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Muskellunge from Two Large River Ecosystems
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Brent A. Murry
Institute of Great Lakes Research and Department of Biology, Central Michigan University,
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Abstract
We analyzed stomach contents from 674 young-of-the-year (age-0) muskellunge Esox masquinongy sampled in

New York waters of the St. Lawrence and upper Niagara rivers to (1) describe diets and document use of nonnative
prey, (2) examine the feeding strategy (generalized versus specialized) and the importance of different prey types,
(3) evaluate temporal patterns in feeding strategy and prey importance, and (4) determine how prey length related to
muskellunge length and whether this relationship differed among prey types. Banded killifish Fundulus diaphanus,
native cyprinids, and tessellated darters Etheostoma olmstedi were the most important prey numerically and by weight
in the St. Lawrence River. Native cyprinids, banded killifish, and darters (Etheostoma spp. and Percina spp.) were
the most important prey in the Niagara River, but nonnative cyprinids were more important by weight than darters.
Muskellunge from both rivers exhibited a specialized feeding strategy, with individuals specializing on different prey
types. The muskellunge feeding strategy and the prey types of greatest importance were consistent among years and
among months within years. The relationship between prey length and muskellunge length differed among prey types:
as muskellunge length increased, lengths of laterally compressed, spiny prey increased at a slower rate than did the
lengths of fusiform prey. Mean prey length as a proportion of predator length declined with increasing muskellunge
length in the St. Lawrence River but was constant in the Niagara River. In the St. Lawrence River, prey length
as a proportion of predator length decreased for all prey types except cyprinids, for which length was a constant
proportion of predator length. Our results can be used to guide evaluations of prey fish assemblages at muskellunge
nursery sites and to prioritize sites as candidates for protection, restoration, or use as stocking locations.

Muskellunge Esox masquinongy are apex predators through-
out their native range and are economically valuable as sport
fish (Menz and Wilton 1983; Simonson 2008). Despite their im-
portance, relatively few studies of muskellunge have been con-
ducted compared with other freshwater predatory fishes (e.g.,
largemouth bass Micropterus salmoides and walleye Sander
vitreus) because muskellunge typically exist at low densities
(Jennings et al. 2010) and exhibit cryptic behavior that makes
them difficult to sample; furthermore, biologists are hesitant
to sacrifice individual muskellunge for research. Consequently,
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studies of muskellunge are usually hampered by small sample
sizes (Simonson and Hewett 1999; Younk and Pereira 2003).
Several information gaps exist as a result of the difficulties as-
sociated with sampling muskellunge; one such gap is a thorough
understanding of their feeding ecology.

Studies of subadult and adult muskellunge indicated that
yellow perch Perca flavescens and catostomids were the most
important prey items and that muskellunge were opportunistic
predators (Hourston 1952; Deutsch 1986; Bozek et al. 1999).
In contrast, experimental research on young-of-the-year (age-0)
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636 KAPUSCINSKI ET AL.

esocids, including muskellunge, provided evidence of selective
predation. Wahl and Stein (1988) found that prey fish behav-
ior and morphology affected the foraging success (percent of
stomachs with prey), growth, and survival of three hatchery-
reared esocids (length = 150–225 mm) in experimental sys-
tems. Esocid capture success was higher for soft-rayed gizzard
shad Dorosoma cepedianum and fathead minnow Pimephales
promelas than for spiny-rayed bluegills Lepomis macrochirus,
and esocids (mean length = 146–219 mm) had higher foraging
success, growth, and survival when stocked into a reservoir that
contained gizzard shad than one that contained bluegills (Wahl
and Stein 1988). Consistent with these results, the three esocids
selected gizzard shad as prey when stocked into a reservoir that
also contained bluegills (Wahl and Stein 1988). Selective feed-
ing by age-0 muskellunge suggests that they respond to different
cost–benefit ratios among prey fish, which are affected by dif-
ferences in prey morphology (e.g., body shape and presence or
absence of spiny fin rays), behavior (e.g., schooling, posturing,
hiding, and evasion), and nutritional value (Gillen et al. 1981;
Hoyle and Keast 1987; Savino and Stein 1989; Scharf et al.
1998; Lundvall et al. 1999). However, it is unknown how these
observations apply to age-0 muskellunge feeding on the more
diverse prey assemblages often found in their natural habitats.

Invasions by nonnative species can cause disruptions to native
fish assemblages and dietary changes for piscivores, which can
have important consequences for growth and survival (Gillen
et al. 1981; Carline et al. 1986; Wahl and Stein 1988). The St.
Lawrence and Niagara rivers, as components of the Great Lakes
drainage, have long histories of biological invasions (Mills et al.
1993) and both were invaded by the round goby Neogobius
melanostomus relatively recently (Dunning et al. 2006; Farrell
et al. 2010). Researchers have found evidence that round goby
were incorporated into the diets of some native piscivores
(Steinhart et al. 2004b; Dietrich et al. 2006; Weber et al. 2010)
not including muskellunge. It is important to understand how na-
tive piscivores respond to invasions by species like round goby
that can achieve high densities (Chotkowski and Marsden 1999;
Steinhart et al. 2004a), displace native species (Janssen and Jude
2001), and transfer contaminants (Kwon et al. 2006; Hogan et al.
2007). For example, round goby have been implicated as a reser-
voir host of viral hemorrhagic septicemia (Groocock et al. 2007;
Eckerlin et al. 2011), so age-0 muskellunge feeding on round
goby may be at an increased risk of contracting this potentially
fatal virus (Elsayed et al. 2006; Kipp and Ricciardi 2010). Alter-
natively, age-0 muskellunge could suffer significant reductions
in growth and survival if they avoid feeding on or are less effec-
tive at feeding on an abundant nonnative fish that has displaced
a once-important native prey species.

The size structure of prey assemblages may affect year-class
formation because the growth of esocids is affected by con-
sumption of large prey items (relative to the size of the predator;
Diana 1979), and esocid size and growth are positively related to
survival (Carline et al. 1986; Szendrey and Wahl 1996). There-
fore, understanding the relationship between prey length and

age-0 muskellunge length, especially differences among prey
types, would be useful for evaluating the quality of prey fish
assemblages. Unfortunately, such relationships have only been
described for larger (older) muskellunge (Deutsch 1986; Bozek
et al. 1999).

More complete information on the diets and feeding strategy
of age-0 muskellunge in their natural habitat would improve con-
servation and management strategies for this important species.
Stocking programs would likely be more successful with knowl-
edge about which prey species and sizes are most important for
age-0 muskellunge, as habitats with favorable prey assemblages
could be identified and selected for stocking. For naturally re-
producing populations, identification of nursery sites with sub-
optimal prey assemblages could help guide species management
and prioritization of habitat protection and remediation activi-
ties. In an effort to help fill these information gaps, we used data
collected on age-0 muskellunge from nursery habitats of the
St. Lawrence and upper Niagara rivers to (1) describe the diets
of age-0 muskellunge and identify their use of nonnative prey
fishes, (2) examine the muskellunge feeding strategy (general-
ized versus specialized) and determine the relative importance
of different prey types, (3) evaluate temporal patterns in feeding
strategy and prey importance, and (4) determine how prey fish
length is related to muskellunge length and whether this rela-
tionship differs among prey types (e.g., fusiform versus laterally
compressed body shapes).

METHODS
Sample collection.—Age-0 muskellunge were collected at 18

sites in New York waters of the Thousand Islands region of the
St. Lawrence River in 1990–1999, 2002–2005, and 2008–2009
and at 15 sites in New York waters of the upper Niagara River in
2008–2009 (Figure 1). All sites had shallow water depths (<2 m)
and were characterized by extensive littoral submerged aquatic
vegetation (sometimes interspersed with emergent vegetation).
Sites in the St. Lawrence River were protected embayments
(Farrell et al. 2007) lacking unidirectional streamflow (immea-
surable with a Swoffer Model 3000 flowmeter), whereas lotic
conditions predominated at the Niagara River sites (average flow
at five sites = 0.03 m/s).

The muskellunge populations in both rivers reproduce natu-
rally, but muskellunge were stocked in the St. Lawrence River
for experimental purposes during some years in which we col-
lected fish for stomach content analysis. A total of 119,000
muskellunge fry (mean total length = 24 mm) and 763 finger-
lings (mean total length = 76 mm) that were progeny of locally
caught, wild fish were stocked into a total of 10 sites in the St.
Lawrence River during 1990–1992, 1994, and 1996 (Farrell and
Werner 1999). The survival of muskellunge fry from the time of
stocking in early July to mid-August (1990–1992) or September
(1994 and 1996) ranged from 0% to 3.1% and was not detectable
for 15 of 36 stocking events. Fingerling survival from the time
of stocking in August to September ranged from 0% to 35%
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FEEDING STRATEGIES OF AGE-0 MUSKELLUNGE 637

FIGURE 1. Maps depicting the sites (triangles) from which age-0 muskellunge were collected for diet analyses: (A) St. Lawrence River and (B) upper Niagara
River.

but was not detectable for 5 of 16 stocking events (Farrell and
Werner 1999). However, based on mark–recapture estimates of
their contribution to the total catch, stocked muskellunge likely
comprised about 75% of the muskellunge examined for stom-
ach contents during the 5 years when stocking occurred (Farrell
and Werner 1999). We assumed that the diets of hatchery-
reared and wild-hatched muskellunge were similar because the
hatchery-reared fish were progeny of wild adults, muskellunge
stocked as fry transitioned to consuming fish in the wild, and
fingerlings were fed live prey prior to release. All muskellunge
analyzed for stomach contents from the Niagara River were
wild progeny of parents that were also probably wild fish—
the Niagara River was last stocked in 1974 (M. A. Wilkinson,
New York State Department of Environmental Conservation,
personal communication).

Muskellunge were collected during daylight hours for stom-
ach analysis during 10 July to 3 November in a fine-mesh bag
seine (9.14 m long, 1.6-mm mesh), a large-mesh bag seine
(18.3 m long, 6.4-mm mesh), or via electrofishing (pulsed DC,
500–1,000 V, 6–12 A). These active sampling gears provide
more accurate estimates of food consumption than passive gears
because they sample both active and quiescent fish, whereas pas-
sive gears tend to oversample active fish (Hayward et al. 1989),

tend to undersample small fish due to inappropriate mesh size
(Hubert 1996), and can allow captured fish to evacuate prey be-
fore the gear is checked. In all years, the total length of muskel-
lunge was measured to the nearest millimeter (all lengths herein
are total lengths unless otherwise noted). Muskellunge collected
during 1990–1992 were sacrificed and their stomach contents
were extracted via dissection, whereas in all other years stomach
contents were removed via nonlethal gastric lavage for muskel-
lunge that were deemed large enough (typically ≥ 80 mm). A
small tube (1.6-mm diameter) attached to a water bottle was in-
serted down the throat and into the stomach, and contents were
flushed out. Light pressure was exerted on the abdomen with the
forefinger or thumb to assist in release of diet items, and forceps
were used to remove items lodged in the throat or mouth.

Prey items were identified and measured for length in the
field or preserved for later processing. Common carp Cypri-
nus carpio, goldfish Carassius auratus, and their hybrids were
present in the Niagara River but were not always differenti-
ated in the field, so we refer to them as common carp–goldfish
herein. Diet samples collected during 1990–1992 were stored in
95% ethanol before they were identified and measured, whereas
samples collected during 1993–2009 were either stored in 10%
formalin or identified and measured in the field. The lengths of
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638 KAPUSCINSKI ET AL.

TABLE 1. Intercept (a′) and slope (b) parameters for weight–length equations used to estimate weights of prey recovered from muskellunge stomachs.
Weight–length data were from fish sampled from the St. Lawrence River in 2003 unless otherwise noted.

Length range
Prey type a′ b N (total length; mm)

Alewife Alosa pseudoharengusa –4.8477 2.8640 2,325
Banded killifish Fundulus diaphanus –4.9681 2.9773 608 8–90
Blackchin shiner Notropis heterodon –5.1358 3.0411 361 13–71
Bluntnose minnow Pimephales notatus –5.0524 2.9903 433 11–74
Brook stickleback Culaea inconstansb –5.0000 2.9319 20 11–42
Common carp Cyprinus carpio or goldfish Carassius auratus –4.6686 2.9150 54 33–59
Centrarchidsc –4.9203 3.0808
Sculpins Cottus spp.d –5.2990 3.2520
Cyprinidse –5.0960 3.0183
Golden shiner Notemigonus crysoleucas –4.9586 2.9356 216 12–113
Largemouth bass Micropterus salmoides –4.9481 3.0343 215 17–211
Sunfishes Lepomis spp. –5.0449 3.1695 198 9–62
Rainbow smelt Osmerus mordaxf –5.2760 2.9520 81–290
Rock bass Ambloplites rupestris –4.7680 3.0387 333 8–152
Round goby Neogobius melanostomus –5.3406 3.2498 366 37–222
Spotfin shiner Cyprinella spiloptera –5.1499 3.0435 78 46–92
Spottail shiner Notropis hudsonius –5.0574 2.9852 107 9–79
Tessellated darter Etheostoma olmstedig –5.0630 3.0127 48 13–76
Unidentifiable fishh –5.0793 3.0561
White sucker Catostomus commersonii i –5.6808 3.3825 164 21–110

aEquation from Warner et al. (2008).
bEquation from Farrell (1998).
cParameters are the average of those estimated for largemouth bass, Lepomis spp., and rock bass.
dEquation from Schneider et al. (2000).
eParameters are the average of those estimated for the blackchin shiner, bluntnose minnow, golden shiner, spotfin shiner, and spottail shiner.
fEquation from Carlander (1969).
gEquation was also applied to unidentifiable darters and johnny darters Etheostoma nigrum.
hParameters are the average of the parameters estimated for all species.
iEquation was also applied to unidentifiable catostomids.

some prey fish were estimated from their head length or caudal
peduncle width when whole fish were not recovered (Farrell
1998). Because fish typically shrink while in storage, we ad-
justed the length of prey recovered from muskellunge stomachs
based on approximate average values reported in the literature
for several freshwater species of similar size and storage dura-
tion (Parker 1963; Leslie and Moore 1986; Paradis et al. 2007).
In accordance with the results of these studies, we assumed that
prey items smaller than 25 mm long lost 12% of their length if
stored in ethanol and 10% of their length if stored in formalin;
we assumed that 25-mm and longer prey lost 2% of their length
whether stored in ethanol or formalin.

Diet description.—The diets of age-0 muskellunge collected
from the St. Lawrence and Niagara rivers were characterized
separately and compared. First, we calculated the percentage of
stomachs that contained one or more items, and we used anal-
ysis of covariance (ANCOVA; α = 0.05 for all tests) to test
whether there was a relationship between the number of prey
items consumed (dependent variable) and muskellunge length
(independent variable) and whether the relationship differed be-
tween rivers (covariate). Next, we calculated the percent compo-

sition of prey by number and by weight. The weight of each diet
item was estimated from weight–length regression equations:

W = a × Lb,

where W is weight, L is length, and a and b are species-
specific constants (Anderson and Neumann 1996). For most
prey species, weight–length equations were derived from fish
collected in bag seine hauls from the St. Lawrence River during
2003 (Table 1); equations presented in the literature were used
when necessary. The weight–length equation for round goby
was estimated from fish collected in a variety of gears from
the St. Lawrence River during 2005. For the equations derived
herein, constants a and b were estimated from linear regression
of logarithmically transformed weight–length data (Anderson
and Neumann 1996).

Feeding strategy.—We used a graphical approach, the
Amundsen et al. (1996) modification to the Costello (1990)
method, to evaluate the feeding strategy (specialized versus gen-
eral) and niche width of age-0 muskellunge foraging in the St.
Lawrence and Niagara rivers and to determine the importance
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FEEDING STRATEGIES OF AGE-0 MUSKELLUNGE 639

FIGURE 2. Theoretical Costello diagram (modified from Amundsen et al.
1996) for interpretation of feeding strategy, relative prey importance, and con-
tribution to the niche width (BPC = between-phenotype component; WPC =
within-phenotype component).

of individual prey types to each population. To employ this
graphical approach, the prey-specific abundance of a prey type
in the diet was plotted against the frequency of occurrence of
that prey type in the diet. The prey-specific abundance (Pi) was
calculated as

Pi =
(∑

Si

/ ∑
Sti

)
× 100,

where Pi is the prey-specific abundance of prey type i, Si is the
total number of prey i consumed, and Sti is the total number
of all prey types in the stomachs of only those predators that
consumed prey type i. Information about the feeding strategy,
relative importance of prey types consumed, and contribution
to the niche width was obtained by interpreting the distribution
of prey-specific points along the vectors and axes illustrated in
Figure 2.

Evaluation of temporal patterns in feeding strategy and prey
importance.—We used the graphical approach described above
to evaluate temporal patterns in the feeding strategy of age-0
muskellunge from the St. Lawrence River. To examine patterns
among years, we compared feeding strategy diagrams among
years in which at least 20 muskellunge with identifiable prey
items were collected during the month of August. To exam-
ine patterns among months, we compared feeding strategy di-
agrams for August, September, and October 1995 and August
and September 1996, as these were the only years in which at
least 15 muskellunge with identifiable prey were captured in at
least 2 months. The sample sizes of 20 and 15 described above
(and n = 30 and 20 in the following paragraph) were chosen
based on availability in the data set rather than an a priori sam-
pling design. Temporal patterns in the feeding strategy of age-0
muskellunge from the Niagara River could not be evaluated due
to small sample sizes.

We also evaluated temporal patterns in prey importance by
assessing the proportion of different prey types (by number)

in the diet of age-0 muskellunge from the St. Lawrence River.
Data from years in which at least 30 prey were recovered from
age-0 muskellunge stomachs were included in the assessment
of variation in prey importance by year. Data from August,
September, and October 1995 and August and September 1996
were included in the assessment of variation in prey importance
by month because these were the only years in which at least
20 prey were recovered from age-0 muskellunge stomachs in at
least 2 months. Small sample sizes precluded similar analysis
of data from the Niagara River.

Muskellunge size–prey size relationships.—To determine
how prey length was related to age-0 muskellunge length, we
calculated the length range of prey as a percentage of muskel-
lunge length. Next, we used ANCOVA to test whether there
was a relationship between mean prey length (dependent vari-
able) and the length of the age-0 muskellunge that ate them
(independent variable) and to test whether this relationship dif-
fered among rivers (covariate). We then used ANCOVA to deter-
mine whether the relationships between prey length (dependent
variable) and age-0 muskellunge length (independent variable)
for the St. Lawrence River differed among prey types (covari-
ate), namely banded killifish, brook sticklebacks, centrarchids,
cyprinids, and tessellated darters. These prey groupings were
used as covariates based on sample size restrictions (n ≥ 30).
We also used simple linear regression to test the relationship
between the number of prey consumed and the mean length
of prey for age-0 muskellunge from the St. Lawrence River.
Small sample sizes from the Niagara River precluded testing
species-specific relationships between prey length and age-0
muskellunge length and between the number of prey consumed
and mean prey length. Next, we used ANCOVA to test whether
there was a relationship between mean prey length as a propor-
tion of muskellunge length (dependent variable) and muskel-
lunge length (independent variable) and to test whether this
relationship differed among rivers (covariate). Finally, we used
ANCOVA to test whether the relationship between mean prey
length as a proportion of muskellunge length (dependent vari-
able) and muskellunge length (independent variable) differed
among prey types (covariate) in the St. Lawrence River; this
analysis could not be conducted for age-0 muskellunge from
the Niagara River due to small sample sizes.

RESULTS

Diet Description
In total, 1,516 age-0 muskellunge were examined (total

length = 37–266 mm); 842 (55.5%) of these fish had empty
stomachs, while 674 (44.5%) fish contained a total of 919 prey
items (Table 2). Muskellunge with prey in their stomachs typi-
cally contained a single item; although 3.4% of the muskellunge
from the St. Lawrence River with prey in their stomachs con-
tained three to six items, no muskellunge sampled from the Nia-
gara River contained more than two prey items. The relationship
between the number of prey items consumed and muskellunge
length did not differ between rivers (ANCOVA: muskellunge
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640 KAPUSCINSKI ET AL.

TABLE 2. Number of prey items in the stomachs of 1,516 age-0 muskellunge collected from the St. Lawrence River (SLR) and upper Niagara River (UNR);
the number of sites sampled reflects only sites where muskellunge were captured. The percentage and number of muskellunge stomachs that contained a given
number of prey items (0–6 items) are provided.

Mean (SE) Number of Mean (SE)
number of age-0 number of age-0 Number or Number of prey items in stomach

Number sites sampled muskellunge muskellunge percentage
of years River per year examined examined per year of stomachs 0 1 2 3 4 5 6

16 SLR 9 (0.8) 1,436 89.8 (20.3) Number 807 463 117 29 16 2 2
Percent 56.2 32.2 8.1 2.0 1.1 0.1 0.1

2 UNR 11 (2.5) 80 40.0 (8.0) Number 35 41 4 0 0 0 0
Percent 43.8 51.3 5.0 0 0 0 0

length × river interaction was not significant in the general
linear model [GLM]; df = 410, F = 0.23, P = 0.635). The
number of prey consumed declined with muskellunge length
(data from both rivers combined; number of prey consumed =
[–0.002 × muskellunge length] + 1.595; r2 = 0.015, df = 410,
P = 0.013). However, this relationship explained very little of
the variation in the data.

Muskellunge were nearly completely piscivorous, with the
exception of two macroinvertebrate (trichopteran) prey items
recovered. Stomachs of muskellunge from the St. Lawrence
River contained fish from at least 8 families, 14 genera, and
15 species (some fish remains were unidentifiable), whereas
muskellunge from the Niagara River consumed fish from 5
families, 8 genera, and 8 species (Table 3). A single prey
species, the banded killifish, was the most important prey type
by number and weight in the diet of muskellunge from the St.
Lawrence River and the second most important prey type in the
Niagara River. Native cyprinids were the most important prey
type by number and weight in the diet of muskellunge from the
Niagara River and were the third most important prey type in
the St. Lawrence River. Darters also contributed significantly
to the diets of muskellunge in both rivers.

Muskellunge from both rivers exhibited use of nonnative
prey. Six alewives and one round goby were recovered from
stomachs of muskellunge captured in the St. Lawrence River
(<1% of all prey recovered), whereas three common carp–
goldfish (nonnative cyprinids) and two round goby were re-
covered from Niagara River muskellunge. For Niagara River
muskellunge, about 10% of the fish consumed (22% by weight)
consisted of nonnative cyprinids and round goby. None of the
other established nonnative species in the Niagara River (i.e.,
alewife, gizzard shad, rudd Scardinius erythrophthalmus, and
white perch Morone americana) were recovered from muskel-
lunge stomachs.

Feeding Strategy
Age-0 muskellunge from both rivers exhibited a special-

ized feeding strategy, as indicated by the high prey-specific
abundance (≥75%) of all prey types except for trichopterans
(Figure 3). Furthermore, the high specific abundance and low
frequency of occurrence of many prey types (toward the upper

left of each diagram) indicate that there was strong specialization
among individual muskellunge and a high between-phenotype
contribution to the niche width. Because the importance of each
prey type decreases along the diagonal from the upper right

FIGURE 3. Feeding strategy diagrams (prey-specific abundance versus fre-
quency of occurrence) for age-0 muskellunge captured from the St. Lawrence
River (upper panel) and the upper Niagara River (lower panel; prey types: Al =
alewife, Bk = banded killifish, Bs = brook stickleback, Ca = catostomids,
Ce = centrarchids, Co = cottids, Cy = native cyprinids, C/G = common carp or
goldfish, Da = darters, Rg = round goby, Tr = trichopterans, and Yp = yellow
perch).
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FEEDING STRATEGIES OF AGE-0 MUSKELLUNGE 641

TABLE 3. Summary of the 919 prey items recovered from the stomachs of 674 age-0 muskellunge collected in the St. Lawrence and upper Niagara rivers;
species are arranged alphabetically by family and then alphabetically by genus within families. The number of prey recovered (N), percent composition by number
(%N), number of prey measured (NM), total weight of measured prey (TW), and percent of the total weight (%TW) for each prey type are given.

Prey type Family N %N NM TW (g) %TW

St. Lawrence River
Centrarchid, unidentifiable Centrarchidae 11 1.3 7 0.9 0.6
Rock bass Centrarchidae 8 0.9 5 1.8 1.1
Sunfishes Lepomis spp. Centrarchidae 42 4.8 18 4.2 2.7
Largemouth bass Centrarchidae 3 0.3 3 4.6 3.0
Alewifea Clupeidae 6 0.7 4 1.5 1.0
Sculpins Cottus spp. Cottidae 2 0.2 1 1.0 0.7
Cyprinid, unidentifiable Cyprinidae 35 4.0 18 3.1 2.0
Spotfin shiner Cyprinidae 1 0.1 1 2.0 1.3
Blackchin shiner Cyprinidae 9 1.0 4 0.4 0.3
Spottail shiner Cyprinidae 42 4.8 36 13.6 8.8
Golden shiner Cyprinidae 2 0.2 1 0.5 0.3
Bluntnose minnow Cyprinidae 23 2.6 15 3.0 1.9
Banded killifish Fundulidae 401 46.1 259 68.9 44.4
Brook stickleback Gasterosteidae 39 4.5 33 7.3 4.7
Round gobya Gobiidae 1 0.1 0
Tessellated darter Percidae 154 17.7 106 40.2 26.0
Yellow perch Percidae 1 0.1 0
Unidentifiable fish 88 10.1 18 2.1 1.3
Caddisfly, Order Trichoptera 2 0.2 0
Total 870 100 529 155.0 100

Upper Niagara River
Catostomid, unidentifiable Catostomidae 1 2.0 1 0.8 3.0
Cyprinid, unidentifiable Cyprinidae 4 8.2 2 1.5 5.5
Common carp or goldfisha Cyprinidae 3 6.1 2 5.9 22.0
Golden shiner Cyprinidae 1 2.0 1 2.6 9.8
Spottail shiner Cyprinidae 3 6.1 2 3.0 11.0
Bluntnose minnow Cyprinidae 7 14.3 6 1.7 6.4
Banded killifish Fundulidae 13 26.5 6 6.3 23.2
Round gobya Gobiidae 2 4.1 1 <0.1 <0.1
Darters Etheostoma or Percina spp. Percidae 1 2.0 1 0.8 3.1
Johnny darter Percidae 2 4.1 1 0.6 2.3
Unidentifiable fish 12 24.5 2 3.7 13.6
Total 49 100 25 26.9 100

aNonnative species.

(dominant) to the lower left (rare) of each diagram, it is evi-
dent that the banded killifish was most important in the diets of
muskellunge from the St. Lawrence River, followed by tessel-
lated darters, native cyprinids, and seven other prey types. The
importance of prey types in the Niagara River (in descending
order) was as follows: native cyprinids, banded killifish, darters
and nonnative cyprinids, round goby, and catostomids.

Evaluation of Temporal Patterns in Feeding Strategy and
Prey Importance

The feeding strategy and prey types of greatest impor-
tance in the diet of age-0 muskellunge from the St. Lawrence
River were stable across years and across months within years.

Muskellunge exhibited a specialized feeding strategy in each
year examined (figures not shown; Table A.1 in Appendix) and
in each month during 1995–1996 (Table A.2). The graphical
analysis of feeding strategy identified banded killifish as the
most important prey type in 6 of the 7 years examined and in 4 of
the 5 months during 1995–1996, as the frequency of occurrence
was at least 0.50 and individual age-0 muskellunge specialized
on banded killifish. In addition, banded killifish consistently
comprised a significant proportion of all prey consumed by age-
0 muskellunge in each year (Table A.3) and in each month during
1995–1996 (Table A.4). Tessellated darters and cyprinids were
often illustrated as the second and third most important prey
types in the feeding strategy diagrams, and these two prey types
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TABLE 4. Relationship between prey total length (TL; mm) or prey TL as a proportion of predator TL (Y) and the predator TL (X) for age-0 muskellunge
collected from the St. Lawrence River during 1990–2009.

Y = prey TL Y = prey TL/muskellunge TL

Prey type N Equation r2 F P Equation r2 F P

Total 505 Y = 0.160X + 8.145 0.404 356.920 <0.001 Y = −0.001X + 0.317 0.140 81.804 <0.001
Banded

killifish
259 Y = 0.142X + 9.753 0.386 161.714 <0.001 Y = −0.001X + 0.334 0.224 74.222 <0.001

Brook
stickleback

33 Y = 0.105X + 15.063 0.191 7.310 0.011 Y = −0.001X + 0.360 0.224 8.940 0.005

Centrarchidae 33 Y = 0.110X + 11.957 0.188 7.156 0.012 Y = −0.001X + 0.299 0.110 3.827 0.060
Cyprinidae 74 Y = 0.244X – 0.293 0.553 89.187 <0.001 Y = (2.055 × 10−5)X + 0.238 <0.001 0.009 0.924
Tessellated

darter
106 Y = 0.138X + 13.658 0.371 61.356 <0.001 Y = −0.001X + 0.374 0.324 49.917 <0.001

were consumed in most of the years that were examined and in
every month during 1995–1996. Centrarchids and yellow perch
were only positioned in the upper left quadrant of the feed-
ing strategy diagrams, indicating that they were consumed by
a few individual age-0 muskellunge displaying specialization.
The brook stickleback was also typically an unimportant prey
type except in 1991, when this species had the highest frequency
of occurrence in the diets of age-0 muskellunge and comprised
the greatest proportion of all prey consumed.

Muskellunge Size–Prey Size Relationships
Age-0 muskellunge from the St. Lawrence River (n = 386,

length range = 37–266 mm) ate 529 prey fish that ranged from
7.0% to 59.6% of predator length (mean = 23.8%), whereas
25 muskellunge from the Niagara River (length range = 95–
265 mm) ate 25 prey fish that ranged from 5.8% to 38.7% of
predator length (mean = 23.1%). Mean prey fish length was
positively related to predator length in the St. Lawrence River
(muskellunge length = [0.1684 × prey length] + 8.0011; r2 =
0.411, df = 385, P < 0.001) and Niagara River (muskellunge
length = [0.2344 × prey length] – 0.4837; r2 = 0.446, df =
24, P < 0.001), and the slopes of these two relationships did not
differ between rivers (ANCOVA: muskellunge length × river
interaction was not significant in the GLM; df = 410, F = 2.66,
P = 0.104). Relationships between prey fish length and preda-
tor length differed among prey types for St. Lawrence River
muskellunge (ANCOVA: muskellunge length × prey length
interaction was significant in the GLM; df = 504, F = 5.69,
P < 0.001), such that the lengths of laterally compressed prey
(e.g., brook sticklebacks and centrarchids) increased at a slower
rate with increasing predator length than did the lengths of
fusiform cyprinids (Table 4). The number of prey consumed
was negatively related to the mean length of prey recovered
from stomachs of age-0 muskellunge in the St. Lawrence River
(number of prey = [–0.0135 × mean prey length] + 1.7547;
r2 = 0.040, df = 385, P < 0.001).

Mean prey length expressed as a proportion of predator length
(mean prey length/muskellunge length) showed a weak decline

with increasing muskellunge length for the St. Lawrence River
([mean prey length/muskellunge length] = [–0.0006 × muskel-
lunge length] + 0.3171; r2 = 0.123, df = 385, P < 0.001), but
this relationship was not statistically significant for the Niagara
River ([mean prey length/muskellunge length] = [0.0001 ×
muskellunge length] + 0.2515; r2 = 0.003, df = 24, P =
0.791). The slopes of these two relationships differed between
rivers (ANCOVA: muskellunge length × river interaction was
significant in the GLM; df = 410, F = 4.78, P = 0.029). Mean
prey length as a proportion of predator length differed among
prey types for St. Lawrence River muskellunge (ANCOVA:
muskellunge length × prey type interaction was significant
in the GLM; df = 504, F = 5.23, P < 0.001). Mean prey length
as a proportion of predator length decreased for all prey types
except cyprinids, which were a constant proportion of predator
length (Table 4).

DISCUSSION
Age-0 muskellunge from the St. Lawrence and Niagara

rivers relied heavily upon banded killifish, cyprinids, and darters
as prey but seldom utilized yellow perch and catostomids,
which dominate the diets of older muskellunge (Hourston 1952;
Bozek et al. 1999) and the congeneric northern pike Esox lucius
(Lawler 1965). Specialized predation by age-0 muskellunge
on cyprinids and the banded killifish, a topminnow species, is
consistent with the previous description of young muskellunge
(length range = 250–400 mm) as midwater feeders (Engstrom-
Heg et al. 1986). However, the importance of darters in the diets
of age-0 muskellunge was surprising given that the benthic
behavior of darters contrasts with the midwater feeding strategy
described for young muskellunge. Specialized predation by age-
0 muskellunge on these fusiform and mostly soft-rayed fishes is
consistent with past studies that examined selection by esocids
(Beyerle and Williams 1968; Carline et al. 1986; Wahl and Stein
1988; Szendrey and Wahl 1996), indicating that for predicting a
prey type’s dietary importance to age-0 muskellunge, the body
shape of the prey may be more important than where that prey
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type typically resides in the water column. Muskellunge nursery
habitats are typically shallow (<1.5 m deep; Farrell and Werner
1999), so foraging movements by age-0 muskellunge should
not be restricted to any particular area of the water column.
Furthermore, our results provide an explanation (beyond cohab-
itation) for Murry and Farrell’s (2007) findings that the presence
and relative abundance of age-0 muskellunge (length range =
31–122 mm) were positively related to the relative abundance of
banded killifish, cyprinids, and tessellated darters. Our results
may also explain why Eslinger et al. (2010) found that the
relative abundance of age-0 muskellunge was positively related
to the relative abundance of bluntnose minnow. Craig and Black
(1986) reported that cyprinids and darters were among the fishes
present at muskellunge nursery sites in southern Georgian Bay,
Lake Huron, but those authors did not examine relationships to
muskellunge diets or site-specific relative abundances.

Age-0 muskellunge in both the St. Lawrence and Niagara
rivers consumed some nonnative prey species with which they
did not coevolve, consistent with previous studies of other fresh-
water piscivorous fishes (Jude et al. 1987; Pine et al. 2005;
Warner et al. 2008). Native piscivores such as the smallmouth
bass Micropterus dolomieu (Steinhart et al. 2004b), lake trout
Salvelinus namaycush (Dietrich et al. 2006), and yellow perch
(Weber et al. 2010) have incorporated round goby into their diet,
but our report of round goby in the diets of age-0 muskellunge
from the St. Lawrence and Niagara rivers is the first such record
for muskellunge. The round goby was first detected in muskel-
lunge nursery bays of the St. Lawrence River in 2006, although
they were present in the river proper for several years prior
(Farrell et al. 2010). Because muskellunge diet data were lack-
ing from 2006 to 2007 and only two muskellunge were ex-
amined in 2008, a round goby was recovered from a muskel-
lunge stomach for the first time in 2009. Similarly, because
sampling of age-0 muskellunge stomach contents did not be-
gin until 2008 for the Niagara River, round goby were first
recovered from the stomachs of age-0 muskellunge in 2009
(this study), despite round goby being established in northeast-
ern Lake Erie by 1998 (Weimer and Keppner 2000). Although
the total number of round goby recovered from age-0 muskel-
lunge stomachs was small in 2009, round goby comprised about
10% of the diet for St. Lawrence River muskellunge and 14%
of the diet for Niagara River muskellunge. The round goby
was implicated as a reservoir host of viral hemorrhagic sep-
ticemia (Groocock et al. 2007; Eckerlin et al. 2011), which
can infect and kill muskellunge (Elsayed et al. 2006; Kipp and
Ricciardi 2010). Therefore, it is uncertain whether predation
on round goby will benefit muskellunge populations via ener-
getic gain or harm the muskellunge via disease-related mortal-
ity or increased transfer of contaminants (Kwon et al. 2006).
Initial efforts investigating whether the presence of age-0
muskellunge at St. Lawrence River nursery sites was related to
round goby density were inconclusive (Woodside 2009). Further
research on interactions between muskellunge and round goby is
needed.

The length of consumed prey increased with the length of
age-0 muskellunge from both the St. Lawrence and Niagara
rivers, consistent with studies of larger muskellunge (226–
1,180 mm; Deutsch 1986; Bozek et al. 1999), northern pike
(>150 mm; Lawler 1965), and age-0 tiger muskellunge (muskel-
lunge × northern pike; 90–170 mm; Gillen et al. 1981). How-
ever, the rate of increase in the length of prey consumed by age-0
muskellunge from the St. Lawrence River differed among the
prey types examined. The order from highest to lowest was as
follows: cyprinids, banded killifish, tessellated darters, centrar-
chids, and brook sticklebacks. These results indicate that age-0
muskellunge of a given length consumed longer fusiform prey
than laterally compressed prey, consistent with studies of age-0
tiger muskellunge (Gillen et al. 1981) and walleyes (Einfalt and
Wahl 1997). The laterally compressed body forms and spiny fin
rays of centrarchids and brook sticklebacks probably reduced
predation on larger individuals by causing gape limitation, in-
creasing handling time, and increasing the probability of injury
or death of age-0 muskellunge (Gillen et al. 1981; Engstrom-
Heg et al. 1986; Wahl and Stein 1988). The ability of age-0
muskellunge to consume larger individuals of banded killifish,
cyprinids, and darters than laterally compressed, spiny species
is not likely coincidental to the fact that these three prey types
were the most important dietary components. The consumption
of large prey items (relative to the size of the predator) has a sig-
nificant effect on the caloric intake and growth of esocids (Diana
1979). Because size and growth of age-0 esocids are positively
related to the survival of these fish (Carline et al. 1986; Szendrey
and Wahl 1996), availability of large (yet consumable) fusiform
prey should enhance survival of age-0 esocids.

Prey length expressed as a proportion of age-0 muskel-
lunge length remained constant over predator lengths in the
Niagara River but declined with increasing predator length in
the St. Lawrence River. Deutsch (1986) reported that Susque-
hanna River muskellunge (370–1,170 mm) consumed prey that
increased in proportion to predator length, whereas Bozek
et al. (1999) concluded that muskellunge (226–1,180 mm) from
Wisconsin lakes consumed prey that were a constant propor-
tion of predator length. The observed decrease in prey length as
a proportion of age-0 muskellunge length in the St. Lawrence
River suggests that (1) muskellunge were foraging in a subop-
timal environment where large prey were limited in abundance
or (2) as muskellunge grew, they selectively fed on prey fish
that comprised a smaller proportion of predator length. We can-
not conclude which scenario is more likely because we did not
quantify the size structure of prey fish each year. The percent-
age of muskellunge stomachs that contained prey was lower
in the St. Lawrence River (44.4%) than in the Niagara River
(56.3%; post hoc chi-square test: P = 0.039) but did not vary
with site-specific prey densities (post hoc linear regression: r2 =
0.001, df = 39, P = 0.885). Therefore, if poor foraging con-
ditions were present in the St. Lawrence River, they probably
resulted from suboptimal size structure or species composition
of prey fish assemblages rather than foraging failure due to low
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prey densities. In the future, data should be collected on the
size structure of prey fish assemblages to determine (1) whether
muskellunge are selecting small prey or whether the availability
of large prey is limited and (2) how size-specific selectivity by
muskellunge differs among prey species due to morphological
or behavioral differences (Scharf et al. 1998). Wahl and Stein
(1988) provided such information for hatchery-reared esocids in
experimental systems that were presented with bluegills, fathead
minnow, and gizzard shad and for esocids stocked into Ohio
impoundments that contained bluegills or bluegills and gizzard
shad. Esocids in captivity required a greater number of attacks
to capture bluegills, which resulted in fewer bluegills being con-
sumed than fathead minnow or gizzard shad (Wahl and Stein
1988). In addition, feeding and growth of esocids stocked into
an impoundment that contained only bluegills were poor com-
pared with those of esocids stocked into an impoundment with
bluegills and gizzard shad. Acquiring similar information about
the diverse prey assemblages used by wild age-0 muskellunge
would be an important advance in muskellunge management.

The St. Lawrence and Niagara rivers are often thought of as
fast-flowing environments, so it is logical to question the ap-
plicability of our findings to the management of muskellunge
in lentic waters. However, our results were obtained from sam-
pling nearshore habitats with relatively low flow in the upper
Niagara River and protected embayments (that resembled lentic
habitats) in the St. Lawrence River (where most of our sam-
ples were collected). We believe that the similarity of these
habitats (nearshore sites with aquatic vegetation) to those typ-
ically occupied by age-0 muskellunge throughout the species’
range and the congruence of our results with other studies of
age-0 muskellunge make our findings applicable to ecosystems
other than large rivers. Generally speaking, the fishes that are
most important in age-0 muskellunge diets (i.e., banded killifish,
cyprinids, and darters) and that potentially are most important
for recruitment (Eslinger et al. 2010) are seldom quantified in
fisheries surveys and are typically ignored in management plans
because they are relatively unimportant in the diets of large
esocids (Diana 1979; Deutsch 1986; Bozek et al. 1999). We
recommend that resource managers incorporate comprehensive
evaluations of prey fish assemblages into management plans
for both wild and stocked muskellunge populations. Surveys
of prey fish assemblages at muskellunge nursery sites should
help to prioritize stocking locations and to identify suboptimal
assemblages that may be limiting the growth and survival of nat-
urally reproducing muskellunge populations. The biology and
habitat preferences of banded killifish, small cyprinid species,
and darters are poorly understood, but these species appear to
be silt intolerant, preferring littoral habitats with aquatic vegeta-
tion and clean substrates (Scott and Crossman 1998). Research
focused on determining how prey fish assemblage structure is
influenced by habitat conditions is needed so that biologists can
identify, manage for, and restore favorable nursery conditions
for esocids.
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APPENDIX: PREY FREQUENCY OF OCCURRENCE, ABUNDANCE, AND PROPORTIONS IN AGE-0
MUSKELLUNGE DIETS

TABLE A.1. Frequency of occurrence in the diet (F) and prey-specific abundance in the diet (%; Pi) for prey types recovered from the stomachs of age-0
muskellunge captured in August during 1990–2002 in the St. Lawrence River.

1990 1991 1992 1995 1996 1998 2002

Prey type F Pi F Pi F Pi F Pi F Pi F Pi F Pi

Centrarchidae 0.16 100.0 0 0 0 0 0 0 0.05 66.7 0.10 100.0 0.07 60.0
Cyprinidae 0.24 82.4 0 0 0.24 79.2 0.08 100.0 0.16 100.0 0.20 100.0 0.17 100.0
Banded killifish 0.57 87.5 0.35 80.0 0.59 94.3 0.63 93.8 0.51 100.0 0.40 100.0 0.73 95.2
Brook stickleback 0 0 0.50 88.2 0 0 0.13 100.0 0 0 0.00 0 0.02 100.0
Tessellated darter 0.11 66.7 0.30 75.0 0.22 94.7 0.17 100.0 0.24 100.0 0.33 91.7 0.02 100.0
Yellow perch 0 0 0 0 0 0 0 0 0.03 100.0 0 0 0 0

TABLE A.2. Frequency of occurrence in the diet (F) and prey-specific abundance in the diet (%; Pi) for prey types recovered from the stomachs of age-0
muskellunge captured from the St. Lawrence River during August–October 1995 and August–September 1996.

1995 1996

Aug Sep Oct Aug Sep

Prey type F Pi F Pi F Pi F Pi F Pi

Alewife 0 0 0.12 100.0 0 0 0 0 0.02 66.7
Banded killifish 0.63 100.0 0.59 93.3 0.29 81.8 0.51 100.0 0.53 84.6
Brook stickleback 0.13 100.0 0 0 0.13 100.0 0 0 0.04 83.3
Centrarchidae 0 0 0 0 0.08 50.0 0.05 100.0 0.17 85.0
Cottidae 0 0 0.06 100.0 0 0 0 0 0 0
Cyprinidae 0.08 100.0 0.06 100.0 0.21 100.0 0.16 100.0 0.09 70.0
Tessellated darter 0.17 100.0 0.24 100.0 0.38 81.8 0.24 100.0 0.28 79.3
Yellow perch 0 0 0 0 0 0 0.03 100.0 0 0
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TABLE A.3. Proportion of prey types by number (sample sizes in parentheses) in the diets of age-0 muskellunge captured from the St. Lawrence River during
1990–2004.

1990 1991 1992 1994 1995 1996 1997 1998 1999 2002 2003 2004
Prey type (71) (38) (105) (96) (80) (173) (32) (60) (33) (64) (31) (47)

Alewife 0.01 0 0 0 0.04 0.01 0 0 0 0 0 0
Banded killifish 0.49 0.21 0.65 0.31 0.53 0.53 0.41 0.22 0.30 0.64 0.58 0.40
Brook stickleback 0 0.39 0 0.13 0.08 0.03 0 0 0 0.02 0 0
Centrarchidae 0.11 0 0 0 0.03 0.14 0.13 0.10 0.06 0.08 0.06 0.09
Cottidae 0 0 0 0 0.01 0 0 0 0 0.02 0 0
Cyprinidae 0.21 0 0.18 0.07 0.11 0.08 0.06 0.20 0.15 0.11 0.10 0.23
Tessellated darter 0.06 0.16 0.17 0.48 0.21 0.18 0.09 0.20 0.00 0.03 0.16 0.06
Trichoptera 0 0 0 0.01 0 0.00 0 0 0 0 0 0
Unidentifiable 0.11 0.24 0 0 0 0.02 0.31 0.28 0.48 0.11 0.10 0.21
Yellow perch 0 0 0 0 0 0.01 0 0 0 0 0 0

TABLE A.4. Proportion of prey types by number (sample sizes in parentheses) in the diets of age-0 muskellunge captured from the St. Lawrence River in
August–October 1995 and August–September 1996.

1995 1996

Prey type Aug (25) Sep (23) Oct (28) Aug (56) Sep (112)

Alewife 0 0.13 0 0 0.02
Banded killifish 0.64 0.61 0.32 0.64 0.49
Brook stickleback 0.12 0 0.11 0 0.04
Centrarchidae 0 0 0.07 0.05 0.15
Cottidae 0 0.04 0 0 0
Cyprinidae 0.08 0.04 0.18 0.11 0.06
Tessellated darter 0.16 0.17 0.32 0.16 0.21
Unidentifiable 0 0 0 0.02 0.03
Yellow perch 0 0 0 0.02 0
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