatly affected this
assumption. However, the shallower waters, absence
of strong and persistent thermal stratification and
generally favourable temperature and oxygen condi-
tions should still permit nearshore mussels to exert
relatively more impact on the plankton in systems with
high nearshore mussel biomass such as east basin Erie.
The model did predict a greater impact of mussels on
Chl a in nearshore than offshore east basin. Average
surface layer Chl @ was 2.4 mg m " in both zones with
mussels off, compared to 1.7 nearshore and 2.0
offshore with mussels on. Observational studies in
east basin have documented lower Chl a and primary
production in nearshore than offshore east basin,
including in the year (2002) simulated here (Depew
etal., 2006; North et al., 2012). Phytoplankton nutrient
physiology can also differ in a pattern consistent with
greater effects of mussel-mediated nutrient cycling in
the nearshore (North et al., 2012). While model and
observations both lend support to nearshore shunt
effects on phytoplankton in east basin, however, the
magnitude of nearshore-offshore differences was not
large compared to seasonal and inter-basin differ-
ences. The spatial dynamics exemplified by the model
snapshots given here (Fig. 8) show how easily

incipient differences in surface layer characteristics
due to local mussel effects can be altered by the
dynamic circulation patterns, lessening differences
between zones and complicating interpretation of field
surveys.

Perhaps the more striking outcome of the near-
shore-offshore comparisons was the prediction of
strong mussel impacts on the offshore spring bloom
(Fig. 7). In unstratified conditions mussels will in
theory have good access to phytoplankton but the
offshore water column is deep and, in spring, temper-
atures are low and may be strongly limiting. Temper-
ature relationships of mussels, like most animals, are
complex (McMahon, 1996) and mussel characteristics
can vary among habitats within a lake (Vanderploeg
et al., 2010). We had to adopt a single set of
physiological parameters, which we based on what is
known, or guessed, about quagga mussels. Tempera-
ture preferences were shifted lower than for zebra
mussels but feeding and growth rates would still be
temperature-limited below 8°C (Appendix B in Sup-
plementary Material). This might be expected to limit
impacts on the spring phytoplankton yet the model
predicted large decreases when mussels were turned
on (Figs. 7, 10a, b). Profundal quagga mussels may be
capable of maintaining higher rates of activity at very
low temperatures than we assumed in the model
(Vanderploeg et al., 2010) so we may have underes-
timated the potential impact on the early stage spring
bloom. Field studies have indeed suggested that
mussels may have diminished the spring diatoms in
east basin Lake Erie even more than our model would
suggest (Barbiero et al., 2006).

The current model nonetheless supports the infer-
ence (Vanderploeg et al., 2010) that offshore mussels
can have major impacts on spring phytoplankton
despite the low temperatures, deep water column,
and typically modest current speeds near bottom in
deep water habitats. In Lake Michigan, negative effects
of offshore mussels on Chl g and primary production in
the surface layer appear to be minimal during summer
stratification, consistent with the expected isolation of
mussels from the surface layer (Fahnenstiel et al.,
2010). However, our simulations predicted that mus-
sels cause surface layer Chl a in offshore east basin
during summer stratification to decrease, though less so
than during spring mixing. Two factors likely contrib-
ute to the ability of mussels to influence surface layer
Chl a in deep offshore waters of Lake Erie. Unlike
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many areas of Lake Michigan (Fahnenstiel et al., 2010;
Nalepa et al., 2010), east basin of Lake Erie has
extensive shallow areas with favourable substrates for
mussels and a high biomass, while the small (for a
Great Lake) size of the basin allows advection between
nearshore and offshore to play a large role. As a result,
nearshore mussels can diminish Chl a in the offshore
much as mussels in the “mid-depth sink” of Lake
Michigan (Vanderploeg et al., 2010) are proposed to
affect conditions further offshore. Unlike the mussels
of the mid-depth sink, however, the nearshore mussels
of east basin are mostly in good contact with the surface
layer throughout the summer. To quantify the relative
importance of two effects, the advected nearshore
water from the areas of nearshore mussels and deep-
water mussels, on the observed reductions in the
surface layer Chl a in the east basin offshore zone, we
performed an additional simulation with the nearshore
mussels (depth <20 m) switched off. The results
revealed that for the reduction in the surface Chl a in
deep offshore waters (depth >20 m) both effects were
important. During the spring time and early summer
(April 10 to June 15 inclusive), the advected water
from the areas of neashore mussels was responsible for
60% of the observed reduction in the offshore Chl a,
while the contribution of the deep-water mussels to the
overall effect was 40%. This means that both nearshore
and offshore mussels have sizable impacts on the
surface layer Chl a in the offshore zone of Lake Erie.

Work in progress is examining model predictions of
mussel energetics and phytoplankton processes to
obtain more mechanistic insight into the effects on
phytoplankton and nutrient cycling. The predicted
effects on phytoplankton biomass were not always
proportional to the assigned mussel biomass. Re-
filtration in crowded natural populations of mussels
(Yu & Culver, 1999) and formation of concentration
boundary layers (e.g. Ackerman et al., 2001) may limit
the ability of additional mussel biomass to consume
phytoplankton, as suggested in previous modelling
studies (Boegman et al., 2008b; Zhang et al., 2008).
There may be additional physiological processes of
importance. For example, predicted mussel impacts in
west basin were very small and insensitive to mussel
biomass in summer, a time when water temperatures
may be supra-optimal for quagga and even zebra
mussels (Appendix B in Supplementary Material;
McMabhon, 1996). The nutrient stoichiometry of seston
in Lake Erie varies (e.g. North et al., 2012) and may be
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expected to influence mussel growth and excretion
rates (Naddafi et al., 2008). Phytoplankton growth and
biomass should be altered in turn (Zhang et al., 2008),
depending partly on the flexibility of mussel tissue
stoichiometry (Naddafi et al., 2009). A better under-
standing of such processes could help inform our
understanding of the role of mussels in issues of
oligotrophication (Evans et al., 2011; Barbiero et al.,
2012) and harmful algal blooms (Vanderploeg et al.,
2001; Millie et al., 2009), particularly in the complex
biological and hydrodynamic setting of large lakes.
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