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Nearshore sites of the Great Lakes and their connecting channels provide critical nursery habitat for muskel-
lunge (Esox masquinongy) and the fishes they prey upon. However, limited understanding of habitat–fish
assemblage relations hinders informed management and restoration of these communities. To help fill this
information gap, we (1) described fish assemblages at 25 sites in Buffalo Harbor (Lake Erie), the upper Niagara
River, and the St. Lawrence River, (2) compared assemblages among sites andwaters, and (3) determined if as-
semblage structure was related to habitat variation. The structure of fish assemblages at muskellunge nursery
sites was influenced by suitability of habitats for particular reproductive strategies and providing refugia
from predation. Sites that had flowing water, coarse substrates, high macrophyte column density, and little
or no macroalgae supported greater fish densities and more species-rich assemblages that were dominated
by small-bodied, fusiform cyprinids. These complex habitats provided refugia from predation andwere suitable
for open substratum spawners. Shallow sites with negligible stream flow, fine substrates, low macrophyte
column density, and greater macroalgae coverage contained small-bodied, fusiform fishes; deeper sites with
similar habitat were dominated by larger-bodied, laterally-compressed centrarchids and yellow perch (Perca
flavescens), whose reproductive strategies and anti-predator adaptations allow them to persist in such habitats.
Small-bodied, fusiform fishes such as banded killifish (Fundulus diaphanus), cyprinids, and darters are impor-
tant prey for young-of-the-year muskellunge, whereas laterally-compressed centrarchids and yellow perch
are typically avoided. Managing for habitats that support abundant fusiform fishes should provide better
nursery conditions and promote stronger year-class formation for muskellunge.

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

Introduction

Growth, size, and condition influence survival of young-of-the-year
(YOY) piscivorous fishes (Garvey et al., 1998; Johnson, 1982; McKeown
et al., 1999;Wahl, 1999; Wahl and Stein, 1988). While prey availability
is an important driver of piscivore growth (Carline et al., 1986; Johnson,
1982; Szendrey and Wahl, 1996; VanDeValk et al., 2008), the anti-
predator behavior and morphology of a prey species influences its
energetic value to predators (Scharf et al., 1998; Selch and Chipps,
2007). Consequently, piscivores feed selectively among prey species
(Beyerle and Williams, 1968; Einfalt and Wahl, 1997; Wahl and Stein,
1988) and prey fish assemblage structure can have a strong influence
on survival rates of YOY piscivores (Wahl and Stein, 1988). The in-
creasing evidence for YOY piscivore dependence on supporting prey
fish assemblages is helping biologists shift the focus of management
programs from single-species approaches (the piscivore) toward
community-based management programs. Such a shift in manage-
ment philosophy is occurring for muskellunge (Esox masquinongy),

an apex aquatic predator and economically important sport fish (Menz
andWilton, 1983; Simonson, 2008). For example, management of mus-
kellunge in the Niagara and St. Lawrence Rivers is shifting from harvest
regulation to identification, protection, and restoration of spawning and
nursery habitats (Farrell et al., 2007; Kapuscinski et al., 2014–this issue).

Harrison and Hadley (1978) reported that muskellunge in the
Niagara River spawned exclusively in main channel habitats where
typical flow velocities were 0.2 m/s, and nursery habitats utilized by
YOY muskellunge often had flow velocities >0.1 m/s. In contrast,
muskellunge in the Thousand Islands region of the St. Lawrence
River use bays off the main channel as spawning (Farrell et al., 1996)
and nursery habitats (Farrell and Werner, 1999). Young-of-the-year
muskellunge remain within nursery habitats until their first fall, at
which time they emigrate (Farrell and Werner, 1999), presumable to
deeper habitats for overwintering. Several studies have described
the habitat at muskellunge nursery sites, which are characterized as
shallow (b1.5 m) nearshore areas containing moderate densities of
submersed and emergent vegetation (Craig and Black, 1986; Bendig,
1996;Werner et al., 1996; Farrell andWerner, 1999; Lake, 2005). How-
ever, few studies have quantitatively described the fishes present at
muskellunge nursery sites (Craig and Black, 1986) or quantified rela-
tions among YOY muskellunge and the fish assemblages and habitat
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at nursery sites (Murry and Farrell, 2007). Such information is critical
for the development of successful community-based management
approaches because muskellunge are almost entirely piscivorous after
they are about five weeks old (Elson, 1941). Murry and Farrell's (2007)
study was the first to quantify relations between YOY muskellunge
presence and abundance and thefish assemblage and vegetative habitat
characteristics of nursery habitats in the St. Lawrence River. In general,
their results showed that YOY muskellunge were positively associated
with prey availability and macrophyte coverage, richness, and density
in the water column, but negatively related to water depth, the density
of yellow perch (Perca flavescens), and macroalgae (Chara vulgaris)
coverage. A recent dietary analysis showed that YOY muskellunge
from the St. Lawrence and upper Niagara Rivers were specialized pred-
ators that relied heavily upon fusiform fishes such as banded killifish
(Fundulus diaphanus), cyprinids, and darters as prey (Kapuscinski et
al., 2012). Conversely, YOY muskellunge from the St. Lawrence River
consumed relatively few centrarchids and yellow perch, and neither
of these prey types were recovered from stomachs of YOYmuskellunge
collected from the Niagara River. Thus, rather than simply being oppor-
tunistic predators, YOY muskellunge appear to rely on specific prey
during the critical first year of life—such dependenciesmay have impor-
tant consequences for year-class formation if prey fish populations are
impaired. Unfortunately, the habitat factors that influence fish assem-
blage structure at muskellunge nursery sites are largely unknown, and
it is therefore difficult tomanage for or restore optimal nursery habitats.

In this study, we sought to (1) quantify fish density, species richness,
diversity, evenness, and dominance of fish assemblages at muskellunge
nursery sites in Buffalo Harbor (Lake Erie), the upper Niagara River, and
the St. Lawrence River, (2) compare fish assemblages among sites and
waters, and (3) determine if differences among assemblageswere related
to habitat variation. It was our goal that the results of this study and the
dietary analysis conducted byKapuscinski et al. (2012) could be used to
protect and manage for favorable nursery conditions for muskellunge.

Material and methods

We sampled 25 nearshore sites in Buffalo Harbor (n=2), the
upper Niagara River (n=8), and the St. Lawrence River (n=15) that
were previously identified as muskellunge spawning or nursery areas

(Table 1; Fig. 1; Culligan et al., 1994; Farrell et al., 2007). Fish assem-
blage data were collected with fine-mesh bag seine (9.14 m-long,
1.83 m-height, 1.6 mm-mesh) hauls (each 30.48 m in length) conducted
during daylight hours. Every site was visited once in 2008 and once in
2009; data from the first three seine hauls conducted at each site in
each year were included (total of six hauls/site) to standardize the
amount of capture effort. All seine hauls at a site were conducted on
the same date within a given year, and all sites were sampled during
27 July–6 August in Buffalo Harbor and the upper Niagara River, and
13 July–7 August in the St. Lawrence River. Standardizing our sampling
effort in this way (1) ensured that similar habitats within a site were
sampled each year, (2) minimized variation caused by sampling sites
at different times of the year, and (3) ensured that our interpretation
of fish assemblages was not biased by unequal sampling effort among
sites. In most cases, fishes were identified to the species level, counted,
and immediately released. Voucher specimens were retained for later
identification when necessary. When many (e.g., >1000) cyprinids
were captured at a site, a subsamplewas identified and the proportions
of identified species were applied to the total number of cyprinids
counted. Young-of-the-year common carp (Cyprinus carpio), goldfish
(Carassius auratus), and their hybrids were collected from Buffalo
Harbor and upper Niagara River sites, but they were not always differ-
entiated in the field because their barbels could not be easily seen.
Therefore, they are referred to as YOY carp/goldfish herein and con-
sidered a single species in our analyses. Similarly, blacknose shiner
(Notropis heterolepis) and bridle shiner (Notropis bifrenatus) collected
from the St. Lawrence River could not be differentiated in the field and
were not sacrificed for laboratory identification, so they are considered
a single species in our analyses.

Description of fish assemblages

Fish assemblages at each site were described on the basis of mean
fish density (catch/seine haul), species richness, diversity, evenness,
and dominance. Richness was determined by counting the number of
species and families captured at each site in the standardized amount
of sampling effort. Diversity was quantified using Simpson's index (D):

D ¼ ∑s
i¼1 p2i

� �
ð1Þ

Table 1
Site codes and locations of 25 nearshore sites sampled for fish assemblage and habitat data in Buffalo Harbor (BH), the upper Niagara River (UNR), and the St. Lawrence River (SLR)
during 2008–2009.

Body of water Site Site code Latitude Longitude

BH Bell Slip BELL 42°51′36.96″N 78°52′28.15″W
BH Ice Boom Bay IBB 42°52′15.81″N 78°53′04.17″W
UNR Strawberry Island Bay SIB 42°57′20.48″N 78°55′24.46″W
UNR Downstream of Strawberry Island DSSI 42°57′24.37″N 78°55′36.27″W
UNR Outside breakwaters protecting a wetland on southeast Grand Island WET 42°57′57.40″N 78°56′24.06″W
UNR Motor Island, northwest shore MOTOR 42°57′56.08″N 78°56′08.29″W
UNR Downstream of Big Six Mile Creek DSB6 43°01′37.85″N 79°00′42.15″W
UNR Northwest shore of Grand Island, south of Buckhorn Island NWGISB 43°03′27.03″N 78°59′50.91″W
UNR 102nd Street Embayment NDST 43°04′18.51″N 78°56′53.12″W
UNR East River, upstream of north Grand Island Bridge ERUSGIB 43°03′49.92″N 78°59′02.60″W
SLR Peos Bay PEOS 44°10′06.85″N 76°15′01.68″W
SLR Millens Bay MILL 44°10′12.75″N 76°14′40.71″W
SLR Rose Bay ROSE 44°11′06.66″N 76°13′33.79″W
SLR Lindley Bay LIND 44°14′57.30″N 76°08′45.52″W
SLR Aunt Jane's Bay AUNTJ 44°15′48.11″N 76°06′28.62″W
SLR Frinks Bay FRINK 44°14′33.30″N 76°04′49.52″W
SLR Boscobel Bay BOSCO 44°15′34.76″N 76°06′32.64″W
SLR Salisbury Bay SALIS 44°17′29.60″N 76°04′22.11″W
SLR Delaney Bay DEL 44°17′53.21″N 76°05′23.11″W
SLR Blind Bay BLIND 44°16′02.55″N 76°00′46.86″W
SLR Hoffman Bay HOFF 44°17′41.76″N 75°59′52.42″W
SLR Cobb Shoal Bay COBB 44°17′53.21″N 75°58′59.63″W
SLR Garlock Bay GAR 44°19′03.40″N 75°56′50.07″W
SLR Seven Isles SISLES 44°19′30.80″N 75°56′35.60″W
SLR Deer Island Bay DEER 44°21′49.18″N 75°54′22.76″W
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where s is the number of species, pi is the proportion of the total sample
represented by the ith species,D is Simpson'smeasure of concentration,
and 1−D is Simpson's diversity index (Kwak and Peterson, 2007).
Evenness (V′) was also quantified using Simpson's index:

V 0 ¼ 1−D
1−1=s

ð2Þ

Species dominance (DOM3) was quantified from the three most
abundant species at each site:

DOM3 ¼ ∑3
i¼1pi ð3Þ

Comparison of fish assemblages

Multiple approaches were used to compare fish assemblages
among bodies ofwater and sites. First, site-specific values offish density,
species richness, diversity, evenness, and dominancewere used to calcu-
late means for each body of water, and then the means were compared
using analysis of variance (ANOVA, α=0.05, SAS 9.2, SAS Institute Inc.,
Cary, North Carolina); Tukey's multiple comparisons test (α=0.05)
was used to determine which means differed. Kolmogorov–Smirnov's
Test for Normality and Brown and Forsythe's Test for Homogeneity of
Variance were also conducted to provide an assessment of the appro-
priateness of using ANOVA to compare these fish assemblage metrics
among waters. Data were log-transformed for variables that failed
tests of normality and homogeneity of variance and a second ANOVA
was conducted. Next, the number of each species caught at a site was

converted to a percentage of the total number caught. Then, the per-
cent similarity (P) between assemblage j and k was calculated:

Pjk ¼ ∑min pji;pki
� �

ð4Þ

where pji and pki are the percentages of species i in assemblage j and k,
andmin indicates that the smallest of the two percentages was used in
the summation. A 25×25 matrix containing percent similarity values
for each pair of assemblages (sites) was created for use in a nonmetric
multidimensional scaling (NMDS) model, which depicted relations
among site-specific assemblages in a multi-dimensional space based
on their similarity. The NMDSmodel was restricted to two dimensions
to maximize interpretability and because the final estimate of stress
was acceptable (badness-of-fit criterion=0.1416).

A principal components analysis (PCA) of the correlation matrix
(based on the density of fish species at each site) was conducted as
an alternative method for comparing assemblages because it provided
quantifiable relations based on variation among assemblages, whereas
the NMDS model was based on similarities among assemblages and
did not allow for quantifiable interpretations of placement in multi-
dimensional space. Fish species were only included in the PCA if at
least eight individuals were captured (roughly equal to one individual
present in at least 5% of seine hauls). Then, correlations between spe-
cies densities were estimated, and the first three principal compo-
nents (PCs; linear combinations of species-specific densities) that
accounted for the greatest amount of variation among sites were ex-
amined for ecological meaning. Species-specific PC loadings were con-
sidered important to a PC if they were statistically significant (α=
0.05; all statistically significant loadings were >|0.4|). The NMDS

St. Lawrence 
River 

Niagara 
River 

Lake Ontario 

Fig. 1. Map depicting 25 muskellunge nursery sites (triangles) of Buffalo Harbor, the upper Niagara River, and the St. Lawrence River from which fish assemblage and habitat data
were collected during 2008–2009.
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model and PCA were conducted in SAS 9.2 (SAS Institute Inc., Cary,
North Carolina).

Fish assemblage–habitat relations

Canonical correspondence analysis (CCA; ter Braak, 1986) was
used to test and illustrate relations between fish assemblages and
six habitat variables that have been described as important compo-
nents of muskellunge spawning and nursery sites. Macrophyte species
richness, macrophyte column density, macroalgae coverage, water
depth, and substrate type were measured within a 1-m2

floating grid
at the beginning, middle, and end of each seine haul in 2008 and at six
locations/haul (spaced every 6 m) in 2009 (see Murry and Farrell, 2007
for details). Thus, mean values were calculated from 27 measurements/
site (9/site in 2008 plus 18/site in 2009); mean values for three sites
were calculated from nine measurements because habitat data were
only available from 2008. Flow was categorized as present (assigned a
value of 1) or absent (assigned a value of 0), depending on whether or
not it was measurable with a Swoffer Model 3000 flow meter, because
most sites lacked measurable flow. All habitat variables were measured
immediately after the seining survey to avoid disturbing fish prior to
seining. Macrophyte column density (MCD) was calculated as:

MCD ¼ dominant species height=water depth
� dominant species coverage ð5Þ

where coverage was scored from 0 to 5, with 0=0–5%, 1=5–15%, 2=
15–25%, 3=25–50%, 4=50–75%, and 5=75–100%. Macroalgae cover-
age was scored with the same method as macrophyte coverage. Sub-
strate type was scored from fine to coarse on a 0–10 scale, with 0 =
mud, silt, or clay, 1 =mud, silt, or clay with sand, 2 = mud, silt, or clay
with gravel or mud, silt, or clay with cobble and sand, 3 = mud, silt, or
clay with cobble, 4 = sand with mud, silt, or clay, 5 = sand, 6 = sand
with gravel, 7 = sand with cobble, 8 = gravel, 9 = cobble with gravel,
and 10 = cobble. Fish species were only included in the CCA if at least
eight individualswere captured (roughly equal to one individual present
in at least 5% of seine hauls). Significance (α=0.05) of fish assemblage-
habitat relations was tested by comparing the observed eigenvalue from
the first ordination axis to that generated from randomization of the fish
species×habitat data matrix using a Monte Carlo reshuffling algorithm
with 10,000 iterations. The CCA (row and column scores standardized
by centering and normalizing, scaling of ordination scores = optimize
columns: Response, scores for graphing = SmplUnit scores are linear
combinations of Response) and randomization test were conducted in
PC-ORD 6.0 (McCune and Mefford, 2011).

Results

Description of fish assemblages

A total of 46 fish species were captured in Buffalo Harbor, the
Niagara River, and the St. Lawrence River. Nineteen species were cap-
tured in all three waters, whereas seven species were captured only
in the Niagara River and eight were captured only in the St. Lawrence
River (Table 2). Six of the 46 species were non-natives; the round
goby (Neogobius melanostomus) was captured in all three waters,
common carp, goldfish, and white perch (Morone americana) were
captured in Buffalo Harbor and the Niagara River, and gizzard shad
(Dorosoma cepedianum) and rudd (Scardinius erythrophthalmus)
were captured only in the Niagara River. The number of fish species
sampled at muskellunge nursery sites ranged from 10 (a St. Lawrence
River site) to 29 (an upper Niagara River site), and the number of
families ranged from 5 (a St. Lawrence River site) to 11 (an upper
Niagara River site; Table 3). Mean fish density ranged from 34 to
2230 fish/seine haul at individual sites (Table 3), with the lowest
densities observed at St. Lawrence River sites, intermediate densities

at Buffalo Harbor sites, and highest densities at Niagara River sites.
Cyprinids dominated assemblages at Niagara River sites, whereas
centrarchids and percids (mostly yellow perch) typically dominated
in Buffalo Harbor and the St. Lawrence River (Fig. 2).

Comparison of fish assemblages

Mean values of fish density, species richness, diversity, evenness,
and dominance differed among bodies of water (ANOVA, df=24,
Pb0.05 for all means; Table 4). It should be noted that the data for
mean fish density and species richness failed tests for normality and
homogeneity of variance. However, subsequent ANOVAs and Tukey
tests using log-transformed data for mean fish density and species
richness yielded identical results regarding differences among means,
so the untransformed data are reported and discussed. Mean fish den-
sity was higher at Niagara River sites (1057, range of 455–2,230) than
Buffalo Harbor (224, range of 222–226) and St. Lawrence River sites
(134, range of 34–317; Tukey test), and species richness was higher
at Niagara River sites (mean=20.8, range of 15–29) than St. Lawrence
River sites (mean=14.9, range of 10–18). Conversely, mean values of
diversity and evenness were lowest at Niagara River sites, but means
could not be differentiated amongwaters by the Tukey test. Low diver-
sity and evenness of fish assemblages at Niagara River sites resulted
from assemblages being strongly dominated by three species (mean
DOM3=0.86); mean dominance values could not be differentiated
amongwaters by the Tukey test. Bluntnoseminnow (Pimephales notatus)
and spottail shiner (Notropis hudsonius) were two of the three most
abundant species at all eight sites of the Niagara River; five other species
were among the top three most abundant (Table 5). Bluntnose min-
now and largemouth bass (Micropterus salmoides) were two of the
three most abundant species at both Buffalo Harbor sites, with yellow
perch being the third most abundant at the BELL site and rock bass
(Ambloplites rupestris) the third most abundant at the IBB site. Eleven
species were among the top three most abundant at St. Lawrence
River sites, with rock bass and yellow perch being most often among
the most abundant species.

Percent similarity of fish assemblages between site pairs averaged
34.16% and ranged from 2.72% (DSSI-GAR) to 87.57% (MOTOR-WET;
Appendix A). The NMDSmodel indicated that intra-system similarities
between fish assemblages were highest for Niagara River sites, and 13
of 15 assemblages at St. Lawrence River sites were most similar to
other St. Lawrence River sites (Fig. 3). However, assemblages from
two St. Lawrence River sites (LIND and SISLES) were more similar to
an assemblage from a Buffalo Harbor site (BELL) and assemblages at
Niagara River sites rather than other St. Lawrence River sites. In con-
trast to the intra-system similarities of assemblages at Niagara River
and St. Lawrence River sites, assemblages from the two Buffalo Harbor
sites were more similar to assemblages at St. Lawrence River sites,
rather than each other or the more geographically proximate Niagara
River sites.

Results of the PCA analysis were generally consistent with NMDS
model and identified which of the 36 fish species had the greatest
influence on the observed variation among assemblages. The first
PC, which accounted for 17.01% of the variation among assemblages
at nearshore sites, loaded positively on bluntnose minnow, bowfin
(Amia calva), carp/goldfish, johnny darter (Etheostoma nigrum), mus-
kellunge, redhorse sucker (Moxostoma spp.), rudd, spottail shiner,
and white perch, and loaded negatively on yellow perch (Table 6).
The species that loaded positively on the first PC were either species
adapted to lotic environments (e.g., cyprinids and redhorse sucker)
or species that were absent from our catches at St. Lawrence River
sites (e.g., johnny darter, and non-native carp/goldfish, rudd, and
white perch), whereas yellow perch, which loaded negatively, were
relatively common at Buffalo Harbor and St. Lawrence River sites
and rare at Niagara River sites (Fig. 4). The second PC accounted for
13.03% of assemblage variation, loaded positively on bluegill (Lepomis
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macrochirus), bowfin, longnose gar (Lepisosteus osseus), northern pike
(Esox lucius), pumpkinseed (Lepomis gibbosus), roundgoby,white perch,
and yellow perch (mostly species adapted to lentic environments), and
loaded negatively on carp/goldfish and redhorse sucker. The third PC
accounted for 9.48% of assemblage variation and appeared to be an
axis from benthic to pelagic species, as it loaded positively on central
mudminnow (Umbra limi), tadpole madtom (Noturus gyrinus), and tes-
sellated darter (Etheostoma olmstedi), and negatively on brook silverside
(Labidesthes sicculus) and golden shiner (Notemigonus crysoleucas). Plots
of PC2 vs. PC1 and PC3 vs. PC1 revealed three patterns: (1) assemblages
at Niagara River sites were generally more similar to each other than to
sites from the other waters, but more strongly separated along the gra-
dient of yellow perch to lentic species, (2) assemblages at St. Lawrence
River sites were generally more similar to each other than to sites
from the other waters, but more strongly separated along the gradient
of benthic to pelagic species, and (3) assemblages at Buffalo Harbor
sites were more similar to assemblages at St. Lawrence River sites than
geographically proximate Niagara River sites (Fig. 4). The plot of PC3

vs. PC2 did not reveal additional information regarding variation in
fish assemblages among sites (figure not shown).

Fish assemblages–habitat relations

The CCA identified significant fish assemblage-habitat relations
(randomization test of axis 1: P=0.0033), indicating how habitat
conditions at muskellunge nursery sites influenced the structure of
fish assemblages. The three axes of the CCA explained 32% of the
total variation in fish assemblage structure (axis 1=20.9%, axis 2=
6.8%, and axis 3=4.3%). Correlations between habitat variables and
axis 1 indicated a gradient that contrasted sites with measureable
flow, coarse substrates, and high macrophyte column density against
sites without measurable flow that had fine substrates, low mac-
rophyte column density, and high macroalgae coverage (Table 7;
Fig. 5). Correlations between habitat variables and axis 2 indicated a
weak gradient that contrasted sites with high macroalgae coverage
based on water depth; variation in depth among sites was relatively

Table 2
Fishes captured at nearshore sites of Buffalo Harbor (BH), the upper Niagara River (UNR), and the St. Lawrence River (SLR) during 2008–2009. Fishes are ordered alphabetically by
family and then by common name. Species codes, spawning strategy codes (G = guarder, Ng = non-guarder; B = brood hider, Ne = nest spawner, O = open substratum spawner,
S = substratum chooser; Ar = ariadnophil, Li = lithophil, Pe = pelagophil, Ph = phytophil, Po = polyphil, Sp = speleophil), the number of sites within each water where a species
was captured, the total number caught (n) and percent of the total catch (%) are provided.

Family Species Species code Spawning code BH UNR SLR n %

Amiidae Bowfin (Amia calva)a BFIN G,Ne,Ph 0 1 1 15 0.0
Atherinidae Brook silverside (Labidesthes sicculus) BSILV Ng,O,Ph-Li 2 2 3 331 0.5
Catostomidae Northern hog sucker (Hypentelium nigricans)a – Ng,O,Li 0 2 0 4 0.0
Catostomidae Redhorse sucker (Moxostoma sp.) REDS Ng,O,Li 0 8 1 362 0.6
Catostomidae White sucker (Catostomus commersonii) WS Ng,O,Li 0 8 2 356 0.5
Centrarchidae Black crappie (Pomoxis nigromaculatus) BCR G,Ne,Ph 1 4 3 129 0.2
Centrarchidae Bluegill (Lepomis macrochirus) BG G,Ne,Li 1 2 4 27 0.0
Centrarchidae Largemouth bass (Micropterus salmoides) LMB G,Ne,Ph 2 8 14 5721 8.7
Centrarchidae Pumpkinseed (Lepomis gibbosus) PS G,Ne,Po 2 6 14 707 1.1
Centrarchidae Rock bass (Ambloplites rupestris) RB G,Ne,Li 2 8 15 3258 5.0
Centrarchidae Smallmouth bass (Micropterus dolomieu) SMB G,Ne,Li 2 8 10 284 0.4
Clupeidae Gizzard shad (Dorosoma cepedianum)a,b – Ng,O,Li-Pe 0 1 0 4 0.0
Cottidae Mottled sculpin (Cottus bairdii)a – G,Ne,Sp 0 0 1 1 0.0
Cyprinidae Blackchin shiner (Notropis heterodon) BCS Ng,O,Ph 0 1 9 927 1.4
Cyprinidae Blacknose shiner (Notropis heterolepis)/Bridle shiner (Notropis bifrenatus)c BLNBRID Ng,O,Ph 0 2b 3 967 1.5
Cyprinidae Bluntnose minnow (Pimephales notatus) BNM G,Ne,Sp 2 8 15 20,432 31.2
Cyprinidae Common carp (Cyprinus carpio)/Goldfish (Carassius auratus)a,b CCGF Ng,O,Ph 1 7 0 1698 2.6
Cyprinidae Common shiner (Luxilus cornutus) CMNS G,Ne,Li 1 4 2 486 0.7
Cyprinidae Emerald shiner (Notropis atherinoides) EMS Ng,O,Pe 1 8 3 1525 2.3
Cyprinidae Fallfish (Semotilus corporalis) – Ng,B,Li 0 0 1 1 0.0
Cyprinidae Fathead minnow (Pimephales promelas) FHM G,Ne,Sp 0 1 5 35 0.1
Cyprinidae Golden shiner (Notemigonus crysoleucas) GS Ng,O,Ph 2 5 10 1907 2.9
Cyprinidae Goldfish (Carassius auratus)b – Ng,O,Ph 1 2 0 7 0.0
Cyprinidae Hornyhead chub (Nocomis biguttatus) HHC Ng,B,Li 0 5 1 162 0.2
Cyprinidae Rudd (Scardinius erythrophthalmus)b RUDD Ng,O,Ph 0 7 0 528 0.8
Cyprinidae Spotfin shiner (Notropis spilopterus) SPFN Ng,B,Sp 0 0 7 155 0.2
Cyprinidae Spottail shiner (Notropis hudsonius) SPTL Ng,O,Li-Pe 2 8 7 21,417 32.7
Esocidae Grass pickerel (Esox americanus vermiculatus) – Ng,O,Ph 0 0 1 5 0.0
Esocidae Muskellunge (Esox masquinongy)a MUSK Ng,O,Po 2 6 9 139 0.2
Esocidae Northern pike (Esox lucius) NP Ng,O,Ph 1 2 7 29 0.0
Esocidae Tiger muskellunge (Esox masquinongy×E. lucius)a – – 0 1 0 2 0.0
Fundulidae Banded killifish (Fundulus diaphanus) BK Ng,O,Ph 2 8 14 1786 2.7
Gasterosteidae Brook stickleback (Culaea inconstans) BSTIC G,Ne,Ar 0 1 2 8 0.0
Gobiidae Round goby (Neogobius melanostomus)b RG G,S,Li 2 7 15 374 0.6
Ictaluridae Brown bullhead (Ameiurus nebulosus) BBH G,Ne,Sp 1 4 8 42 0.1
Ictaluridae Tadpole madtom (Noturus gyrinus) TADM G,Ne,Sp 0 0 3 24 0.0
Lepisosteidae Longnose gar (Lepisosteus osseus)a LNG Ng,O,Ph 1 1 5 10 0.0
Moronidae White perch (Morone americana)a,b WHTP Ng,O,Ph-Li 1 5 1 95 0.1
Percidae Fantail darter (Etheostoma flabellare)a – G,Ne,Sp 0 1 0 2 0.0
Percidae Johnny darter (Etheostoma nigrum) JD G,Ne,Sp 1 6 1 86 0.1
Percidae Logperch (Percina caprodes) LOGP Ng,O,Ps 0 1 2 19 0.0
Percidae Tessellated darter (Etheostoma olmstedi) TESS G,Ne,Sp 0 0 5 25 0.0
Percidae Yellow perch (Perca flavescens) YP Ng,O,Ph-Li 2 8 15 1295 2.0
Umbridae Central mudminnow (Umbra limi) CMM Ng,O,Ph 0 0 4 82 0.1

a Indicates only young-of-the-year were captured.
b Indicates a non-native species.
c Only blacknose shiner were captured in the upper Niagara River.
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limited (mean=0.85 m, range=0.61–1.08 m). Correlations between
habitat variables and axis 3 were uninformative and are not discussed
further, as they indicated a gradient that contrasted sites with high
and lowmacrophyte column density (inverse of axis 1) and aweak gra-
dient that contrasted sites based on water depth (inverse of axis 2).
Vegetation species richness was negatively correlated with axis 1, but
otherwise unimportant, probably due to the narrow range among
sites (mean=3.04 species, range=2–4.22 species).

Each of the 36 fish species included in the CCA, except for white
sucker, could be placed into one of four major groups based on their

Table 3
Indices of fish assemblage structure at muskellunge nursery sites in Buffalo Harbor
(BH), the upper Niagara River (UNR), and the St. Lawrence River (SLR) during 2008–
2009. The mean catch of fishes in six seine hauls is reported as CPUE. Diversity and
evenness were quantified with Simpson's index of diversity D and evenness V′, and
dominance DOM3 was calculated from the three most abundant species. Mean values
are given in parentheses for each body of water. Abbreviated site names are described
in Table 1.

Body of
water

Richness DOM

Site code CPUE Species Family D V′

BH BELL 222 20 10 0.81 0.85 0.00
BH IBB 226 15 7 0.72 0.77 0.02

(224) (17.5) (8.5) (0.77) (0.81) (0.71)
UNR SIB 592 19 7 0.61 0.65 0.00
UNR DSSI 455 15 9 0.27 0.29 0.00
UNR WET 702 16 7 0.71 0.75 0.00
UNR MOTOR 513 19 7 0.68 0.72 0.00
UNR DSB6 2,230 29 11 0.48 0.50 0.01
UNR NWGISB 1388 22 9 0.72 0.75 0.11
UNR NDST 570 25 11 0.75 0.78 0.01
UNR ERUSGIB 2004 21 8 0.66 0.69 0.00

(1057) (20.8) (8.6) (0.61) (0.64) (0.86)
SLR PEOS 147 14 6 0.84 0.91 0.00
SLR MILL 317 14 8 0.63 0.68 0.01
SLR ROSE 164 18 10 0.81 0.86 0.08
SLR LIND 157 12 6 0.74 0.81 0.00
SLR AUNTJ 155 16 8 0.86 0.92 0.01
SLR FRINK 95 14 7 0.71 0.76 0.02
SLR BOSCO 173 17 7 0.86 0.92 0.18
SLR SALIS 215 16 8 0.78 0.83 0.00
SLR DEL 94 15 7 0.81 0.87 0.00
SLR BLIND 230 15 7 0.80 0.85 0.04
SLR HOFF 37 16 10 0.72 0.77 0.20
SLR COBB 70 18 10 0.87 0.92 0.21
SLR GAR 41 13 6 0.65 0.70 0.00
SLR SISLES 85 10 5 0.63 0.70 0.01
SLR DEER 34 16 8 0.83 0.88 0.05

(134) (14.9) (7.5) (0.77) (0.83) (0.70)

Fig. 2. Proportion of fish families captured at muskellunge nursery sites of Buffalo Harbor (BH), the upper Niagara River (UNR), and the St. Lawrence River (SLR) during 2008–2009.
Cyprinidae = dark gray, Centrarchidae = white, Percidae = diagonal, Fundulidae = black, all others = gray (ordered from bottom to top of columns). Dashed, vertical lines were
inserted between bars to separate sites from different waters, which are ordered from upstream to downstream. Abbreviated site names are described in Table 1.

Table 4
Results of Analysis of Variance of mean number of fish captured in six seine hauls at
each site, species richness, diversity (Simpson's D), evenness (Simpson's V′), and dom-
inance (three species) for fish assemblages at muskellunge nursery sites of Buffalo
Harbor (BH; two sites), the upper Niagara River (UNR; eight sites), and the St. Lawrence
River (SLR; 15 sites) sampledduring 2008–2009.Mean values followed bydifferent letters
were determined different by a Tukey test (α=0.05),√MSE=mean square error, and the
error degrees of freedom=22 for each Analysis of Variance.

Variable Water body Mean √MSE Probability

Mean fish density BH 224 a 410.7 b0.001
UNR 1057 b
SLR 134 a

Species richness BH 17.5 a 3.23 0.002
UNR 20.75 b
SLR 14.93 a

Diversity BH 0.77 0.11 0.013
UNR 0.61
SLR 0.77

Evenness BH 0.81 0.12 0.006
UNR 0.64
SLR 0.83

Dominance BH 0.71 0.11 0.010
UNR 0.86
SLR 0.70
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associations with habitat variables (A–D in Fig. 6). The fishes that had
the strongest positive associations with flow, high macrophyte col-
umn density, and coarse substrates, and negative associations with
macroalgae coverage were white perch, bowfin, spottail shiner,
hornyhead chub (Nocomis biguttatus), carp/goldfish, blacknose/bridle
shiner, johnny darter, redhorse sucker, rudd, common shiner (Luxilus
cornutus), emerald shiner (Notropis atherinoides), muskellunge, and
bluntnose minnow; most of these species were also associated with
shallower water depths (Table 8; A in Fig. 6). The fishes that had the
strongest positive associationwithmacroalgae coverage, fine substrates,
and shallower water depths, and negative associations with flow and
macrophyte column density (B in Fig. 6) were central mudminnow,
tadpolemadtom, tessellated darter, spotfin shiner (Notropis spiloptera),
blackchin shiner (Notropis heterodon), fathead minnow (Pimephales
promelas), black crappie (Pomoxis nigromaculatus), and banded killifish.
Golden shiner, brown bullhead (Ameiurus nebulosus), northern pike,

and brook stickleback (Culaea inconstans) were positively associated
with macroalgae coverage and fine substrates, negatively associated
with flow andmacrophyte column density, and unassociated orweakly
associatedwithwater depth (C in Fig. 6). Brook silverside, longnose gar,
bluegill, smallmouth bass (Micropterus dolomieu), largemouth bass,
pumpkinseed, yellow perch, round goby, logperch (Percina caprodes),
and rock bass were positively associated with macroalgae coverage,
fine substrates, and deeper water depths, but negatively associated
with flow and macrophyte column density (D in Fig. 6). By examining
Figs. 2, 5, and 6 simultaneously, it is evident that the cyprinid-
dominated assemblages of the Niagara River were associated with
measurable flow, coarser substrates, greatermacrophyte columndensity,
and little or no macroalgae coverage. Conversely, the yellow perch-
and centrarchid-dominated assemblages of Buffalo Harbor and the
St. Lawrence River were associated with a lack of measurable flow,
finer substrates, relatively less macrophyte column density, and greater
macroalgae coverage.

Discussion

Our analyses revealed significant differences among fish assem-
blages at nearshore sites of Buffalo Harbor, the upper Niagara River,
and the St. Lawrence River that are used by muskellunge as spawning
and nursery habitats. Similarity among fish assemblageswas influenced
by both geographic proximity and physical habitat. For example, the
most similar assemblages (WET–MOTOR pair and NDST–ERUSGIB–
NWGISB trio) were at sites in close geographic proximity that also
had measurable flow, high macrophyte column density, coarse sub-
strates, and little or no macroalgae. In some cases, however, habitat
was more important than geographic proximity in shaping fish assem-
blage structure. Habitat at the SISLES site of the St. Lawrence River was
most similar to habitat at sites of the upper Niagara River, which was
reflected by the fish assemblage at SISLES being more similar to four
upper Niagara River assemblages than any St. Lawrence River assem-
blage. Similarly, habitats and fish assemblages at BELL, IBB, and SIB
were generally more similar to those found at St. Lawrence River sites
than the geographically proximate upper Niagara River sites. These
results are consistent with the findings of Werner et al. (1978), who
concluded that lakes in Michigan and Florida that had similar littoral

Table 5
Fish species that were among the three most abundant in collections at muskellunge
nursery sites in Buffalo Harbor (n=2), the upper Niagara River (n=8), and the
St. Lawrence River (n=15) in 2008–2009. Species are ordered by the number of occur-
rences that ranked among the top three at a site (n DOM3).

Species n DOM3

BH UNR SLR Total

Bluntnose minnow (Pimephales notatus) 2 8 5 15
Largemouth bass (Micropterus salmoides) 2 3 6 11
Rock bass (Ambloplites rupestris) 1 0 9 10
Yellow perch (Perca flavescens) 1 0 7 8
Spottail shiner (Notropis hudsonius) 0 8 0 8
Golden shiner (Notemigonus crysoleucas) 0 0 6 6
Banded killifish (Fundulus diaphanus) 0 0 5 5
Blackchin shiner (Notropis heterodon) 0 0 3 3
Emerald shiner (Notropis atherinoides) 0 2 0 2
Blacknose shiner (Notropis heterolepis) 0 1 0 1
Common carp (Cyprinus carpio)/goldfish
(Carassius auratus)

0 1 0 1

Common shiner (Luxilus cornutus) 0 1 0 1
Central mudminnow (Umbra limi) 0 0 1 1
Pumpkinseed (Lepomis gibbosus) 0 0 1 1
Smallmouth bass (Micropterus dolomuei) 0 0 1 1
Round goby (Neogobius melanostomus) 0 0 1 1
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Dimension 1
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Niagara River

St. Lawrence River

SISLES

LIND
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Fig. 3. Two-dimensional nonmetric multidimensional scaling model based on percent similarity of fish assemblages at nearshore sites of Buffalo Harbor (circles), the upper Niagara
River (squares), and the St. Lawrence River (triangles) sampled during 2008–2009.
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morphometries and macrophyte structure contained similar fish as-
semblages, despite their geographic separation and different species
pools.

The results of our PCA and CCA indicated strong relations between
the habitats present at muskellunge nursery sites and the reproductive
strategies of fishes that predominated particular assemblages. Nine
of the 13 fishes common to sites characterized as having measurable
flow, high macrophyte column density, coarse substrates, and little or
nomacroalgae were non-guarding, open substratum spawners, where-
as four fishes were guarding, nest-spawners. Note that we classify
muskellunge as an open substratum polyphilic spawner, rather than a
phytophilic spawner as defined by Balon (1975), based on more recent
reports of muskellunge spawning behavior (Farrell, 2001; Farrell et
al., 1996; Monfette et al., 1996; Rust et al., 2002). White sucker, a
non-guarding, open substratum lithophilic spawner, was negatively
associated with macroalgae coverage. Only one of 22 species that
were positively associated with macroalgae coverage, the logperch,
was a non-guarding, open substratum (psammophilic) spawner. Sites
associated with high macroalgae coverage were dominated by nest
spawning centrarchids that provide oxygenated water and remove silt
by fanning their eggs, and yellow perch, which deposit adhesive eggs
on aquatic plants and woody structure. Furthermore, bluntnose min-
now (nest spawner) and golden shiner (open substratum phytophilic
spawner) were the most abundant cyprinids at St. Lawrence River
sites that lacked measurable flow and had fine substrates, whereas the
spottail shiner (open substratum psammophilic spawner) was rare.
Spottail shiner was the most abundant fish at Niagara River sites that

had measurable flow, high macrophyte column density, coarse sub-
strates, and little or no macroalgae. Sites with dense macroalgae mats
over fine substrates (organic materials) often have low dissolved
oxygen levels at the substrate-water interface, which can cause high
mortality of the eggs and larvae of open substratum spawning fishes
(e.g., muskellunge; Clapsadl, 1993; Dombeck et al., 1984; Werner et
al., 1996). Mortality rates of eggs and larvae were probably lower at
these sites for phytophilic and nest spawning fishes, resulting in their
higher relative abundances. Berkman and Rabeni (1987) similarly
found that the relative abundance of simple and lithophilous spawners
was negatively correlated with siltation in three northeast Missouri
streams, whereas the abundance of complex spawners was not.

Muskellunge nursery sites that had measurable flow, coarse sub-
strates, high macrophyte column density, and little or no macroalgae
typically supported greater fish densities, more species-rich assem-
blages, and were dominated by small-bodied species such as bluntnose
minnow and spottail shiner. Similarly, McKenna (2003) found that fish
assemblages in two Lake Ontario tributaries were dominated by bluegill
and bluntnose minnow and contained greater fish densities than sites
in the lake proper, whichwere dominated by yellow perch. Loticwaters
generally have greater fish densities, biomass, and species richness
relative to lentic waters (Eadie et al., 1986; Randall et al., 1995), which
Eadie et al. (1986) attributed to greater environmental variability,
productivity, or microhabitat heterogeneity in lotic waters. Although
most of the sites in our study that lacked measurable flow were in
river ecosystems, the influence of the absence or presence of flow
was still apparent. Complex habitats (e.g., sites in our study that had

Table 6
First three principal component loadings (PC1, PC2, and PC3) from a principal components analysis of fish abundances that were sampled by seining muskellunge nursery sites of
Buffalo Harbor, the upper Niagara River, and the St. Lawrence River during 2008–2009. Note: fishes are ordered alphabetically by family and then by common name, bold compo-
nent loadings were used in interpretation, and eigenvalues and percentage of variation among fish assemblages explained by each PC are provided in parentheses.

Family Species PC1 (6.124)
(17.01%)

PC2 (4.692)
(13.03%)

PC3 (3.414)
(9.48%)

Amiidae Bowfin (Amia calva) 0.6154 0.6780 0.1682
Atherinidae Brook silverside (Labidesthes sicculus) −0.2272 0.3764 −0.4273
Catostomidae Redhorse sucker (Moxostoma spp.) 0.6139 −0.4791 −0.1128
Catostomidae White sucker (Catostomus commersonii) 0.1290 −0.0574 -0.0263
Centrarchidae Black crappie (Pomoxis nigromaculatus) −0.0472 0.2371 −0.3558
Centrarchidae Bluegill (Lepomis macrochirus) 0.2448 0.7217 0.1087
Centrarchidae Largemouth bass (Micropterus salmoides) 0.1378 0.1472 −0.3351
Centrarchidae Pumpkinseed (Lepomis gibbosus) −0.2853 0.4055 −0.3105
Centrarchidae Rock bass (Ambloplites rupestris) 0.3885 −0.3154 −0.3279
Centrarchidae Smallmouth bass (Micropterus dolomieu) 0.0042 0.0229 0.1359
Cyprinidae Blackchin shiner (Notropis heterodon) −0.2493 −0.0825 0.0183
Cyprinidae Bluntnose minnow (Pimephales notatus) 0.8810 −0.1506 −0.0617
Cyprinidae Blacknose (Notropis heterolepis)/bridle shiner (Notropis bifrenatus) 0.2850 −0.1730 0.0103
Cyprinidae Common carp (Cyprinus carpio)/goldfish (Carassius auratus) 0.5683 −0.4334 −0.1293
Cyprinidae Common shiner (Luxilus cornutus) 0.2911 −0.3392 −0.0519
Cyprinidae Emerald shiner (Notropis atherinoides) 0.3264 −0.2602 0.1051
Cyprinidae Fathead minnow (Pimephales promelas) −0.1382 −0.1620 −0.1228
Cyprinidae Golden shiner (Notemigonus crysoleucas) −0.2655 0.1003 −0.4650
Cyprinidae Hornyhead chub (Nocomis biguttatus) 0.2286 −0.2850 −0.0268
Cyprinidae Rudd (Scardinius erythrophthalmus) 0.4070 −0.3957 0.0338
Cyprinidae Spotfin shiner (Notropis spiloptera) −0.2305 −0.2089 −0.0410
Cyprinidae Spottail shiner (Notropis hudsonius) 0.8763 0.3526 0.0984
Esocidae Muskellunge (Esox masquinongy) 0.7699 −0.0095 0.0841
Esocidae Northern pike (Esox lucius) 0.1034 0.4410 0.2802
Fundulidae Banded killifish (Fundulus diaphanus) 0.1656 −0.2507 0.0517
Gasterosteidae Brook stickleback (Culaea inconstans) 0.1620 −0.1808 0.0102
Gobiidae Round goby (Neogobius melanostomus) 0.2509 0.8012 −0.3301
Ictaluridae Brown bullhead (Ameiurus melas) 0.0332 0.2949 −0.0563
Ictaluridae Tadpole madtom (Noturus gyrinus) −0.2115 0.0695 0.8211
Lepisosteidae Longnose gar (Lepisosteus osseus) −0.1069 0.5603 0.1144
Moronidae White perch (Morone americana) 0.6912 0.5710 0.0942
Percidae Johnny darter (Etheostoma nigrum) 0.8773 0.2547 0.0043
Percidae Logperch (Percina caprodes) 0.1639 0.3716 0.1583
Percidae Tessellated darter (Etheostoma olmstedi) −0.2188 0.0838 0.8354
Percidae Yellow perch (Perca flavescens) −0.5333 0.4945 −0.3747
Umbridae Central mudminnow (Umbra limi) −0.2014 0.0685 0.8228
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highmacrophyte columndensity and coarse substrates) provide refugia
from predation (MacRae and Jackson, 2001), so fish species richness,
diversity, and abundance are often positively correlated with habitat
complexity (Dibble and Pelicice, 2010; Gladfelter et al., 1980; Gorman

and Karr, 1978; Gratwicke and Speight, 2005a, 2005b; Guidetti, 2000;
Tonn and Magnuson, 1982). Invertebrate biomass also increases with
macrophyte density (Crowder and Cooper, 1982), so food resources
were probably greater forfishes at siteswith highermacrophyte column
density. Thus, the positive associations between habitat complexity and
fish density, species richness, and dominance by small-bodied species
observed in our study of muskellunge nursery sites are consistent with
the findings of the above-referenced studies of freshwater and marine
ecosystems.

Our results indicate that fish assemblage structure varied with
water depth at muskellunge nursery sites that had high macroalgae
coverage and low macrophyte column density. These sites were func-
tionally simple habitats because macroalgae mats often lacked the
height of macrophytes and the substrate-water interface was proba-
bly unsuitable due to low dissolved oxygen (Clapsadl, 1993; Werner
et al., 1996). Such habitat simplicity can facilitate piscivory (Bettoli
et al., 1992), a major structuring force of fish assemblages, which typ-
ically leads to removal of small-bodied fishes in favor of large-bodied
species with spiny fin rays (Bertolo and Magnan, 2006; MacRae and
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Fig. 4. Plots of PC2 vs. PC1 (top panel) and PC3 vs. PC1 (bottom panel) of fish assemblages at nearshore sites of Buffalo Harbor (circles), the upper Niagara River (squares), and the
St. Lawrence River (triangles) sampled during 2008–2009.

Table 7
Intra-set correlations between six habitat variables and the first three canonical axes
(eigenvalues in parentheses) from canonical correspondence analysis using 36 fish
species captured at 25 muskellunge nursery sites in Buffalo Harbor, the upper Niagara
River, and the St. Lawrence River in 2008–2009.

Variable Axis 1 (0.500) Axis 2 (0.164) Axis 3 (0.102)

Flow 0.9470 −0.2270 0.0140
Macroalgae coverage −0.8010 −0.5610 0.1290
Macrophyte column density 0.7750 −0.0800 −0.6250
Substrate coarseness 0.6070 0.1220 0.0810
Vegetation species richness −0.3740 −0.0790 0.0360
Water depth −0.0670 0.2050 −0.2080
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Jackson, 2001; Robinson and Tonn, 1988; Tonn and Magnuson, 1982).
In our study, however, the fishes common to shallow water sites with
highmacroalgae coverageweremostly small-bodied, soft rayed species
(B in Fig. 6).Murry and Farrell (2007) reported thatwater depth of seine
hauls where YOYmuskellungewere capturedwas shallower than those
hauls where YOY muskellunge were absent in the St. Lawrence River.
Muskellunge may have occupied these shallow areas to utilize prey
resources or to avoid being preyed upon by the large-bodied, laterally-
compressed, spiny-rayed fishes that dominated deep water sites with
high macroalgae coverage (D in Fig. 6). This pattern of increasing
abundance of fishes with anti-predator morphologies with increasing
water depth is consistent with observations from smaller streams,
where predation risk from piscivorous fishes is greatest in deeper
habitats (Schlosser, 1987, 1988). In addition to anti-predatory mor-
phology, the more flexible anti-predatory behaviors of centrarchids
relative to cyprinids probably helped them persist in deeper, simple
habitats (Savino and Stein, 1989).

Although therewas sufficient variation amongmuskellunge nursery
sites to investigate the influence of habitat variables on fish assemblage
structure at the site level, the interdependency of habitat variables
and homogeneity of habitats within waters precluded us from making

conclusive comparisons among waters. A study design incorporating
more diverse habitats within waters would help gain a better under-
standing of the importance of geographic proximity in shaping simi-
larity among assemblages vs. the relative influence of each habitat
variable. Alternatively, habitats could be manipulated to determine
the importance of individual effects. For example, dense macroalgae
was only present at sites with immeasurable flow. So, if dense
macroalgaewere removed from such sites andmacrophytes colonized
those sites or were planted, one could test the response of fish assem-
blages to increased habitat complexity. Field manipulations in marine
ecosystems have documented increases in eelgrass Zostera marina den-
sity and fish density and diversity following removal of macroalgae
(Deegan et al., 2002; Hauxwell et al., 2001). Such in situ habitat alter-
ationmay seemdrastic, but there is anecdotal evidence thatmacroalgae
coverage (specifically C. vulgaris) has increased during the past few
decades in the St. Lawrence River due to anthropogenic disturbances
in the watershed (Clapsadl, 1993; J. M. Farrell, personal observation).
Therefore, removal of macroalgae at experimental sites could return
habitat to a previous state, but the risks associated with disturbance
must be considered.

This study has shown how habitat factors influence fish assem-
blages at nearshore sites of Buffalo Harbor, the Niagara River, and
the St. Lawrence River, which are used by muskellunge as spawning
and nursery sites. Specifically, siteswithmeasureable flow, highmacro-
phyte columndensity, little or nomacroalgae, and coarse substrates had

Axis 1

A
xi

s 
2

Depth

Macroalgae

Flow
MCD

Substrate

IBB

BELL

SIB

MILL
DEER

GAR
AUNTJ

FRINK
ROSE

DSSI

NDST

ERUSIB

SISLES

WETL
NWGISB

MOTOR

DSB6

HOFF

SALIS
PEOS

BLIND

DEL

BOSCO

COBB

LIND

Fig. 5. Biplot of canonical correspondence analysis scores for fish assemblages at 25
muskellunge nursery sites (codes are defined in Table 1) of Buffalo Harbor, the upper
Niagara River, and the St. Lawrence River sampled during 2008–2009. Habitat variables
are water depth, flow, percent macroalgae coverage, macrophyte column density
(MCD), substrate coarseness, and vegetation species richness.

Axis 1

A
xi

s 
2

BSILV

WS

LOGP

LNG SMB LMB
BG

RB

RG

PS

YP

BBH

NP BSTIC

GOSH

BK

FHM

BCR

BCS

SPFN

TESS

TADM

CMM

EMS
BLNBRID

MUSK RUDD

BFIN

SPTL

WHTPCCGF

BNM CMNS
HHC

REDS
JD

Depth

Macroalgae

Flow
MCD

Substrate

A

D

B

C

Fig. 6. Biplot of canonical correspondence analysis scores for fish assemblages at
25 muskellunge nursery sites of Buffalo Harbor, the upper Niagara River, and the
St. Lawrence River sampled during 2008–2009. Fish species codes are defined in
Table 2. Habitat variables are water depth, flow, percent macroalgae coverage, macro-
phyte column density (MCD), substrate coarseness, and vegetation species richness.
Four major assemblage types, A–D, are described in the Results section.

144 K.L. Kapuscinski, J.M. Farrell / Journal of Great Lakes Research Supplement 40 (2014) 135–147



Author's personal copy

higher fish densities, higher densities of YOY muskellunge, and were
dominated by small-bodied, fusiform fishes. Such sites should be favor-
able for muskellunge spawning and recruitment because aquatic mac-
rophytes are considered important for spawning substrate (Farrell,
2001; Farrell et al., 1996) and as refugia from predation (Murry and
Farrell, 2007; Werner et al., 1996); positive relations have also been
reported between YOY muskellunge and aquatic macrophyte height,
density, and composition (Jonckheere, 1994; Murry and Farrell, 2007;
Werner et al., 1996; Woodside, 2009). Furthermore, YOY muskellunge
are specialized predators that prey heavily upon small-bodied, fusi-
form fishes (Kapuscinski et al., 2012). In contrast to these favorable
conditions, sites with immeasurable flow, finer substrates, lower mac-
rophyte column density, dense mats of macroalgae, and greater water
depths had lower fish densities and were dominated by laterally-
compressed, spiny-rayed species. The negative consequences of these
site characteristicswere reflected by lower densities of YOYmuskellunge,
consistent with other studies that found a negative relation between
YOY muskellunge and macroalgae in the St. Lawrence River (Clapsadl,
1993; Jonckheere, 1994; Murry and Farrell, 2007; Werner et al., 1996),
and that YOY muskellunge avoid feeding on laterally-compressed,
spiny-rayed fishes (Kapuscinski et al., 2012; Wahl and Stein, 1988).
Furthermore, Murry and Farrell (2007) found a negative relation be-
tween YOY muskellunge abundance and densities of rock bass and
yellow perch, which they attributed to predation. Resource managers
can use the habitat-fish assemblage relations observed in our study
along with the aspects of muskellunge ecology described above
to protect, manage for, and restore favorable nursery conditions for

muskellunge. Management practices that (1) reduce erosion and sed-
iment transport to nursery sites, (2) prevent chemical, mechanical,
or biological removal of native aquatic macrophytes, and (3) prohibit
destruction of habitat by dredging and development of manmade
structures can be generally applied to protect and promote the estab-
lishment of aquatic macrophytes. The resulting complex habitats will
provide invertebrate food resources and refugia to small-bodied prey
fishes, and the cleaner substrates will be more conducive to the open
substratum spawning strategy used by muskellunge and many of
their prey.
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Table 8
Species scores for 36 fish species captured at 25 muskellunge nursery sites in Buffalo Harbor, the upper Niagara River, and the St. Lawrence River in 2008–2009, and the first three
canonical axes (eigenvalues in parentheses) from canonical correspondence analysis using six habitat variables.

Family Species Axis 1 (0.500) Axis 2 (0.164) Axis 3 (0.102)

Amiidae Bowfin (Amia calva) 0.6242 −0.3617 −0.3281
Atherinidae Brook silverside (Labidesthes sicculus) −1.4591 1.6677 0.3626
Catostomidae Redhorse sucker (Moxostoma spp.) 0.4390 0.1458 0.4647
Catostomidae White sucker (Catostomus commersonii) −0.4455 1.2019 −0.1687
Centrarchidae Black crappie (Pomoxis nigromaculatus) −1.5500 −1.3296 −0.1842
Centrarchidae Bluegill (Lepomis macrochirus) −0.9018 0.7466 0.4425
Centrarchidae Largemouth bass (Micropterus salmoides) −0.8358 0.7236 −0.3951
Centrarchidae Pumpkinseed (Lepomis gibbosus) −1.5432 0.5076 0.2732
Centrarchidae Rock bass (Ambloplites rupestris) −0.8200 −0.0497 0.0204
Centrarchidae Smallmouth bass (Micropterus dolomieu) −0.9346 0.7367 0.6814
Cyprinidae Blackchin shiner (Notropis heterodon) −1.8869 −1.3642 0.9613
Cyprinidae Blacknose (Notropis heterolepis)/bridle shiner (Notropis bifrenatus) 0.4416 −0.4143 −0.5297
Cyprinidae Bluntnose minnow (Pimephales notatus) 0.2103 0.0591 0.2503
Cyprinidae Common carp (Cyprinus carpio)/goldfish (Carassius auratus) 0.5094 0.0737 0.8260
Cyprinidae Common shiner (Luxilus cornutus) 0.3097 0.0915 −0.6170
Cyprinidae Emerald shiner (Notropis atherinoides) 0.2708 −0.3604 −0.4275
Cyprinidae Fathead minnow (Pimephales promelas) −1.8100 −1.2371 −0.6924
Cyprinidae Golden shiner (Notemigonus crysoleucas) −1.6534 −0.5589 −0.2491
Cyprinidae Hornyhead chub (Nocomis biguttatus) 0.5317 0.2329 −0.8297
Cyprinidae Rudd (Scardinius erythrophthalmus) 0.4007 −0.2005 −0.4956
Cyprinidae Spotfin shiner (Notropis spiloptera) −2.0664 −1.6104 0.0688
Cyprinidae Spottail shiner (Notropis hudsonius) 0.5776 −0.0923 −0.1418
Esocidae Muskellunge (Esox masquinongy) 0.2506 −0.1939 −0.3479
Esocidae Northern pike (Esox lucius) −0.9026 −0.3531 0.1854
Fundulidae Banded killifish (Fundulus diaphanus) −0.8828 −0.7899 −0.3921
Gasterosteidae Brook stickleback (Culaea inconstans) −0.6823 −0.3332 −0.3926
Gobiidae Round goby (Neogobius melanostomus) −0.9557 0.5134 0.0159
Ictaluridae Brown bullhead (Ameiurus melas) −1.4857 −0.3570 −0.5649
Ictaluridae Tadpole madtom (Noturus gyrinus) −2.1279 −2.5568 −0.8074
Lepisosteidae Longnose gar (Lepisosteus osseus) −1.3242 0.7622 0.0104
Moronidae White perch (Morone americana) 0.7205 −0.0574 −0.3564
Percidae Johnny darter (Etheostoma nigrum) 0.4022 0.1446 0.0636
Percidae Logperch (Percina caprodes) −0.6204 0.4765 1.9697
Percidae Tessellated darter (Etheostoma olmstedi) −2.1203 −2.1325 −0.6611
Percidae Yellow perch (Perca flavescens) −1.4144 0.3141 0.3374
Umbridae Central mudminnow (Umbra limi) −2.1672 −2.6973 −0.8963
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Appendix A

Percent similarity of fish assemblages sampled at nearshore sites of Buffalo Harbor, the upper Niagara River, and the St. Lawrence River during
2008-2009. Abbreviated site names are described in Table 1.

BELL IBB SIB DSSI WETL MOTOR DSB6 NWGISB NDST ERUSGIB

BELL 100
IBB 63 100
SIB 63 40 100
DSSI 20 14 24 100
WET 27 26 29 59 100
MOTOR 38 28 41 60 88 100
DSB6 38 22 41 77 67 76 100
NWGISB 49 29 64 38 45 54 55 100
NDST 51 29 63 33 43 56 50 73 100
ERUSGIB 45 25 63 36 51 59 57 73 77 100
PEOS 44 44 33 16 28 36 6 40 37 33
ROSE 50 66 32 15 19 18 13 25 21 15
MILL 40 68 23 8 12 11 6 11 12 8
LIND 44 29 47 8 22 30 29 53 51 51
AUNTJ 54 52 30 14 22 21 16 24 23 19
FRINK 45 49 26 13 25 28 22 27 28 24
BOSCO 49 56 36 13 31 30 17 29 27 21
SALIS 40 47 30 13 15 15 12 25 19 12
DEL 46 38 29 13 17 19 16 21 21 16
BLIND 35 36 10 8 15 13 8 11 13 11
HOFF 28 36 14 12 16 15 10 19 16 12
COBB 34 38 16 11 21 19 14 21 19 17
GAR 19 19 4 3 7 6 3 4 7 5
SISLES 49 37 57 7 21 29 28 47 49 55
DEER 42 48 22 14 23 22 16 31 23 19

PEOS ROSE MILL LIND AUNTJ FRINK BOSCO SALIS DEL BLIND HOFF COBB GAR SISLES

PEOS 100
ROSE 49 100
MILL 40 56 100
LIND 57 35 21 100
AUNTJ 48 58 47 43 100
FRINK 46 52 26 30 50 100
BOSCO 58 65 43 41 57 46 100
SALIS 44 60 55 51 55 23 53 100
DEL 43 39 48 47 65 33 44 64 100
BLIND 47 50 46 26 50 51 35 32 53 100
HOFF 52 56 23 29 40 77 53 27 23 48 100
COBB 60 49 27 38 49 46 53 33 32 45 60 100
GAR 13 23 15 11 23 27 16 9 12 21 24 24 100
SISLES 39 32 18 60 42 45 36 22 28 26 29 33 33 100
DEER 44 61 28 34 55 75 54 34 39 53 67 50 29 46
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