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Biological integrity of nearshore habitat in the Thousand Islands region of the upper St. Lawrence River is threat-
ened by the cumulative effects of anthropogenic stressors such as water level regulation, habitat alteration, and
invasion of non-native plant and animal species. To better understand how fish-habitat associations and fish as-
semblage structure differed based on existing environmental conditions, fish assemblages were compared from
three protected and five open nearshore habitats within embayments. Two distinct and diverse fish assemblages
were identified: a protectednearshore and anopennearshore assemblage. Protectednearshore areas contained a
diverse fish assemblage that harbored predominantly phytophilic species dependent upon densely vegetated
habitats whereas open nearshore areas contained a diverse assemblage of Notropis sp. minnows dependent on
wind exposed habitats with firmer substrates. Increased macrophyte column density was associated with
protected nearshore assemblageswhereas firmer substrates and increased fetchwere correlatedwith opennear-
shore assemblages. Nearshore areas within the Thousand Islands region support populations of sensitive and in-
tolerant fish species. Management strategies should focus on protecting high-quality nearshore habitats and
restoring connectivity between habitats.

© 2013 International Association for Great Lakes Research. Published by Elsevier B.V. All rights reserved.

Introduction

Coastal wetlands in the Great Lakes and connecting channels pro-
vide critical habitat for native flora and fauna, but the continued loss
and degradation of wetlands threatens coastal ecosystems (Whillans,
1982, 1992). Adjacent nearshore areas serve as transitional zones
between coastal wetlands and pelagic ecosystems; provide critical
spawning and nursery habitats for fishes (Brazner and Beals, 1997;
Jude and Pappas, 1992; Stephenson, 1990;Wei et al., 2004) and support
diverse fish assemblages (Chow-Fraser and Albert, 1999; Mackey and
Goforth, 2005; Strayer and Findlay, 2010). However, nearshore aquatic
areas are among the most threatened habitats in freshwaters due to
high levels of anthropogenic disturbance that exist at the interface of
aquatic and terrestrial environments (Goforth and Carman, 2005,
2009; Strayer and Findlay, 2010). The biodiversity of these highly sensi-
tive nearshore habitats is threatened by shoreline development (Brazner,
1997; Jennings et al., 1999), armoring (Meadows et al., 2005), water level
regulation (Poff et al., 1997; Pringle et al., 2000; Richter et al., 1997, 2003;
Webb, 2008), nutrient inputs from land use alterationswithin thewater-
shed (Crosbie and Chow-Fraser, 1999; Trebitz et al., 2007, 2009), and in-
troduced plant and animal species (Farrell et al., 2010; Mills et al., 1994,

2003; Rippke et al., 2010; Wilcox et al., 2008). These anthropogenic dis-
turbances can degrade nearshore habitat quality by altering aquatic mac-
rophyte structure (Lougheed et al., 2001), altering fish assemblages
(Holeck et al., 2004; Rahel, 2002) and decreasing biotic integrity (Karr,
1981).

The nearshore habitat within the upper St. Lawrence River, the only
natural outlet of the North American Laurentian Great Lakes, has be-
come increasingly altered by anthropogenic disturbances. Protected
shorelines in particular have been affected by the invasive cattail
(Typha × glauca, hereafter cattail), which has progressively expanded
in nearshore areas and changed wetland marsh communities (Farrell
et al., 2010; Rippke et al., 2010; Wilcox et al., 2008). Cattail has reduced
the quantity and quality of spawning habitat for many ecologically and
economically important native fishes (Cooper et al., 2008; Farrell,
2001), and bisected nearshore areaswhere a hydrologic connection his-
torically existed, limiting fish movement between nearshore habitats
(Cooper et al., 2008; Farrell et al., 2006). In addition, the accretion of or-
ganic material and reduced water exchange has reduced dissolved oxy-
gen concentrations for biota in these habitats. Furthermore, annual
water temperature in the St. Lawrence River has risen 1.3 °C over the
past 50 years (Hudon et al., 2010). Predicted effects of climate change
favor the dominance of warmwater tolerant and non indigenous fishes
and will undoubtedly lead to changes in the fish community (Rahel
et al., 2008; Schindler, 2001).

Despite these challenges, the Thousand Islands region of the upper
St. Lawrence River contains a relatively high abundance of intolerant
species and supports diverse fish assemblages (Carlson, 1997). This
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area has been a refuge for sensitive and rare cyprinid species including
pugnose shiner (Notropis anogenus: a New York state listed endangered
species), blackchin shiner (Notropis heterodon; New York state listed
species of concern), bridle shiner (Notropis bifrenatus) and blacknose
shiner (Notropis heterolepis). Recent funding initiatives created by the
relicensing of the St. Lawrence-Franklin D. Roosevelt Power Project
have provided the impetus to develop nearshore habitat restoration
projects to mitigate the effects of water level regulation and enhance
fisheries resources in the Lake Ontario/St. Lawrence River basin (USA
Federal Energy Regulatory Commission, 2003). Fish conservation strat-
egies include enhancement of spawning and nursery habitat, protecting
and conserving critical fish habitat, and creating connectivity among
habitats disconnected by cattail encroachment. Proposed connectivity
restoration projects seek to reconnect nearshore areas bisected by cat-
tail marshes via channel excavation; to promote movement of near-
shore fish, mitigate hypoxic conditions in protected nearshore areas
and enhance access to spawning and rearing habitat. However, intimate
knowledge of each habitat is warranted prior to restoring connectivity;
therefore, there is a need for greater understanding of protected and
open nearshore fish assemblages to assist managers in conserving na-
tive fishes and biodiversity in the upper St. Lawrence River.

Biodiversity and fish assemblage structure of nearshore habitats is
largely influenced by physical processes such as wind and wave energy,
river currents, geology, and the interaction between humans and thewa-
tershed (Goforth and Carman, 2005, 2009; Mackey and Goforth, 2005;
Strayer and Findlay, 2010; Wei et al., 2004). Previous studies in the
Great Lakes have indicated that fish distribution patterns of wetland-
associated fishes are influenced by shoreline features, embayment type,
and connectivity to wetlands (Goforth and Carman, 2005; Jude and
Pappas, 1992; Wei et al., 2004). Meixler et al. (2005) indicated that fish
assemblages differed between littoral and wetland assemblages in Lake
Ontario embayments and Wei et al. (2004) concluded that nearshore
fish assemblages in the Great Lakes were influenced by shoreline fea-
tures, with wetlands being highly utilized. Nearshore habitats of the
Thousand Islands region of the St. Lawrence River can be categorized as
(1) protected nearshore areas, which are sheltered from wind and
wave energy, oriented perpendicular to the direction of flow, and contain
thick organic sediments and dense submersed aquatic vegetation (SAV),
or (2) open nearshore areas, which are exposed to high wind and wave
energy, oriented parallel to the direction of flow, contain firm sand to
boulder substrates, and have sparse wave-sensitive SAV. The objectives
in this study were to (1) describe the biodiversity of fishes in protected
and open nearshore habitats, (2) compare fish assemblage structure in
open and protected nearshore areas, and (3) quantify nearshore fish-
habitat relationships.We hypothesized that fish assemblage composition
would differ between protected and open habitats due to differences in
habitat complexity and environmental conditions.

Methods

Study area

This study was conducted within United States waters of the In-
ternational Section of the upper St. Lawrence River, within the Thou-
sand Islands region (Fig. 1). The St. Lawrence River is the tenth
largest river in the world in terms of flow, with an average discharge
of 7960 m3 s−1 at Cornwall, Ontario (Water Survey of Canada,
1990). Thewater levels of the upper St. Lawrence River and Lake Ontario
are regulated between 74.2 and 75.4 m above sea level by the Interna-
tional Joint Commission under the United States Army Corps of Engineers
Plan 1958D with deviations (Farrell et al., 2010). Eight nearshore sites
were selected for study between Clayton and Hammond, NY, a distance
of approximately 38 km. Each site was classified as “protected” (n = 3;
Blind, Flynn, McCrae) or “open” (n = 5; Lindley, Red Barn, Sand,
Sheephead, Thurso) based on wind fetch models (see methods below)
and habitat characteristics (substrate, and macrophyte composition and

structure). Protected sites selected were dominated by cattails along the
shoreline and have dense stands of cattail encroaching upon the near-
shore zone.

Field methods

A standardized seining survey and boat electrofishing were used at
each site because the use of multiple gears provides a better assessment
of fish assemblages (Fago, 1998; Ruetz et al., 2007). Seining surveys
were conducted during daylight hours with a fine mesh bag seine
(9.14 m-long, 1.6 mmmesh) at all eight study sites. Each site was sam-
pled three times on successive occasions between6 July and 22 Septem-
ber 2010. Four standardized seine hauls (36.6 m in length) were
conducted parallel to shore on each site visit (sample). A total of 12
seine hauls were conducted across three sampling periods with the ex-
ception of Red Barn Bay (n = 10 hauls). Sampling was not conducted
within cattail stands due to decreased efficiency of the seine gear; how-
ever, seiningwas conducted along the interface of cattail stands and the
nearshore zone. Fish were counted and identified to species in the field.
Fish that could not be positively identified in the fieldwere preserved in
10% formalin and identified later in the laboratory according to Smith
(1985).

Night electrofishing surveys were conducted using a Smith-Root
electrofishing boat (model SR-18H). The electrical output of the gener-
ator was standardized at 6–8 A using pulsed direct current. The elec-
trode was configured of two anodes one on each boom extending out
from the bow at a 25°angle with wires arranged in an umbrella array
submersed one foot below the water. Electrofishing surveys were con-
ducted between 10 August and 28 September 2010, between the
hours of 2000–0400. Electrofishing was conducted along the 1–2 m
depth contour for approximately 1000–1200 s per sample, a linear dis-
tance of 400–500 m of shoreline. Each site was sampled twice during
the sample period, which ranged from 1900 to 2538 total seconds of
electrofishing per site depending on the complexity of habitat. A total
of 11,591 s of electrofishing was conducted in five open nearshore
sites, and a total of 6387 s of electrofishing was conducted in three
protected sites. Electrofishingwas conducted in the exact area and hab-
itat where seiningwas conductedwhen feasible. It was often difficult to
operate the electrofishing gear in the shallow vegetated habitats of
protected embayments where seining surveys were conducted, so sim-
ilar adjacent habitats were sampled. Electrofishing was conducted at
idle speedwith a crewof two netters and one boat operator. All stunned
fish were netted and placed into an aerated livewell and processed at
the end of each site sample. Fish were counted and identified to species
in the field. Fish that could not be positively identified in the field were
preserved in 10% formalin and identified later in the laboratory accord-
ing to Smith (1985).

Dissolved oxygen (DO), chl a and temperature was sampled prior to
each seining event between 1100 and 1600. Dissolved oxygenmeasure-
ments were taken with a YSI 55 multimeter at the surface, mid depth
and substrate water interface. Water grab samples (1 L) were sampled
from each site, transported to the laboratory, filtered throughWhatman
934AH glass fiber filters, extracted with 10 mL of acetone for 24 h and
then the emission of fluorescent radiationwasmeasured using a Turner
Designs 10-AU fluorometer to quantify chl a concentration.

Macrophytes were surveyed after each seine haul on the last visit
(August-September) to each site. Aquatic habitat was evaluated every
6.1 m (total of 6 plots per haul) along the path of the seine using a
1 m2

floating grid (see Murry and Farrell, 2007 for details). The depth
of the water column (cm), three dominant macrophyte species, total
macrophyte cover, and vertical height of the tallest plant (cm) were re-
corded.Macrophyteswithin each plotwere identified to species and the
percent coverage for each category was estimated on a 0–5 scale where
0–5% = 0, 5–15% = 1, 15–25% = 2, 25–50% = 3, 50–75% = 4, and
75–100% = 5. Macrophyte column density (MCD; Kapuscinski and
Farrell, 2014-in this issue), a measure of three dimensional habitat
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complexity which ranges from 0 to 100% was calculated using the fol-
lowing equation:

MCD ¼ dominant species height=water depth
� dominant species coverage: ð1Þ

Substrate type for each site was scored qualitatively in increasing
order of stability: 1 = peat/organic material, 2 = mud/silt/clay,
3 = sand/silt, 4 = sand/gravel, 5 = sand with cobble/gravel.

Wind fetch model

Weused ArcGIS 9.2 to estimate the effective fetch (a calculatedmea-
surement of wind fetch distance from several directions around a given
point) and maximum fetch (the maximum distance (m) that wind
travels over water unobstructed) for study sites with a program devel-
oped by Rogala (1997). The average wind direction for June–August
2010 from Alexandria Bay, NY and Wolfe Island, ON was SSW, a com-
pass direction of 202.5°. However, the predominant wind direction in
this region is westerly and ranges from SW to W direction (Gosselain
et al., 2005; Poissant et al., 2000). Therefore, two models were run
using a constantwinddirection of aW (270°) and SSW(202.5°) and uti-
lized the Shoreline ProtectionManual calculationmethod at a cell size of
5 m. The Shoreline Protection Manual calculation spread nine radials at
3° increments around the designated wind direction to model effective
fetch (Rohweder et al., 2008). The waypoint from the end of each seine
haul was overlaid onto each effective fetchmodel and the effective fetch
of that cell was used to calculate an average effective fetch across all
seine hauls at each particular site. The average effective fetch for each

site was recorded as the greatest average effective fetch that resulted
from either of the two modeled wind directions. The maximum fetch
within each embayment was similarly calculated. Sampled nearshore
sites within embayments were classified as open or protected based
on the wind fetch models and site characteristics. Nearshore sites with
b1000 m average effective fetch within the sampling area under both
modeled wind directions were classified as “protected” as these sites
were sheltered from the predominant wind directions. Sites with an ef-
fective fetch N 1000 m in eithermodel were classified as “open” (Fig. 2).

Data analysis

Twomultivariate analyses were utilized to assess patterns in fish as-
semblages among the eight nearshore sites. Fish assemblage data from
seining and electrofishing were pooled and transformed to binary
(presence absence) data to combine samples collected from different
gears and to eliminate the influence of rare and abundant species on
multivariate ordinations (Jackson and Harvey, 1997; Sharma and
Jackson, 2007). First, a nonmetric multidimensional scaling (NMDS)
model was used to assess the similarity between assemblages among
sites. The Jaccard's coefficient was applied on presence absence trans-
formeddata pooled fromboth seining and electrofishing gears to gener-
ate an 8 × 8 resemblance matrix. The Jaccard's coefficient was used
because this resemblance measure minimizes false absences when
using binary presence absence data (Kwak and Peterson, 2007). The
NMDS was conducted in PRIMER v6 with 50 restarts, minimum
stress = 0.01, Kruskal fit scheme = 1(Clarke and Gorley, 2006; Clarke
and Warwick, 2001). The NMDS was restricted to two dimensions to

Fig. 1.Map of study locationswithin the Thousand Islands region of the upper St. Lawrence Riverwith site insets illustrating shape and orientation of littoral embayments. Note: location of
sampled nearshore site is designated by black circle within inset, P = protected site, O = open site.
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increase the interpretability of the model and because the final stress
was low (0.06).

Relationships and patterns among assemblages were determined by
analyzing the spatial proximity of sites in relation to one another in
NMDS plots. Sites that were located more proximally to one another
were considered to havemore similar fish assemblages than sites locat-
ed distally. One way analysis of similarity (ANOSIM; α = 0.05) was
used with 56 (all possible permutations) permutations in PRIMER v6
to examine the differences between assemblages at open and protected
sites. The non-parametric test ANOSIM tested a null hypothesis of no
difference between protected and open habitats based on a Jaccard's
distance measure (Clarke, 1993). The ANOSIM test statistic, global R, is
calculated by permutation tests which randomly shuffle samples, and
calculate R for each permutation. The observed R value is then com-
pared against a random distribution of R to determine its significance.
The global R values ranges from −1 to 1, with values closer to 1

indicating dissimilarity between groups, values near 0 indicating no dif-
ferences between groups and values closer to −1 indicating similarity
between groups (Clarke and Warwick, 2001).

Second, a canonical correspondence analysis (CCA) was performed
to relate fish assemblages to a suite of environmental variables because
it provided a direct gradient analysis on species and environmental var-
iables (ter Braak, 1986). Variables included in the analysis were sub-
strate, MCD, dissolved oxygen, chl a (proxy for primary production),
and effective fetch (hereafter, fetch; Table 1). Fish assemblage data
were transformed to binary (presence absence) data and, MCD was
arcsine-square-root transformed; all other environmental variables
were square-root transformed to conform to assumptions of normality.
The CCA was run using row and column scores standardized by center-
ing and normalizing, scaling of ordination scores = optimize columns,
scores for graphing = sample scores are linear combinations of envi-
ron. All calculations of the CCA were conducted using the program PC-

Fig. 2.Map illustrating effective fetch (m) for nearshore sites of the upper St. Lawrence River as calculated using thewind fetchmodel for SSWwind direction of 202.5°(left column) andW
wind direction of 270° (right column) in 2010. Note: circles indicate location of sample and white indicates land.

Table 1
Habitat characteristics and environmental variables at three protected and five open nearshore sites of the upper St. Lawrence River sampled in 2010.

Protected Open

Blind Flynn McCrae Sheephead Lindley Sand Red Barn Thurso

Shore normal direction NW 320° S 180° N 360° SW 215° SW 225° SW 225° WSW 245° NW 310°
Average Effective fetch (m) 12 30 86 3714 787 4824 4990 1373
Maximum fetch (m) within embayment 330 3802 301 4285 3998 5791 6051 2102
Substrate 1 1 1 4 4 3 5 4
Mean dissolved oxygen (mg/L) 9.59 9.76 8.40 8.82 10.14 8.80 9.90 8.67
Chl a (μg/L) 1.50 1.92 2.08 2.47 1.52 1.99 1.20 2.23
Mean temperature (°C) 24.68 27.50 18.93a 25.36 25.60 25.98 25.10 19.27a

Macrophyte column density 29.96 46.01 37.45 24.50 19.26 10.41 7.39 22.28

a Sites sampled in September 2010.

157B.F. Henning et al. / Journal of Great Lakes Research Supplement 40 (2014) 154–163



Author's personal copy

ORD (Version 5.33,MJMSoftware Design, Gleneden Beach;McCune and
Mefford, 1997).

Results

Characteristics of nearshore fish assemblages

A total of thirty-eight species and 15,273 fishwere collected by sein-
ing and electrofishing at eight sites in 2010 (Table 2). Thirty-five of the
species captured were native (97% of the individuals) and three species
were non indigenous (3% of the individuals). Pumpkinseed (Lepomis
gibbosus, 15%), bluntnose minnow (Pimephales notatus, 12%), blackchin
shiner (12%), largemouth bass (Micropterus salmoides, 11%), and banded
killifish (Fundulus diaphanus, 8%) were the most abundant species cap-
tured in seine hauls. Yellow perch (Perca flavescens, 27%), pumpkinseed
(19%), rock bass (Ambloplites rupestris, 10%), largemouth bass (6%), and
brown bullhead (Ameiurus nebulosus, 5%) were the most abundant spe-
cies sampled by electrofishing.

Overall, species composition (data from both gears pooled) differed
between protected and open sites (Table 2). Assemblages at protected
sites were primarily composed of pumpkinseed (30%), largemouth
bass (18%), bluntnose minnow (12%), golden shiner (Notemigonus
crysoleucas, 11%) and yellow perch (7%), whereas minnows of the
genus Notropis (22%, excluding blackchin shiner), blackchin shiner

(13%), yellow perch (13%), banded killifish (11%), bluntnose minnow
(9%), and pumpkinseed (11%) were most abundant at open sites
(Table 2).

Nearshore fish assemblage structure

The percent similarity between fish assemblages ranged from 32%
(Red Barn, open -Flynn, protected) to 74% (Sand, open–Sheephead,
open; Table 3). The NMDS model resulted in a two dimensional plot
(stress = 0.06) that revealed two distinct fish assemblages, a protected
nearshore assemblage and an open nearshore assemblage (Fig. 3). The
protected and open assemblages did not differ statistically (ANOSIM
global r = 0.421, p = 0.07).

Fish assemblage relationships with environmental variables

The CCA indicated that substrate, fetch, and MCD were the environ-
mental variables that had the greatest influence on structuring fish as-
semblages at nearshore sites of the upper St. Lawrence River (Figs. 4, 5
and 6). Axes 1 and 2 explained 29.2% and 19.5% of the variance in fish
species-environmental variable relations (Table 4). Species distribution
patterns in the seining CCA revealed that grass pickerel (Esox
americanus vermiculatus), central mudminnow (Umbra limi), tadpole
madtom (Noturus gyrinus), slimy sculpin (Cottus cognatus), brook

Table 2
Fish species captured at nearshore sites of the upper St. Lawrence River in 2010 during seining and electrofishing surveys. Fishes are listed alphabetically by common name. Species
tolerance designations (T = tolerant, I = intolerant), follow Halliwell et al. (1999). Reproductive guild: pelagophil (open water), phytophil (obligatory plant spawners), lithophil (rock
and gravel, benthic larvae), phyto–lithophil (non obligatory plant spawners), ariadnophil (gluemaking nesters), speleophil (hole or cave nesters), litho–pelagophil (rock and gravel, pe-
lagic larvae), and psammophils (sand; Balon, 1975, 1981). The percent of the total catch for each species in each habitat type are provided.

Fish species Species abbreviation Tolerance Reproductive guild % Protected % Open

American eel Anguilla rostrata EEL T Pelagophil 0.01 0.02
Banded killifish Fundulus diaphanus BK T Phytophil 3.18 10.62
Black crappie Pomoxis nigromaculatus BKCR Phytophil 0.01 0.02
Blackchin shiner Notropis heterodon BCS I Phytophil 6.63 13.24
Bluegill Lepomis macrochirus BG T Lithophil 0.31 1.27
Bluntnose minnow Pimephales notatus BNM T Phytophil 12.30 9.03
Bowfin Amia calva BOW T Phytophil 0.07 0.04
Bridle shiner Notropis bifrenatus BRID I Phyto–lithophil 4.64 0.06
Brook silverside Labidesthes sicculus BSILV I Phyto–lithophil 0.75 4.19
Brook stickleback Culaea inconstans BKSB I Ariadnophil 0.03 0.00
Brown bullhead Ameiurus nebulosus BBH T Phytophil 1.77 1.19
Central mudminnow Umbra limi CMM T Phytophil 1.40 0.00
Channel catfish Ictalurus punctatus CCAT Speleophil 0.00 0.01
Common carp Cyprinus carpioa CARP Phytophil 0.00 0.09
Eastern silvery minnow Hybognathus regius ESM I Phyto–lithophil 0.00 3.30
Emerald shiner Notropis atherinoides EMS Pelagophil 0.00 5.20
Freshwater drum Aplodinotus grunniens FWD Phytophil 0.00 0.01
Gizzard shad Dorosoma cepedianuma GIZZ T Litho–pelagophil 0.00 0.02
Golden shiner Notemigonus crysoleucas GOSH T Phytophil 10.66 3.05
Grass pickerel Esox americanus vermiculatus GP Phytophil 0.53 0.00
Largemouth bass Micropterus salmoides LMB Phytophil 17.88 4.00
Logperch Percina caprodes LOG Psammophil 0.01 0.04
Longnose gar Lepisosteus osseus LNG Phytophil 0.00 0.19
Mimic shiner Notropis volucellus MIMS Phyto–lithophil 0.00 2.33
Muskellunge Esox masquinongy MUSK I Phytophil 0.03 0.07
Northern pike Esox lucius NP I Phytophil 0.13 0.11
Pumpkinseed Lepomis gibbosus PS Polyphil 29.62 5.01
Rock bass Ambloplites rupestris RB Lithophil 2.51 4.75
Round goby Neogobius melanostomusa RG Lithophil 0.38 4.22
Sand shiner Notropis stramineus SAND Psammophil 0.00 2.79
Slimy sculpin Cottus cognatus SCPN I Speleophil 0.07 0.00
Smallmouth bass Micropterus dolomieu SMB Lithophil 0.01 0.21
Spotfin shiner Notropis spilopterus SPFN T Speleophil 0.00 11.43
Spottail shiner Notropis hudsonius SPTL Psammophil 0.00 0.28
Tadpole madtom Noturus gyrinus TADM Speleophil 0.18 0.01
Tesselated darter Etheostoma olmstedi TD Speleophil 0.07 0.20
White sucker Catostomus commersonii WS T Lithophil 0.03 0.16
Yellow perch Perca flavescens YP Phyto–lithophil 6.79 12.83

a Indicates a non-indigenous fish species.
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stickleback (Culaea inconstans), muskellunge (Esox masquinongy) and
American eel (Anguilla rostrata) had a strong affinity for densely vege-
tated protected habitat with soft organic substrates (Fig. 5). Logperch
(Percina caprodes), black crappie (Pomoxis nigromaculatus), bluegill
(Lepomis macrochirus), bowfin (Amia calva), blackchin shiner, northern
pike (Esox lucius), and bridle shiner were associated with increased
MCD, however less strongly associated with MCD than the above
mentioned species. Yellow perch, brown bullhead, brook silverside
(Labidesthes sicculus), banded killifish, golden shiner, largemouth bass,
bluntnose minnow, pumpkinseed and rock bass were located centrally
within the biplot indicating that these species inhabit both open and
protected nearshore sites with no strong affinity for MCD, substrate or
fetch. Minnows of the genus Notropis including emerald shiner
(Notropis atherinoides), spottail shiner (Notropis hudsonius), sand shiner
(Notropis stramineus), mimic shiner (Notropis volucellus), and spotfin
shiner (Cyprinella spiloptera), longnose gar (Lepisosteus osseus), channel
catfish (Ictalurus punctatus), common carp (Cyprinus carpio), freshwater
drum (Aplodinotus grunniens) gizzard shad (Dorosoma cepedianum),
and eastern silvery minnow (Hybognathus regius) were associated
with greater fetch and coarser substrates. Habitats with firm substrates,
intermediate fetch, and low macrophyte density were inhabited by,
smallmouth bass (Micropterus dolomieu), white sucker (Catostomus
commersonii), round goby (Neogobius melanostomus), and tessellated
darter (Etheostoma olmstedi)

Discussion

Multivariate analyses indicated that the structure of fish assem-
blages differed between protected and open sites. Although the result

of the ANOSIM test was not statistically significant (p = 0.07), we con-
tend that this is a biologically significant result. It is evident from the
NMDS plot that two distinct fish assemblages are present in the upper
St. Lawrence River. The fish assemblages sampled at protected sites in
our study were similar to those found by Meixler et al. (2005) within
wetland and littoral habitats of protected embayments of Lake Ontario;
but the dominant species differed between our studies. For example,
pumpkinseed, largemouth bass, and bluntnose minnow dominated
protected sites of the upper St. Lawrence River, whereas brown bull-
head, bluegill, and pumpkinseed dominated protected sites in Lake
Ontario. In the Akwesasne wetland complex of the St. Lawrence River,
located downstream from the Robert Moses–Robert H. Saunders

Table 3
Percent similarity offish assemblages sampled at nearshore sites of the upper St. Lawrence
River during 2010. Seining and electrofishing data were pooled, transformed to binary
(presence absence) data and Jaccard's resemblance measure applied.

Red Barn Blind Sand Sheep Flynn Lindley McCrae

Red Barn
Blind 35
Sand 45 63
Sheep 45 57 74
Flynn 32 63 59 59
Lindley 50 57 60 60 59
McCrae 43 67 52 41 57 58
Thurso 59 41 46 58 50 58 45

Fig. 3. Nonmetric multidimensional scaling models based on binary (presence absence) data of fish assemblages from pooled gears (seining and electrofishing) at eight nearshore sites in
the upper St. Lawrence River in 2010. Open circles represent open sites and closed circles represent protected sites.

Fig. 4. Biplot of canonical correspondence analysis scores for fish assemblages at three
protected and five open nearshore sites in the upper St. Lawrence River sampled in
2010. Habitat variables are macrophyte column density (MCD), chl a, substrate, and
fetch. Open circles represent open sites and closed circles represent protected sites. The
importance of a particular habitat variable is indicated by the length of the line, the longer
the line themore important the variable is in structuring the assemblage. The proximity of
a site to a habitat variable indicates its association with the variable (positively associated
if in the same direction as the line).
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Power Dam, McKenna et al. (2005) found fish assemblages to be domi-
nated by yellow perch, pumpkinseed, bluntnose minnow, white sucker
and banded killifish. Dominant species in the Akwesasne wetland com-
plex were largely tolerant species, whereas blackchin shiner, an

intolerant species, was the most abundant species collected at open
sites of the Thousand Islands region of the upper St. Lawrence River.

The nearshore habitats in our study contained more sensitive and
rare cyprinids compared to those of Meixler et al. (2005) and

Fig. 5.Biplot of canonical correspondence analysis scores forfish assemblages at three protected and five opennearshore sites in the upper St. LawrenceRiver sampled in 2010. Fish species
codes are defined in Table 2. Habitat variables aremacrophyte column density (MCD), chl a, substrate, and fetch. The importance of a particular habitat variable is indicated by the length of
the line, the longer the line the more important the variable is in structuring the assemblage. The proximity of a species to a habitat variable indicates its association with the variable
(positively associated if in the same direction as the line).

Fig. 6. Biplot of canonical correspondence analysis scores for fish assemblages at three protected and five open nearshore sites in the upper St. Lawrence River sampled in 2010. Habitat
variables are macrophyte column density (MCD), chl a, substrate, and fetch. Reproductive guilds are Phyto = phytophil, Speleo = speleophil, Poly = Polyphil, Psammo= psammophil,
Litho = Lithophil, Pelago = pelagophil, Ariadno = ariadnophil, Pyto–Lith = pythophil–lithophil, Litho–Pelago = lithophil–pelagophil. The importance of a particular habitat variable is
indicated by the length of the line, the longer the line themore important the variable is in structuring the assemblage. The proximity of a reproductive guild to a habitat variable indicates
its association with the variable (positively associated if in the same direction as the line).
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McKenna et al. (2005). In 2010, the blackchin shiner comprised 13% of
open and 7%of protected assemblages and the bridle shiner represented
5% of the protected assemblage in our study.We did not collect pugnose
shiner at nearshore sites in 2010, but the species was collected in sein-
ing surveys in three protected sites (Blind, Flynn,McCrae) and two open
sites (Sand, Sheephead) in 2011(John M. Farrell, unpublished data).
Blackchin shiner, bridle shiner, and pugnose shiner were not collected
or contributed insignificantly to fish assemblages in Lake Ontario
(Meixler et al., 2005) and Akwesasne (McKenna et al., 2005) wetlands.
This suggests that nearshore habitats within the upper St. Lawrence
River support more sensitive and intolerant species compared to other
nearby waters.

The fish assemblage patterns in protected and nearshore habitats ap-
peared to be largely structured by reproductive guilds (Fig. 6). Protected
nearshore areas provide optimal spawning andnursery habitat for littoral
fishes due to the shelter they provide from wave activity and their shal-
low, fast warming water. The increased complexity of SAV also provides
favorable spawning and nursery habitat for phytophilic fishes. Phytophils
are broadcast obligate vegetation spawners that require plants for their
eggs to adhere to; egg attachment to vegetation enhances the ability to
tolerate low DO conditions and the embryos have well developed respi-
ratory structures (Balon, 1975). The eggs of northern pike and muskel-
lunge may not always attach to vegetation (Farrell, 2001; Farrell et al.,
1996), but the larvae contain adhesive papillae that allow them to adhere
to vegetation above hypoxic sediments (Cooper et al., 2008). Grass pick-
erel, central mudminnow, golden shiner, bridle shiner, and largemouth
bass are all phytophils that utilize protected nearshore habitat in the St.
Lawrence River for spawning.

Contrary to protected nearshore sites, open nearshore areas generally
contain higher concentrations of DO and the substrates are typicallymore
favorable for the life history requirements of psammophilic, lithophilic,
and pelagophilic fishes (Fig. 6). The presence of Notropisminnow species
and white sucker in open nearshore areas is likely related to the repro-
ductive requirements of these fishes. Open nearshore habitat provides
exposed shorelines andfirmer, coarser substrates such as sand and gravel
that are suitable for fishes of the psammophilic (spottail shiner and sand
shiner), lithophilic (white sucker), phytolithophilic (yellow perch and
eastern silvery minnow), or pelagophilic (mimic shiner, emerald shiner,
and freshwater drum) guilds (Balon, 1975). Kapuscinski and Farrell
(2014-in this issue) also found that differences among fish assemblages
at nearshore sites of Buffalo Harbor, the upper Niagara River, and St. Law-
rence Riverwere influenced by suitability of habitats for particular repro-
ductive strategies. Fishes sampled from the Niagara River in Kapuscinski
and Farrell (2014-in this issue) were collected in the presence of
measureable flow and thus contained more rheophilic species than in
this study; however, spottail shiner and emerald shiner both shared an
affinity for coarser substrates in each study. Fish assemblages at protected
and open nearshore sites of the upper St. Lawrence River were diverse,

but generally differed in structure based on the suitability of habitats
for different reproductive guilds.

The patterns observed in the CCA revealed that habitat gradients in-
fluenced the observed differences in fish assemblages between protected
and open nearshore sites. Substrate and fetch were the most influential
factors structuring fish assemblages in the upper St. Lawrence River, con-
sistent with observations of Gido et al. (2002), Lienesch and Matthews
(2000), and Matthews (1998) who showed that fish assemblages were
greatly influenced by the degree in which habitats were exposed to
wind andwave energy.Matthews (1998) found distinctfish assemblages
among sites with varying amounts of exposure to prevailing windswith-
in a cove in a large southern reservoir. Similarly, Goforth and Carman
(2005) andWei et al. (2004) found that the distribution patterns of wet-
land associated fish were influenced by embayment and shoreline char-
acteristics. Wind and wave dynamics structure the geomorphology and
physical habitat which greatly influences local fish assemblage structure.
Wind and wave energy is important for transporting sediments and de-
termining substrate permeability, grain size, and stability, which largely
affects the distribution of biota (Strayer and Findlay, 2010). Wind and
wave exposure can also uproot vegetation or preventwave sensitive spe-
cies fromestablishing, so the fetch at sites influences the composition and
abundance ofmacrophytes (Chambers, 1987; Strayer and Findlay, 2010).
In our study, siteswith increasedwind andwave exposure favored open-
water pelagic species exemplified by minnows of the genus Notropis,
whereas protected sites were dominated by phytophilic fishes.

Fetch and substrate also likely influenced dissolved oxygen conditions
in nearshore areas. Although differences in dissolved oxygen among sites
did not appear to be associated with differences in species distribution in
the CCA, thismay have been a result of sampling dissolved oxygen during
daytime. Shallow eutrophic areas such as protected nearshore habitats,
experience large diel fluctuations in dissolved oxygen under lower
water conditions during the summer, with the lowest dissolved oxygen
levels occurring at dawn (Miranda et al., 2001). Had dissolved oxygen
beenmeasured at dawn for all study sites, differences in dissolved oxygen
levels may have been observed between protected and open nearshore
sites, providing greater insight to the dissolved oxygen affinity associated
with each fish assemblage. Dissolved oxygenwasmonitored at our study
sites in 2011, and the diel fluctuations in dissolved oxygen indicated that
protected sites were hypoxic during the month of August (dissolved ox-
ygen ranged from 0.29 to 4.46 mg/L; John M. Farrell, unpublished data).
During exposure to low dissolved oxygen conditions, fish may reduce
metabolic functions and decrease feeding and foraging activity rather
than risk predationwhilemoving to another location to escape the stress-
ful condition (Kramer, 1987). Protected nearshore areas are therefore
generally composed of species tolerant to diel fluctuations in dissolved
oxygen, and species that inhabit these habitats have developed adapta-
tions to survive these conditions. For example, the central mudminnow;
which was only collected in protected sites, has several adaptations for
life in lowoxygenatedwaters, including (1) the ability to breathe gaseous
oxygen from thewater surface, (2) the ability to use the gas bladder to re-
spire, (3) small body size and lowmetabolism, and (4) reduction of activ-
ity (Klinger et al., 1982).

Fish assemblages in this study were also structured across gradients
of macrophyte column density. Cvetkovic et al. (2010) found that mac-
rophyte communities are often a better predictor of fish communities in
the Great Lakes than water quality parameters. Macrophyte column
density provides shelter, spawning substrate, and prey for young fishes.
The dominant macrophytes in protected sites were dense mats of
macroalgae (Chara vulgaris), (Nitella spp.), and Eurasian watermillfoil
(Myriophyllum spicatum), whereas open siteswere dominated by sparse
macroalgae, eelgrass (Vallisneria americana), and waternymph (Najas
spp.). Protected sites in our study contained denser, more complex
SAV than open sites that contained sparse wave-sensitive species of
SAV. The dense SAV at protected sites provide optimal nursery habitat
for young fishes due to the increased habitat complexity (i.e. refugia
from predation), and food resources (Cyr and Downing, 1988; Dvorak

Table 4
Axis summary statistics and intra-set correlations between five environmental variables
and the first three axes from canonical correspondence analysis for fish assemblages col-
lected by seining and electrofishing nearshore areas in the upper St. Lawrence River in
2010.

Statistic or variable Axis 1 Axis 2 Axis 3

Summary statistics
Eigenvalue .244 0.163 0.114
Species-environment correlation 0.961 0.989 0.972
Variation explained (%) 29.2 19.5 13.6

Intra-set correlations
Fetch −0.676 −0.473 0.485
Substrate −0.905 −0.401 0.027
Dissolved Oxygen −0.146 −0.036 0.182
Chl-a 0.213 −0.398 −0.417
Macrophyte column density 0.694 0.224 −0.480
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and Best, 1982; Kapuscinski and Farrell, 2014-in this issue; Rozas and
Odum, 1988). Macrophyte column density was related to the abundance
of phytophilic fishes, such as grass pickerel and northern pike, in our
study. Macrophytes have been well documented as being crucial to the
life cycle of esocids in providing spawning substrate, cover for foraging,
and shelter from predation (Bry, 1996; Casselman and Lewis, 1996;
Grimm and Klinge, 1996; Scott and Crossman, 1973).

This study has shown that the structure of fish assemblages differed
between protected and open nearshore habitats within the upper St.
Lawrence River, and the two distinct assemblages observed differed pri-
marily in reproductive guilds across habitat gradients. Protected and
open nearshore habitats were equally diverse and the protection of
both nearshore habitat types is required to maintain biodiversity in
this large, regulated river. Protected nearshore areas contained a diverse
fish assemblage that harbored phytophilic species dependent upon
densely vegetated habitats. Minimizing coastal shoreline development,
preventing dredging and habitat degradation and reducing anthropo-
genic stressors within the watershed is crucial to protecting nearshore
habitat and fishes. The information gained from this study will give
greater understanding to the ecology of nearshore fishes in the upper
St. Lawrence River and guide efforts focused on conserving and restor-
ing native fishes in the region.

Acknowledgements

Many employees of the Thousand Island Biological Station assisted
with data collection. We specifically thank Brandy Brown, Chris Barry,
Derek Crane, Colby Bowman, Brian O'Malley, Stewart LaPan, Emily
Churchill and Brian Maitland for their assistance. Members of the
Chippewa Road Alliance and Blind Bay Association provided financial
and logistical support of this work. Frank and Ada Menapace, John
Hart, Dell Hamiliton, and Lee Hirschey contributed substantially to this
effort. Neil Ringler, John Stella, Jacqueline Frair, JohnVile, and two anon-
ymous reviewers provided comments that significantly improved this
manuscript. Funding was provided by the Fish Enhancement and Miti-
gation Research Fund (FEMRF) administered by the U.S. Fish andWild-
life Service. This work is a contribution of the Thousand Islands
Biological Station.

References

Balon, E.K., 1975. Reproductive guilds of fishes: a proposal and definition. J. Fish. Res.
Board Can. 32 (6), 821–864.

Balon, E.K., 1981. Additions and amendments to the classification of reproductive styles in
fishes. Environ. Biol. Fish 6 (3–4), 377–390.

Brazner, J.C., 1997. Regional, habitat, and development influences on coastal wetland and
beach fish assemblages in Green Bay, Lake Michigan. J. Great Lakes Res. 23 (1), 36–51.

Brazner, J.C., Beals, E.W., 1997. Patterns in fish assemblage from coastal wetland and
beach habitats in Green Bay, Lake Michigan: a multivariate analysis of abiotic and bi-
otic forcing factors. Can. J. Fish. Aquat. Sci. 54 (8), 1743–1761.

Bry, C., 1996. Role of vegetation in the life cycle of pike. In: Craig, J.F. (Ed.), Pike— Biology
and Exploitation. Chapman & Hall, London UK, pp. 45–68.

Carlson, D.M., 1997. Status of the Pugnose and Blackchin shiners in the St. Lawrence River
in New York, 1993–95. J. Freshw. Ecol. 12 (1), 131–139.

Casselman, J.M., Lewis, C.A., 1996. Habitat requirements of northern pike (Esox lucius).
Can. J. Fish. Aquat. Sci. 53 (Suppl. 1), 161–174.

Chambers, P.A., 1987. Nearshore occurrence of submersed aquatic macrophytes in rela-
tion to wave action. Can. J. Fish. Aquat. Sci. 44 (9), 1666–1669.

Chow-Fraser, P., Albert, D., 1999. Identification of eco-reaches of Great Lakes coastal wet-
lands that have high biodiversity values. Discussion Paper for SOLEC 1998.Env.
Canada-U.S. EPA Publications.

Clarke, K.R., 1993. Non-parametric multivariate analyses of changes in community struc-
ture. Aust. J. Ecol. 18 (1), 117–143.

Clarke, K.R., Gorley, R.N., 2006. PRIMER v6: User Manual/Tutorial. PRIMER-E Ltd.,
Plymouth (190 pp.).

Clarke, K.R., Warwick, R.M., 2001. Change inMarine Communities: An Approach to Statis-
tical Analysis and Interpretation, second edition. Natural Environmental Research
Council, Plymouth Marine Laboratory, Plymouth, United Kingdom.

Cooper, J.E., Mead, J.V., Farrell, J.M., Werner, R.G., 2008. Potential effects of spawning
habitat changes on the segregation of northern pike (Esox lucius) and muskellunge
(E. masquinongy) in the Upper St. Lawrence River. Hydrobiologia 601 (1), 41–53.

Crosbie, B., Chow-Fraser, P., 1999. Percent land use in the watershed determines the
water- and sediment-quality of 21 wetlands in the Great Lakes basin. Can. J. Fish.
Aquat. Sci. 56 (10), 1781–1791.

Cvetkovic, M., Wei, A., Chow-Fraser, P., 2010. Relative importance of macrophyte commu-
nity versuswater quality variables for predicting fish assemblages in coastal wetlands
of the Laurentian Great lakes. J. Great Lakes Res. 36 (sp3), 64–73.

Cyr, H., Downing, J.A., 1988. Empirical relationships of phytomacrofaunal abundance to
plant biomass and macrophyte bed characteristics. Can. J. Fish. Aquat. Sci. 45 (6),
976–984.

Dvorak, J., Best, E.P.H., 1982. Macro-invertebrate communities associated with the macro-
phytes of Lake Vechten: structural and functional relationships. Hydrobiologia 95 (1),
115–126.

Fago, D., 1998. Comparison of littoral fish assemblages sampled with mini-fyke net or
with a combination of electrofishing and small-mesh seine in Wisconsin lakes. N.
Am. J. Fish Manag. 18 (3), 731–738.

Farrell, J.M., 2001. Reproductive success of sympatric northern pike and muskellunge in
an Upper St. Lawrence River bay. Trans. Am. Fish. Soc. 130 (5), 796–808.

Farrell, J.M.,Werner, R.G., LaPan, S.R., Claypoole, K.A., 1996. Egg distribution and spawning
habitat of northern pike and muskellunge in a St. Lawrence River marsh, New York.
Trans. Am. Fish. Soc. 125 (1), 127–131.

Farrell, J.M., Mead, J.V., Murry, B.A., 2006. Protracted spawning of St. Lawrence River
northern pike (Esox lucius): simulated effects on survival, growth, and production.
Ecol. Freshw. Fish 15, 169–179.

Farrell, J.M., Murry, B.A., Leopold, D.J., Halpern, A., Rippke, M., Godwin, K.S., Hafner, S.D.,
2010. Water-level regulation and coastal wetland vegetation in the upper St.
Lawrence River: inferences from historical aerial imagery, seed banks, and Typha dy-
namics. Hydrobiologia 647 (1), 127–144.

Gido, K.B., Hargrave, C.W., Matthews, W.J., Schnell, G.D., Pogue, D.W., Sewell, G.W., 2002.
Structure of littoral zone fish communities in relation to habitat, physical, and chem-
ical gradients in a southern reservoir. Environ. Biol. Fish 63 (3), 253–263.

Goforth, R.R., Carman, S.M., 2005. Nearshore community characteristics related to shore-
line properties in the Great Lakes. J. Great Lakes Res. 31 (Suppl. 1), 113–128.

Goforth, R.R., Carman, S.M., 2009. Multiscale relationships between Great Lakes nearshore
fish communities and anthropogenic shoreline factors. J. Great Lakes Res. 35 (2),
215–223.

Gosselain, V., Hudon, C., Cattaneo, A., Gagnon, P., Planas, D., Rochefort, D., 2005. Physical
variables driving epiphytic algal biomass in a dense macrophyte bed of the St.
Lawrence River (Quebec, Canada). Hydrobiologia 534 (1–3), 11–22.

Grimm, M.P., Klinge, M., 1996. Pike and some aspects of its dependence on vegetation. In:
Craig, J.F. (Ed.), Pike— Biology and Exploitation. Chapman & Hall, London UK,
pp. 45–68.

Halliwell, D.B., Langdon, R.W., Daniels, R.A., Kurtenbach, J.P., Jacobson, R.A., 1999.
Classification of freshwater fish species of the northeastern United States
for use in the development of indices of biological integrity, with regional appli-
cations. Assessing the sustainability and biological integrity of water resources
using fish communities.CRC Press, Boca Raton, Florida 301–333.

Holeck, K.T., Mills, E.L., MacIsaac, H.J., Dochoda, M.R., Colautti, R.I., Ricciardi, A., 2004.
Bridging troubled waters: biological invasions, transoceanic shipping, and the
Laurentian Great Lakes. Biol. Sci. 54 (10), 919–929.

Hudon, C., Armellin, A., Gagnon, P., Patoine, A., 2010. Variations in water temperatures
and levels in the St. Lawrence River (Québec, Canada) and potential implications
for three common fish species. Hydrobiologia 647 (1), 145–161.

Jackson, D.A., Harvey, H.H., 1997. Qualitative and quantitative sampling of lake fish com-
munities. Can. J. Fish. Aquat. Sci. 54, 2807–2813.

Jennings, M.J., Bozek, M.A., Hatzenbeler, G.R., Emmons, E.E., Staggs, M.D., 1999. Cumula-
tive effects of incremental shoreline habitat modification on fish assemblages in
north temperate lakes. N. Am. J. Fish Manag. 19 (1), 18–27.

Jude, D.J., Pappas, J., 1992. Fish utilization of Great Lakes coastal wetlands. J. Great Lakes
Res. 18 (4), 651–672.

Kapuscinski, K.L., Farrell, J.M., 2014. Habitat factors influencing fish assemblages at
muskellunge nursery sites. J. Great Lakes Res. 40, 154–163.

Karr, J.R., 1981. Assessment of biotic integrity using fish communities. Fisheries 6 (6),
21–27.

Klinger, S.A., Magnuson, J.J., Gallepp, G.W., 1982. Survival mechanisms of the central
mudminnow (Umbra limi), fatheadminnow (Pimephales promelas) and brook stick-
leback (Culaea inconstans) for low oxygen in winter. Environ. Biol. Fish 7 (2),
113–120.

Kramer, D.L., 1987. Dissolved oxygen and fish behavior. Environ. Biol. Fish 18 (2),
81–92.

Kwak, T.J., Peterson, J.T., 2007. Community indices, parameters, and comparisons. In: Guy,
C.S., Brown, M.L. (Eds.), Analysis and Interpretation of Freshwater Fisheries Data.
American Fisheries Society, Bethesda, MD, pp. 677–763.

Lienesch, P.W., Matthews, W.J., 2000. Daily fish and zooplankton abundance in the littoral
zone of Lake Texoma, Oklahoma-Texas, in relation to abiotic variables. Environ. Biol.
Fish 59 (3), 271–283.

Lougheed, V.L., Crosbie, B., Chow-Fraser, P., 2001. Primary determinants of macrophyte
community structure in 62 marshes across the Great Lakes basin. Can. J. Fish.
Aquat. Sci. 58 (8), 1603–1612.

Mackey, S.D., Goforth, R.R., 2005. Great Lakes nearshore habitat science. J. Great Lakes Res.
31 (Suppl. 1), 1–5.

Matthews, W.J., 1998. Patterns in Freshwater Fish Ecology. Chapman and Hall, New York.
McCune, B., Mefford, M.J., 1997. PC-ORD. Multivariate Analysis of Ecological Data, Version

6.0. MJM Software Design, Gleneden Beach, Oregon.
McKenna Jr., J.E., Barkley, J., Johnson, J.H., 2005. Influence of the St Lawrence River hydro-

logic regime on fish assemblages in the vicinity of the Akwesasne Wetland Complex.
Army Corps of Engineers, Buffalo, New York.

162 B.F. Henning et al. / Journal of Great Lakes Research Supplement 40 (2014) 154–163



Author's personal copy

Meadows, G.A., Mackey, S.D., Goforth, R.R., Mickelson, D.M., Edil, T.B., Fuller, J., Guy, D.E.,
Meadows, L.A., Brown, E., Carman, S.M., Liebenthal, D.L., 2005. Cumulative habitat im-
pacts of nearshore engineering. J. Great Lakes Res. 31 (Suppl. 1), 90–112.

Meixler, M.S., Arend, K.K., Bain, M.B., 2005. Fish community support in wetlands within
protected embayments of Lake Ontario. J. Great Lakes Res. 31 (1), 188–196.

Mills, E.L., Leach, J.H., Carlton, J.T., Secor, C.L., 1994. Exotic species and the integrity of the
Great Lakes: lessons from the past. Biol. Sci. 44 (1), 666–676.

Mills, E.L., Casselman, J.M., Dermott, R., Fitzsimons, J.D., Gal, G., Holeck, K.T., Hoyle, J.A.,
Johannsson, O.E., Lantry, B.F., Makarewicz, J.C., Millard, E.S., Munawar, I.F.,
Munawar, M., O'Gorman, R., Owens, R.W., Rudstam, L.G., Schaner, T., Stewart, T.J.,
2003. Lake Ontario: food web dynamics in a changing ecosystem (1970–2000).
Can. J. Fish. Aquat. Sci. 60 (4), 471–490.

Miranda, L.E., Hargreaves, J.A., Raborn, S.W., 2001. Predicting andmanaging risk of unsuit-
able dissolved oxygen in a eutrophic lake. Hydrobiologia 457 (1), 177–185.

Murry, B.A., Farrell, J.M., 2007. Quantification of native muskellunge nursery habitat: in-
fluence of body size, fish community composition, and vegetation structure. Environ.
Biol. Fish 79 (1–2), 37–47.

Poff, N.L., Allan, J.D., Bain, M.B., Karr, J.R., Prestegaard, K.L., Richter, B.D., Sparks, R.E.,
Stromberg, J.C., 1997. A paradigm for river conservation and restoration. Biol. Sci.
47 (1), 769–783.

Poissant, L., Amyot, M., Pilote, M., Lean, D., 2000. Mercury water–air exchange over the
upper St. Lawrence River and Lake Ontario. Environ. Sci. Technol. 34 (15),
3069–3078.

Pringle, C.M., Freeman, M.C., Freeman, B.J., 2000. Regional effects of hydrologic alterations
on riverine macrobiota in the NewWorld: tropical–temperate comparisons. Biol. Sci.
50 (9), 807–823.

Rahel, F.J., 2002. Homogenization of freshwater faunas. Annu. Rev. Ecol. Syst. 33 (1), 291–315.
Rahel, F.J., Bierwagen, B., Taniguchi, Y., 2008. Managing aquatic species of conservation con-

cern in the face of climate change and invasive species. Conserv. Biol. 22 (3), 551–561.
Richter, B.D., Braun, D.P., Mendelson, M.A., Master, L.L., 1997. Threats to imperiled fresh-

water fauna. Conserv. Biol. 11 (5), 1081–1093.
Richter, B.D., Mathews, R., Harrison, D.L., Wigington, R., 2003. Ecologically sustainable

water management: managing river flows for ecological integrity. Ecol. Appl. 13
(1), 206–224.

Rippke, M.B., Distler, M.T., Farrell, J.M., 2010. Holocene vegetation dynamics of an upper
St. Lawrence River wetland: paleoecological evidence for a recent increase in cattail
(Typha). Wetlands 30 (4), 805–816.

Rogala, J.T., 1997. Estimating fetch for navigation pools in the upper Mississippi River
using a geographic information system. PSR 97-08. U.S. Geological Survey Upper
Mississippi River Long Term Resource Monitoring Program.Environmental Manage-
ment Technical Center, Onalaska, Wisconsin.

Rohweder, J., Rogala, J.T., Johnson, B.L., Anderson, D., Clark, S., Chamberlin, F., Runyon, K.,
2008. Application of wind fetch and wave models for habitat rehabilitation and en-
hancement projects. U.S. Geological Survey Open—File Report 2008–1200. (43 pp.).

Rozas, L.P., Odum,W.E., 1988. Occupation of submerged aquatic vegetation by fishes: test-
ing the roles of food and refuge. Oecologia 77 (1), 101–106.

Ruetz III, C.R., Uzarski, D.G., Krueger, D.M., Rutherford, E.S., 2007. Sampling a littoral fish
assemblage: comparison of small-mesh fyke netting and boat electrofishing. N. Am.
J. Fish Manag. 27 (3), 825–831.

Schindler, D.W., 2001. The cumulative effects of climate warming and other human
stresses on Canadian freshwaters in the new millennium. Can. J. Fish. Aquat. Sci. 58
(1), 18–29.

Scott, W.B., Crossman, E.J., 1973. Freshwater fishes of Canada. Bulletin, 184. Fisheries Re-
search Board of Canada, Ottawa, ON.

Sharma, S., Jackson, D.A., 2007. Fish assemblages and environmental conditions in the
lower reaches of northeastern Lake Erie tributaries. J. Great Lakes Res. 33 (1), 15–27.

Smith, C.L., 1985. The inland fishes of New York State. The New York State Department of
Environmental Conservation, Albany, New York.

Stephenson, T.D., 1990. Fish reproductive utilization of coastal marshes of Lake Ontario
near Toronto. J. Great Lakes Res. 16 (1), 71–81.

Strayer, D., Findlay, S., 2010. Ecology of freshwater shore zones. Aquat. Sci. 72 (2),
127–163.

ter Braak, C.J.F., 1986. Canonical correspondence analysis: a new eigenvector technique
for multivariate direct gradient analysis. Ecology 67 (5), 1167–1179.

Trebitz, A.S., Brazner, J.C., Cotter, A.M., Knuth, M.L., Morrice, J.A., Peterson, G.S., Sierszen,
M.E., Thompson, J.A., Kelly, J.R., 2007. Water quality in Great Lakes coastal wetlands:
basin-wide patterns and responses to an anthropogenic disturbance gradient. J. Great
Lakes Res. 33 (3), 67–85.

Trebitz, A.S., Brazner, J.C., Pearson, M.S., Peterson, G.S., Tanner, D.K., Taylor, D.L., 2009. Pat-
terns in habitat and fish assemblages within Great Lakes coastal wetlands and impli-
cations for sampling design. Can. J. Fish. Aquat. Sci. 66 (8), 1343–1354.

USA Federal Energy Regulatory Commission, 2003. Order approving settlement agree-
ments, dismissing complaint, and issuing new license. Project No. 2000-036 .

Water Survey of Canada, 1990. Historical Streamflow Summary, Ontario. Environment
Canada, Water Survey of Canada, Ottawa, Ont.

Webb, P.W., 2008. The impact of changes in water level and human development on for-
age fish assemblages in Great Lakes coastal marshes. J. Great Lakes Res. 34 (4),
615–630.

Wei, A., Chow-Fraser, P., Albert, D., 2004. Influence of shoreline features on fish distribu-
tion in the Laurentian Great Lakes. Can. J. Fish. Aquat. Sci. 61 (7), 1113–1123.

Whillans, T.H., 1982. Changes in marsh area along the Canadian shore of Lake Ontario.
J. Great Lakes Res. 8 (3), 570–577.

Whillans, T.H., 1992. Assessing threats to fishery values of Great Lakes wetlands. In:
Kusler, J., Smardon, R. (Eds.), Wetlands of the Great Lakes: Protection, Restoration,
Policies, and Status of the Science. Richard Smardon, Niagara Falls, NY, pp. 156–165.

Wilcox, D.A., Kowalski, K.P., Hoare, H.L., Carlson, M.L., Morgan, H.N., 2008. Cattail invasion
of sedge⁄grass meadows in Lake Ontario: photointerpretation analysis of sixteen
wetlands over five decades. J. Great Lakes Res. 34 (2), 301–323.

163B.F. Henning et al. / Journal of Great Lakes Research Supplement 40 (2014) 154–163


