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Thermoregulatory ability and behavior influence organismal responses to their environment. By mea-
suring thermal preferences, researchers can better understand the effects that temperature tolerances
have on ecological and physiological responses to both biotic and abiotic stressors. However, because of
funding limitations and confounders, measuring thermoregulation can often be difficult. Here, we pro-
vide an effective, affordable (�$50 USD per unit), easy to construct, and validated apparatus for mea-
suring the long-term thermal preferences of animals. In tests, the apparatus spanned temperatures from
9.29 to 33.94 °C, and we provide methods to further increase this range. Additionally, we provide simple
methods to non-invasively measure animal and substrate temperatures and to prevent temperature
preferences of the focal organisms from being confounded with temperature preferences of its prey and
its humidity preferences. To validate the apparatus, we show that it was capable of detecting individual-
level consistency and among individual-level variation in the preferred body temperatures of Southern
toads (Anaxyrus terrestris) and Cuban tree frogs (Osteopilus septentrionalis) over three-weeks. Nearly
every aspect of our design is adaptable to meet the needs of a multitude of study systems, including
various terrestrial amphibious, and aquatic organisms. The apparatus and methods described here can be
used to quantify behavioral thermal preferences, which can be critical for determining temperature
tolerances across species and thus the resiliency of species to current and impending climate change.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Quantifying thermoregulatory behavior in ectotherms can
elucidate fundamental aspects of organismal physiology, behavior,
and ecology (Huey and Stevenson, 1979; Bauwens et al., 1990;
Hutchison and Dupré, 1992; Hertz et al., 1993; Blouin-Demers and
Weatherhead, 2001; Angilletta et al., 2010). Specifically, de-
termining thermal preferences and tolerances is critical for un-
derstanding how individuals mediate both biotic and abiotic
stressors. Indeed, thermoregulatory behavior has been observed in
almost all ectothermic taxa, including reptiles (Monagas and
Gatten, 1983; Burns et al., 1996), amphibians (Kluger, 1977;
Hutchison and Murphy, 1985), bony fishes (Reynolds et al., 1976,
1977), and invertebrates (Bicego et al., 2007). By seeking external
sources of heat or refuge in cool places, ectotherms can regulate
their metabolism to facilitate feeding and digestion (Ayers and
Shine, 1997), reproduction (Christiansen and Bakke, 1968), growth
(Lillywhite et al., 1973; Sinervo and Adolph, 1989; Calsbeek and
).
Sinervo, 2002a), immune function and disease resistance (Blanford
and Thomas, 1999; Mondal and Rai, 2001; Rohr et al., 2013), ter-
ritory selection and defense (Calsbeek and Sinervo, 2002b), mate
search and mating (Calsbeek and Sinervo, 2002b), and many other
physiological functions (Bennett, 1980). Hence, measuring ther-
moregulatory behaviors and temperature preferences is important
to understanding many aspects of the fundamental biology of
ectotherms.

Quantification of thermal preferences can also inform issues
relevant to applied biology. For instance, many anthropogenic
factors can alter the thermal environment posing threats to the
performance of organisms. Global climate change is the most ob-
vious (Deutsch et al., 2008; Seebacher and Post, 2015), but there
are other examples as well. For instance, deforestation, or more
generally the loss of shading caused by habitat destruction, can
greatly increase the temperatures to which organisms are exposed
(Gordon, 2003). Moreover, infectious diseases, many of which are
introduced or exacerbated by humans, often induce behavioral
fevers (preference of warmer temperatures in response to patho-
gen exposure) in ectotherms (Blanford and Thomas, 1999) that can
be important for resisting infections and reducing the adverse
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consequences on hosts (Pörtner, 2002; Raffel et al., 2006; Lafferty,
2009; Rohr and Raffel, 2010; Rohr et al., 2011a, 2013). Hence, de-
termining the bounds of thermoregulatory abilities among ec-
tothermic populations will be critical for predicting the impacts of
widespread anthropogenic change (Addo-Bediako et al., 2000;
Deutsch et al., 2008; Seebacher and Post, 2015).

Although thermal preferences are an important determinant of
many aspects of temperature-dependent physiology of ec-
totherms, experimentally determining thermal preferences can be
challenging and expensive. A standard method for determining
thermal preferences is to place focal animals in a thermal gradient
chamber and monitor body temperatures over some length of
time (Row and Blouin-Demers, 2006; Weatherhead et al., 2012). In
the absence of other stimuli (e.g. food, conspecifics, etc.), the as-
sumption is that the focal animal will spend the majority of time
within their preferred temperature range (Hertz et al., 1993).
However, there can be many confounding factors that can make
the results of these trials difficult to interpret, particularly when
the duration of these trials exceed the food deprivation limits of
the focal organism. For example, because environmental tem-
perature is correlated positively with evaporative water loss,
temperature gradients are often confounded with moisture gra-
dients (Malvin and Wood, 1991; Rohr and Palmer, 2013). Given
that organisms must maintain moisture in addition to preferred
temperatures (Bellis, 1962; Rohr and Madison, 2003; Rohr and
Palmer, 2005), confounding moisture and temperature gradients
makes it challenging to assess whether true temperature pre-
ferences are being quantified.

Additionally, longer-term trials that require feeding the test
animal can pose additional confounders. Ectotherms often prefer
warmer temperatures during digestion (Lillywhite et al., 1973;
Greenwald and Kanter, 1979) making it challenging to discriminate
baseline and digestion-related temperature preferences. Live prey
provided as a food source might prefer temperatures outside of
the preferred temperature range of the focal organism, con-
founding the temperature preference of the prey and test organ-
ism. Finally, invasive temperature measurement techniques, such
as dermally attached loggers, brain implants, or thermometer
probes, are used commonly in longer-term experiments, but they
can alter behavior and thus can compromise measurements of true
temperature preferences (Rowley and Alford, 2007).

Here, we provide an inexpensive, efficient, and validated
method for measuring thermoregulatory behavior in the labora-
tory for extended periods of time while controlling for humidity,
disturbance, and other confounders. Using supplies found in most
hardware stores, we constructed thermal gradient apparatuses for
less than $50 USD, spanning temperatures from 9.29 to 33.94 °C
(for supply list see Table S1). The methodological details and re-
sults presented here demonstrate that our apparatus and methods
(1) maintain consistent high humidity across the entire tempera-
ture gradient, (2) allow for long-term maintenance of animals in
the temperature gradient, (3) do not confound temperature pre-
ference of the prey with the focal organism, (4) measure tem-
perature using minimally invasive techniques, and (5) can detect
consistency in the thermal preferences within individuals but
differences in preferences among individuals and species, a pre-
requisite for quantifying temperature preferences and behavioral
thermoregulation. At a time when measuring temperature toler-
ance across species is critical to assess the ability of organisms to
respond to climate change and other stressors, our method pro-
vides an affordable, easy to implement, effective way to measure
thermal responses across a wide range of species of varying sizes.
2. Materials and methods

2.1. Apparatus

We constructed 28 thermal gradient apparatuses using
274�8�12 cm aluminum downspout gutters cut in half along the
longest and widest sides yielding final internal dimensions of
137�8�6 cm (Fig. 1a and b). Each apparatus was insulated using
foam windowsill insulation with holes cut where the metal meets
a heat or cooling source (Fig. 1c and d) and was capped at the ends
using Styrofoam and silicon sealant (Fig. 1b). The top of each ap-
paratus was sealed using five 27�10 cm Plexiglass windows
resting on window weather-stripping. These Plexiglass windows
were held in place by small duct tape hinges (Fig. 1b). The win-
dows allow ambient light to pass through and give the experi-
menter access to each section of the apparatus with minimal
disturbance to the organism. Each window was secured to prevent
animals from escaping using twine and cord locks (Fig. 1b).

2.2. Maintaining temperature and humidity

The warmer ends of the apparatuses rested on a gradient of
7.62 cm 10 W heat tape (Flexwatt Industrial Saless, Maryville, TN)
controlled by a bulb-and-capillary thermostat (Selco Products Co.,
Orange, CA). The temperature gradient was created by adhering six
132 cm strips of heat tape to a piece of plywood
(60.96�132.08 cm) at increasing distances from the end of the
apparatus (Fig. 1c). The cooler end of each apparatus rests on a
frozen (�80 °C) gel pack (32 oz No-Sweat, Temperatsure Inc.,
Reno, NV) (Fig. 1d). Ice packs sat on windowsill insulation and
were replaced every 12 h. Plywood height was adjusted to the
height of the ice packs to level the apparatuses. Two pieces of
wood (5.08�10.16�137 cm) rested against the outside of the
outermost apparatuses to prevent heat loss (Fig. 1a). Each shelf of
apparatuses was covered by two large sheets of Plexiglas to further
insulate the apparatuses while maintaining the desired photo-
period (Fig. 1a). Organic sphagnum moss substrate, kept saturated
with artificial spring water (Cohen et al., 1980), was used to
maintain constant high humidity throughout each apparatus.

2.3. Maintaining animals and taking temperature measurements

In separate trials, we housed a total of 36 Southern toads
(Anaxyrus terrestris, mean mass: 0.61 g; 70.01 SE), and 25 Cuban
tree frogs (Osteopilus septentrionalis, mean mass: 7.67 g; 70.35
SE) in the apparatuses (one animal per apparatus) for three weeks
during the trials. For both species, we used an ecologically relevant
temperature gradient of 12–33 °C (US Climate Data, 2016). All
animals were fed 10 live crickets twice a week in containment to
prevent crickets from moving freely within the apparatuses. The
feeding containers were constructed of quart-size zip-top bags
with plastic coated paper clips adhered to the outside for structure
(Fig. S1). Feeding containers were placed in the thermal gradient
apparatuses at the location each individual was found prior to
feeding. After seven hours of confinement, quantity of crickets
eaten was recorded for each individual to monitor feeding success
throughout the duration of the experiment. No temperature
measurements were taken on feeding days because of the limited
movement allowed by focal animals and their prey during feeding.

Temperature measurements were taken with an Extechs High
Temperature Infrared Thermometer (accuracy: 72% of
rdgo932 °F), which uses a laser to non-invasively measure tem-
peratures and minimize disturbance to the animal. In amphibians,
this method is comparable to cloacal measurements taken via
thermally sensitive radio-transmitters (Rowley and Alford, 2007).
At each temperature measurement, we located the individual,



Fig. 1. Temperature gradient apparatuses. (a) The entire set up of thermoregulatory apparatus, showing insulating 2�4's and large Plexiglas covers. (b) View of the
sphagnum moss interior and small Plexiglas window sealing each apparatus. (c) Heat tape gradient and bottom of apparatus showing the space where the aluminum meets
the heat tape. (d) Ice packs and bottom of apparatus showing the space where the aluminum meets the ice packs.
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opened the appropriate Plexiglas window section directly above
the animal, and then measured the body temperature of the ani-
mal and the temperature of the substrate as close as possible to
where the animal was found with the infrared thermometer. Given
that some animals can move regularly, measuring both the tem-
perature of the substrate and animals offers insight into whether
the animal has been at a given location long enough for it body
temperature to conform to environmental temperature. The ani-
mals did not respond to the infrared laser in any observable
manner. Temperature measurements were taken every four hours,
four times a day between 1000 h and 2200 h, five days a week, for
three weeks totaling 100 body temperature measurements per
individual. The four hour time intervals within a day and a 12 h
gap between days was chosen to allow ample opportunity for
organisms to move between measurements within and among
days. Measurements were averaged within a day to meet the as-
sumptions of normality (i.e. central limit theorem).

2.4. Validating temperature and humidity

To determine the relationship between location in the gutters
and temperature, time of day and temperature, and humidity and
temperature, we monitored the substrate surface temperature and
humidity of seven randomly selected apparatuses over time using
five equally spaced Thermochron iButtonss (Maxim Integrated
Products, Inc.) and five equally spaced Xintiandi™ Hygrometers
(accuracy 75%) while no animals were in the apparatuses.

2.5. Statistical analyses

To test for a temperature and humidity gradient across the
gutters, we regressed spatial location of the iButtons against the
associated temperature and humidity measurements (using the lm
function in R). To assure that shelf location and any associated
variation in access to light did not influence results, we included
shelf as a predictor in all analyses. To test for individual con-
sistency in temperature variation within individuals and variation
in body temperature preferences among individuals, we con-
ducted a one-way repeated measures ANOVA blocking by shelf
(using Statistica, Statsoft, Tulsa, OK). This analysis tested whether
temperature preferences of individuals varied significantly across
days (main effect of day) and whether temperature preferences
varied among individuals (within-individual variance, s2). Ad-
ditionally, we calculated repeatability (Lessells and Boag, 1987),
the proportion of the variance explained by the individual (Fal-
coner and Mackay, 1995). For each analysis, residuals were nor-
mally distributed and met the assumptions of the analyses. Results
are presented as mean71 SE.
3. Results

Our apparatuses maintained an average thermal gradient be-
tween 12.0 and 33.4 °C (70.36 and 0.28 °C) (Fig. 2) across 135 cm
with a mean daily range of 9.29–33.94 °C (70.08 and 0.01 °C)
(mean room temperature: 21.1670.07 °C). While change in tem-
perature was slightly more pronounced in the warmest 27 cm of
the apparatus, the temperature gradient was generally even across
the remaining length (Fig. 2). The saturated moss maintained
humidity between 84.1% and 90.7% (70.65%) throughout the ap-
paratuses (Fig. 2), essentially functioning as a wick, drawing
moisture from the cool to warm end to maintain the constant
humidity. In fact, although temperature significantly declined
across the five iButton locations (χ2¼408.56, df¼1, pr0.001),



Fig. 2. Substrate surface temperature (circles and trend line) and humidity (tri-
angles) gradients as a function of the distance from the warmest end of the ap-
paratus. At the five equidistant locations receiving iButtons and hygrometers,
average temperature ranged from 12.0 to 33.4 °C (70.36 and 0.28 °C SE), whereas
average humidity ranged from 84.1% to 90.7% (70.65% SE). Temperature declined
significantly as distance from the warmest end of the apparatus increased
(χ2¼408.56, df¼1, pr0.001), but, there was no significant change in humidity
across this temperature gradient (χ2¼0.16, df¼1, p¼0.69) nor was there a sig-
nificant impact of location on humidity (χ2¼0.01, df¼1, p¼0.91). Points indicate
means71 standard error of seven replicates.

Fig. 4. Plot of individual (a) Anaxyrus terrestris (n¼36) and (b) Osteopilus septen-
trionalis (n¼25) preferred body temperature. A. terrestris and O. septentrionalis
mean preferred body temperatures were 23.8 °C (70.17 °C) and 22.8 °C
(70.50 °C), respectively. Individuals exhibited consistency in their preferred body
temperature (main effect of day: F¼1.32, df¼3, p¼0.27 and F¼0.26, df¼3, p¼0.86)
but there was significant variation among individuals in preferred body tempera-
ture (within-individual variance and repeatability: s2¼17.5, r¼0.99 and s2¼9.5,
r¼0.99).
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humidity did not significantly change across this temperature
gradient (χ2¼0.16, df¼1, p¼0.69), nor was there a significant
impact of location on humidity (χ2¼0.01, df¼1, p¼0.91; Fig. 2).

Over the course of a 12-h period, melting ice packs only
moderately altered the temperature of the coldest third of the
apparatuses (they experienced an average 4.1270.31 °C shift in
temperature twice daily; Fig. 3a). These daily temperature fluc-
tuations likely did not affect temperature preferences as the re-
maining two thirds of the apparatuses were not impacted and the
thawing only altered temperatures for a very short amount of
time. Both within and across days, temperature fluctuations in the
apparatuses were minimal (Fig. 3a and b). Mean temperature
preferences of individual A. terrestris ranged from 22 to 27 °C with
a mean (7SE) overall preference of 23.8 °C (70.17 °C; Fig. 4a) and
O. septentrionalis ranged from 19 to 27 °C with a mean (7SE)
overall preference of 22.8 °C (70.50 °C; Fig. 4b). Importantly,
using our apparatuses, we were able to detect consistency in the
temperature preference of individual A. terrestris and O. septen-
trionalis (A. terrestris main effect of day: F¼1.32, df¼3, p¼0.27; O.
septentrionalis main effect of day: F¼0.26, df¼3, p¼0.86) but
variation in temperature preferences among A. terrestris (within-
individual variance: s2¼17.5; repeatability: r¼0.99; Fig. 4a) and O.
Fig. 3. Variation in substrate surface temperature within and across gutters and withi
positions in the apparatuses (n¼7) over 24 h. The variation in the curves in the coldest
every 12 h, which shifted temperature 4.12 °C (70.31 °C SE) twice daily. (b)Mean (7SE)
showing the consistency in measurements at each location. There was no significant ef
septentrionalis (within-individual variance: s2¼9.5; repeatability:
r¼0.99; Fig. 4b). We also determined that there was no main effect
(F¼0.782, df¼2, p¼0.466) or interacting effect of shelf location on
body temperature preference over time (F¼0.357, df¼5,
p¼0.838), therefore, we dropped shelf from the model.
4. Discussion

Here we offer a validated, inexpensive, and efficient way to
n and across days. (a) Mean substrate surface temperature for five equally spaced
section of the apparatuses is a product of the ice packs melting and being replaced
temperature for five equally spaced positions in the apparatuses (n¼7) over 4 days,
fect of date on temperature across the gradient (F¼0.03, df¼3, p¼0.88).
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quantify the long-term thermal preferences of animals while
avoiding moisture and feeding confounders. We tested A. terrestris
and O. septentrionalis preferred body temperatures using a novel
design for a thermal gradient apparatus. We found that the ap-
paratus functioned well, with apparatus temperatures, tempera-
ture variation, and humidity being relatively uniform over time. As
further evidence for apparatus functioning, variation in the pre-
ferred body temperatures of A. terrestris and O. septentrionalis
within individuals was minimal compared to variation among
individuals. Being able to quantify individual consistency and
variation among individuals in preferred body temperatures is a
pre-requisite for quantifying temperature preferences and beha-
vioral thermoregulation. Additionally, variation among individuals
within a population is the raw material on which selection acts,
thus, measuring this variation is critical for predicting how po-
pulations might adapt to climate change (Rowley and Alford,
2013). The design detailed here could be used for a variety of
thermal ecology applications.

Nearly every aspect of our design can be easily modified to
meet the needs of individual researchers. Temperature range of
the apparatuses can be shifted or expanded by altering the heating
and cooling sources. The thermostat used in these experiments
can decrease the temperature of the heat tape down to room
temperature and, with alternative thermostats, Flexwatt heat tape
can reach temperatures over 40 °C. Additionally, the cooler end of
the gradient could be maintained at a more stable temperature
using a cold water cooling system or by replacing the ice packs
more frequently to maintain temperatures closer to our minimal
temperature of 9.3 °C. Because our apparatuses are set up on
shelves, there may be slight differences in light intensity across
shelves. Any differences in light intensity can be dealt with by
adding additional lighting to each shelf or by randomly dis-
tributing individuals across shelves and including shelf as a block
in any subsequent statistical analyses. The most substantial
drawback to this design is the labor intensive nature of the tem-
perature measurements, given that an infrared heat gun is used to
noninvasively record each measurement. More invasive forms of
temperature measurements that log body temperature con-
tinuously (e.g. surgically implanted monitors) might be more ap-
propriate for some studies and our design can also accommodate
these forms of measurements.

Depending on the physiology of the focal animals, apparatus
humidity can easily be modified. Although we kept humidity re-
latively high to accommodate the needs of amphibians, alternative
substrates can easily be used to accommodate a wide variety of
focal taxa (e.g. cotton, sand, soil, mulch, or paper towels), such as
arthropods, lizards, snakes, and even small mammals. Because of
the duration of the trials, we found it necessary to feed our test
animals. The feeding containment bag design we employed is
simple and easy to replicate. All of the A. terrestris and O. septen-
trionalis in our study fed successfully in their feeding containers,
finishing 78.9% (70.33% SE) and 75.7% (70.02% SE) of their
crickets within the seven-hour feeding period. If needed, the
containers could be easily cleaned and bleached for reuse, thereby
facilitating use in studies testing for behavioral fever in response
to infections (Blanford and Thomas, 1999).

The expansive application potential of our thermal gradient
apparatuses, coupled with the straightforward, effective, and af-
fordable design, makes them ideal for measuring thermo-
regulatory behavior. Unlike most thermal gradient apparatuses
used in thermal biology studies (Klein et al., 1992; Burns et al.,
1996; Zdanovich, 2006; Lourdais et al., 2013; Lara-Reséndiz et al.,
2015), we were able to create a broad gradient representing an
ecologically relevant temperature range, control for humidity,
avoid feeding confounders, avoid invasive temperature measure-
ment techniques, and maintain animals for substantial time
periods. While we did not control for spatial preferences within
the apparatuses in our validation trials, testing for temperature
preferences while controlling for spatial distribution within each
apparatus could easily be done by alternating the direction of the
temperature gradient on each shelf or by including identical ap-
paratuses held at a constant temperature. The overall cost of each
thermal preference apparatus was $48.20 USD (see Table S1 for a
list and cost breakdown of all the supplies). Additionally, we were
able to capture individual-level preferred body temperatures of 36
A. terrestris and 25 O. septentrionalis over the course of three weeks
and have used the apparatuses for additional studies, successfully
detecting host behavioral fever responses to pathogens
(unpublished).

Body temperature is remarkably influential to almost every
facet of physiological performance in both endothermic and ec-
tothermic organisms (Huey and Kingsolver, 1989; Angilletta et al.,
2010). The importance of understanding thermoregulation and
thermal biology will only increase as organisms face new an-
thropogenic stressors and threats, such as climate and land use
change (Rohr et al., 2011b; Rohr and Palmer, 2013). Hence, we
believe our method for measuring thermoregulation will facilitate
future research in the continually expanding field of thermal
biology.
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