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Behavioral responses to alarm cues in aquatic species are typically examined with emphasis on the potential survival benefits accrued
by conspecific receivers. By contrast, heterospecific responses to alarm cues and changes in responses with ontogeny in fishes are
relatively unexplored. Taking an ecological niche perspective, we hypothesized that the response patterns of fish to risky chemical
cues should be closely related to their degree of niche differentiation, which increases with ontogeny. We tested this hypothesis using
the responses of adults from sympatric bluegill (Lepomis macrochirus) and pumpkinseed (L. gibbosus) populations to the alarm cues
of conspecific and heterospecific adults and juveniles, including water as a control treatment. Responses measured consisted of
changes in body posture (time spent with the dorsal fin <30°, between 30° and 60°, or >60°) and behavior (times spent still, frozen, at
the surface, or on the bottom of the tank). Both adult bluegill and pumpkinseed spent significantly more time with their fins held >60°
in response to adult versus juvenile alarm cues, with these responses mediated by donor species such that adult conspecific cues
resulted in greater responses than heterospecific cues. The same general pattern was observed in the behavioral measures. These
results demonstrate that behavioral response patterns to chemical alarm cues in sunfishes are highly plastic and are likely related to
niche separation in adults. Our findings open new lines of research into the role of ecological niches in shaping behavioral responses
of fish to risky information.
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INTRODUCTION Notwithstanding that strong responses to chemical alarm cues are
likely to accrue survival benefits for prey (Ferrari et al. 2010), adopt-
ing antipredator behaviors incurs some cost stemming from concur-
rent decreases in other fitness-related activities such as foraging and
reproduction (Lima and Dill 1990; Skelly 1992; Brown and Smith
1996; Jones and Godin 2010; Spivey et al. 2015). Previous studies
have suggested that guppies (Poecilia reticulata), in the first week after
birth, did not exhibit risk recognition when exposed to chemical cues

Chemical information is pervasive and a dominant form of com-
munication among animals in aquatic systems (Hara 1992; Ferrari
et al. 2010; Elvidge and Brown 2015). Chemical cues are partic-
ularly effective and reliable means to acquire information regard-
ing immediate predation threats (Chivers and Smith 1998). An
increasing number of aquatic organisms from a range of taxa have

been shown to display risk recognition to chemical alarm cues from . . ”
injured conspecifics (Chivers and Smith 1998; Wisenden 2000; from conspeslﬁcs of the. same size class (e.g Xia et al. 2017). The
Spivey et al. 2015; Lienart al. 2016). In teleost fishes, epidermal absence of risk recognition in newly emerged larvae was suggested

damage-released chemical cues (alarm cues) are passively released  © reﬂectl conflicting efnerg?/ requirements as maxnfulflng growth
following mechanical damage as would likely occur during a preda- anFl development via foraging appeared to trump s asse§s.ment
tion event, and therefore provide a reliable indicator of immediate (Xia et al. 2017). In the context of predator avoidance, ability to

predation risk (Wisenden and Millard 2001; Xia et al. 2017). a?curately assess the level of local prédaﬁon risk is cr‘itica.l for prey.
Since antipredator responses come with costs stemming from fore-

going other activities, these responses should only be used when the
organism perceives a threat of predation (Friesen and Chivers 2006).
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on the opportunistic use of public, social information (Seppianene
et al. 2007; Elvidge et al. 2010). Thus, how fish respond to chemi-
cal information from heterospecifics is an important ecological issue
worthy of attention. For example, are there differences in antipreda-
tor behavior in response to conspecific versus heterospecific alarm
cues? And, do these responses vary with ontogenetic shifts?

Generally, behavioral responses to alarm cues in aquatic species are
examined with emphasis on the potential survival benefits accrued
by conspecific receivers, in accordance with the hypothesis of taxo-
nomic cue conservation and the prediction that behavioral responses
to heterospecific cues should be weaker than responses to evolution-
arily conserved, homologous cues (Chivers and Smith 1998; Brown
et al. 2000). For example, Mitchell et al. (2012) found the magnitude
of antipredator behavior in damselfishes elicited by alarm cues was
proportional to the phylogenetic distance of the donor, corroborat-
ing earlier reports on salmonids (Mirza and Chivers 2001); within
poecilids, there is also evidence for cue conservation at the population
level (Brown et al. 2009). Similarly; studies on gastropods and amphib-
ians demonstrated ability to respond to cues in a threat-sensitive
manner reflecting phylogenetic proximity (Schoeppner and Relyea
2005; Dalesman and Rundle 2010; Atherton and McCormick 2017).
Conversely, three-spined stickleback (Gasterosteus aculeatus) showed no
discrimination between alarm cues from conspecifics or heterospe-
cifics, responding to both cues equally (FitzGerald and Morrissette
1992), and similarity in size of cue donor and cue receiver has been
demonstrated as more important than relatedness in cyprinodon-
tiformes (Elvidge et al. 2010; Elvidge and Brown 2015). Apart from
these studies, heterospecific responses to alarm cues and their changes
with ontogeny in fishes are still incompletely documented.

In contrast to the hypothesis of taxonomic cue conservation, we
hypothesize that the response strategies of fish to chemical cues, a
form of public information (Danchin et al. 2004), should be closely
related to their ecological niches (Holt 2009). Specifically, magni-
tudes of response to alarm cues from heterospecifics and to con-
specifics of differing ontogenetic stage, should increase with relative
degree of niche overlap, and decrease with niche differentiation.
In the context of public information theory, similarities in hab-
itat usage and vulnerability to predators (prey guild membership;
Scharf et al. 2000; Mirza et al. 2003) should increase the value of
heterospecific cues relative to the values of cues from conspecifics
of different life history stages (Elvidge and Brown 2015), particu-
larly if those conspecifics are occupying different ecological niches
as diet, habitat, and vulnerability to common predators shift with
ontogeny (Harvey and Brown 2004). To test this hypothesis, we
used 2 sympatric species of sunfish as our experimental models.

Sunfish of the family Centrarchidae are well known to ecologists
and are commonly used model systems in aquatic ecology research
due to their diversity and ubiquity in North America (Cooke and
Philipp 2009). Bluegill (Lepomis macrochirus) and pumpkinseed (L. gib-
bosus) sunfish are 2 well-studied species that demonstrate niche shifts
due to intense interspecific competition when they co-occur (Holt
1984). Despite their phylogenetic proximity as congeners, both spe-
cies have different life history traits that may partially explain their
coexistence (Robinson et al. 1993). In sympatry, adult bluegill are
generalists that feed in the open water on zooplankton and insects,
whereas adult pumpkinseed tend to reside in the benthos and spe-
cialize on crushing hard-bodied prey like snails (Osenberg et al.
1992; Robinson et al. 1993). Thus, the adults of each species likely
experience different predation pressures from different suites of
predators, with pumpkinseed more vulnerable to aquatic predators,
and bluegill facing predation threats from both aquatic and avian
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predators (McCartt et al. 1997). However, juveniles of both species
overlap in their habitat use and are commonly found together in
shallow, complex habitats associated with aquatic vegetation, sug-
gesting that these species undergo niche differentiation from each
other as well as niche shifts between juvenile and adult ontogenetic
stages (Figure 1; Polis 1984; Osenberg et al. 1992).

Over eco-evolutionary timeframes, exposure to different sources of
predation pressure should drive the development of different defense
mechanisms and antipredator strategies. Based on established dif-
ferences in habitat use, we developed and tested 4 hypotheses. First,
adult bluegill and pumpkinseed will vary in their responses to con-
specific and heterospecific alarm cues (Hypothesis 1). Second, pump-
kinseed will demonstrate greater responses than bluegill to chemical
alarm cues since they reside lower in the water column and are less
vulnerable to avian predators (Hypothesis 2). Third, the 2 species are
more ecologically similar in their early life history stages when both
occupy spatially complex habitats associated with aquatic vegetation,
so there should be no significant differences in antipredator behaviors
in in response to juvenile conspecific and heterospecific alarm cues
since their ecological niches overlap to a large degree (Hypothesis 3).
Fourth, there should be different patterns of response in both species
to alarm cues from juvenile and adult donors since their ecological
niches become more differentiated with ontogeny (Hypothesis 4).

MATERIALS AND METHODS
Fish collection and housing

Adult bluegill and pumpkinseed were collected via angling using
live bait (earthworms Lumbricus spp.) and size 8 J-hooks from a boat
on Lake Opinicon at the Queen’s University Biological Station
(Chaffey’s Lock, ON, Canada) during late May to early July 2016.
Only fish that were shallowly hooked (through the lip) were retained
and held in species-specific coolers filled with lakewater (mean tem-
perature 20.1 °C), that was changed via bucket at 15 min intervals.
The fish were transferred to one of two 500-L circular, flow-through
holding tanks continuously supplied with lakewater within 2 h of
capture. Fish were held for at least 24 h prior to testing to allow them
to acclimate to conditions under captivity. None of the retained fish
died during transport or acclimation. After the acclimation period,
only visibly healthy bluegill (69.0 £ 2.02 g, 13.2 + 0.11 cm standard

Juvenile Adult

—— Species 1

—————— Species 2

Fitness optima

Niche width

Figure 1

Niche differentiation between juvenile and adult life history stages in 2
hypothetical species. Similarities in habitat use, diet, and vulnerability
to different suites of predators result in greater niche overlap between
heterospecifics of similar, early life history stage than between conspecifics
of different life history stages, potentially increasing the value of
heterospecific information relative to conspecific information for predator
avoidance behaviors in juveniles, and decreasing the value in adults.
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length, N = 75) and pumpkinseed (86.3 £ 2.98 g, 13.7 £ 0.14 cm
standard length, N = 75) were used as experimental fish and any
individuals demonstrating injury or debilitation were released back
to the lake. Once a fish had been assayed, it was measured (standard
length and weight) and released back into Lake Opinicon in an area
away from where fish collections occurred.

Alarm cue preparation

Two adult bluegill (14.6 cm and 15.8 cm standard length) and 2
adult pumpkinseed (14.4 cm and 14.7 cm standard length) captured
via angling, as well as 18 juvenile bluegill (5.97 £ 0.16 cm stand-
ard length) and 14 juvenile pumpkinseed (6.53 £ 0.10 cm stand-
ard length) captured using a beach seine were used as alarm cue
donors. Donors were euthanized via cerebral percussion followed
by decapitation and lateral skin filets were immediately removed
to produce alarm cues. In total, we collected 194.8, 233.2, 204.3,
and 223.5 cm? of skin from adult bluegill, adult pumpkinseed,
juvenile bluegill, and juvenile pumpkinseed, respectively. Skin tis-
sue was mechanically homogenized in chilled lakewater and filtered
through polyester floss to remove debris. The final concentrations
were adjusted to 0.1 cm?/mL with lakewater. The 4 alarm cue
solutions, as well as lakewater as a control treatment, were pack-
aged in 20 mL aliquots and frozen at —20 °C until use.

Experimental protocol

Trials were conducted in 3 glass aquaria (60 cm length X 30 cm
width X 30 cm height) with capacity of 45 L. Each tank was
equipped with a single air stone attached to the side opposite the
camera. An additional 2-m length of airline tubing was attached
to the air stone through which chemical stimuli (20 mL) could be
injected without disturbing the test fish. The tank was divided into
3 horizontal sections on the exterior of the tank to facilitate the
recording of behavioral changes in time spent at the surface or on
the bottom of the tank. Surface swimming and bottom-dwelling
behavior were defined as those that located within 5 cm from the
surface or bottom of the aquarium, respectively.

All trials were conducted indoors between 0900-1800 and
access to the tank facility was restricted so as to not disturb the fish.
Individual adult bluegill or pumpkinseed were introduced into the
test tanks and allowed to habituate for 30 min prior to testing. Trials
were divided into a 5 min pre-stimulus observation period and a
5 min post-stimulus observation period after a 20 s recovery interval
following stimulus injection. A total of 150 trials were conducted,
consisting of 10 treatments (n = 15 for each). All focal individuals
were tested only once. During the pre- and post-stimulus obser-
vation periods, body posture (time spent with the dorsal fin <30°,
between 30° and 60°, or >60°) and behavior (time spent still, fro-
zen, at the surface, or on the bottom of the tank) of fish were video
recorded. We defined “frozen” as remaining motionless with the
dorsal fin held >30°. In order to concisely present the experimental
results, we considered behaviors and body postures as independent
(though not mutually exclusive) classes of antipredator responses.

Statistical analyses

The recorded responses were divided into 2 categories based on
whether the response was related to body posture (changes in time spent
m 3 dorsal fin positions) or behavior (changes in time spent still, fro-
zen, at the surface, or on the bottom of the tank). None of the response
variables met the assumptions of normality (Shapiro-Wilks test, all
P < 0.05), so they were rank-transformed for analysis as “aov”” mod-
els (after Scheirer et al. 1976). The 2 multivariate responses were then
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analyzed in factorial 2-way MANCOVAs with alarm cue type and focal
species as fixed factors, and fish weight and length as linear covariates.
The MANOVA models were then decomposed into univariate Anovas,
and whenever one of the fixed-effects factors or their interaction term
had a significant effect on a response, it was examined further with
Tukey’s HSD post hoc test applied to a 1- or 2-way Anova (i.e. non-
significant fixed effect factor(s|, interaction term, or linear covariates|
removed from the model). All analyses used R version 3.4.1 (R Core
Team 2017) and figures were made using “gplots” (Warnes et al. 2016).

Ethical note

This work was conducted in accordance with the regulations of
the Canadian Council on Animal Care under Carleton University
protocol no. 104281 and Queen’s University protocol no. 1592. All
experimental procedures were consistent with ASAB guidelines for
the treatment of animals in behavioral research (http://asab.notting-
ham.ac.uk/ethics/guidelines.php). Collection of wild fish for research
occurred under the authority of a Scientific Collection Permit issued
to S.J.C. by the Ontario Ministry of Natural Resources and Forestry.

RESULTS
Dorsal fin postures

For the suite of dorsal fin (body) postures, alarm cue type was the
only explanatory variable with a significant effect on the multivari-
ate response, while differences in time spent with the dorsal fin <30°
and >60° were individually influenced by alarm cue type (Table 1).
Post hoc testing revealed significant differences in time spent with
dorsal fins held <30° between every alarm cue type and the control

Table 1

MANOVA results and univariate differences in dorsal fin

position (antipredator posture) in adult bluegill (Lepomis
macrochirus) and pumpkinseed (L. gibbosus) exposed to

chemical alarm cues

Multivariate response:

Wilks” Lambda df r
Cue 0.754 4, 360.11 0.00011
Species 0.991 1,136 0.74
Weight 0.986 1,136 0.57
Length 0.993 1,136 0.81
CueXxSpecies 0.946 4, 360.11 0.81
Univariate responses:

F df P
Fin <30°:
Cue 7.45 4,138 <0.0001
Species 0.42 1,138 0.52
Weight 1.26 1,138 0.26
Length 0.87 1,138 0.35
CueXSpecies 0.75 4,138 0.56
Fin 30°-60°:
Cue 1.84 4,138 0.12
Species 1.15 1,138 0.29
Weight 0.34 1,138 0.56
Length 0.13 1,138 0.72
CueXSpecies 0.88 4,138 0.48
Fin >60°:
Cue 6.92 4,138 <0.0001
Species 0.005 1,138 0.95
Weight 0.006 1,138 0.94
Length 0.31 1,138 0.58
CueXSpecies 0.33 4, 138 0.86
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Mean (+ SE) changes in time (s) spent with the dorsal fin (a) <30°, (b) 30°-60°, and (c) >60° to the anteroposterior axis of the body in adult bluegill (Lepomis
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chemical alarm cues from juvenile (BG]J) or adult (BGA) bluegill or pumpkinseed (PS], PSA). Letters denote significant pairwise differences between alarm

cue types (Tukey’s HSD, P < 0.05).

treatment. Focal fish decreased their time spent in the <30° posture
when exposed to any alarm cues, but less so to juvenile versus adult
cues. Decreases were greater in response to the cues of heterospecific
versus conspecific juveniles, but this trend was reversed and conspe-
cific adult cues elicited greater decreases than heterospecific adult
cues (Figure 2a). There were no significant differences or trends in
the time spent with dorsal fins held 30° to 60° (Figure 2b). Only
the alarm cues from adult donors resulted in significantly more time
spent in the >60° posture relative to the control, with conspecific
cues eliciting greater responses than heterospecific cues (Figure 2c¢).

Antipredator behaviors

The multivariate antipredator behavioral response was significantly
influenced by both focal species and alarm cue type, but not their
interaction term, as was the univariate response of difference in time
spent holding still, whereas time spent frozen was influenced by alarm
cue type and time spent at the surface was influenced by focal species
(Table 2). Bluegill demonstrated greater increases in time spent hold-
g still in response to adult bluegill alarm cues than pumpkinseed,
and there were similar but nonsignificant trends in response to the
alarm cues from both juvenile and adult pumpkinseed. The only sig-
nificant pairwise difference between cue types, however, was between
adult bluegill alarm cue and the control (Figure 3a). Times spent fro-
zen differed significantly between each alarm cue type and the control
(P < 0.05), with the response pattern towards juvenile alarm cues dem-
onstrating greater increases in time frozen to the heterospecific cue than
the conspecific cue. This pattern was reversed in the responses to the
adult alarm cues (Figure 3b). Bluegill demonstrated mean decreases in
time spent at the surface in response to all treatments, while pumpkin-
seed only demonstrated decreases in response to juvenile pumpkinseed
alarm cue (Figure 3c). Time on the bottom was not influenced over-
all by alarm cue type, and adults of both species again demonstrated
inverse patterns of response, with greater responses to juvenile hetero-
specific cues and greater responses to adult conspecific cues (Figure 3d).

DISCUSSION

The use of information available in the environment is critical for
organisms to respond appropriately to ever-changing conditions
and enables adaptive behavioral plasticity. Differences in behav-
ioral responses to risky conspecific and heterospecific information

Table 2

MANOVA results and univariate differences in movement and
vertical positions (antipredator behavior) in adult bluegill
(Lepomis macrochirus) and pumpkinseed (L. gibbosus) exposed
to chemical alarm cues

Multivariate response:

Wilks’ Lambda df P
Cue 0.731 4,413.07 0.00028
Species 0.921 1, 135 0.025
Weight 0.988 1,135 0.81
Length 0.974 1,135 0.47
CueXxSpecies 0.908 4,413.07 0.66

Univariate responses:

F df P
Time stll:
Cue 2.92 4,138 0.024
Species 6.41 1,138 0.013
Weight 0.06 1,138 0.80
Length 0.36 1,138 0.55
CueXSpecies 0.66 4,138 0.62
Time frozen:
Cue 7.72 4,138 <0.0001
Species 2.67 1,138 0.10
Weight 1.35 1,138 0.25
Length 1.85 1,138 0.18
CueXSpecies 1.11 4,138 0.35
Time on surface:
Cue 1.63 4,138 0.17
Species 3.23 1,138 0.07
Weight 0.01 1,138 0.91
Length 0.13 1,138 0.72
CueXSpecies 0.36 4,138 0.84
Time on bottom:
Cue 1.82 4,138 0.13
Species 0.32 1,138 0.57
Weight 0.004 1,138 0.95
Length 0.75 1,138 0.39
CueXSpecies 1.23 4,138 0.30

in fishes that undergo ontogenetic niche shifts are important for the
basic understanding of intra- and inter-species relationships, co-
evolution, and community trophic dynamics (Goodale et al. 2010).
Our results demonstrate that behavioral response patterns to
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chemical alarm cues in sunfish are highly ecologically plastic and
are likely closely related to niche dynamics. To our knowledge, this
study is the first demonstration of alarm cue responses in fish based
to explicitly adopt a niche perspective.

The ability of prey to accurately assess their risk of predation
is critical for survival and decision-making to balance trade-offs
between risk avoidance and maximizing other fitness-related activ-
ities (Lima and Dill 1990). These trade-offs drive gradients of risk
responsiveness that will differ between species depending on their life

history characteristics (Brown and Smith 1996; Lima and Bednekoff’

1999; Spivey et al. 2015). In this study, the behavioral responses of
the experimental fish to alarm cues could be divided into 3 distinct
grades, as follows: Grade I: change in habitat utilization between the
relatively riskier surface or the relatively safer lower portion of the
water column, potentially avoiding predators; Grade II: changes in
activity levels, reducing their conspicuousness to foraging predators;
Grade III: changes in body posture (time spent with the dorsal fin
>60°) as an active deterrent to predators (Smith 1997). A putative
Grade IV may consist of active escape from predators (Godin 1997),
although our experimental setup and protocol could not detect this.

Supporting the idea that fin posture is an antipredator response
(Grade III) that will be influenced by the degree of risk perceived
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by a focal fish (Smith 1997; Brown et al. 2009; Brown et al. 2011),
adult bluegill and pumpkinseed both spent significantly more time
with their fins held >60° in response to adult alarm cues, with these
responses mediated by donor species such that conspecific cues
resulted in greater responses than heterospecific cues. These obser-
vations supported Hypothesis 1 (each species will demonstrate differ-
ent responses to conspecific vs. heterospecific cues) and Hypothesis
4 (different responses to juvenile vs. adult cues), but contradicted
Hypothesis 2 (pumpkinseed will demonstrate greater responses than
bluegill due to background predator exposure). Conversely, times
spent with dorsal fins held <30° decreased, with heterospecific pat-
terns of response similar to those in the >60° measure. This pat-
tern was reversed in response to juvenile alarm cues, contradicting
Hypothesis 3 (no difference in response to juvenile cues), with adults
demonstrating trends towards less time spent with dorsal fins held
<30° following heterospecific cue exposure. These observations sug-
gest that the <30° posture could be associated with exploration or
foraging behaviors, and the increases in time spent in the >60° pos-
ture in response to alarm cues may require compensatory behavioral
mechanisms (Elvidge et al. 2014) following a period of predator
deterrence associated with the adoption of the >60° posture that we
did not capture in our 5 min observation periods.
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(Tukey’s HSD, P < 0.05).
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Both species significantly increased their time spent frozen in
response to the different alarm cue types, whereas only the adult blue-
gill alarm cue elicited greater time spent still relative to the control. It
is not clear why the alarm cues from heterospecific juveniles should
elicit greater freezing responses than conspecific cues, but the trends in
response to adult cues match the general predictions of heterospecific
alarm signaling (Elvidge et al. 2010; Elvidge and Brown 2015). The
interspecific difference in time spent at the surface, and the observation
that adult pumpkinseed tended to spend more time at the bottom in
response to their own alarm cues, likely reflects the natural history of
these populations in Lake Opinicon, where adult pumpkinseed tend
to be more benthic while adult bluegill tend to be more pelagic (Keast
et al. 1978). For bluegill, decreasing time spent at the surface may indi-
cate attempts at refuging in relatively safer benthic habitat, whereas
for pumpkinseed, increasing their time spent at the bottom will also
reduce their time spent in the riskier areas higher in the water column.

Although evidence exists for the conservation of alarm signals
within taxonomic groups (Brown et al. 2001; Mirza and Chivers
2001; Golub and Brown 2003), the public availability of chemical
cues in aquatic environments should favor selection on opportun-
istic eavesdropping by any receiver that can detect the cues (sensu
Danchin et al. 2004). Fish in early life history stages often occupy
similar habitats and ecological niches, and therefore are likely
exposed to similar levels of risk from shared predators as members
of a common prey guild. Thus, learned recognition of cues indi-
cating risk from other prey guild members is essential for survival
(Brown et al. 2011). Chivers et al. (1995) demonstrated that fat-
head minnows (Pimephales promelas) could recognize and avoid areas
where Iowa darter (Etheostoma exile) alarm pheromone was detected
and that this was a learned response. Likewise, Pollock et al. (2003)
found that naive fathead minnows do not respond to brook stick-
leback (Culaea inconstans) alarm cues; however, when fathead min-
nows and brook stickleback are raised together in the presence of
predators, minnows display antipredator responses when exposed to
stickleback alarm cues (Ferrari et al. 2010). Manassa et al. (2013)
confirmed that naive Pomacentrus wardi were capable of transmitting
the recognition of a predator odor to another closely related dam-
selfish (Pomacentrus moluccensis) and a phylogenetically distant species
(Apogon trimaculatus) through the process of social learning. Moreover,
Atherton and McCormick (2015) provided evidence that cinnamon
clownfish (Amphiprion melanopus) embryos were not only able to detect
and react to conspecific chemical alarm cues, but were also capable
of using this information to learn about predation risk before they
hatched. Presumably, the use of heterospecific alarm cues to assess
predation risk constitutes a widespread phenomenon within com-
munities of small fishes, proportional to the degree of niche over-
lap. Over the course of growth and development, however, shared
predation risk should diminish as niche differentiation occurs and
adults of both species encounter different predation risks from each
other and from juvenile congeners. Consequently, there should be
some adaptive value to forgetting (Brown et al. 2013) learned risky
associations from earlier life history stages. Our observed changes in
body posture (time spent with the dorsal fin >60°) in adult bluegill
and pumpkinseed only occurred in response to adult alarm cues and
not juvenile alarm cues, supporting this prediction.

To conclude, we have demonstrated that the response strate-
gies of a teleost fish to external chemical cues reflects the overlap
or differentiation of their ecological niches. These findings open
new research avenues into the role of the ecological niche in shap-
ing fish behavioral phenotypes and their responses to risky public
information.
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