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Abstract Relative abundance, diet composition and
feeding strategy were determined for three benthic fish,
the native deepwater sculpin Myoxocephalus
thompsonii (Girard, 1851) and slimy sculpin Cottus
cognatus (Richardson, 1836), and the invasive round
goby Neogobius melanostomus (Pallas, 1814), along a
nearshore to offshore gradient in southeastern Lake
Michigan during March–December 2010, 2015, and
2016. Round goby were most abundant in the nearshore
(<25 m), slimy sculpin were most abundant in the
transitional zone (35–65 m), and deepwater sculpin
were most abundant in the offshore zone (>75 m). Despite a large degree of spatial separation, some species
did overlap, with slimy and deepwater sculpin occurring
in sympatry throughout the year in the offshore and
transitional zones, and round goby overlapping with
both sculpin species seasonally in the transitional zone.
Deepwater sculpin exhibited specialization on Mysis
diluviana in all depth regions. Slimy sculpin in the
offshore reduced diet overlap with deepwater sculpin
by specializing on fish eggs during spring and fall,
whereas in the transitional depth zone, there was considerable overlap between sculpin species due to the
high importance of Mysis in diets. The invasive round
goby had a mixed diet, with some diet overlap with
native sculpin, especially slimy sculpin, in the transitional zone. In the nearshore zone, round goby displayed
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a generalized diet with many prey contributing to the
diet, but the average contribution of any prey was generally low. Spatial separation and variable feeding strategies help reduce, but not eliminate shared resource use
amongst these benthic fish in Lake Michigan.
Keywords Sculpin . Round goby . Feeding strategy .
Benthic food web . Mysis

Introduction
Freshwater sculpins (Cottidae) are an ecologically important group throughout their diverse cool- and
coldwater habitats in the northern hemisphere (Adams
and Schmetterling 2007). Sculpins can be the dominant
species in their ecosystems and are often considered a
good indicator species because of their ecological importance and broad trophic interactions (Adams and
Schmetterling 2007). Within the Laurentian Great
Lakes, efforts are underway to better understand sculpin
ecology and interactions with invasive species to facilitate better management of existing sculpin populations
and rehabilitation in other lakes (Zimmerman and
Krueger 2009). Sculpins are key components of the
native deepwater benthic fish community in Lake Michigan, feeding on macroinvertebrates and in turn, providing food for native piscivores, including burbot Lota
lota (Linnaeus, 1758) and lake trout Salvelinus
namaycush (Walbaum, 1792) (Fratt et al. 1997;
Madenjian et al. 1998). Currently, the two primary species in Great Lakes, including Lake Michigan, are
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deepwater sculpin Myoxocephalus thompsonii (Girard,
1851) and slimy sculpin Cottus cognatus (Richardson,
1836) (Scott and Crossman 1998). Deepwater sculpin
can account for a large proportion of the offshore fish
community in Lake Michigan (Wells 1968; Bunnell
et al. 2009). Although slimy sculpin and deepwater
sculpin are similar ecologically, their long term coexistence in Lake Michigan appears to have been facilitated
through some degree of spatial separation over preferred
depth ranges (Madenjian and Bunnell 2008; Hondorp
et al. 2011) and differences in food resource partitioning
on the basis of prey type and size (Kraft and Kitchell
1986; Hondorp et al. 2011) However, anthropogenic
driven changes in the Lake Michigan ecosystem may
threaten their co-existence by altering trophic pathways
that have provided for their sympatry in the lake.
The offshore Lake Michigan ecosystem has undergone a dramatic transformation over the last two decades. Zebra mussels Dreissena polymorpha were
found in the lake in the late 1980s, but they were soon
replaced by quagga mussels Dreissena rostriformis
bugensis, which were found in northern Lake Michigan
in 1997 (Nalepa et al. 2009). Quagga mussels rapidly
spread throughout the lake leading to declines in primary production (Fahnenstiel et al. 2010). Also in the late
1990s, the benthic amphipod Diporeia spp. underwent
dramatic declines throughout Lake Michigan (Nalepa
et al. 2009). Diporeia spp. are glacial relicts and had
been an important high-energy prey for many fish in
Lake Michigan, including deepwater and slimy sculpins
(Hondorp et al. 2005). The decline of Diporeia spp. led
to diet shifts for many fish, including both sculpin
species (Hondorp et al. 2005) and was associated with
declines in condition for deepwater sculpin (Pothoven
et al. 2011). Diporeia spp. remain available at much
reduced densities only in the deepest regions of Lake
Michigan, where they are still consumed by both sculpin
species (Mychek-Londer et al. 2013).
By the late 1990s, the invasive benthic fish round
goby Neogobius melanostomus (Pallas, 1814), native to
the Ponto- Caspian region of Eurasia, had spread
throughout much of Lake Michigan (Clapp et al. 2001;
Kornis et al. 2012). The spread of round goby could
have been facilitated by the arrival and proliferation of
dreissenid mussels, including quagga mussels, which
share a native range with round gobies and can be an
important prey (Jude et al. 1995; Vanderploeg et al.
2002). However, dreissenid mussels do not appear to
be a pre-requisite for round goby invasion and success
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(Carman et al. 2006). Competition and behavioral interference by round gobies led to the decline of some
native benthivorous fishes, including mottled sculpin
Cottus bairdii (Girard, 1850) in the nearshore of Lake
Michigan (Janssen and Jude 2001). The presence of
round goby in the offshore has only been documented
fairly recently (Walsh et al. 2007), so there is limited
information available on the interactions between deepwater and slimy sculpin with round goby. However, the
shared use of the shrimp-like crustacean Mysis diluviana
(hereafter Mysis) is expected to heighten competitive
interactions between round goby and native fish in
offshore regions of the Great Lakes (Schaeffer et al.
2005; Walsh et al. 2007). Mysis have become an increasingly important prey resource for many fish in
Lake Michigan following the decline of Diporeia spp.
(Hondorp et al. 2005).
The goal of this study was to evaluate the nearshore
to offshore relative abundance, diet composition, and
feeding strategy of deepwater sculpin, slimy sculpin,
and round goby in a region of Lake Michigan where
all three species are found, and where Diporeia spp.
have completely disappeared, in order to determine
what prey are supporting each species and to provide
insight into how these three benthic fish co-exist. Previous work on Lake Michigan indicated that diets of all
three species can vary considerably across broad geographic areas of offshore Lake Michigan during the
winter (Mychek-Londer et al. 2013), so the goal of this
study was to focus on the feeding ecology over the
course of the year in a single geographic area across a
broad range of depths.

Methods
Sampling took place in southeast Lake Michigan in the
vicinity of Muskegon, Michigan, USA as part of various
studies to collect forage fish in March–December during
2010, 2015, and 2016. Sampling took place along a
nearshore to offshore transect in water depths ranging
from 7 to 110 m. Samples were divided into three depth
zones, nearshore zone (water depth < 25 m), transitional
zone (water depths 35–65 m), and offshore zone (water
depths >75 m). The transitional depth zone, as defined,
is just below the depth of the thermocline and has
historically been an important and productive region
within the lake (Nalepa et al. 2000). Fish were collected
using a 7.6 m wide skate style bottom trawl with 6.4 mm
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stretch mesh cod liner towed for 10 min during the day
or night. Fish were sorted by species and frozen.
Not all depth zones were sampled for each month and
year combination, so we combined all data from a given
month across years for analysis because we were primarily interested in seasonal patterns. To assess the
spatial distribution of the species across depth zones,
we only used night catch rates (#/10 min tow), because
some species were rarely caught during daytime
trawling. For diet analysis, we used fish collected during
the day and night, with most fish coming from night
collections (round goby 77%, deepwater sculpin 76%,
slimy sculpin 92%). Furthermore, although round goby
in a river were found to have diel diet variation (Carman
et al. 2006), other evidence from lakes suggests little
diel diet variation for either sculpin or round goby (Kraft
and Kitchell 1986; Johnson et al. 2008).
In the lab, fish were thawed, measured (TL ± 1 mm),
weighed (nearest 0.01 g), and the stomach contents were
removed. For round goby, the entire digestive tract was
removed because they do not have a distinct stomach.
All prey in stomachs were identified and counted.
Whole organisms were measured using a microscopemounted digital camera and image analysis software
(Image Pro Premiere V. 9.1). Depending on the prey
type, weight-length regressions or a published mean
weight were used to estimate the mean dry weight for
each prey type (Hawkins and Evans 1979; Nalepa and
Quigley 1980; Sell 1982; Makarewicz and Jones 1990;
Benke et al. 1999; Conroy et al. 2005; Pothoven unpubl.
data). For each fish species, the dry weights of partial
prey were assumed to be the same as the mean individual dry weight for a particular prey. Partial prey were
counted if intact heads (zooplankton, Mysis, Chironomidae) or septum (dreissenid mussels) were present.
Weights of all molluscs were determined as shell free
dry weight. The mean weight of a given prey type
(specific to each predator species) was multiplied by
the total number of that respective prey to determine
its dry weight contribution to the diet. Diets were
expressed as the percent of the total dry weight summed
across all fish within each species for a given month and
depth zone. For analysis, prey were combined into nine
groups, i.e., Mysis, Chironomidae, fish eggs, Ostracoda,
quagga mussels, other molluscs (Gastropoda and
Sphaeridae), Chydoridae, other zooplankton, and other
benthic macroinvertebrates (Amphipoda, Oligochaeta).
For diet analysis, deepwater sculpin were separated into
small ≤80 mm and large >80 mm fish, and round goby
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into small ≤70 mm and large >70 mm fish, based on two
distinct size modes in the length distributions. Slimy
sculpin did not have multiple size modes and were not
split into size groups.
To evaluate the feeding strategy, an approach proposed by Amundsen et al. (1996) was used, where the
prey specific abundance (Pi) is plotted against the frequency of occurrence. Prey specific abundance is the
percentage a prey type comprises of all prey items in
only those predators in which the prey occurs
(Amundsen et al. 1996). We used dry weight diet biomass to determine prey specific abundance. The diagonal from lower left to upper right corner provides a
measure of prey importance, with dominant prey in the
upper right and rare prey in the lower left. The vertical
axis represents the feeding strategy of the predator in
terms of specialization and generalization. Predators
specialize on prey types on the upper half of the plot,
whereas prey types on the lower half of the plot represent a generalized feeding strategy. Prey points in the
upper left indicate specialization by individuals whereas
points in the upper right indicate a dominant prey of the
overall population (Amundsen et al. 1996).
Analysis of similarities (ANOSIM) was used to test
for differences in standardized diet composition among
species in each depth zone for each month where they cooccurred. This approach is analogous to an ANOVA,
with a non-parametric permutation applied to a rank
similarity matrix of samples (Clarke and Warwick
2001). Diet composition, standardized as percent of total
dry weight, was square root transformed to down-weight
highly abundant species (Clarke and Warwick 2001) and
used to create a Bray-Curtis similarity matrix for
ANOSIM. R-values from ANOSIM range from −1 to
+1, and generally lie between 0, where groups are indistinguishable and + 1, where all similarities within groups
are less than any similarity between groups (Clarke and
Gorley 2001). Negative R-values indicate greater dissimilarity among replicates within a sample than between
samples (Chapman and Underwood 1999). R-values
values provide an absolute measure of how separated
groups are, with R-values <0.25 indicating almost no
separation between groups, R-values of 0.25–0.5 indicating different groups but with considerable overlap, Rvalues of 0.5 to 0.75 indicating clearly different group
with some overlap, and R-values >0.75 indicating clear
separation between groups (Clarke and Gorley 2001,
2006). We used R-values rather than p-values from
ANOSIM tests because this is the most useful measure
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and provides an absolute measure of how separated the
groups are (Clarke and Gorley 2001, 2006). ANOSIM
was performed using Primer v5.2.9.
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of the catch in the spring and 23–57% of the catch in the
fall. The offshore depth zone was dominated by deepwater sculpin, which accounted for 92–97% of the
catch, with slimy sculpin accounting for the remainder
of the catch and round goby almost entirely absent from
region (Fig. 1).

Results
Relative abundance

Diet composition

In the nearshore depth zone, almost nothing was caught
except round gobies, which accounted for 94–100% of
fish collected in nearshore trawls each month (Fig. 1). In
the transitional depth zone, all three species were represented, with slimy sculpin generally accounting for majority of catch (Fig. 1). Deepwater sculpin were generally a minor component of the catch in the transitional
zone, accounting for 7–16% of the catch except in
September and December, when none were collected
at night. Round goby were mainly caught in the transitional zone in the fall and spring, accounting for 8–14%

In the nearshore, small round goby (≤ 70 mm) had
diverse diets, with chydorids, ostracods, quagga mussels, fish eggs, chironmids, zooplankton, and other
molluscs all accounting for at least 10% of the diet in
at least one month (Fig. 2). Ostracods were consistently important each month along with quagga
mussels/other molluscs. For large round goby in the
nearshore, important prey groups were similar to
those of small round goby, with quagga mussels/
molluscs consistently important each month, but not
ostracods. Quagga mussels/other molluscs combined

Fig. 1 Mean nighttime catch per
effort (#/10 min bottom trawl) ± 1
SD by month for deepwater
sculpin, slimy sculpin, and round
goby in (a) nearshore (< 25 m),
(b) transitional (35–65 m), and (c)
offshore (> 75 m) depth zones in
southeast Lake Michigan
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Fig. 2 Diet composition (% dry weight) by month for small round goby (Rs) and large round goby (Rl) in the nearshore depth zone (< 25 m)
of southeast Lake Michigan. The number of fish with food in their stomachs is given above each bar

were generally more important in July-Oct than
May–June for both sizes of round gobies and were
more important for large than small round gobies
each month.
In the transitional depth zone, the most abundant
fish, slimy sculpin, ate mostly Mysis (85–98%), with
chironmids the most common secondary prey (Fig. 3).
Mostly small deepwater sculpin were found in this
depth region, and their diets were almost exclusively
Mysis (97–100%) (Fig. 3). Both small and large round
goby were caught in the transitional zone, mostly in the
spring and fall, and diets were varied, especially in the
fall (Fig. 3). Small round goby ate mostly ostracods in
the spring and ostracods, other molluscs, Mysis, and
quagga mussels in the fall. Large round goby ate mostly
Mysis in the spring, ostracods, quagga mussels, zooplankton (mostly Bythotrephes longimanus), and other
invertebrates (mostly amphipods) in the summer, and
ostracods, quagga mussels, other molluscs, Mysis, and
fish eggs in the fall.

Fig. 3 Diet composition (% dry weight) by month for slimy
sculpin (S), small deepwater sculpin (Ds), small round goby (Rs)
and large round goby (Rl) in the transitional depth zone (35–65 m)

In the offshore zone, Mysis composed 98–100% of
the small deepwater sculpin diets and 82–100% of
large deepwater sculpin diets, with fish eggs being
the only other prey that accounted for >10% of the
diet (Fig. 4). Slimy sculpin diets were mainly fish
eggs or Mysis, with fish eggs primarily important in
the spring and fall (Fig. 4).

Feeding strategy
Large round goby in the nearshore depth zone generally
had a generalist diet, with the most important prey eaten
by majority of fish, but the average contribution of these
prey to the diet being relatively low (Fig. 5). In the
spring, a few individual large round goby did specialize
on a particular prey, and in late summer, other molluscs
were specialized upon by a relatively large fraction of
the large round goby population. Small round goby in
the nearshore zone also demonstrated a generalized diet,

of southeast Lake Michigan. The number of fish with food in their
stomachs is given above each bar
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Fig. 4 Diet composition (% dry weight) by month for large deepwater sculpin (Dl), small deepwater sculpin (Ds), and slimy sculpin (S) in
the offshore depth zone (>75 m) of southeast Lake Michigan. The number of fish with food in their stomachs is given above each bar

with only a few instances of individual specialization on
prey in the spring (Fig. 5).
Slimy sculpin in the transitional depth zone generally had a mixed feeding strategy (Fig. 6). Mysis
were a fairly important species at the population
level each month, with 49–78% of slimy sculpin
consuming Mysis. Some prey like chironomids and
zooplankton were eaten by a high percentage of fish,
but accounted for little of those fish’s diets, whereas
prey like fish eggs, quagga mussels, other molluscs,
and other invertebrates were only eaten by a few
individuals but accounted for most of those fish’s
diets. Small deepwater sculpin in the transitional
depth zone had a feeding strategy that specialized
on Mysis at the population level with very limited
individual specialization or generalized feeding on
other prey (Fig. 6). Large round goby in the transitional depth zone had a mixed feeding strategy that
varied among months. If Mysis were eaten, they
were a specialized prey of a small portion of the
large round goby population. The role of quagga
mussels was variable among months, i.e., they were
dominant at population level in December, but a
generalized prey or a specialized prey of a few
individuals for other months. Ostracods were a generalized prey that was consistently eaten by a high
proportion of large round goby in this zone, but only
accounted for small part of overall diet. The feeding
strategy of small round goby in the transitional
depth zone was variable, with ostracods the dominant prey at population level for May, October, and
December, but a more generalized prey in November (Fig. 6). At certain times, small round goby
demonstrated generalized feeding on chironomids
(May) or quagga mussels (December) and some

individual specialization Mysis (October/November)
or other molluscs (October).
In the offshore depth zone, both small and large
deepwater sculpin demonstrated population specialization on Mysis, which was eaten by most fish and
accounted for most of the diet. There were only a few
instances of individual specialization on other invertebrates, chironomids or fish eggs (Fig. 7). Slimy sculpin
in the offshore zone had more variable feeding strategy
than deepwater sculpin, shifting from population specialization on fish eggs in March–May to a more mixed
feeding strategy with fish eggs becoming a prey specialized on by individuals rather than the population and
Mysis increasing in importance (Fig. 7). Mysis however,
were largely a prey specialized on by individuals even
after its increase in importance, as generally <50% of
slimy sculpin ate this prey. Other prey of slimy sculpin
were eaten generally, i.e., by many individuals but accounting for little of the diet (ostracods and zooplankton) or specialized on by a few individuals (quagga
mussels), or both strategies, depending on the month
(chironomids).
Diet overlap
In the nearshore depth zone, diet assemblages of
small and large round gobies generally overlapped
(R < 0.21), with only slight separation between these
groups being found in October (R = 0.29; Table 1). In
the transitional depth zone, prey assemblages consumed by the most frequently co-occurring species
in our sampling, small deepwater sculpin and slimy
sculpin, were indistinguishable (R < 0; Table 1). In
fact, there was more variation within a species diet
than between species as evidenced by the negative R-
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Fig. 5 Feeding strategy plot
(prey specific abundance on a
percent dry weight basis plotted
against frequency of occurrence,
Amundsen et al. 1996) for small
and large round goby in the
nearshore depth zone of
southeastern Lake Michigan. The
diagonal from lower left to upper
right corner provides a measure of
prey importance, with dominant
prey in the upper right and
unimportant prey in the lower left.
The vertical axis represents the
feeding strategy of the fish in
terms of specialization (upper part
of plot) and generalization (lower
part of plot). Prey points in the
upper left indicate specialization
by individuals whereas points in
the upper right indicate a
dominant prey of the overall
population (Amundsen et al.
1996). M = Mysis, E = fish egg,
C = chironomid, Q = quagga
mussel, O = ostracod, Y =
chydorid, Z = other zooplankton,
S = other molluscs, I = other
benthic invertebrates

values. By contrast, diet assemblages between small
deepwater sculpin and small and large round goby
were well separated (R > 0.82), except in May, when

there was considerable overlap between the two
groups (R = 0.44). Diet assemblages of slimy sculpin
and small and large round gobies generally had
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Fig. 6 Feeding strategy plot (prey specific abundance on a percent
dry weight basis plotted against frequency of occurrence,
Amundsen et al. 1996) for slimy sculpin, small deepwater sculpin,
small and large round goby in the transitional depth zone of
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southeastern Lake Michigan. M = Mysis, E = fish egg, C = chironomid, Q = quagga mussel, O = ostracod, Y = chydorid, Z = other
zooplankton, S = other molluscs, I = other benthic invertebrates
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Fig. 7 Feeding strategy plot (prey specific abundance on a percent
dry weight basis plotted against frequency of occurrence,
Amundsen et al. 1996) for small and large deepwater sculpin and
slimy sculpin in the offshore depth zone of southeastern Lake

Michigan. M = Mysis, E = fish egg, C = chironomid, Q = quagga
mussel, O = ostracod, Y = chydorid, Z = other zooplankton, S =
other molluscs, I = other benthic invertebrates

considerable overlap (R < 0.49), although there were
months where slimy sculpin was more clearly differentiated from both large (R = 0.57, August) and small
(R = 0.59, November) round gobies. Small and large
goby diets were indistinguishable in the transitional
depth zone (R < 0.05).
In the offshore depth zone, small and large deepwater sculpin diet assemblages were indistinguishable (R < 0.12; Table 1). Overlap in diet assemblages
of large deepwater sculpin with slimy sculpin in the
offshore zone varied among months, ranging from no
overlap in December (R = 0.84) to considerable overlap in June, August and October (R < 0.36). For small
deepwater sculpin and slimy sculpin, diet overlap
varied among months, ranging from no overlap in
March (R = 0.94) to indistinguishable diets in June
and September (R < 0.14).

Discussion
We observed that there was a large degree of spatial
separation among round goby, slimy sculpin, and deepwater sculpin along the depth gradient from the shallow
nearshore to the deep offshore of southeast Lake Michigan. That is, CPE for each species tended to be concentrated in a single depth zone, where that particular
species was the dominant component of the catch. Historically, competition between deepwater and slimy
sculpin has likely been mitigated through some degree
of depth segregation, with slimy sculpin more prevalent
at shallower depths and deepwater sculpin more abundant further offshore (Kraft and Kitchell 1986;
Madenjian and Bunnell 2008; Hondorp et al. 2011).
Differing predation pressures (Madenjian et al. 2005)
and prey preferences that help reduce competition
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Table 1 Diet overlap between pairs of species groups based on R-values from ANOSIM by month for each of the three depth zones in
southeastern Lake Michigan
Depth zone

Species

Mar

Apr

May

Jun

Nearshore

S. goby - L. goby

–

–

0.21

Transitional

Slimy - L. goby

–

–

0.30

Offshore

Jul

Aug

Sep

Oct

Nov

Dec

0.15

0.22

0.16

–

0.29

–

–

–

–

0.57

–

0.49

0.39

–

Slimy – S. goby

–

–

0.24

–

–

–

–

0.44

0.59

–

Slimy – S. deep

–

–

−0.06

−0.15

−0.08

−0.07

−0.10

–

–

–

S. deep – L. goby

–

–

0.44

–

–

0.90

–

0.84

–

–

S. deep – S. goby

–

–

0.91

–

–

–

–

0.82

–

–

L. goby – S. goby

–

–

0.08

–

–

–

–

0.05

−0.08

−0.07

S. deep – L. deep

−0.12

0.00

−0.02

0.12

0.07

−0.01

−0.04

−0.03

–

0.10

S. deep – Slimy

0.94

0.56

0.39

0.09

0.51

0.33

0.14

0.30

–

0.61

L. deep - Slimy

0.56

0.70

0.53

0.36

0.71

0.29

0.74

0.32

–

0.84

R-values <0.25 indicate almost no separation between groups, R-values of 0.25–0.5 indicate different groups but with considerable overlap,
R-values of 0.5 to 0.75 indicate clearly different group with some overlap, and R-values >0.75 indicate clear separation between groups
(Clarke and Gorley 2001, 2006). Negative R-values indicate more dissimilarity within a group than between groups
S. goby, small round goby; L goby, large round goby; Slimy, slimy sculpin; S. deep, small deepwater sculpin; L. deep, large deepwater sculpin

(Wells 1968; Kraft and Kitchell 1986; Hondorp et al.
2011) are possible mechanisms behind the depth distributions of the two sculpin species.
Invasive round gobies were prevalent in the nearshore zone and thus were largely spatially segregated
from the two sculpin species, but there was evidence
that round goby moved deeper into the transitional depth
in the fall and were still present in the spring, suggesting
that they overwinter in deeper areas where they experience more overlap with sculpin. In their native range,
round gobies migrate offshore in winter, and there is
some evidence for seasonal movement of round goby
into the offshore (55–130 m) from other studies in the
Great Lakes (Schaeffer et al. 2005; Walsh et al. 2007).
There is also evidence that in some areas of Lake Michigan, round goby co-occur with both sculpin species in
the offshore (73–128 m) throughout the winter
(Mychek-Londer et al. 2013).
Despite a large degree of spatial separation, some fish
did overlap, with slimy and deepwater sculpin occurring
in sympatry throughout the year in the offshore and
transitional depth zones, and round goby overlapping
with both sculpin species seasonally in the transitional
depth zone. Round goby are known to have broad diets
and plasticity enabling them to take advantage of various production pathways, which likely has helped facilitate their successful establishment in the lake (PettittWade et al. 2015; Foley et al. 2017; Kornis et al. 2017).
As the invasive round goby was documented further

offshore in the Great Lakes, there has been concern that
it would compete with native sculpins for food, particularly Mysis which became a critical food source after
Diporeia spp. declined (Schaeffer et al. 2005; Walsh
et al. 2007). However, Mychek-Londer et al. (2013)
found little diet overlap (based on Shoener’s index)
between sculpins and round goby in the offshore (73–
128 m) of Lake Michigan in the winter. We found that
round goby had a mixed feeding strategy when found in
the transitional depth zone, and Mysis were a prey
specialized on by individuals, not a large fraction of
the population. This mixed feeding strategy appeared
to greatly reduce diet overlap with deepwater sculpin in
the transitional depth zone. However, there was still
some diet overlap between round goby and slimy sculpin in the transitional depth zone, due to overlap with
Mysis and other prey that were specialized on by individuals of both species, especially in the spring. Round
goby are also an aggressive fish that could compete with
slimy sculpin for spawning habitat and whose behavior
has been implicated in the decline of other native fish
species (Janssen and Jude 2001; Bergstrom and
Mensinger 2009), so their impacts on native fish likely
extends beyond simple shared resource use.
Diet overlap for the most consistently co-occurring
species in the offshore and transitional depth zones,
deepwater and slimy sculpin, depended on season and/
or depth zone. In the transitional depth zone, there was
complete overlap between slimy sculpin and deepwater
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sculpin diets, with Mysis a key component of the diet for
both species. In the offshore, where slimy sculpin were a
minor component of the sculpin community, their feeding strategy varied seasonally and was different than in
the transitional depth, i.e., fish eggs were a dominant
prey in the spring with more individual specialization or
generalized feeding in the summer and fall with Mysis
increasing in importance. This variable feeding strategy
of slimy sculpin across seasons in the offshore resulted
in variable diet overlap with deepwater sculpin, ranging
from completely different diets to high overlap. Similarly, Mychek-Londer et al. (2013) found overlap between
deepwater sculpin and slimy sculpin diets in winter at
two of three offshore sites in Lake Michigan.
Prior to the complete disappearance of Diporeia spp. in
the region, Hondorp et al. (2011) found that slimy sculpin
and deepwater sculpin mitigated competitive interactions
through differing prey and prey size selectivity. For example, deepwater sculpin selected Mysis over Diporeia
spp. and selected larger Diporeia spp. than slimy sculpin,
which preferred Diporeia spp. to Mysis (Hondorp et al.
2011). As Diporeia spp. declined, there was concern that
slimy sculpin would be particularly vulnerable given their
reliance on this prey. In fact, declines of slimy sculpin in
Lake Ontario were linked to the disappearance of
Diporeia spp. (Owens and Dittman 2003). However, in
Lake Michigan, slimy sculpin diets indicate that they can
persist even as diet composition shifts to Mysis and they
can adjust feeding strategy based on their interaction with
deepwater sculpin. Slimy sculpin have a broad geographic
range across North America and are able to exploit a
broad range of prey across environments, unlike deepwater sculpin which are glacial relicts and always found in
sympatry with glacial relict prey, most often Mysis and
Diporeia spp. (Sheldon et al. 2008). Indeed, deepwater
sculpin diets in this study were almost entirely focused on
Mysis and feeding strategy did not vary between depth
zones, regardless of whether deepwater sculpin were the
dominant fish or not.
Following decline of Diporeia spp., the importance
of Mysis in diets increased for sculpin as well as other
fish including bloater Coregonus hoyi (Milner, 1874)
and alewife Alosa psuedoharengus (Wilson, 1811)
(Hondorp et al. 2005; Pothoven and Madenjian 2008;
Pothoven and Bunnell 2016). Modelling efforts indicate
that Mysis is currently a critical keystone species within
Lake Michigan, and deepwater sculpin are the primary
predator of this important prey species (Rogers et al.
2014). Mysis in southeast Lake Michigan underwent
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declines of 82% and 54% at a 45 m and 110 m site,
respectively, between 1995 and 2002 and 2007–2015
(Pothoven and Vanderploeg 2017). These declines occurred despite declining planktivorous fish abundance,
including sculpins, suggesting a decoupling of Mysis
abundance with predator abundance due to declining
productivity and the loss of the alternative prey Diporeia
spp. (Pothoven and Bunnell 2016; Pothoven and
Vanderploeg 2017).
The transitional depth zone, where all three fish
species were found in sympatry, has historically been
an important and productive region within the lake. This
region, as defined, is just below the depth of the thermocline where there are relatively stable thermal conditions and food inputs to the benthic region are maximized (Nalepa et al. 2000). This region had supported
maximum benthic invertebrate biomass in Lake Michigan, including Diporeia spp., whose densities exceeded
10,000/m2 in 1980s but declined to near zero by 2005
(Nalepa et al. 1998, 2009). After declines of Diporeia
spp., this region also supported the maximum biomass
of dreissenid mussels in the lake (Nalepa et al. 2010).
In addition to being a productive region, the transitional depth zone is an important region for early life
history of deepwater sculpin. Deepwater sculpin larvae
hatch offshore in November to August, peaking in
March (Geffen and Nash 1992). These larvae are pelagic
until they reach 20–40 mm, generally around September, when they settle in water as deep as shallowest
fringe of the adult population (around 50 m), moving
further offshore as they grow (Geffen and Nash 1992).
Newly settled deepwater sculpin formerly fed on the
abundant Diporeia spp. and Mysis in this region, but
now only Mysis are available. Indeed, 88% of deepwater
sculpin <40 mm in this region in our study (n = 18) had
eaten Mysis, which accounted for 99% of the diet biomass, and no other prey was found in more than 28% of
the fish stomachs. Bottlenecks in a fish’s life history
occur when there are changes in habitat or diet, often
during early life, and can regulate populations (Elliott
1994). The period when deepwater sculpin larvae settle
to the lake bottom could certainly be considered a bottleneck for recruitment, especially after Diporeia spp.
disappeared and Mysis, which also support the abundant
slimy sculpin population, also declined in abundance
(Pothoven and Vanderploeg 2017). Furthermore, Mysis
biomass in the transitional zone is quite low and is only
a fifth of that found in the offshore region (Pothoven and
Vanderploeg 2017).
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The seasonal population specialization on fish eggs
by slimy sculpin in the offshore region could have food
web implications for fish recruitment in the region. Most
eggs eaten were likely incubating eggs from deepwater
sculpin and bloater (Mychek-Londer et al. 2013). However, despite some evidence that slimy sculpin predation
on eggs could limit bloater recruitment in Lake Michigan, other undetermined factors appeared important as
well (Bunnell et al. 2014). Slimy sculpin consumption
of eggs from either deepwater sculpin or bloater could
have a disproportionately high impact on recruitment of
those species due to their low population relative to
historic patterns (Mychek-Londer et al. 2013).
The prevalence of round gobies and their generalized
diets highlight how trophic pathways in Lake Michigan
have been altered by invasive species and declines in
native prey such as Diporeia spp. Slimy sculpin were
previously more common in the nearshore zone, where
their diets consisted of a high percentage of Diporeia
spp., along with fish eggs and chironomids (Kraft and
Kitchell 1986; Pothoven, unpublished data). In turn,
slimy sculpin were eaten by lake trout and adult yellow
perch (Pothoven, unpublished data). Lake trout and yellow perch Perca flavescens (Mitchill, 1814) still consume
the primary benthic fish in the nearshore, round goby
(Truemper et al. 2006; Happel et al. 2017), but round
goby in the nearshore rely heavily on a wide variety of
benthic prey, especially ostracods and quagga mussels/
other molluscs (Kornis et al. 2012). Thus, the pathways
supporting piscivore production in the nearshore have
drastically changed. Interestingly, quagga mussels appear
to be more important to round goby diets in the nearshore
than the transitional zone, even though quagga mussel
biomass is much higher in the transitional zone (Nalepa
et al. 2010). Also the high occurrence of ostracods in
round goby diets is somewhat surprising given their rarity
in other forage fish diets, although this was also noted in
Lake Huron (Schaeffer et al. 2005). The ability to use a
wide variety of prey resources and flexible feeding strategies are likely important for the success of round gobies
as an invasive species.
This study indicates that deepwater sculpin, slimy
sculpin, and round goby co-existence in a region of
southeastern Lake Michigan is largely facilitated by
spatial separation along the depth gradient from nearshore to offshore, as well as different feeding strategies
and prey. Both round goby and slimy sculpin appeared
fairly flexible in diets and feeding strategy which helped
reduce, but not eliminate, diet overlap when found in
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sympatry. However, deepwater sculpin appear fairly
inflexible in feeding strategy and diets, relying almost
entirely on one prey, Mysis. Thus, it will be important to
continue to evaluate diets and feeding strategies of sculpin and gobies as the role of round goby in the food web
continues to develop. Food web changes in Lake Michigan in the 1960s resulted in the near disappearance of
another offshore sculpin species, the spoonhead sculpin
Cottus ricei (Nelson, 1876), highlighting the potential
vulnerability of these profundal fish species following
ecological changes. On the other hand, after being considered extinct, deepwater sculpin have made a resurgence in Lake Ontario despite the disappearance of
Diporeia spp. and proliferation of round goby into the
offshore (Weidel et al. 2017), indicating that the direction of food web changes can be unexpected as well.
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