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ABSTRACT

Theoretically, animals integrate intrinsic and extrinsic factors to
respondappropriately to thewide rangeofstressors theyencounter
during their life span. We examined how stress response varies
between sexes andamongmorphotypes inwilddice snakes (Natrix
tessellata).We also considered reproductive and feeding status and
antipredator behavior. We used two indicators of stress (glucose
[GLUC] and corticosterone [CORT] levels) at eight sampling time
intervals (immediately after capture, up to 17 h after) and a large
sample size (N p 113 snakes). Concentrations of both markers
increased sharply after capture (an equivalent of predation). This
acute phase occurred earlier for GLUC (30 min) compared to
CORT (60 min). Then the values plateaued to very high levels
without decline over time, indicating prolonged saturation of the
hypothalamus-pituitary-adrenal axis. In contrast to our expecta-
tions, we found no effect of sex, morphotype, or reproductive sta-
tus. Yet the CORT stress response of those individuals display-
ing death-feigning (DF) antipredator behavior was attenuated
compared to those that did not. Low stress hormones levels may
facilitate the expression of DF (high levels supporting fleeing
behavior). The presence of partially digested material in the
stomach was associated with higher blood GLUC during the
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plateau.Assaying bloodGLUC requires very little bloodbutwas
as good as CORT at gauging acute stress response. The pro-
longed plateau suggests that captivity should be minimized
during field studies.

Keywords: antipredator behavior, glucose, Natrix tessellata,
reptile, stress.
Introduction

Animals experience many abiotic and physiological constraints
while taxonomic and individual variations generate a vast array of
phenotypes. The resulting number of combinations between
stressors and individual characteristics is thus immense. Re-
markably, in vertebrates, the mechanisms involved in the mo-
bilization of physiological resources during challenging situations
are largely uniform (Cockrem 2013). A relatively small number of
hormones (e.g., catecholamines, glucocorticoids) released in the
bloodstream exert cascading pleiotropic effects that enable rapid,
powerful, albeit highly customized reactions of the whole or-
ganism. Ever since seminal articles of Selye (1936, 1946) and
Axelrod and Reisine (1984), the central role of the hypothalamus-
pituitary-adrenal (HPA) axis in the regulation of stress responses
has been established in all lineages of vertebrates examined (Rom-
ero and Butler 2007).

Following a stressful event, catecholamines are releasedwithin a
few seconds and trigger generalized physiological and behavioral
alarms (Goldstein 2003). With a short delay (tens of seconds),
glucocorticoidsare releasedandstimulateawide rangeofprocesses
to help the organism to overcome most challenges (Kassahn et al.
2009). Yet stress response is energetically demanding; the rise of
both catecholamines and glucocorticoids induces a strong eleva-
tion of blood glucose (GLUC; Pickering et al. 1982). These hor-
mones target multiple other systems; they regulate their own and
each other’s secretion and those of other hormones (Axelrod and
Reisine 1984). This pluripotency is pivotal for orchestrating stress
response, notably to hinder or suppress less urgent processes such
as immune (Lance and Elsey 1986; Charmandari et al. 2005) and
reproductive (Moore and Jessop 2003) functions.

Stress physiology is a powerful and flexible system capable to
optimize both the intensity and the duration of the response ac-
cording to individual characteristics and to the nature of the stressor
(Korte et al. 2005). For example, body condition influences cor-
ticosterone (CORT) levels and thus the adjustment of repro-
ductive investment in female starlings (Love et al. 2005). More
drastically, glucocorticoid upsurges are also implicated in organ
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maturation and behavioral shifts concomitant to highly challeng-
ing life-history stages like birth or sexual maturity (Wada 2008).
In captive and wild endothermic vertebrates, many studies

used stress hormones to examine how individuals cope with
environmental pressures (Rivier and Rivest 1991; Möstl and
Palme 2002; Carlstead and Brown 2005; Martin 2009; Breuner
et al. 2013; Crespi et al. 2013). Less information is available in
wild ectothermic vertebrates, though the usefulness of stress
physiology to study how they respond to various events has
been amply supported (Barton and Iwama 1991; Homan et al.
2003; Moore and Jessop 2003; Palacios et al. 2012; Cockrem
2013; Anderson et al. 2017; Bradshaw 2017). In squamate
reptiles (one of the most species-rich vertebrate groups, with
110,400 species; Uetz et al. 2020), studies revealed differences
in stress responses between sexes or among reproductive groups
(review in Moore and Jessop 2003). For example, age, body size,
body condition, morphs, feeding, or reproductive status can
influence basal andacute stress levels (Dayger et al. 2013;Gangloff
et al. 2017).
In snakes, extended variations of body size, sexual dimorphism,

and distinct morphs generate discrete groups of individuals at the
population level (Shine 1991; King 1992;Madsen and Shine 2000).
Different cohorts exploit different ecological niches and thus
experience different types of stressors (Shine 1991; Forsman 1995;
Vincent et al. 2004; Isaac and Gregory 2013). The impact of
stressors on chronic and acute stress responses has been studied in
captive snakes (Schuett et al. 2004; Bonnet et al. 2013;Dupoué et al.
2014; Cusaac et al. 2016; Claunch et al. 2017; Van Waeyenberge
et al. 2018) and in several species innatural conditions (Moore et al.
2000; Fauvel et al. 2012; Palacios et al. 2012; Holding et al. 2014;
Owen et al. 2014; Herr et al. 2017; Bonnet et al. 2020). However,
possible differences of stress response among groups, within or
among populations, have rarely been investigated. Large garter
snakes (Thamnophis sirtalis) exhibit higher CORT levels after
capturecomparedtosmallerones (Mooreetal. 2000),whilehabitat
influences basal and acute stress levels (Gangloff et al. 2017). Two
ecotypes of another garter snake species (Thamnophis elegans)
show different stress-induced CORT responses and different
thermal stress patterns of GLUC concentrations (Palacios et al.
2012; Gangloff et al. 2016). In the Hog Island boa (Boa constrictor
imperator), stressful events prompt higher CORT levels in males
than in females (Holding et al. 2014). Thus, available information
in snakes indicates that individualsmayadjust their stress response
with regard to their own status. Yet the small number of studies
precludes testing the validity of this concept across the large
diversity of snakes (Shine 2005).
In this study, we examined the basal and stress-induced plasma

levels of CORT and GLUC in free-ranging dice snakes (Natrix
tessellata), a highly polymorphic species (Ajtić et al. 2013). We
used a study systemwhere individuals undergo intense avian pred-
atory pressure and where three contrasted morphs occur in large
numbers within a single population. Very high population density
enabled us to standardize field procedure. Our first aim was to
describe stress response pattern(s) immediately after capture (i.e.,
stress triggered by “predation”) and over a prolongedperiod (hours
in a calico bag; i.e., stress causedby custody) in order to characterize
both acute and plateau phases. All snakes were captured by hand;
thus, we induced the same type of stress to individuals belonging to
different groups. Therefore, we considered sex, three distinct color
morphs, reproductive and feeding status, and the type of anti-
predator behavior displayed at capture to assess whether pheno-
type and physiological status influence stress response. We hy-
pothesized that different groups should exhibit a specific stress
response pattern; plasma levels of CORT and GLUC should be
adjusted to individual status. For example, because of the high
energetic demands associated with reproduction, especially vi-
tellogenesis (Bonnet et al. 1994; Van Dyke and Beaupre 2011),
higherCORTandGLUClevelswere expected ingravid compared
to nongravid females.

Material and Methods

Study Species and Study Site

The dice snake, Natrix tessellata, is an amphibious, piscivorous,
and oviparous species (Natricidae) widely distributed fromWest-
ernEuropetotheMiddleEast,toNorthAfricaacrosscentralAsia, to
eastern China (Gruschwitz et al. 1999). Dice snakes exhibit a great
diversity of phenotypes, both within and among populations
(review inMebert 2011). Individuals were collected on the shores
of Golem Grad Island (18 ha, 850 m a.s.l., Prespa Lake, National
Park Galičica, North Macedonia) between July 8 and July 23 in
2017, 2018, and 2019. Each year, we selected this period to sample
gravid and nongravid females; vitellogenesis is achieved in July in
the study site, andmany females donot breed annually (Ajtić et al.
2013). This narrow time window also minimized possible effects
causedbyseasonalvariations(e.g., emergencefromhibernation in
April vs. hot summer in August). In this population, three color
morphs coexist (i.e., dotted, black, and gray), and females attain
larger body size than males (Ajtić et al. 2013). Dice snakes expe-
rience intensive avian predation in GolemGrad, but they are also
frequently eaten by otters (Lutra lutra) and nose-horned vipers
(Vipera ammodytes; Ajtić et al. 2013).
Phenotypes and Antipredator Behaviors

All subjects (N p 113) were adults (table 1). Individuals were
sexed, measured with a flexible ruler (snout-vent length [SVL]
50.5 cm), weighed (50.1 g), and palpated to detect food items in
the stomach and/or developing eggs (table 1). Around Golem
Grad, dice snakes are strictly piscivorous, and prey condition can
be easily accessedusingpalpation; recently ingestedfishare solid to
the touch, while digested items are soft (Ajtić et al. 2013). Color
pattern was recorded in most snakes (N p 111); 68 were dotted
(39 F and 29 M), 22 were black (16 F and 6 M), and 21 were
uniformly gray (14 F and 7 M).

During handling, the snakes exhibited different antipredator
behaviors (e.g., hissing, shaking, vomiting, or defecating). All
snakes shook vigorously at capture and hissed. By contrast,
thanatosis, or death feigning (DF; Gregory and Gregory 2006;
Rogers and Simpson 2014), characterized by motionless bra-
dycardia, opened mouth, and protruding tongue, was not sys-
tematicallyexpressed.Consequently,DFwasthemostdiscriminant
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antipredator behavior; its occurrence was recorded in 48% of the
snakes sampled (N p 54). Body temperature was measured at
capture with a laser thermometer in 52 individuals and did not
influence our results (see the appendix, available online).
Blood Sampling

To obtain detailed GLUC and CORT variations caused by han-
dling, we used eight time intervals (table 2). Some individuals were
sampled immediately at capture, while others were restrained in
calico bags (kept under shade) and sampled at different time
intervals after capture. Because stress response is assumed to rise
rapidly and then to reach a plateau when the physiological ca-
pacities of individuals are saturated, the first time intervals were
short and thenext onesmore spaced (Gangloff et al. 2017).We also
used a long-time interval to explore possible long-lasting response
(17 h; table 2). Some individuals were sampled once, while others
twice or three times (total number of blood samples, N p 215;
table 1). This sampling design enabled us to explore the stress
response of individuals over time and to compare independent
groups at different time intervals while minimizing the number of
punctures per individual (e.g., the maximal number of repeated
punctures per individual was three).

To obtain basal levels, we minimized the time elapsed since the
detection of a given snake until blood was actually retrieved (Herr
et al. 2017). Snakes were detected from a short distance and
expeditiously and carefully seized by hand. Swiftness was es-
sential because snakes escaped among rocks very rapidly after
encounter—a situation that somehow mimicked diurnal avian
predation.We carried all the equipment to collect and process the
blood with us in order to minimize the timing between detection,
blood sampling, and blood storage. On average blood was
retrieved at 2195 126 s (5SD, 102 ! 95% confidence interval
[CI] ! 163, N p 38) after snake detection. We recorded sex and
biometric data after blood sampling.

Stress levels at various time intervals were obtained from snakes
kept in shade in calico bags after capture (see “Results”). No snake
showed any sign of injuries or distress after blood sampling
(Bonnet et al. 2020)orafter temporary captivity, andall individuals
were released at the site of capture.

Blood was collected from the heart with 1.0-mL syringes fitted
with small (27/30-G) heparinized needles. Heart puncture was
preferredoverpunctureof the caudal plexus (often inappropriately
named the caudal vein) to avoid hemolymph dilution, which can
strongly affect the results (Bonnet et al. 2016), and also because tail
puncture is painful, while heart puncture does not trigger any
peculiar reaction (X. Bonnet, personal observations). The volume
of each blood samplewas approximately 150µL. BloodGLUCwas
immediately assayed with a drop (5 mL) of blood using miniature
glucometers (Bayer Contour Next/One, N p 215 samples). The
blood was then centrifuged at 6,000 rpm (3 min); the plasma
was collected in 1.5-mL cryotubes and stored in liquid nitrogen.
Whole-blood GLUC concentrations assessed with portable gluco-
meters were tested using GLUC concentrations on the same blood
s
;

Table 2: Summary of timing when blood samples (N p 215) were taken
Time group
 NT
 Second NT (5SD)
 NP
 Second NP (5SD)
 Timing
 ∼Timing
1
 38
 219 5 126
 37
 211 5 115
 4 min
 5 min

2
 46
 1,017 5 165
 29
 1,026 5 177
 17 min
 15 min

3
 66
 1,903 5 155
 8
 1,980 5 184
 32 min
 30 min

4
 14
 3,433 5 654
 6
 3,770 5 458
 57 min
 1 h

5
 19
 5,672 5 393
 12
 5,660 5 403
 95 min
 1.5 h

6
 16
 7,789 5 406
 8
 7,898 5 419
 130 min
 2 h

7
 11
 11,580 5 594
 8
 11,700 5 665
 193 min
 3 h

8
 5
 60,756 5 223
 5
 60,759 5 22.9
 1,013 min
 17 h
Note. “Time group” refers to the groups used as a categorical factor. “NT” provides the total sample size per group (including pseudoreplicates), “second NT” refer
to the exact time since detection of the snake until the blood was collected (in seconds5 SD). “NP” and “second NP” provide the values without pseudoreplicates (N p 113
note the very slight differences with NT). “Timing” and “∼timing” provide convenient time intervals (notably, for comparison with published studies).
Table 1: Summary of blood samples taken
in 113 wild dice snakes
Reproductive status,
feeding status
 Individuals
 Resampled
 Total
Male:

Recent prey
 7
 9
 16

Digested item
 18
 13
 31

Empty
 16
 14
 30

ND
 1
 1
 2
Nonreproductive female:

Recent prey
 14
 14
 28

Digested item
 18
 15
 33

Empty
 21
 16
 37

ND
 1
 1
 2
Gravid female:

Recent prey
 1
 2
 3

Digested item
 3
 3
 6

Empty
 13
 14
 27
Total
 113
 102
 215
Note. Several individuals were sampled more than once (N (two times) p 84,
N (three times)p 18, N (total)p 102 blood samples), while others were sampled
only once. Overall, 215 blood samples were collected. Large follicles or ovulated
eggs were easily assessed by palpation. “Recent prey” indicates that intact fish was
(were) in the stomach of the snake (several were regurgitated); “digested item” indi-
cates partly digested fish that are soft under palpation; “empty” indicates that nothing
was detected in the stomach (palpation only enables the finding of small, less than
2-g items). ND p not determined.
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samples (N p 115 individual snakes from different species)
measured with laboratory equipment (Pentra 500 Horriba spec-
trometer). The very high correlation (r p 0:95) obtained suggests
that miniature glucometers provided reliable values, at least to
monitor variations of circulating GLUC concentrations in snakes
(X. Bonnet, unpublished data).
In order to shorten sampling,we rapidly processed the snakes in

thefield.Themost efficientprotocolwas to catcha smallnumberof
individuals (one to three), takebloodas fast aspossible, andprocess
samples before rapidly catching a second batch of snakes, and so
forth. This offsetting method allowed us to rapidly collect blood
samples while precisely controlling the time elapsed from capture
to successive blood samplings.High populationdensity enabled us
tominimize snake searching. Procedures were approved byNorth
Macedonia authorities (permit 03-246).
Radioimmunoassay

Plasma CORT concentration assays were determined using ra-
dioimmunoassay at the Centre d’Etudes Biologiques de Chizé
laboratory (Bonnet et al. 2013). The steroids were extracted from
40 mL of the sampled tissue (plasma) using diethyl ether (mean
extraction rate, 97:3%5 5:2%); the sensitivity of the assay was of
1.9 pg/tube. Cross-reactions with other steroids were low (!0.1%
for 11-deoxy-corticosterone, cortisol, testosterone, and andro-
stenedione and 7% for compound S and progesterone). Intra- and
interassays coefficientsof variationremained lower than4%. Intra-
and interassay variations were, respectively, 7.07% and 9.99%.We
did not assay CORT in all the blood samples; the total sample size
for CORT was N p 146.
Statistical Analysis

Several individuals were sampled more than once (table 1).
Pseudoreplicates (N p 102blood samples)were removed fromall
analyses, except froma single one presented in the appendix.Thus,
results were free from pseudoreplication (i.e., each individual was
included only once).
CORT concentrations were not normally distributed, even after

log transformation. Therefore, we used a Box-Cox transformation
that provided satisfactory outcomes with a normally distributed
frequency histogram (Shapiro-Wilk W p 0:993, P p 0:708).
Box-Cox-transformed GLUC data were also normally distributed
(Shapiro-Wilk W p 0:993, P p 0:397). Similarly, it was neces-
sary to use Box-Cox-transformed body size (SVL); the resulting
distributionsdidnotdeviate fromnormality (0:697 < P < 0:990).
Body mass (BM) values were normally distributed in each sex
(0:219 < P < 0:787). Inall theplots of the expectednormal values
versus transformedoruntransformeddata, thepatternswere linear
without outliers.
In several analyses, in addition to sex (F vs.M), the reproductive

status of females was considered (gravid females vs. nonrepro-
ductive females). We obtained 54 categories of snakes: combining
three reproductive stages, three colormorphs, three feeding stages,
and two antipredator behaviors (DF, or lack of ). With 113 in-
dividuals (fewer when data were lacking), this high number of
categories precluded using a single global analysis. Therefore, we
examined all possible combinations (e.g., color morph vs. repro-
ductive status). This approach enabled us to examine interactions
and to detect those variables that (never) contributed to the stress
responses. We used Tukey post hoc tests because they are more
conservative (minor type I error).

Our sample includes gravid and nonreproductive females
(fig. 1). The presence of eggs in the oviducts is associated with
a greater BM but not necessarily with higher body reserves; by
mixing contrasted physiological statuses, body condition can
generate spurious results, and thus, it was not used here (Bonnet
2011). Similarly, the body condition of snakes with prey in the
stomach remains imprecise. SVL and BM were not recorded in a
few individuals, while color morph and feeding status were
missing in few others, generating minor fluctuations of sample
size for several analyses. Statistics were performed with Statis-
tica 13.5.0.17 (2018, TIBCO Software).

Results

Morphological Traits and Physiological Status

Females were larger than males (generalized linear model [GLM]
with reproductive status and colormorph as the factors andSVLas
the dependent variable: F2, 99 p 126:484, P < 0:001), without
difference between gravid and nonreproductive females (post hoc
Tukey honestly significant different [HSD] test: P > 0:244; fig. 1),
and without effect of color morph (F2, 99 p 0:098, P p 0:906;
interaction with reproductive status: F4, 99 p 2:379, P p 0:057).
BMscaledbysizewas influencedbyreproductive status (GLMwith
reproductive status and color morph as the factors, BM as the
dependentvariable, andSVLas thecovariate:F2, 99 p 54:989,P <

0:001), without effect of colormorph (F2, 99 p 0:368, P p 0:693;
interaction with reproductive status: F4, 99 p 1:149, P p 0:338).
Gravid females were relatively heavier, males were relatively
lighter, and nonreproductive femaleswere in an intermediate state
(appendix).

The proportion of individuals with recently ingested fish
or digested material in the stomach or without any food in
the stomach was influenced by reproductive status (table 1; x2 p
9:786, P p 0:044). Most gravid females had an empty stomach
(76% of N p 17), and only one contained an intact fish. Many
nonreproductive females had recently ingested or half-digested
fish in the stomach (26% and 34% , respectively, of N p 53). A
modest proportion of males (17% of N p 41) had recently
ingested fish in the stomach, and many had digested material in
the stomach (44%).Overall, the proportion of fed snakeswas high
and similar in nonreproductive females and males (60%) but low
in gravid females (24%).
Effect of Time since Capture on Stress Response

GLUC increased rapidly after capture and reached a plateau
approximately 30 min later (fig. 2A; ANOVA with the eight
time intervals as the factor and GLUC as the dependent
variable: F7, 105 p 18:977, P < 0:001). Post hoc tests revealed sig-
nificant changes during the rise phase, first from 5 min to 15 min
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(P < 0:025inallpaircomparisons)andthenfrom15minto30min
(P < 0:025 in all pair comparisons except with group 8). Post hoc
tests also revealed a lack of significant variation during the plateau
(0:663 < P < 1:00 in all pair comparisons).
The last blood sample was taken ∼17 h after capture in five

snakes kept overnight in calico bags and not previously sampled
(fig. 2). GLUC slightly decreased overnight, but not significantly
compared to the plateau or to groups 2 or 3 (all post hoc tests:
P > 0:317), and it remained significantly more elevated than the
basal level (post hoc: P p 0:003).

The CORT profile largely mirrored the GLUC profile, with
a rapid increase during the first hour after capture followed by
Figure 1. Relationship between body mass and body size in different cohorts of dice snakes (top, untransformed values; bottom, log-transformed
values). Males were smaller and relatively lighter than females. Nonreproductive and gravid females did not differ in size, but the presence of a
clutch in the abdomen or of fish in the stomach influenced body mass. Nonreproductive females with an empty stomach were relatively lighter.
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a plateau 1 h after capture (fig. 2; ANOVA with seven time
intervals as the factor and CORT as the dependent variable:
F6, 68 p 18:692, P < 0:001; pseudoreplicates not included).
The initial rise of CORT from 5 min to 15 min was not sig-
nificant (post hoc: P p 0:214), but the basal level was different
compared to all other time intervals (all P < 0:001). CORT
mean values did not differ within the plateau or compared to
the last 17-h group (all P > 0:727). The 30-min group in-
volved pseudoreplicates (N p 50, not included in this anal-
ysis), limiting time comparisons. Yet an inspection of fig-
ure 2B suggests that the 30-min CORT mean value was
intermediate between basal and plateau mean values (see the
appendix for additional tests). Using the simple time grouping
as above (i.e., all plateau intervals pooled) did not change the
results.

CORT and GLUC were highly correlated (r p 0:675,
F1, 73 p 61:241, P < 0:001; fig. 3), and thus, both proxies of
stress response provided relatively similar patterns. But this
correlation explained only 46% of the variance.
Influence of Phenotype and Physiological Status

Almost none of the characteristics (e.g., color morph, re-
productive status) significantly influenced GLUC or CORT
(values scaled by time since capture), whatever the combi-
nation of factor(s) considered. The exceptions were, first, a
Figure 2. Shortly after capture (∼3.7 min) a first group of snakes was sampled, and then at different time intervals, other groups of snakes were
progressively sampled. Mean values of glucose (GLUC; A) and corticosterone (CORT; B) are presented5SE and with sample size. Black symbols
indicate independent mean values collected in 113 individuals (N p 75 for CORT). Gray symbols (slightly offset) show mean values including
pseudoreplicates (N p 102 for GLUC, N p 71 for CORT). Statistics were performed without pseudoreplicates (except one test); asterisks indicate
significant differences. During the plateau (gray area) mean values did not differ from each other. The last mean value was taken in five snakes
sampled more than 17 h after capture.
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significant interaction between sex and feeding status on
GLUC (F2, 105 p 6:955, P p 0:011). Males with digesting
material in the stomach tended to exhibit higher GLUC
compared to all the other categories (fig. 4; post hoc tests:
0:011 < P < 0:148). Second, we found a significant associa-
tion between DF antipredator tactic and CORT. Yet this effect
was obtained when sex (F1, 38 p 5:830, P p 0:021) or feeding
status (F1, 36 p 5:759, P p 0:022) was included as a factor
(see the appendix for additional tests). Post hoc tests suggested
that most of these effects were driven by the strong difference
observed between males exhibiting DF and those that did not
(P p 0:021), but not by females (P p 0:401; fig. 5).
Discussion

Themost salient results are that capturing free-rangingdice snakes
triggereda strongGLUCandCORTresponse characterizedby two
phases: a rapid increase followed by a long-lasting plateau. These
results suggest that the HPA system of the snakes responded
vigorously but then reached its limits. The prolonged plateau
Figure 3. Relationship between two blood markers of stress in the dice snake: plasma corticosterone (CORT) and blood glucose (GLUC). Values
were Box-Cox transformed before analyses. Both variables were correlated (r p 0:675, F1; 73 p 61:241, P < 0:001).
Figure 4. Effect of sex and feeding status (i.e., snakes with digested fish, intact fish, or without prey in the stomach; X-axis) on mean blood glucose
(GLUC) of dice snakes. Mean values (5SE and sample size) have been scaled by the number of seconds elapsed since capture to take into account
the effect of time. Values were Box-Cox transformed before analyses. A significant interaction between sex and feeding status was found (P < 0:02).
Significant post hoc tests were exclusively observed when comparing GLUC of males with digested fish in the stomach against digesting females or males
with intact fish (0:011 < P < 0:040, indicated with asterisks).
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(several hours) indicates a saturation of physiological capacities, at
least in terms of classical plasma biomarkers of stress (many were
not investigated). This finding might be implemented in field
studies,minimizing the time that animals are restrained, especially
for sensitive stages like gravid females. Unexpectedly, stress re-
sponses were not influenced by phenotypic traits, with the no-
ticeable exception of DF antipredator behavior. Below, we discuss
methodological and biological aspects of these outcomes.
Usefulness of an Accurate Description of the Stress Response

In most studies, two time intervals were used to assess acute stress
responses in wild snakes (Sykes andKlukowski 2009; Holding et al.
2014). CORT and GLUC have been monitored over 3 d with nine
time intervals in the common garter snake (Gangloff et al. 2017). In
this studyweusedeight time intervalsover2d.Theproceduresused
in these two studies were relatively similar and allowed observers to
clearly separate the rise phase from the prolonged plateau. Further,
both studies revealed the time lagbetweenGLUC(early)andCORT
(late) profiles. These similarities suggest a general pattern in snakes
that has several implications. First, investigations performed with
only two sampling points cannot fully describe the shape (rise and
saturation) of the stress response, while comparisons among
groups, seasons, populations, or species should take into account
these dynamic aspects. Second, detailed assessment of acute stress
responses is useful to comply with the three Rs (replacement,
reduction, and refinement) principle (Russell and Burch 1959). For
example, our results suggest that 0–30-min or 0–60-min timings
might often be appropriate in snakes to assess acute response and
to determine plateau value, rendering unnecessary the mainte-
nance of individuals in captivity for longer periods.
GLUC versus CORT

GLUC and CORT responses were broadly similar but not fully
identical, however. The GLUC response occurred earlier than the
CORT response (fig. 2; appendix; Gangloff et al. 2017). Likely, the
rapid massive release of GLUC in the bloodstream was caused by
an almost immediate release of catecholamines (unmeasured
here). The plateau of GLUC was then likely carried by the follow-
ing surge of glucocorticoids; this possible “relayed release” of two
types of hyperglycemic hormones may explain the offsetting
albeit overlapping, GLUC versus CORT patterns.

In this study, to assess stress response, GLUCwas as useful as
CORT (i.e., time patterns were broadly similar). Glucometers
offer advantages in the field to reduce the impact on individuals
and on the environment: 5 mL of blood is sufficient, and
immediate acquisition of the results permits the minimization
of sample size, logistical costs, and waste (e.g., vials).
Possible Deleterious Effects of Capture Stress

The term “stress” can refer to any change in the behavior or
physiology of an animal (e.g., pupillary dilatation, accelerated
heart rate, elevation of CORT) caused by internal or externa
agents; thus, it includes both harmless and deleterious effects
(Koolhaas et al. 2011; Romero et al. 2015). A more rigorous
approach involves precise categorization, where harmful stress
is characterized by a chronic allostatic overload (distress) that
should be distinguished from adaptive episodic allostatic re-
sponses (eustress; McEwen and Wingfield 2003). More recently
the reactive scope model defines four steps, with a progressive
aggravation of the physiological status of the animal coping with
increasing intensity (or duration) of stressors (Romero et al
2009). Only the fourth stage (i.e., homeostatic failure) can entai
short-term pathological effects. Otherwise, no deleterious effec
is expected fromshort-termacute stress response once the tension
is alleviated.

In this study,GLUCandCORTplateausobserved indice snakes
suggest that individuals produced a strong response. Harmful con-
sequences were unlikely; however, high GLUC or CORT requires
prolonged periods of time to induce pathologies (Sterlemann et al.
Figure 5. Effect of sex on mean corticosterone (CORT) level (scaled by time) of dice snakes that exhibited death-feigning behavior or that did not
exhibit such behavior at capture. Mean values (5SE and sample size) are shown. Values were Box-Cox transformed before analyses. Significant
post hoc tests were observed in males only. NS p not significant.
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2008), and whilemost snakes were released in fewer than 4 h since
capture, five individuals were released after 17 h. A long-term
study of a large sample of sea snakes subjected to comparable
treatments (handling, temporarily captivity) revealed a lack of
effect on survival, for example (Fauvel et al. 2012).
Influence of Phenotype and Physiological Status

Sex differences and reproduction influence CORT, respec-
tively, in marine iguanas (Neuman-Lee and French 2017) and
in western diamondback rattlesnakes (Taylor et al. 2004). In
the dice snakes, we found very limited effects of sex (i.e., via
DF) and no effect of reproductive status or color morph. This
finding is inconsistent with previous studies (Moore et al.
2000; Cartledge and Jones 2007; Palacios et al. 2012) and with
our initial assumptions. Strong interindividual variations may
have blurred the influence of the factors tested. Several effects
not previously described were nonetheless observed.
Sustaining a strong, long-lasting stress response (hours)

requires energy. Individuals with larger resources should re-
spond more strongly. An experiment in garter snakes showed
that stress alters energy use in a manner dependent on the
energy state of the animal (Neuman-Lee et al. 2015). Inter-
estingly, dice snakes with digesting material in the stomach
and sampled during the plateau (incidentally, mostly males)
exhibited significantly higher GLUC, suggesting that incom-
ing resources partly sustained the GLUC response (fig. 4).
Including fed and unfed snakes may have induced the large
standard errors during the plateau compared to CORT, de-
spite a larger sample size for GLUC (fig. 2A).
The lower CORT response of DF snakes fits well with the

physiological characteristics of thanatosis (Gregory and Gregory
2006). Stress hormones exert strong tonic and stimulatory effects;
lower CORT values may thus facilitate DF. The motionlessness
and marked bradycardia of DF requires a neurophysiological
shutdown of the stimulatory effects of capture stress, perhaps
through apartial inhibitionof the sympathetic nervousfibers that
drive the adrenal medulla. Yet to be expressed, DFmust overrule
the elevation of stress hormones. This effect wasmore prominent
in males than in females, suggesting that predation impacts the
sexes in different ways favoring sex-specific tactics.
Future research should include other factors (e.g., diel rhythms,

seasons, and reproductive cycles; Tyrrell and Cree 1998; Moore
et al. 2001; Taylor et al. 2004; Lutterschmidt andMason 2010) and
compare populations that undergo different predator pressures to
examine whether (and how) stress physiology participates in local
adaptation (Bradshaw 2017; Sparkman et al. 2018).

Acknowledgments

We warmly thank Ljiljana Tomović and Dragan Arsovski for
useful comments and suggestions during the writing of the
manuscript and Mitko Tasovski and Neda Bogdanović for help
provided in the field. Permit was issued by North Macedonia
authorities (permit 03-246). This research was financed by the
Ministry of Education, Science, and Technological Development
of the Republic of Serbia (grants 451-03-68/2020-14/200178 and
451-03-68/2020-14/200007) and the Rufford Small Grants Foun-
dation (grant 20915-1).
Literature Cited

Ajtić R., L. Tomović, B. Sterijovski, J. Crnobrnja-Isailović, S
Djordjević, M. Djurakić, A. Golubović, et al. 2013. Unex-
pected life history traits in a very dense population of dice
snakes. Zool Anz 252:350–358. https://doi.org/10.1016
/j.jcz.2012.10.001.

Anderson L., N. Nelson, and A. Cree. 2017. Glucocorticoids in
tuatara (Sphenodon punctatus): some influential factors, and
applications in conservation management. Gen Comp Endo-
crinol 244:54–59. https://doi.org/10.1016/j.ygcen.2015.12.001.

Axelrod J. and T.D. Reisine. 1984. Stress hormones: their
interaction and regulation. Science 224:452–459. https://
doi.org/10.1126/science.6143403.

Barton B.A. and G.K. Iwama. 1991. Physiological changes in
fish from stress in aquaculture with emphasis on the re-
sponse and effects of corticosteroids. Annu Rev Fish Dis 1
3–26. https://doi.org/10.1016/0959-8030(91)90019-G.

Bonnet X. 2011. The evolution of semelparity: reproductive
biology and phylogeny of snakes. Science 17:645–672.

Bonnet X., G. Billy, and M. Lakušić. 2020. Puncture versus
capture: which stresses animals the most? J Comp Physiol B
190:341–347. https://doi.org/10.1007/s00360-020-01269-2.

Bonnet X., M.S. El Hassani, S. Lecq, C.L. Michel, E.H. El Mouden
B. Michaud, and T. Slimani. 2016. Blood mixtures: impact o
puncture site on blood parameters. J Comp Physiol B 186:787–
800. https://doi.org/10.1007/s00360-016-0993-1.

Bonnet X., A. Fizesan, and C.L. Michel. 2013. Shelter availability
stress level and digestive performance in the aspic viper. J Exp
Biol 216:815–822. https://doi.org/10.1242/jeb.078501.

Bonnet X., G. Naulleau, and R. Mauget. 1994. The influence o
body condition on 17-b estradiol levels in relation to vitel-
logenesis in female Vipera aspis (Reptilia, Viperidae). Gen
Comp Endocrinol 93:424–437.

Bradshaw S.D. 2017. A state of non-specific tension in living
matter? stress in Australian animals. Gen Comp Endocrino
244:118–129. https://doi.org/10.1016/j.ygcen.2015.10.002.

Breuner C.W., B. Delehanty, and R. Boonstra. 2013. Evalu-
ating stress in natural populations of vertebrates: tota
CORT is not good enough. Funct Ecol 27:24–36. https://
doi.org/10.1111/1365-2435.12016.

Carlstead K. and J.L. Brown. 2005. Relationships between
patterns of fecal corticoid excretion and behavior, reproduction
and environmental factors in captive black (Diceros bicornis)
andwhite (Ceratotherium simum) rhinoceros. ZooBiol 24:215–
232. https://doi.org/10.1002/zoo.20050.

Cartledge V.A. and S.M. Jones. 2007. Does adrenal responsive-
ness vary with sex and reproductive status in Egernia whitii, a
viviparous skink? Gen Comp Endocrinol 150:132–139. https://
doi.org/https://doi.org/10.1016/j.ygcen.2006.07.021

Charmandari E., C. Tsigos, and G. Chrousos. 2005. Endocri-
nology of the stress response. Annu Rev Physiol 67:259–284
https://doi.org/10.1146/annurev.physiol.67.040403.120816.



486 M. Lakušić, G. Billy, V. Bjelica, A. Golubović, M. Anđelković, and X. Bonnet
.

f

.
t

.

l

.

.

:

.

.

t

:
.

Claunch N.M., J.A. Frazier, C. Escallón, B.J. Vernasco, I.T.
Moore, and E.N. Taylor. 2017. Physiological and behavioral
effects of exogenous corticosterone in a free-ranging ec-
totherm. Gen Comp Endocrinol 248:87–96. https://doi.org
/10.1016/j.ygcen.2017.02.008.

Cockrem J.F. 2013. Individual variation in glucocorticoid
stress responses in animals. Gen Comp Endocrinol 181:45–
58. https://doi.org/10.1016/j.ygcen.2012.11.025.

Crespi E.J., T.D. Williams, T.S. Jessop, and B. Delehanty.
2013. Life history and the ecology of stress: how do glucocor-
ticoid hormones influence life-history variation in animals?
Funct Ecol 27:93–106. https://doi.org/10.1111/1365-2435
.12009.

Cusaac J.P.W., V. Kremer, R. Wright, C. Henry, R.R. Otter, and
F.C. Bailey. 2016. Effects of maternally-transferred methyl-
mercury on stress physiology in northern water snake (Nerodia
sipedon) neonates. Bull Environ Contam Toxicol 96:725–731.
https://doi.org/10.1007/s00128-016-1757-z.

Dayger C.A., A.J. Cease, and D.I. Lutterschmidt. 2013. Responses
to capture stress and exogenous corticosterone vary with body
condition in female red-sidedgarter snakes (Thamnophis sirtalis
parietalis). Horm Behav 64:748–754. https://doi.org/10.1016
/j.yhbeh.2013.09.003.

Dupoué A., F. Angelier, O. Lourdais, X. Bonnet, and F.
Brischoux. 2014. Effect of water deprivation on baseline and
stress-induced corticosterone levels in the Children’s py-
thon (Antaresia childreni). Comp Biochem Physiol A 168:
11–16. https://doi.org/10.1016/j.cbpa.2013.11.001.

Fauvel T., F. Brischoux, M.J. Briand, and X. Bonnet. 2012. Do
researchers impact their study populations? assessing the
effect of field procedures in a long term population mon-
itoring of sea kraits. Amphibia-Reptilia 33:365–372. https://
doi.org/10.1163/15685381-00002839.

Forsman A. 1995. Opposing fitness consequences of colour
pattern in male and female snakes. J Evol Biol 8:53–70.
https://doi.org/10.1046/j.1420-9101.1995.8010053.x.

Gangloff E.J., K.G. Holden, R.S. Telemeco, L.H. Baumgard,
and A.M. Bronikowski. 2016. Hormonal and metabolic re-
sponses to upper temperature extremes in divergent life-
history ecotypes of a garter snake. J Exp Biol 219:2944–
2954. https://doi.org/10.1242/jeb.143107.

Gangloff E.J., A.M. Sparkman, K.G. Holden, C.J. Corwin, M.
Topf, and A.M. Bronikowski. 2017. Geographic variation
and within-individual correlations of physiological stress
markers in a widespread reptile, the common garter snake
(Thamnophis sirtalis). Comp Biochem Physiol A 205:68–76.
https://doi.org/10.1016/j.cbpa.2016.12.019.

Goldstein D.S. 2003. Catecholamines and stress. Endocr Regul
37:69–80.

Gregory P.T. and L.A. Gregory. 2006. Immobility and supi-
nation in garter snakes (Thamnophis elegans) following
handling by human predators. J Comp Psychol 120:262–
268. https://doi.org/10.1037/0735-7036.120.3.262.

Gruschwitz M., S. Lenz, K. Mebert, and V. Lanka. 1999. Natrix
tessellata (Laurenti, 1768), Würfelnatter. Pp. 581–644 in W.
Böhme, ed. Handbuch der reptilien und amphibien Europas.
Vol. 3. AULA, Wiesbaden.
Herr M.W., S.P. Graham, and T. Langkilde. 2017. Stressed
snakes strike first: hormone levels and defensive behavior in
free ranging cottonmouths (Agkistrodon piscivorus). Gen
Comp Endocrinol 243:89–95. https://doi.org/10.1016/j.ygcen
.2016.11.003.

Holding M.L., J.A. Frazier, S.W. Dorr, N.B. Pollock, P.J
Muelleman, A. Branske, S.N. Henningsen, et al. 2014. Wet-and
dry-season steroid hormone profiles and stress reactivity o
an insular dwarf snake, the Hog Island boa (Boa constrictor
imperator). Physiol Biochem Zool 87:363–373. https://doi.org
/10.1086/675938.

Homan R.N., J.V. Regosin, D.M. Rodrigues, J.M. Reed, B.S
Windmiller, and L.M. Romero. 2003. Impacts of varying habita
quality on the physiological stress of spotted salamanders (Am-
bystoma maculatum). Anim Conserv 6:11–18. https://doi.org
/10.1017/S1367943003003032.

Isaac L.A. and P.T. Gregory. 2013. Can snakes hide in plain
view? chromatic and achromatic crypsis of two colour
forms of the western terrestrial garter snake (Thamnophis
elegans). Biol J Linn Soc Lond 108:756–772. https://doi.org
/10.1111/bij.12020.

Kassahn K.S., R.H. Crozier, H.O. Pörtner, and M.J. Caley. 2009
Animal performance and stress: responses and tolerance
limits at different levels of biological organisation. Bio
Rev 84:277–292. https://doi.org/10.1111/j.1469-185X.2008
.00073.x.

King R.B. 1992. Lake Erie water snakes revisited: morph-and
age-specific variation in relative crypsis. Evol Ecol 6:115–
124. https://doi.org/10.1007/BF02270706.

Koolhaas J.M., A. Bartolomucci, B. Buwalda, S.F. de Boer, G
Flugge, S.M. Korte, P. Meerlo, et al. 2011. Stress revisited: a
critical evaluation of the stress concept. Neurosci Biobehav
Rev 35:1291–1301.

Korte S.M., J.M. Koolhaas, J.C. Wingfield, and B.S. McEwen
2005. The Darwinian concept of stress: benefits of allostasis
and costs of allostatic load and the trade-offs in health and
disease. Neurosci Biobehav Rev 29:3–38. https://doi.org
/10.1016/j.neubiorev.2004.08.009.

Lance V.A. and R.M. Elsey. 1986. Stress-induced suppression
of testosterone secretion in male alligators. J Exp Zool 239
241–246. https://doi.org/10.1002/jez.1402390211.

Love O.P., E.H. Chin, K.E. Wynne-Edwards, and T.D. Williams
2005. Stress hormones: a link between maternal condition and
sex-biased reproductive investment. Am Nat 166:751–766
https://doi.org/10.1086/497440.

Lutterschmidt D.I. and R.T. Mason. 2010. Temporally distinc
effects of stress and corticosterone ondielmelatonin rhythms
of red-sided garter snakes (Thamnophis sirtalis). Gen Comp
Endocrinol 169:11–17. https://doi.org/10.1016/j.ygcen.2010
.06.013.

Madsen T. and R. Shine. 2000. Silver spoons and snake body
sizes: prey availability early in life influences long-term
growth rates of free-ranging pythons. J Anim Ecol 69:952–
958. https://doi.org/10.1111/j.1365-2656.2000.00477.x

Martin L.B. 2009. Stress and immunity in wild vertebrates
timing is everything. Gen Comp Endocrinol 163:70–76
https://doi.org/10.1016/j.ygcen.2009.03.008.



Stress Response in Free-Ranging Dice Snakes 487
.

.

.

l

.

.

l

.

l

:
i

t

.

.

f

.
,

.

McEwen B.S. and J.C. Wingfield. 2003. The concept of al-
lostasis in biology and biomedicine. Horm Behav 43:2–15.
https://doi.org/10.1016/S0018-506X(02)00024-7.

Mebert K. 2011. The dice snake, Natrix tessellata: biology, dis-
tribution and conservation. DGHT, Rheinbach, Germany.

Moore I.T., M.J. Greene, and R.T. Mason. 2001. Environ-
mental and seasonal adaptations of the adrenocortical and
gonadal responses to capture stress in two populations of
the male garter snake, Thamnophis sirtalis. J Exp Zool 289:
99–108. https://doi.org/10.1002/1097-010X(20010201)289
:2!99::AID-JEZ313.0.CO;2-Z.

Moore I.T. and T.S. Jessop. 2003. Stress, reproduction, and adre-
nocortical modulation in amphibians and reptiles. Horm Behav
43:39–47. https://doi.org/10.1016/S0018-506X(02)00038-7.

Moore I.T.,M.P. Lemaster, andR.T.Mason. 2000.Behavioural and
hormonal responses to capture stress in the male red-sided
garter snake, Thamnophis sirtalis parietalis. Anim Behav 59:
529–534. https://doi.org/10.1006/anbe.1999.1344.

Möstl E. and R. Palme. 2002. Hormones as indicators of stress.
Domest Anim Endocrinol 23:67–74. https://doi.org/10.1016
/S0739-7240(02)00146-7.

Neuman-Lee L.A., H.B. Fokidis, A.R. Spence, M. Van der Walt,
G.D. Smith, S. Durham, and S.S. French. 2015. Food restriction
and chronic stress alter energy use and affect immunity in an
infrequent feeder. Funct Ecol 29:1453–1462. https://doi.org
/10.1111/1365-2435.12457.

Neuman-Lee L.A. and S.S. French. 2017. Endocrine-reproductive-
immune interactions in female and male Galápagos marine
iguanas. Horm Behav 88:60–69. https://doi.org/10.1016/j.yhbeh
.2016.10.017.

Owen D.A., E.T. Carter, M.L. Holding, K. Islam, and I.T. Moore.
2014. Roads are associated with a blunted stress response in a
North American pit viper. Gen Comp Endocrinol 202:87–92.
https://doi.org/10.1016/j.ygcen.2014.04.020.

Palacios M.G., A.M. Sparkman, and A.M. Bronikowski. 2012.
Corticosterone andpace of life in two life-history ecotypes of the
garter snake Thamnophis elegans. Gen Comp Endocrinol 175:
443–448. https://doi.org/10.1016/j.ygcen.2011.11.042.

Pickering A.D., T.G. Pottinger, and P. Christie. 1982. Recovery
of the brown trout, Salmo trutta L., from acute handling
stress: a time-course study. J Fish Biol 20:229–244. https://
doi.org/10.1111/j.1095-8649.1982.tb03923.x.

Rivier C. and S. Rivest. 1991. Effect of stress on the activity of the
hypothalamic-pituitary-gonadal axis: peripheral and central
mechanisms. Biol Reprod 45:523–532. https://doi.org/10.1095
/biolreprod45.4.523.

Rogers S.M. and S.J. Simpson. 2014. Thanatosis. Curr Biol 24:
1031–1033. https://doi.org/10.1016/j.cub.2014.08.051.

Romero M.L. and L.K. Butler. 2007. Endocrinology of stress.
Int J Comp Psychol 20:89–95.

Romero L.M., M.J. Dickens, and N.E. Cyr. 2009. The reactive
scope model: a new model integrating homeostasis, allostasis
and stress. Horm Behav 55: 375–389. https://doi.org/10.1016
/j.yhbeh.2008.12.009.

Romero L.M., S.H. Platts, S.J. Schoech, H. Wada, E. Crespi, L.B.
Martin,andC.L.Buck.2015.Understandingstress in thehealthy
animal: potential paths for progress. Stress 18:491–497.
Russell W.M.S. and R.L. Burch. 1959. The principles of hu-
mane experimental technique. Methuen, London.

Schuett G.W., E.N. Taylor, E.A. Van Kirk, and W.J. Murdoch
2004. Handling stress and plasma corticosterone levels in
captive male western diamond-backed rattlesnakes (Crotalus
atrox). Herpetol Rev 35:229–232.

Selye H. 1936. A syndrome produced by diverse nocuous
agents. Nature 138:32. https://doi.org/10.1038/138032a0.

———. 1946. The general adaptation syndrome and the
diseases of adaptation. J Clin Endocrinol Metab 6:117–230
https://doi.org/10.1210/jcem-6-2-117.

Shine R. 1991. Intersexual dietary divergence and the evolu-
tion of sexual dimorphism in snakes. Am Nat 138:103–122
https://doi.org/10.1086/285207.

———. 2005. Life-history evolution in reptiles. Annu Rev Eco
Evol Syst 36:23–46. https://doi.org/10.1146/annurev.ecolsys.36
.102003.152631.

Sparkman A.M., A.D. Clark, L.J. Brummett, K.R. Chism, L.L
Combrink, N.M. Kabey, and T.S. Schwartz. 2018. Con-
vergence in reduced body size, head size, and blood glucose
in three island reptiles. Ecol Evol 8:6169–6182. https://
doi.org/10.1002/ece3.4171.

Sterlemann V., K. Ganea, C. Liebl, D. Harbich, S. Alam, F
Holsboer, M. Müller, and M.V. Schmidt. 2008. Long-term be-
havioral and neuroendocrine alterations following chronic socia
stress in mice: implications for stress-related disorders. Horm
Behav 53:386–394. https://doi.org/10.1016/j.yhbeh.2007.11.001

Sykes K.L. and M. Klukowski. 2009. Effects of acute temperature
change, confinement and housing on plasma corticosterone in
water snakes, Nerodia sipedon (Colubridae: Natricinae). J Exp
Zool 311A:172–181. https://doi.org/10.1002/jez.515.

Taylor E.N., D.F. DeNardo, and D.H. Jennings. 2004. Seasona
steroid hormone levels and their relation to reproduction in the
westerndiamond-backedrattlesnake,Crotalusatrox (Serpentes
Viperidae). Gen Comp Endocrinol 136:328–337. https://do
.org/10.1016/j.ygcen.2004.01.008.

Tyrrell C.L. and A. Cree. 1998. Relationships between corticoste-
rone concentration and season, time of day and confinemen
in a wild reptile (Tuatara, Sphenodon punctatus). Gen Comp
Endocrinol 110:97–108. https://doi.org/10.1006/gcen.1997.7051

Uetz P., P. Freed, and J. Hošek, eds. 2020. The Reptile Database
http://www.reptile-database.org.

Van Dyke J.U. and S.J. Beaupre. 2011. Bioenergetic compo-
nents of reproductive effort in viviparous snakes: costs o
vitellogenesis exceed costs of pregnancy. Comp Biochem
Physiol A 160:504–515.

Van Waeyenberge J., J. Aerts, T. Hellebuyck, F. Pasmans, and A
Martel. 2018. Stress in wild and captive snakes: quantification
effects and the importance of management. VlaamDiergenees-
kund Tijdschr 87:59–65.

Vincent S.E., A. Herrel, and D.J. Irschick. 2004. Sexual di-
morphism in head shape and diet in the cottonmouth snake
(Agkistrodon piscivorus). J Zool 264:53–59. https://doi.org
/10.1017/S0952836904005503.

Wada H. 2008. Glucocorticoids: mediators of vertebrate on-
togenetic transitions. Gen Comp Endocrinol 156:441–453
https://doi.org/10.1016/j.ygcen.2008.02.004.


