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Abstract
We evaluated the energy density of bloaters Coregonus hoyi as a function of fish size across Lakes Michigan, Huron,
and Superior in 2008–2009 and assessed how differences in energy density are related to factors such as biomass
density of bloaters and availability of prey. Additional objectives were to compare energy density between sexes and
to compare energy densities of bloaters in Lake Michigan between two time periods (1998–2001 and 2008–2009).
For the cross-lake comparisons in 2008, energy density increased with fish total length (TL) only in Lake Michigan.
Mean energy density adjusted for fish size was 8% higher in bloaters from Lake Superior than in bloaters from
Lake Huron. Relative to fish in these two lakes, small (<125 mm TL) bloaters from Lake Michigan had lower energy
density, whereas large (>175 mm TL) bloaters had higher energy density. In 2009, energy density increased with
bloater size, and mean energy density adjusted for fish size was about 9% higher in Lake Michigan than in Lake Huron
(Lake Superior was not sampled during 2009). Energy density of bloaters in Lake Huron was generally the lowest
among lakes, reflecting the relatively low densities of opossum shrimp Mysis diluviana and the relatively high biomass
of bloaters reported for that lake. Other factors, such as energy content of prey, growing season, or ontogenetic
differences in energy use strategies, may also influence cross-lake variation in energy density. Mean energy density
adjusted for length was 7% higher for female bloaters than for male bloaters in Lakes Michigan and Huron. In
Lake Superior, energy density did not differ between males and females. Finally, energy density of bloaters in Lake
Michigan was similar between the periods 2008–2009 and 1998–2001, possibly due to a low population abundance of
bloaters, which could offset food availability changes linked to the loss of prey such as the amphipods Diporeia spp.

Changes in fish physiological condition have important consequences for fisheries ecology and management. From a population perspective, declines in physiological condition can affect
whether a fish will reproduce (Rijnsdorp 1990; Rideout et al.
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2005) and the quality of its gametes (Chambers and Waiwood
1996; Ouellet et al. 2001; Bunnell et al. 2007) and have even
been linked to declines in year-class strength (Marshall et al.
1999). From a community perspective, reduced condition of a
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prey species has consequences for its predator; that is, to maintain similar levels of growth, the predator would have to consume
more prey if the prey’s energy density has declined (Rand et al.
1994; Madenjian et al. 2006b). Changes in the physiological
condition of a predator are generally associated with intraspecific, density-dependent factors or with some dramatic change
in the densities of its preferred prey (Shearer 1994; Madenjian
et al. 2000).
Planktivorous and benthivorous fish populations in many of
the Laurentian Great Lakes have undergone changes, especially
over the past 15 years, associated with proliferation of invasive
species (Mills et al. 1993; Vanderploeg et al. 2002) and declining
productivity (Fahnenstiel et al. 2010; Mida et al. 2010; Evans
et al. 2011). In addition to some abrupt declines in abundance
for some fish species (Riley et al. 2008), several species have
also endured declines in physiological condition as measured by
their energy density. These declines have largely been attributed
to the decline of the amphipods Diporeia spp. (Pothoven et al.
2001; Madenjian et al. 2006b; Pothoven et al. 2011), which are
energy-rich prey in the Great Lakes. Diporeia numbers in Lakes
Michigan and Huron have declined dramatically (Nalepa et al.
2007, 2009) and are now similar to Lake Superior Diporeia
numbers, which have changed little (Barbiero et al. 2011).
The bloater Coregonus hoyi is a native planktivore in Lakes
Superior, Huron, and Michigan (extirpated from Lake Ontario),
and Diporeia spp. have historically been among its primary prey
(Wells and Beeton 1963; Crowder and Crawford 1984; Rand
et al. 1995; reviewed by Clemens and Crawford 2009). Ecologically, bloaters play an important role in the food web dynamics
of these lakes. As juveniles, bloaters are epilimnetic and eat
zooplankton (reviewed by Clemens and Crawford 2009). As
adults, they shift to the profundal zone, where they undergo diel
vertical migrations to feed on opossum shrimp Mysis diluviana
(hereafter, Mysis) and large calanoid copepods (in addition to
Diporeia), thus integrating the pelagic and benthic profundal
food web (Hondorp et al. 2005; Davis et al. 2007; Bunnell
et al. 2011; reviewed by Clemens and Crawford 2009). Bloaters
also provide a food source for Chinook salmon Oncorhynchus
tshawytscha, lake trout Salvelinus namaycush, and burbot Lota
lota, although they are generally not a predominate prey item
for these piscivores (Madenjian et al. 1998, 2006a; Gamble
et al. 2011; reviewed by Clemens and Crawford 2009). Bloaters
are also commercially harvested in Lakes Superior, Huron, and
Michigan (Baldwin et al. 2009).
From a population perspective, bloaters exhibit unique dynamics and sex-specific differences in life history characteristics. The population dynamics of bloaters in these systems are
highly variable, with years of consistently strong recruitment
followed by years of relatively weak recruitment (Bunnell et al.
2010). In each system, recruitment of bloaters appears to be
trending upward in recent years (Bunnell et al. 2010). Whether
this recruitment success will reach the high levels that were obtained in the 1980s may, in part, depend on the energy content
of the fish, which is often associated with fitness. Recent work
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in Lake Michigan, for example, revealed fecundity of bloaters
to be 24% lower in the mid-2000s than in the late 1960s, a reduction attributed to a 41% decline in adult condition between
the two time periods (Bunnell et al. 2009). From a life history
perspective, male bloaters have a higher mortality rate, attain a
smaller length at age after maturity, and also may deplete somatic lipids more rapidly than females over the course of the
spawning season (January–March; Bunnell et al. 2012).
Historically, energy content of bloaters has varied across the
upper three Great Lakes. In the early 1990s, energy density of
bloaters in Lake Superior was approximately 30% lower than
the energy density of bloaters in Lake Michigan from the 1970s,
a difference attributed to lower productivity in Lake Superior
(Vondracek et al. 1996) as well as an unprecedented population
expansion in Lake Superior. Similarly, Clemens and Stevens
(2003) compared the percentage of total lipids in bloaters from
Lake Huron in 2000 to previously published values for the upper Great Lakes and generally found percent lipids of bloaters to
be highest in Lake Michigan, intermediate in Lake Huron, and
lowest in Lake Superior. In recent years, however, the trophic
state of Lakes Michigan and Huron has changed so that phosphorus concentrations, primary production, nutrient depletion rates,
zooplankton communities, and Diporeia densities are now more
similar among all three lakes (Barbiero et al. 2009a, 2009b; Fahnenstiel et al. 2010; Evans et al. 2011). Given these changes, we
hypothesized that bloater energy density would now be more
similar among these three lakes.
Our objective was to estimate the energy density of bloaters
across Lakes Michigan, Huron, and Superior in 2008–2009 and
to assess factors (including lakewide bloater abundance and
prey availability) that may explain any observed differences. A
second objective was to compare the energy density of male
and female bloaters within each lake to determine whether the
sex-specific differences in percent total lipids that were recently
observed in Lake Michigan could be occurring in Lakes Huron
and Superior. Finally, a third objective was to compare energy
density of bloaters between two time periods (1998–2001 and
2008–2009) in Lake Michigan. We hypothesized that energy
density would be greater in 1998–2001 than in 2008–2009 because Diporeia were still relatively abundant in the late 1990s
(Nalepa et al. 2009).

METHODS
Bloaters were collected in 2008 and 2009 as part of U.S.
Geological Survey bottom trawl surveys (Figure 1). In Lake
Michigan, samples were collected at approximately 9-m depth
contour increments between 9 and 110 m using a 12-m-long
bottom trawl. Between September 23 and October 9, 2008,
collections were made offshore of Frankfort and Ludington,
Michigan; Port Washington, Wisconsin; Saugatuck, Michigan;
and Waukegan, Illinois. Between September 14 and October 1,
2009, collections were made at the same Lake Michigan sites
except Waukegan. In Lake Huron, samples were also collected
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FIGURE 1.
color.]
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Map of Lakes Huron, Michigan, and Superior, showing locations of sampling sites for bloaters (Pt = Point; Isl = Island). [Figure available online in

at approximately 9-m depth contour increments between 9
and 110 m using a 21-m-long bottom trawl. In 2008, bloaters
were collected offshore of Alpena, Detour, and Hammond Bay,
Michigan, between October 25 and November 4. These same
sites were sampled in 2009 (between October 20 and November
4), with the addition of Goderich, Ontario, and Harbor Beach,
Michigan. In Lake Superior, bloaters were collected only during 2008. Between May 6 and May 31, a 12-m-long bottom
trawl was towed across contours between 12- and 130-m depths
offshore of Bark Point, Port Wing, and Stockton Island, Wisconsin, and Jacobsville, Michigan. Upon capture, all bloaters were
frozen in water aboard the vessel until they were subsequently
analyzed.
In the laboratory, fish were thawed, measured (total length
[TL], nearest mm), and weighed (nearest 0.01 g). Sex was determined for individuals larger than 120 mm. Individual fish
were homogenized, dried at 65–75◦ C for approximately 60 h,
and reweighed. After fish were dried, a subsample of individual
fish from each year and site was used for direct energy density
determinations (Table 1). The subsampled fish were chosen to
account for the range of fish lengths in each sample and ranged

in number at each site between 10 and 25 individuals in 2008
and between 10 and 15 individuals in 2009. These subsampled
fish were further ground with a mortar and pestle after drying. A
1-g subsample of the dried, ground material was combusted in
a Parr 1261 isoperibol bomb calorimeter that was standardized
with benzoic acid. Energy density for each individual fish was
converted to joules per gram of wet weight using the known
dry weight : wet weight ratio (D:W) for that fish. Triplicate
TABLE 1. Number of bloaters for which energy density was directly determined using bomb calorimetry (direct n) or indirectly determined using regression of energy density versus the dry weight : wet weight ratio (indirect n); fish
were sampled in Lakes Huron, Michigan, and Superior during 2008 and 2009.

Lake

Year

Direct n

Indirect n

Huron
Michigan
Superior
Huron
Michigan

2008
2008
2008
2009
2009

45
105
74
62
42

264
176
117
429
326
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energy density determinations were made for 10 bloaters to estimate within-fish variability. Because the mean coefficient of
variation (100 × [SD/mean]) within a sample was 0.56%, only
a single 1-g subsample was used to directly determine energy
density for each fish thereafter.
Energy density of bloaters was regressed as a function of
D:W for 147 individuals from Lake Michigan, 107 individuals
from Lake Huron, and 74 individuals from Lake Superior. Energy densities were compared across lakes by using analysis of
covariance (ANCOVA) after testing whether regression slopes
were homogeneous by confirming that there was no significant
interaction (P > 0.05) between the covariate and the main factor
(lake, in this case) using a general linear model. The regressions
(see Results) predicting energy density as a function of D:W
were then used to predict energy density for the 1,312 remaining dried fish (Table 1) as has been done in previous studies
(Hartman and Brandt 1995; Pothoven et al. 2011).
The sampling unit in our analyses was the average energy
density for bloaters in a given 25-mm size-bin (i.e., 75–100,
>100–125 mm, and so on) from a given site in a lake during
a given year. We chose to pool fish from a given site within
a size-bin to avoid pseudoreplication, as we did not view each
individual fish (especially those of similar sizes) as independent. In our view, an analysis that included a sample size of
1,640 fish would have resulted in significant effects for nearly
every variable and would have made determination of biological significance more difficult. Further, previous studies have
documented that fish size explains a significant amount of the
variation in energy density of bloaters (Madenjian et al. 2000).
To that end, we believed that a 25-mm size-bin would be small
enough to permit the relationship between size and energy density to be revealed but yet be large enough to include as many
“replicate” fish of similar sizes as possible. We did not test for
differences between sites within a given lake because we were
interested in the broad-scale variation in bloater energy content
across lakes. Furthermore, bloater populations in the three upper Great lakes have broad synchrony in population dynamics,
both within and across lakes (Bunnell et al. 2010). We chose to
analyze the data separately for 2008 and 2009 owing to differences in sites sampled during each year. We used ANCOVA to
evaluate whether variation in energy density could be explained
by lake in each year, with the mean length of fish in each 25-mm
grouping as the covariate. For this and all other ANCOVA tests,
we first tested whether slopes were homogeneous by confirming that there was no significant interaction (P > 0.05) between
the covariate and the main factor (lake) using a general linear
model; if the interaction term was not significant, ANCOVA
was used, and we report the F-statistic, P-value, and the leastsquares (LS) mean energy density (which adjusts for differences
in the covariates) for the main factors. To ensure that similarsized fish were compared in a given year across the lakes, sizes
were restricted to 75–225 mm TL in 2008 and 75–200 mm TL
in 2009 for cross-lake comparisons.
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We used a similar ANCOVA approach to determine whether
energy density differed between males and females within a
lake (i.e., sex as the main factor). To compare energy density
between sexes, bloaters of a given sex from both years (where
relevant) were pooled into 25-mm size-bins for each sampling
site within each lake. To ensure similar size ranges, we restricted
our analysis to bloaters ranging from 125 to 175 mm TL in Lake
Huron and from 125 to 250 mm TL in Lakes Michigan and
Superior.
An ANCOVA approach was also used to determine whether
energy density of bloaters differed in Lake Michigan between
1998–2001 and 2008–2009 (i.e., period as the main factor).
When comparing between time periods in Lake Michigan,
bloaters were pooled into 25-mm size-bins for each sampling
site across years within each period. Data for 1998–2001 were
collected in the fall with a 7.6-m-long bottom trawl at depths
of 15–110 m off St. Joseph, Muskegon, and Little Sable Point,
Michigan (Figure 1), as part of various National Oceanic and
Atmospheric Administration studies. The years 1998–2001 represent the period when Diporeia were in decline but still relatively abundant in Lake Michigan (Hondorp et al. 2005). For
these analyses, data were restricted to bloaters ranging from 75
to 250 mm TL.
RESULTS
There was a significant interaction between the covariate
D:W and lake (F 2, 322 = 7.03, P = 0.001), indicating that slopes
were not homogeneous (Figure 2). Although the differences in
the relationships across lakes appeared slight and were perhaps
not biologically significant, we took a conservative approach and
used a separate regression equation to predict energy density (J/g
wet weight) for fish within each lake as follows: energy density

FIGURE 2. Energy density (J/g wet weight) as a function of the dry weight :
wet weight ratio in bloaters sampled from Lakes Huron, Michigan, and Superior
in 2008–2009.
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= (33,598 × D:W) − 2,084 (r2 = 0.97; Lake Michigan); energy
density = (33,224 × D:W) − 2,107 (r2 = 0.93; Lake Huron);
and energy density = (38,206 × D:W) − 3,233 (r2 = 0.94; Lake
Superior). These regressions were then used to predict energy
density for the 1,312 remaining dried fish (Table 1).
For 2008, there was a significant interaction between the
covariate (length) and the main factor (lake; F 2, 51 = 21.7, P <
0.001), indicating that slopes were not homogeneous (Figure 3).
A visual inspection of the data suggested that the difference was
related to Lake Michigan data; when these data were removed,
the slopes were indeed homogeneous between Lakes Superior
and Huron, and energy density did not vary with bloater length.
A difference was found for these two lakes (ANCOVA: F 1, 29
= 7.6, P = 0.01): the LS mean energy density for bloaters
differed by 8% between Lake Superior (5,832 J/g) and Lake
Huron (5,360 J/g). In Lake Michigan, energy density of bloaters
increased with bloater length (energy density [J/g wet weight]
= [22.5 × TL] + 2,397) in 2008. As a result, energy density
of small (<125 mm TL) bloaters in Lake Michigan was low
compared with small bloaters in the other two lakes. Among
larger bloaters (>175 mm TL), however, energy density of fish
from Lake Michigan was higher than that of fish from Lakes
Huron and Superior.
For 2009 (with no data from Lake Superior), energy density
increased with fish length for Lakes Huron and Michigan, and
slopes were homogeneous (Figure 3). A difference between

FIGURE 4. Energy density (J/g wet weight) as a function of total length for
male (M) and female (F) bloaters sampled in Lakes Huron, Michigan, and
Superior during 2008–2009 (data combined for the two years). Fish from each
sampling location and year were assigned to 25-mm length-bins, and average
energy density was plotted as a function of the average total length of fish in
each length-bin.

FIGURE 3. Energy density (J/g wet weight) as a function of total length
for bloaters sampled from Lake Huron (HU), Lake Michigan (MI), and Lake
Superior (SU) in 2008–2009. Fish from each sampling location in each lake
were assigned to 25-mm length-bins, and average energy density was plotted as
a function of the average total length of fish in each length-bin.

these two lakes was found (ANCOVA: F 1, 36 = 10.3, P < 0.01),
as the LS mean energy density for bloaters differed by 10%
between Lake Michigan (5,760 J/g) and Lake Huron (5,218
J/g).
We found significant differences in energy density between
male and female bloaters in Lake Huron (ANCOVA: F 1, 25 =
8.4, P = 0.008) and Lake Michigan (ANCOVA: F 1, 42 = 5.4, P =
0.025), although the difference was not a large percentage of the
overall energy content; there was about an 8% difference in LS
mean energy density between females (Lake Michigan: 6,545
J/g; Lake Huron: 5,844 J/g) and males (Lake Michigan: 6,070
J/g; Lake Huron: 5,418 J/g; Figure 4). In Lake Superior, energy
density did not differ between males and females (ANCOVA:
F 1, 21 = 1.8, P = 0.19).
Energy density did not differ (ANCOVA: F 1, 83 = 0.004, P
= 0.95) between time periods (1998–2001 and 2008–2009) in
Lake Michigan (Figure 5). Mean energy density adjusted for
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FIGURE 5. Energy density (J/g wet weight) as a function of total length for
bloaters sampled in Lake Michigan during fall 1998–2001 and 2008–2009. Fish
from each sampling location and year were combined into 25-mm length-bins,
and average energy density was plotted as a function of the average total length
of fish in each length-bin.

fish length was nearly identical for 1998–2001 (6,210 J/g) and
2008–2009 (6,221 J/g) in Lake Michigan.
DISCUSSION
We were able to detect small (i.e., generally < 10% difference) but significant differences in energy density of bloaters
among Lakes Huron, Michigan, and Superior. Thus, despite increasing trophic similarities among these lakes, our hypothesis
that bloater energy density would be similar among lakes was not
entirely supported. One factor behind cross-lake energy density
differences was the consistent increase in energy density with
bloater length in 2008 and 2009 for Lake Michigan. In contrast,
energy density did not vary with bloater length in Lakes Huron
and Superior during 2008, although energy density did increase
with bloater length in Lake Huron during 2009. Previous work
in Lakes Michigan and Huron demonstrated that fish lipids or
energy density increased with bloater size over the same general size range as we examined (Rudstam et al. 1994; Madenjian
et al. 2000; Clemens and Stevens 2003). Small fish should be
more focused on allocating energy toward growth rather than
storage, which would help to explain the increase in energy with
increasing size of fish in Lakes Huron and Michigan (Shearer
1994). Metabolic costs are probably also proportionately lower
for larger fish, allowing them to allocate more energy toward
storage (Post and Lee 1996).
Differences in the relationship between bloater energy density and size between lakes (or years within the same lake)
may be due to differences in the energy density of the prey
consumed by different-sized bloaters. Madenjian et al. (2000)
documented that lipid content (closely related to energy density; Rottiers and Tucker 1982) of most fishes in Lake Michigan
increased with increasing fish size; however, the lipid content

777

of Lake Michigan rainbow smelt Osmerus mordax decreased
with increasing fish size. These researchers proposed that the
decrease may have been due to the prey of larger rainbow smelt
having lower lipid content. We presume that since the decline
of Diporeia, the main prey of bloaters have become relatively
similar across lakes, with small bloaters feeding primarily on
zooplankton and then incorporating increasing amounts of Mysis into their diet over ontogeny (Rand et al. 1995; Johnson et al.
1998; Hondorp et al. 2005; Bunnell et al. 2011). Perhaps the
energy density of the zooplankton eaten by small bloaters was
higher in Lake Superior than in Lake Michigan, whereas the energy density of Mysis eaten by large bloaters was higher in Lake
Michigan than in Lake Superior. Consequently, the differences
in energy density of the prey of bloaters between the two lakes
may be such that the energy density of bloaters in Lake Michigan would continue to increase with increasing bloater size,
while the energy density of bloaters in Lake Superior would
remain constant or even decrease (Vondracek et al. 1996) with
increasing bloater size. Similarly, differences in energy density
of the prey of bloaters between years within the same lake (e.g.,
Lake Huron) may explain the phenomenon of increasing energy
density of bloaters with increasing size in one year but constant
energy density of bloaters with increasing size in another year.
Prey abundance and fish density can both affect the feeding
rates and thus the energy content of fish (Madenjian et al. 2000).
As noted, the main prey types eaten by bloaters are zooplankton, Mysis, and Diporeia. In the past, abundances of prey such
as zooplankton and Diporeia were reportedly higher in Lake
Michigan (Diporeia; Nalepa et al. 2007, 2009; Barbiero et al.
2011) or Lake Huron (zooplankton; Barbiero et al. 2001) than
in Lake Superior. However, more recent data suggest that after
large-scale food web changes, abundances of these prey are now
similar across Lakes Michigan, Huron, and Superior (Barbiero
et al. 2009a, 2009b, 2011; Yurista et al. 2009). In contrast, historical differences in Mysis abundance among lakes appear to
persist (Carpenter et al. 1974; Grossnickle and Morgan 1979;
McDonald et al. 1990), with higher abundances occurring in
Lakes Michigan and Superior than in Lake Huron (Jensen et al.
2009; Mida 2010). Given the similarities in Diporeia densities
across lakes, we assume that interlake differences in Mysis could
influence any interlake differences in bloater energy density.
In terms of fish abundance, lakewide acoustic surveys indicated that biomass density of bloaters was at least three times
higher in Lake Huron than in Lake Michigan during 2008–2009,
although total biomass density of all fish was similar between
the two lakes (Schaeffer et al. 2010; Warner et al. 2010). Acoustic estimates from Lake Superior in 2001–2004 indicated that
biomass density of bloaters was similar to or slightly lower than
that in Lake Michigan (Stockwell et al. 2007). Based on bottom
trawl data, it appears safe to assume that bloater biomass in
Lake Superior was generally unchanged or in decline between
2001–2004 and 2008 (Gorman and Bunnell 2011); thus, available data suggest that the highest biomass of bloaters occurred
in Lake Huron during our study period.
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The consistently low energy density of bloaters in Lake
Huron probably results from the lake’s relatively low densities of Mysis and relatively high biomass of bloaters. Further,
the lipid content of Mysis in Lake Huron is reported to be less
than that in Lake Michigan (Mida 2010) and also probably contributes to the relatively low energy density of bloaters in Lake
Huron. Considering all the factors favoring low energy content
for bloaters in Lake Huron, it is perhaps somewhat surprising
that the difference among lakes is not even greater.
Differences in water temperature may also help to explain
some of the differences in bloater energy density between Lakes
Superior and Michigan. Epilimnetic water temperatures are
colder and the growing season is more limited in Lake Superior than in Lake Michigan (McCormick and Fahnenstiel 1999).
Bloaters occupy the epilimnion during the first year or two of
life (reviewed by Clemens and Crawford 2009), and these young
bloaters in Lake Superior may allocate more energy toward storage to enhance survival in a harsher environment relative to
that in Lake Michigan. This would be consistent with previous
work indicating that young fish at higher latitudes allocate energy toward storage rather than growth in length under certain
conditions (Schultz and Conover 1997; Garvey and Marschall
2003); however, it provides little insight into why larger fish had
such relatively low energy content. The shorter growing season and cooler temperatures could certainly contribute to lower
secondary production in Lake Superior despite similarities in
standing stock of prey (Stockwell and Johannsson 1997). Finally, interactions with other species cannot be discounted. For
example, other coregonid species (e.g., kiyi C. kiyi and cisco
C. artedi) are relatively abundant in Lake Superior and may influence feeding by bloaters differently than in Lake Michigan,
where these coregonid species are rare or absent.
Energy density can vary with season for some Great Lakes
fishes (Madenjian et al. 2006b), so energy content differences
in fish from Lake Superior relative to the other two lakes could
simply be a function of collecting fish in the spring rather than
in the fall. More subtly, differences in bloater energy between
Lakes Michigan and Huron could be affected by later sampling
in the fall in Lake Huron. Bloaters could accumulate energy in
the fall in preparation for spawning during winter (Vondracek
et al. 1996). However, previous work in Lake Superior indicated
that energy density of bloaters was similar in spring and fall
(Vondracek et al. 1996). Similarly, lipid content of bloaters did
not vary seasonally in Lake Michigan (Madenjian et al. 2000).
Finally, the energy density of bloaters collected in spring 2010
at a single site in Lake Michigan increased with fish size (S.
A. Pothoven, unpublished data), so the constant energy density
as a function of fish size as observed in Lake Superior is not
necessarily related to the collection of fish in the spring. Further,
given the absence of seasonal trends in energy or lipid content in
previous studies (Vondracek et al. 1996; Madenjian et al. 2000),
it seems that the later sampling during fall in Lake Huron relative
to that in Lake Michigan is a relatively minor factor behind the
observed differences in energy density.

Energy density was slightly higher for female bloaters than
for males in Lakes Huron and Michigan. In a previous study,
results from a small sample of bloaters from Lake Huron indicated that there were no differences in lipids between males and
females (Clemens and Stevens 2003). In Lake Superior, Vondracek et al. (1996) found that energy density generally did not
differ between male and female bloaters, but in instances when
it did, the energy density was higher for females. Likewise, Bunnell et al. (2012) found that the percent total lipids of somatic
tissue in bloaters sampled between December and April was
generally higher for females than for males. Relative to males,
a higher energy density for females is consistent with a higher
female survival rate (Bunnell et al. 2012) if higher energy density contributes to a lower probability of mortality (because of
increased physiological condition). One plausible explanation
for the higher energy density in females is that females grow
faster than males (Bunnell et al. 2012), and higher lipid content
(and energy density) is often associated with higher growth rates
(Madenjian et al. 2000). Finally, the interlake differences in energy density do not appear to be linked to differences in energy
density for male and female bloaters, as energy density for large
bloaters was highest in Lake Michigan, where the proportion of
females (i.e., higher-energy fish) in the sample was lower (56%)
than the proportion in the other two lakes (63–65%).
The comparison between 1998–2001 and 2008–2009 for
Lake Michigan provides some further insight into energy density dynamics of bloaters. One might expect that energy density
would be higher in 2008–2009 than in 1998–2001 given the
lower overall population abundance of bloaters during the latter
time period (D. B. Bunnell, unpublished data). However, Diporeia also declined between these time periods (Nalepa et al.
2009). Similarly, bloater lipids did not increase between 1994
and 2005–2006, despite a substantial decline in population abundance of bloaters (Bunnell et al. 2009). Bloater growth in length
and mass also declined despite relatively low abundances of
bloaters after the disappearance of Diporeia (Szalai et al. 2003).
Thus, despite low population abundance of bloaters in Lake
Michigan, expected increases in energy density appear to have
not taken place owing to concurrent declines in Diporeia abundance.
The absence of changes in energy density of bloaters over
time is somewhat in contrast to changes observed for other Great
Lakes fish species. Energy content of alewives Alosa pseudoharengus and deepwater sculpins Myoxocephalus thompsonii
declined by more than 23% after the decline of Diporeia despite
the fact that the abundance of these fish species exhibited no
change or even decreased (Madenjian et al. 2006b; Pothoven
et al. 2011). Dramatic declines in condition for another coregonid fish, the lake whitefish C. clupeaformis, were linked to
both increasing abundance as well as changes in the food web
after the dreissenid mussel invasion and the Diporeia decline
(Pothoven et al. 2001; Rennie et al. 2009). These observations
contrast with bloater results indicating that abundance has decreased and energy density has remained relatively constant.
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Bloater recruitment in Lake Michigan has improved recently
(Warner et al. 2010). If bloater abundance in Lake Michigan
continues to increase and approaches the levels recently observed in Lake Huron (or higher), energy content may well be
affected. For example, energy density of large bloaters in Lake
Michigan would probably decrease as the adult bloater population increases and would become more similar to the energy
density levels observed in bloaters from Lake Huron. Densitydependent declines in energy content for adult bloaters could
be exacerbated by increasing predation pressures on Mysis after
declines in Diporeia (Pothoven et al. 2010).
Overall, we were able to find differences in energy density
of bloaters across Lakes Superior, Michigan, and Huron despite
ongoing convergences in lake productivity. Some differences,
such as the relatively low energy density in Lake Huron, could
be attributed to relatively low densities of mysids as well as a
relatively high bloater biomass. On the other hand, these factors
do not appear to fully explain differences between other lakes,
such as Lakes Superior and Michigan, where ontogenetic differences in energy accumulation, prey energy content, growing
season, and interspecific competition may be important factors
as well. Ongoing assessments of the food web in these lakes and
evaluations of the potential changes in dependency from benthic to pelagic food sources would further our understanding of
energy flow through bloaters and other fishes in these lakes.
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