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Primary production by phytoplankton helps fuel hypolimnetic oxygen depletion as well as food web productiv-
ity, and is thought to have been affected by dreissenid mussel colonization in Lake Simcoe. Measured by short-
term 14C uptake, areal and volumetric rates of photosynthetic carbon uptake (production) were lower in
nearshore (b15 m) than offshore sites during the study period (Aug. 2010–Aug. 2011). Chlorophyll a (Chl a)
concentrations were also lower at nearshore sites, except in summer (June–Aug.). Production increased from
May to an annual maximum in September (350 mg C m−2 d−1 nearshore and 650 mg C m−2 d−1 offshore)
and remained high through November; its annual minimum (b10mg Cm−2 d−1) was in February. A secondary
spring maximum occurred in April in the offshore (450 mg C m−2 d−1) but not the nearshore
(30 mg C m−2 d−1). Chl a and production of net phytoplankton (N20 μm) was greatest from August through
November at offshore sites (median contribution N35% of total) but was much less at nearshore sites (median
contribution b10%). Production and Chl a were dominated by nanoplankton (2–20 μm), with median contribu-
tions N40% in most seasons. The lower production at nearshore than offshore sites supports previous inferences
that dreissenid mussels have caused differential loss of planktonic primary production, especially of net
phytoplankton, in nearshore waters. The results from Lake Simcoe are consistent with evidence from other
lakes that dreissenids can have major impacts on seasonal blooms of diatoms as the mussels continue to spread
within and among North American lakes.

© 2015 International Association for Great Lakes Research. Published by Elsevier B.V. All rights reserved.
Introduction

Lake Simcoe is the second largest lake in southernOntario (722 km2)
next to the Laurentian Great Lakes and its water quality and fisheries
have received considerable attention in recent years (North et al.,
2012). Progress has been made in limiting P inputs to the lake, and
water quality variables (notably phytoplankton and hypolimnetic dis-
solved oxygen) have shown some improvements (Eimers et al., 2005;
North et al., 2012;Winter et al., 2007). However, hypolimnetic hypoxia
(to concentrations stressful or lethal to lake trout) still remains a
concern (Young et al., 2011). Internal as well as external loading of P
appears important in Lake Simcoe (Nürnberg et al., 2013) and likely
helps drive the planktonic primary production that is usually consid-
ered to be the ultimate source of the hypolimnetic oxygen demand.
No measurements of primary production have been reported for Lake
Simcoe, but high late summer and fall phytoplankton biomass suggests
that internal loadingmight support high autumnal primary production.
ience Place, Saskatoon, SK S7N
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Other factors of concern in Lake Simcoe include climate change
(Stainsby et al., 2011) and invasive species, notably the zebra mussels
(Dreissena polymorpha) that became abundant in the 1990s (Evans
et al., 2011).

Dreissenid mussels can graze on a wide range of particle sizes but
have also shownvariable selectivity thatmakes them capable of altering
phytoplankton abundance and community composition (Tang et al.,
2014; Vanderploeg et al., 2002, 2009). Lake Simcoe has a relatively
large area of shallow (b15m) nearshore water with a large (commonly
N100 g m−2 shell-free dry mass) biomass of zebra mussels (Ozersky
et al., 2011), and there appears to be sufficient mixing in the nearshore
that mussels should have effective access to the phytoplanktonmuch of
the time (Schwalb et al., 2013). The potentialfiltration rate ofmussels in
Lake Simcoe (North et al., 2012) is comparable to other lakes where ap-
preciable impacts of dreissenid mussels on phytoplankton abundance
and primary production have been inferred (e.g., Depew et al., 2006;
Fahnenstiel et al., 1995; Vanderploeg et al., 2002). The evidence
supporting a strong and sustained impact of dreissenids on phytoplank-
ton biomass and Chl a in Lake Simcoe is nonetheless mixed (Winter
et al., 2011; Young et al., 2011). A decrease in phytoplankton biovolume
was observed immediately after the establishment of dreissenids
(Eimers et al., 2005) but was not sustained (Winter et al., 2011).
.V. All rights reserved.
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Furthermore, Chl a:TP ratios increased for several years after the coloni-
zation of dreissenids before declining again, and a Chl a:TP model de-
rived from dreissenid-free inland lakes made good predictions of Chl a
in Lake Simcoe despite the presence of dreissenids (Young et al.,
2011). A trend to decreased ice cover and more prolonged summer
thermal stratification (Stainsby et al., 2011) has likely contributed to
the changes in phytoplankton community structure, complicating inter-
pretation of inter-annual changes in the lake (Hawryshyn et al., 2012;
Winter et al., 2011).

Based on observations in the Laurentian Great Lakes, the effects of
dreissenids on phytoplankton should vary both seasonally and spatially.
The nearshore shunt proposes that dreissenids can exert especially
strong impact in the shallow nearshore waters, wheremixing facilitates
access to phytoplankton (Hecky et al., 2004). There is evidence fromob-
servations and modeling in Lakes Erie and Michigan to support the
nearshore shunt prediction (Bocaniov et al., 2014; Depew et al., 2006).
In Lake Simcoe, the difference of effect between nearshore and offshore
should be particularly strong because dreissenid biomass in deeper
(N20 m) offshore waters has been low (b10 g m−2) up to the time of
the present study (2010–2011; North et al., 2012; Ozersky et al.,
2011). Consistent with shunt effects, recent surveys of Chl a and other
indicators of phytoplankton biomass showed lower concentrations
at nearshore than at offshore sites in Lake Simcoe (Guildford et al.,
2013). Phytoplankton biomass and/or Chl a concentrations at two shal-
low, nearshore locations underwent a significant and sustained de-
crease coincident with mussel colonization except for winter values,
which did not change (Baranowska et al., 2013). During warmer
months, and even in some nearshore waters, thermal stratification
and limited rates of vertical turbulent diffusion can impede access of
mussels to phytoplankton (Ackerman et al., 2001; Boegman et al.,
2008; Schwalb et al., 2013). Understanding the effects of mussels in
Lake Simcoe thus requires attention to the spatial and temporal varia-
bility of the processes involved.

The dynamics of phytoplankton production in temperate lakes typi-
cally include a spring bloom. The spring bloom is characteristically dom-
inated by relatively large and fast-sinking diatoms that play amajor role
in transfer of energy to consumers and movement of both organic ma-
terial and inorganic nutrients from surface waters to the benthos and
sediments (e.g., Fahnenstiel and Scavia, 1987; Gardner et al., 1990).
During the summer stratified season, primary production may be high
but it is largely recycled within the surface mixed layer. There may
also be a fall maximum of phytoplankton, with large diatoms again im-
portant, but it is typically smaller inmagnitude as sunlight becomes lim-
iting in the short days of autumn. In Lake Simcoe, there is nonetheless
evidence from Chl a and phytoplankton biovolume dynamics that a
diatom-dominated fall bloom may surpass the spring bloom in impor-
tance (Baranowska et al., 2013; Nicholls, 1995). In Lake Michigan and
eastern Lake Erie, the spring bloom has been diminished as dreissenid
mussels have spread into the offshore zones (Barbiero et al., 2006;
Fahnenstiel et al., 2010). In Simcoe, the fall phytoplankton biomass
maximum was a dominant feature in nearshore drinking water intake
samples before mussels arrived (Nicholls, 1995) but declined after-
wards (Baranowska et al., 2013). There are no data to indicate how pro-
duction (as opposed to biomass) varies through the year. Furthermore,
spring blooms can start very early (e.g., in March and even under ice;
Fahnenstiel et al., 2010; Twiss et al., 2012), and would not be well cap-
tured, especially in the offshore, by most previous studies of Lake
Simcoe.

The present study used year-round sampling and size-fractionated
measurements of radiocarbon assimilation and Chl a to obtain the first
direct measurements of the annual cycle of planktonic primary produc-
tion in Lake Simcoe. We tested whether nearshore production rates
were lower than offshore rates and whether biomass and production
of larger phytoplanktonmay be selectively diminished in the nearshore,
as might be predicted from the nearshore shunt hypothesis (Hecky
et al., 2004) for the heavily mussel-colonized nearshore zone of Lake
Simcoe. We additionally tested the hypotheses that Lake Simcoe
might have a fall maximum of production, as suggested by previous
studies of biomass dynamics, but that there might also be a
previously-unreported early spring bloom that is not recorded in
routine monitoring. The size distribution in all seasons was assessed
to learn when production of large phytoplankton (the most effec-
tive contributors to hypolimnetic oxygen demand) would be most
important.

Methods

Sites and sampling methods

Sampling sites in Lake Simcoe (Fig. 1, Table 1) comprised four
sites representing the nearshore, and three sites representing the
offshore. We defined nearshore waters as those with Zmax b 15 m
for consistency with previous studies (Guildford et al., 2013) and be-
cause 15 m will include the surface mixed layer during summer
stratification (e.g., Schwalb et al., 2013). Sampling was conducted
from August 2010 to August 2011. During the open water season
(April to December) surveys were conducted monthly and usually
included all stations, except in April (M66 and T2 only). Sampling
during the ice-covered season was more opportunistic and limited
due to difficult conditions, with no sampling in January. To supple-
ment information for winter and early spring, additional samples
from the Beaverton water treatment plant (WTP, Fig. 1, Table 1)
were collected from January to July 2011 on a monthly basis (except
semi-monthly in March and April). The intake is near the 5 m con-
tour, 986 m offshore, and diver inspections have shown minimal
mussel occurrence in the pipe even though it is not chlorinated
(Baranowska et al., 2013). Water was transported to U. Waterloo
for measurement within 24 h with care to limit temperature change
to b2 °C.

Sampling in the open water season normally used an integrating
tube sampler to a depth of 1 m above the seasonal thermocline or to
10 m if the thermocline was deeper or absent. The only exception was
in August 2011 when discrete samples (Niskin bottle) from 2 and
10 m were taken and subsequently mixed. A profiling sonde (YSI-
6600V2-4, YSI Inc, Yellow Spring, OH) was used to determine presence
and depth of the thermocline (defined as N1.0 °Cm−1 temperature gra-
dient). The YSI sonde additionally provided profiles of Chl a as estimated
from a fluorescence sensor calibrated against extracted Chl a measure-
ments. Under-ice sampling (Feb–Mar) used a Van Dorn bottle to obtain
water from 1 to 7 m below surface. Vertical profiles of photosyntheti-
cally active radiation (PAR) were measured using a Li-COR cosine un-
derwater quantum sensor with Li-COR 1000 data logger (Lincoln,
Nebraska). An articulated arm was used to deploy the sensor under
the ice surface during winter sampling, 1 m away from the 20 cm
iceaugered hole and with snow cover undisturbed, to provide realistic
values for PAR transmission through natural snow and ice cover. In all
seasons, the large volume (20 L) samples were kept dark and within
2 °C of lake temperature pending analysis at University of Waterloo
within 24 h.

14C Primary production methods

The 14C tracer method used here was chosen for consistency with
comparable large-lake production studies (e.g., Depew et al., 2006;
Fahnenstiel et al., 2010; Smith et al., 2005). It is expected to provide a
measure between gross and net photosynthesis (Beardall et al., 2009;
Halsey et al., 2010) and possibly closer to gross photosynthesis because
it includes both dissolved and particulate production and uses a short
(1 h) incubation period to minimize respiration losses. Methods were
exactly as in Depew et al. (2006) except that we additionally measured
size distribution of carbon assimilation. In brief, water samples were
screened through a 200 μm nylon mesh to remove larger zooplankton



Fig. 1. Lake Simcoe and sampling sites (Table 1) used in the present study, with the main 15m contour indicated. T.I. denotes Thorah Island; G.I. denotes Georgina Island. The inset shows
the location of Lake Simcoe in the eastern Great Lakes region together with its catchment boundary.
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then inoculated with 14C bicarbonate (ICN Biomedicals, Irvine, Califor-
nia) and dispensed in 18 aliquots of 5 ml in a light gradient incubator.
Incubation temperature was within 2 °C of in situ, with light from a
tungsten halogen lamp (0.91 to 1084 μmol photons m−2 s−1).

After an hour of incubation, three of the aliquots from medium to
high irradiance were combined and 5 ml subsamples were filtered in
parallel through polycarbonate filters of 2 and 20 μm pore size, as well
as GF/F filters, to determine the size distribution of 14C uptake among
pico- (b2 μm), nano- (2–20 μm) and netplankton (N20 μm). Retention
on GF/F (nominal pore size 0.7 μm) filters was assumed to represent
total particulate uptake. The remaining 15 subsamples as well as the
GF/F filtrate were acidified with 6M hydrochloric acid (HCl) to termi-
nate further carbon assimilation and left uncovered for approximately
24 h to release unfixed 14CO2. Sampleswere analyzed by liquid scintilla-
tion using EcoLume (MP biomedicals, Solon, OH, USA) scintillation
cocktail.
Table 1
Locations and depths of stations included in the present study.

Stations Latitude Longitude Zone Zmax (m)

E50 44° 24′ 31 79° 14′ 16 Nearshore 10
E51 44° 14′ 35 79° 30′ 43 Nearshore 12
N32 44° 34′ 41 79° 24′ 5 Nearshore 6
T2 44° 21′ 50 79° 13′ 36 Nearshore 8
M66 44° 25′ 18 79° 25′ 32 Offshore 32
K42 44° 23′ 57 79° 34′ 14 Offshore 39
K45 44° 26′ 34 79° 26′ 40 Offshore 33
WTP a a Nearshore 8a

a The coordinates of the Beaverton water treatment plant intake (WTP) are not public
information and the depth is approximate; the intake is suspended 3 m above bottom.
Chlorophyll a (Chl a) and dissolved inorganic carbon (DIC) measurements

To measure Chl a concentrations, raw water was first screened
through a nylon (Nitex) mesh (nominal 200 μm pore size). Aliquots
(200ml) of the screenedwater and of filtrate from2 and 20 μmpolycar-
bonate filters were filtered on GF/F filters and stored in the dark at
−20 °C pending further analysis. Filters were extracted in 90% acetone
for 18–24 h and Chl a was determined using a Turner Designs 10-AU
fluorometer (Turner Designs, Sunnyvale, California, USA) that had
been calibrated against pure Chl a (Holm-Hansen et al., 1965; Smith
et al., 2005). The dissolved inorganic carbon (DIC) concentration,
which was used to calculate the photosynthetic assimilation, was mea-
sured using the Gran titration method.

Primary production and related calculations
Photosynthetic parameters (PBmax, αB), vertical attenuation coeffi-

cient for PAR (KdPAR), and primary production rates were calculated
using software developed by Fee (1990) modified into a Microsoft Ac-
cess interface. As in Depew et al. (2006), photosynthesis-irradiance
models that parameterize photoinhibition were found unnecessary to
describe the data, and a simpler model (Jassby and Platt, 1976) was
used:

PB ¼ PBmax tanh αBE=PBmax

� �
ð1Þ

with one parameter for light saturated rate of photosynthesis (PBmax)
and another for the slope of the function near the origin (αB). The super-
script ‘B’ denotes normalization to Chl a. There was no regular monitor-
ing of incident solar radiation at or near Lake Simcoe so theoretical

Image of Fig. 1
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incident irradiance based on latitude and day of year, as calculated by
the primary production software, was used for all production rates re-
ported here. A similar approach and rationale has been used in previous
studies on comparable systems (e.g., Depew et al., 2006). We assumed
that incident PAR was, on average, 75% of the theoretical cloud-free
values. Areal production (Pint, mg C m−2 d−1) was calculated from sur-
face down to the 1% PAR depth or to the station physical depth, which-
ever was lesser. The areal production from May 1 to Oct. 15 was
calculated to derive the so-called Seasonal Areal Production, or SAPP,
for comparison with previous studies on large lakes (Depew et al.,
2006; Millard et al., 1999). Annual production was calculated for com-
parison but limited sampling outside theMay–December period limited
the estimates to two stations, K42 and E50, that were considered exam-
ples of offshore and nearshore respectively.

The mean PAR within the surface mixed layer was calculated as:

mean PAR ¼ Eo � e−Kd � Ze−1
� �

� Kd � Zeð Þ−1 ð2Þ

where Eo is PAR at depth zero (under ice when present), Kd is KdPAR

(the vertical extinction coefficient for PAR) and Ze is the depth of the
mixed layer.

Statistical analysis
A linear mixed effects model (LME; Bolker et al., 2009) was used to

test for seasonal and zonal (nearshore vs offshore) effects on the mea-
sured variables. The LME model was chosen because it includes both
random (repeated measures) and fixed effects and accounts for the
autocorrelated longitudinal data. LME is advantageous for longitudinal
data because the model handles the covariance due to repeated mea-
sures and does not assume independence of data.Monthly observations
were grouped into spring (Apr–May), summer (Jun–Aug), autumn
(Sep–Nov) and winter (Dec–Mar). Data were transformed as necessary
to achieve normality (Shapiro–Wilks test): Pint, Chl a, 14C net-sized
production, nanoplankton Chl a, cube-root transformation; Chl a:TP,
14C nano-sized production,αB, picoplankton Chl a, square-root transfor-
mation; PBmax, KdPAR, log10 transformation; mean PAR, Popt, 14C pico-
sized plankton, no transformation.

The model structure was:

yi j ¼ βo þ boi þ β1season2þ β2season3þ β3season4þ β4zone2
þ β5season2zone2þ β6season3zone2þ β7season4zone2
þ εi j ð3Þ

where yij is the value of the outcome variable (e.g., Pint, Chl a, Kd) with
respect to season (1 — spring, 2 — summer, 3 — autumn, 4 — winter)
and zone (1— nearshore and 2— offshore). βo is the average dependent
variable (‘y’) when the season and zone is 1. β1 to β3 are the differences
in average dependent variable between the rest of the seasons (season 2
[β1], season 3 [β2] and season 4 [β3]) to season 1 when controlling for
zone,whileβ4 toβ7 are the average difference in dependent variable be-
tween the two zones when controlling for season. The term ‘boi’ is the
random intercept and εij is the within-individual measurement error.
A p value b 0.05was considered to indicate a significant effect, and sam-
ple sizes are given in Table 3.

A sensitivity analysis similar to Fahnenstiel et al. (1995) was
employed to elucidate the individual contributions of variables that in-
fluence SAPP to the difference between nearshore and offshore SAPP.
These variables are Chl a, KdPAR, PBmax, αB, and Zinteg. Zinteg is the lesser
of the 1% PARdepth and the station physical depth,with station physical
depth typically less than the 1% PAR depth at nearshore but not offshore
stations. Substitution of nearshore values for each variable in turn, with
other variables assuming their offshore values, allowed the effect
of each variable on nearshore–offshore differences of SAPP to be
estimated.
Results

Temperature and light

Summer stratification of temperatures became evident in May and
persisted to November at offshore sites, with a seasonal thermocline be-
tween 10 and 15 m depth (Fig. 2). An inverse stratification was ob-
served under ice cover in winter. A weak but persistent thermocline
was evident at most of the nearshore sites in early summer (June–
July) before disappearing in August–September. Based onmean season-
al water temperatures (Table 3) the nearshore sites appeared to warm
sooner in the spring, cool sooner in the autumn, and to have larger tem-
perature differences between summer and winter than offshore sites,
but the nearshore–offshore differences were not statistically significant.

Kd ranged in total from 0.20 to 0.51 m−1 but average values by zone
and season varied only from 0.24 to 0.36 and were not significantly dif-
ferent (LinearMixed EffectsModel, LME; Electronic SupplementaryMa-
terials (ESM) Table S1) between nearshore and offshore sites (Table 3).
Seasonal differenceswere significant, with largest values in autumn and
smallest in spring.Mean PAR, which is affected by Kd, mixing depth, and
seasonal variations of incident PAR, was maximal in summer and mini-
mal in winter, with nearshore values consistently larger than offshore
(Table 3). Strong attenuation by snow and ice cover in Feb. and March
contributed to the very low winter mean PAR values. Transmission
was b2% in February (13 cm snow and 25 cm ice) and b10% in late
March (b2 cm snow and 46 cm ice). LME indicated that both seasonal
and nearshore–offshore differences were significant. There was also a
significant interaction, with the nearshore–offshore differences much
larger in spring, autumn, and winter than in summer.

Primary production and Chl a

Chl a ranged in total from 0.23 to 15.0 μg/L. Among offshore sites, the
highest values were observed in March and April (Fig. 3). The very large
value in March derived from one station (K42) that was sampled twice
that month and displayed a large under-ice Chl a concentration in the
top 12 m, while the April value was derived from a single visit to Station
M66 (Fig. 1). Therewas a secondarymaximum in September–November
that rivaled the April value. Chl a at nearshore sites had smaller maxima
and lower minima than offshore, with peak values in March and August
and minima in January and February (Fig. 3). March and April values
were distinctly higher at the WTP intake site than at other nearshore
sites.

LME model analysis indicated that seasonal values for Chl a differed
significantly among seasons and between nearshore and offshore sites,
with a significant interaction (ESMTable S1). By season, autumnhad the
highestmedian Chl a concentrations at offshore sites (Fig. 4) while win-
ter had the highest mean (Table 3), due to the very high March values
from station K42. Spring had the lowest median and second-lowest av-
erage Chl a for offshore sites. Among nearshore sites, summer and au-
tumn had the highest median and mean Chl a while spring had the
lowest (Fig. 4, Table 3). Bothmedian andmean Chl awere higher at off-
shore than nearshore sites in all seasons except summer. Nutrient pat-
terns in the lake will be the subject of forthcoming publications, but
we note here that the ratio of Chl a to total phosphorus (TP) was also
significantly higher offshore than nearshore (Table 3), though dif-
ferences were minimal in summer.

Daily rates of areal primary production (Pint) at offshore sites
showed a maximum in Sept.–Nov. and secondary maxima in April and
July (Fig. 3). The lowest values were observed in December, February,
and March, despite the high March Chl a values. At nearshore sites,
the summer and autumn months (July to November) had the largest
Pint values while winter and spring months (December to May) had
the smallest. As for offshore stations, sampling was sparse in March
and April but WTP samples gave some additional information. The
lack of data on vertical structure of Chl a and light at theWTP prevented



Fig. 2. Depth-time isotherm plots for (a) a nearshore station (E50) and (b) an offshore station (K42). Isotherms in December, January and April for E50 were interpolated from adjoining
months. Note difference in depth scale between the two stations.
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firm estimates of Pint values for that site, but photosynthetic parameters
were measured so estimates could be made using Kd and ice/snow
attenuation values from other nearshore stations, while assuming a sta-
tion depth of 7.6 m and vertical homogeneity of the measured Chl a
(Kim, 2013). Estimated Pint at the WTP was b27 mg C m−2 d−1 from
January through mid-April except for a single value of 258 in mid-
March, while April values ranged from 26 to 141 mg C m−2 d−1 and
May from 133 to 134 mg C m−2 d−1. The estimates from the WTP
thus suggested potential for somewhat higher nearshore Pint than
seen at other nearshore sites during spring, but did not indicate a
large or sustained spring production event.

The LME model indicated that Pint differed significantly among sea-
sons and between nearshore vs offshore zones (ESM Table S1). Median
and average Pint were largest in the autumn for offshore sites, with sum-
mer second highest and winter lowest; spring was intermediate (Fig. 4,
Table 3). For nearshore sites, average Pint was largest in the autumn,
while median Pint was largest in summer. Pint was low in both winter
and spring for nearshore sites (excluding the WTP site). The LME
model showed no significant season-zone interaction, and Pint was
larger for offshore than nearshore in each season.

While Pint integrates production through the depth of the photic
zone, including the light-limited portions, Popt is a measure of the volu-
metric production rate attained when light is non-limiting (Table 2).
The LME model indicated that seasonal and nearshore–offshore zone
Fig. 3.Mean values (with standard error bars) for each month's observations of Chl a (left pan
(January to July) are shown separately from the mean for other nearshore sites.
differences were significant for Popt. For offshore sites, median and
mean values were the highest in autumn, lowest in spring, and similar
between summer andwinter (Fig. 4, Table 3). For nearshore sites, medi-
an andmean valueswere highest in autumnand almost as large in sum-
mer, while spring and winter were both low. Offshore averages were
larger than nearshore in every season, and there was no significant
season-zone interaction (LME model).

Production rates are influenced by variations in the ability of phyto-
plankton to use light for carbon fixation, as characterized by the P–E
model and its fitted parameters PBmax and αB. Both parameters showed
seasonal variation, with nearshore and offshore sites following similar
patterns (Fig. 4, Table 3). The LME model (ESM Table S1) indicated
that the seasonal differences were significant. Median and mean values
of αB were large in summer and largest in autumn, while for PBmax the
summer had the highest values and autumn the next highest (Fig. 4,
Table 3). Values of both parameters were lowest in spring and winter.
There appeared to be differences between nearshore and offshore
values at times (e.g.,αB in spring) and themedianαB was higher for off-
shore than nearshore sites in each season (Fig. 4). However, there was
also considerable variation within zones and seasons and the LME
model did not detect significant differences between zones or a signifi-
cant zone-season interaction.

The seasonal areal production (SAPP) averaged 90 g Cm−2 across all
sites for the May through mid-October period, with nearshore sites
el) and daily areal primary production, Pint (right panel). For Chl a, results from the WTP

Image of Fig. 2
Image of Fig. 3


Fig. 4. Box and whisker plots for primary production and related variables, binned by season (see Table 2 for definitions of variables and Table 3 for definitions of seasons). The plotted
rectangles represent the 25th to 75th percentiles while the lines across the rectangles represent themedian.Whiskers extend to the 5th and 95th percentiles, while outliers are indicated
by * or °.
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averaging 61.2 g C m−2 and offshore sites 135 g C m−2. The difference
between nearshore and offshore zones was significant (ANOVA, p =
0.0003). Sensitivity analysis indicated that differences in PBmax and inte-
gration depth were the most important contributors to differences in
SAPP between nearshore and offshore, with Chl a and Kd less important
and αB of minor importance (Table 4).

For offshore station K42, annual areal production was 186 g C m−2

compared to SAPP of 133 g C m−2, with 9.5% and 4.2% of production
in the rarely-sampled periods of Nov.–Dec. and Jan.–Mar., respectively.
For nearshore station E50, annual production was 66.2 g C m−2 com-
pared to SAPP of 56.1 g C m−2, with 10.5% and 2.8% of production in
Nov.–Dec. and Jan.–Mar. respectively.

Size distribution of production and Chl a

The LMEmodel indicated that Chl a in each size class (Fig. 5) differed
significantly between nearshore and offshore sites, with offshore
higher. Differences among seasons were significant for net- and
picoplankton, and nearly significant (p = 0.063) for nanoplankton
(Suppl. Materials, Table 1). For offshore sites, Chl a in the largest size
class (net, N20 μm), was high (N1 μg/L) in autumnmonths and reached
its observed peak in November; there was a secondary maximum in
March and April (Fig. 5). Observed maxima were smaller at nearshore
Table 2
Notation and units relating to primary production.

Variable Notation Units

Chlorophyll a Chl a μg/L
Photosynthetically active radiation PAR μmol photons m−2 s−1

Vertical light attenuation coefficient KdPAR m−1

Mean PAR – mol photons m−2 d−1

Mixing depth Zmix m
Maximum depth Zmax m
Maximum rate of photosynthesis at
light saturation

PBmax g C (g Chl a h)−1

Light utilization efficiency αB g C (g Chl a mol photons m−2)−1

Daily areal primary production rate Pint mg C m−2 d−1

Volumetric carbon assimilation
rate at light saturation

Popt mg C m−3 h−1

Seasonal areal primary production SAPP g C m−2
sites, wherein March, rather than November, had the highest observed
value. Offshore nanoplankton Chl a had a large peak in April (one sta-
tion) and showed relatively high values in August and September,
while nearshore nanoplankton had a March maximum. Monthly
dynamics of picoplankton Chl a appeared more subdued (Fig. 5) but
both offshore and nearshore sites showed maxima in autumn months
(September–November), followed by spring–summer months (May–
July).

Net Chl a had amedian percentage of less than 40% in all seasons and
both zones, but reached its greatest importance in autumn (offshore)
andwinter (nearshore) atN35% (Fig. 6). Nanoplankton often dominated
the Chl a biomass, particularly at offshore sites in spring, summer, and
winter. Picoplankton had their largest share of the Chl a in spring, sum-
mer, and autumn, particularly at nearshore sites.

The patterns of variation in C fixation (production) among months
in each size class resembled those for Chl a butwith somenotable differ-
ences (Fig. 5). In the net plankton, offshore sites showed a large pro-
duction peak in August at relatively modest Chl a levels. The March
maximum of Chl a at nearshore sites was not reflected in a comparable
production peak for the net plankton. The March and April maxima in
Chl a for nanoplankton were not reflected in comparably large produc-
tion peaks, while the production maxima in September–November
were more pronounced (especially offshore) than the Chl a maxima.
Picoplankton production in July and August was larger, relative to
other times of year, than was Chl a, while the importance of Septem-
ber–November production appeared somewhat less. The LMEmodel in-
dicated that differences among seasons and between nearshore and
offshore zones were significant for netplankton and nanoplankton pro-
duction, with offshore higher. There were no significant differences for
picoplankton production.

Netplankton contributed their largest share (median N25%) of total
production in autumn and spring at offshore sites, with a relatively
high contribution at some offshore sites in summer as well (Fig. 6).
Their share of production at nearshore sites was small. Nanoplankton
were generally the dominant class in production, but variation within
zones and seasons was very large (especially in summer). Production
at individual sites could sometimes be dominated by netplankton or,
more often, picoplankton. Among all sites, the highest share of pico-
plankton production was observed at some nearshore sites in summer,
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Table 3
Mean and standard error (parentheses) of primary production, and related, variables observed in Lake Simcoe during each of four seasons. Zone is nearshore (NS) or offshore (OS), with
number of samples (n); see Table 2 for other notation and units.

Season Zone Temp KdPAR Zmix Mean PAR Chl a PBmax αB Pint Popt Chla/TP

Spring
(Apr–May) NS (n = 4) 8.79 (1.52) 0.28 (0.026) 9.6 16.9 (1.8) 0.77 (0.14) 0.86 (0.16) 2.81 (0.38) 52.4 (7.39) 0.64 (0.14) 0.091 (0.014)

OS (n = 4) 5.85 (0.95) 0.24 (0.020) 32.3 5.71 (0.71) 2.30 (0.93) 1.55 (0.25) 5.19 (0.41) 268.9 (63.2) 3.12 (0.91) 0.288 (0.13)
Summer
(Jun–Aug) NS (n = 10) 22.2 (0.63) 0.32 (0.024) 7.1 18.0 (1.9) 2.08 (0.42) 2.48 (0.95) 6.78 (2.99) 255.3 (51.7) 3.22

(0.54)
0.16 (0.042)

OS (n = 9) 21.4 (0.52) 0.28 (0.011) 10.1 14.3 (1.2) 1.49 (0.32) 4.24 (1.60) 5.46 (1.17) 392.2 (61.7) 3.61
(0.71)

0.18 (0.035)

Fall
(Sep–Nov) NS (n = 11) 14.4 (1.93) 0.34 (0.018) 8.3 9.10 (1.10) 1.89 (0.15) 2.48 (0.37) 7.51 (1.02) 302.6 (55.2) 4.71 (0.83) 0.22 (0.012)

OS (n = 9) 15.9 (1.74) 0.36 (0.028) 21.8 4.32 (0.78) 3.97 (0.35) 2.47 (0.14) 9.26 (0.97) 597.0 (39.4) 9.49 (0.50) 0.387 (0.035)
Winter
(Dec–Mar) NS (n = 4) 1.44 (1.24) 0.34 (0.057) 7.5 2.12 (1.14) 1.00 (0.27) 1.09 (0.17) 3.80 (0.49) 36.0 (24.3) 1.06 (0.30) 0.12 (0.027)

OS (n = 6) 2.33 (1.25) 0.34 (0.036) 25.1 0.61 (0.24) 6.09 (2.66) 0.94 (0.25) 4.32 (0.78) 85.4 (28.6) 4.32 (1.80) 0.66 (0.28)
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but the seasonalmedianswere higher in spring andwinter (offshore) or
autumn and winter (nearshore; Fig. 6).

Discussion

Lake Simcoe displayed strong patterns of seasonal variation in phy-
toplankton productivity measures during this one year study. The
nature of thepatternswas different for an index of phytoplankton abun-
dance (Chl a) than formore directmeasures of primary production (Pint,
Popt). Patterns also differed between nearshore and offshore sites. The
results showed that autumn can be a very important season for primary
production in the lake, as was suggested by studies of Chl a and phyto-
plankton biomass at nearshorewater treatment intakes in years preced-
ing dreissenid colonization (Nicholls, 1995). Our results also showed
that primary production was lower at nearshore than offshore sites,
consistent with previous indications of dreissenid-mediated nearshore
shunt effects (Guildford et al., 2013).

At offshore sites, Chl a appeared to follow a rather classical bimodal
pattern,with a strong late-winter to early springmaximumand a small-
er autumn peak. The early Chl a peak occurred under ice in March, well
before normal monitoring of the lake would begin (e.g., Eimers et al.,
2005; Winter et al., 2011). The intensity of sampling in March was
low, so this high Chl a event was not well characterized, but it was ob-
served in samples taken two weeks apart in March, and Chl a was still
high several weeks later in April. Observations in comparable lakes
have also shown the potential for high Chl a andphytoplankton biomass
to occur under ice cover (e.g., Kerfoot et al., 2010; Twiss et al., 2012).
Such late winter-early spring events are easy to miss in most sampling
programs but could be important in the annual production cycle
(Kerfoot et al., 2010).

The seasonal pattern of production at offshore sites differed from
that of Chl a. It was not so clearly bimodal; although there was a spring
(April) peak, production was also high in mid-summer; autumn
showed the annual maximum and the highest sustained production. A
major difference from the Chl a pattern was observed in March. There
was an order of magnitude increase of under-ice light from February
Table 4
Average values of nearshore SAPP parameters as percent of offshore values, and the
proportional change in SAPPwhen adopting nearshore vs offshore parameter values. Zinteg
is the depth to which production is integrated; the lesser of the 1% PAR depth or station
physical depth.

Parameters Average nearshore value as percent of offshore Change in SAPP

Chl a 69 0.89
KdPAR 110 0.94
PBmax 72 0.83
αB 76 0.99
Zinteg 72 0.82
to late March in the present study and an appreciable increase in pro-
duction but the very large Chl a peak did not translate into a comparably
high production peak. The light-saturated photosynthesis parameter
Pbmax, which tends to co-vary with temperature (e.g., Millard et al.,
1999), remained low in March. Even more important, light penetration
through ice and snowwas poor; at themean PAR prevailing in February
and March, production was constrained to 1% (in Feb.) to 10% (March
14) of light saturated rates. Snow is a highly effective attenuator of
light and is amajor influence on under-ice phytoplankton development
(e.g., Vehmaaand Salonen, 2009).Measurements of primary production
underwinter ice cover are not common, but the present results are con-
sistent with other reports of relatively low phytoplankton production
rates under ice and snow cover (e.g., Twiss et al., 2014).

Themechanisms underlying the under-ice Chl a peak observed here
cannot be resolved with the current data but deserve consideration as
they will have implications for spring bloom dynamics and production
processes relevant to summer hypoxia (Wilhelm et al., 2014). In other
lakes, motility and/or buoyancy can help phytoplankton to achieve
modest but sustained rates of increase in late winter by minimizing
losses to settling, and optimizing light harvest by remaining high in
the water column (e.g., Vehmaa and Salonen, 2009). Even under ice
cover, behavioral and physiological responses play out against physical
processes of mixing that can affect phytoplankton distributions and
both oppose (Vehmaa and Salonen, 2009) and enhance (Kelley, 1997)
light harvesting. Sampling independent of the current study, but at the
same station and in the same week as the March Chl a peak observed
here, found amuch lower value (5 μg/L) (Michelle Palmer, OntarioMin-
istry of the Environment and Climate Change, pers. comm.). Such large
variation over a small interval of time suggests that spatial heterogene-
ity, as well as growth and loss processes, affected the abundance esti-
mates. Vertical profiles of Chl a fluorescence indeed showed strong
vertical heterogeneity in March (Kim, 2013) while nearshore sampling
failed to detect any large Chl a peak in March. Future winter studies
must account better for spatial variability as well as population dynam-
ics if we are to properly elucidate the mechanisms and implications of
under-ice phytoplankton development in large lakes.

The spring bloom is an important event partly due to themagnitude
of production and trophic transfer that can occur in the plankton, but
also because it is commonly dominated by relatively large cells (partic-
ularly diatoms) that can be effective vectors of organic matter export to
benthos, sediments, and ultimately hypolimnetic oxygen demand
(Fahnenstiel and Scavia, 1987; Gardner et al., 1990). In our year of
study, the offshore sites of Lake Simcoe manifested instead a dominant
autumn bloom. Absolute and relative production of large cells (net
plankton), as well total phytoplankton production, was greatest in the
autumn. The relatively sparse sampling in late winter and early spring
may have caused us to underestimate the importance of the spring
bloom, but the dominance of the autumn bloom seen here was



Fig. 5.Mean values (with standard errors) for eachmonth's observations of Chl a (bottom panels) and photosynthetic production (top panels) in each plankton size class. The solid lines
represent nearshore stations (•) and WTP (□) while the dashed lines represent offshore stations (o).
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consistentwith historic seasonal patterns of phytoplankton (and specif-
ically diatom) biomass in Lake Simcoe (Nicholls, 1995). This is the first
evidence that biomass maxima in autumn can translate into high pro-
duction, despite the rapidly decreasing mean PAR in that season.
Continued high values of Pbmax and the light utilization efficiency pa-
rameter αb, even into December, contributed to the high autumn pro-
duction rates. The high autumn productivity is further support for the
importance of internal P loading processes in Lake Simcoe (Nürnberg
et al., 2013). Much of the analysis of inter-annual trends in Lake Simcoe
has emphasized average properties over the May–October period,
which would appear to miss a significant part of the annual primary
production cycle of the lake.

Seasonal patterns were different, and production rates much lower,
at nearshore sites compared to offshore, consistent with patterns ex-
pected from the nearshore shunt (Hecky et al., 2004). The amplitude
of seasonal Chl a variations at nearshore sites was less than at offshore,
and the spring peak much smaller; there was no appreciable spring
peak of production at nearshore sites. For the nearshore, data from the
WTP supplemented the spring sampling and reduced the likelihood
that a major spring production event might have been missed. The
Beaverton water intake is certainly not representative of the nearshore
as a whole, if only because it is a single location, but its Chl a values did
not differ significantly from the average for other nearshore locations
(E50, E51, T2) over months when both estimates were available (t-
test, p=0.12, n=12). There is no evidence that it would systematically
underestimate nearshore Chl a in winter or spring.

Unlike the offshore, the seasonal productionmaximum at nearshore
sites did not have a high proportion of netplankton and was instead
dominated by nano- and picoplankton. Long time series of observations
at WTP intakes in the nearshore zone indicate that phytoplankton
biomass was significantly decreased when dreissenids colonized the
lake, and that it has remained lower through the period of the current
study (Baranowska et al., 2013). Mussel biomass is far lower offshore
(Ozersky et al., 2011) and impacts at offshore stations have appeared in-
consistent (Eimers et al., 2005; Winter et al., 2011) or weak (Young
et al., 2011) over the years following colonization. It may thus be in-
ferred that the nearshore–offshore differences in seasonality, rates,
and size distribution of production observed here are a consequence
of greater mussel impacts in the nearshore, i.e. that nearshore shunt ef-
fects (Guildford et al., 2013; Hecky et al., 2004) are important to primary
production in Lake Simcoe. Similar differences in Chl a and production
between nearshore and offshore sites have been attributed to differen-
tial impacts of mussels in some comparable lakes (Depew et al., 2006;
Fahnenstiel et al., 1995). Data to quantify differences in herbivorous
zooplankton between nearshore and offshore are unfortunately lacking
so the contribution of differential zooplankton grazing cannot be direct-
ly assessed. However, a three-dimensional computer model predicts
that mussel grazing alone would be sufficient to cause the lower Chl a
and production in the nearshore compared to the offshore, without
any difference in zooplankton grazing (Schwalb et al., 2015).

Zebra mussels are commonly thought to feed best at temperatures
between 8 and 25 °C (Stanczykowska, 1977; McMahon, 1996), so they
should be much less active at winter temperatures. Baranowska et al.
(2013) indeed showed that the apparent impact of mussel colonization
on phytoplankton biomass in the WTP sample time series was not
significant in the coldest months. In the present study we did observe
significant differences between zones in winter, in both Chl a and pro-
duction. The physiology of dreissenid populations is likely more plastic
and capable of acclimation to prevailing temperature regimes than the
limited literature suggests (Vanderploeg et al., 2010), so ability to feed
at low temperatures may be greater than commonly assumed. How-
ever, the nearshore–offshore differences we recorded for the winter
season were driven largely by December observations at temperatures
N5 °C and by the sparsely-sampled, but very large, under-icemaximum
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Fig. 6. Box and whisker plots of the percent distribution of photosynthetic production (a–
c) and Chl a (d–f) as binned by season. Top panels (a, d) are for netplankton, middle (b,
e) are for nanoplankton, and bottom (c, f) are for picoplankton. See Fig. 4 for box and
whisker interpretations.
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in March. Heterogeneity of distributions in March, for reasons other
than mussel feeding, together with continued feeding activity in early
Decembermay explain our results without implying that zebra mussels
in Lake Simcoe can defy expectation and filter strongly at temperatures
b4 °C.

In summer, thermal stratification and weakened vertical mixing
can impede access of mussels to phytoplankton (Ackerman et al.,
2001; Boegman et al., 2008; Schwalb et al., 2015) even in the nearshore
(Schwalb et al., 2013). This may help explain why the differences in Chl
a and production observed here between nearshore and offshore were
smaller in summer than in spring or autumn. The time series analyzed
by Baranowska et al. (2013) also showed that the apparent effects of
dreissenids on phytoplankton biomass were smaller in summer than
in spring or autumn, despite the relatively shallow location of the
WTP intake and its correspondingly lower susceptibility to hydrody-
namic limitation ofmussel feeding. A conceptual diagramof the season-
ality of mussel impacts on phytoplankton production, including
consequences for size distribution of production, is provided in Fig. 7.

Zebra mussels (D. polymorpha) have displayed variable food pre-
ferences in studies published to date (Tang et al., 2014). In Lake Erken,
both the smallest (b7 μm) and largest (N50 μm) items were preferen-
tially rejected (Naddafi et al., 2007) and an apparent preference for
intermediate-sized particles has been seen in other studies as well. Yet
larger particles, such as diatom colonies, can be filtered effectively
(Vanderploeg et al., 2009) and so can very small particles (b2 μm; refer-
ences in Tang et al., 2014). Qualities other than size, and the mixture of
items on offer, also affect selectivity by dreissenids (Tang et al., 2014).
As much as innate preferences on the part of mussels, differences in
vulnerability to, and ability to compensate for, mussel grazingwill affect
how phytoplankton communities respond to mussels. Larger and non-
motile phytoplankton may be subject to relatively high consumption
rates if high settling rates deliver themmore effectively than other phy-
toplankton to the mussels (Zhang et al., 2008). Our netplankton size
category began at 20 μm and would likely include a considerable pro-
portion of diatoms (Winter et al., 2011) that could have relatively high
settling rates. Historically this would have been particularly true during
the autumn bloom (Nicholls, 1995), andmay still be the case at offshore
sites, but we observed a far lower proportion of netplankton Chl a and
production in nearshore than offshore during the autumn. Nano-
plankton, which includes smaller cells with potentially high growth
rates but smaller settling rates, showed less differential of Chl a and pro-
duction between nearshore and offshore, while picoplankton (b2 μm)
showed little or none. The results are consistent with a strong and se-
lective loss in nearshore waters, mediated by dreissenid grazing, of dia-
toms that used to comprise amajor autumnbloomevent in Lake Simcoe
(Baranowska et al., 2013; Nicholls, 1995). Dreissenid grazing has also
been proposed as an important agent of declines in the magnitude of
diatom-dominated spring bloom events in Lakes Erie, Michigan, and
Huron (Barbiero et al., 2006; Fahnenstiel et al., 2010).

The lakewas still having an autumnpeak of large cells in the offshore
in our year of study. Autumn production could fuel hypoxia in the next
summer but the linking processes deserve study, as the connection is
less immediate thanwhen a spring bloom is the dominant primary pro-
duction event (Twiss et al., 2014;Wilhelm et al., 2014). There is also ev-
idence that substantial phytoplankton Chl a and, perhaps, biomass can
accumulate under-ice at offshore stations; the genesis and fate of such
material also deserves more study. In the nearshore, there was little or
no autumn bloom of netplankton in our year of study, and this appears
to be the new reality for Lake Simcoe (Baranowska et al., 2013). It sug-
gests, perhaps not surprisingly, a tighter coupling of production and
consumption in the nearshore since dreissenids arrived and there is ev-
idence of such coupling in the nearshore foodweb (Rennie et al., 2013).
To the extent that material used to move from nearshore to offshore
through advection and sediment focusing processes, this may diminish
oxygen demand in hypolimnetic sediments and improve the hypoxia
outlook. However, production and fate of mussel biodeposits and in-
creased periphyton production (Ozersky et al., 2013) in the natural set-
ting is still one of the great knowledge gaps in dreissenid ecology. It
remains possible that mussels are re-packaging material that is still
fated for export to deeper waters, only in different form (cf. Hecky
et al., 2004).

Like Chl a, primary production increases with TP among north tem-
perate lakes. A predictive relationship for seasonal areal production
(SAPP), defined and measured as in the current study, has been devel-
oped based on observations in lakes with no dreissenid mussel influ-
ence (Millard et al., 1999). For the average TP prevailing during our
SAPP observation period, the relationship would predict offshore SAPP
of 126.5 g Cm−2 (less than our observed values, Table 4) and nearshore
SAPP of 137.4 g Cm−2 (considerablymore than observed). The relation-
ship assumes that station physical depth is greater than the 1% PAR
depth, so our nearshore values should be increased (based on results
of sensitivity analysis) to 74.3 g C m−2 but they would remain well
below the predicted. Based on SAPP and comparison against studies
with very similar methodology (Millard et al., 1999), Lake Simcoe ap-
pears to have a typical level of planktonic primary production in deeper
waters, but considerably less than expected in shallower waters where
mussels are abundant, similar to the pattern observed by Depew et al.
(2006) in east basin Lake Erie in 2002–2003.

The annual areal production estimates for nearshore station E50
(66.2 g C m−2) and, especially, offshore station K42 (186 g C m−2)
were much larger than the 19 to 32 g C m−2 that would be predicted
from the inter-lake synthesis of Nürnberg and Shaw (1999) for clear-
water lakes with Chl a and TP concentrations similar to Lake Simcoe.
Numerous variations in methodology make it difficult to determine
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Fig. 7. Conceptual model of the seasonal variations of primary production in nearshore and offshore, separated by phytoplankton size classes and showing putative impact of dreissenid
mussels. Dreissenids in Lake Simcoe aremainly confined to the nearshore (b15m). Their feeding is strongly temperature-limited inwinter and partially impeded by thermal stratification
in summer, as reflected in the size of arrows from phytoplankton to mussels. Temperatures and mixing are both favorable for dreissenid feeding in spring and autumn. Phytoplankton
symbols are proportional in size to the magnitude of production in each size class. The large autumn production maximum, inferred to have been an annual feature of Lake Simcoe, is
now limited to the offshore zone and there is a selective loss of netplankton production due to dreissenid grazing in the nearshore. The patterns of variation in Chl a resembled those
for production with the notable exception that nano-Chl a could be much higher than production suggests in winter and spring.
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whyproduction in Lake Simcoemight appear relatively high (cf.Millard
et al., 1999). There are nearly two orders ofmagnitude of scatter around
the values predicted from Nürnberg and Shaw (1999); values for E50
were well within that range while values for K42 were on the upper
edge. The more conventional sampling season (May 1–Oct. 31) ap-
peared to account for 71% (K42) to 85% (E50) of annual production,
with Nov.–Dec. accounting for about 10–11% of annual production and
the ice-covered Jan.–Mar. period for 3–4%, depending on the station.

Sensitivity analysis of SAPP pointed to low Chl a as one important
driver of the lower nearshore production, but to an even larger effect
from lower Pbmax values at nearshore sites. In Lakes Erie (Depew et al.,
2006) and Huron (Fahnenstiel et al., 1995), the depression of SAPP in
dreissenid-impacted nearshore zones was due mainly to differences in
Chl a, with differences in photosynthetic parameters having very little
effect. The lower values of Pbmax in the Lake Simcoe nearshore over
the SAPP averaging period (May 1 to Oct. 15)may seem surprising, con-
sidering that mussels might be expected to enhance the physiological
condition of the remaining phytoplankton through their nutrient regen-
eration activities (Guildford et al., 2013). However, there is not a simple,
direct relationship between Chl a-specific photosynthesis rates and nu-
trient limitation or growth rates (Falkowski and Raven, 2007; Halsey
et al., 2010). Furthermore, indices of phytoplankton nutrient status do
not always show relief of P limitation where mussel effects are thought
to be greatest (Guildford et al., 2013). There were certainly differences
in size composition of the phytoplankton, however, which point to dif-
ferences in taxonomic composition aswell. Both cell size and taxonomic
composition are associated with differences in Chl a-specific photo-
synthetic efficiency of phytoplankton due to variations in pigment
packaging, accessory pigments, and other physiological characteristics
(Falkowski and Raven, 2007).

Where nearshore primary production of planktonmay be lost, there
can be potential for heightened benthic production. In some parts of the
Great Lakes that potential has been realized partly in the form of nui-
sance growths of filamentous algae (Auer et al., 2010). At the time of
the current study, benthic algae had not become problematic in Lake
Simcoe (Depew et al., 2011) but there were signs of a very productive
and efficient nearshore food web (Rennie et al., 2013) that is consistent
with high rates of production and utilization of phytobenthos. Macro-
phytes are another potential beneficiary, and their abundance has in-
creased following mussel colonization, though mainly in the relatively
shallow Cook's Bay (Ginn, 2011). We did not include Cook's Bay in the
current study because we intended to focus on the open nearshore
that ismore analogous to Great Lakes nearshore zones where nearshore
shunt phenomena have been studied previously. Cook's Bay, by con-
trast, experiences strong local nutrient inputs and has limited hydro-
dynamic exchange with the offshore (Winter et al., 2007).

All forms of primary production in Lake Simcoe are subject to influ-
ence from altered nutrient loading (e.g., Winter et al., 2007) and climate
variations. A trend to shorter and milder winters, which is apparent in
the Lake Simcoe region (Hawryshyn et al., 2012; Stainsby et al., 2011;
Winter et al., 2011), may be expected to advance the timing of the
spring bloom. Effects of climate variations on autumn blooms appear
to have received less attention but a trend to less or non-existent ice
cover and more winter mixing might enhance nutrient regeneration
and subsequent spring production (Nicholls, 1997). An increased effort
to understand production processes during the mid-autumn to early
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spring period in Lake Simcoe, while logistically challenging, would
strengthen the ability to forecast and manage water quality in the lake.
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