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Communicated by William D. Taylor
Resurgence of nuisance benthic algae in the Great Lakes, despite substantial efforts to reduce phosphorus loading,
has stimulated renewed interest in exploring the diverse drivers of near-shorewater quality. Interestingly, broad
similarity in the underlying causes of shore fouling by benthic algae in Lakes Ontario, Erie, andMichigan appear to
contrast with Lake Huron where system productivity and dreissenid abundance are lower.While total phospho-
rus was the primary predictor of chlorophyll concentrations (70–90% of variation) in thewater column, we iden-
tified a series of spatial patterns that underpin this relationship (up to 28% of variation) and which integrate
catchment processes, tributary influences, shoreline complexity, and distance from shore. Dreissenid mussels
were the most important predictors of benthic algae cover and biomass in our models, explaining between 20
and 52% of variation. Spatial patterns explained an additional 21–48% of the variation in benthic algae cover
and biomass and highlight the importance of site-specific spatial heterogeneity in benthic algae growth. Our re-
sults are consistentwith the nearshore shunt hypothesis, wherein higher algal cover and biomass coincidedwith
highermussel density and biomass, although correlative effects with lake depth and loss of algal andmussel bio-
mass due to physical disturbancemust also be considered. These results underscore the difficulty associatedwith
identifying the potential drivers of nearshore water quality as the diverse processes of nutrient loading, changes
in catchment land use, and ecosystem change associated with invasion by dreissenids all vary in relative influ-
ence over a range of spatial scales.
Crown Copyright © 2018 Published by Elsevier B.V. on behalf of International Association for Great Lakes Research.

All rights reserved.
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Introduction

Documented increases in periphyton abundances and localized
shoreline fouling by filamentous species of algae, including Cladophora
and Chara, in nearshore regions of Lake Huron over the past 10 years
(Barton et al., 2013; Howell et al., 2014) stand in contrast to overall de-
creases in offshore nutrients, pelagic productivity (Brothers et al., 2016)
and a general trend toward oligotrophication (Barbiero et al., 2012).
Two main schools have thought have been invoked to explain this
movement toward reduced nearshore water quality: the first is an on-
going and potentially increasing loading of nutrients to the south-east
shoreline of Lake Huron, where the density of agricultural operations
close to the lake is high (CCA, 2011). In Lake Huron, historical nutrient
levels were not sufficient to support widespread growth of Cladophora
(Auer et al., 1982; Howell, 2004), which can be associated with
r B.V. on behalf of International Asso
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increased phosphorus loading at points of discharge (Auer et al., 2010;
Jackson, 1985). In addition to agriculture, urbanization contributes to
lake eutrophication (Hall et al., 1999) via increased development of im-
pervious surfaces (Carpenter et al., 1998; Soranno et al., 1996), erosion,
disturbance, and fertilizer application (Soranno et al., 1996) in the land-
scapes surrounding lakes. Lake Huron's particular sensitivity to in-
creases phosphorus inputs (Auer and Canale, 1982; Auer et al., 2010;
Lin and Schelske, 1981), in concert with the increased development of
residential properties near Lake Huron's southeast shore, have been
suggested as likely sources of increasing nutrient loading via tributaries
and runoff.

The second school of thought refers to impacts of invasive dreissenid
mussels on nutrient cycling and water clarity within nearshore regions
as potential drivers of increased benthic algal growth (Lowe and
Pillsbury, 1995; Hecky et al., 2004; Higgins et al., 2008). Since the
mid-1990s, the return of nuisance growth of Cladophora in parts of the
Great Lakes has been attributed largely to increased nutrient loading,
but recent work has argued that ecosystem changes linked to the intro-
duction of invasive species, notably dreissenid mussels (Higgins et al.,
ciation for Great Lakes Research. All rights reserved.
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2008; Brooks et al., 2015; Kuczynski et al., 2016) is potentially influen-
tial. Dreissenid mussel invasion provides additional attachment sites
for benthic algae in the form of shells (Arnott and Vanni, 1996), and
concentrates nutrients in near-shore regions. This process has been
termed the “nearshore shunt hypothesis” (Hecky et al., 2004), and evi-
dence suggests that zebra mussel invasion to the Great Lakes, has im-
proved conditions for Cladophora growth by allowing greater light
transmission (filtered pelagic zones) and by transforming particulate
phosphorus to soluble forms that are more available to Cladophora
through feeding and excretion (Higgins et al., 2012). Excretion of solu-
ble phosphorus by dresseinids has supported sustained populations of
Cladophora in Lake Ontario (Ozersky et al., 2009), and in Lake Erie
(Higgins et al., 2006; Auer et al., 2010), and higher photosynthetic
rates have been observed in communities with dreissenids, compared
to communities lacking them (Davies and Hecky, 2005). Here, we will
focus on exploring interactions between anthropogenically-exacer-
bated nutrient loading, catchment land use, invasive dreissenidmussels,
and underlying spatial heterogeneity in driving near-shore water qual-
ity along the nearshore of Lake Huron.
Importance of shoreline spatial heterogeneity

Spatial patterns structure biological and ecological processes
(Borcard and Legendre, 2002) and are increasingly being considered
within the context of water quality management (Howell et al., 2012a,
2012b; Valipour et al., 2016). Shoreline complexity, distribution of trib-
utaries, and distance from shore are all spatial features that have the po-
tential to impact water quality on Lake Huron's shoreline (Howell et al.,
2014). Shoreline complexity refers to the shape of a shoreline, and the
presence of bays, for example, can have important consequences for
the physics of watermovement, and consequently for biological activity
(Hudon et al., 2000; Wetzel, 2001). Tributary outlets into lakes can be
hotspots for primary production because of nutrient delivery from
catchments (Makarewicz and Howell, 2012), with influence
diminishing with distance from shore (Yurista et al., 2012; Howell et
al., 2014).

To inform the debate on factors contributing to poor water quality
and benthic algae growth in eastern Lake Huron, we explore these di-
verse and potentially interacting factors influencing algal biomass dur-
ing the ice-free season along Lake Huron's southeastern shoreline
(Inverhuron and Point Clark regions). Specifically, we investigate the in-
fluence of anthropogenically exacerbated nutrient loading, catchment
land use, invasive species, and shoreline spatial structure on decreased
water quality and increased benthic algae production. We predict that
while water column nutrient concentrations (i.e., phosphorus) should
be the paramount predictor of primary production in this oligotrophic
system, land use associated with human activity (i.e., agriculture, cot-
tages, and roads) should also be predictive of sites of high benthic
growth. We expect broad-scale spatial patterns to be more relevant in
the structurally complex Inverhuron region because of the presence of
two large bays and shoreline modification associated with a nuclear
generating plant, features that are largely absent from Point Clark. We
also expect tributaries to be hotspots of lake primary production, partic-
ularly during times of elevated discharge (e.g. spring runoff and storms)
as well as periods of heavy human use, and that primary production
(and nutrient concentrations) will diminish with distance from shore
as we expect nutrients to be largely derived from the catchment and
concentrations to diminishwith distance from the shoreline as reported
by Howell et al. (2014). Finally, we anticipate that the spatial distribu-
tion of benthic algae may be associated with sites that have high
dreissenidmussel densities and biomass due to their filtering and nutri-
ent sequestering abilities, in accordance with predictions formalized in
the near-shore shunt hypothesis (Hecky et al., 2004). We believe that
such explicit consideration of interacting spatial processes, water chem-
istry, catchment land use, and the potential impacts of dreissenid
Please cite this article as: Stefanoff, S., et al., Phytoplankton and benthic
nearshore of Lake Huron, J. Great Lakes Res. (2018), https://doi.org/10.10
mussels on benthic algae biomass represents a novel contribution to
studies of water quality management in the Great Lakes.

Methods

Site description

The Inverhuron and Point Clark study areas are located along the
southeast shoreline of Lake Huron (Electronic Supplementary Material
(ESM) Fig. S1). These two regions have 15 separate drainage basins (6
in Inverhuron and 9 in Point Clark) that discharge to the shoreline
(Howell et al., 2014). Both the Inverhuron and Point Clark study areas
are highly developed, although Inverhuron has a more convoluted
shoreline. In the Point Clark region, the shoreline consists of cottages
and permanent residences that rely on septic systems. The total surface
area drained by the Point Clark study region is approximately 196 km2.
This region also contains the Pine RiverWatershed, the largest drainage
basin, which drains an area of over 160 km2 of the surrounding land
(ESM Fig. S2). The total surface area drained by the Inverhuron study re-
gion is 114 km2. The shoreline of Inverhuron is dominated by the Bruce
Nuclear Generating Station, which occupies approximately 40% of its
length (Howell et al., 2014). To the south of the nuclear generating sta-
tion is Inverhuron Bay, which contains both parkland and residential
properties. North of the generating station is the Baie du Doré, an area
that is largely composed of wetlands. A large area of the Inverhuron re-
gion is drained by the Little Sauble River Basin, which encompasses ap-
proximately 43 km2 (Fig. S2). The watersheds of Inverhuron and Point
Clark are composed primarily of rural lands with limited forest cover.
Land cover is predominantly in the form of various croplands, pastures,
and cleared lands.

Data acquisition

Water chemistry
Both Point Clark and Inverhuron study regions were sampled in

2010 during the spring (May 12 & 13), summer (August 10 & 11) and
fall (September 29 & 30) seasons. Water chemistry data was acquired
from the Ontario Ministry of the Environment and Climate Change
(OMOECC) Monitoring and Reporting Branch. Near shore (≥3 m
depth), mid shore (1–3 m depth) and shoreline (b2 m depth) sites
were sampled.Water chemistry data include the following variables: al-
kalinity (mg/ L CaCO3), total phosphorus (TP; μg/L), filtered total phos-
phorus (μg L−1), chlorophyll a (μg L−1), specific conductivity (μmho
cm−1), chloride (mg/ L Cl−), dissolved inorganic carbon (mg/ L C), dis-
solved organic carbon (mg/ L C), magnesium (mg/ L), calcium (mg/ L),
potassium (mg/ L), sodium (mg/ L), ammonia(μg L−1 N), nitrate + ni-
itrite (μg L−1 N), nitrite (μg L−1 N), pH, phosphate (μg L−1 P), suspended
solids (mg/ L Cl−), reactive silicate (mg/ L Si), sulfate (mg/ L), turbidity
(FTU). Total inorganic nitrogen (μg/ L N), total organic nitrogen (μg L−
1 N), total nitrogen (TN; μg L−1 N), and TN:TP ratio were determined
by calculation (Table 1). For more detailed information on how the
data were collected, please refer to Howell et al. (2014). Chlorophyll a
concentrations were used as a proxy for phytoplankton biomass to as-
sess water quality along the shoreline. Levels of phosphate and
suspended solids were below method detection in some samples, in
which case, the minimum reportable levels of 0.5 μg L−1 and
0.5 mg/ L, respectively, were used in calculations.

Land use
Land use classification data were obtained from OMOECC from anal-

ysis conducted by ASL Environmental Sciences Inc. (copyrighted, ASL
Environmental Sciences Inc. 2013) for OMOECC. Land use classification
was surveyed over the two main study regions. The survey collected
data on land use variables from the surrounding watersheds (WS) and
shoreline units (SU). Shoreline units were characterized as 1-km wide
polygons delineating the near-shore area of the study area. Length of
algal response to ecosystem engineers and multiple stressors in the
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Table 1
Monthlymean (with standarddeviation inparentheses) ofwater chemistry, chlorophyll, benthic algae, and dreissenidmussel variablesmeasured at sites in the Inverhuron and Point Clark
study regions in 2010, Lake Huron, Ontario. TP= total phosphorus, DP=dissolved phosphorus, DIC=dissolved inorganic carbon, DOC=dissolved organic carbon, TIN= total inorganic
nitrogen, TON= total organic nitrogen, TN = total nitrogen, and n = number of samples.

Inverhuron Point Clark

May 13 (n = 43) Aug 11 (n = 46) Sept 30 (n = 49) May 12 (n = 41) Aug 10 (n = 47) Sept 29 (n = 44)

Chlorophyll a (μg/L) 0.5 (0.5) 1.4 (1.2) 1.02 (0.7) 2.3 (3.8) 7.0 (9.4) 6.2 (7.2)
TP (μg/L) 3.1 (2.2) 6.0 (8.5) 11.6 (27.6) 16.8 (29.6) 36.9 (59.8) 34.2 (43)
DP (μg/L) 1.2 (0.9) 2.7 (4.8) 4.9 (14.6) 2.7 (2.9) 4.0 (5.1) 7 (10.4)
Alkalinity (mg/L CaCO3) 86.6 (21.4) 87.5 (27.0) 90.3 (34.2) 99.9 (44.9) 114.0 (57.5) 118.3 (60.7)
Calcium (mg/L) 27.6 (5.7) 27.3 (7.3) 29.4 (10.5) 33.9 (16) 38.8 (20.4) 38.1 (21.5)
Chloride (mg/L) 7.6 (2.3) 8.4 (5.2) 7.8 (3.6) 9.3 (7.2) 9.8 (5.5) 10.3 (5.5)
Conductivity (umho/cm2) 222.1 (47.3) 230.6 (63.5) 232.6 (69.4) 255.9 (110.2) 294.2 (146.5) 294.8 (155.4)
DIC (mg/L) 19.7 (4.6) 21.1 (6.5) 21.8 (7.9) 23.1 (10.5) 27.5 (14.5) 28.5 (14.3)
DOC (mg/L) 1.7 (0.4) 1.8 (0.9) 1.8 (1.1) 2.2 (1.3) 2.3 (1.7) 2.2 (1.4)
Hardness (mg/L CaCO3) 102.6 (22.6) 103.6 (30.9) 109 (38.8) 123.5 (54.5) 142.3 (71.5) 140.2 (78.9)
Potassium (mg/L) 1 (0.1) 1.1 (0.7) 1.2 (0.7) 1.2 (0.4) 1.3 (0.7) 1.5 (0.8)
Magnesium (mg/L) 8.2 (2.1) 8.7 (3.1) 8.7 (3.1) 9.4 (3.7) 11.0 (5.5) 11 (6.5)
Sodium (mg/L) 4.8 (1.1) 5.0 (2.6) 4.8 (1.6) 5.8 (4.8) 6.4 (4.6) 6.1 (4.3)
Ammonia (μg/L) 20 (15.6) 27.4 (9.2) 21.4 (6.1) 22.6 (25.4) 14.8 (11.4) 7.9 (9.3)
Nitrite (μg/L) 3.7 (2) 4.0 (1.4) 4.1 (3.5) 4 (1.6) 6.9 (3.7) 7.2 (5.5)
Nitrate + Nitrite (μg/L) 484 (256) 288.1 (138.2) 346.9 (304.1) 491.7 (313.3) 556.8 (755.2) 1106 (1716.1)
Kjeldahl N (μg/L) 140.7 (51.5) 256.3 (117.9) 224.1 (158.9) 261.9 (223.6) 397.4 (431.3) 565 (562.3)
pH 8.3 (0.05) 8.5 (0.12) 8.3 (0.06) 8.3 (0.07) 8.4 (0.11) 8.3 (0.08)
Phosphate P (μg/L) 0.7 (0.3) 2.4 (2.0) 4 (13.9) 1.3 (0.9) 4.9 (4.2) 8.2 (8.2)
Suspended solids (mg/L) 1 (0.9) 2.1 (2.5) 2.9 (5) 10.3 (18) 24.6 (44.3) 33.3 (45.4)
Silicate (mg/L) 0.7 (0.2) 0.8 (0.3) 0.9 (0.6) 0.5 (0.4) 1.3 (0.9) 1 (1.03)
Sulfate (mg/L) 16.5 (1.4) 15.8 (1.1) 15.8 (1.2) 19.4 (9.2) 23.4 (32.9) 18.7 (33.1)
Turbidity (FTU) 0.5 (0.5) 1.1 (1.8) 2.3 (6.2) 5.1 (8.4) 15.3 (22.6) 18.3 (22.2)
TIN (μg/L) 504.1 (254.4) 315.5 (140.6) 368.4 (307.8) 514.3 (313.2) 571.6 (754.4) 1113.8 (1720.6)
TON (μg/L) 120.7 (52.4) 228.9 (113.2) 202.6 (154.6) 239.4 (224.5) 382.6 (431.2) 557.1 (560.2)
TN (μg/L) 624.7 (290.4) 544.4 (221.6) 571 (452.9) 753.7 (460.8) 954.2 (924.6) 1671 (1958.6)
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surface water courses was quantified as the cumulative length of water
courseswithin each study region. Inverhuron consists of six watersheds
and 18 shore units, with a total area of 113.88 km2. Point Clark consists
of nine watersheds and 14 shoreline units, with a total area of
196.25 km2. Land use classification information was collected for vari-
ables such as proportion of area not in natural state, area of row crop
(ha), area of treeless land not in row crop (ha), area of tree covered
land (ha), number of commercial structures, number of residential
dwellings, cumulative length of surface water courses (m), cumulative
length of roads (m), and cumulative area of roads (ha). The data sources
and extraction methods are summarized in (ASL Environmental Sci-
ences Inc. 2013). Land use data was joined to the water chemistry
data using the join and proximity analysis in Arc GIS 10.1 (ESRI, 2011).

Benthic algae and invasive species
Benthic macro-algae, periphyton, and dreissenid mussel data were

acquired from the OMOECC Monitoring and Reporting Branch. Data
were collected in mid to late July 2010 along the south-east shoreline
of Lake Huron in both the Inverhuron and Point Clark study areas.
Sites were chosen based on depth, and corresponded to depths of ap-
proximately 1, 3, 6, 10, and 20 m. Sampling was conducted by divers
at the bottom of the lake at each study site.

In each study region, 15 siteswere sampled, andmeasures of benthic
macro-algae abundance, including Cladophora and Chara, and periphy-
ton qualitative abundance, were taken from randomly placed quadrats
(0.15 m2). Three replicate quadrats were assessed at each site. Specifi-
cally, data were collected for: Cladophora biomass (g/m2 dry weight);
cover (%) and thickness (stand height in cm); Chara biomass (g/m2

DW) and cover (%); and periphyton cover (%) and thickness (height in
cm). The larger filamentous algae, including Cladophora and Chara
were observed by divers, cover and thicknessweremeasured, and sam-
ples were removed by divers from the bottom of the lake and placed
into fine mesh bags. Samples were frozen and later freeze-dried to de-
termine dry weight. Periphyton was defined for this study as separate
from larger filamentous algae as it consisted mostly of diatom
microalgae.
Please cite this article as: Stefanoff, S., et al., Phytoplankton and benthic
nearshore of Lake Huron, J. Great Lakes Res. (2018), https://doi.org/10.101
Metrics of dreissenid mussels, including cover (%), shell cover (%),
abundance (number), density (number/m2), biomass (g/m2), and total
soft tissue biomass (g/m2) were determined by diver observations and
samples collected from three replicate samples of 0.15 m2 per benthic
site (ESM Fig. S3). Samples were frozen and freeze-dried to quantify
numbers, total, soft tissue, and shell biomass. Samples for zebramussels
(D. polymorpha) and quagga mussels (D. bugensis) were treated sepa-
rately. The lakebed at sampling positions consisted mostly of heteroge-
neous mix of hard material ranging from gravel to large rock, which
appears to lie upon a sub-surface, but shallow, layer of compacted gla-
cial clay. Areas of sand were found at shallowest depths and limited
areas of bedrock occurred at the north end of the study range.
Spatial variation
WeusedMoran EigenvectorMaps (MEMs) to assess spatial patterns

in water quality data (i.e. patterns in pelagic algal biomass as inferred
from chlorophyll a, and benthic algae biomass as periphyton and
Cladophora). MEM variables are constructed from a distance matrix
based on Euclidean distances between sampling sites, measured as the
straight-line distance between sampling points in Euclidean space and
constrained by the maximum distance between two points (Borcard
and Legendre, 2002; Sharma et al., 2011). These MEM variables repre-
sent the spatial structure of the dataset, and come in the form of a series
of sine waves with decreasing periods (ESM Fig. S4). They are orthogo-
nal to one another and are thus considered independent (Borcard and
Legendre, 2002; Borcard et al., 2004). The first of these MEM variables
represent broad spatial structures, with subsequentMEMs representing
finer spatial structures (ESM Fig. S5). These variables are to be used as
potential predictor variables in water quality models, and we infer
the scope of spatial structure of influence for each variable from
whether broad- or fine-scale MEM variables are selected. A distance
variable was also calculated as the distance from each site to the
shoreline (measured as a distance in decimal degrees) and was
used as a spatial variable in the regression models to further account
for spatial variation.
algal response to ecosystem engineers and multiple stressors in the
6/j.jglr.2018.02.009
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Data analyses

Chlorophyll models
Weused a variation partitioning framework toquantify the variation

in chlorophyll a explained bywater chemistry, land use, and spatial pat-
terns (Borcard et al., 1992).We used a forward selection procedurewith
a dual-criterion (α= 0.05 & R2

adj) to identify significant predictor var-
iables (Blanchet et al., 2008), and calculated an adjusted coefficient of
Fig. 1. Maps of chlorophyll a concentrations at the Inverhuron and Point Clark study re

Please cite this article as: Stefanoff, S., et al., Phytoplankton and benthic
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determination (R2adj) to evaluate model fit. Prior to analyses, environ-
mental and land use variables were log transformed as necessary to
meet normality assumptions. Further, environmental and land use var-
iables found to be highly correlated to one another (r N 0.80)were never
included together in water quality models. “Depth of sample” and
“depth of site” were tested as model covariates, but were not found to
be statistically significant model predictors (p N 0.05). We developed
separate chlorophyll a models for Inverhuron and Point Clark within
gions of Lake Huron for the three sampling seasons: May, August, and September.

algal response to ecosystem engineers and multiple stressors in the
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the three seasons (May, August and September 2010), in addition to
models for total phosphorus (the most important predictor of chloro-
phyll a).We compared catchment land use,water chemistry, and spatial
patterns as broad categories of predictors in an effort to understand the
key drivers of both increased nutrient levels and algal production on the
shore of eastern Lake Huron.

Benthic algae models
Multiple regression models were developed for benthic algae met-

rics along the shoreline of Lake Huron. A variation partitioning frame-
work was used to quantify the unique and shared variation in benthic
algae explained by invasive species (abundance, density, and soft tissue
biomass, etc.) and spatial patterns. To develop the linear models, a for-
ward selection procedure with a dual-criterion (α = 0.05 & R2

adj) was
used to identify significant predictor variables (Blanchet et al., 2008).
Sample site depth was tested as a model covariate, but did not signifi-
cantly improvemodel performance (p N 0.05), andwas therefore not in-
cluded in the benthic algal models. Variables were transformed tomeet
normality assumptions. All analyses were performed in the R language
environment (R Core Development Team, 2015). Mapping was per-
formed using ArcGIS 10.1 (ESRI, 2011).

Results

Does land use and water chemistry explain nearshore biomass?

Patterns in planktonic chlorophyll a
Planktonic chlorophyll awas lower at Inverhuron than at Point Clark

(Fig. 1), and was highest in August at both regions (Table 1). In the
Inverhuron study region, planktonic chlorophyll a concentrations
ranged between 0.2 and 3.1 μg L−1 (x̄ = 0.52 μg L−1) in May, 0.3–4.4
μg L−1 (x̄ = 1.4 μg/L) in August and 0.4–3.6 μg L−1 (x̄ = 1.02 μg/L) in
September (Fig. 1a,b,c, respectively). At the Point Clark study region,
planktonic chlorophyll a concentrations ranged between 0.2 and 20.8
μg/L (x̄= 2.4 μg L−1) inMay, 0.3–50 μg L−1 (x̄= 7.02 μg L−1) in August,
and 0.4–44.7 μg/L (x ̄ = 6.2 μg L−1) in September (Fig. 1d,e,f, respec-
tively). Planktonic chlorophyll a concentrations were greater closer to
the shore and in shallow water for both study regions and over the
three sampling periods (Fig. 1).

Influence of water chemistry, land-use, and spatial patterns on planktonic
chlorophyll a

Inverhuron. At Inverhuron, when all three months were considered,
water chemistry uniquely accounted for 42–77% of the variation in
planktonic chlorophyll a, with 10–28% attributable to spatial variables,
and only 2% attributable to land use (Table 2; ESM Figs. S6; S7A–C).
Very low fractions of variancewere shared (b2%) betweenwater chem-
istry and space in August (ESM Fig. S7B).

In May, specific variables of importance include total phosphorus
(R2

adj = 0.42) and broad spatial patterns (MEM 1; R2
adj = 0.28). Pat-

terns in total phosphorus in May were best predicted by calcium
(R2

adj = 0.39) and distance to shoreline (R2
adj = 0.07; Table 2), with

13% of the variation shared between water chemistry and space.
Table 2
Mean plant cover and mussel densities at two station on Lake Huron in 20,210.

Biological parameter Inverhuron Point Clark

July (n = 45) July (n = 45)

Cladophora biomass (g/m2) 3 (3.8) 7.4 (11.3)
Cladophora cover (%) 10.5 (12.1) 18.8 (23.1)
Chara cover (%) 1.1 (4.6) 0.9 (3.2)
Periphyton cover (%) 84.4 (18.8) 82.9 (21.1)
Zebra mussel biomass (g/m2) 46.8 (52.6) 37.3 (73.6)
Quagga mussel biomass (g/m2) 204.3 (251.7) 96.5 (168.9)

Please cite this article as: Stefanoff, S., et al., Phytoplankton and benthic
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In August, planktonic chlorophyll a (94% variation explained) was
best predicted by total phosphorus (R2adj=0.72), broad spatial patterns
(R2adj = 0.12), and pH (R2adj = 0.05). Land use (unpaved roads; R2

adj =
0.02) and intermediate to fine scale spatial patterns (R2

adj = 0.03;
Table 2; ESM Fig. S7B) accounted for small fractions of variation ex-
plained. In August total phosphorus was related to distance from shore-
line (R2

adj = 0.58) and calcium (R2
adj = 0.2), with smaller factions of

the variation attributable to broad (R2
adj = 0.02), intermediate (R2

adj

= 0.05), and fine (R2
adj = 0.03) scale spatial patterns (Table 2; ESM

Fig. S3), with 27% of variation explained shared between spatial and
water chemistry variables (Table 2; ESM Fig. S7B).

In September, planktonic chlorophyll a (72% variation explained)
was best predicted by total phosphorus (R2

adj = 0.62), and broad-
(R2

adj = 0.07) and fine-scale (R2
adj = 0.03) spatial patterns (Table 2;

ESM Fig. S6C). Total phosphorus was best explained by (R2
adj = 0.64),

distance from shoreline (R2adj = 0.1), land use (surface water courses;
R2

adj = 0.03), and intermediate scale (R2
adj = 0.02; Table 2; ESM Fig.

S3), with shared variation split between water chemistry and spatial
variables (24%), and spatial variables and land use (3%) (Table 2; ESM
Figs. S5; S7C).

Point Clark. At Point Clark, when all three months were considered,
water chemistry uniquely accounted for 52–90% of the variation in
planktonic chlorophyll a, with much smaller fractions of variation at-
tributable to space (b3%), and up to 28% of variation shared between
water chemistry and spatial variables (Table 2; ESM Figs. S5; S8A–C).

In May, by far the most important variable predicting planktonic
chlorophyll a (91% explained) was total phosphorus (R2

adj = 0.84),
with smaller fractions of variation attributable to calcium (R2

adj =
0.04), and intermediate (R2

adj = 0.02) and broad spatial patterns
Fig. 2. (A) Percent cover and (B) stand height thickness (cm) of Cladophora and
periphyton within the 0.15 m2 quadrat sampling area for the sites at Inverhuron (IV)
and Point Clark (PC).
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(R2adj = 0.01) (Table 2; ESM Fig. S7A). Total phosphorus was driven by
distance to shoreline (R2adj = 0.7), and intermediate (R2adj = 0.08) and
broad spatial patterns (R2adj = 0.05; Table 2; ESM Fig. S8A).

In August, total phosphorus explained all of the variation in plank-
tonic chlorophyll a (R2

adj = 0.9). Total phosphorus in Point Clark was
related to calcium (R2

adj = 0.85) and distance to shoreline (R2
adj =

0.02; Table 2; ESM Fig. S8B) with substantial shared variation between
the two variables (41%).

In September, planktonic chlorophyll awas explained by total phos-
phorus (R2adj = 0.81) and broad spatial patterns (R2adj = 0.03; Table 2;
ESM Fig. S7C). Total phosphorus in Point Clark was related to distance
from shoreline (R2adj = 0.9), and intermediate spatial pattern (R2adj =
0.01; Table 2; ESM Fig. S8C).

Do invasive dreissenids explain benthic algae abundance)?

Periphyton percent cover in the Inverhuron region averaged 84%
and ranged between 28 and 100%, and between 5 and 100% in the
Point Clark region (Fig. 2a and Table 3). In the Inverhuron and Point
Clark study regions, mean Cladophora percent cover was measured at
10.5% and 18.8%, respectively (Fig. 2a). The average standing height of
Cladophora was 3 cm at Inverhuron, and 2 cm at Point Clark (Fig. 2b).
Table 3
Summary of regression models predicting chlorophyll a and total phosphorus concentrations
August and September 2010. Multiple regression models include predictor variables for chloro
total phosphorus (TP), water chemistry, land use, and spatial variables. The adjusted coefficien
used to evaluate significance of models.

Multiple regression

Study region Month Response variable (μg/L) Pre

Inverhuron May Chlorophyll a TP
−B

August Chlorophyll a TP
+p
−U
+B
+In
+In
−F

September Chlorophyll a TP
−B
−B
−F

Point Clark May Chlorophyll a TP
+C
+B
−In

August Chlorophyll a TP
September Chlorophyll a TP

+B
Inverhuron May Total phosphorus Cal

−D
August Total phosphorus −D

+C
−B
−B
+In
−In
−F
+F

September Total phosphorus Cal
−D
+s
+In

Point Clark May Total phosphorus −D
−B
+In
−In

August Total phosphorus Cal
−D

September Total phosphorus −D
+In
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The average standing height of periphyton was 2 cm at Inverhuron,
and 2 cm at Point Clark (Fig. 2b). In addition, the average Cladophora
biomass was 3 g/m2 DW at the Inverhuron study region, and 7 g/m2

DW at the Point Clark study region (Fig. 3 and Table 3). A sample in
the Point Clark study region found Cladophora biomass to be as high
as 50 g/m2 DW (site average 40 g/m2 DW). Chara had low percent
cover in both regions ranging from 0% to 9% in Inverhuron and 0% to
8% in Point Clark. Maximum Chara biomass at a site was 40 g/m2 DW.
Regional benthic algae models
In Inverhuron, Cladophora percent cover was predicted entirely by

zebra mussel density (R2
adj = 0.52), with no spatial variables entering

the model as statistically significant (Table 4). In Point Clark, the
model for Cladophora biomass (R2

adj = 0.88) was predicted by broad
(MEM2; R2

adj = 0.48; Table 3) and fine (MEM6; R2
adj = 0.21; Table 3)

scale spatial patterns, and zebra mussel soft tissue biomass (R2
adj =

0.2; Table 3).
In Inverhuron, no variables emerged as predictive of Chara percent

cover. In Point Clark, Chara percent cover (R2adj = 0.33) was predicted
by intermediate (MEM5; R2

adj=0.33; Table 3; ESM Fig. S4) scale spatial
patterns. In Inverhuron, periphyton percent cover (R2

adj = 0.57) was
(in μg/L) at both the Inverhuron and Point Clark study regions during the months of May,
phyll a and were selected using a forward selection procedure. Predictors selected include
t of determination (R2

adj) was used to evaluate model performance, and the p-value was

dictor variables R2
adj Total R2

adj P

0.42 0.70 1.33e−11
road (MEM1) 0.28

0.72 0.94 b2.2e−16
H 0.05
npaved roads 0.02
road (MEM1) 0.12
termediate (MEM11) 0.01
termediate (MEM13) 0.01
ine (MEM20) 0.01

0.62 0.72 1.41e−12
road (MEM1) 0.05
road (MEM3) 0.02
ine (MEM12) 0.03

0.84 0.91 b2.2e−16
alcium 0.04
road (MEM1) 0.01
termediate (MEM6) 0.02

0.90 0.90 b2.2e−16
0.81 0.84 b2.2e−16

road (MEM2) 0.03
cium 0.39 0.46 8.8e−07
istance to shoreline 0.07
istance 0.58 0.88 b2.2e−16
alcium 0.20
road (MEM3) 0.01
road (MEM5) 0.01
termediate (MEM11) 0.02
termediate (MEM16) 0.03
ine (MEM19) 0.02
ine (MEM21) 0.01
cium 0.64 0.79 2.17e−15
istance 0.10
urface water courses 0.03
termediate (MEM9) 0.02
istance 0.70 0.83 4.94e−14
road (MEM2) 0.05
termediate (MEM6) 0.04
termediate (MEM7) 0.04
cium 0.85 0.87 b2.2e−16
istance 0.02
istance 0.90 0.91 b2.2e−16
termediate (MEM8) 0.01
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Fig. 3. Average Cladophora biomass (g/m2 dry weight) along the shoreline of the A) Inverhuron and B) Point Clark study regions.
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predicted by quagga mussel biomass (R2
adj = 0.29), and fine (MEM6;

R2
adj = 0.28) scale spatial patterns (Table 4; ESM Fig. S4).

Discussion

Our analysis suggests that nutrient loading, the presence of invasive
dreissenids, catchment processes, and shoreline spatial heterogeneity
all contribute to patterns of planktonic and benthic algal abundance dis-
tribution along the south-east shoreline of Lake Huron. While total
Please cite this article as: Stefanoff, S., et al., Phytoplankton and benthic
nearshore of Lake Huron, J. Great Lakes Res. (2018), https://doi.org/10.101
phosphorus concentrations were the most important predictors of
planktonic chlorophyll a, in virtually all seasons across both study
sites, we found evidence that this relationship was spatially structured
around the mouths of tributaries, in embayments, and with distance
from shoreline development. In addition, higher benthic algae cover
and biomass was found to be associated with regions of the shoreline
that had high dreissenid mussel density and biomass, potentially due
to altered nutrient cycling as a result of filter-feeding by these invasive
mussels (i.e. near-shore shunt hypothesis). Together, these results
algal response to ecosystem engineers and multiple stressors in the
6/j.jglr.2018.02.009
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Table 4
Summary of regressionmodels predicting benthic algaemeasures at both the Inverhuron and Point Clark study regions during themonth of July 2010.Multiple regressionmodels include
predictor variables thatwere selected using a forward selection procedure. The adjusted coefficient of determination (R2adj) was used to evaluatemodel performance, and the p-valuewas
used to evaluate significance of models.

Multiple regression

Study region Response variable Predictor variables R2
adj Total R2

adj Model significance (p)

Inverhuron Cladophora cover (%) # of zebra mussels/m2 0.52 0.52 0.002
Periphyton cover (%) −MEM5 (fine) 0.28 0.57 0.002

+Biomass of quagga mussels 0.29
Point Clark Cladophora biomass (g/m2) +MEM2 (broad) 0.48 0.88 7.36e−6

+MEM6 (fine) 0.21
+Soft tissue biomass of zebra mussels 0.20

Chara cover (%) +MEM5 (intermediate) 0.33 0.33 0.02
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point to the complexity of the potential drivers of shoreline water qual-
ity in this Great Lake, and they identify a series of spatial and temporal
scales that need to be considered when considering algal proliferation
and management efforts to prevent water quality decline along the
eastern shore of Lake Huron.

Shore fouling by algae in eastern LakeHuron involvesmultiple forms
of benthic algae (Barton et al., 2013), as opposed to other areas of the
Great Lakes where the green algae Cladophora is responsible for much
of the public complaint. In recent years, as observed in earlier monitor-
ing studies (Jackson, 1985), shoreline wash-up of Cladophora was pri-
marily adjacent to mouths of creeks and drains and other points of
nutrient discharge to the lake (Howell, 2004). The distribution of
Cladophora over the nearshore in 2010 was limited, absent from many
benthic sites, and was found primarily at deeper sites (Fig. 3) at lower
biomass levels compared with peak biomass in other areas of the
Great Lakes. In recent years, periodic shore fouling by windrows of the
green algae Chara has become a recurrent feature of the Lake Huron
coastline and is more widespread than Cladophora. Unlike Cladophora,
the depth distribution of Chara over the study areas was shallow with
little biomass deeper than about 5m (Barton et al., 2013). Shore-fouling
by Chara is somewhat of an enigma in that it has not historically been
reported and that it has been difficult to link the onset of problems
with environmental changes or to the low levels of biomass seen in
the nearshore that are otherwise suggestive of good water quality.
Barton et al. (2013) concluded that the largest source of shoreline foul-
ing over the study areas was slurries of periphyton washed onto the
shoreline. Periphyton cover is ubiquitous on submerged surfaces in
lakes, however, in eastern Lake Huron the abundance of periphyton ap-
pears to have increased in recent years compared with the 1970s
(Barton et al., 2013), and periphyton composition at the benthic sites re-
ported here was mainly a diverse mixture of diatoms at the time of this
study. The varying ecologies and distributions of abundance over the
nearshore among the species responsible for fouling suggest that envi-
ronmental drivers of abundance are likely different and that algal abun-
dance may be correlated with environmental features in unique
patterns.
Planktonic chlorophyll a at Point Clark and Inverhuron

Point Clark had consistently higher concentrations of planktonic
chlorophyll a along its shoreline (May-Sept) as compared with
Inverhuron, as well as over six times greater mean summer total phos-
phorus concentrations. These patterns are likely attributable to the fact
that Point Clark has approximately double the year-round population
within its drainage basin, although both study regions are developed
with seasonal and year-round homes which rely on septic systems for
waste disposal (Howell et al., 2014). Point Clark also has a 1.7 times
larger drainage basin area, in whichmost of the land is developed as ag-
ricultural and residential with cottages along the shoreline, contrasted
with Inverhuronwhere 40% of the shoreline is the Bruce Nuclear Gener-
ating Station (Howell et al., 2014).
Please cite this article as: Stefanoff, S., et al., Phytoplankton and benthic
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Drivers of planktonic chlorophyll a and TP concentrations

Total phosphorus was the strongest predictor of planktonic chloro-
phyll a in Inverhuron and Point Clark in spring, summer, and fall and ex-
plained asmuch as 90% of the variation in planktonic chlorophyll a. This
result is in keepingwith the large bodyof literature describing phospho-
rus limitation in oligotrophic lakes (Dillon and Rigler, 1974; Schindler,
1977; Schindler et al., 2008). The shallower lakebed over the study
area and slower drop off in depth with distance from the shoreline at
Point Clark may also facilitate more resuspension at Point Clark.
Howell et al. (2014) suggested that erosion and resuspension of periph-
yton at shallow depths near the shorelinemay be contributing to the el-
evated levels of suspended solids, planktonic chlorophyll a, and total
phosphorus along portions of the shoreline. This is further complicated
by the potential for tributaries to contribute nutrients and sediments to
the littoral region of lakes, whichmay also exacerbate the abundance of
easily eroded periphyton. While calcium was not an important predic-
tor of planktonic chlorophyll a, it emerged in several of the total phos-
phorus models. Calcium concentrations in the lake may be indicative
of dilution from the surrounding watershed, suggesting that runoff
and groundwater seepage was an important potential driver of near-
shore phosphorus, and contributor to primary production (Eilers et al.,
1989). Increases in lake calcium levels may also be reflective of in-
creased groundwater inputs, which can be influenced by increased pre-
cipitation in the receiving region (Eilers et al., 1989).
Dreissenid mussels and benthic algae

Despite observed oligotrophic conditions in the offshore region of
Lake Huron (Barbiero et al., 2012) and much of the nearshore (Howell
et al., 2014), we found localized sites in the outer nearshore of Lake
Huron that exhibited moderate and possibly nuisance levels (20 to
40 g/m2) of Cladophora growth. While Georgian Bay and the main
basin of LakeHuron have not been found to experience nuisance growth
of benthic algae in the past (Depew et al., 2011), with the exception of
the immediate vicinity of nutrient discharges to the lake (Jackson,
1985), our study found levels of Cladophora biomass N20 g/m2 dry
weight at some sites in the Point Clark study region of south-east Lake
Huron, notably at deeper stations removed from the shoreline, empha-
sizing a suspected change in benthic algae production from the past in
at least some locations. Over the past 30 years, with decreases in nutri-
ent loading and increases in invasive dreissenid abundances, planktonic
primary production has declined, and benthic algae biomass has been
estimated to have increased in Lake Huron, causing a shift from pelagic
to benthic primary production (Brothers et al., 2016). Currently in Lake
Huron, it is estimated that up to half of the lake primary productionmay
be benthic (Brothers et al., 2016), with approximately 15% coverage of
the nearshore lake bottom with submerged aquatic vegetation
(Brooks et al., 2015). These shifts are consistent with the other Great
Lakes, with the exception of Erie (Brothers et al., 2016), and have been
attributed to encroachment of invasive dreissenid mussels on the
algal response to ecosystem engineers and multiple stressors in the
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littoral ecosystem (Hecky et al., 2004). Following the invasion of
dreissenid mussels in Lake Huron, there have been recorded increases
in Secchi depth (Dobiesz and Lester, 2009) and the depth of the photic
zone (Yousef et al., 2017) in response to the filtering abilities of
dreissenid mussels (Fishman et al., 2009).

We found dreissenid mussels to be important drivers of benthic
algae biomass and cover in Lake Huron, including Cladophora and pe-
riphyton along the shoreline. Specifically, zebra mussel density was
the most important predictor of Cladophora percent cover, explaining
52% of the variation in Cladophora models. Dreissenid mussels have
been demonstrated to impact aquatic habitats by filtering particles
from the water column and reducing the amount of total suspended
solids (Fishman et al., 2009), which in turn, changes the light regime
of the littoral zone and increases the depth of the photic zone (Auer et
al., 2010). An increase in availability of light has been demonstrated to
favour the growth of benthic algae such as Cladophora (Auer et al.,
2010), as well as other periphytic algae (Hansson, 1992). Further,
dreissenid mussels redirect nutrients from pelagic to benthic areas
(Hecky et al., 2004), and recycle the nutrients within the benthic zone
(Arnott and Vanni, 1996), which creates an ideal near-bottom environ-
ment for benthic algae growth (Ozersky et al., 2009; Dayton et al.,
2014). Our results agree, given indications that dreissenid mussels
were associated with higher benthic algae biomass and cover along
the south-east shoreline of Lake Huron, coinciding with predictions of
the nearshore shunt hypothesis (Hecky et al., 2004).

Spatial patterns important in structuring shoreline water quality

Exploration of spatial patterns in limnological data represents an im-
portant and increasingly investigated aspect of water quality manage-
ment (Howell et al., 2012a, 2012b). We identified five ways in which
spatial patternsmay be relevant in the Lake Huron system: diminishing
concentrations of nutrients as a function of distance to shore, shoreline
complexity and its influence on water dynamics, tributaries and other
land use types as hotspots of biological activity via catchment processes,
increasing benthic algae coverage and biomass with depth, and sedi-
ment type as a possible site-specific indicator of dreissenid mussel
cover. The influence of each of these processes was supported by our
data. Interestingly, the strength and direction of spatial patterns varied
between our two study regions and over the course of the season.

Nearshore/offshore patterns
Broad spatial patterns were nearly universally represented in the

predictive models for both planktonic chlorophyll and phosphorus in
Inverhuron and Point Clark, but the specific manifestation of this spatial
patterning took slightly different forms. As stated earlier, phosphorus
was the most important predictor of planktonic chlorophyll, but our re-
sults show an important spatial signature underlying this relationship,
wherein phosphorus concentrations were strongly predicted by dis-
tance to shore (diminishing with distance). This spatial pattern ex-
plained up to 90% of the variation in phosphorus models in Point
Clark. In Lake Huron, offshore open-water nutrient and algal conditions
suggest oligotrophy (Barbiero et al., 2012) and the nearshore region ap-
pears to be the predominant source of phosphorus, thoughwith consid-
erable spatial variability along the coast (Howell et al., 2014). Although
land use classifications were not directly predictive of planktonic chlo-
rophyll concentrations, diminishing phosphorus concentrations with
distance from shore suggests a contribution of landscape nutrient trans-
port in the nearshore region (Yurista et al., 2012). Similar patterns of
diminishing nutrient levels have been observed in Lake Ontario
(Howell et al., 2012a).

Shoreline complexity
Inverhuron can be primarily differentiated from Point Clark by way

of itsmore convoluted shoreline (Fig. 1), which includes two prominent
bays (Fig. 1). Morphometric characteristics, such as the presence of
Please cite this article as: Stefanoff, S., et al., Phytoplankton and benthic
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embayments, have been shown to influence patterns in primary pro-
ductivity, which can often be higher than in open waters due to higher
nutrient loading per unit volume (Wetzel, 2001). Our results confirm
that both bays located in Inverhuron were indeed hotspots of biomass
production (ESM Fig. S1), where planktonic chlorophyll concentrations
reached up to 5 μg/L, although further study is required to confirm
whether this effect might be due to concentration of nutrient discharge,
shelter fromwave action, or other prominent features of these bays. The
other dominant feature of the Inverhuron shoreline was the Bruce Nu-
clear Generating Station, which could potentially impact primary pro-
ductivity via increased water temperatures owing to thermal effluent
discharge that has been found to influence the standing crop of epi-
phytes (Hickman and Klarer, 1975), and growth of benthic algae in
aquatic ecosystems (Malkin et al., 2008).

Tributary influences
The presence and influence of tributaries and other similar land-

scape features should be manifested at intermediate spatial scales
(Makarewicz and Howell, 2012) with planktonic chlorophyll a and nu-
trients exhibitinghigher concentrations in close proximity to hydrologic
inflows to lakes (Howell et al., 2014). Lakes are strongly linked towater-
shed processes via tributaries owing to the transport of materials car-
ried by surface runoff (Müller et al., 1998), and many studies have
demonstrated that land use can influence nutrient availability and
therefore nutrient loading to lakes at the watershed scale (Soranno et
al., 1996, 2015). In both Inverhuron and Point Clark, intermediate-
scale spatial patterns were only modest predictors of both phosphorus
and planktonic chlorophyll (0–8% of explained variation), suggesting
that point source loadingwas not especially high in this region. Still, ex-
ploration of intermediate-scale patterns remains an important step in
exploring spatial patterns for water quality management, because it is
an effective way of integrating tributary influences and emphasizing
the importance of hydrologic connections and lake network dynamics
in predictive modeling.

Physical processes impact nutrients and algae production
Physical lake processes, including wave-induced sediment resus-

pension and circulation patterns could be responsible for heterogeneity
in water quality conditions and the nearshore/offshore patterns of nu-
trients (Rao et al., 2012) we observed along the south-east shoreline
of Lake Huron. We found higher nutrient levels in the nearshore com-
pared to the offshore openwater regions, whichmay be a result of phys-
ical processes impacting circulation and resuspension of sediments, and
these are highly reliant on temporal patterns in weather events such as
high winds (Boyce et al., 1989).

Temporal patterns in planktonic chlorophyll a
Seasonal differences in chlorophyll a in our study system demon-

strate the importance of spatio-temporal considerations for water qual-
ity management. Planktonic chlorophyll a concentrations were highest
in summer reaching up to 5 μg/L in Inverhuron and 50 μg/L in Point
Clark at the immediate shoreline (Fig. 1), perhaps indicating an impor-
tance of water temperature, water column stability, and resuspension
that was not captured by the present analysis. Spatial patterns were
more prominent predictors of planktonic chlorophyll amodels in spring
(explaining 28% of the variation in Inverhuron, for example) when run-
off processes are expected to have greater influence (Soranno et al.,
1996). In LakeOntario, weather events have been found to increase trib-
utary discharge, which may result in increased input of nutrients from
the surrounding land (Howell et al., 2012b). Large amounts of phospho-
rus can be transported to aquatic systems following precipitation
events, as well as following the conversion of agricultural land to resi-
dential development (Bennett et al., 2001). Our results suggest that sea-
sonal variability in both nutrient transport ability and temperature, in
addition to spatial processes, may be contributing to temporal
algal response to ecosystem engineers and multiple stressors in the
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signatures in the production of planktonic chlorophyll a along the
shoreline of Lake Huron.

Benthic algae and dreissenids at increasing depth
The patchy distribution of observed benthic algae along the shore-

line (Howell, 2004) has raised interest concerning the spatial processes
thatmay be driving the growth of Cladophora. In our study, the distribu-
tion of benthic algae in the nearshore region of LakeHuronwas found to
be spatially contingent. Spatial patterns explained between 21 and 48%
of the variation in benthic algae biomass and cover along the south-east
shoreline of Lake Huron. Broad-scale spatial patterns were important in
describing the biomass of Cladophora along the shoreline of the Point
Clark study region, explaining as much as 48% of the variation. This
broad spatial pattern characterizes a depth gradient along the shoreline,
with higher mussel and Cladophora biomass at deeper sites. Due to the
increases in water clarity as a result of dreissenid mussel filter-feeding,
benthic algae species have been able to colonize deeper sites in the
Great Lakes (Kuczynski et al., 2016). The broad scale spatial patterns ev-
ident in ourmodelsmay suggest that dreissenidmussels are influencing
the depth that Cladophora colonize. In fact, we found that zebra mussel
biomass and densityweremore important predictors of Cladophora bio-
mass and cover, respectively (R2

adj = 0.2; R2
adj = 0.52), whereas

quagga mussel biomass was a more important predictor of periphyton
cover (R2

adj = 0.29). The effects of mussels on the already high water
clarity in Lake Huron may be less important than a nutritive or physical
association. Physical association of Cladophora filaments and aggregates
of mussels were reported by Barton et al. (2013) and Higgins et al.
(2008) from field observations in eastern Lake Huron. In addition, the
pattern of lower coverage and biomass of Cladophora at shallower
sites could be indicative of physical stress in shallow environments. In
Lake Erie, shallow sites generally had lower coverage by Cladophora
likely due to the pressure of turbulence on sloughing (Higgins et al.,
2005).

Sediment type
Fine-scale spatial patterns also contributed to the distribution of

benthic algae along the shoreline of Lake Huron, explaining between
21 and 28% of the variation in periphyton percent cover and Cladophora
biomass. Fine scale spatial patternsmay be indicative of habitat features
of the nearshore such as differences in substrate types and exposure
along the shoreline. Substrate type is important for Cladophora, which
colonizes many different types of substrate, including rocks and clam
shells (Dodds and Gudder, 1992). These associations between
dreissenid mussels and benthic algae noted above may also be indica-
tive of the importance of substrate or physical stress due to exposure
in explaining the pattern in abundance and distribution of zebra and
quagga mussels (Mellina and Rasmussen, 1989; Mills et al., 1993).
While zebra mussels typically colonize on harder substrates (Nalepa
et al., 1995; Mellina and Rasmussen, 1989), quagga mussels have been
observed at deeper depths on both hard substrates, such as on bedrock
and cobble stone (Wilson et al., 2006), and on softer substrates, such as
sand (Mills et al., 1993). In addition, Cladophora can use the shells of
dreissenids as a point of attachment and this has been observed in the
nearshore of Lake Ontario (Wilson et al., 2006). The varying bathymetry
and shoreline orientation over the study areas suggest the physical
stress at sites of similar depth is unlikely to be similar. When viewed
from the perspective of the increasing abundance gradients in benthic
algae and mussels with distance from shore, this suggests physical dis-
turbance is a strong influence on abundance and is likely to play out
over fine spatial scales along the shoreline.

Conclusions

This study established the relative influence ofwater chemistry, spa-
tial patterns and invasive dreissenid mussels on water quality and ben-
thic algae abundance along the shoreline of Lake Huron. Nutrient
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concentrationswere themost important predictor of planktonic chloro-
phyll a in our study system, however, we also identified important spa-
tial processes indicative of nutrient loading via tributaries and shoreline
development. In addition, we found an association between benthic
algae cover and the biomass of invasive dreissenid mussels, providing
empirical modeling evidence for the nearshore shunt hypothesis
(Hecky et al., 2004) in LakeHuron. In the presence of invasive dreissenid
mussels, the shoreline of the Great Lakes may becomemore sensitive to
inputs of nutrients such as phosphorus via rivers and point sources, as
the dreissenid mussels are able to concentrate nutrients in the near-
shore. With the widespread distribution of dreissenid mussels and ob-
served benthic algal problems in the Great Lakes (Higgins et al., 2005;
Howell et al., 2012b; Kuczynski et al., 2016), we stress the importance
and relevance of this work to lakes that are afflicted by invasive
dreissenids and nuisance algae. We believe that management strategies
for the Great Lakes will not only need to take into account the additive
impacts of increased nutrient loading and the potential for dreissenids
to concentrate nutrients in the nearshore environment, but also the spa-
tial and temporal scales that these stressors are acting on, particularly in
less productive lakes where linkages between land use and water qual-
ity are likely to be particularly strong.
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