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Abstract

Ecological stability in the Laurentian Great Lakes has been altered by nonindigenous species, such as the Round
Goby Neogobius melanostomus and dreissenid mussels, and by declines in native amphipods Diporeia spp. We
evaluated whether these changes could influence diet overlap between three benthivorous fishes (Slimy Sculpin Cottus
cognatus, Deepwater Sculpin Myoxocephalus thompsonii, and Round Goby) and whether predation on eggs of native
species was occurring. We examined diets of fish collected at depths of 69-128 m in Lake Michigan offshore of
Frankfort and Muskegon, Michigan, and Two Rivers and Sturgeon Bay, Wisconsin, during January-May 2009 and
2010. Important prey (by dry weight proportion and by percent frequency of occurrence) for Slimy Sculpin were
Mysis (0.34; 45%), Diporeia (0.16; 34%), and Limnocalanus macrurus (0.22; 68%); important prey for Deepwater
Sculpin were Mysis (0.74; 92%) and Diporeia (0.16; 54%). Round Goby consumed mainly bivalves (i.e., dreissenids:
0.68; 95%) and Mysis (0.15; 37%). The two sculpin species consumed the eggs of Bloaters Coregonus hoyi (Slimy
Sculpin: 0.04, 11%; Deepwater Sculpin: 0.02, 7%) and the eggs of Deepwater Sculpin (Slimy Sculpin: 0.03, 13%;
Deepwater Sculpin: 0.05, 16%) during February—May at all sites. Round Goby also consumed eggs of these species
but at lower levels (<0.01; <1%). Diet overlap was identified between sculpin species at Frankfort and Sturgeon
Bay, suggesting possible interspecific competition, but their diets did not overlap at Two Rivers; diet overlap was
never observed between Round Goby and either sculpin species. Given that (1) diet overlap varied by site and (2) diet
proportions varied spatially more than temporally, benthivores appear to be exhibiting localized responses to recent
ecological changes. Overall, these results reveal that egg predation and interspecific competition could be important
interactions to consider in future examinations of the population dynamics of these species or in ecosystem models
that forecast how fisheries will respond to possible perturbations or management scenarios.

Aquatic ecosystems have been dramatically altered by an- tive species (Christie 1974; Kaufman 1992), habitat destruction
thropogenic perturbations (Miller et al. 1989; Rahel 2002). (Benke 1990; Scott and Helfman 2001), and overfishing (Smith
Proliferation of nonindigenous species and extinction of na- 1968; Jackson et al. 2001) are some of the many stressors that
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have destabilized aquatic food webs. Ecosystem-based manage-
ment is needed to ensure long-term sustainability of aquatic en-
vironments in rapidly changing ecosystems (Link 2002; Hilborn
et al. 2003). Estimation of the diet composition of fishes, even
for species without recreational or commercial value, is one
of many data requirements for implementing ecosystem-based
fishery management (Pitcher 2001; Francis et al. 2007). For ex-
ample, quantitative analysis of diet has contributed to the param-
eterization of ecosystem and bioenergetics models (Christensen
1995; Hanson et al. 1997), the identification of fish recruitment
bottlenecks via predation on larvae or eggs (Tyus and Saunders
2000; Richardson et al. 2011), and the estimation of diet overlap
and competition among fishes (Winemiller 1989; Garrison and
Link 2000a; Diana 2005).

Over the past century, food webs of the Laurentian Great
Lakes (hereafter, Great Lakes) have been profoundly influenced
by nonindigenous species (Wells and McLain 1973; Mills et al.
1993), and a new wave of nonnative species has invaded the
lakes since the mid-1980s (Jude 2001; Vanderploeg et al. 2002).
Round Goby Neogobius melanostomus were first discovered
in 1990 in the St. Clair River (Jude et al. 1992) and now oc-
cur in all of the Great Lakes. They have been implicated in
the recruitment failure of native Mottled Sculpin Cottus bairdii
(Dubs and Corkum 1996; Janssen and Jude 2001) and may
have competitive interactions with other nearshore native fishes
(French and Jude 2001; Balshine et al. 2005; Bergstrom and
Mensinger 2009). Consumption of fish eggs by Round Goby
also has been observed (Roseman et al. 2006) and may limit
recruitment of Lake Trout Salvelinus namaycush (Chotkowski
and Marsden 1999; Fitzsimons et al. 2006) and Smallmouth
Bass Micropterus dolomieu (Steinhart et al. 2004). During win-
ter, Round Goby move offshore into deepwater benthic habi-
tats (Miller 1986; Walsh et al. 2007), where they could con-
ceivably compete with native fishes (i.e., Slimy Sculpin Cottus
cognatus, Deepwater Sculpin Myoxocephalus thompsonii, and
Bloater Coregonus hoyi) or consume the incubating eggs of na-
tive species. Unfortunately, the diets consumed by Round Goby,
Slimy Sculpin, and Deepwater Sculpin during early winter and
spring in Lake Michigan are unknown.

Ironically, diet overlap between Round Goby and native off-
shore sculpins could be alleviated by the proliferation of another
invader, the quagga mussel Dreissena rostriformis, which now
exists at high densities in offshore areas of Lake Michigan (Bun-
nell et al. 2009b; Nalepa et al. 2010), Lake Huron (Pothoven and
Nalepa 2006), and Lake Ontario (Lozano 2011). Slimy Sculpin
and Deepwater Sculpin lack the molariform pharyngeal teeth
that allow larger Round Goby (those >60 mm TL) to be effec-
tive predators of bivalves (French 1993; Ghedotti et al. 1995)
even in offshore waters (Walsh et al. 2007). Concomitant with
the expansion of Dreissena spp. has been the precipitous decline
of the native amphipods Diporeia spp. (hereafter, Diporeia; Der-
mott 2001; Nalepa et al. 2009), which were historically the most
important component of the diets for Slimy Sculpin and Deep-
water Sculpin (Wells 1980; Brandt 1986b; Wojcik et al. 1986).
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Declines in the fecundity of Bloaters (Bunnell et al. 2009a)
and declines in the condition and energy density of Deepwater
Sculpin (Madenjian et al. 2000; Hondorp et al. 2005; Pothoven
et al. 2011) have been attributed to the loss of Diporeia.

The full extent to which these perturbations have affected
the diets or population dynamics of native offshore fishes in
the Great Lakes remains largely unknown. In Lake Michigan,
for example, the biomass of Deepwater Sculpin and Bloaters
(which support a commercial fishery) has reached near record-
low levels, whereas Slimy Sculpin biomass has increased to
near record-high levels based on data spanning a 37-year time
series (Madenjian et al. 2012). It is unclear whether egg pre-
dation or interspecific competition between Round Goby and
native sculpins underlies these changing population dynamics.
Like the Round Goby, the Slimy Sculpin and Deepwater Sculpin
have been hypothesized to consume sufficient quantities of fish
eggs to limit recruitment of other fish species (Luecke et al.
1990; Foote and Brown 1998), yet to our knowledge no studies
have identified eggs in sculpin diets to the species level. Fish
eggs in diets can be difficult to identify due to similar morpho-
logical characteristics among species or due to rapid digestion
rates (Ahlstrom and Moser 1976; Hunter and Kimbrell 1980),
but recent use of genetic techniques on digested stomach con-
tents may help to overcome this problem (Rosel and Kocher
2002; Carreon-Martinez et al. 2011). Given that Slimy Sculpin,
Deepwater Sculpin, and Round Goby in Lake Michigan exhibit
spatial overlap with the incubating eggs of Deepwater Sculpin
and Bloaters during winter and spring, predation on these eggs
could explain the recent record-low biomass trends for both
species.

We sought to evaluate (1) the potential for competition
(through diet overlap) between native sculpins and Round Goby
and (2) the extent of egg predation by all three benthivores.
To that end, we examined the winter and spring diets of Slimy
Sculpin, Deepwater Sculpin, and Round Goby collected in off-
shore waters of Lake Michigan. We evaluated whether variation
in diet proportions of prey taxa for each benthivore species could
be explained by year, day of year, site, or sampling depth. We
hypothesized that diet overlap would occur between the two
sculpin species but not between Round Goby and sculpin. Fur-
ther, we hypothesized that Deepwater Sculpin eggs and Bloater
eggs would be consumed by all three benthivore species but that
Slimy Sculpin would consume higher proportions of Bloater
eggs given that Bloater recruitment is inversely correlated with
the biomass of adult Slimy Sculpin present at the time of Bloater
egg incubation (D. B. Bunnell, unpublished data).

METHODS

Slimy Sculpin, Deepwater Sculpin, and Round Goby were
sampled during January—-May 2009 and 2010 using bottom
trawls (5-10 min per trawl haul) towed at depths of 69—
128 m at four Lake Michigan sites (Figure 1). A 13-m Yan-
kee trawl was used to sample fish offshore of Frankfort,
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FIGURE 1. Sites in Lake Michigan where benthivores were sampled for diet

analyses. Black circles represent the nearest port for offshore sampling locations.

Michigan (44°30'39'N, 86°20'18""W), and Sturgeon Bay, Wis-
consin (44°42'1"N, 87°7'31"W). A 31-m otter trawl was used
to sample offshore of Two Rivers, Wisconsin (44°17'57"N,
87°2126"W). An 8-m skate trawl, which fishes slightly higher
off the bottom than conventional bottom trawls, was used to
sample fish offshore of Muskegon, Michigan (43°11'59"'N,
86°34'11”W). Exact locations of offshore collections varied
slightly across the different depth strata sampled. After the fish
collected in each trawl haul were sorted, all fish or 30—60 ran-
domly subsampled specimens per species were immediately
frozen. Because the sites were not all sampled monthly, the
sampling design was unbalanced (Table 1).

Preserved fish were thawed, weighed (nearest 0.1 g), and
measured (TL, mm). Whole stomachs (esophagus to pyloric
valve) of sculpins and the entire digestive tracts of Round Goby
(esophagus to anus, since no similar valve exists) were excised
and preserved in EDTA-enriched 95% ethanol to preserve ge-
netic material. Under a dissecting microscope, excised contents
from individuals were placed into a Ward counting wheel by us-
ing fine forceps and water. The stomach lining of sculpins was
scraped into a separate watch glass to account for embedded

prey.
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Prey were classified to species, genus, or family and, when
possible, life stage. We recorded the lengths of the first 10
individuals encountered for each prey type in each diet sample.
For unmeasured prey, we applied the average prey length from
all measured, intact prey of the same type across this data
set. After all prey were identified and measured, dry weight
values for each prey item were either calculated from published
regressions or assumed from published descriptions (Table 2).
Shell-free dry weights were used for dreissenids (French et al.
2007). More than 90 prey types (including different life stages,
species, genera, and families) were encountered in benthivore
diets, so we grouped the prey into 12 categories. The remaining
rare prey taxa were combined into an additional category,
“miscellaneous” (overall mean diet proportion = 0.02). For
each fish, diet proportions were calculated from summed dry
weights of each taxonomic group. Because many invertebrates
can be digested rapidly, we counted only specific body parts
(such as the caudal rami of copepods, cephalic segments of
Diporeia, eyes of Mysis spp. [hereafter, Mysis], and head
capsules of chironomids) to limit double counting (Table 2).

Fish eggs that were found in diets were identified to species
by using genetics because Slimy Sculpin, Deepwater Sculpin,
and Bloater eggs that are spawned over winter and spring have
similar morphology, coloring, and diameter (Rottiers 1965;
Emery and Brown 1978; Rice et al. 1987; Geffen and Nash
1992; Owens and Noguchi 1998). As many as 10 whole, un-
punctured eggs of similar sizes from individual diets were im-
mediately preserved in EDTA-enriched 95% ethanol for sub-
sequent genetic analysis. Confirmed tissue (fin clip) samples
from Bloaters, Deepwater Sculpin, Slimy Sculpin, and Round
Goby collected in Lake Michigan were used as DNA reference
samples.

Species assignment of fish eggs in diets was conducted by
using DNA barcoding, which examines approximately 700 bp
of the mitochondrial cytochrome ¢ oxidase I gene (COI; Hebert
et al. 2003). We extracted DNA from the eggs by using the
DNeasy Kit (Qiagen, Valencia, California), with one alteration
to the published protocol: 3 milli-Anson units of proteinase K
were added to ensure the complete digestion of eggs. Extracted
DNA was examined for quality on 2% agarose gels and was
quantified by using fluorometry. Amplification of DNA via PCR
used primers VR1_tl and VF2_t1 and followed the procedures
outlined by Ivanova et al. (2007).

Analysis of restriction fragment length polymorphisms
(RFLPs) of the COI region was used to identify the unknown
eggs to species. Analysis of RFLPs allowed us to process each
sample more quickly and cost effectively than would be possible
with sequencing. Sequences from each species whose eggs we
might encounter were selected from GenBank (www.ncbi.nlm.
nih.gov/sites/gquery; Bloater: accession number EU523964.1;
Deepwater Sculpin: EU524918.1; Slimy Sculpin: EU524520.1;
Round Goby: EU524920.1). We then used RestrictionMapper
version 3.0 (www.restrictionmapper.org) to find a restriction
enzyme (RE) that would cut the COI region in all species of
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TABLE 1.
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Number of trawl hauls used to collect benthivores at each Lake Michigan site during each month and year of sampling. Range of depths sampled was

69-108 m (14 depths total) at Two Rivers, Wisconsin; 73—-128 m (5 depths total) at Frankfort, Michigan; 73—-128 m (5 depths total) at Sturgeon Bay, Wisconsin;

and 90-107 m (3 depths total) at Muskegon, Michigan.

Two Rivers, WI Frankfort, MI

Sturgeon Bay, WI Muskegon, MI

Month 2009 2010 2009

2010

2009 2010 2009 2010

Slimy Sculpin

Jan
Feb
Mar
Apr
May
Jun

(OSSN N (S JRVS)
NSRS (S ]

Deepwater Sculpin

Jan
Feb
Mar
Apr
May
Jun
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Round Goby

Jan

Feb
Mar
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N N = W
[l AT NS ) \S]

Jun

interest. Analysis of the COI sequences indicated that the RE
Haelll cut the COI fragment and produced a unique banding pat-
tern among the four species. Restriction enzyme digests were
performed in a 15-pL reaction that included 90 units of the RE
and the manufacturer’s recommended buffer (New England Bi-
oLabs). Fragments of DNA were separated on 3.5% agarose gels
that were stained with ethidium bromide and then photographed
under ultraviolet light. Banding patterns of the known species
were compared with those of the eggs to identify the species of
each unknown egg from the diet.

Examples of each RFLP phenotype observed in the eggs were
also sequenced to further confirm species identity, and PCR
was performed as described above. Unincorporated nucleotides
and primers were removed from the amplicon by using the
QIAquick PCR Purification Kit (Qiagen), and gene sequences
were determined from both strands on an Applied Biosystems
Model 3730XL sequencer at the DNA Sequencing Core Facility,
University of Michigan, Ann Arbor. Sequences were queried
against those in GenBank (www.ncbi.nlm.nih.gov/nucleotide/)
by using the BLAST search algorithm (Altschul et al. 1990) to
determine the species.

The species identity of eggs not subjected to DNA analysis
was assigned based on the proportions of eggs that were genet-
ically identified in the diet contents of each individual fish. In

cases where 100% of the eggs submitted for DNA analysis from
an individual’s diet were identified as belonging to one species,
the remaining eggs were assigned to the same species (this oc-
curred in 40% of samples). When DNA analysis revealed that
multiple species were represented among the eggs in an indi-
vidual’s diet, the observed ratio of species was assigned to any
remaining eggs in the diet (5% of samples). When eggs were
found but were too digested for DNA analysis (45% of samples),
the mean ratio estimated for fish of that benthivore species col-
lected in the same trawl haul was applied to the unknown eggs.
When ratios from the same predator species in the same trawl
haul were unavailable, we applied a mean ratio from the same
benthivore species collected either (1) at the nearest depth but
on the same date and at the same site (8%) or (2) at a different
site but during the same month (2%).

To explain variation in diets of Slimy Sculpin, Deepwater
Sculpin, and Round Goby, we developed general linear models
(GLMs). Model 1 examined the effect of the day of year on
diet composition and used only diets from samples collected
offshore of Two Rivers because that was the only site where
sampling occurred in January—April (Table 1). Whether model 2
GLMs used data from all time periods or only April (the month
when all sites were sampled) depended on the results from
model 1 GLMs. Model 2 GLMs determined whether variation
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TABLE 2. Summary information for the 12 prey categories used in analyses of Lake Michigan benthivore diets.

Taxonomic
Prey category Life stages resolution Identified from Measurement Sources
Bivalves Veliger to shelled Family to Visual, right Shell, septum Hillbricht-Ilkowska and
species septum Stanczykowska 1969; Prejs
et al. 1990; Nalepa et al.
2010
Bloater eggs Egg, embryo Species Whole, DNA Radius Wells 1980; J. G.
Mychek-Londer,
unpublished data
Deepwater Egg, embryo Species Whole, DNA Radius Geffen and Nash 1992
Sculpin eggs
Chironomids Larva to adult Genus to Head, mouth parts  Length, head Nalepa and Quigley 1980
species width
Cladocerans Egg, adult Family to Intact foot Head to foot Rosen 1981
species
Whole intact spine ~ Spine length Makarewicz and Jones 1990
Complete rostrum  Total length Bottrell et al. 1976; Andrew
and Herzig 1984
Diporeia spp. Adult Species Cephalic segment  Head to telson Pothoven et al. 2001
Mysis spp. Adult Species Eyeballs Antennal scale Grossnickle and Beeton 1979;
Shea and Makarewicz 1989
Fish remains Unknown, adults  Family to Visual, cleithra Length, weight  J. G. Mychek-Londer,
species unpublished data
Ostracods Unknown, no Class Shells Shell length Nalepa and Quigley 1980
eggs
Other Nauplius to adult  Family to Rami, morphology Head to Pace and Orcutt 1981;
copepods species urosome Hudson et al. 2003
Limnocalanus ~ Copepidite to Species Rami, morphology Head to Pace and Orcutt 1981;
Macrurus adult urosome Doubek and Lehman 2011
Senecella Copepidite to Species Rami, morphology Head to Lesko et al. 2003; Pace and
calanoides adult urosome Orcutt 1981

in diet composition could be explained by spatial effects. In all
model 2 GLMs, data from Slimy Sculpin collected at Muskegon
during May and June were excluded because of low sample
sizes (N = 3 fish). Both models included year as a categorical
variable and depth as a continuous variable. For the sampling
unit, mean diet proportions (by dry weight) for all fish of a given
benthivore species caught within the same trawl haul were used
instead of individual fish diets (i.e., to avoid pseudoreplication).
In each model, the number of individual diets sampled from each
trawl haul was used as a weighting factor. For each GLM, we
developed individual models for each predator species and the
corresponding prey categories that constituted at least 90% of
the predator species’ overall diet by dry weight. This required
five taxonomic categories for Slimy Sculpin, four categories
for Deepwater Sculpin, and three categories for Round Goby.
Bonferroni adjustments to significance levels were made based
on the number of prey categories analyzed for a given benthivore
species (e.g., for four prey categories, a = 0.05/4 = 0.0125).

To determine whether the prey proportions used in GLMs were
influenced by predator size, the TL of each individual fish caught
at a site was regressed against the corresponding diet proportion
(by dry weight) of each important prey taxon. Because no visual
patterns emerged and all > values were low (<0.02), the effects
of predator TL on diet proportions were ignored.

The diet overlap between each pair of benthivore species at
each site was calculated by using the mean taxonomic propor-
tions (by dry weight; pooling across all dates and depths for
each benthivore species at each site) for all 13 prey categories
via the method of Schoener (1970),

Dyy=1-05 (Z | Py — P,-y|> :
i=1

where D, , = Schoener’s overlap index between species x and
species y; P; = proportion of food category i used by species
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x; and P;, = proportion of food resource i used by species
y. Values of 0.60 or higher indicated significant overlap and
possible competition if resources were limiting (Martin 1984).

RESULTS

In total, 2,266 fish with nonempty stomachs were used
in analyses (Slimy Sculpin: N = 1,015; Deepwater Sculpin:
N = 699; Round Goby: N = 552; for more details, see Table 3
of Londer 2011). Pooling across all sites, Slimy Sculpin con-
sumed mainly Mysis, Limnocalanus macrurus, Diporeia, and
chironomids (Figure 2). Deepwater Sculpin consumed mostly
Mysis and Diporeia; Round Goby consumed mostly bivalves,
Mysis, and ostracods. Of the bivalves found in Round Goby
diets, 72% were quagga mussels, 24% were unidentified dreis-
senids, 2% were zebra mussels Dreissena polymorpha, and 2%
were other bivalves. Diporeia was not found in the diets of any
benthivore species sampled offshore of Frankfort and Muskegon
(Table 3).

Of the 522 fish eggs used for DNA analysis, 392 were iden-
tified as Deepwater Sculpin, 88 were identified as Bloaters, 34
were identified as Burbot Lota lota, 4 were identified as Slimy
Sculpin, and 4 were identified as Lake Whitefish Coregonus clu-
peaformis. Species identification of Burbot and Lake Whitefish
eggs was based on sequencing results. After assigning species
to eggs that were not analyzed for their DNA, we estimated
that the total number of eggs consumed by all benthivores sam-
pled was 2,456 Deepwater Sculpin eggs, 894 Burbot eggs, 364
Bloater eggs, 14 Slimy Sculpin eggs, and 4 Lake Whitefish eggs.
All Burbot eggs were identified from the diets of three Slimy
Sculpin that were sampled in a single trawl haul conducted off-
shore of Frankfort at 128-m depth on 20 April 2010. All Lake
Whitefish eggs were eaten by two Deepwater Sculpin that were
taken offshore of Muskegon (at 100-m depth) on 17 April 2009
and offshore of Sturgeon Bay (128-m depth) on 1 May 2009. All
Slimy Sculpin eggs were identified from the diets of four Slimy
Sculpin sampled at 85-100-m depths offshore of Two Rivers,
Sturgeon Bay, and Frankfort during February, April, and May.

Deepwater Sculpin eggs were the most common eggs in ben-
thivore diets and occurred at all four sites during January—May
(Table 4). Of the eggs that were identified and assigned as Deep-
water Sculpin, 56% were cannibalized, 31% were consumed by
Slimy Sculpin, and 13% were consumed by Round Goby. Slimy
Sculpin offshore of Frankfort and Deepwater Sculpin offshore
of Two Rivers, Sturgeon Bay, and Muskegon ate relatively high
proportions of Deepwater Sculpin eggs (0.03-0.06) at a fre-
quency of occurrence ranging from 11% to 25% across many
depths (Tables 3, 4). For some individual predators, a surpris-
ingly high number of Deepwater Sculpin eggs were found in the
diet. For example, 10 Slimy Sculpin each contained more than
22 eggs in their stomachs, and three Slimy Sculpin contained
more than 90 eggs each. Furthermore, 17 Deepwater Sculpin
each contained more than 20 Deepwater Sculpin eggs, and eight
Deepwater Sculpin contained more than 70 eggs each. Finally,
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FIGURE 2. Mean (A) diet proportions and (B) frequency of occurrence of
prey types in the diets of Slimy Sculpin, Deepwater Sculpin, and Round Goby
sampled in Lake Michigan during January—June 2009-2010. Data were pooled
for all individuals of a given predator species across all stations, depths, and
dates. Slimy Sculpin samples collected during May and June at Muskegon are
excluded because of low sample sizes (N = 3 fish).

three Round Goby each contained more than 61 Deepwater
Sculpin eggs in their digestive systems.

Bloater eggs were found in benthivore diets at all four sites
during February—May; 62% of the Bloater eggs were consumed
by Slimy Sculpin, 34% were consumed by Deepwater Sculpin,
and 4% were consumed by Round Goby (Table 4). Slimy
Sculpin sampled offshore of Frankfort and Deepwater Sculpin
collected offshore of Muskegon ate relatively high proportions
of Bloater eggs (0.04-0.07) at a frequency of occurrence rang-
ing from 21% to 23% (Table 3) across many depths (Table 4).
The maximum number of Bloater eggs observed in the diet of
one individual predator was 14 eggs in a Slimy Sculpin and 10
eggs in a Deepwater Sculpin.

The model 1 GLMs indicated that day of year did not in-
fluence the mean diet proportions of any prey taxon exam-
ined for the three benthivore species offshore of Two Rivers.
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Diet proportion (by dry weight) and percent frequency of occurrence (in parentheses) of prey taxa consumed by benthivore species (SS = Slimy

Sculpin; DWS = Deepwater Sculpin; RG = Round Goby) at each site in Lake Michigan, 2009-2010. Summed proportions may not equal 1.0 because of rounding
and because two categories (cladocerans and miscellaneous) are excluded.

Frankfort, MI

Muskegon, MI

Two Rivers, WI

Sturgeon Bay, WI

Taxon SS DWS RG DWS SS DWS RG SS DWS RG

Bivalves <0.01(4) <0.01(8) 0.58 (96) <0.01 (8) <0.01 (3) <0.01(5) 0.83(95) <0.01(6) <0.01(7) 0.62 (95)

Bloater eggs 0.07 (24) <0.01 (1) <0.01 (1) 0.04 (21) 0.02 (5) 0.02 (12) 0.00 (0) 0.01 (2) 0.01 (10) 0.00 (0)

Chironomids 0.05(53) <0.01(21) <0.01(44) <0.01 (8) 0.10(79) <0.01 (7) 0.01 (17) 0.15 (83) 0.01 (41) 0.01 (59)

Deepwater 0.03 (11) 0.01 (4) 0.01 (1) 0.05 (21) 0.01 (2) 0.06 (13) 0.02 (3) 0.03 (8) 0.05(24) <0.01(1)
Sculpin eggs

Diporeia spp. 0.00 (0) 0.00 (0) 0.00 (0) 0.00 (0) 0.11 (19) 0.20 (32) 0.01 (3) 0.33 (46) 0.42 (87) 0.03 (3)

Fish remains <0.01(1) <0.01(1) <0.01 (1) 0.00 (0) <0.00(1) 0.05 (13) 0.01 (1) <0.01(1) 0.01(2) <0.01(1)

Limnocalanus 0.09 (58) <0.01(20) <0.01(10) 0.01 (17) 0.48 (90) 0.03 (20) 0.02 (26) 0.09 (56) <0.01(16) <0.01 (8)
macrurus

Mysis spp. 0.58 (72) 0.97 (100) 0.33 (62) 0.88 (95) 0.19 (26) 0.61 (82) 0.03 (5) 0.24 (37) 0.50 (90) 0.10 (15)

Ostracods <0.01 (8) <0.01(11) 0.02 (59) <0.01 (1) 0.01(9) <0.01(1) 0.04 (44) <0.01(3) <0.01(1) 0.14 (71)

Senecella 0.13 (79) 0.02 (80) 0.05 (72) 0.01 (17) 0.05 (43) 0.01 (23) 0.01 (9) 0.11 (56) 0.01 (53) 0.03 (35)
calanoides

Other copepods 0.03 (38) <0.014) <0.01 (11) <0.01 (2) 0.01 (34) <0.01(2) <0.01(14) 0.02 (36) <0.01(4) <0.01(21)

TABLE 4. Summary of species identifications for eggs that were consumed by benthivores (SS = Slimy Sculpin; DWS = Deepwater Sculpin; RG = Round
Goby) collected from Lake Michigan, 2009-2010 (sites: TR = Two Rivers, Wisconsin; FF = Frankfort, Michigan; MSK = Muskegon, Michigan; STB = Sturgeon
Bay, Wisconsin). See Methods for descriptions of egg identification and assignment. Note that SS collected at MSK included only two fish, whereas the sample
size for all other month x port combinations always exceeded 64 for SS, 23 for DWS, and 16 for RG.

Bloater eggs Deepwater Sculpin eggs
Depths (m) Depths (m)
from Percent from Percent
Number of Total number which eggs occurrence Number of which eggs occurrence
eggs of were of eggs in eggs Total number were of eggs in
identified by eggs after identified or  all diets from  identified by  of eggs after identified or all diets from
Month Port Predator genetics assignments assigned these depths genetics assignments assigned these depths
Jan TR SS 0 0 15 47 98, 106 8
DWS 0 0 15 184 76, 82,91, 98, 106 12
RG 0 0 2 76 82,98, 106 6
Feb TR SS 11 26 85, 98 20 10 39 85 10
DWS 3 8 85 15 74 419 85, 98, 106 22
Mar TR SS 2 13 84,91, 99, 108 8 0 0
DWS 1 23 84, 104, 108 28 2 45 99 8
RG 0 0 0 4 108 13
MSK  DWS 4 12 107 39 31 206 107 21
Apr TR SS 0 1 98 5 1 6 91 2
DWS 4 9 87 29 3 4 87 7
MSK  DWS 1 7 107 17 12 63 107 27
FF SS 33 119 82,91, 110,128 24 80 251 91, 127, 128 17
DWS 0 3 128 7 10 16 127,128 8
RG 1 15 128 9 8 136 82, 127 2
STB SS 1 10 110 17 24 276 110, 126, 128 17
DWS 8 40 110, 126, 128 14 43 425 110, 126, 128 27
RG 0 0 0 1 91 13
May MSK SS 7 24 100 100 13 103 100 100
DWS 7 24 100, 107 25 7 29 100, 107 27
STB SS 0 0 4 34 82,110, 128 11
DWS 0 0 9 57 110, 128 19
FF SS 5 30 82,110, 128 23 8 34 128 13
DWS 0 0 0 0 1 128 7




DIET OVERLAP AMONG LAKE MICHIGAN BENTHIVORES

499

TABLE 5. Results (F- and P-values) of general linear models explaining variation in diet proportions (by dry weight) for a given prey taxonomic category
consumed by three benthivore species collected in Lake Michigan during 2009-2010. The sampling unit in these analyses was the mean diet proportion of a given
prey type for all individuals of a predator species that were caught within the same trawl haul. Model 1 used only data from benthivore species caught at Two
Rivers, Wisconsin; model 2 used data from benthivores caught at all four sites. Significant P-values that were less than the Bonferroni-adjusted o are shown in

bold italics.

Model 1 Model 2
Prey type Predator species Day of year Depth Year Site Depth Year
Bivalves Round GOby F|' 14 =0.66 F1,14 =0.03 F1,14 =2.61 F2731 =434 F]4,31 =274 F1’31 =17.33
P =0.4316 P =0.8753 P =0.1283 P =0.0219 P =0.1080 P =0.0002
Chironomids Sllmy Sculpin F|' 18 = 6.61 F]) 18 = 0.04 F]y 18 = 1.80 F2Y 40 = 3.34 F]4’40 =4.62 F|'40 =352
P =0.0192 P =0.8406 P =0.1963 P =0.0403 P =0.0878 P =0.0677
Deepwater Sculpin eggs  Deepwater Sculpin ~ Fy 5 = 0.41 Fi15 =126 Fi1,15=3.70 F3 34 =223 F1,34 =0.64 Fi,34 =254
P=0.5314 P =0.2800 P =0.0738 P =0.1021 P =0.4297 P =0.1203
Diporeia Spp. Slimy Sculpin F|'|g =2.10 F]y]g =1.05 F]y]g =0.35 F2$4():9.91 F1’4():4.55P F|'40 =0.09
P =0.1646 P =0.3200 P =0.5610 P =0.0003 =0.0392 P =0.7604
Deepwater Sculpin F1’15 =5.56 F1,15 =11.69 F1,15 =0.00 F3,34 =12.55 F1’34:5.59 F1_34 =142
P =0.0324 P =0.0038 P =0.9606 P < 0.0001 P =0.0239 P =0.2424
Limnocalanus macrurus Slimy Sculpin Fl, 18 = 1.70 Fl, 18 = 1.76 Fl, 18 = 2.11 Fz, 40 = 15.86 F1’4() =3.62 F1'40 =527
P =0.2092 P =0.2016 P =0.1637 P < 0.0001 P =0.0642 P =0.0269
Deepwater Sculpin Fl, 15 = 1.19 Fl, 15 = 1.75 Fl, 15 = 3.52 F3’ 34 = 0.32 F1’34 =0.64 Fl, 34 = 1.39
P =0.2934 P =0.2055 P =0.0803 P =0.5743 P =0.4297 P =0.2473
Mysis sSpp.- Slimy Sculpin Fl, 18 = 2.14 Fl, 18 = 8.04 Fl, 18 = 2.25 Fz, 40 = 19.83 F1’40 =0.87 Fly40 =0.88
P =0.1608 P =0.0109 P =0.1507 P < 0.0001 P =0.3570 P =0.3539
Deepwater Sculpin F1’15 =492 F1,15 =6.40 F1,15 =1.87 F3,34 =11.88 F1’34:3.70 Fly34 =0.06
P =0.0424 p =0.0231 P=0.1911 P < 0.0001 P =0.0629 P =0.8084
Round GOby Fl,l4 =0.38 F1,14 =291 F1,14 =0.53 F2,31 = 14.81 F1’31 =3.65 Fly31 =9.52
P =0.5489 P=0.1102 P =0.4786 P =0.0001 P = 0.0650 P =0.0052
Ostracods Round GOby Fl, 14 =0.87 F1,14 =2.07 F1,14 =0.16 F2’31 =4.50 F1’31 =4.19 Flygl =3.46
P =0.3654 P=0.1719 P =0.6932 P =0.0192 P =0.0492 P =0.0726
Senecella calanoides Slimy Sculpin Fl, 18 = 1.88 Fl, 18 = 1.38 Fl, 18 = 7.11 Fz’ 40 = 4.68 F1’40 =1.80 F1’40 =0.67
P =0.1871 P =0.2548 P =0.0157 P =10.0149 P =0.1879 P=04174

Additionally, the year of sampling was never significant, and
depth was significant only for Deepwater Sculpin consuming
Diporeia (Table 5). Because day of year was not significant in
model 1 GLMs, the model 2 GLMs used diets from all sites
and dates sampled. Of the 12 model 2 GLMs that were run,
six revealed that significant variation in mean diet proportion
was explained by site. In particular, the proportion of Mysis var-
ied among sites for all three benthivore species, the proportion
of Diporeia varied among sites for each sculpin species, and
the proportion of bivalves varied among sites for Round Goby.
The proportions of Mysis and bivalves in the diets of Round
Goby also differed between years. Depth was not an important
explanatory variable for any model 2 GLM (Table 5).

As hypothesized, diet overlap between Round Goby and ei-
ther sculpin species was not significant (D < 0.39). Significant
diet overlap occurred between the two sculpin species offshore
of Frankfort (D = 0.62) and Sturgeon Bay (D = 0.62) but not
offshore of Two Rivers (D = 0.39). At Frankfort, the diets of
Deepwater Sculpin and Slimy Sculpin were strongly associ-
ated with Mysis. Besides Mysis, prey taxa that were important
in the diets of Slimy Sculpin at this site included Senecella
calanoides, L. macrurus, and chironomids. At Sturgeon Bay,
Deepwater Sculpin consumed higher proportions of Mysis and
Diporeia than did Slimy Sculpin, whereas Slimy Sculpin con-

sumed higher proportions of S. calanoides, L. macrurus, and
chironomids. At Two Rivers, the lack of diet overlap between
Slimy Sculpin and Deepwater Sculpin was the result of (1) Slimy
Sculpin consuming higher diet proportions of L. macrurus and
(2) Deepwater Sculpin consuming higher proportions of Mysis
and Diporeia.

DISCUSSION

These descriptions of diet composition for Deepwater
Sculpin, Slimy Sculpin, and Round Goby provide valuable data
to inform ecosystem-based management by filling data gaps
for ecosystem and recruitment modeling efforts (Zimmerman
and Krueger 2009). Our results clearly indicate that sculpin
and Round Goby diets varied by site, likely due to site-specific
differences in prey availability. Another important finding was
that Round Goby appeared to have minimal impacts on off-
shore native fishes in Lake Michigan, as the diets of Round
Goby were different from those of sculpins and the occurrence
of fish eggs in the diet was 1.6%. However, if Round Goby
populations increase and maintain their consumption of Mysis
(which averaged 0.15 of their diet by dry weight proportion)
while native sculpins and other native fishes increase their re-
liance on Mysis in response to declines in Diporeia (Pothoven
and Madenjian 2008; Hondorp et al. 2011), increased top-down



500

pressure on Mysis could ensue. Further, although frequencies
of occurrence and diet proportions of fish eggs in sculpin diets
seemed comparable to observations from previous studies, we
were able to identify eggs to species, and this new knowledge
can be used to evaluate whether egg predation is a bottleneck in
the recruitment dynamics of native species. Lastly, egg preda-
tion may be more important today than in the past because the
biomass (and therefore egg production) of Bloaters and Deep-
water Sculpin appears to be near record-low levels, while Slimy
Sculpin biomass is very high relative to historic levels. As a
result, even if sculpins consume a small proportion of eggs,
this could have a disproportionate impact upon recruitment of
Bloaters and Deepwater Sculpin.

An understanding of the relative contribution of spatial and
temporal differences in diet composition is important given
that most ecosystem models require an “average” annual diet
for each prey species (e.g., Christensen and Walters 2004).
Benthivore diet studies in large aquatic ecosystems have indi-
cated that both regional and temporal variation can be important
to incorporate (e.g., Garrison and Link 2000b; Byron and Link
2010). Our GLM results revealed that benthivore diets varied
more across sites than by day of year, which was consistent
with previous reports that spatial variability in sculpin diets was
likely driven by differential availability of prey species across
sites (Hondorp et al. 2005; O’Brien et al. 2009). Furthermore,
other studies that have sampled sculpin diets across multiple
seasons have revealed minimal variation in diet composition
except for higher occurrences of fish eggs in the diets of Slimy
Sculpin during spring and autumn and in the diets of Deepwater
Sculpin during autumn (Wells 1980; Kraft and Kitchell 1986;
Wojcik et al. 1986). Our work suggests that to best characterize
benthivore diets so as to inform lakewide ecosystem models,
future studies should emphasize broad spatial coverage over
intense temporal coverage at a limited number of sites unless
the goal is to capture seasonal pulses of species-specific fish
eggs.

Although the day of year did not influence diet composition,
we did detect a year effect on the diet proportions of Mysis
and bivalves consumed by Round Goby. Because only 2 years
were sampled, determining whether the year effect was random
variation or an emerging pattern with ecological implications is
difficult. Schaeffer et al. (2005) hypothesized that the difference
in Round Goby diets between autumn 2001 and 2002 in Lake
Huron was the result of changes in prey availability. Our re-
sults revealed that Round Goby consumed more dreissenids and
fewer Mysis in 2010 than in 2009. Increases in quagga mussel
availability from 2009 to 2010 in offshore Lake Michigan seem
logical based on trends observed through 2008 (Bunnell et al.
2009b; Nalepa et al. 2009); however, lakewide trends in My-
sis densities demonstrated no strong pattern between 2006 and
2011 (D. M. Warner, U.S. Geological Survey [USGS], personal
communication). Nonetheless, Round Goby exhibited greater
interannual variability in diets than did native sculpins, and
this plasticity in diets is relatively common for nonindigenous
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fish exploiting new habitats (Garcia-Berthou 2002; Vila-Gispert
et al. 2007).

While we did not detect significant interannual variation in
sculpin diets, comparison of our results with the results of pre-
vious studies indicates an overall reduction in the importance
of Diporeia as a prey resource. French et al. (2010) found that
the frequency of occurrence of Diporeia was 100% in Slimy
Sculpin sampled from depths greater than 55 m offshore of both
Frankfort and Sturgeon Bay in 2003. By 2009-2010, Dipor-
eia was never found in the diets of sculpins sampled offshore
of Frankfort, and this taxon’s frequency of occurrence was only
46% in the diets of Slimy Sculpin offshore of Sturgeon Bay. Fur-
thermore, in our study, Diporeia was never found in the diets of
sculpins collected offshore of Muskegon, whereas in 2000-2001
Diporeia constituted 0.66 of the Slimy Sculpin diet and 0.45 of
the Deepwater Sculpin diet at this site (Hondorp et al. 2005).
The proportion of Diporeia in sculpin diets in the present study
also was markedly lower than the proportions reported from
studies that were completed prior to the invasions of Dreissena
spp. and the concomitant decline of Diporeia (e.g., Wells 1980;
Kraft and Kitchell 1986; Wojcik et al. 1986). We note, however,
that Diporeia remained a component of the diets of sculpins at
Two Rivers and Sturgeon Bay, a result that generally agrees with
observations by Nalepa et al. (2009) that Diporeia densities are
higher on the western side of Lake Michigan.

Previous studies have identified diet overlap between Slimy
Sculpin and Deepwater Sculpin (Brandt 1986a; Davis et al.
2007), and we also identified overlap for these two species off-
shore of Frankfort (due to Mysis predominance) and Sturgeon
Bay (due to predominance of Mysis and Diporeia). Conversely,
diet overlap between the sculpins did not occur at Two Rivers
because the Slimy Sculpin diet was dominated by calanoid cope-
pods, while the Deepwater Sculpin diet was dominated by Di-
poreia and Mysis. Whereas Deepwater Sculpin replaced Dipor-
eia mainly with Mysis, Slimy Sculpin diversified their diet with
other prey. For example, the chironomid proportion in the diets
of Slimy Sculpin was as much as 0.15, similar to the results
of Owens and Dittman (2003) and Hondorp et al. (2011), who
demonstrated positive selection for chironomids after the de-
cline of Diporeia. Slimy Sculpin also may be taking advantage
of prey that appear to be increasing in abundance, as the cope-
pod L. macrurus had a 68% frequency of occurrence in their
diets, while previous studies have never mentioned L. macrurus
as a prey species (Wells 1980; Brandt 1986b; Kraft and Kitchell
1986; Owens and Dittman 2003; Hondorp et al. 2011). Cor-
respondingly, recent studies have reported increasing densities
of L. macrurus (Barbiero et al. 2009; Vanderploeg et al. 2012)
in Lake Michigan. Comparatively, in Deepwater Sculpin diets,
chironomids and L. macrurus occurred at frequencies of only up
to 21% at any sampled port. Thus, diet overlap between Slimy
Sculpin and Deepwater Sculpin could decrease in the future if
Slimy Sculpin continue to diversify their diets in response to
the decline of Diporeia while Deepwater Sculpin increase their
reliance on Mysis.
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As hypothesized, diet overlap between Round Goby and ei-
ther of the sculpin species was not observed because the Round
Goby diets were dominated by bivalves (mostly quagga mus-
sels). Dominance of dreissenids in Round Goby diets is also
common in nearshore habitats (Ray and Corkum 1997; French
and Jude 2001). Other important prey types consumed by Round
Goby included Mysis offshore of Frankfort (dry weight propor-
tion = 0.33; frequency of occurrence = 62%) and ostracods
offshore of Sturgeon Bay (0.14; 71%). Similarly high frequen-
cies of occurrence of Mysis and ostracods were observed in diets
of Round Goby collected during April in Lake Ontario at 95-m
depth (Walsh et al. 2007) and during October in Lake Huron at
55-73-m depths (Schaeffer et al. 2005). We suspect that as long
as quagga mussels are abundantly available to Round Goby in
the Great Lakes, diet overlap between Round Goby and the two
sculpin species will remain low.

Few diet studies have identified eggs to the species level, de-
spite the fact that egg predation has been hypothesized to limit
recruitment of several freshwater and marine species (Luecke
et al. 1990; Koster and Mollmann 2000). Previous studies of
Lake Michigan have reported that sculpins consumed fish eggs
during spring, summer, and autumn, and those eggs were spec-
ulated to be the eggs of Bloaters or Deepwater Sculpin (Wells
1980; Hondorp et al. 2011). We took advantage of genetic tech-
niques to determine that the Deepwater Sculpin was the species
most commonly represented among eggs consumed by the three
benthivore species. Most Deepwater Sculpin eggs were canni-
balized (55%), whereas Slimy Sculpin (31%) and Round Goby
(14%) consumed the eggs in smaller percentages. Slimy Sculpin
were the most frequent predators of Bloater eggs, consistent
with our hypothesis that was based on an inverse relationship
between Slimy Sculpin and Bloater recruitment. The potential
importance of egg predation in creating bottlenecks to Deepwa-
ter Sculpin and Bloater recruitment should be explored in future
modeling efforts, as it may have implications for the recovery or
possible re-introduction of these native species to Great Lakes
sites where they are either extirpated or only exist as remnant
stocks (Roseman et al. 1998; Lantry et al. 2007; Zimmerman
and Krueger 2009).

A bias that could have influenced our diet composition results
was that the various prey types are not digested at equal rates.
For example, bivalve shells (Prejs et al. 1990; French 1993) and
chitinous chironomid heads (Hershey and McDonald 1985) may
be resistant to digestion, thus resulting in diet proportions that
are biased high for these taxa. Conversely, we were concerned
that the number of fish eggs in the diets would be underestimated
because eggs could be digested more quickly (Daan et al. 1985).
However, our own feeding experiments revealed that fish eggs
could remain identifiable for up to 3-5 d in the stomachs of
Slimy Sculpin and Deepwater Sculpin held at a temperature of
4.5°C (J. G. Mychek-Londer, unpublished data).

Managers are becoming increasingly cognizant of the need
to move away from single-species management and toward mul-
tispecies or even ecosystem-based fishery management (Pikitch
et al. 2004). Diet information, especially where data gaps exist,
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can reveal how multispecies interactions influence population
dynamics (Link et al. 2002, 2008). In this paper, we reported
the winter and spring diets of benthivores in Lake Michigan,
which had not been previously described. These data will be
used to support several ecosystem models (currently in devel-
opment) that will allow Lake Michigan managers to explore
different scenarios of piscivore stocking or nutrient inputs. Our
results also indicate that interspecific competition between non-
indigenous Round Goby and native sculpins was unlikely, but
our novel, species-level identification of eggs in benthivore diets
revealed that egg predation by native sculpins (and, to a lesser
extent, Round Goby) could be influencing the population dy-
namics of Deepwater Sculpin and Bloaters. As a result, future
models to understand or forecast the population dynamics of
these species should adopt a multispecies approach to account
for the egg predation results presented here.
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