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Rapid environmental change has led to unprecedented rates of biodiversity loss.

One source of rapid environmental change involves the introduction of non-native

species. In many cases, lack of evolutionary history with introduced species means

that native species lack adaptive responses to avoid predation by introduced species.

Understanding how native species can persist with introduced species has been a major

focus of biological research. In some cases, learning can allow native individuals to

acclimate when faced with introduced species. However, we lack a comprehensive

understanding of whether learning can allow individuals to overcome a lack of

evolutionarily engrained behavior in relation to non-native species. Here, we illustrate

that in some cases individuals can potentially learn to overcome a lack of evolutionarily

engrained anti-predator behavior when faced with a novel predator and be conditioned

to avoid predation. Specifically, by pairing an aversive stimulus with the presence of

an introduced, novel fish predator and measuring behavioral and survival effects, we

demonstrate that an endangered fish species, the Barrens Topminnow (BTM), Fundulus

julisia, can learn to exhibit anti-predator behavior toward an introduced predator. This

anti-predator behavior potentially increases survival in the wild. In addition, our findings

suggest that BTM adjust their behavior in response to chondroitin sulfate, suggesting

that this chemical might function as an alarm cue in this species.

Keywords: learning, invasive species, adaptation, acclimation, Barrens Topminnow

INTRODUCTION

Human activity is devastating many natural populations and leading to drastic biodiversity loss
worldwide (Novacek, 2001; Novacek and Cleland, 2001; Halpern et al., 2008; Barnosky et al.,
2011; Wong and Candolin, 2015). One of the most pressing conservation concerns associated
with human activity is the introduction of non-native species (Vitousek et al., 1997). When non-
native species are introduced to a community, native species typically have no evolutionary history
with the introduced species and lack adaptations to effectively persist with the introduced species
(Pimentel et al., 2005; Schlaepfer et al., 2005; Robertson et al., 2013; Wong and Candolin, 2015).

Various conservation efforts have been proposed to mitigate the effects of introduced species
on native populations (reviewed in Novacek and Cleland, 2001). For example, some authors
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have proposed artificially creating selective pressures on native
individuals in order to initiate the evolution of adaptive behaviors
(Schlaepfer et al., 2005). However, this may only be effective for
species with small home ranges and sufficient genetic variation
(Schlaepfer et al., 2005). Likewise, manipulating the genetic
composition of native populations to increase their rate of
evolution might allow native populations to effectively adapt to
the challenges created by non-native species (Schlaepfer et al.,
2005). Such an approach, though, likely requires knowledge
of the underlying genetics of adaptive strategies. Additionally,
removal of non-native species can effectively mitigate the
effects of introduced species on native individuals, but complete
removal is often improbable once invasive populations are
established (Mooney and Hobbs, 2000).

In addition to the approaches discussed above, mitigating
the effects of introduced species on native populations may
require an integrative approach that incorporates knowledge
from behavioral ecology, learning and cognition, evolution, and
ecology (Buchholz, 2007; Greggor et al., 2014). Several authors
have highlighted the importance of learning, cognition, and
behavioral plasticity in conservation (Greggor et al., 2014; Wong
and Candolin, 2015). Indeed, there is evidence that, in some
cases, individuals can learn to alter their behavior in response to
novel ecological challenges, including novel predators (Kiesecker
and Blaustein, 1997; Mirza and Chivers, 2000, 2003; Gazdewich
and Chivers, 2002; Shier and Owings, 2006) or novel toxic prey
(Phillips and Shine, 2006; O’Donnell et al., 2010). Learning may
even benefit the entire population if conditioned behavior can
be horizontally transmitted (Sih et al., 2011). For example, naïve
damselfish, Acanthochromis polyacanthus, have been shown to
respond to a novel predator after observing the behavior of
experienced members of the same species that were previously
conditioned with chemical alarm cues to recognize a predator
(Manassa and McCormick, 2012).

Additional research is needed to more fully understand the
role that learning plays in mitigating the effects of introduced
species on native populations. In particular, relatively few studies
have focused on whether: (1) conditioning and learning, in
particular, can allow endangered species to adaptively modify
their response to an introduced predator and (2) individuals
can effectively learn during early life-history stages (e.g., during
the juvenile stage). This is particularly important, as endangered
species tend to have characteristics that make them less likely
to acclimate to novel environmental challenges (Kotiaho et al.,
2005), and populations are expected to be more likely to recover
from the detrimental effects of introduced species if individuals of
relatively early life-history stages learn adaptive behavior, as this
would be expected to lead to greater numbers of breeding adults.

To enhance our understanding of how learning can be used to
mitigate detrimental effects of introduced species, we explored
whether juveniles of an endangered fish species can learn to
avoid an introduced predator. We focused on the Barrens
Topminnow (BTM), Fundulus julisia, a freshwater fish that is
endemic to the Barrens Plateau region of Tennessee. As of 2015,
only three natural populations of BTM were known to exist
(Bettoli, 2015). Despite extensive hatchery-based rearing and
reintroduction efforts and habitat restoration programs, the BTM

remains imperiled and has been identified as one of the most
endangered fish species in eastern North America (Bettoli, 2015).
The BTM is primarily endangered due to the introduction of
the Western Mosquitofish (WMF), Gambusia affinis. The WMF
preys on and harasses larval and juvenile BTMs, which leads to
high BTM mortality (Bettoli, 2015). Historically, BTM have had
limited experience with fish predators in general (Rakes, 1989),
and asWMF is an introduced species, BTM have no evolutionary
history with this predator specifically. The lack of experience with
WMF and fish predators in general has likely led to BTM having
no evolutionarily engrained anti-predator response to WMF.

Given that fish learn through conditioning (Mirza and
Chivers, 2000; Gazdewich and Chivers, 2002; Manassa and
McCormick, 2012), we hypothesized that juvenile BTM could be
conditioned (i.e., trained) to recognize WMF as a predator and
respond with ecologically appropriate anti-predator behavior,
which could in turn improve BTM survival.

MATERIALS AND METHODS

To assess the effectiveness of conditioning in mitigating the
effects of an introduced predator, we used a potential alarm cue
found in fish epidermal cells, chondroitin sulfate, that elicits
a fear response in some fish species (Mathuru et al., 2012;
Farnsley et al., 2016) to condition BTM to avoid predation and
harassment by WMF. In Phase 1 of the study, we examined if
BTM respond to chondroitin sulfate to verify that this substance
can be used as an aversive stimulus in conditioning. The
BTM did respond to chondroitin sulfate (described below), and
in Phase II, we attempted to condition BTM individuals to
associate WMF with potential danger by pairing the chondroitin
sulfate with the visual presentation of WMF. We then evaluated
the behavioral response of conditioned and non-conditioned
BTM to the presentation of WMF. Given that escape behavior
(increased movement and schooling, burying, freezing, leaping)
is common among related fish species and has been observed
during collection of BTM (Rakes, 1989), we hypothesized that
behavior, such as increased activity or freezing could allow
BTM to escape predation by WMF. Next, to explore the fitness
benefits of conditioning, we preliminarily assessed the survival
effects of conditioning following release of the BTMs into their
natural habitat (Phase III). Finally, we conducted a small follow-
up experiment to determine whether conditioning vs. only
experience withWMFmost likely elicited any behavioral changes
that were observed in the previous phases of the study (Phase IV).

Fish Acquisition and Maintenance
We obtained juvenile BTMs propagated and reared in captivity
from Conservation Fisheries Inc. in Knoxville, TN, an
organization that breeds BTM for reintroduction. Given
that BTM were bred in captivity, all BTM in our study lacked
experience with WMF. All WMF were collected from a spring
where BTM have previously been found, the Ramsey Barn site,
and where BTM individuals from this experiment were to be
subsequently released. This site is located on a cattle farm and
consists of two pools, the lower measuring 100 m2 and the
upper pool 432 m2 (Goldsworth and Bettoli, 2006). When not
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in use in experimental trials, fish of each species were housed
in groups of 25 in 75.7 L aquaria at the University of Tennessee
Chattanooga, fed live brine shrimp daily, and maintained on
a 14:10 h light:dark cycle. Water temperature was maintained
at ∼18◦C. All animal work was approved by the University of
Tennessee at Chattanooga Institutional Animal Care and Use
Committee (1017-HMK01).

Phase I: Testing BTM Response to
Chondroitin Sulfate
To evaluate the effect of the potential alarm substance
chondroitin sulfate (Mathuru et al., 2012; Farnsley et al., 2016)
on BTM behavior, we conducted an experiment that consisted of
two treatments: (1) exposure to chondroitin (N = 10) and (2)
exposure to a control substance (distilled water) (N = 10). Each
replicate began by randomly selecting one fish and placing it in a
37.85 L observation tank isolated from all other tanks (i.e., fish in
the observation tank had no physical, visual, or chemical contact
with other fish) and from the behavioral observer. Specifically, we
performed observations from behind an opaque plastic barrier
through eye slits and with the aid of mirrors positioned above the
aquaria. This set-up allowed minimal exposure to any cues other
than the substance added to the tank.

We allowed fish to acclimate for 1 h. For 10min following
acclimation and prior to substance addition, we observed fish
behavior and recorded movement (i.e., whether the fish was
motionless or in motion). We focused on motion because change
in movement patterns is indicative of anti-predator behavior
in topwater prey species (Reed, 1969; Farnsley et al., 2016).
After 10min, we added the substance (chondroitin or distilled
water) through tubing that had previously been run into the
tank. Preliminary studies in which dye was added to the tubing
confirmed that this method led to the substance being dispersed
throughout the tank within seconds. The control substance was
5mL of distilled water. The chondroitin treatment consisted
of 0.07mg of chondroitin (Sigma C4384) dissolved in 5mL of
distilled water. This concentration of chondroitin is consistent
with levels used that elicited an alarm response in Zebrafish
(Danio rerio) and Northern Studfish (Fundulus catenatus), a
close relative of BTM (Mathuru et al., 2012; Farnsley et al.,
2016). Another 10min observational period followed substance
addition, with the same behavior being assessed.

We used Univariate Analysis of Variance to examine the effect
of chondroitin on the change in activity (i.e., change in the
proportion of the time spent active). Treatment (chondroitin or
distilled water) was a fixed factor with change in activity as the
dependent variable. If BTM respond to the alarm cue chondroitin
sulfate, we expected the change in activity to differ between our
two treatments.

Phase IIa: Conditioning BTM to Associate
WMF With an Aversive Stimulus
We isolated and observed tanks in the samemanner as in Phase I,
but for Phase II, we used a transparent plastic divider with 5mm
holes (which allowed for visual and chemical, but not physical,
interaction among all individuals in a given tank) to divide

each aquarium in half. None of the BTMs used in the previous
phase were used for the conditioning trials (i.e., all fish were
naïve to chondroitin). We randomly assigned BTM individuals
to one of the following treatments: (1) control: two BTMs, no
WMF, distilled water added to aquarium, (2) conditioning: two
BTMs, two WMF added to aquarium (separated from BTMs by
transparent divider), chondroitin sulfate added. It would have
been ideal to have a fully factorial design in which we additionally
had a treatment to control for experience with WMF (i.e., a
treatment in which onlyWMFwere added to the aquarium) and a
treatment in which only chondroitin was added to the aquarium.
Because we were working with an endangered species that is bred
in limited numbers in captivity, we were unfortunately unable
to obtain sufficient numbers of BTM at any given point in time
to include all four treatments in a single experiment. However,
because we were able to obtain additional fish throughout the
year, we were able to assess the effect of chondroitin only (see
Phase I methods above) and WMF only (see Phase IV methods
below) on BTM behavior in separate experiments. The fact that
we were not able to perform a fully factorial experiment is a
limitation of our study (see also Discussion).

In the conditioning phase of our study, each replicate began
by adding two BTM to the tank and allowing the fish to
acclimate for 6–8 h. For the conditioning treatment (N = 11),
we simultaneously added chondroitin via tubing and two adult
WMF to the tank on the side of the divider opposite the BTMs.
Specifically, the WMF were first placed in a small container of
water and then poured into the tanks. We expected that pairing
the aversive stimulus and potential alarm cue (chondroitin
sulfate) with WMF would cause BTM to associate WMF with
danger. For the control treatment (N = 12), we added distilled
water to the tank via tubing and poured a small amount of water
into the tank on the side opposite the BTM in an attempt to create
similar levels of disturbance across both treatments.

Phase IIb: Does Conditioning Affect BTM
Behavior?
We set up aquaria in the same manner as in the conditioning
trials and used the same individual fish from Phase IIa. We tested
fish ∼24 h after conditioning for a behavioral response to the
visual and chemical presentation of WMF, with no substances
added to the tank. This phase of the study allowed us to determine
if our conditioning was effective and caused BTM to alter their
behavior in response to WMF. We placed two BTMs from the
same treatment (conditioned or control) into each tank and
allowed them to acclimate for 6–8 h. During an initial 10min
observational period, we recorded the time that both fish spent in
motion. Two adult WMF were then added to the tank on the side
of the divider opposite the BTMs, and specifically, WMF were
placed in a small container with water and poured into the tank
on the side opposite the BTM. In the control treatment, a small
amount of water was poured into the tank in a similar manner.
We then performed another 10min observational period in
which we recorded both fish’s time spent in motion. We then
calculated the combined change in motion for the BTM in that
tank and used a Univariate Analysis of Variance to examine the
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effect of conditioning on the change in activity (i.e., change in
the proportion of the time the BTM in a tank spent active). To
avoid pseudoreplication, each tank (rather than each fish) served
as a replicate; that is, our response variable was the change in the
proportion of time that all fish in a given tank spent in motion.
Treatment (conditioning or control) was a fixed factor with
change in activity as the dependent variable. If our conditioning
was effective, we expected the change in activity (i.e., the change
in the proportion of time spent active) to differ between our
two treatments. Fish from each treatment were housed separately
until they were used in Phase III of the study. While it would
have been ideal to include an additional non-predator control
treatment during this testing phase (i.e., a treatment in which
BTM were presented with a non-predator) to assess whether
BTM developed a response only to WMF or to other fish in
general, this was not possible due to limited BTM availability.

Phase III: Release and Recapture: Does
Conditioning Improve Survival of BTM?
After use in behavioral trials, we marked conditioned BTM with
visible implant elastomer tags on their left side and control BTM
with elastomer tags on their right side. During tagging, each
fish was removed from the water, placed onto a damp paper
towel, and tagged as quickly as possible before being placed
back into a container with water. BTM were tagged within 24 h
of release, which was ∼13 days after lab trials were complete.
While tagging was potentially a stressful event, BTM from both
treatments experienced this tagging, and substantial time had
passed between the presentation of WMF in the conditioning
treatment and tagging. Therefore, we think that it is unlikely that
BTM in the conditioning treatment would associate the tagging
event with the cues of the WMF.

With conditioned and non-conditioned fish marked
differently with elastomer tags, and following a negative disease
screening by Conservation Fisheries, Inc., we released fish from
both treatments (22 conditioned and 24 control BTMs) into the
wild at the Ramsey Barn site 14 days following conditioning.
Three days later, we sampled by seining 20 times for ∼4 h in
an attempt to recapture marked fish. As mentioned above, we
hypothesized that conditioning BTM to associated WMF with
a potential alarm cue would alter BTM behavior and ultimately
increase BTM survival. As such, we expected to re-capture more
conditioned than unconditioned BTMs.

We used a Chi Squared analysis to determine if conditioned
fish were more likely to be recaptured than unconditioned fish.
Because our recapture rates were relatively low (presented in
Results), we used the Likelihood Ratio test statistic in our Chi-
Squared analysis, which is the most appropriate Chi-Squared test
statistic and is preferred over a Pearson Chi-Squared test when
expected values are relatively low (McHugh, 2013). While using
Fisher’s Exact Test is often ideal when expected values are low,
using Fisher’s Exact Test was problematic and avoided in our
study for the following reasons: (1) a Fisher’s Exact Test assumes
that the marginal totals in the contingency table are fixed, and
given that recapture rate was not fixed or known beforehand in
our study, we violated this assumption, and (2) when the fixed

variables assumption is violated, Fisher’s Exact Test is considered
to be overly conservative and is associated with too high of a Type
II error rate (Agresti, 2002; Nussbaum, 2014). The ANOVA and
Chi-Squared test were performed in SPSS 22.0.

Phase IV: Distinguishing Between the
Effects of Experience vs. Conditioning on
Behavior
Because the design outlined in Phases I and II above did
not allow us to determine whether experience with WMF or
conditioning affected BTM behavior, we performed a second,
small-scale follow-up behavioral experiment when additional fish
became available for behavioral trials in which we compared
the behavior of BTM that had been exposed to either: (1) only
distilled water (Control 1), (2) two WMF paired with distilled
water (Control 2), and (3) two WMF paired with chondroitin
sulfate. This allowed us to determine if experience alone with
WMF or conditioning (i.e., pairing an aversive stimulus, the
alarm cue chondroitin sulfate, with the presentation ofWMF) led
to the behavioral changes that we observed in Phase II above. All
methods, including analyses, in this follow-up experiment were
identical to those outlined in Phase IIa and IIb above, with the
exception of the additional treatment (Control 2). No fished used
in Phase IV had been used previously in this study.

RESULTS

BTMs Respond to Chondroitin
There was a significant difference between the BTM’s response
to the addition of the control substance (distilled water) and the
addition of chondroitin (F1,17 = 6.72, P = 0.020). Specifically,
chondroitin significantly decreased activity in the BTM with
a mean (±SE) change in proportion of time active of −0.21
(±0.087) following the addition of chondroitin. Control fish
exhibited a mean (±SE) change in proportion of time active
of 0.00035 (±0.027) following the addition of distilled water.
While additional research would be needed to determine whether
chondroitin is a natural alarm cue in this species (discussed
further below), our results importantly suggest that chondroitin
affects BTM behavior and can potentially act as an aversive
stimulus in BTM.

Conditioning Affects BTM Response to the
Novel Predator
BTM can be conditioned to alter their behavioral response to the
novel predator, WMF. There was a significant difference between
the response of conditioned fish to WMF and the response of
the control group to WMF (F1, 21 = 4.397, P = 0.048; Figure 1).
Specifically, fish that were conditioned to associateWMFwith the
aversive stimulus chondroitin sulfate increased activity ∼2-fold
in the presence ofWMF relative to unconditioned fish (Figure 1).

Conditioning Has the Potential to Improve
BTM Survival
As mentioned above, we released 22 control and 24 conditioned
BTMs into a natural spring habitat following conditioning.
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FIGURE 1 | The Barrens Topminnows (Fundulus julisia) can be conditioned to

alter their behavior in response to a novel predator. Change in the proportion of

time spent in motion by Barrens Topminnows before and after presentation of

Western Mosquitofish (Gambusia affinis) for unconditioned and conditioned

treatments (whiskers represent ± standard error).

A total of three marked fish from this study were recaptured,
with all three identified as conditioned fish. This represented a
significant difference between expected and observed recapture
rates for the two groups (χ2

= 4.1, df = 1, P = 0.04),
suggesting that it is unlikely that we recapturedmore conditioned
than unconditioned fish due to chance. While the pattern of
recapturing more conditioned than unconditioned fish is what
we would expect if conditioned fish were more likely to survive
than unconditioned fish, it is important to note that these
findings are based on very small sample sizes, and as such, it is
unclear if these findings are repeatable across contexts or studies.
Additional replication would be needed to confirm this pattern
of re-capture.

Conditioning, Rather Than Experience
Alone, Led to Behavioral Changes
Conditioning (i.e., exposure to WMF and chondroitin) caused
BTM to increase activity when they were subsequently presented
with only WMF relative to both control treatments (ANOVA,
treatment effect on arc sine square root transformed data to meet
assumptions of normality: F2,31 = 3.33, p= 0.049; Figure 2). This
finding is consistent with the patterns found in the Phase II of the
study. Specifically, BTM who had been conditioned to associate
the alarm cue with WMF increased activity more than fish that
were unconditioned (Control 1) or that had experience with
WMF (Control 2) (Figure 2). Such a pattern might suggest that
conditioning, rather than experience alone, led to the behavioral
differences observed in Phase II of our study.

DISCUSSION

The detrimental effect of introduced species is a major
conservation concern, particularly in regard to the long-term

FIGURE 2 | Conditioning leads to an increase in Barrens Topminnow

(Fundulus julisia) activity during subsequent presentation of Western

Mosquitofish (Gambusia affinis) relative to control treatments. Different letters

represent significant differences based on post-hoc Tukey LSD tests.

persistence of endangered species (Schlaepfer et al., 2002).
Here, we have shown that learning can potentially be used
to alter juvenile behavior in an ecologically relevant way and
potentially mitigate the negative effects of an introduced species.
In particular, our work illustrates that conditioning individuals
to associate an introduced predator with an aversive stimulus
can elicit behavioral changes that might improve survival.
Further, our follow-up work (Figure 2) demonstrates that the
behavioral changes observed are most likely due to conditioning
and not simply experience with WMF, which might explain
why wild BTM, who naturally gain experience with WMF,
have been unable to effectively alter their behavior when faced
with WMF in nature. Further, BTM that were conditioned
to associate the introduced predator WMF with the potential
alarm cue chondroitin sulfate were more likely to be re-captured
after release into the wild than unconditioned fish, potentially
suggesting that they had higher survival than unconditioned
fish. This finding suggests that conditioning can potentially
be used to improve survival of native individuals. Indeed, the
finding that conditioning can alter the behavioral response
to a predator is consistent with work done in other species
(Herzog and Hopf, 1984; Maloney and McLean, 1995; Shier and
Owings, 2006; O’Donnell et al., 2010). Likewise, the finding that
conditioning has the potential to improve survival is consistent
with research done in other contexts (Mirza and Chivers, 2000,
2003; Gazdewich and Chivers, 2002).

Importantly, the sample sizes of our study were small and our
assessment of survival was conducted over a relatively short time
frame and only at one point in time following the release of fish
into the wild. The low sample sizes are a limitation of our study;
given this, it will be particularly important to expand upon this
work in the future to determine how repeatable our findings are
with additional fish and across a longer time period. However,
it is still noteworthy that all recaptured individuals from this
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project were those that were conditioned to associate WMF with
a potential alarm cue, and this is especially relevant considering
the high density of WMF at the site. Indeed, recapturing small
fish in a large spring site is inherently challenging, and as such
recapturing any of our marked fish was somewhat unexpected.
We therefore view the fact that only conditioned fish were
recaptured as intriguing and striking, and we suggest that
more work is needed that examines the role of learning in
relation to overcoming a lack of evolutionary history in the
face of environmental change. In particular, in order to fully
mitigate the negative effects of introduced species, successful
BTM reproduction and recruitment would be needed (i.e., the
reintroduced population would have to become self-sustaining).
Indeed, it is likely that reintroduction efforts for this species
have had relatively little impact because the released BTM get
consumed by WMF before having much of an opportunity to
learn socially in their natural habitat. As such, examining whether
social learning occurs when a small number of fish have been
conditioned is a key next step.

In the future, it will also be important to examine if
conditioning causes BTM to react only to WMF, or if the
conditioned response is generalized to other fish, including
other potential predators and non-predators. This could be
examined by including additional treatments in the test phase
of our conditioning trials (Phase II b above) in which BTM are
presented with fish other than WMF. Such a study would (1)
inform us of whether conditioning is likely to be generalizable to
a range of predators and (2) provide insight into the dynamics of
learning in fish by identifying whether the effects of conditioning
are specific to predators or a range of fish species.

In addition to demonstrating a potential role for conditioning
in mitigating the effects of an introduced species, our study also
revealed that the potential alarm cue chondroitin sulfate affects
behavior and reduces activity in the BTM. As a topwater prey
species living near vegetation, freezing is likely one adaptive
antipredator behavior (Reed, 1969; Farnsley et al., 2016). The
finding that chondroitin sulfate potentially functions as an alarm
cue is consistent with work done in other species (Mathuru et al.,
2012; Farnsley et al., 2016). However, given our experimental
design, additional work is needed to determine if chondroitin
sulfate is a natural alarm cue in BTM. Specifically, in the portion
of the study in which we examined the effect of chondroitin
sulfate on BTM behavior, we had two treatments: one in which
BTMwere exposed to chondroitin sulfate and a second treatment
in which fish were exposed to distilled water. It would have
been ideal to include a third treatment in which BTM were
exposed to the skin extracts from conspecifics, as this would have
functioned as a positive control to determine if chondroitin elicits
a response that is comparable to the response that would occur
if BTM are exposed to the skin extracts of injured conspecifics.
Unfortunately, this was not possible due to limited BTMnumbers
and animal care concerns related to the endangered status
of BTM. As such, it is important to note that further work
is needed to determine whether chondroitin sulfate elicits a
behavioral response that is similar to the behavioral changes

that would occur in response to the skin extracts of an injured
conspecific.

Conditioning BTMs to associate the predator WMF with
chondroitin affected their response to WMF. Compared to
control BTMs, conditioned BTMs had roughly twice an increase
in activity as the control fish when WMF was presented.
Because our first experiment showed that addition of chondroitin
alone caused a decrease in activity in BTM, it is interesting
that conditioning that paired the alarm cue and the predator
caused increased activity. This difference in response (i.e.,
increased vs. decreased activity) could be due to the different
levels of threat posed by the two different phases of the
experiment (Helfman, 1989). As only one identified component
of the known alarm substance in Zebrafish, chondroitin sulfate
may elicit a weaker antipredator behavior in the BTM as
compared to chondroitin coupled with the visual and chemical
presence of two nearby predators. Also, the BTM’s increased
activity in the presence of WMF could be attributed to
predator-inspection behavior, which has been documented in
many fish species and other taxa as well (e.g., Brown et al.,
2001).

In summary, our study illustrates that conditioning may
allow for juvenile BTM to overcome a lack of evolutionarily
engrained anti-predator responses and learn to recognize WMF
as a potential predator, and this in turn might improve survival
of the imperiled BTM in its natural habitat. More generally,
it may be possible for a range of organisms to overcome a
lack of evolutionarily engrained adaptive responses by means of
conditioning. In this case, we were the teachers, but an organism’s
natural habitat also provides opportunities for learning, and
learning might play a larger role in acclimating to environmental
change than is currently appreciated (see also discussion in
Greggor et al., 2014).
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