
Contents lists available at ScienceDirect

Applied Animal Behaviour Science

journal homepage: www.elsevier.com/locate/applanim

Rearing captive eastern hellbenders (Cryptobranchus a. alleganiensis) with
moving water improves swim performance

Erin K. Kenison⁎, Rod N. Williams
Purdue University, Department of Forestry and Natural Resources, 715 West State St., West Lafayette, IN, USA

A R T I C L E I N F O

Keywords:
Morphology
Phenotypic plasticity
Environmental enrichment
Head-start programs
Amphibian conservation
Pre-release training

A B S T R A C T

Translocations often use captive-reared animals to help bolster or re-establish wild populations. However,
captive environments are highly dissimilar from wild conditions and may deprive animals of experiences that
promote normal development. Captive-rearing and translocation efforts are underway for eastern hellbenders
(Cryptobranchus alleganiensis alleganiensis). Yet, hellbenders reared in aquaria that lack stimuli often make long-
distance downstream movements following release, perhaps because of their naïveté to riverine environments.
We altered standard captive techniques and reared juvenile hellbenders with (treatment) and without (control)
water current for 18 months. We quantified morphological plasticity and swim performance as a function of
rearing environment to assess the value of environmental enrichment in hellbender head-start programs. We
compared broad-scale growth rates for mass, snout-vent length, and total length, but found no difference be-
tween treatment and control hellbenders (mass difference= 0.1 g/month, P= 0.596; snout-vent length differ-
ence= 0.01 cm/month, P=0.360; total length difference= 0.01 cm/month, P= 0.533). We also examined
fine-scale tail morphology measurements and found treatment individuals developed more shallow tails that
grew 49% slower than control individuals during the rearing period (mean difference= 0.86mm/month,
P=0.017). We interpret this as evidence of either energy expenditure or phenotypic plasticity as more
streamlined tail forms are found in lotic systems. Moreover, we found water current to be positively associated
with hellbenders’ swimming ability. After three swim trials, treatment hellbenders were 46% quicker in their
swim time (P= 0.033), required 29% fewer upstream attempts (P= 0.012), and were 60% less likely to need
manual motivation to make it to an upstream tile hide (P= 0.010). Moreover, treatment hellbenders tended to
improve these responses linearly through time (P= 0.016) compared to control individuals that showed no
improvement across the three trials (P=0.075). Together, our data suggest that the addition of water current to
hellbender rearing environments does not have any detrimental impact on hellbender body morphology, but
rather, acclimates hellbenders to moving water and improved their ability to reach upstream refugia. We ad-
vocate incorporating water velocities, representative of natural conditions, into hellbender captive-rearing
programs. Rearing animals with semi-natural conditions in captivity may better prepare animals for and po-
tentially improve the success of future translocations. This advancement to standard rearing techniques may
positively influence the preservation of wild hellbender populations throughout the nation.

1. Introduction

Translocations and reintroductions are popular conservation stra-
tegies designed to bolster or re-establish wild populations. Although
popular, fewer than half of translocations are classified as successful
(Griffith et al., 1989; Fischer and Lindenmayer, 2000; Germano and
Bishop, 2009). Many translocations release young age classes as they
are easier to transport, can be collected in greater numbers, and will be
less likely to demonstrate homing tendencies following release
(Germano and Bishop, 2009). However, animals in their early life

stages are at the greatest risk of mortality (Haskell et al., 1996).
Therefore, focus has been directed toward head-start programs where
animals are reared in captivity during their most vulnerable stage to
reduce rates of mortality.

Head-starting provides safety and ample amounts of food to ensure
rapid growth, but can still be inadequate in preparing individuals for
natural living conditions (Alberts, 2007). Artificial rearing environ-
ments are highly dissimilar from wild conditions and can deprive ani-
mals of experiences and stimuli that promote the development of ne-
cessary behavioral skills and morphological responses to environmental
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stressors (McPhee and Carlstead, 1990; Hard et al., 2000; Kelley et al.,
2005). Captive-reared animals may lack developed muscle tone, en-
durance, and sprint speeds making them morphologically distinct from
wild populations (Young and Cech, 1993; Ward and Hilwig, 2004;
Connolly and Cree, 2008). Moreover, individuals may adopt behaviors
that are advantageous in captivity, but maladaptive in the wild, further
hindering translocation success (e.g., Stoinski et al., 2003).

To combat morphological and behavioral deficiencies, some head-
starting programs have incorporated environmental enrichment tech-
niques (see Bashaw et al., 2016; Biggins et al., 1998; Salvanes et al.,
2013). Environmental enrichment aims to mimic nature by introducing
captive animals to live prey, incorporating more natural refugia,
structural complexity, and microhabitat characteristics, and training
them to adopt appropriate survival skills prior to release (Biggins et al.,
1998; Ward and Hilwig, 2004; Alberts, 2007). For example, black-
footed ferrets (Mustela nigripes) raised with live prey are more successful
at locating and killing prey compared to untrained conspecifics (Vargas
and Anderson, 1999). Captive Siberian polecats (Mustela eversmani)
have heightened antipredator responses when trained with predator
models and aversive stimuli (Miller et al., 1990). Also, hatchery-reared
fishes reared with moving water have increased growth, weight, and
muscle mass, and after only 50 days of exercise conditioning show si-
milar trait values and performance to wild individuals (Young and
Cech, 1993, 1994; Ward and Hilwig, 2004). Therefore, animals exposed
to simulated natural conditions in captivity may be better equipped
(i.e., behaviorally, morphologically, and physiologically) for introduc-
tions into the wild (Berejikian et al., 2000).

Head-start programs for eastern hellbenders (Cryptobranchus alle-
ganiensis alleganiensis) have been established to combat precipitous
population declines. Captive-rearing efforts for hellbenders are effective
at facilitating growth, but hellbenders are reared from egg to juvenile in
aquarium tanks that lack stimuli. Subsequently, static aquarium en-
vironments may leave juvenile hellbenders naïve to natural conditions
(e.g., riverine water velocities, predator cues, or complex habitat).
Stamps and Swaisgood (2007) argue that captive conditions could be
important determinants of post-release movement as translocated ani-
mals are more likely to leave release sites if they don’t encounter cues,
physical features, or microhabitat similar to their captive environment.
Some hellbender rearing facilities incorporate substrate and structural
complexity more similar to natural environments, but environmental
enrichment has never been used in preparation for hellbender translo-
cations.

It is unknown whether translocation failure is correlated with the
head-starting environment, but previous hellbender augmentations
have had variable success (17–72% survival over six months; Bodinof
et al., 2012; Boerner, 2014; Kraus et al., 2017). Hellbenders are fairly
sedentary throughout the year, usually moving infrequently and only
relatively short distances between shelter rocks (27.5 m), if at all
(Burgmeier et al., 2011). Yet, 70–100% of captive-reared individuals
released to the wild show downstream dispersal, 40–60% making
abrupt long-distance movements permanently away from core habitat
(50–1800m), and many becoming completely lost following flood
events (Bodinof, 2010; Kraus et al., 2017). Long-distance, post-release
movements are particularly adverse to translocations, and are posi-
tively correlated with mortality as a large proportion of deaths can be
attributed to dispersal away from high quality habitat
(Moehrenschlager and Macdonald, 2003; Stamps and Swaisgood, 2007;
Bodinof, 2010). Moreover, unintentional or intentional long-distance
movements can negatively influence survival rates as individuals ex-
pend excessive amounts of energy and become more susceptible to
predation while outside of refugia (Ward and Hilwig, 2004; Bodinof,
2010).

Amphibians exhibit considerable phenotypic plasticity, expressing
changes in behavior, morphology, life history, or physiology in re-
sponse to predators, competitors, or their rearing environment (Wilbur,
1987; Relyea and Werner, 2000; Relyea and Hoverman, 2003).

Exposing juvenile hellbenders to natural water current in a captive
setting may induce behavioral plasticity such as swimming skills, na-
vigation techniques, and endurance. Moreover, hellbenders naturally
have an oar-like tail, which they rely on to orient their body and propel
them during bouts of sprint swimming. Although their primary mode of
locomotion is through lateral undulation, exposure to elevated water
velocity may lead to more swimming, which may induce plastic
changes such as a wider and more utilitarian tail against water current.
A variety of enrichment techniques (e.g., structural complexity, varia-
bility in prey, and natural vegetation) have been found to be effective in
reversing maladaptive phenotypes and may be beneficial for hellben-
ders’ development (Biggins et al., 1999; Ahlbeck and Holliland, 2012;
Hyvärinen and Rodewald, 2013). Therefore, a combination of captive-
rearing efforts that introduce semi-natural conditions, as well as pro-
vide safety and food to juveniles may be the most viable solution to
acclimate and prepare hellbenders for release into the wild.

We investigated whether juvenile hellbenders exhibit morpholo-
gical plasticity in their body and tail and examined the swim perfor-
mance of hellbenders in simulated, flood-like conditions as a function of
rearing environments with and without elevated water velocity. We
predicted that hellbenders reared with moving water would grow
faster, would have longer and deeper tails, and would have better up-
stream swimming ability against flood-like water velocity. This project
has the potential to advance current rearing techniques for eastern
hellbenders, provide valuable information for captive facilities, and
positively influence future translocation efforts.

2. Methods

2.1. Study species and environmental enrichment

Hellbenders are North America’s largest salamander, growing up to
74 cm in length (Petranka, 1998). They reside in cool, fast-flowing
rivers and are distributed throughout the Midwest and southeastern
areas of the United States (Mayasich and Phillips, 2003; Petranka,
1998). Although some healthy populations occur in parts of North
Carolina, Virginia, West Virginia, and Tennessee (usually associated
with the Appalachian mountain range and preserved forests), hell-
bender populations have suffered drastic population declines over the
past few decades (Mayasich and Phillips, 2003). Threats such as sedi-
mentation, water pollution, and human misconceptions have reduced
available habitat, lead to disease or illness, and extirpated local popu-
lations (Mayasich and Phillips, 2003; Wheeler et al., 2003). In Indiana,
hellbenders are only found in a single river system and a recent po-
pulation viability analysis reported complete extirpation by 2035 if no
management action was taken (Burgmeier et al., 2011; Unger et al.,
2013). Reproduction was last documented in Indiana in 2015, but there
has been no evidence of hellbender recruitment for the past 20 years
(Kern, 1984). This suggests geriatric hellbenders (living up to 30 years
of age) are the remaining stronghold to the wild population. The po-
pulation viability analysis found that positive changes in early life-stage
survival and the number of reproductively viable females (above the
age of six) could increase population growth (Unger et al., 2013).
Therefore, efforts to improve juvenile survival are critical to the per-
sistence of Indiana’s remaining wild population.

We created captive environments with and without water current at
Purdue University’s Aquaculture Research Laboratory in West
Lafayette, Indiana, USA. We constructed a system with six polyethylene
raceways (Pentair Filtration sump – S207095, Pentair Aquatic Eco-
systems, Apopka, FL, USA: 1.4× 0.6× 0.6m, L×W×H): three
treatment raceways with elevated water velocity (0.2–0.3m/sec) and
three controls with slow flow (0–0.05m/sec). We designed our raceway
system as a part flow-through, part recirculating system to remove solid
waste, sterilize water, and reduce iron levels. We maintained velocities
between 0.2–0.3 m/sec in the treatment raceways because hellbenders
are naturally found in riffles and runs varying in flow rate from
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0.16–0.34m/sec (Bodinof et al., 2012). Control raceways were main-
tained between 0 and 0.05m/sec to mimic standard rearing conditions
that lack moving water. We collected a single clutch of hellbender eggs
from southern Indiana, USA in 2013. We reared these individuals in
132 liter aquarium tanks with simple PVC and tile hides and no added
substrate for two years. We randomly selected 120, two-year olds for
this experiment, all of which weighed on average 30.6 g (SE ± 0.46 g).
We recorded spot patterns from the dorsum and tail of each of these
hellbenders for unique identification and randomly assigned 20 to each
treatment or control raceway (n=120).

We fed hellbenders twice weekly with equal amounts of black
worms (Lumbriculus variegatus) or crayfish (Orconectes rusticus). We
standardized the amount of food between treatments at each feeding
event. Diets varied monthly depending on availability of worms and
crayfish, but all raceways received the same type of food and at com-
parable amounts of biomass: 35–40 g of worms and 20–25 crayfish per
raceway. We always made sure to place worms behind the inflowing
water pipe to prevent flushing them out of the raceways with water
current. We also provided multiple shelter rocks (30× 50 cm flagstone
rocks) and assorted gravel substrate in raceways.

2.2. Morphologic comparisons

We reared all hellbenders in raceways for 18 months, from May
2015 to December 2016, and collected morphological measurements
and lateral photographs at the beginning and end of the enrichment
period. Hellbenders are slow-growing species, yet we predicted 18
months would be enough time to observe changes in size. Moreover, it
would allow us to rear animals until they were nearly four years old,
which is a standard age to release hellbenders back into the wild (Kraus
et al., 2017). We measured broad-scale snout-vent length (SVL; cm),
total length (TL; cm), and mass (g), being sure to identify each in-
dividual during morphologic measurements. We also placed hellben-
ders into a V-shaped, glass holding device to take a standardized lateral
photograph to measure fine-scale tail length and depth (Olympus
camera – SP-57OUZ, Olympus, Center Valley, PA, USA).

We calculated growth rates (end-beginning/18 months) for all
broad-scale body morphology measurements (SVL, TL, and mass) and
fine-scale tail morphology measurements (tail length and depth). We
used ImageJ software to measure tail length, from vent to tail tip, and
tail depth, at the deepest point between the dorsal and ventral sides of
the tail, with lateral photographs of all the hellbenders (Schneider et al.,
2012). We compared broad-scale growth rates between treatment and
control individuals using univariate linear regressions and included
‘raceway’ in our model to account for multiple hellbenders within an
individual raceway. We conducted univariate ANOVAs for fine-scale
growth and included raceway and mass. We included the growth rate
for mass as a covariate in fine-scale comparisons to control for size
variation across individuals (Hoverman and Relyea, 2012). We report
mean differences and estimated growth rates. We ran all analyses in
Program R version 3.3.2 and assigned an alpha level of 0.05 (R Core
Team, 2014).

2.3. Swim performance trials

To evaluate hellbenders’ ability to navigate and endure high flow
events, we tested the swim performance of all hellbenders (n=119
because of a previous mortality) in an artificial stream following 18
months of environmental enrichment. We used a 2.4×0.3× 0.3m
(L×W×H) polycarbonate trough with water depth of 25 cm, a flow
meter and tile hide placed at the upstream end, and a screen to catch
hellbenders at the downstream end (Fig. 1; similar to Bestgen et al.,
2010). We did not include gravel substrate in the artificial stream be-
cause we wanted to mimic bedrock sections of a natural river and
motivate individuals to swim upstream rather than remain stationary.
We constructed our stream system so that a centrifugal pump

(Sequence® 1000 Series – Model 6100SEQ23, MDM Incorporated, Col-
orado Springs, CO, USA) pulled water from two large polyethylene
sumps, pushed water past the flow meter and down the length of the
stream channel, and then recirculated water through the stream back
into the holding sumps. This allowed for maximized flow to be con-
tinually pumped into the channel.

Prior to our experimental trials, we introduced each of the 119
hellbenders to the stream channel individually and allowed them eight
minutes to freely explore and acclimate to the system at low water
velocities (∼0.5m/sec, Ward et al., 2003). These acclimations occurred
once, 7–9 days prior to trials. An acclimation period is common in
performance trials as this allows individuals to become oriented to the
testing environment and, in this case, the presence of the upstream tile
hide (Bestgen et al., 2010). Following the acclimation period, we
evaluated hellbenders’ swim performance across three trials, with two
rest days between each event (Adolph and Pickering, 2008). We de-
signed our study with three trial events in order to observe possible
changes and improvement through time (Adolph and Hardin, 2007;
Irschick and Meyers, 2007; Kupferberg et al., 2011).

We concentrated on the ability of hellbenders to endure flood-like
velocity conditions and move upstream against current; therefore, we
opened the gate valve to achieve and maintain a maximum velocity
around 1.46m/sec (nearly five times faster than the velocity in treat-
ment raceways). At the beginning of each trial period, we identified
individuals by spot patterns and then placed a single hellbender at the
bottom of the artificial stream. We recorded time to start moving, initial
distance moved upstream before the hellbender fell back or turned
around, the number of upstream attempts, and swim time (i.e., time
when hellbenders started moving until the end of the trial). Time ended
if hellbenders successfully completed the trial by making it under the
upstream tile hide or if ten minutes passed. If a hellbender did not move
or complete the trial after five minutes we motivated them with soft
taps on their tail and repeatedly turned them to face upstream after
failed attempts (Shaffer et al., 1991). Once the trial was completed or
ten minutes had passed, we returned them to their designated race-
ways.

We compared time to start moving, initial distance moved up-
stream, swim time, number of upstream attempts, likelihood of re-
quiring motivation, and probability of successfully completing the trial
and making it to the tile hide, as a function of rearing environment. Due
to non-normal data, we conducted generalized linear mixed regressions
with penalized quasi-likelihood, used a Gaussian distribution, and log
link (R package ‘MASS’) for continuous (i.e., measures of time and
distance) response variables. We used generalized linear regressions
with appropriate link functions for Poisson (i.e., number of attempts)
and binomial (i.e., used motivation and successfully made it to tile
hide) responses, as these did not meet the assumptions of penalized
quasi-likelihood. We tested full models that included treatment, trial,

Fig. 1. Schematic of the artificial stream used for swim performance trials. Water entered
into the stream channel through the pipe on the far left side, which was placed above the
upstream tile hide. Water passed by a flow meter, dissipated downstream, emptied into
two adjoining sumps, and then recirculated by the attached water pump. The hellbenders
were placed at the bottom of the stream channel for each trial and observed for a max-
imum of ten minutes, using the black notches (1 notch=∼5 cm) to measure initial
upstream movement during that time.
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and an interaction between treatment and trial as our fixed effects. We
included individual nested within raceway as our random effects to
account for repeated measures. We compared the treatment effect at
each trial and changes across trials through time. We back-transformed
estimates to report means and mean differences. We ran all analyses in
Program R version 3.3.2 and assigned an alpha level of 0.05 (R Core
Team, 2014).

3. Results

3.1. Morphologic comparisons

All hellbenders increased in size throughout the experiment,
without differences in broad-scale growth rates for mass, snout-vent
length, or total length between treatments (mass difference= 0.1 g/
month, t value=−0.58, df= 1, P= 0.596; snout-vent length differ-
ence= 0.01 cm/month, t value= 1.03, df= 1, P=0.360; total length
difference=0.01 cm/month, t value=0.68, df= 1, P=0.533). There
were no differences among these measurements, likely because they
were highly correlated with one another (correlation values> 0.75, P
value < 0.001). We found no differences in fine-scale tail length or
depth at the beginning of the experiment (t value= 0.453, df= 1,
P=0.651 and t value=−1.495, df= 1, P=0.136, respectively).
Moreover, changes in tail length were similar among treatment and
control hellbenders (mean difference= 1.6mm/month, t
value=−2.29, df= 1, P=0.084; Fig. 2a). However, fine-scale
growth rates in tail depth were significantly different in treatment
compared to control hellbenders (mean difference=0.86mm/month, t
value=−3.93, df= 1, P= 0.017). More specifically, treatment hell-
benders had 49% slower change in their tail depth through time (95%
CIs= 24–60%), with significantly more shallow tails at the end of the
enrichment period compared to control individuals (t value=−3.19,
df= 1, P= 0.033; Fig. 2b).

3.2. Swim performance trials

Treatment and control hellbenders were similar in their initial dis-
tance, time to move, and probability of completing each trial (Table 1).
However, by the third trial conditioned hellbenders were 46% faster in
their swim time (mean difference=69 s, P=0.033), required 29%
fewer upstream attempts to reach the upstream hide (mean differ-
ence=1.1 attempts, P= 0.012), and were 60% less likely to need
motivation to move (mean difference=0.22, Table 1, Fig. 3). More-
over, there were linear changes through time, such that treatment
hellbenders became 20% faster at each trial (95% CI= 7–30%, mean
estimate= 37.5 s per trial, t value=−2.94, df= 1, P=0.004).
Treatment hellbenders also reduced their number of attempts by 18%
(95% CI=9–25%, mean estimate= 0.57 attempts per trial, t
value=−3.82, df= 1, P < 0.001) and their probability of needing
motivation by 41% through time (95% CI= 35–48%, mean esti-
mate= 0.094 per trial, t value=−2.39, df= 1, P=0.017). Alter-
natively, control hellbenders showed no improvement in swim time
(mean estimate= 24.5 s per trial, t value=−1.79, df= 1, P=0.075),
reduction in the probability of needing motivation (mean esti-
mate= 0.05 per trial, t value=−1.14, df= 1, P=0.255), or any
significant change in number of upstream attempts across trials (mean
estimate=−0.13 attempts per trial, t value= 0.81, df= 1,
P= 0.417).

4. Discussion

We found no detrimental effects of environmental enrichment on
hellbender growth. Rearing fish with moving water can increase growth
among some salmonids; but unlike fish, hellbenders do not continually
swim and generally only come out of refugia to forage (see Davison,
1997). Instead, hellbenders’ growth rates increased at comparable rates
between treatments, which is similar to exercise conditioned goldfish
(Carassius auratus), chub (Leuciscus cephalus), nace (Chondrostoma
nasus), and branded wrasse (Notolabrus fucicola) that show no change in
growth compared to conspecifics reared without moving water
(Davison and Goldspink, 1978; Lackner et al., 1988; Hinterleitner et al.,
1992; Sanger, 1992; Davison, 1994). Although body morphology was
similar between treatments, we found hellbenders reared with elevated
water velocity exhibited more shallow tails compared to control hell-
benders. Most vertebrates expend more energy while swimming and

Fig. 2. Fine-scale tail morphology growth rates of hellbenders (Cryptobranchus a. allega-
niensis) from control and environmental enrichment treatment raceways. Growth rate
estimates for tail length (A.) and tail depth (B.) are units per year, presented with 95%
confidence intervals. Individuals from the treatment raceways have 33% slower change in
tail depth through time compared to those from the control raceways. An asterisk denotes
significant differences at an alpha level of 0.05.

Table 1
Model estimates from six swim performance responses measured for control and treat-
ment hellbenders. Test statistics are t values for swim time, initial distance, and time to
move. Test statistics are z values for number of attempts, probability of needing moti-
vation, and probability of completing trial. All trials were completed in November 2016
with 119 eastern hellbenders (Cryptobranchus a. alleganiensis); bolded values indicate
significant differences.

Response Control Treatment Test statistic P

Swim time (sec) Trial 1 198.53 155.58 −1.47 0.145
2 145.28 121.75 −0.81 0.419
3 149.6 80.49 −2.16 0.033

Number of attempts Trial 1 3.47 3.77 0.08 0.535
2 3.52 2.89 −0.19 0.161
3 3.73 2.63 −2.51 0.012

Probability of Trial 1 0.465 0.333 −0.55 0.158
needing motivation 2 0.327 0.264 −0.74 0.462

3 0.362 0.146 −2.59 0.010
Initial distance (cm) Trial 1 145.52 146.25 0.11 0.913

2 160.77 157.58 −0.48 0.635
3 161.93 154.68 −1.08 0.282

Time to move (sec) Trial 1 60.35 70.07 0.64 0.521
2 53.02 39.86 −0.86 0.394
3 54.33 47.97 −0.42 0.673

Probability of Trial 1 0.95 0.92 −0.63 0.528
completing the trial 2 0.95 1.00 0.01 0.999

3 0.88 0.98 1.51 0.130
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perhaps more shallow tails was a result of energy use rather than energy
storage. Fish reared at higher velocities have reduced whole body fat
content and salamanders, including hellbenders, commonly store en-
ergy and deposit fat in their tails (Ogata and Oku, 2000; Wells, 2007;
Personal Communication). Elevated energy expenditure might have
reduced the available stores and subsequently affected average tail
depth.

Alternatively, shallow tails are evidence of phenotypic plasticity as
animals reared in heterogeneous environments have a greater chance
for plasticity to occur. The presence of water current my have induced a
more streamlined tail, which is common among salamanders naturally
residing in lotic systems (Wells, 2007; Haad et al., 2011). Larvae that
live in ponds typically have large tail fins that extend up the back,
whereas larvae that live in brooks and rivers tend to have small, shallow
tail fins that end at the body (Wells, 2007). A shallow tail is thought to
reduce drag, similar to streamlined body forms. For example, shallow-
bodied crucian carp (Carassius carassius) reared without predatory pike
(Esox lucius) experience 32% less drag while swimming compared to
deep-bodied conspecifics reared with pike (Brönmark and Miner,
1992). Regardless, of the mechanism inducing more shallow tails,
treatment individuals had improved swimming ability, which suggests
deeper tails are not necessarily indicative of increased maneuverability.
Often, body condition or body mass are used to assess locomotor traits,
but size may be an unreliable metric of locomotion potential (Pérez-Tris
et al., 2004; Vervust et al., 2008). Instead, swim performance is more
likely a function of experience. Exercised and unexercised spikedace
(Meda fulgida) have comparable length measurements, but have up to
40% improvement in swim performance following swim training (Ward
and Hilwig, 2004). Rearing efforts are usually tailored to magnify size
and expedite growth, but rather, should be focused on experience and
performance skills.

As seen in our results, hellbenders rearing with water current de-
monstrated improved swim performance. By the third swim trial,
treatment hellbenders had a faster swim time, were less likely to need
motivation, and they required fewer attempts to reach the upstream tile
hide compared to control individuals. Previous exposure to water cur-
rent may have improved endurance and allowed individuals to become

better acclimated to riverine conditions. Similarly, fish reared in tanks
with elevated water velocity have faster swim speeds, swim further, and
are less susceptible to fatigue than fish reared with lower current
(Pearson et al., 1990; Young and Cech, 1993; Ward and Hilwig, 2004).
Fishes that have been exercise conditioned with moving water are
thought to have greater stamina than unconditioned individuals
(Hammond and Hickman, 1966; Lackner et al., 1988; Ward and Hilwig,
2004). Treatment hellbenders in our experiment may have perceived
water current as a novel experience, therefore needing motivation to
move, been less physically prepared, becoming fatigued after two trials,
and subsequently, were less likely to reach the upstream tile hide by the
third trial.

Not only were treatment hellbenders quicker to complete the swim
challenge by the third swim trial, but they showed significant im-
provement in their swimming skills, navigation, and motivation
through time. Conditioning, training, or imprinting techniques to im-
prove performance have been successful among many animals, in-
cluding amphibians (Burghardt, 2013). For example, salamanders
(Salamandra salamandra) can recognize and preferentially choose prey
objects after foraging experience, and tadpoles (Rana lessonae and Rana
esculenta) show advantageous predator avoidance behaviors after pre-
vious exposure to predator stimuli (Luthardt-Laimer, 1983; Semlitsch
and Reyer, 1992). There is also support across taxa that variable en-
vironments aid in developing flexible and plastic behaviors
(Braithwaite and Salvanes, 2005). Hellbenders have an innate ability to
swim, as all individuals were able to make it to the upstream tile hide at
least once; however, we observed behavioral plasticity among some of
the treatment individuals that were more successful and quicker to
make it upstream. These individuals swam along the bottom of the
artificial stream rather than at the water surface and required fewer
attempts to reach the tile hide. This behavior might be advantageous
following release into the wild to reduce the likelihood of hellbenders
being swept downstream and the potential for predator attacks at the
water surface.

Our study provides evidence that environmental enrichment can
better acclimate individuals to riverine-like environments and corro-
borates evidence that pre-release training can improve skills such as

Fig. 3. Differences in swim time (A.), number attempts (B.), and probability of needing motivation (C.) between eastern hellbenders (Cryptobranchus a. alleganiensis) reared without
(control) and reared with (treatment) elevated water velocities, across three swim performance trials. By the third trial, treatment hellbenders were quicker to complete the trial, required
fewer attempts to reach an upstream tile hide, and were less likely to need manual motivation to move. Model estimates with 95% confidence intervals are presented; an asterisk denotes
significant differences at an alpha level of 0.05.
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swimming, navigating current, and finding refuge. Previous hellbender
translocations have documented abrupt long-distance-downstream
dispersal and lowered survival when individuals disperse more than
50m from their core release habitat (Bodinof et al., 2012). Animals that
move more become prone to exhaustion, being swept downstream
during flood events, or occupying low-quality habitat – ultimately
leading to translocation failure. Stocked razorback suckers (Xyrauchen
texanus) have high downstream movement when they are initially re-
leased into river systems, likely because rearing stream-adapted fishes
in standing water adversely impacts their ability to survive in lotic
environments (Brooks, 1986; Ward and Hilwig, 2004). Hellbender sal-
amanders are found in fast-flowing, well-oxygenated rivers; therefore, it
makes intuitive sense that these animals would be at a disadvantage
when reared in aquarium tanks. Our findings suggest that advancing
captive-rearing techniques to include environmental enrichment may
have positive effects on translocation success.

We found that rearing two-year old hellbenders with moving water
for 18 months was successful in producing advantageous changes in
swim performance. Hellbenders are usually released into the wild be-
tween the ages of three and six; therefore, future work should aim to
better understand the importance of starting age, duration, and in-
tensity of water velocity when using environmental enrichment tech-
niques prior to release efforts (Bodinof et al., 2012; Kraus et al., 2017).
Furthermore, additional work should investigate how rearing hellben-
ders with elevated water velocities influences survival, habitat use, and
movement following their translocation into the wild. If hellbenders
maintain upstream swimming skills once released, are able to withstand
elevated and variable flow regimes, and are capable of returning to
refuge objects, they may have a higher probability of survival even if
they are unintentionally moved downstream. Incorporating other semi-
natural conditions beyond water velocity (e.g., predator cues and riv-
erine microbiota) into captivity to mimic animals’ release environments
may have profound effects on translocation success and the future of
imperiled populations in the wild.

5. Conclusions

Environmental enrichment has been used effectively with a variety
of vertebrate animals, but has never been used as a method to improve
the success of hellbender translocation projects (Ward and Hilwig,
2004). This study provides substantial evidence that incorporating
riverine-like water velocities into the captive-rearing environment im-
proves hellbender swim performance. Moreover, this acclimation to
moving water came without morphological trade-offs in weight or
length growth rates. This information has strong implications for cur-
rent hellbender rearing facilities, but also for endangered, imperiled, or
at risk species that have struggled to transition from captive to wild
environments. If animals reared in more natural environments prior to
release prove to do better in the wild than captive individuals that are
untrained and inexperienced, then altering standard rearing techniques
to include semi-natural conditions can positively influence transloca-
tion efforts and the preservation of wild populations in the future.

Conflicts of interest

None.

Acknowledgments

We are grateful to Indiana Department of Natural Resources [grant
numbers T7R17 and T7R15] and the Fort Wayne Children’s Zoo for
funding this project. We thank Williams’ lab members, W. Hopkins, J.
Hoverman, and C. Searle for their edits, constructive comments, and
time spent volunteering for this manuscript. We also thank B.
Tornabene for his dedicated efforts in construction and data collection.
All handling procedures were reviewed and approved by Purdue’s

Animal Care and Use Committee [protocol 1406001094].

References

Adolph, S.C., Hardin, J.S., 2007. Estimating phenotypic correlations: correcting for bias
due to intraindividual variability. Funct. Ecol. 21, 178–184. http://dx.doi.org/10.
1111/j.1365-2435.2006.01209.x.

Adolph, S.C., Pickering, T., 2008. Estimating maximum performance: effects of in-
traindividual variation. J. Exp. Biol. 211, 1336–1343. http://dx.doi.org/10.1242/jeb.
011296.

Ahlbeck, I., Holliland, P.B., 2012. Rearing environment affects important life skills in
pikeperch (Sander lucioperca). Boreal Environ. Res. 17, 291–304.

Alberts, A.C., 2007. Behavioral considerations of headstarting as a conservation strategy
for endangered Caribbean rock iguanas. Appl. Anim. Behav. Sci. 102, 380–391.
http://dx.doi.org/10.1016/j.applanim.2006.05.037.

Bashaw, M.J., Gibson, M.D., Schowe, D.M., Kucher, A.S., 2016. Does enrichment improve
reptile welfare? Leopard geckos (Eublepharis macularius) respond to five types of
environmental enrichment. Appl. Anim. Behav. Sci. 184, 150–160. http://dx.doi.org/
10.1016/j.applanim.2016.08.003.

Berejikian, B.A., Tezak, E.P., Flagg, T.A., LaRae, A.L., Kummerow, E., Mahnken, C.V.W.,
2000. Social dominance, growth, and habitat use of age-0 steelhead (Oncorhynchus
mykiss) grown in enriched and conventional hatchery rearing environments. Can. J.
Fish. Aquat. Sci. 57, 628–636. http://dx.doi.org/10.1139/f99-288.

Bestgen, K.R., Mefford, B., Bundy, J.M., Walford, C.D., Compton, R.I., 2010. Swimming
performance and fishway model passage success of Rio Grande silvery minnow.
Trans. Am. Fish. Soc. 139, 433–448. http://dx.doi.org/10.1577/T09-085.1.

Biggins, E., Godbey, J.L., Hanebury, L.R., Luce, B., Marinari, P.E., Matchett, M.R., Vargas,
A., 1998. The effect of rearing methods on survival of reintroduced black-footed
ferrets. J. Wildl. Manage. 62, 643–653.

Biggins, D.E., Vargas, A., Godbey, J.L., Anderson, S.H., 1999. Influence of prerelease
experience on reintroduced black-footed ferrets (Mustela nigripes). Biol. Conserv. 89,
121–129. http://dx.doi.org/10.1016/S0006-3207(98)00158-X.

Bodinof, C.M., Briggler, J.T., Junge, R.E., Mong, T., Beringer, J., Wanner, M.D., Schuette,
C.D., Ettling, J., Millspaugh, J.J., 2012. Survival and body condition of captive-reared
Juvenile Ozark hellbenders (Cryptobranchus alleganiensis bishopi) following trans-
location to the wild. Copeia 2012, 150–159. http://dx.doi.org/10.1643/CH-11-024.

Bodinof, C.M., 2010. Translocation and Conservation of Hellbenders (Cryptobranchus
Alleganiensis) in Missouri. University of Missouri.

Boerner, J.A., 2014. Comparison of Movement Patterns in Captive-Released Eastern
Hellbenders (Cryptobranchus Alleganiensis Alleganiensis) Using Three Different
Release Methods. State University of New York Buffalo State PhD Thesis.

Brönmark, C., Miner, J.G., 1992. Predator-induced phenotypical change in body mor-
phology in crucian carp. Science (80-.) 258, 1348–1350. http://dx.doi.org/10.1126/
science.258.5086.1348.

Braithwaite, V.A., Salvanes, A.G.V., 2005. Environmental variability in the early rearing
environment generates behaviourally flexible cod: implications for rehabilitating
wild populations. Proc. R. Soc. B 272, 1107–1113. http://dx.doi.org/10.1098/rspb.
2005.3062.

Brooks, J.E., 1986. Annual reintroduction and monitoring report for razorback sucker
Xyrauchen texanus, in the Gila River basin, Arizona, 1985. Albuquerque.

Burghardt, G.M., 2013. Environmental enrichment and cognitive complexity in reptiles
and amphibians: concepts, review, and implications for captive populations. Appl.
Anim. Behav. Sci. 147, 286–298. http://dx.doi.org/10.1016/j.applanim.2013.04.
013.

Burgmeier, N.G., Unger, S.D., Sutton, T.M., Williams, R.N., 2011. Population status of the
eastern hellbender (Cryptobranchus alleganiensis alleganiensis) in Indiana. J.
Herpetol. 45, 195–201. http://dx.doi.org/10.1670/10-094.1.

Connolly, J.D., Cree, A., 2008. Risks of a late start to captive management for con-
servation: phenotypic differences between wild and captive individuals of a vivi-
parous endangered skink (Oligosoma otagense). Biol. Conserv. 141, 1283–1292.
http://dx.doi.org/10.1016/j.biocon.2008.02.026.

Davison, W., Goldspink, G., 1978. The effect of training on the swimming muscles of the
goldfish (Carassius auratus). J. Exp. Biol. 74.

Davison, W., 1994. Exercise training in the banded wrasse Notolabrus fucicola affects
muscle fibre diameter, but not muscle mitochondrial morphology. N. Z. Nat. Sci. 21,
11–16.

Davison, W., 1997. The effects of exercise training on teleost fish, a review of recent
literature. Comp. Biochem. Physiol. Part A Physiol. 117, 67–75. http://dx.doi.org/10.
1016/S0300-9629(96)00284-8.

Fischer, J., Lindenmayer, D.B., 2000. An assessment of the published results of animal
relocations. Biol. Conserv. 96, 1–11. http://dx.doi.org/10.1016/S0006-3207(00)
00048-3.

Germano, J.M., Bishop, P.J., 2009. Suitability of amphibians and reptiles for transloca-
tion. Conserv. Biol. 23, 7–15. http://dx.doi.org/10.1111/j.1523-1739.2008.01123.x.

Griffith, B., Scott, J.M., Carpenter, J.W., Reed, C., 1989. Translocation as a species con-
servation tool: status and strategy. Science (80-.) 245, 477–480.

Haad, B., Candioti, F.V., Baldo, D., 2011. Shape variation in lentic and lotic tadpoles of
Melanophryniscus (Anura: Bufonidae). Stud. Neotrop. Fauna Environ. 46, 91–99.
http://dx.doi.org/10.1080/01650521.2011.593124.

Hammond, B.R., Hickman, C.P.J., 1966. The effect of physical conditioning on the me-
tabolism of lactate, phosphate, and glucose in rainbow trout, Salmo gairdneri. J. Fish.
Res. Board Can. 23, 65–83.

Hard, J.J., Berejikian, B.A., Tezak, E.P., Schroder, S.L., Knudsen, C.M., Parker, L.T., 2000.
Evidence for morphometric differentiation of wild and captively reared adult coho
salmon: a geometric analysis. Environ. Biol. Fishes 58, 61–73. http://dx.doi.org/10.

E.K. Kenison, R.N. Williams Applied Animal Behaviour Science 202 (2018) 112–118

117

http://dx.doi.org/10.1111/j.1365-2435.2006.01209.x
http://dx.doi.org/10.1111/j.1365-2435.2006.01209.x
http://dx.doi.org/10.1242/jeb.011296
http://dx.doi.org/10.1242/jeb.011296
http://refhub.elsevier.com/S0168-1591(18)30033-9/sbref0015
http://refhub.elsevier.com/S0168-1591(18)30033-9/sbref0015
http://dx.doi.org/10.1016/j.applanim.2006.05.037
http://dx.doi.org/10.1016/j.applanim.2016.08.003
http://dx.doi.org/10.1016/j.applanim.2016.08.003
http://dx.doi.org/10.1139/f99-288
http://dx.doi.org/10.1577/T09-085.1
http://refhub.elsevier.com/S0168-1591(18)30033-9/sbref0040
http://refhub.elsevier.com/S0168-1591(18)30033-9/sbref0040
http://refhub.elsevier.com/S0168-1591(18)30033-9/sbref0040
http://dx.doi.org/10.1016/S0006-3207(98)00158-X
http://dx.doi.org/10.1643/CH-11-024
http://refhub.elsevier.com/S0168-1591(18)30033-9/sbref0055
http://refhub.elsevier.com/S0168-1591(18)30033-9/sbref0055
http://refhub.elsevier.com/S0168-1591(18)30033-9/sbref0060
http://refhub.elsevier.com/S0168-1591(18)30033-9/sbref0060
http://refhub.elsevier.com/S0168-1591(18)30033-9/sbref0060
http://dx.doi.org/10.1126/science.258.5086.1348
http://dx.doi.org/10.1126/science.258.5086.1348
http://dx.doi.org/10.1098/rspb.2005.3062
http://dx.doi.org/10.1098/rspb.2005.3062
http://refhub.elsevier.com/S0168-1591(18)30033-9/sbref0075
http://refhub.elsevier.com/S0168-1591(18)30033-9/sbref0075
http://dx.doi.org/10.1016/j.applanim.2013.04.013
http://dx.doi.org/10.1016/j.applanim.2013.04.013
http://dx.doi.org/10.1670/10-094.1
http://dx.doi.org/10.1016/j.biocon.2008.02.026
http://refhub.elsevier.com/S0168-1591(18)30033-9/sbref0095
http://refhub.elsevier.com/S0168-1591(18)30033-9/sbref0095
http://refhub.elsevier.com/S0168-1591(18)30033-9/sbref0100
http://refhub.elsevier.com/S0168-1591(18)30033-9/sbref0100
http://refhub.elsevier.com/S0168-1591(18)30033-9/sbref0100
http://dx.doi.org/10.1016/S0300-9629(96)00284-8
http://dx.doi.org/10.1016/S0300-9629(96)00284-8
http://dx.doi.org/10.1016/S0006-3207(00)00048-3
http://dx.doi.org/10.1016/S0006-3207(00)00048-3
http://dx.doi.org/10.1111/j.1523-1739.2008.01123.x
http://refhub.elsevier.com/S0168-1591(18)30033-9/sbref0120
http://refhub.elsevier.com/S0168-1591(18)30033-9/sbref0120
http://dx.doi.org/10.1080/01650521.2011.593124
http://refhub.elsevier.com/S0168-1591(18)30033-9/sbref0130
http://refhub.elsevier.com/S0168-1591(18)30033-9/sbref0130
http://refhub.elsevier.com/S0168-1591(18)30033-9/sbref0130
http://dx.doi.org/10.1023/A:1007646332666


1023/A:1007646332666.
Haskell, A., Graham, T.E., Griffin, C.R., Hestbeck, J.B., 1996. Size related survival of

headstarted redbelly turtles (Pseudemys rubriventris) in Massachusetts. J. Herpetol.
30, 524–527. http://dx.doi.org/10.2307/1565695.

Hinterleitner, S., Huber, M., Lackner, R., Wieser, W., 1992. Systemic and enzymatic re-
sponses to endurance training in two Cyprinid species with different life styles
(Teleostei: Cyprinidae). Can. J. Fish. Aquat. Sci. 49, 110–115.

Hoverman, J.T., Relyea, R.A., 2012. The long-term impacts of predators on prey: in-
ducible defenses, population dynamics, and indirect effects. Oikos 121, 1219–1230.
http://dx.doi.org/10.1111/j.1600-0706.2011.19792.x.

Hyvärinen, P., Rodewald, P., 2013. Enriched rearing improves survival of hatchery-reared
Atlantic salmon smolts during migration in the River Tornionjoki. Can. J. Fish. Aquat.
Sci. 70, 1386–1395. http://dx.doi.org/10.1139/cjfas-2013-0147.

Irschick, D.J., Meyers, J.J., 2007. An analysis of the relative roles of plasticity and natural
selection in the morphology and performance of a lizard (Urosaurus ornatus).
Oecologia 153, 489–499. http://dx.doi.org/10.1007/s00442-007-0726-y.

Kelley, J.L., Magurran, A.E., Macías-Garcia, C., 2005. The influence of rearing experience
on the behaviour of an endangered Mexican fish, Skiffia multipunctata. Biol. Conserv.
122, 223–230. http://dx.doi.org/10.1016/j.biocon.2004.07.011.

Kern, W.H.J., 1984. The Hellbender, Cryptobranchus Alleganiensis, in Indiana. Indiana
State University.

Kraus, B.T., McCallen, E.B., Williams, R.N., 2017. Evaluating the survival of translocated
adult and captive-reared, juvenile Eastern hellbenders (Cryptobranchus alleganiensis
alleganiensis). Herpetologica 73, 271–276. http://dx.doi.org/10.1655/
HERPETOLOGICA-D-16-00009.

Kupferberg, S.J., Lind, A.J., Thill, V., Yarnell, S.M., 2011. Water velocity tolerance in
tadpoles of the foothill yellow-legged frog (Rana boylii): swimming performance,
growth, and survival. Copeia 141–152.

Lackner, R., Weisler, W., Huber, M., Dalla Via, J., 1988. Responses of the intermediary
metabolism to acute handling stress and recovery in untrained and trained Leuciscus
Cephalus (Cyprinidae, Teleostei). J. Exp. Biol. 140, 393–404.

Luthardt-Laimer, G., 1983. Ontogeny of preferences to visual prey stimulus parameters in
salamanders. J. Herpetol. 17, 221–227.

Mayasich, J., Phillips, C., 2003. Conservation Assessment for Eastern Hellbender. USDA
Forest Serice, Eastern Reg.

McPhee, M.E., Carlstead, K., 1990. The importance of maintaining natural behaviors in
captive mammals. Effects of Captivity on the Behavior of Wild Mammals. pp.
303–313.

Miller, B., Biggins, D., Wemmer, C., Powell, R., Calvo, L., Hanebury, L., Wharton, T.,
1990. Development of survival skills in captive-raised Siberian polecats (Mustela
eversmanni) II: predator avoidance. J. Ethol. 8, 95–104.

Moehrenschlager, A., Macdonald, D.W., 2003. Movement and survival parameters of
translocated and resident swift foxes Vulpes velox. Anim. Conserv. 6, 199–206.
http://dx.doi.org/10.1017/S1367943003251.

Ogata, H.Y., Oku, H., 2000. Effects of water velocity on growth performance of juvenile
Japanese flounder Paralichthys olivaceus. J. World Aquacult. Soc. 31, 225–231.
http://dx.doi.org/10.1111/j.1749-7345.2000.tb00357.x.
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