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a b s t r a c t

The purpose of this study was to characterize thermal patterns and generate occupancy models for adult
walleye from lakes Erie and Huron with internally implanted biologgers coupled with a telemetry study
to assess the effects of sex, fish size, diel periods, and lake. Sex, size, and diel periods had no effect on
thermal occupancy of adult walleye in either lake. Thermal occupancy differed between lakes and sea-
sons. Walleye from Lake Erie generally experienced higher temperatures throughout the spring and
summer months than did walleye in Lake Huron, due to limnological differences between the lakes.
Tagged walleye that remained in Saginaw Bay, Lake Huron (i.e., adjacent to the release location), as
opposed to those migrating to the main basin of Lake Huron, experienced higher temperatures, and thus
accumulated more thermal units (the amount of temperature units amassed over time) throughout the
year. Walleye that migrated toward the southern end of Lake Huron occupied higher temperatures than
those that moved toward the north. Consequently, walleye that emigrated from Saginaw Bay experienced
thermal environments that were more favorable for growth as they spent more time within their thermal
optimas than those that remained in Saginaw Bay. Results presented in this paper provide information on
the thermal experience of wild fish in a large lake, and could be used to refine sex- and lake-specific
bioenergetics models of walleye in the Great Lakes to enable the testing of ecological hypotheses.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Walleye Sander vitreus provides an economically valuable re-
source in the Laurentian Great Lakes of North America to recrea-
tional and commercial fisheries that generate tens of millions of
dollars annually (Fielder et al., 2014; Melstrom and Lupi, 2013;
Roseman et al., 2008). Commercial fisheries in Lake Huron date
back to the 1880s and once supported the second largest walleye
fishery in North America, producing an average of 458 tonnes of
fish annually (Brown et al., 1999; Baldwin and Salfeld, 1962).
However, walleye populations declined during the 1950s due to
overfishing and a series of poor year classes, presumably due to
diminished water quality and degraded spawning habitat
(Schneider and Leach, 1977), and fry predation by the invasive
alewife Alosa pseudoharengus (Madenjian et al., 2008). Re-
establishment of walleye populations occurred during the 1980s as
a direct result of improvements in water quality and fingerling
stocking (Schneider and Leach, 1977; Fielder and Baker, 2004) and
due to a collapse of alewife populations in the 2000s (Madenjian
et al., 2008) leading to a full recovery in 2009 of the Saginaw Bay
stock of walleyes (the single largest source within Lake Huron;
Fielder and Thomas, 2014).

Lake Erie has the largest walleye fishery of all five Laurentian
Great Lakes (Roseman et al., 2008; Fielder, 2002). Historically,
commercial records indicate that the harvest of walleye stocks in
Lake Erie date back to 1867 (Baldwin et al., 2002) with yields
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increasing until the mid-1950s reaching a peak of approximately
7000 tonnes (Nepszy, 1977; Schneider and Leach, 1977). Walleye
populations of Lake Erie collapsed to low levels by 1960 as a direct
result of the overexploitation of walleye stocks, combined with the
effects of pollution, eutrophication, and severe spawning habitat
modifications (Koonce et al., 1996). The enactment of fishing
quotas coupled with habitat remediation efforts (Hatch et al.,
1987; Ryan et al., 2003) have since allowed walleye populations to
recover in Lake Erie.

As ectotherms, temperature has been labeled the “master”
abiotic factor (Brett, 1971), and variations in ambient water tem-
peratures can affect physiological (e.g., growth, swimming speed,
and digestion), biochemical (e.g., enzymatic activities), and life-
history activities (e.g., maturation, reproduction, and migrations)
(Fry, 1971). For many fish species (see Pierce et al. (2013) and
Tirsgaard et al. (2015)), laboratory studies have shown that ther-
mal optima occur throughout ontogeny. With walleye, thermal
optimas for early life stages (22 °C; Koenst and Smith 1976; Huh
et al., 1976; Kelso, 1972) have been determined to be slightly
higher than optimas for mature fish (18–22 °C; Christie and Regier,
1988). Although a general understanding exists for many species
of fish of the potential effects of temperature, little is known on
the available thermal habitat of Lake Erie and Lake Huron, and
thus further knowledge regarding the thermal regimes experi-
enced by Great Lakes walleye is required to aid in better under-
standing growth rates, maturation schedules, foraging behavior,
and year-class strength of wild walleye in relation to changes in
environmental temperatures.

We focused on the thermal biology of two adult walleye po-
pulations in two physically and limnologically distinct lakes. Spe-
cifically, we investigated walleye in Lake Huron that used the
Tittabawassee River for spawning, and walleye from Lake Erie that
spawned in the Maumee River. Our objectives were to (1) describe
and compare seasonal patterns of temperature occupancy by adult
walleye and assess the effects of sex, size, diel periods, and loca-
tion on those patterns, (2) model the annual thermal experience of
Lake Erie and Lake Huron walleye, and (3) determine whether
differences exist in the thermal experience of Lake Huron walleye
by comparing accumulated thermal units among walleye from the
subpopulation resident in Saginaw Bay (adjacent to the release
site) vs. walleye using northern Lake Huron during summer and
fall, vs. walleye using southern Lake Huron during summer and
fall. Results presented in this paper provide information on the
thermal experience of wild fish in a large lake, and could be used
to refine sex- and lake-specific bioenergetics models of walleye in
the Great Lakes to improve management (Hansen et al., 1993) and
Fig. 1. Collection sites for adult walleye (Sander vitreus) for Lake Erie (Orleans Park, Maum
locations of individual VR2W acoustic telemetry receivers positioned in Lake Erie, Lake H
Clair, and the Detroit River. (For interpretation of the references to color in this figure l
enable the testing of ecological hypotheses.
2. Methods

2.1. Study site and fish collection

Adult walleye were captured at two sites using boat-mounted
electrofishing gear, during the spring spawning (between March
and April 2011) run: (1) below Dow Dam on the Tittabawassee
River (43 °36ʹ24.2ʹʹN 84 °14ʹ23.1ʹʹW) of Lake Huron, and (2) Orleans
Park along the Maumee River (41 °33ʹ37.2ʹʹN 83 °38ʹ38.1ʹʹW) of
Lake Erie (Fig. 1). Fish selected for tagging were limited to those at
or above the legal recreational angling length limit in Michigan
and Ohio (4381 mm) and were transferred to 380 L holding tanks
after total length, weight, and sex were recorded for each in-
dividual. Dorsal spines were taken to non-lethally (see Brusher
and Schull (2009)) estimate the age of individual walleye, a pro-
cedure that is routinely used by management agencies in the Great
Lakes Basin (Erickson, 1983). In total, 199 individuals from Lake
Huron (101 females and 98 males), and 200 (97 females and 103
males) individuals from Lake Erie, were implanted with acoustic
transmitters (V16-4x; 16 mm dia.�86 mm, 24 g; battery
life¼1338 d, Vemco, Halifax, Nova Scotia). The acoustic transmit-
ters were set to emit a tag-specific code (69 kHz) at intervals be-
tween 60 and 180 s (mean: 120 s) and were coupled with an
iButton thermal logger (DS1921z; resolution¼70.1 °C;
accuracy¼0.470.3 °C, precision¼0.270.3 °C, Maxim Integrated
Products, Inc., Sunnyvale, California) (Donaldson et al., 2009) using
a hot glue gun and the affixed logger was dipped in a waterproof
coating (Plasti Dip, Performix Brand, Blaine, MN). iButtons were
programmed to record temperatures at four-hour intervals for a
period of approximately one year.

2.2. Acoustic tag and thermistor implanting

Prior to surgery, a walleye was transferred from a holding tank
and anesthetized using a portable electroanesthesia system (PES;
Smith-Root, Vancouver, Washington) operating at 35 V pulsed
direct current. Electroanesthesia using pulsed direct current re-
sults in immediate induction, quick recovery, and high survival of
walleye (Vandergoot et al., 2011). Treatments of three seconds
induced stage-4 anesthesia for several minutes, allowing sufficient
time for surgical implantation of the acoustic transmitters-iBut-
tons. All surgical procedures followed guidelines outlined by
Cooke et al. (2011). While sedated, fish were placed on a v-shaped
ee River) and Lake Huron (Dow Dam, Tittabawassee River). Red dots represent the
uron, and along the Huron–Erie corridor, which includes the St. Clair River, Lake St.
egend, the reader is referred to the web version of this article.)



Fig. 2. Thermal data for walleye (Sander vitreus) mean maximum seasonal tem-
peratures (panel a), mean seasonal temperatures (panel b), and mean minimum
seasonal temperatures (panel c) for both Lake Erie (labeled LE) and Lake Huron
(labeled LH) individuals. Values below lake labels represent the total number of
individuals for each season. Asterisks represent significant differences between
lakes within seasons (Po0.05). The horizontal lines represent the means of each
group. Whiskers represent the largest and smallest observations within each group
that fall within 1.5� of the interquartile range. Observations that exceed this in-
terquartile range are plotted as open circles. Mean maximum and minimum values
for each lake were determined by averaging the highest and lowest of temperatures
experienced by individual walleye during each season.
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surgical table, lined with soft, non-slip material. A constant flow of
fresh water was pumped using a recirculation pump across each
individual's gills to provide oxygen. All surgical tools were cleaned
with povidone iodine and rinsed with deionized water before
surgery; transmitters were similarly disinfected prior to being
implanted. A small incision was made along the ventral side of
each fish, posterior to the pelvic girdle. Each acoustic tag with
iButton was placed into the coelom and the incision was closed
with two to three absorbable monofilament sutures (PDS-II, 3-0,
Ethicon, Somerville, NJ). A single experienced surgeon implanted
all transmitters to reduce variation in fish survival and recovery;
average surgery time was 142 s. Each fish was also tagged with
two external anchor tags (Floy Manufacturing, Seattle, Wa-
shington) inserted between the dorsal pterygiophores to allow for
identification of fish implanted with transmitters and promoted
return of tags fromwalleye caught in the fishery. After surgery, fish
were returned into holding tanks to recover. After the recovery
period (30 min), individuals were released near the location where
captured.

2.3. Experimental design

During summer 2010, 140 stationary receivers (VR2W, 69 kHz,
Vemco; Fig. 1) were installed in Lake Huron where they remained
throughout the study period, except for periods of maintenance
and data downloads (See Hayden et al., 2014). Receivers were
placed in several perpendicular lines out from the shoreline, across
bay mouths, and in rivers to monitor walleye movement (Fig. 1).
Double receiver lines were deployed across Saginaw Bay to gather
information regarding walleye movement in and out of Saginaw
Bay. Receiver lines positioned perpendicular to the shoreline were
restricted to depths o40 m, extending 3–10 km offshore. In
shallower depths (less than 2 m), deployed receivers were at-
tached to existing structure or steel anchor posts buried in the
substrate. Receivers deployed in deep waters (42 m) were at-
tached to a concrete anchor connected to a buoy. Receivers were
placed on stainless steel cable, suspended at depths of 1–3 m
above the lake bottom. Refer to Hayden et al. (2014) for complete
information on static range testing, and receiver line detection
probabilities. Thermal data were obtained via returned transmit-
ter/iButton units from tagged fish caught in the fisheries. A
monetary reward of $100 USD was offered to anyone that har-
vested tagged walleye and returned the acoustic tag and iButton to
the investigators.

2.4. Data analysis

To test for seasonal differences in thermal experiences of wal-
leye in lakes Erie and Huron, two-sample t-tests were performed
on minimum, maximum, and average temperatures for each sea-
son in order to estimate the differences in the thermal extremes
walleye may experience in either lake. F-tests were done on
average temperatures for each season to determine any variability
between lakes. Maximum and minimum values for each lake were
determined by averaging the highest and lowest of temperatures
experienced by individual walleye during each season. Spring
corresponded to dates between March 20th, 2011 and June 20th,
2011; summer corresponded to dates between June 21st, 2011 and
September 21st, 2011; fall corresponded to dates between Sep-
tember 22nd, 2011 and December 20th, 2011; and winter corre-
sponded to dates between December 21st, 2011, and March 19th,
2012. As a result of variations in the timing of fish being caught
(i.e., the majority of walleye being caught earlier in the year), es-
timates of thermal experiences were restricted to data from fewer
individuals during later parts of the year (see Fig. 2 for exact
numbers).
Based on seasonal temperature variations experienced by
walleye over time for lakes Erie and Huron, non-linear relation-
ships existed between temperature experienced and time. Because
time was a covariate of interest, time was analyzed for its effect on
the response variable (temperature) using a generalized additive
mixed model (GAMM) that included individual fish ID as a random
effect (random intercept model). In addition, a correlation struc-
ture and variance structure were included to account for auto-
correlation in the residuals and heterogeneity across months, re-
spectively (Zuur et al., 2009). To determine the final model, the
significance of variables (i.e., sex, size, diel periods, locations, and
any interactions that may be occurring) was assessed using back-
wards model selection from a global model (i.e., model containing
all variables of interest). Using this approach, we initially fitted our
model using all of our variables of interest and continued on by
sequentially dropping the least significant variable, as long as it
was not significant at our chosen value of α¼0.025. For this ana-
lysis, we used a more conservative P-value to assess the
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importance of each variable (Wood, 2006). Model residuals were
plotted and examined to validate that model assumptions were
not violated (Zuur et al., 2009).

To detect differences in the thermal experiences of walleye that
migrate out of Saginaw Bay into Lake Huron versus walleye that
remain in Saginaw Bay, a Tukey's range test was used in con-
junction with a one-way analysis of variance (ANOVA) using
temperature data from Lake Huron walleye. For this analysis, ac-
cumulated thermal units were used in order to provide an esti-
mate of the effect emigrating out of Saginaw Bay has on the
thermal experience of Lake Huronwalleye. The dependent variable
in the ANOVAwas accumulated thermal units (ATUs) and the main
effect was subpopulation (three levels: Saginaw Bay subpopula-
tion, northward-migrating subpopulation, southward-migrating
subpopulation). We calculated ATUs by first averaging recorded
temperatures for each day, and then summing average daily
temperature from 5 April 2011 through 11 October 2011. The final
day for ATU calculations was 11 October 2011 to optimize sample
size for each of the three groups. Statistical significance was set at
Po0.05. This part of the analysis was limited to specifically Lake
Huron walleye, as previous studies have already examined the
potential benefits of migrating walleye in Lake Erie (see Wang
et al. (2007) and Kershner et al. (1999)). All analyses used the R
statistical programming environment (R Development Core Team,
2012). Analyses completed by Hayden et al. (2014) on walleye
movement in Lake Huron were used to classify each of the tagged
Lake Huron walleye into one of the three subpopulations.
3. Results

3.1. Thermal experiences of Lake Erie and Lake Huron walleye

Thermal data was downloaded from 70 tagged individuals (18%
of total tagged) caught in the fishery (see Table 1 for summary
information). Walleye experienced different temperatures in Lake
Erie vs. Lake Huron during specific periods of the year as judged by
mean maximum water temperature recorded. Lake Erie walleye
used warmer maximum temperature water during the summer
(25.0 °C) and fall (18.3 °C) than Lake Huron fish (23.6 °C, 16.5 °C
respectively, Po0.05, Fig. 2.a). During the summer, Lake Erie
walleye resided in warmer temperature water, on average, than
Lake Huron fish (mean 21.14 °C vs. 19.30 °C, P¼0.004, Fig. 2b).
Mean temperatures experienced of Lake Erie walleye were less
Table 1
Summary of physical attributes (e.g., sex, number of individuals, length, and age)
and days at liberty after tagging of adult walleye (Sander vitreus) caught by the Lake
Erie and Lake Huron fisheries as of October of 2013. Age was determined using
dorsal spine samples. Length refers to an individual's total-length. Days at liberty
refer to the time individual walleye spent in each lake before being caught.

Lake Huron Lake Erie

Sex M F M F

Total numbers 17 28 14 11
Mean age (years) 8 8 7 10

Maximum 13 14 12 13
Minimum 4 4 4 8
Standard deviation 2.24 2.42 2.48 2.14

Mean length (mm) 528 588 525 652
Maximum 712 781 602 781
Minimum 450 456 450 590
Standard deviation 56.8 71.2 43.3 56.0

Mean days at liberty 167 187 85 207
Maximum 338 338 341 341
Minimum 33 22 3 63
Standard deviation 115.4 129.3 112.6 122.9
variable throughout the fall (F¼0.049, Po0.01) and winter
(F¼0.006, Po0.001) seasons, when compared to individuals from
Lake Huron. Similarly, the mean minimum water temperature
recorded for Lake Erie walleye in spring and summer was higher
than for Lake Huron walleye (Fig. 2c). A few individuals from Lake
Huron were recorded occupying temperatures warmer than 15 °C
during parts of the winter season.

3.2. Effects of sex, size, and diel periods

Overall, walleye thermal regimes closely reflected normal
temporal temperature patterns with water temperatures warming
throughout the spring season, reaching a maximum in late sum-
mer and declining through the fall and into the winter (Fig. 3). No
differences in thermal experiences between the sexes of mature
walleye were found within either lake (P40.025). Likewise, the
thermal experience of walleye was not related to their total length
or diel period (P40.025). In contrast, season and location (i.e. Lake
Huron and Lake Erie) explained temperatures experienced by
walleye (Po0.025), and these two variables explained 92% of the
variation in the data (Table 2; R2¼0.92). Based on the model, the
expected thermal experiences of walleye were plotted throughout
the year; yielding an estimate of the range of temperatures wal-
leye can be found at any given time for both lakes in 2012 (see
Fig. 4, dashed lines represent the 95% confidence intervals).

3.3. Thermal variability between different groups of migrating wal-
leye in Lake Huron

Of the 45 individuals evaluated from Lake Huron, 64% (n¼29)
remained within Saginaw Bay after spawning, whereas 18% (n¼8)
migrated to the northern portion of Lake Huron and 18% (n¼8)
migrated to the southern portion of Lake Huron. Of the individuals
that remained in Saginaw Bay, 59% were female, with an average
age of 7.2 years (SD¼2.27) and an average length of 550 mm
(SD¼70.2). Of the individuals that migrated to northern parts of
Lake Huron, 63% were female, with an average age of 9.4 years
(SD¼2.32) and an average length of 590 mm (SD¼71.4). Similarly,
of the individuals that migrated to southern parts of Lake Huron,
75% were female with an average age of 6.8 years (SD¼0.834) and
an average length of 560 mm (SD¼51.5). Results of the one-way
ANOVA revealed differences in thermal experiences among the
three walleye subpopulations (F(2,17)¼32.319, Po0.001, Fig. 5).
Individuals remaining in Saginaw Bay accumulated 648 more ATUs
than individuals migrating to the north (Po0.0001, Table 3), and
461 more ATUs than to the south (Po0.0001, Table 3).
4. Discussion

4.1. Inter-lake thermal variability of Great Lakes walleye

Differences in the thermal experiences of walleye is partly at-
tributable to differences in the physical features between the two
lakes. Lake Erie, being further south and the smaller and shallower
of the two lakes (Fuller et al., 1995), warms more quickly in the
spring and summer months, and on average possesses mean sur-
face water temperatures more than 5 °C higher than Lake Huron
during mid-summer (Dobiesz and Lester, 2009). Temperature
plays a key role in the growth and maturation of walleye, with
optimal temperatures ranging between 18 and 22 °C. Individuals
occupying habitats within this range undergo the highest levels of
growth, as well as generate strong subsequent year classes, as
individuals can allocate more energy to gamete production
(Kitchell et al., 1977). However, increases in temperatures above
these limits can lead to adverse effects on the physiology of fish.



Fig. 3. Example thermal profiles typifying two female adult walleye (Sander vitreus) from Lake Erie and Lake Huron (panels A and C respectively), and two male adult walleye
(Sander vitreus) from Lake Erie and Lake Huron (panels B and D respectively). The solid black line represents the moving average of temperatures experienced by walleye in
each lake and shaded areas represent 95% confidence intervals.

Table 2
The importance of fixed terms, variance covariate (β), and correlation structure
(Time|Fish ID) for our model predicting the thermal experience of walleye (Sander
vitreus) in Lake Erie and Lake Huron. The approximate significance of the smoother
(Month) for Lake Erie was (F8.231¼95.72, Po0.0001) and for Lake Huron
(F8.240¼209.0, Po0.0001). Length, sex, size, diel period, were all insignificant in
our model (P40.025).

Model term L ratio df P-value

Location 18.99 1 o0.001
Month 461.4 12 o0.001
(Time|Fish ID) 1590 2 o0.001

R2¼0.92

Fig. 4. Predicted temperatures experienced by adult walleye (Sander vitreus) in
Lake Huron (A) and Lake Erie (B) throughout the course of a year, with dashed lines
representing 95% confidence intervals. Values for predicted temperatures of each
lake were obtained using a generalized additive mixed model.
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Temperatures exceeding optimal levels are correlated with de-
creased growth rates (Kershner et al., 1999), higher metabolic costs
(Clarke and Johnston, 1999), and increased natural mortality rates
(Houde, 1989). As such, fish residing in the warm waters of Lake
Erie may experience a higher rate of early season growth, followed
by a period of decreased growth rates during periods in the
summer, when compared to individuals from Lake Huron, as
temperatures in excess of 25 °C have been recorded. However,
Lake Erie walleye may compensate for this by migrating toward
the central and eastern basins where cool water habitat exists
(Ryan et al., 2003; Wang et al., 2007).

Abnormally high temperatures experienced by some Lake
Huron walleye in the winter were likely the result of fish occu-
pying thermal effluents associated with manufacturing establish-
ments along the shore of Lake Huron. Telemetry data has revealed
these individuals overwintered in Saginaw Bay, and Lake St. Clair
(Hayden et al., 2014). Historically, increases in water temperatures
up to 10 °C have been observed in the Tittabawassee River as a



Fig. 5. Box and whisker plot of the accumulated thermal units (ATUs) of walleye
(Sander vitreus) who migrate north, remain in Saginaw Bay, or migrate south. The
horizontal lines represent the means of each group. Whiskers represent the largest
and smallest observations within each group that fall within 1.5� of the inter-
quartile range. Observations that exceed this interquartile range are plotted as open
circles. Different letters are representative of significant differences between
groups.

Table 3
Results of one-way ANOVA and Tukey's range test applied to accumulated thermal
units (ATUs) for walleye (Sander vitreus) from the following three Lake Huron
subpopulations: (1) those fish migrating to northern Lake Huron, (2) those fish
remaining in Saginaw Bay, and (3) those fish migrating to southern Lake Huron.
Both F- and P-values were obtained through Tukey's range test.

Location Accumulated thermal units F value Significance

North 2601 40.75
Saginaw Bay 3249 7.65 Po0.0001
South 2789 2.08 P¼0.053
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result of water being used for cooling purposes (Gannon, 1963).
Hence, a few individuals may have selected specific locations of
Lake Huron that are exposed to thermal effluents, explaining the
increased temperatures we observed. Previous telemetry studies
on yellow perch, a similar cool-water fish, have shown high
numbers of individuals actively selecting areas in a thermal dis-
charge bay for much of the winter (Ross and Sniff, 1982). Conse-
quently, walleye inhabiting thermal plumes throughout winter
months may show an analogous preference for areas of increased
water temperatures and, in turn, benefit from a lengthened
growing season that extends into the winter months.

4.2. Intra-lake thermal variability of Great Lakes walleye

Individuals that remained in Saginaw Bay were able to accu-
mulate more thermal units as they occupied higher water tem-
peratures when compared to fish that migrated out of Saginaw Bay
and into the main basin of Lake Huron. As such, walleye that re-
main in Saginaw Bay have the potential to be at a disadvantage
during the summer, as temperatures exceeded thermal optima,
and could result in depressed growth. Although individuals that
remained in Saginaw Bay did not migrate into other parts of Lake
Huron, due to the incomplete coverage of our receiver lines in the
lake, we could not determine whether northern or southern
moving fish reversed and took paths outside of our detection
ranges along the shores of Lake Huron. As such, walleye could
possibly be detected on northern receivers but then turn south
without being detected.

In Lake Erie, walleye move during the summer to the central
and eastern basins that have cooler water than the western basin
(Wang et al., 2007). Western basin walleye that showed eastward
migrations were larger and older than those individuals that did
not migrate from the western basin. A bioenergetic analysis by
Kershner et al. (1999) revealed two growth peaks associated with
eastward migratory walleye, and only a single growth peak for
individuals that remained in the western basin. As the western
basin warmed at a greater rate than the other basins, optimal
growth periods occurred earlier in the season and these periods
would eventually shift eastward to the central basin in the early
summer. Consequently, migratory fish exploited growth peaks in
both basins and experienced optimal temperatures for a longer
period of time. Thus, migratory individuals achieved a thermal
advantage and experienced higher growth rates than their non-
migratory counterparts (Kershner et al., 1999). Walleye that emi-
grated from Saginaw Bay were likely demonstrating analogous
behavior to walleye from Lake Erie and thus behaviorally ther-
moregulating to access optimal growth periods and temperatures
associated with Saginaw Bay and northern and southern basins of
Lake Huron. Migratory walleye in both lakes may also have
benefited through behavioral thermoregulation by avoiding the
damaging effects on fish that become evident as temperatures
approach upper critical thresholds. High summer temperatures are
known to cause significant losses in optimal thermal habitat for
cool and cold-water species (Eaton and Scheller, 1996), and result
in weight loss and stunted growth (Kitchell et al., 1977), an in-
crease in the occurrences of bacterial and viral diseases (Snieszko,
1974), and ultimately increase in mortality rates when tempera-
tures exceed maximum tolerable levels.

Migration from Saginaw Bay could also be the result of the
quest for greater availability of forage fish. In Lake Ontario, spe-
cifically the Bay of Quinte, Bowlby and Hoyle (2011) show that
many mature walleye migrated out of the bay into the deeper and
cooler waters of Lake Ontario throughout the summer and early
fall months to forage on alewife. The authors noted that the con-
centrated amounts of alewife might offset any disadvantages as-
sociated with lower temperatures than available in the Bay of
Quinte. Similarly, movement of Lake Erie walleye has also been
linked to spatial patterns of prey abundance, specifically soft-rayed
fish (i.e., rainbow smelt Osmerus mordax, emerald Notropis ather-
inoides and spottail shiners Notropis hudsonius) that reside in the
central and eastern basins in the summer (Wang et al., 2007).

A more extensive study by Hayden et al. (2014), reported 57% of
individuals remained in Saginaw Bay throughout the year and 43%
emigrated to either northern or southern parts of Lake Huron.
Discrepancy in our results is likely caused by us only using the
biologger data from individuals caught earlier than when the
majority of walleye left the bay, whereas the outmigration rates
presented by Hayden et al. (2014) included individuals at liberty as
well as those harvested. It is also important to note that this study
is limited to one year of temperature data due to the character-
istics of the biologgers. Interpretation of our statistical results
should thus be taken carefully as the benefits and/or dis-
advantages of remaining in Saginaw Bay is likely to change with
the annual variation in water temperatures of Lake Huron. For
example, during a cooler than normal year individuals that remain
in Saginaw Bay may be at an advantage, as temperatures would be
unlikely to exceed thermal limits, compared to individuals that
migrate out of the bay.
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4.3. Variables influencing thermal habitat experience

Despite the growing body of evidence regarding the effects of
interspecific variables on the thermal biology of ectothermic or-
ganisms (Sagonas et al., 2013; Tang et al., 2013; Huey and Pianka,
2007), few studies have focused on fish. In addition to field ex-
periments, Pearson et al. (2003) stated that research on the ther-
mal biology of an organism should also include a laboratory
component so that thermal preferences observed in the wild can
be compared to those observed under controlled conditions. We
did not incorporate a laboratory component in our study given the
extensive body of work already published on walleye. Previous
studies with adult walleye have suggested thermal optima for
growth ranging between 18 and 22 °C (Christie and Regier, 1988).
However, individuals that we observed spent a relatively small
proportion of their time within this optimal temperature range
due to the seasonal variation in water temperatures during an
entire year and so we examined various other biological variables
that may have contributed to the annual thermal regimes of
walleye in lakes Huron and Erie.

Adult walleye are negatively phototactic organisms (Bulkowski
and Meade, 1983) and progressively move into deep/cool waters
during their ontogeny. If walleye in either lake were forced into
deep waters of the hypoliminion during daytime, we would an-
ticipate diel movement to occur with regards to their thermal
habitat. However, our results showed no differences between day
and night temperatures (P40.025). A possible explanation for the
lack of any day/night fluctuations can be explained by periodic
thermal mixing within both lakes. When testing the effects of each
variable, we did so over the course of an entire year. Stratification
properties of northern temperate lakes reveal isothermal profiles
for the majority of the year (Bai et al., 2013). In central and eastern
Lake Erie, stratification is first established in early July and con-
tinues until late September or early October; stratification typically
does not occur in western Lake Erie (Schertzer et al., 1987). Full
stratification of Lake Huron does not occur until mid-July and lasts
until waters become fully isothermal again by mid-October (Sheng
and Rao, 2006). As these dates translate into roughly a third of the
year, any effects that diel period may have on walleye thermal
ecology may be masked by the isothermal conditions that occur
during most of the year. Nonetheless, walleye temperatures were
highly variable during parts of the summer months and random
daily fluctuations, up to 8.9 °C, were observed. Walleye in West
Blue Lake, Manitoba, revealed similar patterns with regards to day
and night thermal variation (Kelso, 1976). Adult walleye, between
the ages of 2 and 5, used the epilimnion between 5 and 10 m, and
chose a fairly constant range of temperatures between 10.6 and
11.7 °C, despite having temperatures from 5.1 to 14.7 °C available.

Our results revealed no differences in thermal experiences
between the sexes of mature walleye in either lake. Likewise,
thermal habitat experience of walleye was not related to their total
length. Female walleyes tend to be larger at a specific age than
their male counterparts (Rennie et al., 2008). Similar work on
differences in freshwater fish species revealed no differences in
thermal selectivity and responses between sexes (Cherry et al.,
1975). Only mature walleye were used in this study. If immature
fish had been tagged, differences in thermal experience may have
emerged between immature and mature individuals. Many species
of fish show size-dependent thermal preferences (McCauley and
Huggins, 1979) such that optimal temperatures required for
growth decrease with increasing body sizes (Morita et al., 2010).
For example, clear differences in ontogenetic thermal preferences
of yellow perch were documented with juveniles selecting tem-
peratures within a range of 20–20.3 °C while adults selected a
range between 17.6 and 20.1 °C (McCauley and Read, 1973). Simi-
larly, juvenile walleye experienced optimal growth at water
temperatures of 26 °C (Hokanson and Koenst, 1986), whereas
mature walleye prefer temperatures between 18 and 22 °C
(Christie and Regier, 1988). Consideration of ontogenetic differ-
ences of the thermal preferences of walleye is needed to fully
understand growth performances and thermal experiences of
walleye.

The annual thermal experience of adult walleye in lakes Erie
and Huron reported here will provide an important management
tool to refine bioenergetics models for walleye in both lakes
(Hartman and Kitchell, 2008; Hanson et al., 1997). For example,
fish bioenergetics modeling has been used in managing the Chi-
nook salmon (Oncorhynchus tshawytscha) fishery in Lake Michigan
(Tsehaye et al., 2014; Madenjian, 2011; Hansen et al., 1993) and the
entire predator community of Lake Huron (He et al., 2014). Po-
pulation models for salmonines have been coupled with fish
bioenergetics models to generate estimates of annual consump-
tion of prey fish. In turn, salmonine stocking rates have been ad-
justed based on model predictions. Petersen and Kitchell (2001)
used bioenergetic modeling to predict changes in predation on
juvenile salmon with climate change, and thus provided managers
with a tool to predict future mortality on juvenile salmon and
ultimately aid in recovery of the salmon stock.

In the near future, temperature is predicted to increase with
climate change (Hayhoe et al., 2010; Magnuson et al., 1997), re-
sulting in higher water temperatures. Magnuson et al. (1997)
predict climate change to cause a number of physical and biolo-
gical changes including increases in thermocline depths, decreases
of dissolved oxygen below thermocline, increases in phyto- and
zooplankton, increases of warm-, cool-, and cold-water habitats in
deep stratified lakes (opposite for shallow stratified lakes), and
changes in the growth and production of fish species. Although
some work has been done on predicting potential effects of cli-
mate change on different species on fish in lakes Michigan and
Erie (Magnuson et al., 1990), future studies should consider how
climate change might affect available thermal habitat for native
populations of fish (i.e. walleye) in all the Great Lakes.

Differences in thermal regimes experienced by walleye be-
tween lakes Erie and Huron were largely driven by differences in
bathymetry between the two lakes, with Lake Erie being sub-
stantially shallower and warmer than Lake Huron. However, con-
cluding that observed differences in the thermal experiences of
walleye were caused solely by limnological differences would be
an oversimplification. Walleye are likely faced with a decision to
either stay in areas of the lake where temperatures exceed opti-
mum levels and benefit from not having to expend energy, or al-
ternatively to search for more thermally optimal areas and if
found, benefit from reduced metabolic costs associated with
colder temperatures. Thus, future research is needed to identify
potential explanations as to why such differential behavior exists
within a population.
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