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Increased human population growth, reduction of phosphorus (P) loading, and the invasion of dreissenid
mussels may have changed the spatial pattern and relationships between the nearshore and the offshore
seston and nutrient concentrations in the eastern basin of Lake Erie over the past 30 years. We compared
seston characteristics, nutrient concentrations, and phytoplankton nutrient status between nearshore and
offshore zones in years before (1973–1985) and after (1990–2003) the dreissenid invasion. In 1973 (the
only pre-dreissenid year nearshore data was collected), chlorophyll a (chla) and nutrient concentrations
were higher nearshore than offshore. In post-dreissenid years, nearshore chla concentrations became signif-
icantly lower than the offshore, while carbon (C):chla ratios became higher, which was related to mussel
grazing and possibly photoacclimation. Phosphorus deficiency in the phytoplankton increased over the
30-year period, and in the post-dreissenid years was less acute in the nearshore than offshore. Mean water
column irradiance became higher in the nearshore relative to the offshore in the post-dreissenid years. The
nutrient changes and phytoplankton physiology were consistent with the expected effects of nutrient cycling
by mussels and diminished demand by phytoplankton despite increased demand from benthic algae in the
nearshore. This basin-scale study suggests that dreissenid mussel invasion can be associated with alterations
in the spatial pattern of water column properties in large lakes even on open coasts with vigorous circulation
and exchange.

© 2012 International Association for Great Lakes Research. Published by Elsevier B.V. All rights reserved.

Introduction

Lake Erie is the shallowest, most productive, and most heavily im-
pacted of the Laurentian Great Lakes of North America. Over the last
three decades there have been many changes to Lake Erie including
increased population growth and concentrated animal feeding opera-
tions (CAFOs) in the watershed, nutrient controls on point sources,
and the introduction of exotic invaders such as dreissenid mussels.
All of these changes might be expected to impact the nearshore

regions of the lake differently than the offshore, and make Lake Erie
an interesting model system for investigating spatially-structured
lake processes.

In response to excessive algal growth in the 1970s (Burns et al.,
1976), nutrient controls were initiated with the U.S.–Canada Great
Lakes Water Quality Agreements (GLWQAs) of 1972 and 1978.
They specified a 30 μmol L−1 total phosphorus (TP) effluent limit
on municipal sewage treatment plants discharging in excess of
3, 800 m3 day−1 and bans on phosphorus (P) in detergents (Dolan
and McGunagle, 2005). Reduced P load from municipal sources was
predicted to lead to a reduction in the total algal biomass in the lake
via P limitation. These P controls did not show immediate results,
but by the mid-1980s, declines in lake-wide P loadings were obvious
(Dolan and McGunagle, 2005), and decreased total phytoplankton
biomass (Makarewicz, 1993) suggested that Lake Erie water quality
was improving. By the mid 1980s, the TP target load set by the
GLWQA of 11,000 metric tonnes year−1 (MTA) was achieved (Dolan
and McGunagle, 2005). From 1995 to 2007 there was an increasing
trend in the absolute soluble reactive P (SRP) loads, despite the fact
that TP loading has remained relatively constant (inclusive of
weather-induced variability; Ohio Lake Erie phosphorus task force,
2010). The increasing SRP is of particular concern because it is more
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Fig. 1. The eastern basin of Lake Erie showing survey stations. A)Historical basin-wide survey stations sampled by the EPA (1973), Environment Canada (1979–1990) and theDFO (1993, 1994,
1998). Ten stationswere removed (shown as crossed out station numbers) based on circulation patterns as identified in theMethods section. B) Vertically averaged circulation patterns for the
eastern basin of Lake Erie in August 2003 showing the 6 basin-wide survey stations sampled by Environment Canada in the post-dreissenid period (1994–1999) and the additional 15
basin-wide survey stations sampled from 2001 to 2003. Four stationswere removed based on circulation patterns, STP discharges, and tributary influences as identified in theMethods section.
C) North-shore survey stations sampled in 2001, 2002 and 2003. Contour lines are shown in 5 m increments with the 20 m contour identified by shading.
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bioavailable to support algal growth than TP (Ohio Lake Erie
phosphorus task force, 2010).

The zebra mussel (Dreissena polymorpha) invaded Lake Erie in
1988 (Hebert et al., 1989) and first appeared in the eastern basin in
August of 1989 (Mackie, 1991), followed closely by the quagga mus-
sel (Dreissena bugensis; Mills et al., 1993). Herein, both zebra and
quagga mussels will be collectively referred to as dreissenid mussels.
In this study examining changes in the distribution of seston and nu-
trients, we focused on the eastern basin of Lake Erie. In 2002, 90% of
dreissenid biomass in Lake Erie on both soft and hard substrates
was found in the eastern basin (Patterson et al., 2005). As well, tribu-
tary influences are less than the other basins because the east basin
receives most of its nutrient load from the offshore waters of the cen-
tral basin (Dolan and McGunagle, 2005). The evidence of dreissenid
impacts in Lake Erie is mixed, depending on the season and basin
studied. While some authors attribute temporal changes in nutrients
and phytoplankton to dreissenids (Barbiero et al., 2006; Conroy et al.,
2005; Makarewicz et al., 2000), others report that most of the change
happened prior to mussel invasion (Charlton et al., 1999). The major-
ity of these studies focused on offshore waters.

Hecky et al. (2004) hypothesized that dreissenid mussels were
impacting nutrient cycling through their filter-feeding behavior and
the impact was most strongly affecting the shallow, nearshore re-
gions of large lakes. Their “nearshore shunt” hypothesis suggests
that by intercepting, detaining, and redirecting both energy and nu-
trient flow, mussels have changed the ecological function of the near-
shore and its relationship to the offshore. There have been a number
of studies examining the effects of P loading controls and mussels on
the nearshore of Lake Erie, including the eastern basin (Depew et al.,
2006; Nicholls and Hopkins, 1993; Smith et al., 2007), and collective-
ly, they suggest substantial decreases of chla, primary production,
phytoplankton biomass, and chla:TP ratios associated with arrival of
mussels in the nearshore. None of these studies, however, made sys-
tematic comparisons between nearshore and offshore on the basin
scale and over extended time periods (i.e., more than 1 or 2 years).
The most systematic studies of the impact of dreissenid mussels on
nearshore areas published to date come from Saginaw Bay of Lake
Huron, where decreases of chla and particulate nutrients and in-
creases in Secchi transparency depths were documented in the near-
shore areas and not in the offshore (Fahnenstiel et al., 1995; Heath et
al., 1995; Johengen et al., 1995). However, because Saginaw Bay is
more isolated from offshore waters compared to open shore-
lines which characterize eastern Lake Erie, it is not clear wheth-
er the mussel-associated changes documented for Saginaw Bay
can be generally applied to other nearshore locations on the
Great Lakes.

The seston and nutrient concentrations reported for the nearshore
and offshore regions of large lakes have historically been different,
with the nearshore regions of Lakes Erie, Ontario, and Michigan gen-
erally reported to be more eutrophic than the offshore waters
(Beeton and Edmondson, 1972; Glooschenko et al., 1974; Heathcote
et al., 1981). The importance of understanding nearshore processes
in North American Great Lakes is critical, as current water quality is-
sues affecting human health (e.g., toxic algal blooms and taste and
odor issues in drinking water (Watson et al., 2008) and nuisance
Cladophora blooms (Auer et al., 2010)) have been linked to processes
occurring or originating in the nearshore. Evidence is accumulating
that responses in the offshore (Barbiero et al., 2006; Charlton and
Milne, 2004) may no longer be adequate predictors of change in the
nearshore (Auer et al., 2010; Hecky et al., 2004).

Three research questions are addressed in this study: 1) has the
reduced external P loading altered phytoplankton biomass and nutri-
ent status as well as nutrient concentrations in the eastern basin? 2)
has the nearshore-offshore distribution of seston and nutrients chan-
ged in the eastern basin after mussel establishment? 3) are there
consistent post-dreissenid differences in nearshore–offshore seston

concentrations and nutrient status? To answer these questions, data
collected in the eastern basin of Lake Erie by multiple agencies from
pre-dreissenid years (1973–1985) were compared to data from
post-dreissenid years (1990–2003) to examine patterns in nearshore
and offshore measurements of chla, light parameters, and nutrient
chemistry (P, nitrogen (N), and silica (Si)) over three decades of ob-
servations. For the second question concerning changing spatial pat-
terns before and after mussel invasion, only 1 year of nearshore and
offshore survey data were available.

Methods

Study site and surveys

The eastern basin is the deepest of Lake Erie's three basins (maxi-
mum depth of 64 m) and is considered to be oligotrophic (Charlton et
al., 1999; Fig. 1). This study combined surveys conducted in the east-
ern basin by multiple agencies including the U.S. Environmental Pro-
tection Agency (EPA), Environment Canada (Env. Can.), the Canadian
Department of Fisheries and Oceans (DFO), and the University of Wa-
terloo (UW), to examine long-term patterns in nearshore and off-
shore distributions of seston and nutrients (Table 1). In this study
we define nearshore or coastal waters as b20 m and offshore waters
as ≥20 m. This classification criterion was selected to remain consis-
tent with previous studies in the eastern basin (Depew et al., 2006),
and because the 20-m depth is the typical depth limit for the
mid-summer surface mixed layer. In offshore areas deeper than
20 m, the phytoplankton in the mixed layer will be isolated from di-
rect mussel influence as a result of thermal stratification during the
summer period. Water circulation patterns were also used to identify
exceptions to this simple nearshore–offshore classification based on
depth. Although most of the surveys contained data spanning April–
November, we only used the data from the stratified period of June–
September due to complex early- and late-season circulation dynam-
ics such as thermal bars or fall storms. The summer months were also
selected with reference to the surface water temperature (data not
shown) as the season when mussels would have the most impact
due to their optimal temperature range (8–25 °C; Stanczykowska et
al., 1975) for filtration and growth in the nearshore.

Station selection

While nearshore–offshore classifications were primarily based on
water depth, we refined this classification by using water circulation
patterns. Of the 21 basin-wide stations sampled in 2001–2003, four
stations (444, 447, 448 and 442; Fig. 1B) were removed from analyses
due to horizontal water circulation evidence challenging their near-
shore–offshore classification or evidence of significant tributary and
sewage treatment plant (STP) influences. We examined monthly
vertically-averaged water circulation patterns for May–October,
2001–2003 as predicted by the hydrodynamic model ELCOM (León
et al., 2005) in the eastern basin of Lake Erie. In Fig. 1B, we show
the pattern from August 2003 to illustrate typical circulation patterns
present when seston and nutrient concentrations were measured
(June–September). The most obvious circulation features during Au-
gust are the gyres present in the center of the basin (Fig. 1B), which
are one of the important mechanisms for nearshore–offshore trans-
port in the Great Lakes (Rao and Schwab, 2007). Based on circulation
patterns and STP influences (identified by seasonal chloride (Cl−)
patterns (data not shown) and proximity), stations 444, 447, and
448 (Fig. 1B) were removed from all further analyses as being, to
varying extents, more individual cases than general representatives
of their category. Station 442 (Fig. 1B) was removed based on circula-
tion patterns and its location downstream of the Grand River, the
largest river system entering the north-shore of the eastern basin
(He et al., 2006). The Grand River plume has been identified as one
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of the main sources negatively affecting the water quality of the sur-
rounding area (Rao and Schwab, 2007), and Nicholls et al. (1983)
demonstrated an impact of the Grand River on north-shore nutrients
and phytoplankton.

Select historical EPA, Env. Can., and DFO stations were also re-
moved from the analyses using the same criteria as applied to the
basin-wide 2001–2003 surveys for reasons of consistency and
under the assumption that the major circulation patterns in the
eastern basin have not changed in the last 35 years. Ten historical
stations sampled by the EPA in 1973 were removed from the analy-
ses to give a spatially comparable set of stations to compare with
other years. This EPA survey is the only pre-dreissenid year available
to us to compare nearshore and offshore distributions of nutrient
parameters. Station 11 was removed due to its proximity to the
Grand River discharge, stations 8 and 16 were removed as offshore
stations due to nearshore influences and stations 17–22 and 64
were removed due to their proximity to and influence by central
basin waters (Fig. 1A).

To examine the differences between nearshore and offshore loca-
tions for temporal consistency at a higher spatial resolution, indepen-
dent surveys were conducted along the north shore of the eastern
basin of Lake Erie in 2001–2003 (Fig. 1C). In 2001, a five station tran-
sect was sampled across increasing depths and distance from the
coast (stations 500 (deepest), 501, 502, 503, and 504; Fig. 1C). In
2002 and 2003, a six-station grid composed of three, 5-m stations
(503, 507, and 508) and three, 20-m stations (501, 505, and 506)
was used to increase replication of nearshore and offshore stations
(Fig. 1C).

Water quality parameters

Variables describing physical conditions, and nutrient and chla
concentrations extracted from each government agency and survey
are referenced in Table 2. The EPA survey in 1973 was the only
pre-dreissenid survey that sampled nearshore stations, and they col-
lected discrete water samples from a 1-m depth at all stations (Great
Lakes Laboratory, 1974). Env. Can. collected epilimnetic whole water
samples from either discrete depths within the epilimnion (ideally
twice the Secchi depth) or with an integrating sampler from the
surface to a maximum depth of 20 m, or to the top of the thermocline,
defined by a change in water temperature gradient >1 °C m−1. In the
DFO surveys water was collected from 1 m below the surface to 1 m
above the epilimnetic mixing depth (Zmix) using a diaphragm pump
in 1993 (Dahl et al., 1995) and 1994 (Graham et al., 1996), and a
water column integrator at deep stations in 1998 (MacDougall et al.,
2001). In our basin-wide surveys (2001–2003) epilimnetic whole
water samples were collected with an integrating sampler following
the same methods as the Env. Can. surveys. In our north-shore high
spatial resolution surveys, epilimnetic whole water samples were col-
lected with an integrating tube sampler from surface to a maximum
depth of 10 m or to the top of the thermocline.

For the surveys from 2001 to 2003, picoplankton size fractionation
was conducted by filtering 500 mL of lake water through 2-μm
pore-size polycarbonate membrane filters. The filtrate (b2 μm) was
then treated exactly as the sample water for the determination of
picoplankton (0.2–2 μm) particulate C and chla concentrations. The
historical surveys did not phaeophytin-correct their chla concentra-
tions, while the basin-wide (2001–2003) surveys did (Table 2). To re-
solve these methodological differences, we compared phaeophytin-
corrected chla concentrations with uncorrected concentrations for
representative samples during 2001–2003 for which both methods
were applied to the same samples. The relationship between UW
basin-wide phaeophytin-corrected chla concentrations and Env.
Can. (NLET) phaeophytin-corrected chla concentrations (r2=0.544,
pb0.001, n=61) was compared to the relationship between UW
basin-wide phaeophytin-corrected chla concentrations and NLET
uncorrected chla concentrations (r2=0.587, pb0.001, n=89). Due
to the fact that the NLET uncorrected chla concentrations were
more comparable to the UW basin-wide phaeophytin-corrected chla
concentrations, and that there was more uncorrected chla historical
data available, all of the historical chla concentrations reported
were uncorrected for phaeophytin concentrations.

Samples for phytoplankton analysis from the north-shore surveys
(2002 and 2003) were preserved with Lugol's iodine, followed by
formaldehyde, and subsequently analyzed by the inverted micro-
scope method to species resolution (Algal Taxonomy and Ecology,
Winnipeg, MB, CAN).

Phosphorus deficiency indicators

Phytoplankton phosphorus deficiency was characterized using
particulate C:P and N:P stoichiometric ratios (Guildford et al., 2005;
Healey, 1973) and alkaline phosphatase activity (APA; Healey and
Hendzel, 1979a). Phosphorus deficiency was assessed according to
the criteria developed by Healey and Hendzel (1979b). A C:P molar
ratiob129 indicated no P deficiency, 129–258 indicated moderate P
deficiency and C:P>258 indicated extreme P deficiency. Alkaline
phosphatase activity is an enzymatic assay used to determine P defi-
ciency. Alkaline phosphatase is an enzyme localized on the cell sur-
face of algal and bacterial cells that is produced when the algae are
P deficient. This enzyme removes the phosphate molecules from dis-
solved organic P compounds, therefore, utilizing an otherwise
unavailable source of P (Ammerman et al., 2003). Alkaline phospha-
tase activity was measured fluorometrically (Healey and Hendzel,
1979a), using 5 μmol L−1 of o-methyl-fluorescein-phosphate as the
substrate. Parallel determinations were made of total and soluble ac-
tivities to distinguish between APA associated with particles and APA
in solution, the soluble activity being that passing through 0.2 μm
pore-size filters. The difference was reported as particulate activity.
Alkaline phosphatase activity (μmol Pμg chla−1 h−1)b0.003 indicat-
ed no P deficiency, 0.003–0.005 indicated moderate P deficiency and
>0.005 indicated extreme P deficiency.

Table 1
Overview of historical, basin-wide, and north shore surveys.

Year Station name Agency Data source

1973 1–22, 62–64 EPA Great Lakes Laboratory, 1974; Fig. 1A
1979, 1983–85, 1990 1–4 Env. Cana. Fig. 1A
1993, 1994, 1998 E1, E2, E3 DFO Dahl et al., 1995; Graham et al., 1996; MacDougall et al., 2001; Fig. 1A
1994, 1996–1999 23, 931, 934–936, 938 Env. Can.a Fig. 1B
2001–2003 23, 438–452, 931, 934–936, 938 UW This study, basin-wide survey; Fig. 1B
2001–2003 500–508 UW This study, north shore survey; Fig. 1C

a Not all stations were sampled in all months or all years. The Env. Can. historical data were obtained from files of the National Water Research Institute (NWRI) that were gath-
ered by Environment Canada, Ontario Region, at the Canada Centre for Inland Waters (CCIW).
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Statistical analyses

We assessed changes in water quality parameters in relation to P
loading, temporal (pre-dreissenid (1973–1985) versus post-dreissenid
(1990–2003) years) and spatial (nearshore versus offshore) effects
using a linearmixed effectsmodel (Bates et al., 2008). The use of this hi-
erarchical model allowed us to consider the contributions of the differ-
ent sources of variance (P loading rates to the lake, nearshore vs.
offshore, pre- vs. post-dreissenid invasion, year, station), and did not re-
quire equal sample sizes, thus allowing us to make inter-annual com-
parisons. Prior to analysis, all variables were log10 transformed to
meet the conditions of normality as assessed by a Shapiro–Wilk test
(p>0.05). For the basin-wide survey data, we used the following
model:

log Yij

� �
¼ β0 þ β1Ploadþ β2Temporalþ β3Spatialþ β4Temporal

�Spatialþ STNi þ YEARj þ εij

Where log(Yij) is the log of parameter Y at station i in year j, Pload
is the 3 year preceding mean centered P load (Dolan and McGunagle,
2005; Ohio Lake Erie phosphorus task force, 2010), while temporal
and spatial are categorical variables representing pre- or post-
dreissenid invasion and nearshore or offshore respectively. STNi is a
random effect for station i (different stations were sampled in differ-
ent years) and YEARj is a random effect for year j. Random effects and
the residual error (εij) are assumed drawn from a normal distribution
N (0, σ2). Pload represents the average whole lake P loads (including
Lake Huron) over the previous 3 year period. A 3 year time period
was selected based on the hydraulic residence time for Lake Erie
(2.7 years; Quinn, 1992). Although non-point sources have since be-
come a larger part of the total load post P control, these loads are
poorly characterized and difficult to quantify at present (Dolan and

McGunagle, 2005). The pre-dreissenid invasion data are largely
prior to P control so P control effects are likely to be minimized in
our analyses. Pload was log mean centered to simplify interpretation
of estimated coefficients, and Year was rescaled to Year—1973 such
that 1973 was expressed as year “0”. For several variables (denoted
a; Table 3), the dataset lacked pre-dreissenid nearshore data, there-
fore, we dropped the interaction term and tested the main fixed ef-
fects only. For the UW north-shore survey data we used the
following model structure:

log Yij

� �
¼ β0 þ β1Spatialþ STNi þ YEARj þ εij:

This is a reduced form of the model since all sampling was con-
ducted post-dreissenid invasion (2001–2003), but we wanted to as-
sess spatial effects. Mixed models were fit using the lme4 package
(Bates et al., 2008) in the statistical software ‘R’ (R Development
Core Team, 2008) using restricted maximum likelihood (REML). Test-
ing for significance of fixed effects in mixed models using the lme4
package is not straightforward since the p values are potentially
strongly anti-conservative due to the fact that the number of residual
degrees of freedom cannot be accurately determined (Bolker et al.,
2009). Therefore, we based our assessment of the significance of a
fixed effect on the highest posterior density intervals (HPDI; Bolker
et al., 2009). We consider that a fixed effect was significant when
the HPDI did not include zero. HPDI were computed from the poste-
rior distribution of parameter estimates with Markov Chain Monte
Carlo methods using the pvals.fnc wrapper (package ‘LanguageR’;
Baayen et al., 2008) with n=5000 samples and uniform priors for
fixed effects. If the interaction between spatial and temporal effects
was significant, we tested specific interaction contrasts using simulta-
neous tests for general linear hypotheses using the ‘multcomp’ pack-
age (Hothorn et al., 2008). A sub-section of north-shore survey data

Table 2
Comparison of methods for the water quality parameters from the institutions employing the surveys.

EPA Env. Can. DFO UW
(basin-wide and north shore surveys)

Physical conditions
Conductivity,
temperature,
depth

YSI model 54 dissolved
oxygen-temperature profiler

Electronic Bathy Thermograph (EBTT) profiler Hydrolab profiling
system

EBTT profiler (basin-wide survey)
or a SeaBird™ SBE-19 profiler or a
Hydrolab (north shore survey)

Secchi depth NC Secchi disk Secchi disk Secchi disk
Kd NC Underwater quantum sensor profiles taken at

select stations from 1979–1990a
Underwater quantum
sensor profiles

Underwater quantum sensor profiles taken and
calculated as in North et al. (2007)a

Mean water
column PAR

NC Guildford et al. (2000) Guildford et al.
(2000)

Guildford et al. (2000)

Water chemistry
TP USEPA (1971) NLET (1994) NLET (1994) NLET (1994)
TDP USEPA (1971) NLET (1994) NLET (1994) NLET (1994)
SRP NC NLET (1994) NLET (1994) NLET (1994)
Particulate P Calculated by difference

(TP–TDP)
Calculated by difference
(TP–TDP)b

Calculated by
difference (TP–TDP)

Stainton et al. (1977)c

NO3
−+NO2

− USEPA (1971) NLET (1994) NLET (1994) NLET (1994)
NH4

+ USEPA(1971) NLET (1994) NLET (1994) NLET (1994)d

DRSi NC NLET (1994) NLET (1994) NLET (1994)
Cl− NC NLET (1994) NLET (1994) NLET (1994)
Particulate Si NC NCb NC Stainton et al. (1977)
Particulates
C and N

Great Lakes Laboratory (1974) NLET(1994)b NLET (1994) Stainton et al. (1977)

Chl a Strickland and Parsons (1968) Strickland and Parsons (1968) Strickland and
Parsons (1968)

North et al. (2007)

NC, not collected; Kd, attenuation coefficient for PAR.
a Where underwater quantum sensor profiles were not collected, kd was estimated from the linear relationship between kd and %T (percent transmission measured by the EBTT

profiler).
b Exception of 1997 samples (Guildford et al., 2005).
c Exception of 2003 samples (Parsons et al., 1984).
d Exception of 2002 and 2003 samples (Holmes et al., 1999).
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(seven stations in August 2002 and six stations in July 2003) and
the APA data from both the basin-wide and north-shore surveys
were analyzed with a one-way ANOVA to test for spatial differ-
ences (nearshore versus offshore) and a α-value of 0.05 was ap-
plied. All data were pooled over the stratified summer season
(June–September).

Results

Reductions in external phosphorus loading and associated changes in
phytoplankton and nutrient dynamics

In the basin-wide and historical surveys, chla and TP concentra-
tions were significantly higher in the eastern basin of Lake Erie in
pre- compared to post-dreissenid years and there were significant
effects of P loading on the TP concentrations reflecting the success-
ful P loading controls (Table 3, Figs. 2A,B). Coincident with the tem-
poral decreases in chla and TP concentrations in the lake, there was
also a difference in the proportion of chla relative to TP (Table 3,
Fig. 2C).

Although there were no significant differences at the offshore sta-
tions for Secchi depths between pre- and post-dreissenid years (data
not shown), the kd values indicate an improving light environment.
Pre-dreissenid kds were significantly higher than post-dreissenid
values and the linear mixed effects model showed a significant P
loading effect (Table 3, Fig. 2E).

While SRP concentrations were not significantly different between
pre- and post-dreissenid years (Table 3, Fig. 3D), TDP concentrations
were significantly affected by P loads, spatial, and temporal effects
(Table 3, Fig. 3A). In 1973, NO3

−+NO2
− concentrations (mean=

6.9 μmol L−1) were lower than post-dreissenid concentrations
(mean=15.5 μmol L−1). Although temporal changes were not statis-
tically significant, NO3

− concentrations have more than doubled since
1973 (Table 3, Fig. 3B). There were no significant temporal differences
in dissolved reactive Si (DRSi) concentrations (Table 3, Fig. 3C). Indi-
cators of P deficiency, the C:P (Fig. 4A) and N:P ratios (data not
shown), display trends that suggest that Lake Erie seston became
more P deficient; however, this temporal effect was not significant
(Table 3).

Nearshore–offshore distribution of seston and nutrients in pre- and post-
dreissenid years

The linear mixed effects model revealed a significant interaction
for chla concentrations between the pre- and post-dreissenid years,
and nearshore versus offshore (Table 3). In 1973 (the only
pre-dreissenid year nearshore data was collected), nearshore chla
concentrations were significantly (pb0.05) higher than offshore, in
contrast to the post-dreissenid years where nearshore chla concen-
trations were significantly (pb0.001) lower than offshore (Table 3,
Fig. 2A). Post-dreissenid (2001–2002) picoplankton (0.2–2 μm) chla
concentrations were also significantly (pb0.01) lower in the near-
shore (n=35, mean=0.50 μg L−1) than the offshore (n=48,
mean=0.70 μg L−1). However, the contribution of picoplankton to
total chla was similar between the nearshore (39%) and the offshore
(41%). There were no significant spatial differences between near-
shore and offshore TP concentrations in either 1973 or post-
dreissenid years (Table 3, Fig. 2B). The linear mixed effects model re-
vealed a significant spatial–temporal interaction for chla/TP ratios be-
tween 1973 and post-dreissenid years, and nearshore versus offshore
(Table 3). In 1973 there was no significant difference between near-
shore and offshore chla/TP ratios; however, in the post-dreissenid
years there was a substantial difference in the ratio with 39% more
chla per unit of TP offshore compared to nearshore (pb0.001,
Table 3, Fig. 2C).

Table 3
Mixed model output for basin-wide survey (Figs. 1A,B) data showing phosphorus load-
ing (preceding 3-year mean), spatial (nearshore versus offshore) and temporal
(pre-dreissenid (1973, 1979, 1983–1985) versus post-dreissenid (1990, 1993–1994,
1996–1999, 2001–2003) invasion) effects on water quality parameters in the eastern
basin of Lake Erie. All parameters were log transformed for statistical analyses. Interac-
tions (spatial and temporal effects represented only) shown below only if significant.
Significant differences are indicated by ***b0.001, **b0.05, *b0.10.

Parameter Fixed effect Estimate MCMC
mean

LPDI HPDI

Chl a Intercept 0.130 0.139 −0.034 0.304
P loads −0.142 −0.119 −0.648 0.415
Spatial** 0.425 0.422 0.308 0.528
Temporal** 1.173 1.160 0.763 1.539
Interaction: spatial*
temporal**

−0.733 −0.735 −0.995 −0.492

TP Intercept −1.261 −1.262 −1.432 −1.107
P loads* 0.532 0.528 −0.009 1.030
Spatial −0.024 −0.023 −0.111 0.073
Temporal* 0.333 0.353 −0.038 0.774

Chl a/TP Intercept −2.047 −2.040 −2.248 −1.839
P loads** −0.747 −0.725 −1.372 −0.088
Spatial 0.457 0.455 0.314 0.597
Temporal 0.787 0.755 0.254 1.236
Interaction: spatial*
temporal**

−0.689 −0.676 −0.987 −0.358

Kd
a Intercept −1.252 −1.255 −1.365 −1.144

P loads* −0.237 −0.245 −0.535 0.058
Spatial −0.038 −0.038 −0.155 0.079
Temporal* 0.195 0.199 0.008 0.385

Particulate
C

Intercept 3.019 3.017 2.766 3.252
P loads 0.230 0.225 −0.493 1.020
Spatial 0.176 0.181 0.057 0.310
Temporal 0.439 0.465 −0.086 0.977
Interaction: spatial*
temporal*

−0.309 −0.337 −0.688 0.003

C: chl a Intercept 2.805 2.803 2.559 3.022
P loads 0.153 0.140 −0.538 0.839
Spatial −0.209 −0.204 −0.347 −0.049
Temporal −0.537 −0.516 −1.056 0.008
Interaction: spatial
temporal*

0.362 0.343 −0.041 0.718

SRPa Intercept −3.763 −3.761 −4.071 −3.428
P loads 0.001 −0.018 −1.210 1.239
Spatial** −0.261 −0.264 −0.446 −0.086
Temporal 0.059 0.059 −0.548 0.599

TDP Intercept −2.014 −2.013 −2.158 −1.868
P loads** −0.570 −0.569 −1.037 −0.099
Spatial** −0.079 −0.079 −0.157 −0.002
Temporal** 0.397 0.384 0.048 0.933

Particulate
P

Intercept −2.059 −2.059 −2.326 −1.785
P loads* 0.876 0.873 0.016 1.696
Spatial 0.094 0.094 −0.059 0.234
Temporal 0.427 0.449 −0.126 1.010

NO3
−+NO2

− Intercept 2.617 2.613 2.445 2.776
P loads** −1.058 −1.055 −1.572 −0.555
Spatial* −0.113 −0.104 −0.208 −0.001
Temporal 0.028 0.035 −0.368 0.448

NH4
+ Intercept 0.287 0.286 −0.097 0.692

P loads* 1.509 1.500 0.253 2.828
Spatial** −0.331 −0.328 −0.548 −0.128
Temporal −0.665 −0.612 −1.644 0.377

Particulate
Na

Intercept 1.293 1.299 0.913 1.688
P loads 0.418 0.431 −0.554 1.582
Spatial* 0.121 0.119 −0.021 0.252
Temporal −0.204 −0.214 −0.756 0.267

DRSia Intercept 2.478 2.475 2.153 2.774
P loads 0.451 0.456 −0.858 1.782
Spatial*** −0.284 −0.282 −0.426 −0.147
Temporal 0.289 0.281 −0.593 1.093

C:P Intercept 4.885 4.893 4.586 5.174
P loads** −1.326 −1.324 −2.180 −0.505
Spatial 0.084 0.082 −0.102 0.267
Temporal 0.006 −0.028 −0.684 0.656

a Parameters for which the dataset lacked a pre-dreissenid nearshore measurement
so the interaction term was dropped and the separate main fixed effects were tested;
MCMC, Markov Chain Monte Carlo; LPDI, lowest posterior density intervals; HPDI,
highest posterior density intervals.
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The linearmixed effectsmodel revealed a significant spatial–temporal
interaction for particulate C concentrations between 1973 and post-
dreissenid years, and nearshore versus offshore (Table 3). As observed
for the chla/TP ratio, there were no nearshore–offshore differences in
1973 particulate C concentrations; however, within the post-dreissenid
years, the particulate C was significantly (pb0.05) lower nearshore than
offshore (Table 3). In contrast to the size fractioned chla, size fractioned
(0.2–2 μm)particulate C concentrations and the percentage of particulate
C represented by picoplankton, were similar between the nearshore
(mean=13.01 μmol L−1; 50%) and offshore (mean=13.90 μmol L−1;
48%). The linear mixed effects model also revealed a significant interac-
tion for C:chl a ratios between pre- and post-dreissenid years, and
nearshore versus offshore (Table 3). The difference between nearshore
and offshore 1973 ratioswas not significant, while the post-dreissenid ra-
tios were significantly (pb0.05) lower in the offshore compared to the
nearshore (Table 3, Fig. 2D).

There was no significant difference between nearshore and offshore
kd values in the post-dreissenid years (Table 3, Fig. 2E). The parameter

mean water column PAR, is a function of kd and the mixing depth of
the epilimnion (Zmix); and the post-dreissenid nearshore mean PAR
(as percent of surface incident PAR) was significantly (pb0.001) higher
nearshore than the offshore (Fig. 2F).

In 1973, there were no significant differences between nearshore
and offshore TDP concentrations, while in the post-dreissenid years,
nearshore TDP and SRP concentrations were significantly higher
than offshore (Table 3, Figs. 3A,D). The 1973 particulate P concentra-
tions (mean=0.96 μmol L−1) were higher than the post-dreissenid
concentrations (mean=0.14 μmol L−1; data not shown), although
there were no significant spatial or temporal effects (Table 3). In
1973, there were no significant differences between nearshore and
offshore dissolved inorganic N (NO3

−, NH4
+) concentrations (Table 3).

In the post-dreissenid years, the NO3
− and NH4

+ concentrations were
significantly higher in the nearshore than the offshore (Table 3,
Figs. 3B,E), similar to the pattern observed for SRP and TDP. There
were no significant differences in particulate N concentrations between
pre- and post-dreissenid years, but concentrations were significantly

Fig. 2. Comparison of basin-wide nearshore and offshore historical trends in mean annual water quality parameters. A) Chla concentrations (n=413, log axes), B) TP concentrations
(n=470, log axes), C) chla:TP ratio (n=404, log axes), D) C:chla ratios (n=268), E) the attenuation coefficient for PAR (kd; n=392), F) the mean water column light intensity as a
percent of surface irradiance (mean water column PAR; n=230). The values shown are pooled seasonally (June–September) over all stations (Figs. 1A and B) and exclude the north
shore survey data (Table 4 and Fig. 1C). Error bars represent one standard error of the mean and the arrow indicates the year of dreissenid invasion to the eastern basin (1989).
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lower in the nearshore than the offshore in the post-dreissenid years
(Table 3, data not shown). Within the post-dreissenid years, DRSi con-
centrations were significantly higher in the nearshore than the offshore
(Table 3, Fig. 3C). There were no significant differences between the
nearshore and offshore for post-dreissenid (2001–2003) particulate Si
concentrations (data not shown).

In both pre- and post-dreissenid years, there were no significant
spatial effects on C:P ratios; an P deficiency indicator (Table 3,
Fig. 4A). A second P deficiency indicator, APA, showed that the
post-dreissenid years (1997, 2001, and 2002) were all moderately
to extremely P deficient. The APA indicated significantly (pb0.05)
stronger P deficiency in the offshore than the nearshore for both
2001 and 2002 (Fig. 4B).

Post-dreissenid nearshore–offshore differences in seston and nutrient
dynamics

In the north shore survey of the post-dreissenid years (2001–2003),
nearshore chla concentrations were significantly lower than offshore
(Table 4). Picoplankton (0.2–2 μm) chla concentrations were also
significantly (pb0.05) lower in the nearshore (n=35, mean=
0.35 μg L−1) than the offshore (n=31, mean=0.51 μg L−1; data not
shown). However, the percentage of total chla that is represented by
picoplankton was similar between the nearshore (40%) and the

offshore (39%). Conversely, the TP concentrations were significantly
higher in the nearshore relative to the offshore, and a comparison of
the chla:TP ratio revealed a significantly lower ratio in the nearshore
(Table 4).

There were no significant differences between nearshore and
offshore particulate C concentrations (Table 4). Size-fractioned
(0.2–2 μm) particulate C concentrations and the percentage of partic-
ulate C represented by picoplankton were similar between the near-
shore (15.1 μmol L−1; 58%) and offshore (14.4 μmol L−1; 57%),
respectively (data not shown). A selection of microscopic phyto-
plankton counts and corresponding biovolume estimates (seven sta-
tions in August 2002 and six stations in July 2003) supported the
chla data (Fig. 5). Phytoplankton biovolumes were significantly
lower (p=0.041, n=13) in the nearshore relative to the offshore,
as were chla concentrations (p=0.019, n=13) in the north shore
surveys of 2002 and 2003 (Fig. 5). The particulate C concentrations
did not differ statistically (p=0.320, n=13) between the two re-
gions (Fig. 5).

The kd values were significantly higher in the nearshore relative to
the offshore, however, mean water column PAR indicated a signifi-
cantly higher light climate in the nearshore (Table 4). There were
significantly higher nearshore NH4

+ and particulate P and Si concen-
trations and there were no differences between nearshore and off-
shore TDP, SRP, NO3

−, particulate N and DRSi concentrations (Table 4).
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The C:P molar ratio indicated significantly higher seston P defi-
ciency offshore (borderline extreme P deficiency) than in the near-
shore (moderately P limited; Table 4). The indicator APA showed no
significant differences between the nearshore and the offshore, al-
though the nearshore phytoplankton had a lower average value, on
the border between moderate and extreme P deficiency. The average
offshore APA was consistently well above the threshold for extreme P
deficiency (Table 4).

Discussion

The key elements of the design of this study were to use both the
observed trends over time before and after mussel invasion in the
eastern basin of Lake Erie in combination with the observed differ-
ences between nearshore and offshore to test for spatial changes as
well. Independently, both basin-scale and more spatially resolved
north-shore surveys were tested for nearshore–offshore differences.
We found lower post-dreissenid nearshore chla concentrations, indi-
cators of P deficiency, and higher C:chla ratios associated with higher
mean irradiance, relative to the offshore. The results suggest a com-
bined influence of mussel grazing, nutrient excretion, and light avail-
ability as key factors determining recent patterns between nearshore
and offshore in the eastern basin of Lake Erie.

Basin-scale comparisons may be limited in their power be-
cause natural variability is likely to be large at this scale, making
significant differences difficult to detect because of inter-annual
variability. Methodological differences between years and gov-
ernmental institutions also pose a challenge for the basin-scale

comparisons, as illustrated by Esterby and Bertram (1993)
wherein a three-ship inter-comparison study was performed in
the central basin of Lake Erie. They report laboratory-specific dif-
ferences in TP concentrations from samples collected at the same
time and location that were large enough to interfere with the as-
sessment of temporal trends. Our 2001–2003 basin-wide and
north shore survey data showed good agreement between pa-
rameters collected by Environment Canada and the University of
Waterloo. Also, our nearshore–offshore comparison within the
same year and agency validated the trends seen in combined
agency data over earlier years. While caution should be exercised
in cross-agency comparisons, multiple sources of evidence appear
to yield similar conclusions.

Pelagic oligotrophication due to P-loading controls

Absolute concentrations of both TP and chla have decreased over
the decades of nutrient control and mussel invasion. The application
of mass balance modeling to the central basin has revealed that total
lake loadings are capable of explaining the current offshore TP concen-
trations (Rockwell et al., 2005). In 2002, Dolan andMcGunagle (2005)
estimated that non-point source loading is now larger (61%) than
point source loading (20%) and non-point sources constitute the dom-
inant external loading to the east basin, although they have not in-
creased in absolute terms over time.

Phytoplankton in the eastern basin of Lake Erie becamemore P de-
ficient over our observation period. There was a significant increase in
C:P ratios, similar to previous reports for the western basin of Lake
Erie (Makarewicz et al., 2000). Offshore eastern basin phytoplankton
have been characterized as not P deficient in 1979 (Lean et al., 1983)
to moderately P deficient in 1997 (Guildford et al., 2005). The near-
shore of Lake Erie also showed signs of becoming more P deficient
post-mussel invasion. Nicholls et al. (1999b) showed that TN:TP ra-
tios were higher at nearshore sites in the eastern basin of Lake Erie
post-dreissenids (1990–1994) than pre-dreissenids (1984–1987), and
the present results show that APA values are in the P deficiency range
in both nearshore and offshore in post-dreissenid years, although near-
shore rates are consistently lower than offshore rates. Control of P loads
to Lake Erie appears to have successfully reduced P concentrations and in-
creased the intensity of P limitation for phytoplankton in the eastern
basin even as mussels have colonized the lake.

Are changes in basin-scale nearshore–offshore patterns consistent with
expected dreissenid effects?

Mussels have been present throughout the eastern basin of Lake
Erie from 1989 to present and in 2002 densities of mussels (entirely
quaggas) averaged 9480 m−2 in the east basin (Patterson et al.,
2005) around the time of our surveys. An examination of the
basin-wide temporal trends reveals discontinuities before and after
the mussel invasion. Total phosphorus in the eastern basin was
trending downward before invasion, as P loading decreased (Dolan
and McGunagle, 2005), but this trend appears to have been arrested
at about the time of invasion. The chla:TP ratio was increasing before
invasion but the trend ceased or even reversed in the eastern basin
after invasion. In contrast, chla decreased significantly over the
whole observation period with no change in trend between pre-
and post-dreissenid periods. There was no statistically significant
change in the total P load in the post-dreissenid period of observation
(1991–2004; Dolan and McGunagle, 2005) but the east basin
supported less chla, consistent with offshore observations during
the early spring period (Barbiero et al., 2006). This change was stron-
gest in the nearshore, where chla:TP ratios became lower than off-
shore ratios. The north-shore survey data confirmed that the
nearshore supported lower chla despite, in that study area, signif-
icantly higher TP than the offshore. Diminished chla/TP ratios can
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be expected where mussel grazing rates are high enough to cause
the combined phytoplankton loss rates to exceed replacement
rates (Padilla et al., 1996). In lake-wide studies, post-dreissenid
offshore chla/TP ratios (0.11–0.33; Charlton and Milne, 2004)

were higher than post-dreissenid nearshore ratios (0.02–0.05;
Nicholls et al., 1999a) from water intake samples. Nicholls et al.
(1999a) found that chla and TP in the nearshore were highly corre-
lated, with 75% of the chla variance explained by TP before invasion

Table 4
Arithmetic means (one standard error of the mean in parentheses) for nearshore (n=37) and offshore (n=33) north shore survey (Fig. 1C) data from 2001 to 2003. Significant
differences between nearshore and offshore water quality parameters resulting from the mixed model output are indicated by ***b0.001, **b0.05, *b0.10. All parameters were
log transformed. Bolded values indicate P deficiency according to the deficiency indicators as defined by Healey and Hendzel (1979b).

Parameter Mean (SE) Fixed effect Estimate MCMC mean LPDI HPDI

Chl a (μg L−1) ns 0.9 (0.09) Intercept −0.225 −0.221 −0.810 0.323
os 1.4 (0.13) Spatial** 0.471 0.469 0.196 0.726

TP (μmol L−1) ns 0.33 (0.03) Intercept −1.214 −1.218 −1.659 −0.7963
os 0.25 (0.01) Spatial* −0.226 −0.225 −0.472 0.012

Chl a/TP ns 0.11 (0.01) Intercept −2.409 −2.403 −2.931 −1.876
os 0.18 (0.02) Spatial** 0.616 0.602 0.296 0.895

Kd (m−1) ns 0.47 (0.03) Intercept −0.834 −0.840 −1.263 −0.456
os 0.24 (0.01) Spatial** −0.643 −0.637 −0.802 −0.468

Mean water column PAR (%) ns 42.94 (2.19) Intercept 0.663 0.664 0.555 0.797
os 29.97 (2.04) Spatial*** −0.114 −0.115 −0.172 −0.052

Particulate C (μmol L−1) ns 27.98 (1.47) Intercept 3.290 3.289 3.126 3.439
os 26.74 (1.29) Spatial −0.045 −0.044 −0.211 0.106

TDP (μmol L−1) ns 0.18 (0.01) Intercept −1.791 −1.796 −2.102 −1.495
os 0.15 (0.01) Spatial −0.102 −0.096 −0.241 0.061

SRP (μmol L−1) ns 0.05 (0.01) Intercept −3.121 −3.123 −3.724 −2.605
os 0.04 (0.01) Spatial −0.117 −0.120 −0.381 0.125

Particulate P (μmol L−1) ns 0.18 (0.01) Intercept −1.809 −1.801 −2.365 −1.294
os 0.13 (0.01) Spatial** −0.376 −0.377 −0.653 −0.095

NO3
−+NO2

− (μmol L−1) ns 13.8 (0.8) Intercept 2.567 2.562 2.320 2.811
os 14.0 (0.8) Spatial 0.014 0.017 −0.171 0.202

NH4
+ (μmol L−1) ns 0.87 (0.11) Intercept −0.093 −0.087 −0.77 0.553

os 0.60 (0.11) Spatial** −0.494 −0.493 −0.837 −0.146
Particulate N (μmol L−1) ns 3.5 (0.29) Intercept 1.179 1.176 0.845 1.461

os 3.2 (0.14) Spatial −0.050 −0.049 −0.228 0.136
DRSi (μmol L−1) ns 12.0 (1.4) Intercept 2.274 2.275 1.787 2.731

os 10.8 (1.1) Spatial −0.001 0.003 −0.438 0.427
Particulate Si (μmol L−1) ns 3.6 (0.6) Intercept 1.031 1.027 0.554 1.458

os 2.0 (0.2) Spatial** −0.445 −0.442 −0.765 −0.134
C:P (molar ratio) ns 177 (17) Intercept 5.097 5.090 4.623 5.593

os 255 (20) Spatial** 0.337 0.346 0.057 0.596
APA (μmol P μg chl a−1 h−1) ns 0.009 (0.003)

os 0.015 (0.005)

ns, nearshore; os, offshore; MCMC, Markov Chain Monte Carlo; LPDI, lowest posterior density intervals; HPDI, highest posterior density intervals.

Nearshore Offshore

0.0

0.5

1.0

1.5

2.0

2.5

C
hl

a 
( 

gL
-1

)
 

0

100

200

300

400

Phytoplankton biovolum
e (m

g m
-3)

Pa
rt

ic
ul

at
e 

C
 (

   
m

ol
 L

-1
)

10

20

30

40

Particulate C

Biovolume
Chla

Fig. 5. Comparison of nearshore and offshore north-shore survey phytoplankton biomass indicators from surveys in August 2002 and July 2003. Triangles represent the particulate C
concentrations (n=13), circles represent the chla concentrations (n=13), and squares represent the phytoplankton biovolume estimates (n=13). Error bars represent one stan-
dard error of the mean.

472 R.L. North et al. / Journal of Great Lakes Research 38 (2012) 463–476



Author's personal copy

but only 14% after invasion and a lower chla at the same TP.
“Decoupling” of the chla–TP relationship in the nearshore of Lake
Erie appears to be a result of lower chla concentrations and not
changes in TP.

The evidence presented here supports previous evidence that
mussels can have an impact on chla, even in large lakes. They also
strengthen the evidence that the impact is likely to be strong in
shallower, nearshore waters and produce changes in patterns be-
tween nearshore and offshore. However, grazing in the nearshore
by zooplankton could also explain the lower chla concentrations.
There is evidence that Daphnia grazing was more important than
mussel grazing after the invasion in the western basin of Lake Erie
(Wu and Culver, 1991) where average mussel densities in 2002
were relatively low (601 m−2, Patterson et al., 2005). Nicholls and
Hopkins (1993) concluded that most of the chla and phytoplankton
biomass declines in Lake Erie water intake samples were due to mus-
sels, not zooplankton, because observed effects were strong in sea-
sons of typically low cladoceran grazing impacts. Total zooplankton
densities in the east basin did not reveal significant differences be-
tween nearshore and offshore samples in 1993, 1994, or 1998, and
the cladoceran densities were lower in the nearshore than the off-
shore; significantly so for Daphnia species (MacDougall et al., 2001).
The relative importance of dreissenids' grazing impact to those of
zooplankton varied among years in the eastern basin (Zhang et al.,
2011). Zooplankton grazing is therefore unlikely to explain the con-
sistently lower chla concentrations in the nearshore of the eastern
basin of Lake Erie after the mussel invasion.

If mussel grazing lowers nearshore phytoplankton biomass, then
there should be a decline in particulate nutrients (C, P, N, Si) and an
increase in dissolved nutrients due to mussel excretion and decreased
instantaneous nutrient demand by phytoplankton. Previous studies
have found lower particulate nutrient concentrations consequent to
mussel invasion in the more enclosed waters of Oneida Lake (Idrisi
et al., 2001) and Saginaw Bay (Johengen et al., 1995). The basin-
wide survey particulate C and N concentrations show expected effects
of mussel grazing, however the particulates P and Si and north-shore
survey particulate C, N, P and Si concentrations gave a varied and/or
non-significant difference between nearshore and offshore in the
eastern basin of Lake Erie. The patterns in particulate nutrients will
reflect altered phytoplankton composition, nutrient status, and con-
tributions of non-algal material to the seston. There is potential for
offsetting effects. For example, P status indicators (C:P, APA) show
lower P deficiency in the nearshore, which may reflect higher intra-
cellular P concentrations than the offshore or more detrital P contri-
bution to the seston in the nearshore. The lack of statistically
significant spatial differences and in some cases, higher particulate
nearshore concentrations, can probably be explained by either shore-
line eroded material, or resuspension of particles from the bottom
sediments at shallow well-mixed locations. As erosion of shoreline
material is generally highest in spring, it is likely that the summer
particulate C, N, P and Si concentrations in the nearshore reflect
resuspension which can include mussel feces and pseudofeces. This
may explain the similar concentrations of particulate C nearshore
and offshore, even when the phytoplankton biomass and chla con-
centrations were lower nearshore. Detritus of benthic origin may
be more important in the nearshore seston after mussel coloniza-
tion. Nearshore seston had similar δ13C and δ15N signatures to mus-
sel biodeposits collected from our stations 504, 503, and 502 in
2002 (Fig. 3 in Szabo, 2004; Upsdell, 2005), suggesting that
resuspension of benthic material may mask the loss of planktonic
particles from the water column. Photoacclimation in response to
greater mean PAR could also contribute by allowing phytoplankton
to accumulate more C per biovolume as well as per chla (Thompson
et al., 1991).

The higher dissolved nutrient concentrations in the nearshore of
the eastern basin relative to the offshore after mussel colonization

were consistent with spatial variation of both increased biologically
available P (SRP) from the catchment (Ohio Lake Erie phosphorus
task force, 2010), and the impact of mussel grazing and nutrient ex-
cretion that is hypothesized by the nearshore shunt (Hecky et al.,
2004). The differences in nutrient concentrations were also reflected
in the pattern of P deficiency, which was stronger offshore than near-
shore. Our data may underestimate the strength of the enhancement
of nearshore dissolved nutrients, as concentrations (especially for dis-
solved P) were widely variable among years and limited the statistical
power of our analyses. The variability may have been due to high bi-
ological demand by bacteria, phytoplankton, and benthic algae as
well as variable advection at our open coastal sites that makes the dis-
solved P quite dynamic. Mussel-regenerated SRP was rapidly re-
moved by bacteria and phytoplankton during experiments in
Saginaw Bay (Heath et al., 1995), for example. Model simulations
for the eastern basin of Lake Erie in 1997–1999 demonstrated only a
1% influence of mussels (including both excretion and grazing pro-
cesses) on water column SRP, which they attribute to mixing process-
es (Zhang et al., 2011). In addition, the higher mean water column
PAR in the nearshore has facilitated the growth of benthic algae, espe-
cially Cladophora, that exhibit P limited growth (Auer et al., 2010).
Davies and Hecky (2005), studying in situ benthic productivity at an
open coastal site near our study locations, observed enhanced pro-
ductivity of benthic algae in mussel beds suggesting that P demand
by benthic algae would also be high. Increased demand for P by ben-
thic algae has likely limited the extent of increased dissolved P con-
centrations in the nearshore.

Previous work has demonstrated the potential of mussels to alter
phytoplankton P status. Arnott and Vanni (1996) measured mussel
excretion rates in the western basin of Lake Erie and found that the
dissolved inorganic forms of N and P excreted by mussels were at a
lower ratio (i.e. below 16:1), which could relieve phytoplankton of
P deficiency. Heath et al. (1995) reported that phytoplankton sub-
jected to mussel grazing in mesocosms in Saginaw Bay had more P
available to them per cell and measured this release from P defi-
ciency as a decline in the rate of phosphate uptake to less than
1% of the controls. The present results support previous indications
that mussels can alter the P status of phytoplankton in the near-
shore relative to the offshore even in the large, open coastal near-
shore of the eastern basin of Lake Erie as evidenced by lower
indicators of P deficiency in the nearshore, relative to the offshore
(North et al., 2007).

Mussels also excrete NH4
+ (Arnott and Vanni, 1996), perhaps con-

tributing to the elevated concentrations we observed in the near-
shore. However, the realization of the low N:P ratio in dreissenid-
excreted nutrients, while relieving the inherent P limitation of the
phytoplankton, could also be promoting secondary N deficiency as
postulated by Moon and Carrick (2007). In the offshore of the central
basin in the late summer and fall of 2002–2003, Moon and Carrick
(2007) reported symptoms of N deficiency in bioassay experiments.
Although Lake Erie is primarily P limited, there are sometimes symp-
toms of N deficiency (Guildford et al., 2005). During such an occur-
rence of N deficiency in the summer stratified season, North et al.
(2007) showed was less severe in the nearshore than the offshore
of the north-shore of the eastern basin after mussel colonization.
Upsdell (2005) reported that in 2002, seston from the nearshore
north-shore survey stations (Fig. 1C) was on average enriched in
15N relative to the offshore. This too is consistent with effects of mus-
sel excretion, which produces NH4

+ that is 15N enriched compared to
NO3

− (McCusker et al., 1999).
Similar to NH4

+, NO3
− concentrations were higher in the nearshore

than offshore in post-mussel years, and NO3
− also showed a trend to

higher concentrations in recent years. There is evidence that the
ratio of N:P and absolute concentrations of NO3

− in water entering
the eastern basin from the watershed have been increasing over
much of the period considered here. At the mouth of the Grand
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River (Dunnville monitoring station), NO3
− concentrations have

increased significantly (1980–1998), coinciding with a declining
trend (1973–1997) in TP concentration and load (Ontario
Ministry of Environment, 2002). Our lake data reflect these trends
and show an increase in NO3

−+NO2
− and a significant decrease in

TP concentrations from 1973 to 2003 in both the nearshore and
the offshore of the eastern basin. Chloride (Cl−) concentrations
can serve as a conservative tracer for terrestrial runoff and, unlike
NO3

−, did not reveal any significant differences between nearshore
and offshore in post-dreissenid years (data not shown). The Cl−

data indicate that the higher dissolved nutrients, specifically NO3
−,

found in the nearshore are not due to local runoff effects. Enhanced pro-
duction of NH4

+ in the mussel-colonized nearshore, due to mussel ex-
cretion activity as well as decomposition of detritus in the benthic
community, may be supporting enhanced rates of nitrification and con-
tributing to the observed higher NO3

− concentrations.
Higher DRSi concentrations in the nearshore could be due to re-

duced uptake by diatoms, combined with mussels breaking down
andmetabolizing phytoplankton cells causing structural silicon to un-
dergo redissolution (Dame et al., 1991). Post-dreissenid Si increases
(Guildford et al., 2005) and pelagic diatom biomass decreases
(Barbiero et al., 2006) have been documented for Lake Erie. In the
nearshore of the eastern basin, we could be seeing a shift from diatom
dominated benthos to green alga dominated (Cladophora). However,
the impact of this shift on Si dynamics is unclear as Cladophora can
also increase the surface area available for colonization of epiphytic
diatoms as seen in Lake Ontario (Malkin et al., 2009). In Saginaw
Bay, Johengen et al. (1995) also found higher Si concentrations at
mussel-impacted inner bay sites relative to outer bay and control
sites.

What do trends in Chla represent?

Present and previous results give strong evidence that mussel
grazing can lower chla concentrations in many natural settings, but
chla can have a variable relationship to phytoplankton biomass
(Conroy et al., 2005; Fitzpatrick et al., 2007; but see Carrick et al.,
2005). Chla was not significantly correlated to phytoplankton wet
biomass in the offshore of Lake Erie (Conroy et al., 2005). In western
Lake Erie, Fitzpatrick et al. (2007) reported declines in chla concen-
trations from 1970 to 2001, however, the total phytoplankton bio-
mass remained the same and there was a nearly 50% decrease in
the chla to phytoplankton biomass ratio. They attributed the differ-
ences to changes in composition, size–structure, and photo-adaptive
state of the phytoplankton community (Fitzpatrick et al., 2007). How-
ever, Carrick et al. (2005) showed strong correlations between phyto-
plankton biomass (measured as C determined from cell counts) and
chla (r2=0.91) in the central basin of Lake Erie in 2002. Their 2002
central basin offshore summer chla concentrations (2.0 μg L−1;
Carrick et al., 2005) were also comparable to our 2002 eastern basin
offshore concentrations (1.8 μg L−1). Our north-shore survey data
also indicated that chla concentrations in the nearshore were reflec-
tive of similar differences in phytoplankton biomass (Fig. 5). Addi-
tional evidence of lower phytoplankton biomass in the nearshore
(Stn. E3) relative to the offshore (Stn. E2) of the eastern basin was
also found in the 1998 DFO survey (MacDougall et al., 2001) by
Munawar et al. (2008).

While the evidence from limited samples from the eastern basin
does point to a selective decrease of phytoplankton and associated
chla in the nearshore, the changing light conditions in the lake
could also be expected to affect chla concentrations and the relation-
ship between chla and phytoplankton biomass. Photoacclimation is a
physiological response that manifests as a reduction in photosynthet-
ic pigment content in response to increased irradiance (MacIntyre et
al., 2002) and mean irradiance has increased in the east basin (pres-
ent results; Auer et al., 2010; Barbiero et al., 2006). Examination of

the differences in the basin-wide C:chla ratio between the nearshore
and offshore of pre- and post-dreissenid years allowed us to infer
photoacclimation as indicated by a large C:chla ratio (Fig. 2D;
MacIntyre et al., 2002). We are cognizant of the fact that a high C:
chla ratio can also reflect nutrient deficiency (Healey and Hendzel,
1979b) as well as increased contribution of heterotrophic organisms
and detrital C to sestonic C concentrations (Carrick et al., 2005). How-
ever, our inference of photoacclimation is also supported by the
higher mean water column irradiance in the nearshore as a result of
mussel grazing reducing turbidity and also by the evidence for gener-
ally higher dissolved nutrient concentrations and reduced nutrient
deficiency in the nearshore. These changes make it unlikely that the
increase in C:chla is a result of increased nutrient deficiency, but
more probable that increased ratios are a result of increased PAR
availability in the nearshore post-dreissenids. However, our results
also indicate a post-dreissenid increase in C:chla in the offshore
where nutrient deficiency and the nutrient effect on C:chla may be
stronger. More directed research will be necessary to establish the
importance of photoacclimation effects on chla concentrations in
the eastern basin.

Benthic–pelagic interactions and future conditions

Smith et al. (2005) reported that offshore waters of post-
dreissenid Lake Erie exhibited high primary production rates relative
to TP when compared with mussel-free Great Lakes locations. A com-
panion study to this one in the eastern basin was conducted by
Depew et al. (2006) who reported significantly lower areal rates of
primary production on a daily and seasonal basis in the nearshore rel-
ative to the offshore. They confirmed thatmussels have the ability to de-
press primary production and influence the distribution of production
between nearshore and offshore. Their work was limited, however, to
the epilimnion of the nearshore and did not include the benthos. Davies
and Hecky (2005) measured post-dreissenid (1997–1998) benthic pho-
tosynthesis rates in the nearshore of the eastern basin close to our station
504. They reported some of the highest benthic photosynthetic rates ever
measured in freshwaters and determined that areal benthic photosyn-
thetic rates would greatly exceed areal pelagic photosynthesis in depths
shallower than 5 m in the eastern basin, a finding recently extended to
comparable waters in Lake Ontario (Malkin et al., 2010). A key finding
of Davies and Hecky (2005) was that algal–mussel mixed benthic assem-
blages can have greater gross photosynthetic rates than comparable algal
communities without mussels. With increasing light transparency in the
nearshore, benthic algae may offset the loss of pelagic production in
terms of the flow of trophic energy to consumers (Davies and Hecky,
2005; Malkin et al., 2010).

Post-dreissenid Lake Erie remains highly efficient at translating TP
into primary production, which is still higher than comparable oligo-
trophic lakes (Smith et al., 2005). There is no basis for relaxation of P
controls as suggested by Ryan et al. (1999) who expressed concerns
regarding the decreasing TP concentrations on fish production. In
Oneida Lake, despite the increases in mussel grazing rates and associ-
ated decreases in phytoplankton biomass, production at the primary,
secondary, and tertiary levels did not decline in association with mus-
sels; and no significant mussel effects were found on biomass,
growth, or production of young-of-the-year yellow perch (Idrisi et
al., 2001).

Mussel effects may be diminishing in Lake Erie. Mussel densities
decreased significantly in the eastern basin in 2004 relative to
2001–2002 following a large increase in round goby (Neogobius
melanastomus) abundance (Barton et al., 2005). These changes may
portend a decreased impact of mussels in future years as seen in
freshwater systems of the former Soviet Union and eastern Europe
(Karatayev et al., 1997), where mussels have been established longer.
However, evidence in 27 north-temperate lakes indicate that
dreissenid effects on chla are prolonged, with no indication of
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diminishing within 7–10 years of invasion (Higgins et al., 2011). It is
also not clear, whether diminished mussel abundance would neces-
sarily reverse the changes associated with the nearshore shunt
(Hecky et al., 2004).
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