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Terrestrial Salamanders Alter Antipredator Behavior Thresholds Following Tail Autotomy
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ABsTRACT:  Prey animals avoid and survive encounters with predators through morphological and behavioral mechanisms, but these defenses
can negatively affect fitness when individuals forgo foraging and reproductive opportunities. Although many studies have focused on the costs
associated with antipredator behavior, few have evaluated how that behavior changes immediately following a nonlethal interaction with a
predator. Understanding how differences in species ecology (i.e., autotomy and regeneration capabilities) influence antipredator behaviors prior
to and following a predation attempt could provide insight into how animals cope with living among predators. In this study, we evaluated the
antipredator and compensatory behaviors of Northern Zigzag Salamanders (Plethodon dorsalis) to determine how attempted predation affects
behavioral responses to perceived predation risk. In a laboratory setting, we performed behavioral assays evaluating escape distance, exploratory
movements, cover use, eating habits, and temperature preferences on individuals assigned to attacked (tail autotomy) and control treatments. We
found differences in antipredator and compensatory responses between the two treatments, indicating that responses change relative to previous
experiences with predators and present risk of predation. Our results indicate that attacked individuals had lower thresholds to elicit a behavioral
response relative to control individuals and compensated for loss of resources and decreased locomotive ability by selecting warmer-temperature
microhabitats. This study provides insight into how individuals cope with living amongst predators and emphasizes the need to explore behavioral

changes following predation.
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Prey INDIVIDUALS avoid lethal interactions with predators
via behavioral modifications including activity and habitat
selection (Ives and Dobson 1987; Lima and Dill 1990; Lima
1998; Roberts and Liebgold 2008), morphological traits
(Harvell 1990; Anholt and Werner 1999; Tollrian and
Harvell 1999), and chemical defenses (Pasteels et al. 1983;
Trigo 2000). Prey have evolved these mechanisms to
interrupt the predation sequence before and after detection
and/or attack (Brodie et al. 1991; Bateman et al. 2014). Prey
decrease probability of attack by using preattack defenses
such as reducing activity or through specialized coloration
(e.g., aposematic coloration or camouflage; Bateman et al.
2014). Prey decrease probability of mortality after attack or
during a predator—prey encounter with postattack defenses
including flight or morphological armor (Bateman et al
2014). In the absence of mortality, preattack defenses can
result in reduced foraging, and postattack defenses can
involve energy expenditure and might incur substantial
injury risk (Bateman et al. 2014). These antipredator
mechanisms lead to a greater chance of survival, which
should, in theory, result in greater reproductive success, but
foregoing feeding and mating also affects prey fitness by
lowering rates of growth and fecundity (Peckarsky et al.
1993; Lind and Cresswell 2005; Creel and Christianson
2008).

Prey must be able to balance energetic demands and
fitness consequences with predator avoidance in order to
survive. Although foraging and mating increase energy gains
and overall fitness, prey can become conspicuous and
vulnerable to predation (Sih 1992; Brown 1999; Brown et
al. 2006). In other words, selection for the defense that
maximizes survival rates relative to mortality rates results in
the fittest individuals who are also able to detect potential
predators accurately (Ducey and Brodie 1983; Brodie et al.
1991; Bateman et al. 2014). Past research (e.g., Brown et al.
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2006) has established that the intensity of current antipred-
ator behavior is an accumulation of immediate predation
threat and previous exposure to or interactions with
predators. Brown et al. (2006) identify how current and
background predation risk influences the intensity of, and
the threshold at which, an antipredator response is elicited in
cichlid fish. Specifically, subjects experiencing frequent,
high-risk alarm cues exhibit lower-intensity response relative
to those individuals exposed to infrequent, low-risk cues.
Prey might thus resolve the conflicting demands of fitness-
enhancing activities by adjusting their threshold relative to
the environmental context (Brown et al. 2006).

Tail autotomy, the deliberate severing of the tail aligned
with a fracture plane in caudal vertebrae, is one last-chance
antipredator mechanism used by salamanders (Wake and
Dresner 1967; Beneski 1989). This defense increases prey
survival by facilitating escape while the predator is
distracted, and tail injury occurs in a manner to minimize
fluid loss and tissue damage (Wake and Dresner 1967,
Beneski 1989; Bely and Nyberg 2009). Additionally, because
individuals utilizing tail autotomy are able to regenerate the
lost structure, long-term costs associated with the tail’s
absence are negated (Bely and Nyberg 2009). Although tail
autotomy results in immediate survival when alternative
antipredator mechanisms fail, it compromises an individual’s
future survival and fitness (Marvin and Lewis 2013).
Autotomized salamanders lose important fat energy reserves
from the tail, and experience decreased locomotive ability
and reproductive success (Mairona 1977; Scott and Fore
1995). Tail regeneration is also costly because it requires
high caloric replacement and increases susceptibility to other
physiological stressors (Marvin and Lewis 2013). Studies
broadly focusing on antipredator costs have neglected to
evaluate how prey behaviors change immediately postsur-
vival (i.e., after an unsuccessful predation attempt).

We studied the antipredator and compensatory behaviors
in Northern Zigzag Salamanders (Plethodon dorsalis) to
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determine whether individuals act and perceive predation
risk differently following a simulated predation attempt.
Specifically, our study sought to evaluate exploratory
movements, temperature preference, cover use, escape
distance, and feeding rate in order to determine whether
autotomized P. dorsalis individuals compensate and behave
differently following an attack. Overall, we hypothesized that
individuals will alter their behaviors in order to decrease
vulnerability and risk effects associated with tail autotomy
and predation. We predicted that attacked salamanders
would increase antipredator behaviors by exploring less and
using refuge more to avoid future detection by predators
(Brodie et al. 1974). Reduced exploration might reflect
compensation for the cost of regenerating the tail as an
energetic trade-off between tail regeneration and overall
activity levels. We also hypothesized that individuals will
occupy warmer environments and increase feeding to
compensate for energetic costs associated with tail loss and
regeneration. Finally, we predicted that behavioral thresh-
olds for escape movements would be lower for recently
attacked individuals relative to control individuals.

MATERIALS AND METHODS

We evaluated the compensatory and antipredator behav-
iors of P. dorsalis because they are abundant in Tennessee,
USA and experience tail autotomy (Bishop 1943). We had
two different collection periods in March—April and
October—November 2015, resulting in two separate combi-
nations of treatments. We collected a total of 82 adult P.
dorsalis individuals (snout-vent length [SVL] 34-47 mm;
total length 48-85 mm) by flipping rocks and logs in a
forested riparian area, and by looking in sandstone crevices
at two sites located ~1.6 km apart in Sewanee, Franklin
County, Tennessee that were visited during both collection
periods. We did not collect any individuals having evidence
of prior tail autotomy (e.g., coloration differences, blunt tail
tips). During the first treatment period (March-April 2015;
mean air temperatures of 8.6-13.3°C), we tested exploration,
cover use, and feeding habits (n = 20 for each treatment).
During the second treatment period (October—November
2015; mean air temperatures of 8.8-13.8°C), we evaluated
escape distance and temperature preference (n = 21 for
each treatment). Each of these time periods occur during the
cooler season when P. dorsalis is surface active and likely to
encounter predators (Petranka 1998). Plethodon dorsalis was
housed at 10°C in Ziploc bags with moist paper towels prior
to experimentation and were maintained for a maximum of
48 h before their behaviors were quantified. Before trials
began, we measured body length (SVL and total length; *1
mm) and body mass (+0.1 g), and then randomly assigned
individuals to a predation or control treatment. Salamanders
were tested in the order in which they were randomly
assigned to a treatment ensuring interspersed observations of
individuals from both treatments. The 42 salamanders
assigned to the predation treatment experienced autotomy
of 5-10% of the tail length by our applying pressure with
forceps 2 mm from the tail tip, while the remaining 42
salamanders in the control group did not undergo tail loss.
Experimental enclosures were 35 X 30 X 5-cm clear plastic
boxes (marked with 28 5 X 5—cm squares on the bottom) in
which subjects were tested individually.

Individuals from the first collection period (March—April
2015) experienced behavioral assays in the following order:
exploratory movements, refuge use, and eating habits. In a
room with indirect lighting (shaded windows) and immedi-
ately following tail autotomy (i.e., no acclimation period), we
positioned control or attacked individuals alone in the center
of an experimental enclosure. During a 20-min trial, we
monitored exploration by tallying the percentage of squares
in the enclosure entered by more than 50% of the
salamander’s body length. Enclosures for up to six subjects
were placed on the ground, and we observed salamanders
from a distance of 2 m and height of 1.25 m to minimize our
effect on their behavior. Exploration trials began between
1400 and 1800 h at room temperature (18.3°C) and were
immediately followed by the cover use and eating habit
studies.

To test the hypotheses addressing cover use and eating
habits, we housed individuals at 11.5°C and 96% relative
humidity with a 10 :14 h light : dark cycle in the test
enclosures for 4 d with two damp paper towels as refuge and
five crickets (3.2 mm) as potential prey. Individuals were
checked daily in the morning (0900 to 1100 h), afternoon
(1300 to 1600 h), and evening (1700 to 2000 h) to record
cover use and number of crickets eaten for a total of 12 data
points per individual.

Individuals (n = 41) captured during the second
collection period (October—November 2015), experienced
behavioral assays in the following order: escape distance
after two simulated attacks followed immediately by a
temperature preference assay. These behavioral assays were
conducted using similar ambient parameters as the first set
of behavioral assays at room temperature (ie., indirect
lighting, 1400 to 1900 h; 18.3°C), but each individual
completed both sets of trials before the next individual was
observed. To measure escape distance following predation,
we individually acclimated all salamanders to the test
enclosures for 5 min, then simulated a predator encounter
by either autotomizing the tail or touching the tail (control
treatment) with forceps. After initiating the treatment, we
used a ruler to measure the Euclidean distance an individual
moved from its starting position within the enclosure until it
stopped moving for 5 s (Attempt 1). Five minutes later, we
touched each individual’s tail with forceps and measured the
escape distance a second time (Attempt 2). All escape
distance trials were conducted on a lab bench, and distance
measurements did not result in salamanders changing
position. We monitored temperature selection by placing
an individual at the midpoint of a 1.75-m-long gutter lined
with 5-mm damp plantation soil (ExoTerra), which was only
altered by adding water to maintain soil saturation through-
out the study. Although salamanders are known to use
conspecific cues to locate themselves, interspersion of
observations of individuals from different treatments mini-
mized bias that could be introduced by conspecific cue use
that might encourage co-location or avoidance (e.g.,
Lutterschmidt et al. 1994; Gautier et al. 2006). One end of
the gutter was placed on a hot plate set to the first or second
heat setting and the other positioned in an ice bath to
develop a thermal gradient from 2-27°C (Strickland et al.
2016). Although the gradient was not linear between these
temperature extremes, a range was provided to allow for
selection (see Appendix). We measured soil temperature
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with the use of a thermometer (General Deluxe Digital Stem
Thermometer) at each salamander’s position within the
enclosure every 20 min for six total observations over 2 h.

STATISTICAL ANALYSES

We finished behavioral assays with sample sizes of 20 and
21 subjects per treatment for the first and second experi-
mental periods, respectively. We performed an a priori power
analysis that indicated the power of our analyses would be
0.87 for a moderate effect size (d = 0.5). For repeated
observations of position, we used frequency of refuge use data
for each individual, or averaged temperature preference, to
evaluate a single measure for these behavioral assays.

Because individuals were evaluated in two or three
behavioral assays, we assessed our overall hypothesis that
treatment (control or attacked) affected antipredator
(escape distance, exploration, cover use) and compensatory
(temperature preference, feeding rate) behaviors using
repeated-measures multivariate analyses of covariance
(MANCOVAs), with the individual as the repeated
measure. Individuals were either assayed for exploratory
movement, refuge use, and feeding rate or escape distances
and temperature preference. Therefore, we conducted a
repeated-measures MANCOVA for each set of treatments.
Finally, we included size as a covariate that might allow
large individuals to move further than small individuals. If
individual identifier or size was a significant predictor in our
MANCOVAs, we included the variables in post hoc
univariate ANCOVAs to assess treatment effects on each
behavioral response. For escape-distance trials, we per-
formed a two-factor ANOVA evaluating if treatment and
time interacted (predation Attempt 1 versus 2). To evaluate
differences among groups, a Tukey post hoc analysis was
performed for the escape distance trials. All statistical
analyses were performed in R (R Development Core Team
2014) and, unless otherwise stated, values are reported as
means = 1 SE.

REsuLTS

The MANCOVAs for exploratory movement, refuge use,
and feeding rate revealed no effect of treatment (Pillais 537 =
0.14, P = 0.13) or individual (Pillaiz 37 = 0.13, P = 0.15), but
that these dependent variables were affected by individual
size (Pillaiz3; = 0.22, P = 0.04). Attacked salamanders
moved into different squares 1.70 times more f{requently
than control salamanders during the 20-min trial period. We
observed an interaction of treatment with size (Fig. 1A; F; 35
= 6.64, P = 0.01). Size was positively associated with
exploration in the control treatment but negatively associated
with exploration in the attacked treatment. Attacked
salamanders did not use refuges more often more than
control salamanders (Fig. 1B; F; 35 = 0.11, P = 0.57), but
refuge use was higher in larger individuals (F 35 = 8.98, P =
0.005). No difference in prey consumption was observed
between the two treatments (Fig. 1C; F, 37 = 0.39, P = 0.36),
or in association with size (Fy 35 = 1.24, P = 0.27).

The MANCOVAs for temperature and escape distances
from simulated attack revealed an effect of treatment
(Pillaiz 37 = 0.35, P = 0.002), but no significant effects of
individual (Pillais3; = 0.06, P = 0.55) or size (Pillaiz 37 =
0.099, P = 0.30). An ANOVA revealed that attacked
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Fic. 1.—Compensatory and antipredator behaviors of Plethodon dorsalis
assigned to attacked and control treatments in terms of exploration (A),
cover use (B), prey item consumption (C), temperature preference (D), and
escape distance after two predation attempts (E). Asterisks and letters
indicate statistically significant differences as indicated by Tukey post hoc
tests. Values are shown as means = 1 SE.

salamanders selected warmer microhabitats (18.9 £ 2.0°C),
whereas control salamanders selected cooler microhabitats
(13.8 % 0.8°C; Fig. 1D; Fy 45 = 50.0, P = 0.03). There was a
significant interaction between treatment and time in the
escape distance trials (Fig. 1E; Fyus = 4.72, P = 0.01).
Although both groups experienced a diminished response to
the second predation attempt, the difference was greatest in
attacked individuals with attacked salamanders fleeing 4.0
times further than control individuals immediately after tail
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autotomy (Attempt 1) and 3.9 times further than control
individuals after the second predation attempt (Fig. 1E).

DiscussioN

Experiments involving unsuccessful predation resulting
in injury have documented that animals alter their behavior
following attempted predation. In this study, we simulated
a predation attack and quantified subsequent behaviors of
P. dorsalis and found that autotomized individuals alter
their antipredator and compensatory behaviors following
tail autotomy. We found that attacked individuals altered
exploratory movements, escape distance, and temperature
preference, but not refuge use or feeding rate. Our results
demonstrate that salamanders compensated for tail loss by
preferring warmer microenvironments that might acceler-
ate the physiological processes of tail regeneration or
healing, but not by increasing feeding rates. Attacked P.
dorsalis exhibited greater antipredator responses immedi-
ately following treatment by fleeing further than control
subjects from a second touch stimulus. Contrary to our
refuge and exploration hypotheses, autotomized salaman-
ders did not use cover more frequently and explored a
novel enclosure more than control individuals, although we
did observe an interaction with size. Larger, and presum-
ably older, salamanders explored enclosures at higher rates
than smaller individuals in the control treatment, but
explored at lower rates than smaller individuals in the
attacked treatment. These results indicate that adults might
have prior experience with attacks and that immobilization
following attack might be a learned antipredator strategy
(Ferrari et al. 2008).

Our results support the hypothesis that attacked
salamanders would flee following induced tail autotomy,
most likely to avoid subsequent attacks (Heithaus et al.
2009), but we found that attacked salamanders explored
more in a novel setting following simulated attack, which
contradicted our hypothesis that they would remain
immobile in a novel environment. Because we did not
provide refuge within the novel enclosure, attacked
salamanders could have increased movement behavior in
an attempt to find cover (Martin and Lopez 2001).
Although attacked individuals with shorter tails could have
a maneuverability advantage, individuals with autotomized
tails tend to experience decreased locomotion, making this
non-adaptive explanation unlikely (Mairona 1977). Fur-
thermore, semiaquatic plethodontids retained maximal
swimming performance with 70% of their tail length, but
terrestrial movement speed was unimpeded after autotomy
(Marvin 2010, 2013). Additionally, autotomized salaman-
ders in this study preferred warmer microhabitats during
temperature preference trials, potentially a compensatory
response to tail autotomy to increase physiological rates
associated with tail regeneration. Warm temperatures raise
metabolism and energy requirements (Feder 1983),
increase the rate of physiological processes such as tail
regrowth (Marvin and Lewis 2013), enhance escape
performance (Marvin 2013), and alter outcomes of
competitive interactions (Wise and Jaeger 1998; Liles et
al. in press), any of which could lead to greater survival in
environments with high predation risk and competition.

The similarity in use of cover by P. dorsalis assigned to
the two treatments could be attributed to the high relative
humidity values within their housing enclosures. In natural
habitats, plethodontid salamanders prefer cool, moist
environments that allow them to maintain high rates of
oxygen uptake through the skin, making them less likely to
retreat to refugia (Spotila 1972; Feder 1983). We also did
not detect a difference in feeding rates between individuals
in the two treatments. Marvin and Lewis (2013) report that
increased feeding positively affects tail regeneration in
salamanders. Whereas salamanders lost 60% of their tail in
the Marvin and Lewis (2013) experiment, we autotomized
5-10% of the tails of our subjects, which could indicate
that compensatory feeding responses might be conditional
upon the quantity of fat loss. Plethodontids have a
relatively low metabolic rate that allows them to fast for
long periods of time (Feder 1983). The 4-d period during
which we studied prey consumption in P. dorsalis might
have been too brief to evaluate this compensatory behavior
properly. Finally, these trials occurred early in the active
period of P. dorsalis when they might allocate more energy
toward reproduction rather than compensating for tail
autotomy (Petranka 1998). Further studies with longer
feeding trials, and those that measure individual change in
mass, are needed to evaluate changes in feeding rates
properly.

Our study supports the idea that antipredator and
compensatory behaviors change relative to previous expe-
riences with predators and present risk of predation. The
results from our movement and escape distance experi-
ments indicate that attacked salamanders reacted to a
predation attempt according to the threat-sensitive preda-
tor hypothesis, which posits that prey evaluate local
predation risk and respond according to the degree of the
immediate threat (Helfman 1989; Helfman and Winkelman
1997; Brown et al. 2006). Attacked salamanders responded
to a simulated predator attack by fleeing further than
control salamanders, indicating that attacked salamanders
had a lower threshold posttreatment (the minimum amount
of predation risk to elicit behavioral responses; Brown et al.
2001; Mirza and Chivers 2003; Brown et al. 2006).
Individuals that did not experience attempted predation
had a higher behavioral response threshold consistent with
the risk-allocation hypothesis, which maintains that prey
should not respond to alarm cues when there is no
immediate threat in an environment (Lima and Bednekoff
1999; Brown et al. 2006). We found consistent differences
in the thresholds required to elicit behavioral responses to
perceived risk in P. dorsalis. These results are consistent
with studies in which lizards with autotomized tails had
higher perceived risk (Downes and Shine 2001; Cooper
2003), but we observed a rapid decline in this threshold
over 5 min between Attempt 1 and Attempt 2. Salamanders
with intact tails could have higher behavioral thresholds
(i.e., only respond to high levels of risk) because they did
not experience a recent attack or because they still have tail
autotomy as a last line of defense should predation risk
suddenly increase. Further studies should investigate if
behavioral thresholds in salamander species vary based on
their locomotory reliance on the tail (e.g., Bennett et al.
1989).
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The present study identifies how last-chance antipredator
mechanisms change behavioral thresholds based on assess-
ment of risk. Because few studies exist on animal behavior
immediately postsurvival, we recommend that future studies
evaluate antipredator and compensatory behavioral differ-
ences between animals capable and incapable of autotomy
and regeneration. Moreover, our study demonstrates that
survivors of a predation attempt act differently than
conspecifics not experiencing an attack, but further research
must evaluate how long these behavioral differences persist.
Beginning to understand how differences in species ecology
(i.e., autotomy and regeneration capabilities) influences
antipredator behaviors prior to and following a predation
attempt could provide insights into how animals cope with
living among predators.
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ArpENDIX—The thermal profile in the temperature selection enclosure
yielded a range of temperatures available for selection by salamanders
(Plethodon dorsalis). Temperatures were measured every 5 cm and
quantified four times over 2 h. Error bars indicate =1 SE.



