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and regeneration, and exploratory behaviour

Jacquelyn L. Lewis™”*, Aaron M. Sullivan®

& Department of Biology, Houghton College, Houghton, NY 14744, USA
Y Department of Biological Sciences, Rensselaer Polytechnic Institute, Troy, NY 12180, USA

ARTICLE INFO ABSTRACT

Keywords:
stressors
glucocorticoid
corticosterone
amphibian
Desmognathus

Responses to stress are generally mediated through the production of glucocorticoids by the hypothalamic-
pituitary-adrenal (or -interrenal) axis. The prolonged production of stress hormones can contribute to delayed
wound healing and growth, but little is known about their influence on regeneration following tail autotomy, or
exploratory behaviour in autotomized individuals. Here we examined the relationship between stress, re-
generation, and exploratory behaviour in Allegheny Mountain dusky salamanders (Desmognathus ochrophaeus)
by manipulating corticosterone (CORT) levels via cutaneous patch. First, we measured tail regeneration in
salamanders with elevated CORT for 13 weeks after the induction of tail autotomy. Test subjects received a
weekly patch to wear for one hour that was saturated with either a low CORT (0.25 mg/ml) or high CORT (0.50
mg/ml) solution. Individuals receiving CORT patches regenerated significantly less of their tail length and vo-
lume (versus control), but without exhibiting dose-dependent effects. Second, we used a factorial design to
evaluate the effects of autotomy and elevated CORT on exploration within a test arena consisting of low barriers
arrayed in concentric rings. Individuals experiencing tail autotomy exhibited significantly less exploratory be-
haviour indicated by an increased latency to cross first barrier and a decreased number of barriers crossed.
Neither elevated CORT (0.50 mg/ml), nor the interaction between elevated CORT and tail autotomy significantly
affected salamander activity within the array. Although CORT did not have a direct effect on explorative be-
haviour, a delay in regeneration attributed to CORT could lead to changes in patterns of movement in auto-

tomized individuals.

1. Introduction

Obnoxious agents, or stressors, can elicit a variety of changes to
animal physiology (Wack et al., 2012; Thomas and Woodley, 2015),
morphology (Denver, 1997; Payette and Sullivan, 2019), and behaviour
(Carr, 2002; Watson et al., 2004; Moyers et al., 2018). Stress-induced
effects are mediated primarily through the production of glucocorti-
coids by the hypothalamic-pituitary-adrenal axis in birds and mammals,
and the hypothalamic-pituitary-interrenal axis in amphibians and rep-
tiles (Sapolsky, 2002; Reeder and Kramer, 2005; Denver, 2009; Sopinka
et al., 2015). In the short term, glucocorticoids serve to mitigate the
effects of stressors and contribute to homeostasis through relatively
rapid changes in the availability of metabolic fuels, cardiac output,
patterns of blood perfusion, arousal, and escape behaviours (Sapolsky
et al., 2000; McEwen and Wingfield, 2003; Wingfield and Sapolsky,
2003; Wingfield, 2005; Sheriff et al., 2011). Whereas the immediate
effects of glucocorticoid production allow for an effective response to

transient stressors, its prolonged elevation can be accompanied by
substantial costs such as decreases in reproduction (Wingfield and
Sapolsky, 2003; Carr, 2010; MacLeod et al., 2018), immune function
(Webster-Marketon and Glaser, 2008; Costantini et al., 2011), wound
healing (Padgett et al., 1998; Romana-Souza et al., 2014), and growth
(Boonstra et al., 1998).

Although elevated corticosterone (CORT), the primary glucocorti-
coid in amphibians and reptiles, has been implicated in the suppression
of wound healing (Thomas and Woodley, 2015) and growth (Dahl et al.,
2012), little is known about its role in the regeneration of tissues fol-
lowing autotomy. Autotomy is an antipredator response wherein a
portion of an appendage is lost or shed at a preformed breakage plane
(Stebbins and Cohen, 1995; Johnson and Jakob, 1999; Downes and
Shine, 2001; Bateman and Fleming, 2009; Marvin, 2010) which in-
creases the probability of escape (Ducey and Brodie, 1983; Maginnis,
2006). Some lizards and salamanders rely on tail autotomy to distract
and deter predators when primary defences such as biting, fleeing,
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immobility, or noxious secretions fail (Arnold, 1982; Labanick, 1984;
Whiteman and Wissinger, 1991; Maginnis, 2006; Marvin, 2010). Au-
totomy may provide an immediate survival benefit but often with
substantial future costs as the tail assists in locomotion, confers social
status, and stores fat and protein (Maginnis, 2006; Bateman and
Fleming, 2009; Gillis and Higham, 2016; Gerald et al., 2017). Tailless
individuals have reduced fecundity and clutch size (Fox and McCoy,
2000; Bateman and Fleming, 2009), altered balance and stability (Gillis
and Higham, 2016), and are less likely to escape from subsequent
predator attacks (Arnold, 1982; Ducey and Brodie, 1983; Downes and
Shine, 2001). Due to the significant trade-offs associated with au-
totomy, the ability to quickly regenerate a tail is important for the long-
term survival and fitness of an individual. Rapid regeneration, however,
may be delayed by prolonged periods of elevated CORT.

Autotomy and CORT can each exert an effect on activity or ex-
ploratory behaviour (how quickly and extensively an individual ex-
amines a new environment). However, unravelling the effects of tail
autotomy and elevated CORT with regards to activity is difficult be-
cause stimuli contributing to autotomy likely also elevate CORT (e.g.,
an attack from a predator) (Maher et al., 2013; Bennett et al., 2016),
and relationships between elevated CORT, autotomy and regeneration,
and activity are not well documented among vertebrate taxa. In gen-
eral, studies examining the impact of autotomy on behaviour highlight
the adverse effect on locomotion (Arnold, 1984; Maginnis, 2006). For
example, ground-dwelling lizards (Niveoscinus metallicus) had decreased
stamina or sprint speed (Chapple and Swain, 2002), arboreal lizards
(Anolis carolinensis) showed less stability while jumping (Gillis et al.,
2009), and two desmognathine salamanders (Desmognathus quad-
ramaculatus, D. ocoee) exhibited reduced swimming burst speed
(Marvin, 2010) after the induction of tail autotomy. Moreover, tailless
striped plateau lizards (Sceloporus virgatus), and both delicate (Lam-
propholis delicata) and garden skinks (L. guichenoti) are more inclined to
utilize refuges or sheltered basking sites, suggesting a direct relation-
ship between autotomy and exploratory behaviour (Cooper and Wilson,
2008; Cromie and Chapple, 2012). On the other hand, studies evalu-
ating the role of elevated glucocorticoids on exploratory behaviour and
activity in species capable of autotomy can vary according to taxon and
context. For example, experimentally elevated plasma CORT con-
centrations in juvenile wall lizards (Podarcis muralis) resulted in both
higher rates and duration of movement (Belliure and Clobert, 2004),
and in adult common lizards (Lacerta vivipara) led to earlier and longer
periods of activity and food intake (Cote et al., 2006). Conversely,
elevated plasma CORT had no discernible influence on activity levels in
D. ochrophaeus (Ricciardella et al., 2010) or foraging behaviour in D.
ocoee (Bliley and Woodley, 2012).

With this study we attempted to evaluate the relationship between
experimentally elevated CORT, tail autotomy and regeneration, and
exploratory behaviour in Allegheny Mountain dusky salamanders (D.
ochrophaeus). In an effort to limit confounding effects due to invasive or
disruptive methods of manipulating glucocorticoids (Sopinka et al.,
2015; Woodley, 2017), we elevated stress in test subjects with an
exogenous source of CORT applied to individual salamanders via cu-
taneous patch (Wack et al., 2010). In our first study, we examined the
effects of experimentally elevated CORT on tail regeneration over a 13-
week study period because the detrimental impact of CORT is linked to
prolonged elevation (Sapolsky et al., 2000; Sopinka et al., 2015). We
hypothesized that a) individuals exposed to exogenous CORT would
regenerate less of their original tail length and volume due to the in-
hibitory action of glucocorticoids on wound healing and growth
(French et al., 2006; Thomas and Woodley, 2015), and b) regeneration
would be negatively correlated with the concentration of CORT re-
ceived via cutaneous patch. In our second study, we evaluated the
combined effects of experimentally elevated CORT and tail autotomy
on exploratory behaviour. Previous findings suggest that under certain
environmental circumstances elevated CORT may have a minimal im-
pact on locomotion in D. ochrophaeus (Ricciardella et al., 2010;

Woodley and Lacy, 2010), but we hypothesize that the combination of
recent tail autotomy and elevated CORT could reveal a different range
of responses. For instance, the increases in exploratory behaviour ob-
served in free-living house finches (Haemorhous mexicanus) (Moyers
et al., 2018), and food intake among common lizards (L. vivipara) (Cote
et al., 2006) with elevated CORT also may be exhibited by autotomized
salamanders to promote the regeneration of tail tissue as quickly as
possible. Alternatively, the presence of elevated CORT could intensify
the inhibitory effect on behaviour seen among autotomized individuals
as stressed salamanders without tails may be less likely to engage in
risky behaviour.

2. Materials and Methods
2.1. Collection and maintenance of study animals

To determine the effects of exogenous CORT on tail regeneration
140 individual D. ochrophaeus were collected by hand at our field site in
a wooded area of Houghton College (Houghton, New York, USA) over
the span of three days ending 24-Aug-2018. We excluded individuals as
test subjects that showed signs of recent tail autotomy (i.e., obvious tail
discolouration or distal bluntness). Collected salamanders were re-
turned to the laboratory, housed individually in 15-cm-diameter Petri
dishes with an acid-free paper towel substrate moistened with spring
water, and stored in a climate-controlled chamber on a 13.5 L:10.5 D
cycle (lights on at 07:00 h EST) at 15.5 °C (day) and 12.8 °C (night)
which reflected the natural conditions during collection period. To
standardize prey intake, each individual was provided 5-8 wingless
Drosophila sp. one day prior to the induction of tail autotomy (6-Sept-
2018), and 3-4 additional prey on two occasions during the study (12-
Oct-2018 and 16-Nov-2018). Few feeding opportunities were provided
to salamanders in order to minimize the likelihood that differences in
tail regeneration among treatments were due to variation in food in-
take, as previous studies show that stressors can reduce foraging (Carr,
2002; Watson et al., 2004; Johnson and Sullivan, 2014; Gildemeister
et al., 2017).

To evaluate the combined effects of autotomy and CORT on ex-
ploratory behaviour, we collected an additional 180 D. ochrophaeus at
our field site over a span of three days in May 2019. As previously
described, we excluded individuals that showed signs of recent tail
autotomy, and animals were housed in 15-cm-diameter Petri dishes
with a paper towel substrate moistened with spring water. Collected
salamanders were stored in a climate-controlled chamber on a 15 L:9 D
cycle (lights on at 06:00 h EST) at 15.5 °C (day) and 12.8 °C (night)
which reflected the natural conditions during the collection period.
Salamanders were returned to the wild within one week of collection
and were not fed while in captivity.

2.2. Preparation and application of cutaneous CORT patches

We used the dermal patches designed by Wack et al. (2010) to ex-
perimentally elevate CORT in salamanders. In brief 1.5 X 3.0 mm
rectangular patches made from low protein binding filter paper (Cat.
No. 1820-070, Whatman) were gently applied to salamanders along the
dorsal midline slightly anterior to the pectoral girdle using blunt for-
ceps. Following application, 1.5-pl of one of two possible CORT solu-
tions were added to the patch. CORT solutions were prepared by
adding, 25.5 mg of crystallin CORT (Cat. No. C2505, Sigma-Aldrich) to
1.5 ml of 100% ethanol in a microcentrifuge tube (Cat. No. 05-408-129,
Fisher Scientific) and subsequently vortexed for one minute to ensure
dissolution. Next, the ethanol solution was combined with 50 ml of
carrier oil (sesame oil) and stirred overnight. This period of stirring
provided time for the ethanol to evaporate leaving a stock solution with
0.51 mg CORT/ml carrier to serve as the ‘high CORT’ treatment. Half of
this solution (25 ml) was diluted with an additional, 25 ml of carrier oil
to achieve a solution with 0.26 mg CORT/ml carrier to serve as our ‘low



CORT’ treatment. These CORT doses elevated plasma CORT levels in D.
ochrophaeus to approximately 200 ng/ml (high CORT) and 50 ng/ml
(the CORT) in a validation study by Wack et al. (2010). This low dose of
CORT resulted in plasma CORT levels similar to that of salamanders
experiencing handling stress (Wack et al., 2010). Two concentrations of
CORT were used as previous research suggests that developmental and
physiological responses may vary according to dose (Blas et al., 2007;
Wack et al., 2010; Maher et al., 2013; McCormick et al., 2015). To
evaluate the combined effects of autotomy and CORT on exploration,
we applied only the high CORT solution to stimulus patches in order to
maximize the likelihood of detecting an effect. CORT doses were not
adjusted for individual body size as Wack et al. (2010) indicated no
significant relationship between body weight and plasma CORT con-
centrations in D. ochrophaeus that received exogenous CORT via cuta-
neous patches.

2.3. Effects of CORT on tail regeneration

To evaluate the effects of an experimentally elevated stress hormone
on tail regeneration, salamanders were arbitrarily assigned to one of
four treatment groups: control (no patch, no CORT), patch control
(cutaneous patch with sesame oil, no CORT), low CORT (0.26 mg/ml)
patch, or high CORT (0.51 mg/ml) patch. Tail autotomy was induced in
each individual on 7-Sept-2018 through a simulated predation event
where each salamander tail was quickly and firmly grasped approxi-
mately 1 cm posterior to the cloacal vent using a pair of forceps.
Autotomized tails were immediately removed from home dishes and
individuals were returned to the climate-controlled chamber.

Treatments were administered weekly in conjunction with the
changing of paper towel substrates every Monday from 10-Sept-
2018-10-Dec-2018 between 13:00-17:00 h. All salamanders were
moved to clean experimental 15-cm-diameter Petri dishes with a single
layer of acid-free paper towel moistened with 3 ml of spring water.
After transfer, patches were administered to individuals in three
treatment groups (patch control, low CORT, or high CORT). Patches
were removed via clean blunt forceps 1 h after application. In an at-
tempt to standardize handling stressors, similar disturbances were re-
plicated and administered to the control group as well, but without the
application of patch and solution. After the cutaneous patches were
removed, each salamander was transferred to a clean home dish and
returned to the climate-controlled chamber. This process was repeated
weekly so that treatments were administered on thirteen separate oc-
casions.

In order to measure tail regeneration during the study, a weekly
photograph was taken of each individual using an Olympus Stylus TG-4
digital camera permanently mounted on a tripod at a fixed distance
below a clear plexiglass stage facing the underside of the transparent
home dishes. Prior to induction of tail autotomy, photographs were
taken of salamanders in order to measure the length and width of the
original intact tail. Total tail length was measured from the distal
margin of the cloacal vent to the tip of the tail and diameter of original
tail was measured across the distal margin of the cloacal vent.
Following autotomy, each weekly measurement began with a photo-
graph of a Fowler digital calliper to serve as a reference length. Next,
salamander home dishes were placed on the plexiglass stage and a
picture of their underside was taken in order to measure length of re-
generated tail from point of autotomy and diameter of regenerated tail
at its base. We measured the length and calculated the volume of re-
generated tail tissue because selection pressures on these two metrics
are likely different. Prioritizing the length of the regenerated tail may
confer a survival benefit to the individual through improved locomotor
ability and the ability to use autotomy in subsequent predator en-
counters, whereas the volume of the regenerated tail may be linked to
less immediate contributions such energy storage (Jamison and Harris,
1992), although changes in the distribution of mass can alter the me-
chanics of locomotion of individuals (Jagnandan et al., 2014). Length

and radius of the base of the regenerated tail were identified from the
discoloured or severed section of the tail, ending at the tip of the re-
generated portion. The length of the autotomized tail was determined
by subtracting the length of the remaining tail segment from the ori-
ginal tail. While the volume of the autotomized tail was calculated by
subtracting the volume of the remaining tail, according to the formula
for a truncated cone V = %(rf + nry, + r})h, from the original tail vo-

lume, calculated using the formula for a cone V = 7r(r)ZE where r is the
radius of the regenerating tail at its base, and h is the length measured
from the site of autotomy to the tip of the tail. A concerted effort was
made to ensure that salamanders were lying flat with no portion dis-
torted by contact with the side of the dish.

Morphometric data for each salamander were obtained from pho-
tographs using the open-source photo-analysing software ImageJ
(Schneider et al., 2012; Payette and Sullivan, 2019). The ‘freehand’ line
tool in ImageJ was used by an investigator blind to the treatments to
measure length and diameter of the regenerating tail at the breakage
plane. In order to minimize measurement error, dimensions for each
individual were taken three times by the same observer and an average
was calculated to be used as the final measurement. The regenerating
tail tissues were conceptualized as a cone allowing us to estimate the
volume of tail regenerated over the period of study.

2.4. Combined effects of CORT and autotomy on exploratory behaviour

In order to characterize the combined effects of autotomy and ele-
vated CORT on exploratory behaviour, the 180 test salamanders col-
lected from our field site were randomly assigned to one of six treat-
ment groups based on the state of their tail (autotomized or intact) and
treatment (CORT, patch control, or control). Individuals assigned to one
of the three treatment groups requiring autotomy were quickly and
firmly grasped about 1 cm posterior to the cloacal vent using a pair of
forceps to prompt the release of the tail approximately 12 h prior to the
start of behavioural trials. Salamanders selected to retain their tail went
through a sham procedure to provide comparable levels of disturbance
but without physical contact to the tail. At the conclusion of these
procedures, test subjects were transferred to individual polystyrene (6-
cm-diameter X 1.0-cm-height) dishes with acid-free paper towelling
moistened with spring water, and returned to the climate-controlled
chamber until the start of trials at 21:00 h. The application of patches
(and CORT when necessary) followed the process described above and
was staggered so that patches remained in contact with the salamander
for 60-90 min prior to transfer to the test arena.

The apparatus used to evaluate the exploratory behaviour of D.
ochrophaeus consisted of a circular arena with a series of surmountable
barriers and was based on a design used by Lynn et al. (2019) and
Reeder (2013) to assess the behaviour of other plethodontid sala-
mander species. Our version of the circular array consists of five 1.5-
cm-high rings of PVC (9101 Duct Pipe, Harrington Industrial Plastics
LLC) ranging from 10.2-50.8 cm in diameter and arranged in a con-
centric manner on a substrate of acid-free paper towels moistened with
spring water. This arrangement provided a central space for the pla-
cement of the 6-cm-diameter dish containing the test subject, and an
approximately 5.1-cm gap between each PVC ring (Fig. 1).

Behavioural assays were conducted over the course of three nights
(13-May-2019-15-May-2019) beginning at 21:00 h in a laboratory with
red LED lights installed overhead to provide enough light to observe the
movement of salamanders. Test subjects within 6-cm-diamater Petri
dishes were placed in the centre of the circular array and provided 2
min to adjust to disturbance from the transfer. After this period, the lids
of the dishes were removed and salamanders were free to move
throughout the arena and over barriers for a period of 5 min. Between
each trial, paper towel substrates were replaced and the rings of PVC
were wiped with 95% EtOH to minimize contamination of CORT and
salamander odours which could influence behaviour (Lynn et al.,



Fig. 1. Circular arena designed to evaluate the effect of autotomy and experi-
mentally elevated CORT on exploratory behavior in D. ochrophaeus. The arena
was comprised of five PVC rings (1.5 c¢m tall and ranging from 10.2-50.8 cm in
diameter), resting on a substrate of paper towels moistened with spring water,
and surrounding a central polystyrene dish (6.0 cm diameter x 1.0 cm height)
that served as the point of salamander release.

2019). Treatments were stratified so that an equivalent number of in-
dividuals in each group were tested each night. After trials, individuals
were returned to home dishes, measured for SVL, and placed in the
climate control chamber until their release at the point of capture fol-
lowing the conclusion of testing. During each trial, we recorded the a)
latency to scale the first barrier (defined as the amount of time required
for an individual’s pectoral girdle to pass over the vertical wall of the
test dish), b) total number of barriers scaled, and c¢) time required to
scale the outermost barrier (i.e., escape the array).

2.5. Statistical analysis

In order to evaluate the effect of CORT on tail regeneration, we

performed a Spearman’s rank correlation analyses for the a) initial
length of autotomized tail versus length of tail regenerated, and b) in-
itial volume of autotomized tail versus volume of tail regenerated at the
conclusion of the 13-wk study. The length of the regenerated tail was
positively correlated with the length of the autotomized tail (r = 0.460;
p < 0.001), and the volume of the regenerated tail was positively cor-
related with the volume of the autotomized tail (r = 0.539; p < 0.001).
Consequently, we evaluated both length and volume as percentages of
the tail tissue lost via autotomy. Because our data failed to meet the
assumptions of normality and homoscedasticity, we performed a gen-
eralized linear model (GLZ) one-way ANOVA using Statistica (Statsoft,
Inc., 2001, version 6.0), with separate one-way ANOVAs conducted on
regenerated tail tissue for each week. When main effects were sig-
nificant, we conducted post-hoc pairwise multiple comparisons within
each time interval while using the Bonferroni adjustment (« = 0.008).
Three individuals were removed from the study due to death, so that
the final sample sizes were: control (n = 33), patch control (n = 34),
low CORT (n = 35), and high CORT (n = 35).

In order to evaluate the combined effects of CORT and tail autotomy
on exploration, we performed a GLZ factorial ANOVA on latency to
scale first barrier and number of barriers scaled using Statistica with
autotomy (intact versus autotomized) and treatment (control, patch
control, or CORT) as the main effects. As described above, we relied on
the generalized linear model because our data failed to meet the as-
sumptions of normality and homoscedasticity. To test for the effect of
size on exploratory behaviour we performed a Spearman’s rank corre-
lation analysis on a) SVL and latency to scale the first barrier, and b)
SVL and the total number of barriers scaled. As only 13 of the 180
individuals tested scaled the outermost barrier within the 5 min time-
frame, the time to escape was not analysed.

3. Results
3.1. Effects of CORT on tail regeneration

The GLZ one-way ANOVAs to assess differences in regenerated tail
length (as a percentage of the length of the autotomized tail) indicate
significant differences among treatment groups beginning at Week 3
(Fig. 2). There was a significant effect of treatment on regeneration at
each measured time interval (Table 1). Post-hoc pairwise multiple
comparisons indicate that after Week 5 individuals with high or low

60
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Length regenerated as % of autotomized tail
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Weeks post caudal autotomy

Fig. 2. Length of tail regeneration as a percent of autotomized
tail (Mean + SE) in D. ochrophaeus, calculated at weekly in-
tervals, in one of four treatments: control (no patch, no
CORT), patch control (cutaneous patch with sesame oil, no
CORT), low CORT patch (0.26 mg/ml), or high CORT patch
(0.51 mg/ml). Letters indicate significant differences among
tail regeneration in treatment groups at each time interval
using post-hoc pairwise multiple comparisons while adjusting
alpha according to Bonferroni (@ = 0.008). Sample sizes are as
follows: high CORT (n = 35), low CORT (n = 35), control (n
= 33), and patch control (n = 34).
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Table 1

Results of the generalized linear model one-way ANOVA for regenerated tail
volume (as percent of the volume of the autotomized tail) and length (as a
percent of the length of the autotomized tail). A separate one-way ANOVA was
conducted on regenerated tail tissues at each time interval.

Time post Volume (as % of autotomized Length (as % of autotomized
autotomy tail) tail)

Week df Wald P df Wald p

3 3 12.455 0.006 3 13.255 0.004

4 3 16.885 < 0.001 3 8.650 0.034

5 3 17.130 < 0.001 3 13.500 0.004

6 3 15.581 0.001 3 25.230 < 0.001
7 3 18.617 < 0.001 3 27.510 < 0.001
8 3 20.415 < 0.001 3 27.020 < 0.001
9 3 6.381 0.094 3 15.780 0.001
10 3 17.843 < 0.001 3 30.560 < 0.001
11 3 24.865 < 0.001 3 36.420 < 0.001
12 3 28.843 < 0.001 3 25.630 < 0.001
13 3 16.521 < 0.001 3 33.980 < 0.001

CORT exhibited significantly less tail regeneration in terms of length
compared to the patch control (LD: p < 0.001; HD: p = 0.004) with this
trend continuing through Week 13 (LD: p < 0.001; HD: p < 0.001).
There were no significant differences in length between the con-
centrations of the CORT doses (p-values ranging from 0.416 during
Week 9 to 0.986 during Week 5). Lastly, there were no significant
differences between the controls (p-values ranging from 0.021 during
Week 13 to 0.998 during Week 4).

Similarly, the GLZ one-way ANOVAs to assess differences in re-
generated tail volume (as a percentage of the volume of the auto-
tomized tail) indicate significant differences among treatment groups at
Week 3 (Fig. 3). There was a significant effect of treatment on the vo-
lume regenerated beginning at Week 3 and continuing to Week 13 with
the exception of Week 9 (Table 1). Subsequent pairwise multiple
comparisons indicate that individuals treated with CORT had sig-
nificantly less volumetric tail regeneration compared to the patch
control from Week 3 (LD: p = 0.002; HD: p = 0.004) to Week 13 (LD: p
= 0.001; HD: p = 0.001), excluding Week 9 (LD: p = 0.012; HD: p =
0.041). There was no significant difference between individuals treated
with low and high CORT (p-values ranging from 0.149 during Week 11
and Week 12 to 0.820 during Week 10). Lastly, there was no difference

Table 2
Result of the generalized linear model factorial ANOVA to assess the latency to
scale first barrier and the number of barriers spanned in Allegheny Mountain
dusky salamander (Desmognathus ochrophaeus) individuals exposed to au-
totomy, treatment (CORT patch, patch control, no patch), and the interaction of
the two.

Latency to scale first barrier Number of barriers spanned

df Wald P df Wald P
Autotomy 1 5.660 0.017 1 7.004 0.008
Treatment 2 3.087 0.214 2 1.630 0.443
Autotomy X 2 0.266 0.875 2 1.093 0.579

Treatment

between the control treatments (p-values ranging from 0.009 during
Week 8 to 0.880 during Week 11).

3.2. Combined effects of CORT and autotomy on exploratory behaviour

The GLZ factorial ANOVA used to assess main effects of autotomy
and CORT treatments, as well as the interactive effects, on exploratory
behaviour in our test arena indicates a significant main effect of au-
totomy on both latency to scale the first barrier and total number of
barriers scaled (Table 2). Individuals with autotomized tails showed a
greater latency to scale the first barrier and a lower number of barriers
scaled during the 5-min assay (Fig. 4). Neither the CORT treatment
alone, nor the interaction between CORT and autotomy showed sig-
nificant effects on either behavioural metric. There was no correlation
between SVL and latency to scale the first barrier (r = 0.051; p =
0.498) nor SVL and the total number of barriers scaled (r = 0.030; p =
0.694).

4. Discussion

The results of our first study indicate that a weekly 1-hr exposure to
exogenous CORT contributed to a significant reduction in tail re-
generation, and the difference was detectable within three weeks from
the induction of autotomy. This supports our prediction that elevated
CORT would delay tail regeneration, and is consistent with studies by
French et al. (2006) who showed that elevated stress had an inhibitory
effect on healing in male tree lizards (Urosaurus ornatus), and Thomas

% Il High CORT

Low CORT

[ Control

25 b [ Patch Control

20

Volume regenerated as % of autotomized tail

Weeks post caudal autotomy

Fig. 3. Volume of tail regeneration as a percent of auto-
b tomized tail (Mean = SE) in D. ochrophaeus, calculated at
weekly intervals, in one of four treatments: control (no patch,
no CORT), patch control (cutaneous patch with sesame oil, no
CORT), low CORT patch (0.26 mg/ml), or high CORT patch
(0.51 mg/ml). Letters indicate significant differences among
tail regeneration in treatment groups at each time interval
using post-hoc pairwise multiple comparisons while adjusting
alpha according to Bonferroni (@ = 0.008). Sample sizes are as
follows: high CORT (n = 35), low CORT (n = 35), control (n
= 33), and patch control (n = 34).
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Fig. 4. The a) average latency to scale first barrier in seconds, and b) average
number of barriers scaled in the 5-min behavioral assay for D. ochrophaeus
among our six treatment groups based on experience with tail autotomy (au-
totomized, intact tail) and treatment (high CORT patch, patch control, control).
In each group, n = 30.

and Woodley (2015) who discovered that CORT impacts wound healing
in D. ochrophaeus through action on inflammation. The level of tail
regeneration did not vary according to dosage as predicted, as there
were no significant differences in tail regeneration between low (0.26
mg/ml) and high (0.51 mg/ml) CORT treatment groups. According to
Wack et al. (2010), the plasma CORT levels corresponding to our high
and low CORT treatments are roughly, 200 ng/ml and 50 ng/ml re-
spectively. This suggests that although the plasma CORT levels could
vary substantially between our high and low CORT groups, the two
concentrations are not different in terms of their physiological effect.
Alternatively, it is possible that our low CORT exceeded some minimum
threshold such that subsequently larger doses had no further effect on
regeneration. The results of our second study show that exploratory
behaviour, in terms of both latency to scale the first barrier and number
of barriers crossed, were significantly lower in salamanders with au-
totomized tails. However, the exploratory behaviour of individuals in
the test arena was not noticeably impacted by experimentally elevated
CORT. These results are consistent with studies that show a negative
impact of autotomy on movement (Maginnis, 2006; Gillis and Higham,
2016). Furthermore, they reinforce previous findings that changes in
activity of D. ochrophaeus are not mediated by elevated CORT (Wack
et al., 2013).

Although the physiological mechanism underlying the differential
regeneration is unclear, our results bolster the link between environ-
mental stressors, CORT, and aspects of growth in ectotherms. For ex-
ample, overcrowding can increase plasma CORT and slow the growth of
individuals (Elsey et al., 1990), and predators may stimulate CORT
production ultimately leading to different morphology (McCollum and
Leimberger, 1997; Hossie et al., 2010) and growth rate (Collier et al.,
2008). More germane to the current study, individual D. ochrophaeus
exposed to kairomones from predatory eastern garter snakes

(Thamnophis sirtalis) regenerated significantly less tail tissue than con-
trol salamanders over a 12-week period (Payette and Sullivan, 2019).
This parallels the effect on regeneration observed in the current study
among individuals receiving CORT patches. Whether exposure to cues
from predatory snakes promotes increased plasma CORT in test subjects
is unknown, although Fonner and Woodley (2015) present data sug-
gesting that kairomones from spring salamanders (Gyrinophilus por-
phyriticus) did not generate a significant increase in CORT in D. ochro-
phaeus over the span of their study. Interestingly, a partial mechanism
to account for reductions in growth and regeneration in amphibians has
been suggested by Novarro et al. (2018) who report that red-backed
salamanders (Plethodon cinereus), with CORT elevated via thermal
stress, showed a reduction in food conversion efficiency. A decrease in
conversion efficiency coupled with a decrease in foraging activity
among stressed or threatened individuals (e.g., Johnson and Sullivan,
2014) could result in a substantial suppression of regeneration of in-
dividuals. It should be noted that animals tested in our experiment may
have experienced minor food stress due to the limited foraging oppor-
tunities, but this seems insufficient to explain differences among our
treatment groups.

Reduced exploratory behaviour in recently autotomized individuals
could result from the physical limitations stemming from the loss of the
tail, or perceived increase of risk from the simulated predator attack.
The detrimental impact of tail loss on various aspects of movement and
activity has been documented in a number of species (reviewed by
Maginnis, 2006; Gillis and Higham, 2016). Of special relevance to this
study is the effect of tail loss on the ability of salamanders to scale the
barriers presented in our circular array. In arboreal lizards, autotomy
has an adverse on climbing because it affects balance and stability
(Brown et al., 1995; Medger et al., 2008). The degree to which an intact
tail is required by salamanders to climb the 1.5-cm barriers in our assay
is uncertain, but in at least one case, a salamander species appears to
use tails for balance while climbing (Stebbins, 1947). As such, it is
plausible that the physical limitations of autotomy can account for the
decrease in exploratory behaviour observed in our study. A non-mu-
tually exclusive alternative is that autotomized salamanders are less
exploratory as a carry-over from their recent experience with simulated
predator attack (O’Connor et al., 2014). This is consistent with the
generalized responses of plethodontid salamanders to predators,
namely decreased activity (Epp and Gabor, 2008; Johnson and Sullivan,
2014) and increased shelter use (Sullivan et al., 2002, 2005). However,
recent experience with autotomy may also suppress behaviour as
Gildemeister et al. (2017) show that relatively small (<= 3.2 cm) D.
ochrophaeus that experienced tail autotomy decreased their foraging
behaviour, presumably due to the perception of elevated risk. Because
the induction of tail autotomy in that study occurred over two weeks
prior to testing, it seems unlikely that elevated risk was linked to an
imminent attack from the same predator, but rather the perceived
vulnerability to subsequent predation attempts. A similar effect was
seen in striped plateau lizards (S. virgatus) that increased flight initia-
tion distance and refugee use after autotomy due to an increased risk of
predation (Cooper and Wilson, 2008).

Resolving the observation that the experimental elevation of CORT
had a significant influence on regeneration but not exploratory beha-
viour in conjunction with autotomy is challenging. The duration and
timing of the CORT exposure, as well as the temporal nature of the
observed response, could account for some of our experimental results.
In general, amphibians promptly release CORT in response to a stressor
but some effects of the HPA/HPI axis are manifest up to several hours
later (Maser et al., 1980; MbangKollo and deRoos, 1983). Thus, it is
possible that our evaluation of exploratory behaviour occurred too soon
after the application of the CORT patch for behavioural changes to
occur. This notion emphasizes the role of CORT in mediating prolonged
stressors rather than immediate reactions in amphibians (Herman,
1992), but also questions its function in behavioural responses to stress,
especially in a predator-prey context. Because previous studies suggest



that neither kairomones from a predatory salamander (Fonner and
Woodley, 2015), nor body condition (Thomas et al., 2017) are linked to
changes in plasma CORT, Woodley (2017) speculates that CORT is not a
crucial component of the stress response in plethodontid salamanders,
or at least not key to antipredator behaviour (e.g., Davis and Gabor,
2015). The case is made that the typical increase in metabolic rate due
to elevated CORT observed in some taxa (Sapolsky et al., 2000; Moore
and Jessop, 2003; Sopinka et al., 2015) may be costly in ectothermic
species adapted to a low-energy existence. Therefore, it is possible that
our results can be explained as a strategy to initially suppress CORT
(and its behavioural and energetic consequences) to avoid detection by
predators but increase CORT with longer or repeated exposure to
stressors (Maher et al., 2013).

Despite the immediate survival benefits conferred through tail au-
totomy, the resultant costs to survival and fitness of an individual make
expedient and efficient tail regeneration imperative (Maginnis, 2006).
However, repeated exposure to predators (Payette and Sullivan, 2019),
and experimentally elevated levels of CORT (current study) compro-
mise the recovery process. Furthermore, exploratory behaviour, which
can lead to increases in foraging opportunities and energy acquisition in
some species (Crino et al., 2017; Moyers et al., 2018), was suppressed in
individuals recently experiencing autotomy. The combined results of
our two studies, and previous research (Maher et al., 2013; Davis and
Gabor, 2015; Fonner and Woodley, 2015), suggest that an increase of
CORT may be suppressed initially in the presence of threatening sti-
muli, in order to avoid detection by predators, but may increase with
longer or repeated stress. Our studies also highlight the complexity of
stress and how it may affect responses as distinct as tail regeneration
after autotomy and behavioural tendencies. Although the current study
did not consider factors such as sex, body condition, or population
differences in salamanders in an attempt to keep the design manage-
able, subsequent research examining sex-specific differences in rates of
regeneration (e.g., Chapple and Swain, 2002), or habitat influences on
CORT and activity (e.g., Crino et al., 2017) could provide valuable in-
sight. Additionally, an attempt to understand the mechanism ac-
counting for differential regeneration (e.g., Novarro et al., 2018) could
elucidate the process by which stress tends to depress growth of in-
dividuals.
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