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Key Points

* Simulate the impact of quagga mussels and reduced nutrients on lakewide productivity

* Quagga mussels are the dominant driver during periods of vertical mixing, while nutrients
are dominant during stratification

* Both processes are required to capture observed decadal decline in Lake Michigan
productivity
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Abstract

The recent decline in Lake Michigan productivity is often attributed to filter feeding by
invasive quagga mussels, but some studies also implicate reductions in lake-wide nutrient
concentrations. We use a 3D coupled hydrodynamic - biogeochemical model to evaluate the
effect of changing nutrient concentrations and quagga mussel filtering on phytoplankton
production and phytoplankton and zooplankton biomass. Sensitivity experiments are used to
assess the net effect of each change separately and in unison. Quagga mussels are found to have
the greatest impact during periods of isothermal mixing, while nutrients have the greatest impact
during thermal stratification. Quagga mussels also act to enhance spatial heterogeneity,
particularly between nearshore-offshore regions. This effect produces a reversal in the gradient
of nearshore-offshore productivity: from relatively greater nearshore productivity in the pre-
quagga lake to relatively lesser nearshore productivity after quaggas. The combined impact of
both processes drives substantial reductions in phytoplankton and zooplankton biomass, as well
as significant modifications to the seasonality of surface water pCO,, particularly in nearshore
regions where mussel grazing continues year-round. These results support growing concern that
considerable losses of phytoplankton and zooplankton will yield concurrent losses at higher
trophic levels. Comparisons to observed productivity suggest that both quagga mussel filtration
and lower lakewide total phosphorus are necessary to accurately simulate recent changes in

primary productivity in Lake Michigan.

Keywords: large lakes, Dreissena, biogeochemical modeling, nutrient cycling, Great Lakes
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1. Introduction

The Laurentian Great Lakes have an extensive history of ecological transformations due
to anthropogenic activities. River inputs of phosphorus from agricultural runoff and detergents
have significantly declined in recent decades but are still sufficient to promote eutrophication
and extensive harmful algal blooms in some areas [Michalak et al., 2013]. Invasive species,
often transported incidentally via ships from the Great Lakes canal system, have displaced many
native species and re-engineered the food web [Cuhel and Aguilar 2013], with significant
impacts to valuable ecosystem services [Rothlisberger et al., 2012]. Other stressors such as
mercury contamination and hypoxia contribute to a total of 50 identified anthropogenic stressors
with varying lakewide impacts [Smith et al., 2015]. Climate change is associated with warming
and loss of lake ice [Mason et al. 2016], which may have direct and indirect effects on
phytoplankton production and nutrient cycling. CO, induced lake acidification is another
potential threat with unknown biological impacts [Phillips et al., 2015].

Lake Michigan is the 2" largest of the Laurentian Great Lakes by volume, with an
average depth of 85 meters and a water flushing time of 105 years [Bootsma and Hecky 2003].
The Great Lakes Water Quality Agreement of 1978 set targets for phosphorus loading limits, in
order to reduce nuisance algae blooms associated with lake eutrophication. Because phosphorus
is the limiting nutrient in Lake Michigan, this bottom-up strategy was viewed as the most direct
avenue for reducing nearshore productivity. The imposed limits led to an observable decrease in
total phosphorus concentrations by the mid-1990s [Barbiero et al., 2002], along with a decline in
the seasonal drawdown of silica, taken as indirect evidence of a decline in productivity [Evans et
al., 2011]. However, several studies were unable to elucidate a significant decline in offshore

chlorophyll concentrations, despite the decrease in phosphorus loading [Fahnenstiel and Scavia
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1987; Johengen et al., 1994]. Thus, the impact of phosphorus inputs on offshore phytoplankton
is relatively unclear.

While phosphorus loading and the effect on primary productivity continues to be an area
of active research (e.g. Stow 2015; Warner and Lesht 2015), there has also been considerable
effort to determine the ecological impacts associated with invasive species. The most recent Lake
Michigan ecosystem transition occurred following the arrival of invasive Dreissena mussels.
Zebra mussels (Dreissena polymorpha) were first documented in Lake Michigan in 1987 and
established significant nearshore populations by the late 1990s [Nalepa et al., 1998; Bunnell et
al., 2014]. A decline in primary productivity and increase in water transparency were observed
immediately following the arrival of zebra mussels in Saginaw Bay and Lake Erie [Fahnenstiel
et al., 1995; Nicholls and Hopkins 1993], yet similar impacts were never fully realized in Lake
Michigan. This lack of detection may be attributable to the spatial extent of the zebra mussel
expansion, with mussels largely confined to nearshore regions, as compared to the locations of
time series data at the offshore locations used for EPA and NOAA long-term ecosystem
monitoring. Furthermore, concurrent declines in phosphorus loading were anticipated to produce
the same effects as the zebra mussels (e.g. decline in primary productivity and increase in water
clarity), making attribution difficult. Ultimately, the long-term response may have never been
fully realized due to the short timeframe of zebra mussel establishment prior to elimination by
competing quagga mussels (Dreissena rostriformis bugensis).

Quagga mussels were first reported in Lake Michigan in 1997 and have subsequently
expanded throughout both the nearshore and offshore [Nalepa et al., 2010; Bunnell et al., 2014].
Quagga mussels out-compete zebra mussels due to their abilities to settle on both hard and soft

substrate, to devote less energy to respiration and more energy to assimilation and growth, and to
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graze at colder water temperatures [Baldwin et al., 2002]. These advantages have enabled
quagga mussels to effectively eliminate zebra mussels from Lake Michigan. Quagga mussel
densities are substantially greater than previous maximum zebra mussel densities, and are
established at depths that were unattainable by zebra mussels [Nalepa et al., 2010]. Recent
samplings show that populations at depths less than 50m appear to have leveled off, though
densities at the deepest locations (>90m) continue to increase [Nalepa et al., 2014].

This shift in mussel population composition and density correlates with a significant drop
in spring primary productivity [Fahnenstiel et al., 2010] and a disappearance in the late-winter
phytoplankton bloom [Kerfoot et al., 2010]. The overall decline in productivity has transformed
the historically mesotrophic southern basin into an oligotrophic system, similar to Lake Superior
[Mida et al., 2010]. There is also evidence that Dreissena mussels have re-engineered
nearshore-offshore phosphorus dynamics by sequestering phosphorus in the nearshore benthos, a
process referred to as the “nearshore phosphorus shunt” [Hecky et al., 2004; Waples et al., 2017].
This buildup of nearshore benthic phosphorus in addition to increased light penetration is likely
responsible for a substantial increase in nearshore Cladophora blooms as well as a contributing
factor of the observed decline in offshore total phosphorus concentrations [Bootsma et al., 2012].
This mechanism creates a difficult management scenario where nearshore water quality is
substantially reduced due to Cladophora blooms, while offshore waters become oligotrophic,
with negative impacts to higher trophic organisms and fisheries.

Recent evidence suggests that the transition to this eutrophic nearshore but oligotrophic
offshore state is already underway. Turschak et al., [2014] found that, following the arrival of
quagga mussels, pelagic fish are becoming more reliant on nearshore energy subsidies. A

substantial decline in offshore zooplankton populations, despite a concurrent decline in



118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

planktivorous fish, suggests that a bottom-up control mechanism such as quagga mussel grazing
is primarily responsible [Pothoven and Fahnenstiel 2014]. However, Madenjian et al., [2015]
find that predatory fish have remained relatively abundant despite the decline in primary
productivity and zooplankton, suggesting the influence of additional factors.

The evidence tying the decline in primary productivity to quagga mussels is based on (1)
the timing of the decline occurring immediately following establishment of quagga mussels, (2)
the seasonal nature of the decline (i.e. most significant drop in productivity occurs during
isothermal mixing when surface waters interact with benthos), and (3) the lack of a sufficient
alternate explanation. Points (1) and (3) are supported by the abrupt timing of the decline in
spring productivity, because it has been argued that other potential causes such as phosphorus
loading or climate change cannot produce the observed magnitude of change within just a couple
years [Fahnenstiel et al., 2010]. Point (2) provides a mechanistic explanation for the response as
well as a useful fingerprint to attribute the decline in productivity to the mussels (i.e. decline in
spring productivity but no net change in summer productivity). Given the multiple interacting
processes, a coupled physical-biogeochemical model can be a useful tool for developing and
testing mechanistic links and for separating the effects of concurrent processes via sensitivity
simulations. A recent modeling study was able to successfully capture observed spring
productivity by parameterizing productivity as a function of light and temperature, and including
a mussel grazing term [Rowe et al., 2015a]. However, the model was less successful at
simulating summer productivity, which the authors attribute to their model not including
nutrients as a limiting factor for phytoplankton growth. Here, we utilize a 3D computational
model to test both the impact of quagga mussels and changing nutrient concentrations on primary

productivity and zooplankton population.
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2. Methods

2.1 The Model

We use a 3D hydrodynamic model (Figure 1) coupled to an intermediate complexity
ecosystem model, previously utilized for Lake Michigan (MITgecm.Michigan; Pilcher et al.,
2015). Briefly, the hydrodynamic model uses atmospheric forcing from the North American
Regional Reanalysis Project (NARR) over a 2007-2010 timeframe, with lake ice imposed from
observations (Mesinger et al., 2006; U.S. National Ice Center 2010). The model compares
favorably to observations of surface water temperature from two offshore buoys, with annual
root mean square error (RMSE) values of 1.92°C and 2.13°C. The model also captures spatial
variability in surface temperature, including the seasonal development of coastal upwelling along
the western shoreline [Pilcher et al., 2015]. However, the model does contain a consistent warm
bias, which results from a warm bias in the NARR forcing product and the use of prescribed
rather than simulated lake ice coverage [Bennington et al., 2010; Rowe et al., 2015a]. This
results in the model stratifying approximately 1 month earlier than observed [Pilcher et al.,
2015].

The ecosystem model contains two phytoplankton groups (small and diatom) and one
zooplankton group (Figure 2). Phytoplankton growth is calculated based on Michaelis-Menton
type parameterizations for light and nutrient limitation, along with a temperature dependent
growth rate. Diatoms are distinguished from small phytoplankton by an additional nutrient
dependence (silica) and a sinking rate of 0.5 m/day. Phytoplankton losses occur as a result of
both zooplankton grazing and natural mortality. Zooplankton growth is a function of

temperature and phytoplankton availability, with a preference for small phytoplankton. This
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parameterization provides a direct bottom-up response of zooplankton to changes in
phytoplankton population, but does not include complex processes such as vertical migration or
omnivory [Pangle and Peacor 2010]. Organic matter generated as a result of phytoplankton and
zooplankton mortality and sloppy grazing by zooplankton is remineralized back to inorganic
matter at a constant rate. Carbon and phosphorus are traced based on a constant C:P molar ratio
of 200, which is used to calculate phytoplankton and zooplankton biomass. This value is similar
to those used by previous Great Lakes modeling studies [Bennington et al., 2012; White and
Matsumoto 2012; Pilcher et al., 2015]. River tributary loads of phosphorus are not directly
spatially resolved, as our goal is not to simulate the instantaneous response of these loads, but
rather the lakewide long-term impact on the background phosphorus concentration, which is
implemented by the model initial concentrations (section 2.4; Table 1). Additional model details
can be found in the supplementary text [ Wanninkhof 1992; Lewis and Wallace 1998; Pilcher et

al., 2015].

2.2 Quagga Mussel Forcing

Quagga mussels (Dreissena rostriformis bugensis) are added to the model as an
additional phytoplankton loss term active only in the model vertical layer that is the lake bottom

(Figure 2, dashed lines). With the inclusion of quagga mussel grazing, the time rate of change of

phytoplankton becomes:
dt = phyi * p-phyi - gTathyi *Z00 * Tfunc —mort * phyi —9raZguagga * phyi (1)

where the first term represents phytoplankton growth, the second term is grazing of

phytoplankton by zooplankton, the third term is phytoplankton mortality, and the fourth term is
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grazing of phytoplankton by quagga mussels. The quagga mussel grazing term is calculated as a
loss of phytoplankton biomass using the following equation:

graZguagga = quagga density x filtration rate/z_thickness (2)
where quagga density is the density of quagga mussels (# of mussels/m?), filtration rate is the
mussel filtration rate (L/mussel/day), and z_thickness is the thickness of the model vertical layer
(m). We use a constant filtration rate of 225 ml/mussel/hr (5.4 L/mussel/day), which is
comparable to average rates for larger mussels reported by Diggins [2001] and Baldwin et al.,
[2002]. Although Diggins [2001] report filtration rates that vary with temperature and mussel
size, for this first implementation, we choose a simpler form without temperature and size
dependency and note that this dependency is unlikely to significantly alter our model results
(supplementary text S3).

To calculate the density of quagga mussels, we utilize data from Nalepa et al., [2010] and
Nalepa et al., [2014], both of which provide observed quagga mussel densities at the following
four depth intervals: <30m, 31-50m, 51-90m, and > 90m. Using these data, a mussel population
density is imposed in the bottom layer of the model based on the lake bathymetric depth and the
corresponding depth interval value (Figure 3; supplementary text S2). We then linearly
interpolate to daily resolution from 2007-2010 to avoid abrupt transitions between yearly
changes in observed mussel population density. Mussels increase throughout the entire
timeframe at all depths greater than 51m, consistent with the expansion of mussels offshore
following nearshore establishment [Nalepa et al., 2010]. Mussels between 31-50m already
reached an upper limit by 2006-2007, and then declined by 33% for the lake-wide average by
2010. This dynamic is consistent with an introduced species initially overshooting its stable

population level due to rapid growth and then declining towards a quasi-equilibrium based on
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resource constraints [Crooks 2005]. The mussels may have also matured from a relatively
smaller size, juvenile population to a larger sized adult population. This hypothesis is supported
by the observation that although mussel density declined between 2005-2010, the mean biomass
stayed the same [Nalepa et al., 2014]. Mussels in the less than 30m depth range increase and
decrease on a year-by-year basis, indicating no clear pattern. This depth range contains the most
significant uncertainty in observed estimates [Nalepa et al., 2010] and is likely impacted by

substantial spatial heterogeneity.

2.3 Observational Data

For comparison to model output, we utilize phytoplankton count data from 2007-2010
collected at offshore locations as part of the EPA Great Lakes Monitoring Program
(https://www.epa.gov/great-lakes-monitoring). These data are collected during “spring”
(approximately April) and “summer” (approximately August) at 11 stations throughout Lake
Michigan (Figure 1) and have been previously used to diagnose long-term phytoplankton trends
[Reavie et al., 2014]. Spring isothermal samples integrated equal volumes of water from 1, 5,
10, and 20m depth and summer stratified samples integrated equal volumes from 1m, 5m, and
10m, and the lower epilimnion. Phytoplankton count data are classified by taxa and are reported
as cell density (cells/ml) and biovolume (pm3/ml). Observed biovolume is converted to biomass
(mgC/m’) using the carbon-volume ratio of 0.20 (pgC/um’) calculated for freshwater algae by
Rocha and Duncan [1985]. Because the model employs only two phytoplankton groups and
thereby does not contain the taxonomic resolution of the observations, we focus on total
phytoplankton as the metric for model validation. For the observations, this includes the sum

total of all sampled phytoplankton, classified by Reavie et al., [2014] as centric diatoms, pennate
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diatoms, chlorophytes (green algae), chrysophytes, cryptophytes, cyanobacteria (blue-green
algae), and pyrrophytes (dinoflagellates). We consider this to encompass the total biomass of
photosynthetic plankton, which is most analogous to the sum of the two modeled phytoplankton
groups, though picoplankton (< 2um) are not included in the monitoring program. Carrick et al.,
[2015] report a recent shift in phytoplankton composition towards picoplankton, which could
lead to a low bias in the total observed phytoplankton biomass. Comparisons between total
diatoms and non-diatoms are also provided in the supplementary information.

For additional model validation, we employ daily areal integrated primary production
data from two offshore stations located in the southern basin of Lake Michigan (Figure 1).
These data are reported in Fahnenstiel et al., [2010] and are derived from observed
photosynthetic rates obtained via the '*C incubation method and incorporated into the Great
Lakes Production Model [Lang and Fahnenstiel 1996]. Data are assumed to be gross primary
production (GPP) due to the short (1-2 h) incubation time. The model estimates only net primary
productivity (NPP). An average factor of 1.4 is used to convert between GPP and NPP based on
the 40% average difference between GPP and NPP reported in Fahnenstiel and Scavia [1987].
However, the GPP to NPP ratio can vary between 1.18-1.84, with smaller values typically
occurring during the spring bloom and larger values occurring during nutrient-limited periods
[Fahnenstiel and Scavia 1987; Pilcher et al., 2015]. Previous comparisons of this model to data
of Fahnenstiel et al., [2010] illustrate that the model falls in the upper range of observed
productivity, but still within the range generated by the variable GPP to NPP ratio. Furthermore,
the model spring bloom occurs a few weeks earlier than the observed bloom, due to an earlier

termination of spring isothermal mixing resulting from an established model warm bias
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[Bennington et al., 2010; Pilcher et al., 2015]. For a complete description and further model

validation details please refer to the supplementary text and Pilcher et al., [2015].

2.4 Model Scenarios

A total of 4 model scenario runs are presented here (Table 1). The goal of these scenarios
is to separate the lakewide biogeochemical impacts due to quagga mussels from those due to the
direct effects of lower total phosphorus concentrations. The former has a direct, top-down
grazing impact on phytoplankton, while the later represents a bottom-up control on
phytoplankton growth. The two effects generate a similar result (i.e. reduction of primary
productivity) but through two different mechanisms. Thus, we run separate simulations to test
each mechanism individually and also test the combined effect. This approach allows us to fully
elucidate the lakewide response and its seasonal patterns. However, we note that the lakewide
response is likely more representative of the offshore system because the model validation uses
primarily offshore observational data and does not include spatially resolved nearshore nutrient
inputs. The “Past Nutrients” scenario has neither quagga mussel grazing nor changed nutrient
concentrations, and is therefore considered the “Control” simulation [Pilcher et al., 2015, Table
1]. The “Present Nutrients” scenario models the impacts due to changing lakewide nutrient
concentrations between the 1983-1999 pre-quagga and 2000-2008 post-quagga timeframes
described by Mida et al., [2010]. Although the decrease in total phosphorus over this timeframe
is often connected to a decrease in phosphorus loading, it is likely that mussels have also
impacted phosphorus concentrations, through benthic sequestration in shells, feces, and
pseudofeces [Bootsma et al., 2012; Mosley and Bootsma 2015]. Thus, the “Present Nutrients”

simulation is not completely independent of quagga mussels. This would require a quantitative
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lakewide estimate of the decrease attributable to mussels, which to our knowledge does not exist.
The “Quagga Past Nutrients” scenario exclusively models the impact of quagga mussel grazing.
The “Quagga Present Nutrients” scenario includes both effects and is most representative of the
current lake system. Aside from these differences, all model simulations are identical and use
the same atmospheric forcing from 2006-2010. Spatial maps comparing differences between the

model scenarios depict values averaged over the top 25m.

3. Results

3.1 Model Validation

The model accurately captures the observed seasonal increase in total phytoplankton
biomass between spring and summer, and is comparable in magnitude to the observed biomass in
spring and summer (Figure 4). Model values never fall outside the observed variability, with
average RMSE values of 3.2 and 8.1 mgC/m’ for spring and summer respectively. Variability is
generally greater in the observations compared to the model, though both show enhanced
variability in the summer compared to the spring. Differences between station locations are also
similar between the model and observations (supplementary figure S4), suggesting that the
model is effective at reproducing broad patterns of spatial variability.

We also compare model GPP to observed GPP from Fahnenstiel et al., [2010] for two
timeframes. The first timeframe is representative of the pre-quagga lake, and compares the Past
Nutrients model simulation to observed data collected prior to quagga mussel establishment
(Figure 5a). The second timeframe is representative of the post-quagga lake, and compares the
Quagga Present Nutrients simulation and observed data from 2007-2008 (Figure 5b). The model

captures the general shape and magnitude of the seasonal cycle, with an annual RMSE of 259
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and 249 mgC/m*/day for the pre-quagga and post-quagga periods respectively. However, the
model peak in GPP associated with the spring/summer phytoplankton bloom tends to occur 1-2
months earlier than the observed peak in both comparisons. This is consistent with an earlier
onset of stratification due to a warm bias in the model NARR forcing [Pilcher et al., 2015; Rowe
et al., 2015a]. This difference is most pronounced in May of the post-quagga timeframe (Figure
5b), when simulated and observed GPP are 218 and 851 mgC/m*/day respectively. This
disagreement is immediately balanced in June and July, when simulated GPP is less than
observed GPP. The similar magnitude of peak GPP between the model and observations further
suggests that the disagreement mainly results from an earlier spring bloom. This bias in the
timing of the spring bloom can impact productivity by reducing the amount of time mussels can
graze on phytoplankton and by increasing the amount of time phytoplankton spend in stratified,
nutrient-limited conditions. The two processes have counteracting effects (i.e. increasing and
decreasing productivity respectively), which may help explain the comparatively lower biases in
summer productivity and phytoplankton biomass. Modeled zooplankton also likely peak too

early in response to the earlier peak in productivity.

3.2 Separating Impact of Nutrients and Quagga Mussels

Spatial plots of 4-year annual mean NPP, phytoplankton, and zooplankton biomass
averaged over the top 25m for the “Past Nutrients” simulation are shown in Figure 6. Maximum
annual NPP occurs along the shoreline, particularly along the western shoreline, an area of
frequent summer coastal upwelling [Pilcher et al., 2015]. In general, NPP decreases when
moving offshore and the southern basin contains greater overall rates compared to the northern

basin. Offshore NPP is 75-100 mgC/m*/day in the southern basin, and 50-75 mgC/m*/day in the
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deeper northern basin. Phytoplankton biomass displays a very similar spatial pattern to NPP,
with maximum concentrations found in regions near the shoreline. Zooplankton biomass is
greatest in nearshore regions, though the spatial pattern is somewhat different compared to NPP
and phytoplankton biomass. For instance, zooplankton biomass is relatively high in Green Bay
while productivity and phytoplankton biomass are relatively lower. This disconnect results from
the shallower (<50m) depths within Green Bay that allow zooplankton to locate and graze on
phytoplankton more effectively than at deeper, open-lake locations. Thus, in Green Bay and in
shallower regions of northeast Lake Michigan, modeled zooplankton exert a relatively stronger
top-down control on phytoplankton production.

Reducing total phosphorus concentrations to present day conditions (‘“Present Nutrients’)
produces a net decline in NPP, phytoplankton, and zooplankton (Figure 7a-c). Throughout most
of the offshore lake, NPP declines by 20-30%, with localized nearshore declines of 30-40%. Net
declines in total offshore phytoplankton range from 0-20%, with a region of 20-30% total decline
along the western shoreline. The net change in zooplankton is relatively greater, with most
regions declining by 30-40%.

The addition of quagga mussels alone (“Quagga Past Nutrients”) produces a substantial
net decline in nearshore NPP, phytoplankton, and zooplankton compared to the “Past Nutrients”
simulation (Figure 7d-f). The net decline in all three parameters is substantially greater in
magnitude and more spatially heterogeneous than the net declines due only to changing nutrient
concentrations (Figure 7a-c). Net declines are strongly spatially correlated with lake depth
(correlation values of 0.75, 0.83, and 0.78 for NPP, phytoplankton, and zooplankton,
respectively) and decrease in magnitude from nearshore to offshore locations. Phytoplankton

biomass actually increases in offshore regions of the northern basin by 0-20%.
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The combined effect of both reduced nutrient concentrations and the addition of quagga
mussels with the “Quagga Present Nutrients” simulation (Figure 7g-1) has a spatial pattern
similar to the impact of exclusively adding quagga mussels (“Quagga Past Nutrients” simulation,
Figure 7d-f), but with a greater magnitude, particularly in offshore regions. The offshore decline
is greatest for NPP and zooplankton biomass.

Figure 8 displays 0-25m averaged NPP, phytoplankton, and zooplankton following both
changes, i.e. in the “Quagga Present Nutrients” simulation. Comparison to “Past Nutrients”
(Figure 6) illustrates the substantial impact to all three variables due to both processes. Whereas
“Past Nutrients” displayed a decreasing nearshore-offshore gradient, “Quagga Present Nutrients”
shows the reverse, with lakewide phytoplankton productivity now concentrated in offshore
regions. The total magnitude of this offshore productivity is reduced in comparison to “Past
Nutrients”. Western nearshore NPP and phytoplankton biomass are still slightly enhanced, but
not to the same extent as “Past Nutrients”. Maximum phytoplankton and zooplankton biomass
shift to the deeper central basins.

The separate and combined effects of changing nutrients and quagga mussels is further
illustrated by comparing the seasonal rates of lakewide averaged NPP for all 4 simulations
(Figure 9). Reduced nutrient concentrations lower NPP from January-May, but the quagga
mussels have a much greater effect overall. The presence of quagga mussels actually negates the
effect of nutrients while the lake is unstratified from January through mid-April, as evidenced by
the nearly identical rates of NPP between the “Quagga Past Nutrients” and “Quagga Present
Nutrients” simulations. Once the lake begins to stratify in mid-April, NPP in both quagga
mussel simulations rapidly increases to the peak levels simulated in the respective no quagga

scenarios with the same nutrient concentrations. After the spring bloom, NPP declines and
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stabilizes at a relatively constant summer value, before declining in winter. While the lake is
stratified from June-September, NPP is largely independent of quagga mussels and is instead
dependent on nutrient concentrations. Conversely, November-December NPP is again
dominated by the presence of quagga mussels. Figure 9 illustrates that from a lakewide
perspective, November-April NPP is strongly impacted by quagga mussels, whereas June-
September NPP is strongly impacted by nutrient concentrations. Furthermore, reduced nutrients
retain the same seasonal cycle but with lower overall productivity, while quagga mussels alter
the seasonal cycle but retain similar levels of summer productivity. Inclusion of both processes
produces the best comparison to observed offshore GPP rates, though the inclusion of quagga

mussels is the more critical process (supplementary figure S5).

4. Discussion

In this model, unstratified late winter-spring (January-May) productivity is substantially
reduced by the addition of quagga mussels. This reduction results from isothermal mixing of
phytoplankton to the bottom layer where quagga mussels efficiently consume them. Lake
vertical mixing is sufficient to support this mechanism, even at locations with depths greater than
90 m (Figure 5b). This process can also be examined using the critical depth hypothesis, which
has been invoked in previous Lake Michigan studies to explain the timing of the spring bloom
[Sverdrup 1953; Pilcher et al., 2015; Rowe et al., 2015b]. Mussel grazing acts as an additional
phytoplankton loss term, which delays the timing of when the mixed layer depth (MLD)
shallows to the critical depth that allows for net phytoplankton growth. An increase in MLD due
to mussel grazing would also produce a similar effect, however, model MLDs already

encompass nearly the entire water column in the pre-quagga scenarios (figure not shown). Thus,
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MLDs are relatively unchanged with the inclusion of quagga mussels. Conversely, the euphotic
depth of some offshore regions increases by ~ 5m with the inclusion of quaggas, which would
lend to an increase in productivity due to a deepening of the critical depth. Yet, these offshore
regions still display a net decrease in productivity, suggesting that quagga mussel grazing is the
dominant process.

Thermal stratification eliminates the loss process due to mussels, enabling June-
September productivity to rebound to pre-quagga levels. Modeled phytoplankton during
stratification remain in the epilimnion, which protects them from benthic quagga mussel grazing.
Productivity is then eventually limited by depleted epilimnetic nutrient concentrations and
zooplankton grazing, as in the pre-quagga model [Pilcher et al., 2015]. This seasonal
dependence of quagga mussel grazing is consistent with studies citing quagga mussels as the
primary mechanism for the observed Lake Michigan productivity changes [Fahnenstiel et al.,
2010; Kerfoot et al., 2010; Vanderploeg et al., 2010; Rowe et al., 2015a]. Nearshore regions (<
20m) are an exception to this seasonal dependency, since maximum depths are shallower than
the surface mixed layer, resulting in year-round grazing by mussels. Thus, reductions in NPP,
phytoplankton, and zooplankton biomass are substantially greater in the nearshore compared to
the offshore, producing a sign reversal in the nearshore-offshore gradient between the pre-
quagga and post-quagga lake (i.e. greatest productivity located nearshore in pre-quagga lake but
offshore in post-quagga lake). This result has also been observed using satellite remote sensing
data [Fahnenstiel et al., 2016].

Cumulative lakewide NPP is reduced from 8.5 TgCl/year in the “Past Nutrients”
simulation, to 4.7 TgCl/year after the addition of quagga mussels and lower nutrients (“Quagga

Present Nutrients”). These values are lower than the 2008 value of 9.5 TgC/year estimated by
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Warner and Lesht [2015], but close to the 5.0-7.2 TgCl/year estimate by Fahnenstiel et al.,

[2016] for 2010-2013. Using a 1.4 NPP:GPP conversion factor [Pilcher et al., 2015; Fahnenstiel
and Scavia 1987] yields a model GPP estimate of 6.6 TgC/year, which falls within the range of
Fahnenstiel et al., [2016]. This may be the more appropriate comparison, because the method
and short incubation time used by Fahnenstiel et al., [2016] is similar to that used by Fahnenstiel
et al., [2010] for model validation. The variance in these estimates illustrates the substantial
uncertainty in estimating total lakewide productivity, even when using similar methods. Both
Warner and Lesht [2015] and Fahnenstiel et al., [2016] utilize satellite-derived input parameters
and a productivity model to arrive at their estimates. However, Fahnenstiel et al., [2016] suggest
that the Warner and Lesht [2015] values may be biased high, in part, due to the use of ocean-
based satellite retrieval parameters, rather than parameters specific to the Great Lakes. Further
differences in spatial and temporal scale, and the handling of winter productivity are also listed
as possible explanations for the difference. Overall, our model value is within the range of
uncertainty presented by previous satellite-derived estimates but falls closer to Fahnenstiel et al.,
[2016].

The impact of this loss of lakewide NPP on the inorganic carbon cycle has received
relatively little attention in the literature. Previous modeling work showed that the seasonal
carbon cycle is defined by biological processes driving net carbon uptake from March-June and
physical processes (e.g. temperature and vertical mixing) driving net carbon efflux to the
atmosphere from July-February [Pilcher et al., 2015]. Thus, we may expect reduced carbon
uptake in the post-quagga lake due to the reduction in NPP. Figure 10 illustrates that a reduced
spring bloom does lead to substantially higher values of March-May surface pCO,. However,

this result also produces interesting downstream effects due to the interaction of this biologically
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driven change with the underlying lake physical processes. For example, offshore fall-winter
pCO; is lower in the post-quagga lake, which does not appear consistent with reduced
productivity. This feature can be explained by considering the deep vertical mixing that brings
up remineralized carbon that previously sank below the mixed layer, elevating pCO, values
[Pilcher et al., 2015]. Reduced March-June productivity decreases this export of organic carbon,
resulting in a decreased return flux in fall-winter. Lakewide surface pCO; is also lower during
the stratified timeframes (Figure 10e), which is the opposite of what might be expected with
reduced productivity in the post-quagga lake (Figure 9). The cause is a substantially reduced
period of lake carbon uptake (2 months vs. 5 months in the respective post-quagga and pre-
quagga lake), which reduces July-August epilimnion concentrations of dissolved inorganic
carbon (DIC; figure not shown). This contributes to an overall dampening of the seasonal cycle.
These model results are difficult to verify due to the lack of inorganic carbon chemistry data.
Additional mussel processes not included in our model implementation, such as a reduction in
total alkalinity due to increased mussel calcification [Barbiero et al., 2006], may also be
necessary to fully assess the lakewide carbon cycle response to quagga mussels.

There is concern that the substantial reduction in primary productivity will have
cascading effects to higher trophic levels. In recent years, populations of zooplankton and native
benthic inverterbrates (e.g. Diporeia) have significantly declined [Bunnell et al., 2014], forcing
some fish to graze on Dreissena mussels that are much lower in energy content [Nalepa et al.,
2009]. Commercially important fish may be unable to increase predation to the extent required
to make up this energy deficit, resulting in lower growth rates and fish weight [Pothoven and
Madenjian 2008]. Our model results suggest a 52% decline in annual mean lakewide

zooplankton population when accounting for quagga mussels and lower nutrient concentrations.
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This decline is consistent with observed total zooplankton biomass declines of 25-57% in
nearshore to offshore sample locations when comparing the 1970s to 2007-2012 [Pothoven and
Fahnenstiel 2015]. Recent isotope analysis suggests that pelagic fish have become less reliant on
offshore food sources and more reliant on nearshore benthic algal subsidies [Turschak et al.,
2014]. Though our model does not explicitly represent benthic productivity and its changes due
to quagga mussels, the decline in pelagic food sources indicated by Turschak et al., [2014] does
agree with our modeled zooplankton decline in offshore regions.

These results are potentially sensitive to key parameters and features of the model. For
example, the C:P ratio has a large impact on lakewide productivity and phytoplankton biomass.
Sensitivity tests indicate that modeled NPP is more sensitive to the C:P ratio of diatoms than to
the C:P of small phytoplankton (supplementary text S4; Hecky et al., 1993; Elser et al., 2000;
Sterner et al., 2008; Hessen et al., 2012). Our selected C:P value of 200 is a reasonable estimate
for the lakewide mean, though significant deviations from this value are observed [Bootsma et
al., 2012]. However, without a mechanistic explanation for this observed variance, a constant
value is a necessary simplification.

Spatially, the reduction in productivity is strongly correlated with depth, which also
suggests a strong correlation with mussel population density. Therefore, spatial heterogeneity in
mussel density populations may propagate to phytoplankton and zooplankton biomass. The
impact of mussel density variations are tested based on the distributions across the years 2008-
2010 and across depth ranges (Figure S1, Supplementary text). Greater sensitivity is found to
lake depth than to mussel population density, with density having a <10% impact on NPP

changes.
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Lastly, the spatial patterns of change found here could be impacted by the exclusion of
spatially resolved phosphorus river loading. In fact, modeled mussel grazing is sufficient to
suppress phytoplankton populations in nearshore (< 20m) locations year-round despite the fact
that there is always available phosphorus (supplementary figure S6). Thus, local phosphorus
inputs from rivers are unlikely to support additional net phytoplankton productivity in the
nearshore. Given offshore nutrient limitation during the stratified summertime, it is possible that
export of river plumes to the offshore could boost offshore summer productivity. However,
nearshore sequestration by mussels may prevent this offshore transport, thereby exacerbating
Cladophora blooms, with little net effect to offshore productivity.

Our results suggest that both quagga mussels and changing nutrient concentrations are
necessary to reproduce observed declines in Lake Michigan productivity from the mid-1980s to
2010. This result agrees with a recent modeling study which incorporated quagga mussel
grazing to produce a decline in spring chlorophyll, but was unable to reproduce observed
reductions summer chlorophyll without nutrient reductions [Rowe et al., 2015a]. Satellite
measurements also suggest quagga grazing is the dominant control on spring productivity, but
phosphorus loading and climate variability are dominant controls on summer productivity in
Lake Michigan [ Warner and Lesht 2015]. A food-web model study in Saginaw Bay, Lake Huron
found a similar sensitivity to both phosphorus inputs and Dreissena grazing, with the most
significant Dreissena impacts occurring at much lower phosphorus concentrations [ Yu-Chun et
al., 2014]. These authors suggest that because of Dreissena mussels, target nutrient limits may
need to be reconsidered and potentially relaxed in order to avoid deleterious impacts to upper-
trophic organisms. However, mechanisms that couple phosphorus cycling and quagga mussels

may further complicate the response. For example, quagga mussels can sequester riverine inputs
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of phosphorus in the nearshore and transfer phosphorus from the water column to the benthos
[Hecky et al., 2004; Mosley and Bootsma 2015]. This “nearshore phosphorus shunt” promotes
the growth of nearshore nuisance Cladophora while decreasing offshore phosphorus
concentrations [Bootsma et al., 2012]. Coupled interactions between phosphorus loading,
quagga mussels, and Cladophora are currently not represented in models (including
MITgcm.Michigan), but are likely necessary to gain a complete understanding of

nearshore/offshore dynamics and the effect of phosphorus loading limits [Bootsma et al., 2015].
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Model Scenario Name

Variable Past Nutrients” | Present Quagga Past Quagga Present
Nutrients Nutrients Nutrients

Quagga No No Yes Yes

Mussels

Total 6.8" 3.0° 6.8" 3.0°

Phosphorus

(ng/L)

Total Silicon | 0.70° 0.80° 0.70° 0.80°

(mg/L)

* This model version and results are described fully in Pilcher et al., [2015].

® Nutrient initial conditions from Mida et al., [2010].




720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

30

Figure Captions

Figure 1: Map of Lake Michigan with observational locations used for model validation. The
circles are the 11 stations used as part of the EPA Great Lakes Monitoring Program. The two
starts labeled FA1 and FA2 are the two locations from Fahnenstiel et al., [2010]. The contours

are lake depth at 50m intervals.

Figure 2: Schematic illustration of the NPZD model modified from Bennington et al., [2012].
Solid line arrows represent material flows between the different stocks. The dashed lines

indicate the material flow due to quagga mussel grazing.

Figure 3: Annual average mussel population density for each year, mapped at four depth

intervals: <30m, 31-50m, 51-90m, and > 90m.

Figure 4: Spring (a) and summer (b) total phytoplankton biomass comparisons between the
observations from the EPA Great Lakes Monitoring Program and the equivalent model locations.
Shown is the average value across all 11 stations. The error bars signify the standard deviation

across the stations.

Figure 5: Comparison of model and observed depth integrated GPP for the pre-quagga (a) and
post-quagga (b) timeframes. Model values come from the Past Nutrients and Quagga Present
Nutrients simulations respectively, and are averaged over the 2007-2008 forcing period.
Observed values are from Fahnenstiel et al., [2010]. Error bars are the standard deviation over

the timeframe.
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Note that there are no observed estimates for January and February.

Figure 6: 2007-2010 annual mean model values of (a) NPP, (b) total phytoplankton (i.e.
combined small phytoplankton and diatoms), and (c) zooplankton for the Past Nutrients (i.e.

control) simulation, averaged over the top 25m.

Figure 7: Difference plots of 0-25m averaged NPP, total phytoplankton, and zooplankton
between the “Past Nutrients” (i.e. control) and the (a-c) “Present Nutrients”, (d-f) “Quagga Past
Nutrients”, and (g-1) “Quagga Present Nutrients simulations. All values are plotted as a percent
change compared to the “Past Nutrients” simulation. Negative values indicate a net decrease
compared to “Past Nutrients”. Contours are denoted at 10% intervals. Shown is the change in

the annual mean over the entire 2007-2010 timeframe.

Figure 8: Average 0-25m values of NPP, total phytoplankton (i.e. combined PHY1 and PHY?2),
and zooplankton for the (a-c) “Past Nutrients” and for the (d-f) “Quagga Present Nutrients”

simulation. Shown is the annual mean over the entire 2007-2010 timeframe.

Figure 9: (a) Lakewide averaged annual depth-integrated NPP for each simulation over the
2007-2010 timeframe. (b) Lakewide averaged surface water temperature and bottom water
temperature for the “Past Nutrients” simulation, averaged over the 2007-2010 timeframe.
Timeframes when the surface temperature is approximately equal to the bottom temperature are

indicative of isothermal mixing.
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Figure 10: (a-d) Spatial plots of the difference in partial pressure of CO; in surface water
(pCOy") for the “Quagga Present Nutrients” simulation compared to the “Past Nutrients”
simulation. Positive anomaly values indicate an increase in pCO; for the “Quagga Present
Nutrients” compared to the “Past Nutrients”. The full field for “Past Nutrients” is shown in
Pilcher et al. [2015]. (e) Lakewide averaged surface pCO; for the two simulations. The dashed
line signifies the constant model atmospheric pCO; value of 385 patm. Above the dashed line
represents pCO, supersaturation and net carbon flux from the lake to the atmosphere. Below the
dashed line represents pCO, undersaturation and net carbon flux from the atmosphere to the

lake.
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Introduction

The following supplementary information contains an expanded description of the model framework,
including the implementation of quagga mussels and a discussion of the model sensitivity to the quagga
mussel parameterization and C:P ratio. Also included are additional model validation figures and figures
designed to complement the main text.



Text S1. Additional Model Details

MITgem.Michigan is an eddy-resolving 3D model with approximate 2km horizontal
resolution and 28 layers in the vertical. The model is forced by 3-hourly atmospheric downward
shortwave and longwave radiation, 10m winds and air temperature, and specific humidity from
the North American Regional Reanalysis Project (NARR) [Mesinger et al., 2006]. Daily lake ice
fraction is imposed from the U.S. National Ice Center [2010]. There is an established warm bias
within the NARR forcing product that is greatest during colder years and also during spring
stratification [Bennington et al., 2010; Pilcher et al., 2015]. The lake ice fraction can also
generate a warm bias if the ice fraction is applied before the lake has cooled to 0°C, because this
heat will be trapped over winter and released when the ice melts in early spring. Both of these
factors contribute to a model warm bias that is greatest in the early spring, causing early thermal
stratification.

Inorganic carbon is exchanged with the atmosphere based on the difference between the
surface water partial pressure of CO, (pCO,) of the lake and the atmosphere, with the carbon
flux modified by the wind speed. Due to the short timeframe (2007-2010), atmospheric pCO; is
kept at a constant value of 385 patm. Lake pCO; is calculated from temperature, alkalinity, and
dissolved inorganic carbon (DIC) following Lewis and Wallace [1998]. We use a quadratic
relationship to parameterize the wind speed [ Wanninkhof 1992]. Lake ice inhibits CO, exchange
between the lake and atmosphere based on the percentage of the grid cell that is ice covered (i.e.
a 40% coverage reduces the flux by 40%). Allochthonous inputs and burial of carbon are not
included in the model implementation.

The model initial conditions are uniform in all three spatial dimensions, and are identical

to the initial values in Pilcher et al., [2015], with the exception of the initial phosphorus and



silicon concentrations, which are dependent on the model experiment. The model is spun-up
with two consecutive years of 2007 forcing to achieve a repeating seasonal cycle in physical and

biogeochemical fields, before running the full 2007-2010 timeframe.

Text S2. Quagga Mussel Forcing

Nalepa et al., [2010] report mean values from 40 stations located in the southern basin of
Lake Michigan taken during the summer/fall from 1992-2008. Nalepa et al., [2014] report mean
values from up to 160 stations distributed lake-wide in 1994-95, 2000, 2005, and 2010. Because
the two datasets contain different spatial and temporal resolutions, we combine them into a
single product using the 2006-2008 data from Nalepa et al., [2010] and the 2010 data from
Nalepa et al., [2014]. The resulting values are shown in Table S1. For consistency with the
2006-2008 values, we only utilize the same 40 stations from the 2010 dataset to generate the
2010 values shown in Table S1. The difference between using all stations and the 40 southern
basin stations is negligible between two of the depth intervals, but yields 30% fewer mussels in
the 31-50m range and 225% more mussels in the > 90m depth range. While the difference in the
latter is substantial, we note that the reported uncertainty for that depth interval in 2010 is nearly
50% of the mean value. Furthermore, the difference between replicate samples in the raw data
reported by Nalepa et al., [2014] can be greater than an order of magnitude, illustrating the
considerable uncertainty associated with sampling.

Quagga mussel filtration rates can vary between 0.25 — 9.6 L/mussel/day, due to mussel
size, food source, species, and temperature [Diggins 2001; Baldwin et al., 2002; Vanderploeg et
al., 2010]. We chose a fixed rate of 5.4 L/mussel/day because this rate falls near the middle of

this range and is comparable to spring quagga filtration rates reported by Diggins et al. [2001].



Rowe et al., [2015a] in their model study use a fixed rate of 9.2 L/mussel/day for temperatures
greater than 7°C, and a variable rate of ~ 2.1-9.2 L/mussel/day for temperatures between 1-7°C,
based on a linear temperature dependence from Vanderploeg et al., [2010]. Based on this
temperature dependence, water temperatures near 4°C will yield a similar mussel filtration rate
between our model and the model from Rowe et al., [2015]. This is noteworthy considering that
bottom water temperatures are often near 4°C in winter and early spring when the impact of
quagga mussel grazing is greatest [Fahnenstiel et al., 2010; Rowe et al., 2015a; Pilcher et al.,
2015]. Overall, our filtration rates will be comparatively greater at colder water temperatures,

but lesser at warmer water temperatures.

Text S3. Model Sensitivity to Quagga Mussel Forcing

Uncertainty in our mussel implementation is generated by (1) variance in mussel
filtration rates, (2) variance in mussel size, and (3) spatial heterogeneity in mussel population
density. However, quantifying these uncertainties requires either extensive observational data
that is currently unavailable (e.g. spatial heterogeneity) or considerable computational costs
associated with re-running multiple model simulations using different parameterizations (e.g.
mussel rates and size vs. density). To get a first-order approximation of how this uncertainty
impacts our results, we can compare productivity between model simulations with and without
quagga mussels. We can further bin these results into the 4 depth intervals used to distribute
mussel population density (Table S1), to determine the impact of varying mussel population
numbers. Figure S1 shows the percent decrease in lakewide mean NPP due to the addition of
quagga mussels, for each year and at each depth interval. There is a clear gradient of a greater

decrease at shallow locations compared to deep locations, however this gradient does not



coincide with the gradient in mussel population densities. For example, the mussel population
density from 2008-2010 is greater between 51-90m than between 31-50m, but this is not
reflected in the total percent decrease in NPP (Figure S1). Furthermore, there are instances
where mussel density increases but the impact to NPP decreases. At depths >90m, mussel
density increases from 2009-2010, but the impact to NPP is reduced. This decrease in NPP is
with respect to the same model year and atmospheric forcing, thus the only difference will be
due to the mussels.

The purpose of Figure S1 is to illustrate that the variance in mussel population density
tends to have a <10% impact on the total decrease in NPP. For example, a factor of 4 increase in
mussel population at depths < 30m between 2007-2008 generates a ~10% greater decrease in
NPP. This factor of 4 difference is roughly half the variance in observed mussel filtration rates
(0.25 — 9.6 L/mussel/day) and is greater than the 50-71% difference in respiration rates that
results from assuming a uniform size (18 mm “large” mussels) vs. accounting for size frequency
distribution [Mosley and Bootsma 2015]. Additionally, this factor of 4 difference roughly
encompasses the variance between our constant filtration rate and the variable rate from Rowe et
al., [2015]. The model sensitivity to quagga forcing appears to be more of a function of lake
depth than mussel population density. Sensitivity to lake depth is not surprising given that this
will impact the duration of time that phytoplankton will spend in contact with the lake bottom

and the volume of water for mussels to clear.

Text S4. Model Sensitivity to the C:P Ratio
The use of a constant molar C:P ratio is a common simplification in 3D modeling studies

[Bennington et al., 2012; White and Matsumoto 2012; Pilcher et al., 2015] due to the uncertainty



and complexity associated with implementing a variable ratio. Observed variability in C:P ratios
has been linked to a multitude of variables, including organism type, nutrient condition and light
conditions, and lake size [Hecky et al., 1993; Elser et al., 2000; Sterner et al., 2008; Hessen et
al., 2012]. We conducted 2 sensitivity tests using different C:P ratios to determine the
quantitative impact on model results (Table S2; Figure S7). The first test used a lower C:P ratio
of 150 for diatoms, but the same value of 200 for small phytoplankton. The second test used a
C:P value of 150 for diatoms but a value of 300 for small phytoplankton. This second test was
specifically designed to simulate the effect of higher C:P ratios under nutrient limited conditions,
such as during periods when the lake is stratified and small phytoplankton are more prevalent.
Reducing the C:P ratio for diatoms by 25% (i.e. 200 to 150) produces a 15-20% decrease
in modeled carbon-based productivity and phytoplankton carbon biomass (Table S2). The effect
is relatively consistent between the Past Nutrients and Quagga Present Nutrients simulations,
though slightly less sensitive with the latter. Additionally, increasing the C:P ratio for small
phytoplankton by 50% (i.e. 200 to 300) offsets a substantial portion of the decrease produced via
a lower C:P ratio for diatoms and produces a net increase in the Quagga Present Nutrients
simulation. This result illustrates that the model is more sensitive to the C:P ratio for diatoms
than small phytoplankton because a factor of 2 greater change in the C:P ratio for small
phytoplankton was required to produce approximately the same magnitude of change as for

diatoms.
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Figure S1. Bar plot showing the impact of quagga mussels on NPP for each simulation year and
averaged over each depth interval used to map mussel population densities to lake depth. The
magnitude of the bar is equal to the percent change in annual mean NPP between the Quagga
Past Nutrients and Past Nutrients model simulations. Thus, a negative value indicates a decrease

in NPP following the addition of quagga mussels.
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Figure S2. Spring (a) and summer (b) diatom biomass comparisons between the observations
from the EPA Great Lakes Monitoring Program and the equivalent model locations. Shown is
the average value across all 11 stations. The error bars signify the standard deviation across the

stations. The observed diatoms include pennate and centric diatoms.
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Figure S3. Spring (a) and summer (b) phytoplankton biomass comparisons between the
observations from the EPA Great Lakes Monitoring Program and the equivalent model locations.
Shown is the average value across all 11 stations. The error bars signify the standard deviation
across the stations. Here, “other” phytoplankton consists of the non-diatom model
phytoplankton group, and the combination of chlorophytes (green algae), chrysophytes,
cryptophytes, cyanobacteria (blue-green algae), and pyrrophytes (dinoflagellates) for the

observed phytoplankton.
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Figure S4. Spring (a) and summer (b) total phytoplankton biomass comparisons between the

observations from the EPA Great Lakes Monitoring Program and the equivalent model locations.

The error bars signify the standard deviation from 2007-2010.
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Figure S6. Seasonal spatial plots of 0-25m averaged phosphate concentrations in the (a-d)

Present Nutrients and (e-h) Quagga Present Nutrients simulations. Shown is the 2007-2010

average.
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Figure S7. 4-year mean depth integrated NPP averaged over the entire lake for C:P sensitivity
tests in the (a) Past Nutrients and (b) Quagga Present Nutrients simulations. The black line
represents the constant C:P ratio used in the main analysis. The blue line represents the first
sensitivity test using a C:P ratio of 200 for small phytoplankton but a C:P ratio of 150 for

diatoms. The red line is the second sensitivity test using a C:P ratio of 300 for small

phytoplankton and 150 for diatoms.




Depth Interval  2006° 2007° 2008° 2010°
<30m 12500 5000 20000 8679
31-50 m 13000 13000 12000 8867
51-90 m 4000 11000 15000 15122
>90m 400 800 2000 4223

Table S1. Quagga Mussel Densities

* Values estimated from Figure 2 of Nalepa et al., [2010].

® Values calculated from Nalepa et al., [2014].



PHY1 and Past Nutrients Quagga Present  Past Nutrients  Quagga Present

PHY2 C:P NPP Nutrients NPP PHY Nutrients PHY
Values
PHY1 C:P 200 -15.1 (-17%) -6.9 (-15.1%) -70 (-19.2%) -30.4 (-15.6%)
PHY2 C:P 150
PHY1 C:P 300 -0.8 (-1%) 2.2 (4.8%) -27.8 (-7.6%) 6.0 (3.1%)
PHY2 C:P 150

Table S2. Model sensitivity to C:P ratio. NPP is reported in units of mgC/m?*/day and
phytoplankton biomass is in units of mgC/m*. The percent values represent the percent change

compared to the respective model simulation using the constant C:P ratio of 200.
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