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In the face of global change, free-ranging organisms are expected to experience more unpredictable stres-
sors. An understanding of how organisms with different life history strategies will respond to such
changes is an integral part of biodiversity conservation. Corticosterone (CORT) levels are often used as
metrics to assess the population health of wild vertebrates, despite the fact that the stress response
and its effects on organismal function are highly variable. Our understanding of the stress response is pri-
marily derived from studies on endotherms, leading to some contention on the effects of chronic stress
across and within taxa. We assessed the behavioral and hormonal responses to experimentally elevated
stress hormone levels in a free-ranging, arid-adapted ectotherm, the Southern Pacific rattlesnake
(Crotalus helleri). Plasma CORT was significantly elevated in CORT-implanted snakes 15 days after implan-
tation. Implantation with CORT did not affect testosterone (T) levels or defensive behavior. Interestingly,
we observed increased defensive behavior in snakes with more stable daily body temperatures and in
snakes with higher plasma T during handling (tubing). Regardless of treatment group, those individuals
with lower baseline CORT levels and higher body temperatures tended to exhibit greater increases in
CORT levels following a standardized stressor. These results suggest that CORT may not mediate physi-
ological and behavioral trait expression in arid-adapted ectotherms such as rattlesnakes.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

Stress is defined broadly as a state an organism experiences
when coping with unpredictable or adverse conditions
(Wingfield, 2005). To cope with such conditions, organisms typi-
cally respond by elevating levels of circulating glucocorticoids such
as cortisol and/or corticosterone (CORT; Sapolsky et al., 2000).
Responses to stress can be further split into (A) acute, short term
responses, and (B) chronic, sustained responses, with variation in
the effects based on the magnitude of the response (Dickens and
Romero, 2013). Acute responses are generally mounted during
brief encounters with predators or aggressive conspecifics
(Sapolsky et al., 2000), while chronic responses are often due to
prolonged unfavorable environmental and physiological condi-
tions (Busch and Hayward, 2009; Wingfield et al., 1998). Chronic
stress can influence the expression of a suite of traits in many taxa,
including but not limited to reproduction, immune function,
behavior, thermoregulation, and protein metabolism (reviewed in
Wingfield et al., 1998; Martin, 2009; Wingfield and Sapolsky,
2003; Landys et al., 2006). Significant changes in any of these traits
could affect an individual’s survival and reproductive success
(Escribano-Avila et al., 2013; Jessop et al., 2013a).

Life history theory posits that trade-offs exist between survival
and reproduction, and that organisms prioritize success in one area
at the expense of the other (Stearns, 1989). Pervasive in the litera-
ture is the idea that CORT mediates an emergency life history stage
by prioritizing immediate survival and suppressing reproductive
measures, leading to a broader assumption that acute CORT
responses are adaptive and thus increase lifetime reproductive
success, while prolonged elevation of CORT above baseline (i.e. a
chronic response) has negative effects on both survival and repro-
duction (Bonier et al., 2009; Sapolsky et al., 2000; Wingfield et al.,
1998). Physiological stress responses and baseline CORT levels are
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thus often used to assess the health of free-ranging populations of
animals and to predict future growth or reproduction (Busch and
Hayward, 2009; Jessop et al., 2013b). A major caveat to using CORT
as a metric for assessing population health is that the effects of
high levels of CORT are not consistent across taxa (Cockrem,
2013), and their effects on organismal health are often assumed
rather than measured. Knowledge of the effects of CORT on organ-
ismal survival, specifically in the context of defensive behavior
against potential predators, is limited (Herr et al., 2017; Spencer
et al., 2015; Thaker et al., 2010). There is an obvious need to eval-
uate the direct effects of CORT on traits influencing various aspects
of fitness (Breuner et al., 2008), especially in the context of chronic
CORT elevation, where sustained high CORT levels may have dam-
aging effects (Baker et al., 2013). In order for CORT measures to be
useful across scientific disciplines, it is also important to measure
the behavioral and physiological effects of CORT across taxa
(Dantzer et al., 2014).

The majority of studies assessing effects of elevated CORT have
focused on the acute stress responses and effects of CORT in
endothermic vertebrates (Baker et al., 2013; Busch and Hayward,
2009; Jessop et al., 2013b). Fewer studies have focused on how
CORT levels respond to and mediate chronic stress, and fewer still
have investigated this in terrestrial ectotherms (DeNardo and Licht,
1993; DeNardo and Sinervo, 1994a,b; Juneau et al., 2015). Due to
their relatively slow metabolism, ectotherms may endure chronic
CORT elevation for longer periods of time than endotherms
(Landys et al., 2006), and this may result in different responses
or effects between the two groups. Conditions that induce chronic
stress in wild vertebrates (e.g., habitat loss or environmental tox-
ins; Baker et al., 2013) are expected to increase over the coming
decades (Wingfield, 2008). Thus, it is important to understand
how different taxa respond to chronic stress and especially
whether elevated CORT levels convey an appropriate measure of
organismal health.

Key to our ability to test hypotheses about effects of chronic
stress responses is the ability to experimentally manipulate CORT
levels. In many studies, this involves exposing organisms to
repeated acute stressors to simulate a chronic stress response
(reviewed in Dickens and Romero, 2013). However, relative to
these types of techniques, sustained CORT via direct experimental
manipulation may more accurately mimic CORT levels during
chronic stress. Experimental studies of this nature on free-
ranging organisms, especially ectotherms, are rare, partially due
to difficulties in experimentally inducing chronically elevated
CORT levels (Sopinka et al., 2015).

In this study, we evaluated the use of CORT implants to induce
prolonged elevation of CORT and investigated the behavioral and
hormonal effects of elevated CORT in a free-ranging, arid-adapted
ectotherm. We chose the Southern Pacific rattlesnake (Crotalus hel-
leri) as our study organism because it lives in dense populations
and is resilient to radio-telemetry and monitoring, allowing for
repeated sampling of wild individuals with minimal observer-
induced impact (Holding et al., 2014a). Ecologically, it is important
to understand whether CORT plays a major role in mediating
fitness-related traits in organisms known to survive periods of
chronic stress, such as rattlesnakes and other arid-adapted
ectotherms which can survive drought and low food availability
(McCue, 2007). To investigate the effects of CORT on rattlesnake
physiology and behavior, we implanted radio-telemetered male
C. helleri with CORT-filled or blank implants and subsequently
measured circulating CORT, testosterone (T), and defensive behav-
iors for 30 days post-implantation. If CORT plays a role in mediat-
ing traits related to survival and reproduction, then rattlesnakes
implanted with CORT should have decreased T (Moore and
Jessop, 2003; Jones and Bell, 2004; Wingfield and Sapolsky,
2003), increased defensive behavior (Herr et al., 2017), and an
increase in both baseline and stress-induced CORT levels
(Dupoué et al., 2013; Sykes and Klukowski, 2009).
2. Methods

Thirty adult male C. helleri were captured through visual
encounter surveys at the University of California at Santa Barbara’s
Sedgwick Reserve in Santa Ynez, Santa Barbara County, California
(34.6928�N, 120.0406�W, elevation: 290 m) from mid-April to
early May 2015. At this reserve, artificial fresh water sources are
available for wildlife year-round, thus snakes in this study were
unlikely to be chronically stressed due to reduced food or water
availability (Capehart et al., 2016; Jessop et al., 2013b; Sperry
and Weatherhead, 2008). The site is primarily cattle-grazed valley
oak savannah habitat, with areas of chaparral and coastal sage-
brush. Rattlesnakes were collected under California Department
of Fish and Wildlife Scientific Collecting Permit # SC-13134, and
experimental procedures were approved by the California
Polytechnic State University Institutional Animal Care and Use
Committee (Protocol #1416) and the University of California at
Santa Barbara Institutional Animal Care and Use Committee (Pro-
tocol #Taylor 1415, Animal Activity #027).

After capture, snakes were transported to California Polytechnic
State University for processing and housed individually in
3000 � 1200 � 1200 Visionarium cages (Vision Products) with heat
pads, hide boxes, and water ad libitum. Snakes received intra-
muscular passive integrated transponder tags (MUSICC Chip, AVID
Identification Systems, Inc., Norco, CA, USA), and the three basal
rattle segments were filled with non-toxic acrylic paint to a prede-
termined color code for future identification. Snakes were anes-
thetized via isofluorane inhalation (Vet One, MWI, USA) and
received intra-coelomic implants of a 3.25 g temperature data log-
ger (Thermochron iButton model DS1922L#F50, Maxim Integrated,
San Jose, California) and a radio-transmitter weighing 5.3, 11, or
13.5 g (Holohil Systems Ltd., Carp, Ontario, Canada) depending on
snake body size. Combined weights of implants totaled less than
5% of snake total body mass. Snakes were released at the site of
capture 1–2 days after surgery.
2.1. Experimental administration of exogenous corticosterone

Snakes were allowed to recover in the field for at least two
weeks post-surgery prior to experimental manipulation in late
May 2015. Snakes were divided into two mass classes at 800 g,
which was the average and median weight for all snakes captured.
Snakes greater than 800 g were given two 15 mm (large) implants
(see below), and snakes less than 800 g received two 7.5 mm
(small) implants. Snakes within each weight class were randomly
assigned to either a treatment group or control group. Treatment
snakes received implants filled with CORT, while control snakes
received blank implants. Seven large snakes and eight small snakes
were randomly assigned to the CORT treatment group and eight
large and seven small snakes were assigned to the control group.

Implants were made by plugging one end of a 15 mm or 7.5 mm
silastic diffusion tubing (Dow Corning, Clarkesville, TN, USA:
1.47 mm inner, 1.96 mm outer diameter) with 2 mm of silicone
caulking (Momentive Performance Materials Inc., Huntersville,
NC), then allowed to dry for 24 h. The tubing was then filled with
crystalline CORT (Sigma C2505-500 mg Lot# SLBJ5337V), plugged
with 2 mm of silicone on the open end, and allowed to dry for
24 h. Control implants were left empty and plugged with silicone
at both ends. 15 mm treatment implants averaged 6.1 mg CORT,
while 7.5 mm treatment implants averaged 3.6 mg CORT.

Implants were soaked in 0.9% saline solution for 12 h prior to
implantation to facilitate CORT release. Each snake received two
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implants. The first implant was designed as fast-release by poking
one small hole in the tubing with an insulin syringe. The second
implant was left intact as a slower release dose. In the field, snakes
were captured and implants were injected intra-coelomically on
each side of the lower third of the body via a sterilized 12 g PIT
tag injector. Total dosage of large CORT-treated snakes averaged
11.9 ± 1.9 mg/kg, while small CORT-treated snakes averaged
14.7 ± 4.2 mg/kg.

2.2. Field sampling

Observers were blind to treatment assignment of snakes. Blood
from each snake was sampled initially on the day of implantation,
immediately before implants were administered (pre-implant
sample), then approximately 15 days (sample 2) and 30 days
post-implant (sample 3). Prior to each capture event, a behavioral
assay was performed (see 2.5). Snakes were then captured using
tongs (Whitco Manufacturing Inc., Weatherford TX, USA) and
tubed for safe restraint (Plastic Restraining Tubes, Midwest Tongs,
Greenwood, MO, USA). Time from beginning of handling to blood
drawn (time-to-bleed) was recorded to account for potential CORT
secretion due to handling stress (Romero and Reed, 2005). Sam-
pling time averaged 313 ± 16 s. Immediately after tubing, cloacal
temperature (Tb) was measured with a thermometer (SmartHomes
Digital Cooking Thermometer, Divinity In Motion, location
unknown). A 0.5 ml sample of blood was collected via puncture
of the caudal vessels with a 25 gauge ¾00 syringe at each capture
and held on ice until temporary storage at 3 �C. Time of day was
recorded to account for variation due to diel CORT cycling
(Lutterschmidt and Mason, 2010). Snout-vent-length (SVL) and
mass were measured, and venom was collected for a separate
study. Snakes were immediately released at the site of capture,
except after sample 3, where snakes were held captive for one hour
to perform an acute stress series test (see 2.5). Within 48 h, plasma
was separated from whole blood via centrifugation at 10,000 rpm
for three minutes, then plasma was stored at �20 �C until radioim-
munoassay (see 2.3).

Only snakes above ground or visible in a burrow were captured
to avoid disturbing habitat and inducing unequal stress responses
across individuals. One snake was unavailable for capture during
the sampling period 2, and three snakes were unavailable during
sample 3, as all were deep underground in burrow complexes.
Snakes closer to the surface were excavated from burrows if the
process was estimated to take less than ten minutes from start of
digging to blood sample collection. Samples from snakes that were
excavated are not included in behavior assay analysis. Two snakes
were unavailable for treatment administration, and one snake died
of an injury likely caused by predation. This resulted in seven small
and seven large snakes in the treatment group, and eight small and
five large snakes in the control group.

2.3. Radioimmunoassay

CORT and T levels were determined via radioimmunoassay of
plasma as described in Lind et al. (2010). Briefly, samples were
extracted in dichloromethane, then dried in a 40 �C water bath
under nitrogen gas. Samples were incubated overnight in 100 ll
of antiserum (CORT: Esoterix Endocrinology, Calabasas Hills, CA;
T: T-3003, Wien Laboratories, Flanders, NJ 07876) and 100 ll of tri-
tiated steroid. Unbound steroid was separated from bound steroid
using dextran-coated charcoal. A liquid scintillation counter was
used to count bound steroid in samples, and final concentrations
were corrected for extraction efficiency. Mean recovery for CORT
was 64%, T was 60%. Serial dilutions for the standard curves were
performed in triplicate (CORT curve range = 2000–4 pg, T: 500–
1 pg). The limit of detection for CORT was 2.5 ng/ml, T was
0.75 ng/ml, and the intra-assay coefficient of variation (CV) was
7.3% for CORT and 11.14% for T.

2.4. Acute stress series

To evaluate potential effects of implant treatment on stress
reactivity, a standardized acute stress series (Holding et al.,
2014a) was performed on each snake after collecting blood and
Tb at sample 3 by placing each snake in a pillowcase in an opaque
bucket for one hour, after which time snakes were bled again and
their cloacal temperatures measured to obtain acutely stressed
data.

2.5. Defensive behavior

Specific snake behaviors were recorded as they occurred during
standardized capture events. These behaviors included tongue
flicking, retreating (attempting to flee down a burrow or move in
a direction opposite of the observer), rattling, striking (lunging
open-mouthed at the observer, tongs, or tube). Behaviors were
ranked and assigned a point value according to their degree of
defensiveness, on a scale from alertness to self-preservation (Ton-
gue Flick = 1, Retreat = 2, Rattle = 3, Strike = 4). These behaviors
were noted at four times during a capture event: upon initial sight-
ing of the snake, during 5 s where the snake was squeezed with
tongs (tong hold), during 5 s of lifting the snake several inches
off of the ground (lift), and during tubing. Scores were summed
for each event (e.g., if a snake both tongue flicked and rattled,
the score equaled 4), with higher scores representing a greater
number of behaviors and/or more highly defensive behaviors
exhibited. Defensive behavior scores-at-sighting were only
recorded during daily telemetry location, but the remainder of
the assay (eg. tong touch, lift, tubing) – was only performed on
days that snakes were sampled for blood (defensive behavior-at-
sampling) to avoid disturbing the snakes unnecessarily between
sampling periods.

2.6. Data analysis

All statistical tests were performed in JMP Pro 12 (SAS Institute,
2015). Repeated measures analyses of covariance (RMANCOVAs)
were constructed via Least Squares method in JMP with Snake ID
as a random effect to account for repetition and sample number/
period as a fixed factor to account for time effects. A treatment
by sample interaction was included in all models to account for
the effect of implant treatment, accounting for differences since
pre-implant. Snake size class was included in all models to account
for differences in implant size, but is only reported where signifi-
cant. Models were constructed for each dependent variable: Base-
line CORT, T, stress reactivity, and defensive behavior. Biologically
relevant terms were included in the model, and non-significant
terms were systematically eliminated in order of least significance
until the least significant factors in the model were any of the fol-
lowing: Treatment, sample, treatment by sample interaction; at
which point elimination of variables ceased and the results are
reported as the final model. In a similar fashion, separate models
were constructed to account for differences in baseline CORT
regardless of treatment. If an interaction or categorical variable
was significant, Tukey’s Post-hoc tests were used to determine
groups that were significantly different from one another.

Implant sizes were assigned based on two snake sizes (greater
or less than 800 g), thus size class of snakes was included in all
models as a fixed factor. Due to the coarse binning of snakes into
mass-based size classes for implant size assignment, size class best
reflects potential effects due to the size of implant received (large
or small); these results are reported in Table 1. SVL was included as



Table 1
Reported models evaluating effects of corticosterone (CORT) implant treatment of
Crotalus helleri on plasma CORT, testosterone, acute stressed CORT, and defensive
behavior. Results from reported analyses include all factors and covariates included in
each model.

Response Factor F-statistic p-value

Baseline CORT Treatment F1,22.43 = 3.58 p = 0.07
Sample F2,43.3 = 1.34 p = 0.27
Treatment * Sample F2,41.35 = 3.33 p = 0.046
Time-to-bleed F1,57.94 = 0.28, p = 0.60
Time of Day F1,57.77 = 1.53 p = 0.22
Tb F1,59.8 = 1.03 p = 0.31
SVL F1,20.73 = 1.42 p = 0.25

Testosterone Model 1 Treatment F1,24.4 = 0.16 p = 0.69
Sample F2,41.77 = 0.86 p = 0.43
Treatment * Sample F2,40.97 = 2.24 p = 0.12
Size Class F1,21.99 = 8.64 p = 0.0076
SVL F1,22.64 = 1.35 p = 0.26
Tb F1,53.77 = 1.82 p = 0.18
Time of Day F1,46 = 3.05 p = 0.09

Testosterone Model 2 Sample F2,42.95 = 1.02 p = 0.37
Baseline CORT F1,52.34 = 2.23 p = 0.14
SVL F1,23.5 = 3.27 p = 0.08
Time of Day F1,52.85 = 4.78 p = 0.03

Acute Stressed CORT Treatment F1,14.01 = 0.01 p = 0.91
Sample F1,19.69 = 50.30 p < 0.0001
Treatment * Sample F1,17.01 = 0.01 p = 0.91
Time of Day F1,13.69 = 0.91 p = 0.36
Initial Tb F1,22.5 = 0.62, p = 0.44
Testosterone F1,15.26 = 0.30 p = 0.60

Acute Change in CORT Treatment F1,15 = 0.01 p = 0.91
Magnitude of Stress

Response
Initial CORT F1,15 = 3.36 p = 0.09
Change in Tb F1,15 = 2.30 p = 0.09

Defensive Behavior at
sighting

Treatment F1,18.47 = 0.15 p = 0.71

Tracking Period Period F1,20.12 = 1.02 p = 0.32
Treatment * Period F1,20.26 = 0.009 p = 0.92
Change in CORT F1,18.93 = 1.4360 p = 0.24
SVL F1,16.36 = 1.44 p = 0.25
Range in Tb F1,18.93 = 5.20 p = 0.03

Defensive Behavior at
Sampling

Treatment F1,17.53 = 1.59 p = 0.22

Standardized Assay by
Treatment

Sample F2,39.11 = 0.21 p = 0.81
Treatment * Sample F2,37.98 = 1.31 p = 0.28
Tb F1,55.76 = 1.20 p = 0.27
SVL F1,18.36 = 0.66 p = 0.43
Testosterone F1,20.55 = 0.31 p = 0.58

Defensive Behavior at
Sampling

Sample F2,42.02 = 0.15 p = 0.86

Standardized Assay by
Baseline CORT

CORT F1,56.54 = 0.001 p = 0.97
Testosterone F1,46.31 = 1.54 p = 0.22
Tb F1,56.90 = 0.78 p = 0.38
SVL F1,18.73 = 1.54 p = 0.23

Defensive Behavior at
Sampling

Treatment F1,12.65 = 0.20 p = 0.66

Tubing by Treatment Sample F2,37.82 = 0.37 p = 0.69
Treatment * Sample F2,36.43 = 1.18 p = 0.32
Tb F1,47.61 = 2.22 p = 0.14
SVL F1,15.80 = 0.20 p = 0.66
Testosterone F1,22.79 = 4.57 p = 0.04
Time-to-bleed F1,18.73 = 1.54 p = 0.23

Defensive Behavior at
Sampling

Sample F2,41.76 = 0.32 p = 0.73

Tubing by Baseline
CORT

CORT F1,56.00 = 0.02 p = 0.90
Testosterone F1,23.84 = 4.39 p = 0.047
Tb F1,44.78 = 1.66 p = 0.20
SVL F1,15.18 = 0.29 p = 0.60
Time-to-bleed F1,59.84 = 0.83 p = 0.37

Significant factors and covariates are bolded.
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a covariate to account for individual differences in snake size. Time
to bleed and SVL were log-transformed and squared, respectively,
to meet model assumptions. Full models including all factors and
covariates are shown in Table 1. One treatment snake was
excluded from CORT analysis, as only a pre-implant sample was
collected, and no other samples were available from this individual
for repeated-measures analysis. Dixon’s Q test identified one out-
lier in the dataset with exceedingly high CORT levels at sample 3
(Dean and Dixon, 1951; SAS Institute, Cary, NC 2014): 151.81 ng/
ml, 5.51 standard deviations from the mean. This sample was
excluded from the dataset for analysis.

A separate regression was conducted to investigate linear or
quadratic relationships between plasma CORT and Time of Day
independent of treatment group. Separate RMANCOVAs with T as
response variable were conducted to determine the effects of
implant treatment (Model 1) and to determine if T had any rela-
tionship with baseline CORT levels regardless of treatment group
(Model 2; Table 1).

For the stress series analysis, RMANCOVA was performed with
sample number (baseline vs. stressed) as a fixed factor and snake
ID included as a random factor. We also calculated the magnitude
of CORT change due to acute confinement stress (by subtracting
baseline CORT from stressed CORT) and used this variable as a
response in a separate one-way ANOVA to examine fine-scale dif-
ferences in acute CORT secretion.

For the defensive behavior analysis, separate RMANCOVAs were
performed for the full defensive behavior-at-sampling and daily
defensive behavior-at-sighting. For the behavior-at-sampling anal-
ysis, each step in the assay was correlated with the value of the
next (i.e., a snake that rattled during touch was likely to continue
rattling during lifting), and an average defensive behavior score
from sight, touch, and lift for each sample was used for analysis.
Due to difficulty of standardization, behaviors scored during tubing
were analyzed separately, including time-to-bleed as a covariate,
which directly accounts for variation in tubing times. Tb at the time
of sampling, as measured by cloacal thermometer, was included as
a covariate in both defensive behavior-at-sample analyses. During
everyday tracking, defensive behaviors-at-sighting were pooled
and averaged by period (Period 1: 0–15 days post-implant, Period
2:16–30 days post-implant) for analysis via RMANCOVA. Tb mea-
sured by the implanted iButton thermal data logger was averaged
across each period and included in behaviors-at-sighting analysis,
as snakes were not handled for Tb during daily tracking. In all anal-
yses, defensive behavior score was square-root transformed.
3. Results

3.1. Baseline CORT

There was no difference between treatment groups in CORT
levels at the pre-implant sample, but at sample 2, CORT was 60%
higher in experimental snakes than control snakes (F2,41.35 = 3.33,
p = 0.046, Fig. 1, Table 1). By sample 3, CORT had returned to
pre-implant levels in treatment snakes. None of the covariates
included in the model (i.e., time to bleed, time-of-day, Tb and
SVL) had significant effects on plasma CORT (Table 1). Plasma CORT
was unrelated to time of day (linear: T71 = 0.51, p = 0.61; quadratic:
T71 = 0.47, p = 0.64).
3.2. Plasma testosterone

In Model 1 (examining effect of implants), there was no sample
by treatment interaction on T levels, nor was there an effect of
treatment or sample number (F2,40.97 = 2.24, p = 0.12;
F1,24.4 = 0.16, p = 0.69; F2,41.77 = 0.86, p = 0.43, Fig. 2). Regardless of
treatment, size class but not SVL had a significant effect on T
(F1,21.99 = 8.64, p = 0.008), with snakes greater than 800 g at initial
implantation showing higher T levels. Time of day did not have a



Fig. 1. Baseline corticosterone (CORT) levels (ng/ml; ±SEM) of control (light bars)
and implant-treated (dark bars) Crotalus helleri across three sampling events.
Baseline CORT was elevated in treatment snakes at the 15 day period after implant.
Groups that do not share the same letter are significantly different.

Fig. 2. Mean plasma T of treatment (dark bars) and control (light bars) Crotalus
helleri at each sampling period. T was not affected by treatment or sample number.
Error bars are ± 1 SEM.

Fig. 3. T plotted against CORT for Crotalus helleri across all three sampling periods
not accounting for treatment group. CORT was not a significant covariate in the RM
ANCOVA. Although all three samples from each snake are shown, each within-snake
sample was not considered independent. The RM ANCOVA accounted for repetition
within individuals, so there was no pseudoreplication in our dataset.

Fig. 4. Stress reactivity of Crotalus oreganus after one hour of confinement in CORT-
implanted (dark bars) and control snakes (light bars) at sampling period 3. Both
groups showed a similar stress response, with no effect of treatment. Groups
marked with an asterisk are significantly different. Error bars are ±1 SEM.
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significant effect (F1,46 = 3.05, p = 0.09), but T generally decreased
later in the day. In Model 2 (regardless of treatment group), CORT
was not a significant covariate (F1,52.34 = 2.23, p = 0.14, Fig. 3). Time
of day was a significant covariate (F1,52.85 = 4.78, p = 0.03) with
decreasing T late in the day. SVL was marginally non-significant
(F1,23.5 = 3.27, p = 0.08), with larger snakes trending for increased
T levels.
3.3. Stress reactivity

All snakes elicited a stress response to the bucket procedure via
a spike in CORT (F1,19.69 = 50.30, p < 0.0001), but there was no effect
of treatment and no treatment by sample interaction (Fig. 4,
Table 1). We also analyzed the magnitude of the stress response
(stressed CORT – baseline CORT) using a one-way ANCOVA. Ini-
tially, time of day, time in bucket, and initial Tb were included in
the model as covariates, but none were significant, so they were
removed. CORT implant treatment had no effect on the magnitude
of the stress response. Baseline CORT (i.e., before snakes were
exposed to the acute confinement stress) was marginally related
to the magnitude of stress response (F1,15 = 3.36, p = 0.09); snakes
with lower baseline CORT tended to exhibit greater increases in
CORT (Fig. 5). Change in Tb between samples was marginally
non-significant (F1,15 = 2.30, p = 0.09), with snakes that increased
in Tb tending to show a greater magnitude of stress response
(Fig. 6).
3.4. Defensive behavior

There was no effect of treatment, period, or a treatment by per-
iod interaction on defensive behavior-at-sighting observed during
daily tracking (Fig. 7, Table 1). Average range in Tb (calculated from
iButton implants) was a significant covariate (F1,18.93 = 5.20,
p = 0.03), with snakes that exhibited smaller fluctuations in daily



Fig. 5. Magnitude of stress response in both control (open circles) and treatment
(closed circles) Crotalus helleri after one hour of acute confinement stress. There was
a trend for snakes with lower baseline CORT to exhibit a greater magnitude of CORT
secretion in response to confinement stress than snakes with higher baseline CORT.

Fig. 6. Relationship between change in Tb and change in CORT in control (open
circles) and treatment (closed circles) Crotalus helleri after one hour of acute
confinement stress. There was a trend for snakes that increased in body temper-
ature during confinement stress to exhibit a greater magnitude of CORT secretion.

Fig. 7. Average defensive behavior score during each tracking period for treatment
(dark bars) and control (light bars) Crotalus helleri. Defensive behavior was not
affected by treatment or sample number. Error bars are ±1 SEM.

Fig. 8. Average defensive behavior score during each tracking period for Crotalus
helleri. Snakes with smaller ranges in Tb were likely to have higher defensive
behavior scores. Although two datapoints from each snake are shown, each within-
snake sample was not considered independent. The RM ANVOCA accounted for
repetition within individuals, so there was no pseudoreplication in our dataset.
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Tb having greater defensive behavior-at-sighting during daily
tracking (Fig. 8). Similarly, there was no main effect of treatment,
sample number, or treatment by sample number interaction on
defensive behavior-at-sampling during the standardized assay or
during tubing (Fig. 9, Table 1). Baseline CORT did not affect defen-
sive behavior. Plasma T was a significant covariate during tubing
(F1,22.79 = 4.57, p = 0.04; F1,23.84 = 4.39, p = 0.047), with snakes with
higher T having higher defensive behavior-at-sample scores during
tubing (Fig. 10, Table 1).

4. Discussion

We have demonstrated that CORT implants represent a physio-
logically relevant option for inducing a prolonged hormonal state
resembling chronic stress in free-ranging ectotherms while elimi-
nating the need for the repeated handling that CORT injections
and dermal applications require (Sopinka et al., 2015). In this
study, plasma CORT in treatment snakes was elevated above con-
trol snakes at sample 2, about 15 days after initial implant, indicat-
ing sustained plasma CORT levels within the range reported in
CORT-implanted non-avian reptiles (i.e. 10–30 days; Cash and
Holberton, 1999; DeNardo and Licht, 1993; but see Juneau et al.,
2015). Plasma CORT in treatment snakes at sample 2 (2.18–
89.47 ng/ml) fall within physiological levels of baseline CORT pre-
viously reported in other free-ranging rattlesnakes (Lutterschmidt
et al., 2009; Schuett et al., 2004), including the sister species C. ore-
ganus (Capehart et al., 2016; Heiken et al., 2016; Holding et al.,
2014a; Lind et al., 2010). The baseline CORT levels achieved with
implants were still much lower than those resulting from acute
elevation during the stress series. However, chronically elevated
CORT may incur negative effects at a lower threshold level than
acute CORT elevation (Dhabhar, 2009; Seddon and Klukowski,
2012), thus slight elevation may represent a relevant chronic stress



Fig. 9. Defensive behavior scores during sampling for treatment (dark bars) and control (light bars) Crotalus helleri. Averaged behavior scores from the standardized assay of
sight, touch, and lift are on the left panel (A), while behavior scores during tubing are on the right panel (B). Defensive behavior was not affected by treatment or sample
number. Error bars are ±1 SEM.

Fig. 10. Average defensive behavior score during tubing of Crotalus helleri across
three sampling periods. T was a significant covariate in the RM ANCOVA, with
increasing T correlated with an increased defensive behavior score. Although all
three samples from each snake are shown, each within-snake sample was not
considered independent. The RM ANVOCA accounted for repetition within individ-
uals, so there was no pseudoreplication in our dataset.
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response. It is important to note that while we did not measure
CORT between days 0 and 15, there is a strong likelihood that
plasma CORT was elevated to higher levels in treatment snakes
immediately after implantation, based on CORT implant dose-
response curves reported in avian studies (DesRochers et al.,
2009; Müller et al., 2009; Romero et al., 2005). Dosage of implants
should be refined in future studies to allow assessment of thresh-
old or duration effects of CORT (e.g., a higher dosage to achieve
even higher chronic CORT elevation, or alternatively re-
implantation to evaluate effects of chronically elevated CORT over
a longer time scale; see McCormick et al., 2015).

Similar to the majority of other studies on rattlesnakes, T levels
did not covary with either baseline or acutely stressed CORT levels
or implant treatment (Lind et al., 2010; Lind and Beaupre, 2015;
Holding et al., 2014a; Taylor et al., 2004). For these species, both
positive and negative relationships between baseline CORT and T
have been reported (respectively: Heiken et al., 2016;
Lutterschmidt et al., 2009) as well as increases in T following acute
and chronic stress (Heiken et al., 2016). Contrasting relationships
between baseline CORT and T are also observed in different popu-
lations of the garter snake Thamnophis sirtalis (Moore et al., 2000a,
2000b). In other vertebrates, a general pattern has established that
acutely stressed and elevated baseline CORT levels are associated
with suppressive effects on reproduction and T production (Jones
and Bell, 2004; Wingfield and Sapolsky, 2003), although with our
results and others, it is becoming more evident that this is not a
hard-and-fast rule (Dayger et al., 2013; Narayan and Hero, 2013).
The relationship between both baseline and acutely stressed CORT
and T is known to vary with reproductive season in some reptiles
(respectively: Berger et al., 2005; Moore et al., 2001a), which
may include rattlesnakes. Repeating this study with implants
administered during different seasons would be an important step
in understanding the context-dependent nature of CORT. An alter-
native explanation is that T suppression via CORT may be maladap-
tive in species that have evolved in unpredictable environments
where chronic CORT elevation in response to stress may occur
often (e.g., rattlesnakes experiencing drought and resource-
shortages; Klauber, 1956); or in populations where reproductive
season overlaps the active season and is truncated (e.g., garter
snakes in Manitoba; Moore and Mason, 2001b). In both scenarios,
the relationship between CORT and T may become dissociated to
favor reproduction independent of stress responses. Further study
is necessary to understand the contexts in which the CORT-T rela-
tionship differs.

While we anticipated possible long-term effects on the HPA-
axis after chronic CORT elevation, there was no effect of treatment
on the acute stress response. The relationship between chronic
stress and the acute stress response is unclear, potentially due to
chronic stress treatment inducing elevated baseline CORT in some
cases (Narayan and Hero, 2014) but not others (Neuman-Lee et al.,
2015; Rich and Romero, 2005). Baseline CORT is generally posi-
tively related to the acute stress response (reviewed in Cockrem,
2013). The effect of previous chronically elevated CORT on acute
stress responses has not received much attention. The lack of
implant treatment effect observed in this study may be attributed
to the fact that baseline CORT had decreased to pre-implant levels
in all snakes by the time we conducted the stress reactivity assay.
However, we observed a trend for the magnitude of the acute
stress response to be greatest in snakes with lower baseline CORT.
Generally, higher baseline CORT is associated with higher stressed
CORT (Dupoué et al., 2013; Sykes and Klukowski, 2009), although
the magnitude of the response varies among species (reviewed in
Cockrem, 2013). To our knowledge, this is the first report of lower



94 N.M. Claunch et al. / General and Comparative Endocrinology 248 (2017) 87–96
baseline CORT associated with a higher magnitude of stress
response.

We found that defensive behavior was unaffected by the
implant treatment and was not related to baseline CORT levels.
Despite the common vernacular, especially regarding snakes, that
greater defensive behavior is exhibited by a ‘stressed’ animal, there
have been surprisingly few studies investigating the relationship
between stress and/or CORT and defensive behavior in terrestrial
ectotherms. Several have examined relationships between CORT
and territorial behavior in reptiles (Baird et al., 2014; DeNardo
and Sinervo, 1994a; Yang and Wilczynski, 2003), but as defensive
behavior is exhibited in a different context, it deserves distinct
attention. A recent study found that strike frequency of brown tree
snakes (Boiga irregularis) increased in sites with frequent and long-
term survey activity (Spencer et al., 2015), which may be related to
stress or baseline CORT levels (although these were not directly
assessed). To our knowledge, only one study has examined the
relationship between CORT and defensive behavior in an
ectotherm, finding a positive correlation between defensive behav-
ior and baseline CORT in cottonmouths (Agkistrodon piscivorus), but
not with acutely stressed CORT (Herr et al., 2017). Contradicting
these results, our experimental elevation of baseline CORT in rat-
tlesnakes had no effect on defensive behavior. One potential expla-
nation for this difference is that the snakes in Herr et al. (2017)
were not subjected to repeated sampling as in our study. Although
we did not observe an effect of repeated sampling on defensive
behavior, previous capture for radiotransmitter implantation and
radiotracking prior to the implant study may have habituated
snakes to humans and impacted defensive behavior responses of
the snakes (Glaudas et al., 2006), albeit equally across treatment
groups. Acute CORT secretion may aid in adaptive learning during
predator encounters (Thaker et al., 2010), such that repeated
encounters with the same predatory stimulus may lead to altered
defensive behavior. We did not evaluate the effect of acute stressed
CORT on defensive behavior; however, the lack of effect of treat-
ment or repeated sampling on defensive behavior in both assays
suggests that chronic increased baseline CORT does not influence
antipredator responses in rattlesnakes. A functional difference in
CORT may exist between pitvipers adapted to arid or humid cli-
mates; comprehensive study of acutely and chronically elevated
CORT in pitvipers from a variety of habitats is necessary to eluci-
date the functional differences of CORT within this taxonomic
group.

We also observed physiological relationships that were not
directly related to CORT-implant treatment. We found that T levels
decreased later in the day in both treatment and control rat-
tlesnakes, which has been observed in birds (Kempenaers et al.,
2008), but has not been previously reported in non-avian reptiles.
We also observed that snakes with greater increases in Tb during
the acute stress series tended to mount higher magnitude acute
stress responses, which is well supported in the literature. Secre-
tion of CORT is generally positively related to both metabolic rate
(Landys et al., 2006) and temperature in many reptiles at baseline
(Cree et al., 2003; Jones and Bell, 2004; Tyrrell and Cree, 1998;) and
during acute stress (Holding et al., 2014b; Romero and Wikelski,
2006; but see Dupoué et al., 2013; Sykes and Klukowski, 2009).
Crotalus helleri appears to follow the general ectothermic trend
for increased CORT secretion with increased Tb.

As is the case with CORT and defensive behavior, few studies
have examined the relationship between defensive behavior and
T in ectotherms. Interestingly, rattlesnakes with higher T exhibited
higher defensive behavior scores during the sampling period assay
during tubing. There was no association between T and defensive
behavior during the standardized sampling assay, when snakes
may have felt less threatened, suggesting a stimulus-dependent
relationship between T and defensive behavior. Tubing (e.g.
repeatedly placing an object near a snake’s face) is indeed a more
variable and intense form of harassment than touching and lifting,
and may elicit a different mechanism of response. Elevated T is
implicated in aggressive behaviors displayed between conspecifics
in many reptiles during breeding contests or territorial disputes
(Golinski et al., 2014; Kabelik et al., 2006; Moore, 1987; While
et al., 2010), but does not necessarily predict the outcome of the
male-male combat contests in pitvipers (Schuett et al., 1996).
However, the context of aggressive and defensive behavior differs,
and so may the relationship with T in either case. In contrast to our
result, captive garter snakes implanted with T exhibit reduced
defensive behavior (King, 2002), indicating that effects of T on
defensive behavior may differ by species, stimulus, time in captiv-
ity, or general activity patterns in a taxon.

Defensive behavior-at-sighting was influenced by fluctuation in
Tb. During tracking periods, snakes with more stable daily Tb as
recorded by thermal data logger implants showed greater defen-
sive behavior scores, but no effect of immediate Tb in the
behavior-at-sampling was observed. Ectotherms’ metabolic rate
and other physiological processes are strongly affected by Tb
(Lillywhite, 1987), thus Tb at sampling is a more direct indicator
of effects on defensive behavior, while range in Tb may be related
to another factor, such as snakes that tended to be in exposed posi-
tions over longer periods. Indeed, when viperid snakes are exposed
or moving from one location to the next, they are more likely to
flee (Maritz, 2012) or exhibit active defensive behavior (Glaudas
et al., 2005). We were unable to test this directly, however, because
very few snakes were exposed or found in elongated positions.
Based on ours and other studies, sit-and-wait foragers do not
appear to show a temperature-dependent relationship with defen-
sive behavior (Gibbons and Dorcas, 2002; Goode and Duvall, 1988),
consistent with the observed lack of effect of immediate Tb on
defensive behavior. In contrast, active-foraging reptiles show
greater propensity to flee correlated at high Tb, while lower Tb
leads to defense (Arnold and Bennett, 1984; Bauder et al., 2015;
Fitch, 1965; Hertz et al., 1982; but see Keogh and DeSerto, 1994).
It is likely that even when warm, rattlesnakes and other viperids
are too slow to mount an escape from a predator (Goode and
Duvall, 1988), thus these types of snakes would benefit from rely-
ing on crypsis (Cooper et al., 2008; Maritz, 2012) instead of draw-
ing the attention of a predator with active defense (Hayes et al.,
2002). Rattlesnakes, famous for their sit-and-wait foraging strat-
egy, appear to also exhibit sit-and-wait defensive behavior.

5. Conclusions

To our knowledge, this is the first study to use CORT implants to
evaluate the effects of elevated CORT over time in a wild popula-
tion of snakes. We show that although baseline CORT was success-
fully elevated in treatment snakes, T levels, stress reactivity, and
defensive behavior remained largely unaffected. These results sug-
gest that arid-adapted ectotherms such as rattlesnakes may not
respond to chronic CORT elevation in the same way as other organ-
isms. Alternatively, due to the delayed effects of CORT, studies have
potentially not evaluated the effects of CORT at a relevant time-
scale for ectotherms (Deviche et al., 2016). In addition, we
observed novel trends between lower baseline CORT levels and
higher magnitude of stress response mounted. We also report a
potentially stimulus-dependent positive correlation between T
levels and defensive behavior, suggesting that different stimuli
should be assessed in addition to CORT and T in future defensive
behavior studies. Snakes with more stable daily Tb as calculated
from thermal data loggers trended for higher defensive behavior-
at-sighting, but cloacal Tb at sampling did not influence defensive
behavior-at-sampling, which highlights the differences between
temperature sampling methods. Overall, rattlesnakes appear lar-
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gely resistant to effects of elevated CORT, potentially due to pre-
adaptation to environments conducive to chronic stress. There is
an obvious need for studies of the effects of CORT and chronic
stress in a range of free-ranging organisms in different environ-
ments, if CORT levels are to be a useful metric in conservation
and management.
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