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Spatial variation in feeding ecology of age-0 lake
whitefish Coregonus clupeaformis in Lake Huron

Steven Pothovena and Chris Oldsb

aNational Oceanic and Atmospheric Administration, Great Lakes Environmental Research Laboratory,
Lake Michigan Field Station, Muskegon, Michigan, USA; bU.S. Fish and Wildlife Service, Alpena Fish
and Wildlife Conservation Office, Alpena, Michigan, USA

ABSTRACT
Age-0 lake whitefish Coregonus clupeaformis stomachs from west-
ern Lake Huron were examined in 2018 to evaluate spatial vari-
ation in feeding ecology. Overall, age-0 lake whitefish had narrow
diet niches and similar feeding strategies across sites in western
Lake Huron, with all sizes of age-0 lake whitefish specializing on
one prey at each site, with some other prey eaten occasionally by
most individuals as fish grew at some sites. Although prey select-
ivity and the dominant prey types varied among sites, feeding
success was generally similar among sites for most sizes of fish.
For fish collected in neuston nets (13–21mm), food biomass per
fish did not differ between Saginaw Bay and Thunder Bay for fish
that had lost their yolk sac even though cyclopoid copepods
were selected in Saginaw Bay and calanoid copepods were
selected in Thunder Bay, suggesting that the type of copepod
available to early stage age-0 lake whitefish might not be as
important as previously thought. Fish from beach seines
(20–51mm) also had a narrow diet niche with a fair degree of
diet specialization on calanoids, cyclopoids, or Bosmina, depend-
ing on site, along with generalized feeding on chironomid pupae
at some sites. Selectivity patterns on zooplankton prey by larger
age-0 fish followed patterns in prey availability, indicating the
ability to adapt to prevailing prey conditions. Despite these spa-
tial differences in prey importance, most fish had food in their
stomachs and food biomass per fish did not differ among sites
for most size groups, suggesting that variable diet patterns might
not result in differential conditions for growth or survival of age
age-0 lake whitefish. Adaptability in prey use might not entirely
buffer age-0 lake whitefish from environmental variability, as we
noted strong differences in both diet composition and feeding
success among years (2014–2018) at the Monaghan Point site.
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Introduction

Coregonines are a highly adaptable group of fish that is widely distributed in cold water
lakes of North America, Europe and Asia. Across their range, coregonines are ecologically,
culturally, and economically important (Brenden et al. 2010; Anneville et al. 2015). In
Europe, coregonines provide one of the most valuable fisheries in many lakes dating back
to the Middle Ages (Anneville et al. 2015). In turn, substantial effort has been put toward
research, management, and stocking programs across Europe (Eckmann 2013; Anneville
et al. 2015). Within North America, coregonines, particularly lake whitefish (Coregonus
clupeaformis, Mitchill), have long provided an important fishery and cultural resource for
Native American and First Nation Aboriginal Tribes and later for European settler com-
munities (Brenden et al. 2010; Ryan and Crawford 2014). Lake whitefish is the most valu-
able component of the commercial fishery in the Laurentian Great Lakes, providing
millions of dollars to the GNP in the United States and Canada (Ebener et al. 2008). For
example, lake whitefish accounted for 81% of the commercial harvest in Lake Huron with
annual average catches of 3.2 million kg during 2005–2010 (Ebener 2013) and a cumula-
tive dockside value of $102 million USD during 1994–2004 (Ebener et al. 2008).

Worldwide, threats to coregonine populations include eutrophication, acidification,
supplemental stocking and overfishing (Vonlanthen et al. 2012; Eckmann 2013; Anneville
et al. 2015). More recently, as nutrient inputs are reduced to control anthropogenic
eutrophication, there is evidence that re-oligotrophication of European lakes led to declin-
ing growth and yield of coregonines (Eckmann 2013). In the Laurentian Great Lakes,
yields of lake whitefish have historically undergone periodic fluctuations in response to
various stressors (Ebener et al. 2008). Favorable environmental conditions for reproduc-
tion combined with management actions including invasive sea lamprey (Petromyzon
marinus, Linnaeus) control efforts, harvest management, habitat restoration, and pollution
control helped lead to a population resurgence in the 1980s (Ebener et al. 2008; Brenden
et al. 2010). However, in the early 2000s, declines in growth, condition, and recruitment
of lake whitefish were associated with reductions in primary and secondary production
that occurred following reduced nutrient loading, filtering activities by invasive dreissenid
mussels and the near complete loss of the benthic amphipod Diporeia, which had been an
important food item (Nalepa et al. 2005; Ebener et al. 2008; Brenden et al. 2010).
Modelling results in Lake Huron indicate that declining growth and recruitment of lake
whitefish have reduced the harvest that can be sustainably removed from the lake (Gobin
et al. 2015, 2016).

Year class strength for lake whitefish is set during the embryonic or larval stages
(Taylor et al. 1987; Freeberg et al. 1990; Muir et al. 2010). Environmental changes can
have a disproportionate effect on early life stages of fish and declining productivity could
lead to elevated mortality or reduced growth for lake whitefish larvae (Claramunt, Muir,
Johnson, et al. 2010; Claramunt, Muir, Sutton, et al. 2010; Muir et al. 2010; Hoyle et al.
2011; Ryan and Crawford 2014). While elevated growth during the larval phase can
enhance cohort size (Eckmann 2013), food shortage is considered a source of enhanced
mortality for coregonines (Naesje et al. 1986; Karjalainen 1992; Rellstab et al. 2004),
including lake whitefish (Taylor and Freeberg 1984; Taylor et al. 1987; Freeberg et al.
1990; Claramunt, Muir, Sutton, et al. 2010). Therefore, a better understanding of early life
feeding ecology of age-0 lake whitefish is needed to understand the bottlenecks for
recruitment of this species.

Understanding spatial variability in fish feeding ecology could provide insight into dif-
ferential growth and survival of young fish within large ecosystems. Previous work in the
Great Lakes has demonstrated spatial variation in diets within a lake for age-0 yellow
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perch (Perca flavsecens, Mitchill) (Roswell et al. 2013; Happel et al. 2015). Similarly,
Claramunt, Muir, Johnson, et al. (2010) documented that the frequency of occurrence of
prey types and the number of prey per stomach for juvenile lake whitefish differed among
sites in Lake Michigan and Superior. However, considerably less effort has been given
toward understanding spatial variation in feeding ecology of age-0 lake whitefish within
large lakes compared to the amount of effort that has been focused on understanding
ontogenetic shifts in feeding (Claramunt, Muir, Johnson, et al. 2010; Pothoven et al. 2014,
Pothoven 2020).

The first objective of this study was to evaluate the spatial variation in early life feeding
ecology of age-0 lake whitefish in western Lake Huron. To achieve this objective, diet
composition, feeding success (measured as the proportion of fish with food in their stom-
achs and the amount of food in stomachs), feeding strategy (i.e., generalist or specialist),
niche width and prey selectivity were determined for larval and juvenile lake whitefish in
2018. A second objective was to understand inter-annual variation in feeding ecology to
help put the 2018 findings into a temporal context. To achieve this objective, diet com-
position, feeding success and niche width were determined for age-0 lake whitefish at one
site where data was collected each year during 2014–2018.

Methods

Age-0 lake whitefish were collected by the United States Fish and Wildlife Service person-
nel during larval coregonine surveys in Lake Huron (Figure 1). Early stage larval lake
whitefish were collected with neuston nets (1m depth � 2m width � 3m length, 500-mm
mesh) in Saginaw Bay and Thunder Bay during 2018 (see Table 1). Site depths where
neuston tows were done were 4–13m in Saginaw Bay (average ¼ 8 m) and 3–11m in
Thunder Bay (average ¼ 5 m). Fish were available for analysis from five to nine neuston
tows in each region during each sampling date. Later stage age-0 lake whitefish were col-
lected with beach seines (45.7m length � 1.8m height with a 1.8m � 1.8m � 1.8m bag
and 3.2-mm delta mesh) at four sites in 2018 (Figure 1), and during 2014–2018 at the
Monaghan Point site (Table 2). Fish were collected on multiple dates from some sites
during some years (see Table 2). Fish were either stored in ethanol (neuston nets) or fro-
zen (beach seines).

Zooplankton were collected during each sampling date in 2018 at two to six neuston sam-
pling sites in each region and with each beach seine sampling effort using a 0.3m diameter
� 0.9m long, 64-mm mesh zooplankton net. At neuston sampling sites, the net was lowered
to just above bottom and retrieved by hand at approximately 0.5m/s. At beach seine sites,
the net was towed by hand off to the side of an individual standing in water about 0.5m
deep for a distance of 50m. Zooplankton were narcotized and preserved using ethanol.

In the laboratory, total length of lake whitefish was measured and the entire digestive
tract was removed and the contents were identified and enumerated. Whole prey organ-
isms and partial organisms with heads attached were counted as individuals. Zooplankton
were classified as Calanoida, Cyclopoida, Daphniidae, Bosminidae, and other zooplankton
(Chydoridae, Harpacticoida, Sididae, copepod nauplii, Polyphemus pediculus). Additional
prey groups included Chironomidae pupae, benthic invertebrates (mostly Chironomidae
larvae, as well as Amphipoda, Ostracoda, and Ephemeroptera), and other (terrestrial and
emergent insects). No dreissenid veligers were eaten and they not included in analyses.
Lengths of whole organisms were measured using Image Pro (V. 9.1). Weight–length
regressions were used to estimate the mean dry mass for each prey type from stomachs
(Hawkins and Evans 1979; Nalepa and Quigley 1980; Culver et al. 1985; Benke et al. 1999),
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which was then multiplied by the total number of that respective prey to determine its dry
mass contribution to the diet for each fish. For zooplankton analysis, the whole sample was
counted or a subsample was taken with a Hensen-Stemple pipette so that at least 600
organisms (if available) were counted and identified to species.

Analysis of similarities (ANOSIM) was used to test for differences in diet assemblages
(based on dry mass) across sites during 2018 and across years at the Monaghan Point site.

Table 1. Dates that neuston sampling took place in Saginaw Bay and Thunder Bay in 2018, number of tows,
average abundance of larval lake whitefish (#/m3), percentage of fish with food in stomachs, sample size, and total
length (mm) for larval lake whitefish with and without yolk sacs during each sampling event.

Site Date Tows #/m3 Yolk % with food n Total length

Saginaw Bay 4/23-24/2018 9 0.09 Yes 17 46 14.2
4/23-24/2018 No 100 7 14.8

5/3/2018 7 0.13 Yes 56 9 14.3
5/3/2018 No 92 53 14.9

Thunder Bay 4/30/2018 9 0.21 Yes 25 12 14.4
4/30/2018 No 93 40 14.8
5/7/2018 9 0.09 Yes 90 21 14.4
5/7/2018 No 90 29 15.4
5/16/2018 5 0.12 No 100 50 17.2

Figure 1. Map of Lake Huron showing locations of the two neuston sampling regions (Saginaw Bay and Thunder
Bay) and four beach seine sampling sites (Monaghan Point, North Point, Tawas, Port Austin).
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For neuston data, all individual diets were combined across all dates within each region
to compare Saginaw Bay and Thunder Bay diet assemblages. For seine data, individual
diets from multiple sampling events at a site within a given year were combined to pro-
vide a single diet assemblage for ANOSIM analysis. ANOSIM is analogous to ANOVA,
with a non-parametric permutation applied to a rank similarity matrix of samples
(Clarke and Warwick 2001). Diet mass was square root transformed to down-weight
highly abundant species (Clarke and Warwick 2001) and was used to create a Bray-
Curtis similarity matrix for ANOSIM. R-values from ANOSIM range from �1 to þ1,
and generally lie between 0, where groups (i.e., sites) are indistinguishable and þ1,
where all similarities within groups are less than any similarity between groups (Clarke
and Gorley 2001). R-values values provide a measure of separation, with R-values <0.25
indicating almost no separation between groups, R-values of 0.25–0.5 indicating slight
separation, R-values of 0.5 to 0.75 indicating moderate separation, and R-values >0.75
indicating clear separation between groups (Clarke and Gorley 2001, 2006). R-values
were used rather than P-values from ANOSIM tests because this is the most useful
measure of separation among groups (Clarke and Gorley 2001, 2006). ANOSIM was
performed using Primer v 5.2.9.

To evaluate the feeding strategy of age–0 lake whitefish in 2018, an approach proposed
by Amundsen et al. (1996) was used, where the prey specific abundance is plotted against
the frequency of occurrence (see Figure 2). Prey specific abundance is the percentage (by
number) that a prey type composes of all prey in only those fish where that particular
prey occurs (Amundsen et al. 1996). 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. If
there are no points in the upper right and all points are located along or below the diag-
onal from the upper left to lower right, the predator will have a broad niche width
(Amundsen et al. 1996). This graphical analysis was only done for fish collected in
2018, because corresponding zooplankton data was available to help interpret results.

Table 2. Sampling dates, number of age-0 lake whitefish examined for diet analysis, number of fish with food in
their stomach, mean total length (mm), and average catch of age-0 lake whitefish per seine haul for each beach
seine sampling date during 2018 at four sites and at the Monaghan Point site during 2014–2017.

Site Date n n with food mm #/seine

Monaghan Point 6/18/2018 30 30 27 600.0
Monaghan Point 6/25/2018 30 30 34 10.3
Monaghan Point 7/5/2018 30 30 42 40.3
North Point 6/29/2018 30 30 43 10.7
Port Austin 5/30/2018 3 3 23 1.0
Port Austin 6/6/2018 8 8 25 3.0
Tawas 5/30/2018 30 30 30 26.7
Tawas 6/6/2018 20 20 29 7.0
Monaghan Point 6/25/2014 132 127 32 30.3
Monaghan Point 7/9/2014 49 49 42 33.3
Monaghan Point 6/18/2015 67 54 27 386.3
Monaghan Point 5/31/2016 78 78 22 168.0
Monaghan Point 6/30/2016 5 3 46 11.7
Monaghan Point 6/20/2017 28 28 32 112.0
Monaghan Point 6/27/2017 2 2 34 0.7
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Niche width was also calculated using the standardized Levins’ index, BA, which ranges
from 0 (narrow niche) to 1 (wide niche; Hurlbert 1978).

Selectivity of various zooplankton groups was determined with the selectivity coeffi-
cient W’ (Vanderploeg and Scavia 1979) using zooplankton numbers for both diets and
the environment from each respective date and site in 2018. Only zooplankton prey were
considered for selectivity because prey availability was not known for other prey types.
However, this analysis should provide reasonably accurate insight into selectivity patterns
for the size of lake whitefish that were collected because 99% and 93% of prey eaten (by
number) from neuston and seine caught fish, respectively, were zooplankton. The selectiv-
ity coefficient W’ varies between 0 for no ingestion of a prey type to 1, the value for the
most preferred prey type(s). Selectivity was calculated for each individual fish and the per-
centage of fish that preferred a particular prey item above all other prey, i.e., the number
of times W’ ¼ 1 for that prey type, was determined.

To evaluate feeding success, we used both the percentage of fish with food in their
stomachs, as well as the biomass of food per fish (see Fortier et al. 1995). For fish col-
lected in the neuston nets, the dry food biomass per fish determined from diet counts
and prey lengths (see above) was natural log transformed and compared between regions
with ANCOVA, after first checking for interactions between the covariate (fish length)
and factor (region). For fish collected in the seines, there were interactions between fish
length and region and different size ranges of fish were available in some instances, so
ANCOVA could not be used. We instead chose to compare the biomass of food per fish
for 10-mm size groups, i.e., 20–29mm, 30–39mm, and 40–49mm across sites for 2018
and across years for the Monaghan Point site. Biomass of food per fish for each size
group was examined separately using ANOVA, with a Tukey’s HSD test for pair wise
comparisons. Both ANOVA and ANCOVA were done using SYSTAT 13. Fish without
food in stomachs were excluded from these analyses.

Figure 2. Feeding strategy diagram based on Amundsen et al. (1996) showing feeding strategy based on plots of
prey specific abundance as a function of prey frequency of occurrence.
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Results

Neuston sampling

A total of 267 fish were collected in neuston nets in 2018. Fish ranged in length from 13
to 17mm in Saginaw Bay and 13–21mm in Thunder Bay. Of these fish, 23% and 48%
still had yolk sacs in Thunder Bay and Saginaw Bay, respectively (Table 1). For fish with
yolk sacs, the percentage of fish with food in their stomachs was variable between regions
and sampling dates, ranging from 17% to 90% (Table 1). For fish without yolk sacs, most
fish had food in their stomachs in both regions, with percentages ranging from 92 to
100% (Table 1). The biomass of food per fish (including fish with and without yolk sacs)
did not differ between regions (ANCOVA, F1, 175 ¼ 0.60, P¼ 0.44), with mean values
(back-transformed, adjusted for length) of 14.6 and 16.0 mg per fish in Saginaw Bay and
Thunder Bay, respectively.

Diet composition (% dry weight) at both Thunder Bay and Saginaw Bay was domi-
nated by copepods (Figure 3). Calanoid copepods accounted for most of the diet at
Thunder Bay, whereas a combination of calanoid and cyclopoid copepods composed most
of the diet at Saginaw Bay. Benthic invertebrates, all small chironomid larvae, accounted
for 16 and 12% of the diet biomass on the first sampling date in both Saginaw Bay and
Thunder Bay, respectively. R-values from ANOSIM were 0.16, indicating essentially no
separation in diet assemblages between the two regions.

Feeding strategy plots indicated that cyclopoid and calanoid copepods were both dom-
inant prey items in Saginaw Bay, whereas in Thunder Bay, only calanoid copepods were a
dominant prey at the population level (Figure 4). The plots also indicated that early stage
larval lake whitefish had fairly specialized diets with relatively narrow diet niches. The
narrow diet niches were confirmed by the adjusted Levins’ niche index, which was 0.21
and 0.13 in Saginaw Bay and Thunder Bay, respectively.

The zooplankton assemblage in both regions was dominated (by number) by calanoid
copepods, which accounted for 56–79% of total zooplankton abundance (Figure 3).
Overall, total zooplankton abundance was generally lower in Saginaw Bay than in
Thunder Bay, with abundance increasing with each successive sampling effort within both
regions. Nauplii and dreissenid veligers, which were rarely or not eaten by larval lake
whitefish, respectively, are not shown in Figure 3. Overall abundances for nauplii were 31
and 400/m3 in Saginaw Bay and Thunder Bay, respectively, whereas abundances of
veligers were 5 and 249/m3 in the same two regions.

Despite their low abundance (<18/m3), cyclopoid copepods were most frequently the
highest selected zooplankton in Saginaw Bay (Figure 3). By contrast, in Thunder Bay,
where cyclopoid abundances were comparable or even higher than in Saginaw Bay, cala-
noid copepods were most frequently the highest selected zooplankton on the first two
sampling dates, and a combination of calanoids, cyclopoids, and Bosmina were most
highly selected on the third sampling date (Figure 3).

Seine sampling-2018 spatial analysis

A total of 181 fish were collected in beach seines in 2018 (Table 2). These fish ranged in
length from 20 to 51mm, with an average length of 34mm. None of the fish collected in
the seine had a yolk sac.

All fish examined had food in their stomachs in 2018 (Table 2). Food biomass per fish
did not differ among sites for the 20mm size group (ANOVA, P¼ 0.14) or the 40mm
size group (P¼ 0.09), but there was a significant difference among sites for the 30mm
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size group (F2, 73¼4.01, P¼ 0.02), due to lower food biomass per fish at Tawas compared
to Monaghan Point (Figure 5).

Diet composition (% dry weight) indicated that lake whitefish collected in beach seines
in 2018 primarily consumed different zooplankton groups and chironomid pupae,
depending on the site and date (Figure 6). Cyclopoid copepods were only important in

Figure 3. Diet composition (top, % dry weight), zooplankton abundance (middle, by number), and percent of fish
that selected (i.e., W’¼1, bottom) each zooplankton prey type for age-0 lake whitefish that were collected in neuston
nets in 2018. Number above bars is the number of fish with food in their stomach (top panel) or number of fish that
ate zooplankton (bottom panel).
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Figure 4. Feeding strategy plots (prey specific abundance on a percent number basis plotted against frequency of
occurrence, Amundsen et al. 1996) for age-0 lake whitefish collected in neuston nets and seines in 2018. 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 special-
ization (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). CY¼ Cyclopoida, CA¼ Calanoida, BO¼ Bosminidae, DA¼Daphniidae, ZP¼ other zooplankton, IN¼ benthic
invertebrates, PU¼ chironomid pupae, O¼ other. Levin’s adjusted niche BA is also provided on each plot.
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diets at the Tawas site, whereas calanoid copepods were important at each site on at least
one date except at Port Austin. The category, “benthic invertebrates”, which was primarily
chironomid larvae, was only important at Port Austin in 2018. In 2018, ANOSIM indi-
cated that there was a range of separation in diet assemblages, with the least separation
between the two northern sites, Monaghan Point and North Point (R¼ 0.26), and the
most separation between the two southernmost sites, Tawas and Port Austin (R¼ 0.75,
Table 3).

Feeding strategy plots from 2018 indicated a mixed feeding strategy with some degree
of population specialization and generalization in each region (Figure 4). Calanoid cope-
pods were the dominant prey at Monaghan Point, cyclopoid copepods at Tawas, and
Bosmina at North Point and Port Austin. Chironomid pupae were a generalized prey, fed
on by most fish but only accounting for a small part of the diet of these fish, at
Monaghan Point, North Point, and Port Austin, but not at Tawas. There was little indi-
vidual specialization in any region. The feeding strategy plots also generally indicated a
narrow diet niche, with some prey falling into the upper right quadrant of each plot
(Figure 4). The adjusted Levins’ index was consistent with feeding strategy plots for 2018,

Figure 5. Mean (SD) food biomass (dry) for three size classes (i.e., 20–29mm, 30–39mm, 40–49mm) of age-0 lake
whitefish across four seine sites in 2018 (top panel) and during 2014–2018 at the Monaghan Point site (bottom
panel). Values within each size group that share a letter were not significantly different (Tukey’s HSD).
NA¼ not available.
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with BA values indicating a narrow feeding niche, with values between 0.16 and 0.19
except at Port Austin, where BA¼0.46 (Figure 4).

There was a fair degree of variation in zooplankton abundance among sites in 2018,
with abundance (by number) ranging from 2,045/m3 at North Point to <67/m3 at Tawas

Figure 6. Diet composition (top, % dry weight), zooplankton abundance (middle, by number), and percent of fish
that selected (i.e., W’¼1, bottom) each zooplankton prey type for age-0 lake whitefish that were collected in beach
seines in 2018. Number above bars is the number of fish with food in their stomach (top panel) or number of fish
that ate zooplankton (bottom panel).
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and Port Austin on June 6, 2018 (Figure 6). Calanoid copepods were the dominant prey
at Monaghan Point, whereas Bosmina were most important at Thunder Bay. At Port
Austin and Tawas, a combination of cyclopoid, calanoid, and Bosmina accounted for
most of the zooplankton, with Daphnia also contributing at Port Austin. Two prey that
were not eaten by lake whitefish that were collected in seines, nauplii and dreissenid
veligers, had relatively high abundance at some sites and would have combined for
65–99% of the zooplankton had they been included in community composition analysis.
Nauplii abundance ranged between 65 and 7,396/m3 and veliger abundance ranged
between 153 and 69,830/m3.

The zooplankton prey that was most frequently the highest selected zooplankton dur-
ing 2018 varied among sites, with calanoid copepods most frequently selected at
Monaghan Point (except on June 25 when few fish ate zooplankton), Bosmina at North
Point, cyclopoid copepods at Tawas, and a mixture of all zooplankton prey groups other
than calanoid copepods at Port Austin (Figure 6).

Seine sampling-Monaghan Point 2014–2018

A total of 361 fish were collected in beach seines at the Monaghan Point site during
2014–2018 (Table 2). These fish ranged in length from 18 to 70mm, with an average
length of 31mm. Overall, 97–100% of fish had food in their stomachs during each year at
Monaghan Point except in 2015, when only 80% of fish had food in their stomachs. Food
biomass per fish differed among years for the 20, 30, and 40mm size groups (ANOVA,
P< 0.001), but trends among years were not consistent among size groups (Figure 5).
However, it appeared that food biomass per fish was relatively high during 2018 com-
pared to other years.

Diet composition (% dry weight) indicated that lake whitefish collected in beach seines
at Monaghan Point primarily consumed calanoid copepods and chironomid pupae,
depending on the year (Figure 7). One exception was 2015, when the prey group “other”
which was primarily emergent insects and adult chironomids, was important. ANOSIM
indicated that differences in diet assemblages among year ranged from moderate
(R¼ 0.70, 2016–2018) to no separation (R¼ 0.15, 2014–2018) (Table 3).

Table 3. R-values from ANOSIM analysis comparing age-0 lake whitefish diet assemblages between four sites during
2018 beach seine sampling and between years at the Monaghan Point site during 2014–2018.

Sites or Years R-value

Port Austin-Tawas 0.75
Port Austin- Monaghan Point 0.64
Port Austin- North Point 0.54
Tawas- Monaghan Point 0.56
Tawas- North Point 0.64
Monaghan Point- North Point 0.26
2014–2015 0.22
2014–2016 0.44
2014–2017 0.34
2014–2018 0.15
2015–2016 0.56
2015–2017 0.25
2015–2018 0.45
2016–2017 0.67
2016–2018 0.70
2017–2018 0.31
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The adjusted Levins’ index indicated a narrow feeding niche for all years at Monaghan
Point, with BA values of 0.06, 0.26, 0.03, 0.07, 0.17, in 2014, 2015, 2016, 2017, and 2018,
respectively.

Discussion

Overall, age-0 lake whitefish had narrow diet niches and similar feeding strategies across
sites in western Lake Huron, with population specialization for early stage age-0 lake
whitefish and a mixed strategy of population specialization with some generalization for
larger age-0 lake whitefish. However, despite similar feeding strategies and diet niche
widths, there was considerable variation in prey selectivity and importance across sites for
both early and late stage age-0 lake whitefish. However, it appeared that these differences
in prey selectivity and importance did not necessarily result in large differences in feeding
success across sites, with most fish having food in their stomachs and few differences in
food biomass per fish occurring across sites. Therefore, it appears that although dietary
patterns might differ across sites within a large lake, these differences might reflect adapt-
ability to environmental conditions and not necessarily result in differential conditions for
growth or survival age age-0 lake whitefish.

Saginaw Bay is located at the mouth of the Saginaw River, the tributary with the high-
est phosphorus loading to Lake Huron (Dolan and Chapra 2012). Therefore, one might
expect that fish feeding success would be higher for fish from Saginaw Bay than from
other regions due to higher productivity in the region (Cha et al. 2011). However, fish in
this study were collected from the outer regions of the bay, which has distinct limno-
logical conditions from inner Saginaw Bay. Inner Saginaw Bay is located at the mouth of
the Saginaw River, the largest tributary source of nutrients for Lake Huron (Dolan and
Chapra 2012). However, nutrients are rapidly diluted between the inner bay and outer
bay, and outer bay conditions are more reflective of the main basin of Lake Huron (Dai
et al. 2019). The proliferation of invasive dreissenid mussels in inner Saginaw Bay further
limits the export of nutrients into the outer bay and main basin (Cha et al. 2011).

Figure 7. Diet composition (top, % dry weight) of age-0 lake whitefish that were collected in beach seines during
2014–2018 at the Monaghan Point site. Number above bars is the number of fish with food in their stomach.
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Although Thunder Bay was eutrophic in the 1970s (Basch et al. 1980), it is currently
oligotrophic as well. Spring chlorophyll a concentrations in 2017 were 0.25 and 0.18mg/l
in outer Saginaw Bay and Thunder Bay, respectively (S. Pothoven, unpublished data) and
there was no evidence from our 2018 sampling that zooplankton abundance was higher
in Saginaw Bay than in other areas during either neuston or seine sampling efforts.
Furthermore, there was no strong evidence that intra-specific competition was stronger in
Saginaw Bay due to higher lake whitefish abundances (see Tables 1 and 2).

Copepods accounted for >78% of the available zooplankton prey during the early
spring when lake whitefish hatch, so it is not surprising that early larval lake whitefish
had a narrow prey niche that specialized on copepod prey in both Saginaw Bay and
Thunder Bay. Cyclopoid copepods are considered an important prey for the early stages
of larval coregonines because they are small and more easily captured than calanoid cope-
pods (Anneville et al. 2011) and other studies in the Great Lakes have demonstrated that
lake whitefish specialize on cyclopoid copepods during their early ontogeny (Pothoven
et al. 2014; Pothoven 2020). In turn, previous studies have found that access to cyclopoid
copepods could be critical for larval lake whitefish growth and survival during a bottle-
neck period around 15–16mm when the yolk sac has disappeared and exogenous feeding
is required (Hoyle et al. 2011; Pothoven et al. 2014; Pothoven 2020). However, these stud-
ies were conducted in areas where cyclopoid copepods were the most abundant prey
available for the early stages of lake whitefish. By contrast, in this study, calanoid cope-
pods were the most abundant prey available and accounted for 48–61% of the diet bio-
mass for early stage fish from Saginaw Bay and 59–82% for fish from Thunder Bay.

Few field studies have examined lake whitefish feeding ecology in systems where cala-
noid copepods dominated over cyclopoid copepods, although Teska and Behmer (1981)
indicated that in the laboratory, 14–18mm lake whitefish selected calanoid copepods over
cyclopoids when calanoid copepods were a relatively abundant available prey. In our
study, calanoids were the most abundant zooplankton available for early stage fish
(56–79% of zooplankton), with abundances higher in Thunder Bay than in Saginaw Bay.
Cyclopoid copepods were available in both regions, but only accounted for 6–16% of zoo-
plankton, with abundance at Thunder Bay similar to or higher than in Saginaw Bay.
However, cyclopoids were the most frequently selected prey for 61–66% of early stage fish
in Saginaw Bay compared to 26–40% in Thunder Bay, where calanoids were most fre-
quently selected except during the last week of sampling in the region, when there was no
clearly preferred prey. Even though different types of copepods were selected in each
region, there was no difference between Saginaw Bay and Thunder Bay in the amount of
food eaten per fish or in the percentage of empty stomachs for fish that had lost their
yolk sac, suggesting that the type of copepod available to early stage age-0 lake whitefish
might not be as important as previously thought.

For later stage fish collected in the seine, the prey niche width was still generally nar-
row and fish had mixed diet strategies including varying degrees of population specializa-
tion and generalization. For each of the areas examined in 2018, a zooplankton group was
a dominant prey that was eaten by most fish and accounted for most of the diet for these
fish (by number). Chironomid pupae, on the other hand, were a generalized prey in three
of the four areas examined, with most fish eating this prey, but with a low overall contri-
bution to the diet for those fish (by number). A narrow feeding niche and high popula-
tion specialization indicates that fish depend on a limited prey grouping and are
vulnerable to fluctuations in these prey. However, the fact that the narrow feeding niche
encompassed different prey groups among regions indicates that late larval lake whitefish
could adapt their feeding strategy to prevailing conditions. For example, at Monaghan
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Point, calanoid copepods were the primary zooplankton available, and in turn, were the
most frequently selected zooplankton prey and accounted for most of the diet biomass
along with chironomid pupae. Similar results were observed at North Point, where
Bosmina were the primary zooplankton available, the most selected zooplankton, and a
major component of the diet biomass along with chironomid pupae. At the Port Austin
site, few zooplankton were available for the date when fish were caught in 2018 (June 6),
and in turn, no one zooplankton prey was most frequently selected, and benthic inverte-
brates, mostly chironomid larvae, accounted for most of the diet biomass. Interestingly,
however, at the Tawas site, cyclopoid copepods were the most frequently selected prey
even though Bosmina were equally abundant, and cyclopoid copepods accounted for most
of the diet biomass in the region. The continued importance and selection for cyclopoid
copepods when they are available even for late larval age-0 lake whitefish has also been
noted in southern Lake Michigan (Pothoven 2020).

The ability to use different prey depending on conditions appears important for late
stage larval fish, considering they often relied on cladoceran zooplankton (i.e., Bosmina,
Daphnia) and emergent chironomid pupae, whose availability depends on environmental
conditions. Water temperature plays a role in both the emergence of cladocerans from
resting eggs as well as the emergence of chironomid pupae, which are only available for a
short time period (Wallace and Anderson 1996; Vandekerkhove et al. 2005). Spring water
temperatures can have a strong influence on zooplankton development and peak abun-
dance, with impacts varying across zooplankton groups (Winder and Schindler 2004).
Adaptability in prey use might not entirely buffer age-0 lake whitefish from environmen-
tal variability, as we noted strong differences in both diet composition and feeding success
among years at the Monaghan Point site.

Two small prey, copepod nauplii and dreissenid veligers, were relatively abundant but
were rarely or not eaten, respectively, by age-0 lake whitefish. These prey would have
combined for a substantial portion of the zooplankton community had they been included
in community composition calculations, especially during seine sampling when they
would have combined for 65–99% of the total zooplankton by number. Although corego-
nines will eat small prey if they are abundant (Ponton and M€uller 1990; Selgeby et al.
1994) and lake whitefish should have been capable of retaining both prey types based on
gill raker spacing (Pothoven 2020), these prey were essentially absent in the diets at all
our Lake Huron sites. Other studies have found that both European whitefish and lake
whitefish rarely ate nauplii regardless of availability (Freeberg et al. 1990; Anneville et al.
2007; Hoyle et al. 2011). Although larvae of other fish species in Lake Michigan eat dreis-
senid veligers, possibly offsetting reductions in consumption of other prey (Wither et al.
2015), age-0 lake whitefish did not consume veligers in a study that took place in south-
eastern Lake Michigan either (Pothoven 2020).

Across sites in western Lake Huron, both late and early stage age-0 lake whitefish
had narrow diet niche widths, feeding strategies that focused largely on a single prey,
and in general, similar feeding success, but the prey that were selected and important at
each site differed. However, inter-annual variation in both prey importance and feeding
success, indicate that a better understanding of feeding ecology should provide insight
into the conditions that are favorable for growth and survival. Future work with add-
itional samples within and across lakes would help provide insight into how various
environmental variables, such as fish density and food abundance and types, ultimately,
affect the recruitment of age-0 lake whitefish to the fishery under current ecosys-
tem conditions.
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