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Abstract The Barton Springs Salamander, Eury-
cea sosorum, is a fully aquatic salamander found in
Barton Springs in Texas, USA, and has benefited
from habitat restoration efforts. While important to
improve overall habitat quality for this imperiled
species, current management and restoration prac-
tices may also inadvertently increase the abundance
of non-target organisms such as predatory inverte-
brates. Fish represent major predators of this
species, but little is known about the role of
invertebrates as potential predators. It is important
to understand the role of these aquatic invertebrates
as predators of E. sosorum, especially if habitat
restoration also increases predator abundance. Using
adult, predator-naive salamanders, we examined the
antipredator response of E. sosorum to chemical
cues from the following treatments: -crayfish,
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dragonfly larvae, snails, and water. Salamanders
decreased activity (antipredator behavior) only in
response to the crayfish treatment. The responses to
dragonfly larvae, snails, and water did not differ,
suggesting that dragonfly larvae are not perceived as
predators by these salamanders. Our study provides
preliminary evidence suggesting that habitat restora-
tion has unexpectedly increased crayfish abundance,
which in turn may negatively affect E. sosorum, and
that future management strategies should consider
crayfish removal if salamander abundances decline
with increasing crayfish abundance.

Keywords Chemical kairomone - Habitat
restoration - Inadvertent restoration effects - Innate
predator recognition - Invertebrate predator -
Predator—prey interaction - Procambarus clarkii

Introduction

Habitat restoration has been instrumental in maintain-
ing populations of imperiled or endangered species,
often by increasing the amount and quality of critical
habitat needed for a species to persist and recover
(Bowles & Whelan, 1994; Dobson et al., 1997). In
recent decades, conservation biologists have started to
shift from single-species management to a more
holistic, ecosystem management approach (Poiani
et al., 2000). While some habitat restoration efforts
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focus on maximizing the benefits to an entire
community, this strategy can result in direct or indirect
negative effects on particular species (Porej &
Hetherington, 2005), which is especially of concern
if this specifically results in negative effects on
imperiled species (Casazza et al., 2016). For example,
restoration of tidal marsh ecosystems, primarily
achieved by the use of herbicides to remove invasive
Atlantic Cordgrass (Spartina alterniflora Loisel),
benefited many species of shorebirds and allowed
normal ecosystem patterns to return (Casazza et al.,
2016). However, the endangered California Rail
(Rallus obsoletus Ridgway, 1874) was negatively
affected by these habitat restoration efforts as it
reduced the amount of usable habitat and cover, which
increased predation rates (Harding et al., 2001;
Casazza et al., 2016). Strategies to maximize success
of both habitat restoration and endangered species
recovery should be a priority, especially in regard to
potential effects of increased predator abundance or
increased predation rates on endangered prey species.

Predation is a strong selective pressure in most
ecological systems, as predation should select for
appropriate antipredator responses in prey populations
(Kerfoot & Sih, 1987). While antipredator responses
vary from plastic, rapidly changing behaviors to canal-
ized, induced morphological traits, all increase the
likelihood of surviving encounters with predators, but
come at a cost to prey individuals (Lima & Dill, 1990).
For behavioral antipredator responses, these costs often
manifest as a reduction in time spent foraging or mating
and have the potential to reduce individual fitness over
prolonged periods of time. Therefore, it is predicted that
prey species should exhibit threat-sensitive predator
avoidance: efficient antipredator responses to specific
predators that maximize survival and minimize fitness
costs (Helfman, 1989; Mathis & Vincent, 2000; Chivers
et al., 2001). Additionally, encounter frequency may
also be an important factor influencing the antipredator
response to particular predators (Lima & Bednekoff,
1999; Ferrari et al., 2009a), especially if habitat
restoration may be inadvertently increasing the abun-
dance of these predators.

Habitat restoration has played a critical role in the
persistence of the Barton Springs Salamander, Eurycea
sosorum Chippindale, Price, & Hillis, 1993 (Caudata:
Plethodontidae). This small (adult S = 23.5-36.5 mm),
fully aquatic salamander is federally listed under the
Endangered Species Act and is an [UCN Red List species
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(IUCN, 2015) that is primarily found in Barton Springs in
Austin, Texas, USA (Chippindale et al., 1993). Population
sizes of E. sosorum across monitored sites vary through
time, but Eliza Spring (Fig. 1a) consistently supports the
largest number of individuals (N. Bendik, pers. comm.).
Habitat restoration at Eliza Spring has included debris
removal and lowering the water level, which helped flush
out sediments, return natural spring flows, and assist in the
establishment of aquatic macrophytes (Fig. 1a). This
restoration process resulted in significant increases in E.
sosorum abundance (compared to pre-restoration) and
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Fig. 1 a Eliza Spring (September 2008) after habitat restora-
tion efforts. While it remains a heavily modified site, water
levels have been reduced, spring flow has improved, sedimen-
tation rates have decreased, and aquatic macrophytes have
become established. For scale, the long axis of Eliza Spring is
ca. 12 min length. Photograph by City of Austin. b Red Swamp
Crayfish (Procambarus clarkii) consuming a Barton Springs
Salamander (Eurycea sosorum) in Eliza Spring. Arrow points to
the head of the salamander between the pair of crayfish
chelipeds. Photograph by L. Colucci
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additional restoration efforts at Eliza Spring and other sites
are ongoing.

While habitat restoration is critical to maintaining
E. sosorum in these highly developed and modified
sites, the process of habitat restoration also benefits
other sympatric species, including potential predators.
The restoration of Eliza Spring to a more natural site
prevents many large fish (i.e., centrarchids) from being
able to survive due to significantly lower water levels;
however, invertebrate predators may benefit from
restoration aimed at increasing habitat quality for E.
sosorum. These benefits to invertebrate predators
include the elimination of large predatory fish, the
establishment of aquatic macrophytes, and increased
habitat by reducing sediment accumulation among
cobble substrates. Since 2003, City of Austin biolo-
gists have conducted consistent surveys for salaman-
ders and aquatic invertebrates at Barton Springs.
Preliminary data from these surveys suggest that the
abundance of native Red Swamp Crayfish [Procam-
barus clarkii (Girard, 1852)] is greater in Eliza Spring,
which has been restored as high quality salamander
habitat, than in Zenobia Spring, which remains
unrestored (Wilcoxon Signed-Rank Test:
Z = —88.5, P = 0.0214; Siegel, 1956). These cray-
fish, while native to Barton Springs, are highly
invasive outside their native range and have been
found to consume and negatively impact many
amphibian species (Gamradt & Kats, 1996; Gamradt
et al.,, 1997; Cruz & Rebelo, 2005). Within these
springs, niche overlap between crayfish and E. soso-
rum has the potential to be high, further increasing
potential predation rates. Other aquatic invertebrates
such as dragonfly larvae are known predators of
amphibians, and extensive literature exists document-
ing strong predatory interactions with anurans (in-
creased tail fin depth: Van Buskirk & Relyea, 1998;
Lardner, 2000; increased pigmentation: Caldwell,
1982; Mclntyre et al., 2004); however, fewer studies
have examined interactions between invertebrate
predators and aquatic salamander prey (Yurewicz,
2004; Drake et al., 2014; Vollmer & Gall, 2014).

Here we investigate the antipredator response of E.
sosorum to sympatric aquatic invertebrates. Of special
interest is the antipredator response to crayfish given
that restoration efforts may be simultaneously increas-
ing crayfish abundance. Field observations of interac-
tions between E. sosorum and invertebrate predators
are extremely limited given the habitats that E.

sosorum occupies (aquatic macrophytes, cobble sub-
strates) and their largely nocturnal activity patterns,
and therefore, laboratory investigation into antipreda-
tor responses of E. sosorum can provide information
on potential interactions between species in the field.
Here, we exposed adult, predator-naive (captive-
hatched) E. sosorum to chemical stimuli from crayfish
(Red Swamp Crayfish [P. clarkii]), dragonfly larvae
[Common Green Darner: Anax junius (Drury, 1773)],
non-predatory planorbid snails, and water. Investigat-
ing these interactions will provide insight to better
understand predator—prey interactions involving the
federally endangered E. sosorum. Furthermore, in the
context of ongoing habitat restoration efforts at Barton
Springs, an increased understanding of the interactions
between E. sosorum and invertebrates is particularly
important if the unexpected increase in crayfish
abundance needs to be addressed.

Materials and methods
Experimental treatments

To investigate interactions between invertebrates and
Eurycea sosorum, we collected three locally abundant
invertebrates: the Red Swamp Crayfish (Malacostraca:
Decapoda: Cambaridae: Procambarus clarkii), Com-
mon Green Darner larvae (Hexapoda: Odonata:
Aeshnidae: Anax junius), and planorbid snails (Gas-
tropoda: Pulmonata: Planorbidae). These inverte-
brates are all sympatric with E. sosorum and native
to Barton Springs (DRD, pers. obs.). Planorbid snails
represent a non-predatory invertebrate treatment as
these snails consume algae, macrophytes, and other
decomposing organic material (Calow, 1974; Strong
et al., 2008), and are not predators of salamanders.
Aeshnid dragonfly larvae are generalist predators
(Pritchard, 1964, 1965; Folsom & Collins, 1984) and
have long been known to induce phenotypic defenses
in amphibians, particularly larval anurans (McCollum
& Leimberger, 1997; Van Buskirk et al., 2003). Less is
known about interactions between dragonfly larvae
and aquatic salamanders, but experimental studies
have shown predation on eggs, larvae, and adults
(Yurewicz, 2004; Drake et al., 2014; Vollmer & Gall,
2014) as well as behavioral antipredator responses to
predator stimuli (Storfer & White, 2004; Crane et al.,
2012). Similar to most other crayfish, P. clarkii is an
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opportunistic omnivore, consuming microbe-enriched
plant detritus, macrophytes, and benthic invertebrates
(Huner & Naqvi, 1984; Brown et al.,, 1992). The
significant role of P. clarkii as a predator on amphib-
ians has also been recognized, with studies document-
ing decreased individual survival and reduced
population sizes in amphibians following the intro-
duction of P. clarkii (Gamradt & Kats, 1996; Gamradt
et al., 1997; Cruz & Rebelo, 2005). Additionally, P.
clarkii has been observed to consume E. sosorum
(Owen et al., 2016; Fig. 1b), though the frequency of
predation events is unknown. Both the dragonfly
larvae and crayfish treatments represent predatory
invertebrate treatments.

Stimulus acquisition

We collected all invertebrates from the San Marcos
Aquatic Resources Center (SMARC) in San Marcos,
Texas, USA in July 2012. These invertebrates were
collected from various sites at the SMARC including
flow-through systems (snails), dugout ponds (dragon-
fly larvae), and drainage ditches (crayfish). Because
these predators were collected from outdoor ponds at
the SMARC, they had no prior interactions with E.
sosorum or other salamanders, however, planorbid
snails are often kept in the flow-through systems with
salamanders to help minimize algal growth in aquaria.
Predators were not fed for 7 days before the collection
of chemical cues (kairomones) to eliminate any effects
of prior diet. The volume of each stimulus animal was
determined via water displacement. To maintain
similar chemical concentrations between treatments,
we used 230 ml of well water per 1 ml of stimulus
animal in the collecting chamber, similar to concen-
trations used by previous studies (i.e., Mathis et al.,
2003). We then placed stimulus animals (2 crayfish, 10
dragonfly larvae, 10 snails) into glass aquaria contain-
ing the appropriate volume of aerated well water for
24 h. Individual crayfish were housed in separate
aquaria, while dragonfly larvae and snails were each
kept in single aquaria during chemical cue collection
so that a sufficient volume of water would be present in
the aquarium. Before acquisition of the chemical cues,
we removed the stimulus animals from the aquaria,
stirred the water (mixing equal parts water from the
two crayfish), and froze 50-ml aliquots of each cue in
plastic bags (—20°C).
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Experimental protocol

We used 80 adult (n = 40 male, n = 40 female),
predator-naive (captive-hatched) E. sosorum from the
SMARC. These salamanders were hatched from eggs
produced by wild-caught adults from Eliza Spring in
Austin, Texas, USA. We used predator-naive sala-
manders to avoid confounding effects of learning from
experienced individuals. Prior to testing, we main-
tained salamanders on a 12:12 h light:dark cycle in
large fiberglass flow-through tanks maintained at 21°C
and fed them blackworms [Lumbriculus variegatus
(Miiller, 1774)] ad libitum. We tested salamanders
individually in 9.5-1 glass aquaria, which were covered
on three sides to reduce any background disturbance
and contained 4.5 1 of well water. Given that activity
levels for E. sosorum increase beginning at dusk and
continuing through the night (DRD, pers. obs.), we
conducted all experimental trials 2—4 h after lights
were turned off. All observations were conducted
under low-level red lighting (25 W). Plethodontid
salamanders have retinas that are dominated by rods
that are relatively insensitive to long-wavelength
colors (i.e., red; Linke et al., 1986), and therefore,
the use of low-level red lighting allowed us to observe
salamanders without disrupting nocturnal behaviors.
After we placed salamanders into the testing aquaria,
individuals were allowed to habituate for 20 min, after
which they resumed normal activity (i.e., normal
movement patterns around the experimental aquaria).
Once habituated, we recorded the total time spent
moving (in seconds) for 8§ min (following Davis et al.,
2012). Active behavior included swimming or walk-
ing, but did not include head or gill movement that was
not accompanied by other movements of the body.
These data constitute the baseline activity level for
each individual (pre-stimulus activity). Afterwards,
we exposed each individual (n = 20/treatment) to
50 ml of chemical kairomones from one of following
four treatments: (1) Red Swamp Crayfish (P. clarkii),
(2) Common Green Darner larvae (A. junius), (3)
planorbid snail (Planorbidae), or (4) water only. We
randomized the order of treatments and coded them to
control for observer bias and all experimental trials
were conducted individually. We injected chemical
stimuli at a rate of 2 ml/s into the aquarium through a
60-ml syringe connected to plastic tubing that was
attached to the center of one side of the testing
chamber. We placed the end of the introduction tube
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ca. 2 cm below the surface of the water to reduce
disturbance during treatment introduction. After intro-
duction of the stimulus, we observed and recorded the
total time the salamander spent moving for another
8 min as an indication of potential antipredator
response (post-stimulus activity). Similar methods
have been used successfully in previous studies to
study aquatic salamander antipredator behavior (i.e.,
Mathis & Vincent, 2000; Mathis et al., 2003; Davis &
Gabor, 2015). We exposed each individual to a single
treatment to eliminate any effects of habituation to
stimuli (Hazlett, 2003). Following completion of each
trial, we recorded the sex and snout—vent length (SVL)
of each individual and washed all equipment with a
3% hydrogen peroxide solution.

Statistical analyses

Analysis of the behavioral data included the calcula-
tion of an activity index (post-stimulus activity—pre-
stimulus activity). Positive indices indicate increases
in activity and negative indices indicate decreases in
activity in response to a stimulus. All data met the
assumptions of parametric data (independent obser-
vations, normality, and homoscedasticity). To exam-
ine for differences between treatments, we performed
an ANOVA followed by subsequent multiple com-
parisons (Tukey’s HSD; o = 0.05). We conducted
statistical analyses using JMP v12.0 (SAS Institute,
Cary, NC, USA) software.

Results

We did not find a statistical difference in activity times
between male (x = 37.43 mm SVL) and female
(x = 38.65 mm SVL) salamanders, and therefore,
data from male and female trials were combined.
Mean activity times decreased from pre-stimulus to
post-stimulus for all treatments (Table 1). There was a
statistical difference in the activity indices among the
four treatments (ANOVA: F3, = 5.10, P = 0.003;
Fig. 2). The mean activity index for the crayfish
treatment was statistically lower than that of the water
(Tukey’s HSD: P = 0.001), snail (P = 0.001), and
dragonfly larvae treatments (P = 0.03). There was no
statistical difference between the water and both the
snail (P = 1.0) and dragonfly larvae treatments
(P = 0.96); additionally, there was no statistical

difference between the snail and dragonfly larvae
treatments (P = 0.96).

Discussion

Eurycea sosorum decreased activity (antipredator
behavior) in response to chemical stimuli from only
the crayfish treatment and not to the water, snail, or
dragonfly larvae treatments. Additionally, there was
no significant difference in the response of E. sosorum
to water, snail, and dragonfly larvae treatments. Many
studies have shown that the reduction in activity is an
effective antipredator response in aquatic amphibians
(Mathis & Vincent, 2000; Mathis et al., 2003; Mathis
etal., 2003) as it decreases the probability of detection,
and therefore, reduces subsequent predation rates
(Azevedo-Ramos et al., 1992; Skelly, 1994). Because
we tested predator-naive individuals, the antipredator
response to crayfish suggests that E. sosorum innately
recognizes these invertebrates as predators through
detection of kairomones. Innate predator recognition
has been found in both E. sosorum (DeSantis et al.,
2013) and E. nana Bishop, 1941 (Epp & Gabor, 2008;
Davis et al., 2012; Davis & Gabor, 2015) and appears
to be the major form of predator recognition in many
aquatic amphibians (Ferrari et al., 2010). Our results
differ from those of Gillespie (2011) who did not find
an antipredator response by E. sosorum to chemical
cues from crayfish and our differing results are likely
due to major differences in stimulus collection and
experimental methods.

Due to the potential fitness costs associated with
antipredator behaviors (Lima & Dill, 1990), we
predicted that salamanders would show threat-sensi-
tive predator avoidance: efficient behavioral responses
specific to different levels of perceived threat (high-
risk, low-risk) rather than responding to all predators
similarly (Helfman, 1989; Chivers et al., 2001). For
example, in amphibians, antipredator behaviors are
known to shift in response to the size of predators
(Puttlitz et al., 1999), relatedness to known predators
(Ferrari et al., 2009b; Davis et al., 2012), or based on
the foraging mode of predators (e.g., specialist vs.
generalist; Crawford et al., 2012). While we are unable
to directly test for differences in threat or risk among
predator species (given the sole response to crayfish),
other studies suggest the role of threat-sensitive
predator avoidance in Eurycea. Such studies have
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Table 1 Mean £1 SE
activity times (s) of Barton

Treatment

Pre-stimulus activity (s) Post-stimulus activity (s)

Springs Salamanders
(Eurycea sosorum) during
pre- and post-stimulus
behavioral trials for each
experimental treatment

Water

Planorbid snail
Dragonfly larvae
Crayfish

118.5 + 6.6 101.8 £ 8.9
139.7 £ 12.6 123.5 £ 10.5
134.8 £ 9.6 112.0 £ 9.9
123.6 £ 9.1 66.1 £9.3

0

o1 L 1T

oy |
3 |
5 -30
£
2 -40 A
=
T -50 - T
<

-60 — J
-70
B
-80
Water Snail Dragonfly  Crayfish

6 = TP

Fig. 2 Mean activity index (&1 SE) of Barton Springs
Salamanders (Eurycea sosorum) in response to four experimen-
tal treatments: water, planorbid snails, dragonfly larvae, and
crayfish. Letters indicate groupings from Tukey’s HSD mean
comparisons (o = 0.05)

found that stimuli from Lepomis auritus (Linnaeus,
1758) (Redbreast Sunfish) elicit weaker antipredator
behaviors (low-risk) than stimuli from Micropterus
salmoides (Lacepede, 1802) (Largemouth Bass; high-
risk) in both E. sosorum (DeSantis et al., 2013) and E.
nana (Davis & Gabor, 2015). Even though our ability
to understand if crayfish are low- or high-risk preda-
tors from this study is limited, the effect size of the
crayfish treatment (Cohen’s d = 0.98) is similar to
that from the low-risk predator L. auritus as previously
examined by both DeSantis et al. (2013; Cohen’s
d = 1.15) and Davis & Gabor (2015; Cohen’s
d = 1.02). While crayfish abundance appears to have
increased due to habitat restoration, the coinciding
increase in E. sosorum abundance may be partially
attributed to appropriate antipredator behavior. If

@ Springer

crayfish abundance continues to increase, elevated
predation pressure on E. sosorum is likely to occur,
and as a result, antipredator behavior may shift so that
individuals continue to efficiently match the intensity
of antipredator responses to the threat of crayfish
predation. Additionally, increased costs associated
with elevated antipredator behaviors may decrease
individual fitness and result in population-level
declines. Future studies should monitor these interac-
tions and empirically test if antipredator behaviors of
E. sosorum are sufficient under increasing levels of
risk and predator abundance.

Numerous studies have highlighted the importance
of dragonfly larvae as predators of aquatic amphibians,
particularly anurans (Caldwell, 1982; McCollum &
Leimberger, 1997; reviewed by Alford, 1999), though
fewer studies have examined the response of sala-
manders to these predators (Yurewicz, 2004; Drake
et al., 2014; Vollmer & Gall, 2014). The lack of a
response to dragonfly larvae may be due to several
different ecological factors including encounter fre-
quency, predator abundance, microhabitat selection,
and activity times. It is possible that dragonfly larvae
represent a low predatory threat because dragonflies
have a life-history shift from aquatic larvae to
terrestrial adults, unlike crayfish that remain fully
aquatic. Moreover, though dragonfly larvae may be
present throughout the year due to a multi-year larval
stage, densities of most Odonata can vary seasonally
and appear to be greatest from late May—September
(Montgomery, 1947). Aeshnid dragonfly larvae typi-
cally forage among aquatic macrophytes and structure
(Pritchard, 1965; Tarr & Babbitt, 2002) while crayfish
forage among benthic substrates and cobble (Nystrom,
2002). Eurycea sosorum is typically found among
cobble and rock substrates and therefore, may be less
likely to experience predation by dragonfly larvae than
by crayfish. Additionally, E. sosorum is primarily
nocturnal (DRD, pers. obs.), and therefore, predation
by dragonflies, which are primarily visual, diurnal
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predators, may be minimal (D. Soluk, unpubl. data;
Corbet, 1980; Folsom & Collins, 1984). Conversely,
crayfish are primarily crepuscular and nocturnal
(Gherardi, 2002) and would be active when salaman-
ders are active. As a result, interactions between
salamanders and crayfish may be more likely to occur
or occur more frequently than interactions between
salamanders and dragonfly larvae. Given these factors,
there may have been less selection on innate predator
recognition of dragonfly larvae as compared to
crayfish.

Given that E. sosorum is a closely monitored
endangered species persisting in a highly modified
landscape surrounded by urban development, there
is a clear need to understand and monitor both
natural and anthropogenic threats to this species.
Both the United States Fish and Wildlife Service and
the City of Austin maintain captive populations of E.
sosorum and should the need for future reintroduc-
tion of individuals arise, our results may help to
inform management strategies. Similar to a previous
study, antipredator behaviors were observed in
predator-naive E. sosorum indicating the role of
innate predator recognition. Unlike other species of
amphibians, if reintroduction of individuals is
necessary, associative conditioning or training with
the predators examined herein may not be warranted
(see Woody & Mathis, 1998, Crane & Mathis,
2010); however, should crayfish abundance con-
tinue to increase at these sites, associative condi-
tioning may help increase post-release survival of
individuals.

Studies that increase our understanding of behavior
are critical to the conservation of imperiled species
(Caro, 1998), and information from these studies can
directly influence management practices and decisions
(Berger-Tal et al.,, 2011). This study adds to the
understanding of predator—prey interactions in a group
of endangered aquatic salamanders, and is the first to
suggest the potential role of crayfish as more promi-
nent predators on E. sosorum than commonly per-
ceived, which may also be true for many other aquatic
salamanders. Additionally, preliminary data indicate
that crayfish may benefit from habitat restoration
efforts targeted at E. sosorum, and therefore, our
results are an important first step towards better
understanding how restoration efforts may influence
predator—prey interactions in this system.

Acknowledgements We thank T. Brandt, J. Fries, V. Cantu,
and the San Marcos Aquatic Resources Center (SMARC) for
logistical support and use of both facilities and experimental
animals. We also thank the City of Austin and L. Colucci for
generously providing permission to use photographs, N. Bendik
for providing crayfish abundance data, K. Pitcher for helpful
discussion on invertebrates, and M. Dixon for statistical advice.
Funding for this study was provided by the Texas Academy of
Science and the Texas State University Undergraduate Research
Initiative. Helpful comments on this manuscript were provided
by J. Farkas, the GrEBE Discussion Group at the University of
South Dakota, and two anonymous reviewers. This experiment
was conducted under an approved Texas State University
IACUC protocol (#01-039-028) and permits for captive
salamanders are maintained by the SMARC (TPWD SPR-
0390-045; USFWS TE676811-2).

References

Alford, R. A., 1999. Ecology: resource use, competition, and
predation. In McDiarmid, R. W. & R. Altig (eds.), Tad-
poles: the Biology of Anuran Larvae. University of Chi-
cago Press, Chicago: 240-278.

Azevedo-Ramos, C., M. van Sluys, J.-M. Hero & 1. Magnusson,
1992. Influence of tadpole movement on predation by
odonate naiads. Journal of Herpetology 26: 335-338.

Berger-Tal, O., T. Polak, A. Oron, Y. Lubin, B. P. Kotler & D.
Saltz, 2011. Integrating animal behavior and conservation
biology: a conceptual framework. Behavioral Ecology 22:
236-239.

Bowles, M. L. & C. J. Whelan, 1994. Restoration of Endangered
Species: Conceptual Issues, Planning, and Implementation.
Cambridge University Press, USA.

Brown, P. B., J. E. Wetzel II, A. Spacie & A. Konopka, 1992.
Evaluation of naturally-occurring organisms as food for
juvenile crayfish Procambarus clarkii. Journal of the
World Aquaculture Society 23: 211-216.

Caldwell, J. P., 1982. Disruptive selection: a tail color poly-
morphism in Acris tadpoles in response to differential
predation. Canadian Journal of Zoology 60: 2818-2827.

Caro, T., 1998. Behavioral Ecology and Conservation Biology.
Oxford University Press, United Kingdom.

Casazza, M. L., C. T. Overton, T.-V. D. Bui, J. M. Hull, J.
D. Albertson, V. K. Bloom, S. Bobzien, J. McBroom, M.
Latta, P. Olofson, T. M. Rohmer, S. Schwarzbach, D.
R. Strong, E. Grijalva, J. K. Wood, S. M. Skalos & J.
Takekawa, 2016. Endangered species management and
ecosystem restoration: finding the common ground. Ecol-
ogy and Society 21: 19.

Chippindale, P. T., A. H. Price & D. M. Hillis, 1993. A new
species of perennibranchiate salamander (Eurycea:
Plethodontidae) from Austin, Texas. Herpetologica 49:
248-259.

Chivers, D. P, R. S. Mirza, P. J. Bryer & J. M. Kiesecker, 2001.
Threat-sensitive predator avoidance by slimy sculpins:
understanding the role of visual versus chemical informa-
tion. Canadian Journal of Zoology 79: 867-873.

@ Springer



Hydrobiologia

Corbet, P. S., 1980. Biology of Odonata. Annual Review of
Entomology 25: 189-217.

Crane, A. L. & A. Mathis, 2010. Predator-recognition training: a
conservation strategy to increase postrelease survival of
hellbenders in head-starting programs. Zoo Biology 29:
1-12.

Crane, A., A. Mathis & C. McGrane, 2012. Socially facilitated
antipredator behavior by ringed salamanders (Ambystoma
annulatum). Behavioral Ecology and Sociobiology 66:
811-817.

Crawford, B. A., C. R. Hickman & T. M. Luhring, 2012. Testing
the threat-sensitivity hypothesis with predator familiarity
and dietary specificity. Ethology 118: 41-48.

Cruz, M. J. & R. Rebelo, 2005. Vulnerability of southwest
Iberian amphibians to an introduced crayfish, Procambarus
clarkii. Amphibia-Reptilia 26: 293-303.

Davis, D. R. & C. R. Gabor, 2015. Behavioral and physiological
antipredator responses of the San Marcos salamander,
Eurycea nana. Physiology & Behavior 139: 145-149.

Davis, D. R., K. J. Epp & C. R. Gabor, 2012. Predator gener-
alization decreases the effect of introduced predators in the
San Marcos salamander, Eurycea nana. Ethology 118:
1191-1197.

DeSantis, D. L., D. R. Davis & C. R. Gabor, 2013. Chemically
mediated predator avoidance in the Barton Springs sala-
mander (Eurycea sosorum). Herpetologica 69: 291-297.

Dobson, A. P., A. D. Bradshaw & A. J. M. Baker, 1997. Hopes
for the future: restoration ecology and conservation biol-
ogy. Science 277: 515-522.

Drake, D. L., T. L. Anderson, L. M. Smith, K. M. Lohraff & R.
D. Semlitsch, 2014. Predation of eggs and recently hatched
larvae of endemic ringed salamanders (Ambystoma annu-
latum) by native and introduced aquatic predators. Her-
petologica 70: 378-387.

Epp, K. J. & C. R. Gabor, 2008. Innate and learned preda-
tor recognition mediated by chemical signals in FEur-
ycea nana. Ethology 114: 607-615.

Ferrari, M. C. O., A. Sih & D. P. Chivers, 2009a. The paradox of
risk allocation: a review and prospectus. Animal Behaviour
78: 579-585.

Ferrari, M. C. O., G. E. Brown, F. Messier & D. P. Chivers,
2009b. Threat-sensitive generalization of predator recog-
nition by larval amphibians. Behavioral Ecology and
Sociobiology 63: 1369-1375.

Ferrari, M. C. O., B. D. Wisenden & D. P. Chivers, 2010.
Chemical ecology of predator—prey interactions in aquatic
ecosystems: a review and prospectus. Canadian Journal of
Zoology 88: 698-724.

Folsom, T. C. & N. C. Collins, 1984. The diet and foraging
behavior of the larval dragonfly Anax junius (Aeshnidae),
with an assessment of the role of refuges and prey activity.
Oikos 42: 105-113.

Gamradt, S. C. & L. B. Kats, 1996. Effect of introduced crayfish
and mosquitofish on California newts. Conservation Biol-
ogy 10: 1155-1162.

Gamradt, S. C., L. B. Kats & C. B. Anzalone, 1997. Aggression
by non-native crayfish deters breeding in California newts.
Conservation Biology 11: 793-796.

Gherardi, F., 2002. Behaviour. In Holdich, D. M. (ed.), Biology
of Freshwater Crayfish. Blackwell Science, United King-
dom: 258-290.

@ Springer

Gillespie, J. H. 2011. Ecology and Conservation of the Endan-
gered Barton Springs Salamander (Eurycea sosorum).
Ph.D. Dissertation, University of Texas at Austin.

Harding, E. K., D. F. Doak & J. D. Albertson, 2001. Evaluating
the effectiveness of predator control: the non-native red fox
as a case study. Conservation Biology 15: 1114-1122.

Hazlett, B. A., 2003. Predator recognition and learned irrele-
vance in the crayfish Orconectes virilis. Ethology 109:
765-780.

Helfman, G. S., 1989. Threat-sensitive predator avoidance in
damselfish-trumpetfish interactions. Behavioral Ecology
and Sociobiology 24: 47-58.

Huner, J. V. & S. Naqvi, 1984. Invertebrate fauna and crawfish
food habits in Louisiana crawfish ponds. Proceedings of
Annual Conference of the Southeastern Association of Fish
and Wildlife Agencies 38: 395-406.

International Union for Conservation of Nature (IUCN). 2015.
IUCN Red List of Threatened Species. Version 2015.4.
Auvailable at http://www.iucnredlist.org.

Kerfoot, W. C. & A. Sih, 1987. Predation: Direct and Indirect
Impacts on Aquatic Communities. University Press of New
England, USA.

Lardner, B., 2000. Morphological and life history responses to
predators in larvae in seven anurans. Oikos 88: 169-180.

Lima, S.L. & P. A. Bednekoff, 1999. Temporal variation in danger
derives antipredator behavior: the predation risk allocation
hypothesis. The American Naturalist 153: 649-659.

Lima, S. L. & L. M. Dill, 1990. Behavioural decisions
made under the risk of predation: a review and prospec-
tus. Canadian Journal of Zoology 68: 619-640.

Linke, R., G. Roth & B. Rottluff, 1986. Comparative studies on
the eye morphology of lungless salamanders, family
Plethodontidae, and the effect of miniaturization. Journal
of Morphology 189: 131-143.

Mathis, A. & F. Vincent, 2000. Differential use of visual and
chemical cues in predator recognition and threat-sensitive
predator-avoidance responses by larval newts (Notoph-
thalmus viridiscens). Canadian Journal of Zoology 78:
1646-1652.

Mathis, A., L. Murray & C. Hickman, 2003. Do experience and
body size play a role in responses of larval ringed sala-
manders, Ambystoma annulatum, to predator kairomones?
Laboratory and field assays. Ethology 109: 159-170.

McCollum, S. A. & J. D. Leimberger, 1997. Predator-induced
morphological changes in an amphibian: predation by
dragonflies affects tadpole shape and color. Oecologia 109:
615-621.

Mclntyre, P. B., S. Bladwin & A. S. Flecker, 2004. Effects of
behavioral and morphological plasticity on risk of preda-
tion in a Neotropical tadpole. Oecologia 141: 130-138.

Montgomery, B. E., 1947. The distribution and relative seasonal
abundance of Indiana species of five families of dragonflies
(Odonata, Calopterygidae, Petaluridae, Cordulegasteridae,
Gomphidae, and Aeshnidae). Proceedings of the Indiana
Academy of Science 56: 163—169.

Nystrém, P., 2002. Ecology. In Holdich, D. M. (ed.), Biology of
Freshwater Crayfish. Blackwell Science, United Kingdom:
192-235.

Owen, J. D., T. J. Devitt, L. A. Colucci & N. F. Bendik, 2016.
Eurycea sosorum (Barton Springs salamander). Predation
and diet. Herpetological Review 47: 275.


http://www.iucnredlist.org

Hydrobiologia

Poiani, K. A., B. D. Richter, M. G. Anderson & H. E. Richter,
2000. Biodiversity conservation at multiple scales: func-
tional sites, landscapes, and networks. BioScience 50:
133-146.

Porej, D. & T. E. Hetherington, 2005. Designing wetlands for
amphibians: the importance of predatory fish and shallow
littoral zones in structuring amphibian communities.
Wetlands Ecology and Management 13: 445-455.

Pritchard, G., 1964. The prey of dragonfly larvae (Odonata;
Anisoptera) in ponds in northern Alberta. Canadian Journal
of Zoology 42: 785-800.

Pritchard, G., 1965. Prey capture by dragonfly larvae (Odonata;
Anisoptera). Canadian Journal of Zoology 43: 271-289.

Puttlitz, M. H., D. P. Chivers, J. M. Kiesecker & A. R. Blaustein,
1999. Threat-sensitive predator avoidance by larval Pacific
treefrogs (Amphibia, Hylidae). Ethology 105: 449-456.

Siegel, S., 1956. Nonparametric Statistics for the Behavioral
Sciences. McGraw-Hill, USA.

Skelly, D. K., 1994. Activity level and the susceptibility of
anuran larvae to predation. Animal Behaviour 47:
464-468.

Storfer, A. & C. White, 2004. Phenotypically plastic responses
of larval tiger salamanders, Ambystoma tigrinum, to dif-
ferent predators. Journal of Herpetology 38: 612-615.

Tarr, T. L. & K. J. Babbitt, 2002. Effects of habitat complexity
and predator identity on predation of Rana clamitans lar-
vae. Amphibia-Reptilia 23: 13-20.

Van Buskirk, J. & R. A. Relyea, 1998. Selection for phenotypic
plasticity in Rana sylvatica tadpoles. Biological Journal of
the Linnean Society 65: 301-328.

Van Buskirk, J., P. Anderwald, S. Liipold, L. Reinhardy & H.
Schuler, 2003. The lure effect, tadpole tail shape, and the
target of dragonfly strikes. Journal of Herpetology 37:
420-424.

Vollmer, K. L. & B. G. Gall, 2014. Complex predator—prey
interactions between the rusty crayfish (Orconectes rusti-
cus) and invertebrate and vertebrate prey within their
native range. Journal of Freshwater Ecology 29: 267-277.

Woody, D. R. & A. Mathis, 1998. Acquired recognition of
chemical stimuli from an unfamiliar predator: Associative
learning by adult newts, Notophthalmus viridescens.
Copeia 1998: 1027-1031.

Yurewicz, K. L., 2004. A growth/mortality trade-off in larval
salamanders and the coexistence of intraguild predators
and prey. Oecologia 138: 102-111.

@ Springer



	Antipredator behavior of the Barton Springs salamander (Eurycea sosorum) in response to aquatic invertebrates: potential consequences of habitat restoration
	Abstract
	Introduction
	Materials and methods
	Experimental treatments
	Stimulus acquisition
	Experimental protocol
	Statistical analyses

	Results
	Discussion
	Acknowledgements
	References




