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Introduction

Abstract

The ideal free distribution (IFD) predicts that optimal foragers will select
foraging patches to maximize food rewards and that groups of foragers
should thus be distributed between food patches in proportion to the
availability of food in those patches. Because many of the underlying
mechanisms of foraging are temperature dependent in ectotherms, the
distribution of ectothermic foragers between food patches may similarly
depend on temperature because the difference in fitness rewards between
these patches may change with temperature. We tested the hypothesis
that the distribution of Common Gartersnakes (Thamnophis sirtalis)
between food patches can be explained by an IFD, but that conformance
to an IFD weakens as temperature departs from the optimal temperature
because fitness rewards, interference competition and the number of indi-
viduals foraging are highest at the optimal temperature. First, we deter-
mined the optimal temperature for foraging. Second, we examined group
foraging at three temperatures and three density treatments. Search time
was optimized at 27°C, handling time at 29°C and digestion time at 32°C.
Gartersnakes did not match an IFD at any temperature, but their distribu-
tion did change with temperature: snakes at 20°C and at 30°C selected
both food patches equally, while snakes at 25°C selected the low food
patch more at low density and the high food patch more at high density.
Food consumption and competition increased with temperature, and han-
dling time decreased with temperature. Temperature therefore had a
strong impact on foraging, but did not affect the IFD. Future work should
examine temperature-dependent foraging in ectotherms that are known
to match an IFD.

but see also Astrom 1994 and Milinski 1994). An
optimal forager should forage in the patch offering

The ideal free distribution (IFD; Fretwell & Lucas
1969) is an important framework within habitat
selection theory (Morris 2003). The IFD predicts that
individuals should choose the habitat offering the
highest fitness reward and that these individual
choices will lead to individuals being distributed
between habitats so that, on average, individuals in
each habitat achieve the same fitness (Fretwell &
Lucas 1969). Although the IFD was originally devel-
oped as a model of habitat selection (Fretwell &
Lucas 1969), it has been successfully applied to opti-
mal foraging (reviewed in Kennedy & Gray 1993;
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the highest food rewards, and groups of foragers will
be distributed between food patches in proportion to
the amount of food in those patches so that each
individual, on average, obtains the same amount of
food. The IFD assumes that individuals have perfect
knowledge of the distribution of resources and of
competitors between habitats, have the freedom to
move between habitats with zero fitness costs and
have equal competitive abilities. The assumptions of
the IFD are too simplistic: individuals rarely have
equal competitive ability, competitors are not omni-
scient and travel always comes at a cost. Yet, despite
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the simplicity of its assumptions (Milinski 1988;
Matsumura et al. 2010), the IFD has been used suc-
cessfully to predict the distribution of several forag-
ing animals, including fish (e.g. Milinski 1979;
Godin & Keenleyside 1984; Dupuch et al. 2009),
birds (e.g. Harper 1982; Diaz et al. 1998; van Gils
et al. 2006) and insects (e.g. Dreisig 1995). The IFD
has also been expanded to include interference com-
petition and unequal competitors (the ideal despotic
distribution; Fretwell & Lucas 1969), interspecific
competition (Rosenzweig & Abramsky 1986; Morris
1988) and predation risk (Moody et al. 1996; Grand
& Dill 1999).

Foraging by ectotherms is temperature dependent
because of the functional relationship between tem-
perature and both metabolism (e.g. Bergman 1987;
Schulte et al. 2011) and energy assimilation (Angil-
letta 2001). While metabolic rate increases with tem-
perature (e.g. Gillooly etal. 2001), energy
assimilation is optimized within a narrow range of
temperatures (Angilletta 2001). Similarly, locomotor
performance is also temperature dependent and opti-
mized within a narrow range of temperatures (e.g.
Stevenson et al. 1985; Blouin-Demers et al. 2003;
Halliday & Blouin-Demers 2015), which suggests that
the ability of individuals to find and handle food can
also be optimized within a narrow range of tempera-
tures. Moreover, the intensity of intraspecific compe-
tition in ectotherms can be temperature dependent
(Halliday & Blouin-Demers 2014; Halliday et al.
2015): negative density dependence is strongest at the
optimal temperature for growth. The fitness reward
for each food item consumed is highest at the optimal
temperature for energy assimilation, and these fitness
rewards decrease as temperature deviates from that
optimal temperature. Therefore, food items may have
little value to ectotherms when temperature is far
from the optimal temperature because they cannot
assimilate the energy from these food items. Competi-
tion for food should be strongest when food is most
valuable; therefore, competition should be strongest
at the optimal temperature. Because food passage rate
is also fastest at the optimal temperature (Stevenson
et al. 1985; Angilletta et al. 2002a), there should be
more individuals foraging at the optimal temperature
because ectotherms are more likely to have an empty
digestive tract when food passage rate is higher. In
ectotherms, therefore, concordance with the IFD
should be most marked at the optimal temperature
and should weaken as temperature deviates from the
optimal temperature due to decreased competition for
food and to fewer individuals foraging. Individuals
that are not foraging should not be distributed
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according to food availability, thus weakening concor-
dance with the IFD.

In this study, we examine the hypothesis that the
distribution of ectotherms between food patches can
be explained by an IFD, but that conformance to an
IFD weakens as temperature departs from the optimal
temperature because fitness rewards, interference
competition and the number of individuals foraging
are highest at the optimal temperature. More specifi-
cally, we predict that the distribution of ectotherms
foraging at suboptimal temperatures will not match
an IFD, whereas the distribution of those foraging at
the optimal temperature will match an IFD. We used
foraging experiments with Common Gartersnakes
(Thamnophis sirtalis) in the laboratory to test this pre-
diction. First, we conducted foraging trials with single
snakes across a range of temperatures to determine
the optimal temperature for foraging and to confirm
that handling time is minimized and that consump-
tion is maximized at the optimal temperature. We
then conducted group foraging trials with different
numbers of snakes at three temperatures, one of
which was the optimal temperature for foraging, and
recorded the distribution of snakes between food
patches that differed in food abundance. This is the
first test, to the best of our knowledge, of ideal free
foraging in reptiles, although a previous study (Cals-
beek & Sinervo 2002) examined ideal despotic distri-
butions in lizards competing over basking sites.

Methods

Study Animals

Our study species was the Common Gartersnake
(Thamnophis sirtalis). Common Gartersnakes are com-
mon throughout North America, from Florida in the
Southeast United States to the southern Northwest
Territories in Northern Canada, with a relatively con-
tinuous distribution other than in tall mountain
ranges and in deserts (International Union for the
Conservation of Nature and Natural Resources 2016).
Common Gartersnakes eat a variety of invertebrate
and small vertebrate prey, with earthworms and frogs
being their most common prey (reviewed in Halliday
2016).

We captured 18 adult (>40 ¢cm snout-vent length),
non-gravid female Common Gartersnakes (Thamno-
phis sirtalis) in fields and wetlands around Ottawa,
Ontario, Canada, and transported them back to our
laboratory at the University of Ottawa. We only used
females for this experiment because pilot studies
demonstrated that males were less willing to eat in
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captivity than females (Halliday unpublished data). All
snakes were acclimated to captivity for at least 1 wk
prior to experiments. Snakes were housed in plastic
containers (31 x 17 x 10 cm) in an environmental
chamber that was on a 14 10-hour light dark cycle
and temperatures of 25°C during the day and 10°C
during the night to approximate seasonal conditions
around Ottawa. Snakes were provided with ad lib
water and a refuge, a hot spot for thermoregulation,
and were fed two earthworms every 2-3 d. Following
experiments, all snakes were released back at their
point of capture. All methods were approved by the
University of Ottawa Animal Care Committee (proto-
col BL-278), which follows the guidelines of the
Canadian Council for Animal Care.

Thermal Reaction Norms for Foraging

To determine the optimal temperature for foraging,
we examined three metrics of foraging by adult
female Common Gartersnakes (N = 8) at six tempera-
tures (10, 15, 20, 25, 30 and 35°C) in a randomized
order. We allowed females to acclimate to the experi-
mental temperature for at least two hours prior to the
experiment. We placed individual female Common
Gartersnakes in an arena (50 x 35 x 50 cm) for a
one-minute acclimation period. Following one
minute, we added one large earthworm to the centre
of the arena and recorded the time it took the snake
to bite the earthworm (search time) and the time it
took the snake to swallow the earthworm (handling
time). We gave the snake a maximum of five minutes
with the worm. We recorded the entire trial with a
video camera and measured search time and handling
time from the video. Following each trial, we sprayed
the arena with water and wiped every surface. The
snake was maintained at the experimental tempera-
ture following the trial, and we counted the number
of days it took until it defecated. Snakes were fasted
for 2 d prior to this experiment to ensure that the fae-
ces that they passed were from the worm eaten during
the experiment. If the snake did not eat during a trial,
we placed the snake back in its container with the
worm. If the snake ate the worm within 24 h, we
included its time to defecation. We fit nonlinear
curves to each thermal reaction norm to estimate the
optimal temperature (7,, Huey & Stevenson 1979)
(see Appendix 1 for details).

Optimal Foraging Experiments
We conducted foraging trials at three temperatures

(20, 25 and 30°C). T, for our three metrics of foraging
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were 27, 29 and 32°C (Results). Therefore, our 30°C
treatment approximated T,, our 25°C treatment was
just below T, and our 20°C treatment was below T,.
We allowed snakes to acclimate to the treatment tem-
perature for at least two hours prior to the experi-
ment. We placed three, six or nine snakes in the
centre of a large stainless steel rectangular enclosure
(2.0 x 0.5 x 0.5 m) and replicated each density
treatment three times for each temperature treat-
ment. We determined trial order randomly, and we
never used the same snake twice in 1 d. After one
minute of acclimation, we added three earthworms to
one end of the enclosure and one worm to the other
end of the enclosure. We repeated the addition of
worms after four and after seven minutes so that in
total nine and three worms were added to the high
and low food patches, respectively. We removed the
snakes from the enclosure after ten minutes, and we
counted the number of worms remaining on each side
of the enclosure. We used a video camera to record
the trial, and we used the video to determine the dis-
tribution of snakes between the two sides of the
enclosure (low food or high food) throughout the
experiment, the handling time for each foraging event
(the amount of time for snake to bite and swallow a
worm) and the amount of time spent competing over
food items (the amount of time that two snakes were
biting the same worm).

We calculated the distribution of snakes between
the high and low food sides of the enclosure based on
the location of the heads of the snakes. We included
all snakes in this analysis, whether or not they were
foraging, because foraging individuals likely assessed
snake density in each patch based on the total number
of potential competitors and not based just on the
number of snakes currently foraging. We recorded the
length of time (in seconds) that each distribution
lasted during each trial. Thus, the sum of the distribu-
tion times for each trial equalled the total time in a
trial (540 s). We calculated the mean distribution of
snakes between the low and high food patch in each
trial with the following equation:

SIAXT)+Q2%xT)+...
540

where D is the mean number of snakes in the high
food patch during the trial, T is the total time during
the trial when i snakes were in the high food
patch and 540 s is the total time available during the
trial when food was also available (the sum of T
through T;).

We cleaned the enclosure with water and dried it
between trials. We also alternated the side of the

o (i x )

Ethology 122 (2016) 912-921 © 2016 Blackwell Verlag GmbH



W. D. Halliday & G. B.-Demers

enclosure receiving the low and the high food every
trial. Snakes were allowed to rest at least 24 h
between consecutive trials at 25 and at 30°C, and at
least 48 h between trials at 20°C. These are the
required times for snakes to digest and defecate food
at each temperature (Results).

We tested the prediction that the distribution of
snakes should match an IFD at T, and should deviate
from an IFD as temperatures deviate from T, with two
analyses. First, we examined the density-dependent
distribution of snakes at each temperature using iso-
dars (Morris 1988) built with geometric mean regres-
sion. Second, we examined the proportion of
individuals using the high food patch using linear
mixed effects models. We used two analyses because
isodars are an effective tool for examining density-
dependent effects in habitat selection, but methods in
geometric mean regression have not been developed
for comparison of multiple independent variables or
random effects. We therefore used linear mixed
effects models in the second analysis to specifically
test whether the distribution of snakes overlapped
with the IFD (distribution of 3:1).

We built isodars using geometric mean regression in
R (package: Imodel2; function: Imodel2; Legendre
2014) with the mean number of snakes in the high
food patch during a trial as y and the mean number of
snakes in the low food patch during a trial as x. We
built one isodar for each temperature treatment. We
compared isodars by examining the 95% confidence
intervals around their intercept and slope. An isodar
with an intercept significantly different than zero
demonstrates preference for a habitat (Morris 1988),
or in this case a foraging patch, and a slope different
than one demonstrates a habitat preference that
changes with density (Morris 1988).

We examined the proportion of snakes in the high
food patch with linear mixed effects models in R
(package: nlme; function: Ime; Pinheiro et al. 2014)
with temperature, the number of snakes in a trial and
their interaction as fixed effects, and the trial order
nested within trial date as random effects. We com-
pared models with Akaike’s information criteria
(package: stats; function: AIC; R R Core Team 2014)
and considered the model with the lowest AIC to be
the best model. We considered models within two
AIC units of the best model to be competing models
(Bozdogan 1987) and used model averaging amongst
the competing models to determine final model esti-
mates (Burnham & Anderson 2002). We used this
model selection approach for all subsequent analyses.

We tested the assumptions that fitness rewards,
competition and the number of individuals foraging
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are highest at the optimal temperature by examining
the amount of food eaten in a trial, the effect of com-
petitors on handling time and the number of competi-
tive events during a trial. We examined the amount
of food eaten during a trial using linear mixed effects
models with the total number of worms eaten as the
dependent variable, temperature, density and their
interaction as fixed effects, and trial order nested
within trial date as random effects. We also used lin-
ear mixed effects models to examine the amount of
food eaten in a patch to directly assess the effect of
competition on foraging at each temperature. We
used the number of worms eaten in a patch as the
dependent variable with temperature, the average
number of snakes in that patch during the trial, the
patch type (high or low food), and all interactions as
fixed effects, and with trial order nested within trial
date as random effects. We examined handling time
for each foraging event in each density and tempera-
ture treatment with a linear mixed effects model with
handling time as the dependent variable, and temper-
ature, density, competition time (time spent compet-
ing with another snake) and all interactions as fixed
effects. We used trial order nested within trial date as
random effects. Finally, we examined the number of
competitive events during each trial using linear
mixed effects models with a Poisson distribution in R
(package: Ime4; function: glmer; family = Poisson;
Bates et al. 2014) with the number of competitions
within a trial as the dependent variable, temperature,
density and their interaction as fixed effects, and trial
order nested within trial date as random effects. We
used a Poisson distribution for this analysis because
the distribution of residuals was heavily right skewed
and fit a Poisson distribution better than a normal
distribution.

Results

Thermal Reaction Norms for Foraging

During individual foraging trials, three Common Gar-
tersnakes ate worms at 10°C; five snakes ate at 15°C;
six snakes ate at 20, 25 and 35°C and all eight snakes
ate at 30°C. Search time of Common Gartersnakes
was best described by a curve with a linear increase
and an exponential decay (Fig. la, Appendix 1
Table Al). Gartersnakes that ate spent between 1 and
289 s searching for the worm (X = 9.5 s; X = 55.6 s).
The T, for search time was 27°C (Fig. la, Appendix 1
Table A2). Handling time of Common Gartersnakes
was best described by a curve with a logistic growth
and an exponential decay (Fig. 1b, Appendix 1
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Fig. 1: Thermal reaction norms of Common Gartersnakes (Thamnophis sirtalis) for search time (a), handling time (b) and digestion time (c) across six
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Table A1l). Gartersnakes took between 24 and 172 s to
handle an earthworm (x = 51.0 s; X = 61.6 s). The T,
for handling time was 29°C (Fig. 1b, Appendix 1
Table A2). Digestion time of Common Gartersnakes
was best described by a curve with a linear increase
and an exponential decay (Fig. 1c, Appendix 1
Table A1l). Gartersnakes took between 1 and 4 d to
digest fully a worm (x =1d; x=2d). The T, for
digestion time was 32°C (Fig. 1c, Appendix 1
Table A2).

Group Foraging

Snakes in the 20°C treatment did not have a signifi-
cant preference for either the low or high food patch
(intercept &~ 0, slope ~ 1), and the isodar was not sta-
tistically significant and explained relatively little
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variance (R* = 0.30, p = 0.13; Fig. 2a, Appendix 2
Table A3). Snakes in the 25°C treatment showed pref-
erence for the low food patch at low density (inter-
cept < 0), but showed increasing preference for the
high food patch as density increased (slope > 1). The
isodar for the 25°C treatment was statistically signifi-
cant and explained a large amount of variance
(R* = 0.75, p < 0.01; Fig. 2b, Appendix 2 Table A3).
This isodar predicts that an equal number of snakes
will be in each food patch at the lowest density and
that more snakes will be in the high food patch than
in the low food patch at the intermediate and high
densities. Lastly, snakes in the 30°C treatment showed
equal preference for both food patches across all den-
sities (intercept ~ 0, slope ~ 1), and the isodar was
statistically significant and explained the largest
amount of variance (R*=0.79, p < 0.01, Fig. 2c,
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Appendix 2 Table A3). The mean proportion of snakes
in the high food patch did not match an IFD for any
temperature or density treatment (Fig. 3, Appendix 2
Table A4) and did not differ significantly between
density or temperature treatments (Appendix 2
Table A4). The mean distribution of snakes across all
density and temperature treatments was 0.56 in the
high food patch.

The total number of worms eaten in a trial
increased as the number of snakes in a trial increased
(slope =0.58, tfs=3.55, p<0.01, Fig. 4a,
Appendix Table A5) and as temperature increased
(slope = 0.21, t;5 = 2.15, p = 0.049, Fig. 4b, Appen-
dix 2 Table A5). The total number of worms eaten in a
patch increased as the number of snakes in that patch
increased and increased at a greater rate in the high
food patch (slope = 1.02 worms eaten/snake, f4; =
5.56, p < 0.01) than in the low food patch
(slope = 0.12 worms eaten/snake, f4; = 2.67, p =
0.01, Fig. 4c, Appendix 2 Table A6). The total number
of worms eaten in a food patch was unaffected by
temperature (Fig. 4d, Appendix 2 Table A6).

Handling time of snakes in the foraging trials
increased as the amount of time spent competing with
another snake increased (slope = 0.006, 146 = 5.78,
p < 0.01; Fig. 4e) and decreased as temperature
increased (slope = -0.02, t146 = 4.45, p < 0.01; Fig. 41,
Appendix 2 Table A7). The number of competi-
tive events increased as temperature increased (slope
= 0.11, 255 =1.99, p=0.047;, Fig. 5, Appendix 2

1.
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Fig. 3: The proportion of snakes using the high food patch (HF) at dif-
ferent temperatures (20, 25 and 30°C) and different numbers of snakes
during foraging trials with Common Gartersnakes (Thamnophis sirtalis).
The ideal free distribution, denoted by the dashed line, was 3:1 in this
experiment based on the number of worms provided in each foraging
patch.
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Table A8), but was unaffected by the number of indi-
viduals in a trial (z5, = 1.48, p = 0.14).

Discussion

The IFD is a strong model for predicting the distribu-
tion of animals between habitats (Fretwell & Lucas
1969) and between foraging patches (Milinski 1979),
yet no study has investigated how temperature affects
ideal free foraging by ectotherms despite temperature
being a key factor in all aspects of ectotherm life
(Angilletta et al. 2002b). We found that Common
Gartersnakes generally showed little preference for
the high or low food patch, regardless of temperature
or density. The strength of patch selection increased
with temperature (increasing R* values with tempera-
ture). In addition, both the number of worms eaten in
a treatment and the number of competitive events
increased with temperature. Although Common Gar-
tersnakes did not achieve an IFD, they did eat worms
according to an IFD (three times as many worms
eaten in the high than in the low food patch).

The distribution of gartersnakes undermatched the
IFD across all density and temperature treatments
(mean distribution = 0.56, IFD = 0.75). Undermatch-
ing an IFD is common in foraging trials (Kennedy &
Gray 1993) and is often due to high travel costs
between foraging patches or to imperfect knowledge.
Because our foraging enclosure was relatively small,
the undermatching was likely due to imperfect
knowledge rather than to travel costs. Alternatively or
additionally, undermatching could have occurred
because not all snakes foraged during a trial. Snakes
that did not forage would be equally distributed
between patches, thus pulling the distribution
towards 0.5. Snakes that were not foraging were gen-
erally exploring the arena, but were likely still consid-
ered potential competitors by snakes that were
foraging. Despite these deviations from an IFD accord-
ing to snake distribution, food consumption did match
an IFD, especially at higher density. As density
increased, snakes tended to forage more in the high
food than in the low food patch.

Although our study is the first in which the temper-
ature dependence of group foraging by snakes in the
laboratory was examined, several field studies of habi-
tat selection and foraging by snakes in the field have
been conducted. Many habitat selection studies in
temperate climates have indicated that temperature is
the most important factor affecting habitat selection by

snakes (Blouin-Demers & Weatherhead 2001;
Carfagno & Weatherhead 2006; Carfagno et al. 2006;
Row & Blouin-Demers 2006; Halliday &
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Blouin-Demers 2016). In the tropics, some studies
have indicated that the location of prey can be very
important and temperature less important in dictating
patterns of habitat use by snakes (Madsen & Shine
1996; Shine & Madsen 1996), while others indicated
that temperature is also very important (Luiselli &
Akani 2002). Thus, overall, our laboratory results cor-
roborate the large amount of evidence from the field
that temperature is a key driver of habitat selection by
snakes.

Although previous work has suggested that compe-
tition, as measured by negative density dependence of
fitness, is temperature dependent (Halliday & Blouin-
Demers 2014; Halliday et al. 2015), this is the first
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Temperature (°C)

tersnakes (Thamnophis sirtalis) during foraging
trials at 20, 25 and 30°C.

study, to the best of our knowledge, to demonstrate
that direct interference competition between individ-
uals is temperature dependent. As temperature
increased, more gartersnakes competed over worms.
This competition appeared to be a form of interference
competition because the aggressor bit onto the worm
already being eaten by another individual. This
increased competition may explain the reduced pref-
erence for the high food patch at 30°C because an
increased number of competitive interactions in the
high food patch may have caused individuals to move
to the low food patch. An interesting observation is
that snakes often engaged in competitive interactions
even when other worms were available at the food

Ethology 122 (2016) 912-921 © 2016 Blackwell Verlag GmbH
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Fig. 5: The number of competitive events over food during foraging
trials at 20, 25 and 30°C between Common Gartersnakes (Thamnophis
sirtalis).

patch. It is unclear why snakes would try to eat a
worm already being consumed by a conspecific when
other worms are available, and this aspect deserves
further study.

Handling time decreased with increasing tempera-
ture, which was expected because processes that rely
on musculature such as locomotion (Stevenson et al.
1985; Blouin-Demers et al. 2003; Halliday & Blouin-
Demers 2015) are temperature dependent. Food con-
sumption increased with temperature, which could be
due to energetic demands increasing with tempera-
ture (e.g. Schulte et al. 2011). In summary, therefore,
foraging by ectotherms is a temperature-dependent
process because its underlying components (foraging
rate, handling time and competition) are temperature
dependent. Future work should explore temperature-
dependent foraging in ectotherms that are more likely
to achieve an IFD at optimal temperatures and should
be expanded to a wider range of ectothermic species.
The temperature dependence of foraging should also
be included in some of the other models of foraging,
such as quitting harvest rates and giving-up densities
(Brown 1988). This expansion would allow for a truly
mechanistic approach to the study of foraging.
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Appendix 2. Statistical tables for analyses of tem-
perature-dependent foraging by Common Garter-
Additional supporting information may be found in snakes, including Tables A3-AS.
the online version of this article at the publisher’s
web-site:

Appendix 1. Statistical methods for developing
thermal reaction norms for foraging, including Tables
Al and A2.
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