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Abstract: Within freshwater fishes, closely related species produce alarm cues that are chemically similar, leading to con-
served antipredator responses. Similar conservation trends are predicted for species with geographically isolated popula-
tions. Here, we tested this hypothesis with the guppy (Poecilia reticulata Peters, 1859) from two populations within the
Aripo River, Trinidad. Free-ranging guppies in the Lower Aripo (high-predation population) exhibited more risk-aversive
inspection behaviour towards a fish predator model paired with the alarm cues of guppies collected from the same popula-
tion versus a river water control. In comparison, when paired with the alarm cues of guppies from the Upper Aripo (low-
predation population), the response was intermediate. In the laboratory, we tested Upper and Lower Aripo guppies to the
alarm cues of the same or different Aripo River donors, Quaré River guppies (a high-predation population from a different
drainage), or a water control. Both Upper and Lower Aripo River guppies exhibited the highest intensity response to do-
nors from the same population and the lowest intensity response to Quaré River donors, with the response to different
Aripo donors being intermediate. Collectively, these results demonstrate a trend of intraspecific conservation of chemical
alarm cue production, leading to population-specific responses to conspecific cues.

Résumé : Chez les poissons d’eau douce, les espèces fortement apparentées produisent des signaux d’alarme qui se res-
semblent chimiquement, ce qui résulte en une conservation des réactions vis-à-vis les prédateurs. Nous prédisons l’exis-
tence de tendances conservatrices semblables chez les populations isolées géographiquement. Nous testons ici cette
hypothèse chez des guppys (Poecilia reticulata Peters, 1859) de deux populations habitant la rivière Aripo, Trinidad. Les
guppys libres dans le cours inférieur de l’Aripo (population à forte prédation) montrent un comportement d’inspection ac-
compagné d’une plus forte aversion au risque en présence d’un modèle de poisson prédateur assorti des signaux d’alarme
de guppys provenant de la même population, par comparaison à un témoin d’eau de rivière. En contraste, lorsque le mo-
dèle est assorti des signaux d’alarme des guppys du cours supérieur de l’Aripo (population à faible prédation), la réaction
est intermédiaire. En laboratoire, nous avons testé des guppys des cours supérieur et inférieur de l’Aripo en réaction à des
signaux d’alarme de donneurs de la même ou de l’autre population de l’Aripo, de guppys de la rivière Quaré (une popula-
tion à forte prédation d’un autre bassin hydrographique) et d’un témoin d’eau. Les guppys, tant du cours supérieur que du
cours inférieur de l’Aripo, réagissent de la façon la plus intense aux donneurs de leur propre population; la réaction aux
donneurs de la Quaré sont les plus faibles et la réaction aux donneurs de l’autre population de l’Aripo sont intermédiaires.
Dans leur ensemble, ces résultats démontrent une tendance à la conservation intraspécifique de la production de signaux
d’alarmes chimiques, ce qui mène à des réactions aux signaux conspécifiques qui sont particulières à chaque population.

[Traduit par la Rédaction]

Introduction
Population specificity of behavioural phenotypes is often

attributed to adaptations to local biotic and (or) abiotic con-
ditions (Endler 1995; Foster 1999; Blumstein 2006). Given
the intense selection gradients exerted by predators, it is not
surprising that a wide range of prey organisms exhibit popu-
lation-specific responses in predator avoidance strategies

(Endler 1995; Lima and Steury 2005; Blumstein 2006; Herc-
zeg et al. 2009). Population specificity is known to extend to
sensitivity towards predation threats (Endler 1995; Owings
et al. 2001; Brown et al. 2007; Botham et al. 2008). Such
local adaptations, presumably, allow prey organisms to bal-
ance the conflicting demands of predator detection and
avoidance and a suite of fitness-related activities such as
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Montréal, QC H4B 1R6, Canada.
I. Ramnarine. Department of Life Sciences, University of the West Indies, St. Augustine, Trinidad and Tobago.
J.-G.J. Godin. Department of Biology, Carleton University, 1125 Colonel By Drive, Ottawa, ON K1S 5B6, Canada.

1Corresponding author (e-mail: gbrown@alcor.concordia.ca).

139

Can. J. Zool. 88: 139–147 (2010) doi:10.1139/Z09-127 Published by NRC Research Press



foraging, courtship, and territorial defence (Lima and Dill
1990; Brown 2003; Lima and Steury 2005).

Within aquatic vertebrate and invertebrate prey, including
the Trinidadian guppy (Poecilia reticulata Peters, 1859)
(Nordell 1998; Brown and Godin 1999a), damage-released
chemical alarm cues are commonly used to assess local pre-
dation threats (Chivers and Smith 1998; Kats and Dill 1998;
Wisenden and Chivers 2006). These cues are typically re-
leased into the water column following mechanical damage
to the skin (Chivers and Smith 1998), and thus are an honest
and reliable indicator of local predation threat, allowing for
dynamic threat-sensitive behavioural decisions (Brown et al.
2006, 2009). As such, there should exist strong selection
pressure on conspecific receivers of these cues to respond
appropriately (Brown et al. 2003; Kelly et al. 2006; Wise-
nden and Chivers 2006). The antipredator benefits accruing
to receivers who respond appropriately to alarm cues pre-
sumably have favoured the evolution of the widespread use
of damage-released chemical alarm cues among aquatic prey
species (Wisenden and Chivers 2006; Chivers et al. 2007).

Several authors have demonstrated that within taxonomi-
cally related groups, the response to heterospecific alarm
cues is conserved (Schutz 1956; Brown and Godin 1997;
Brown et al. 2001a, 2003; Mirza and Chivers 2001a; Mirza
et al. 2001; Leduc et al. 2003). Because closely related spe-
cies likely produce chemically similar alarm cues (Brown et
al. 2001a; 2003), phylogenetically related species likely pro-
duce cues that are detected more readily than cues from
phylogenetically distant species (Kelly et al. 2006). In fact,
it is known that as the taxonomic distance between species
increases, the response to the alarm cue of heterospecifics
decreases (Kelly et al. 2006). But what about the possibility
of intraspecific conservation among geographically isolated
conspecifics? Brown and Godin (1999a) suggested that the
Trinidadian guppy exhibits population differences in its re-
sponses to conspeific chemical alarm cues, akin to the well-
documented cross-species trends. They reported that guppies
collected from high-predation sites within the Quaré River
exhibited stronger antipredator responses to the alarm cues
of sympatric Quaré River guppies than to alarm cues col-
lected from the Marianne River (a low-predation site) gup-
pies. However, guppy populations from the Quaré and
Marianne rivers have been genetically isolated for at least
500 000 years (Fajen and Breden 1992), sufficient time for
reproductive barriers to form and potentially lead to
allopatric speciation (Magurran 2005). Thus, it is unclear if
the results of Brown and Godin (1999a) are due to differen-
ces in ambient fish predation pressure or to geographic iso-
lation between focal populations.

Throughout the natural range of the guppy in Trinidad,
distinct populations are commonly separated by barrier
waterfalls into high- and low-predation reaches within the
same river (Magurran 2005; Crispo et al. 2006). Selection
favouring local adaptations should lead to population-
specific differences in phenotypic traits, such as predator
avoidance behaviour (e.g., Magurran and Seghers 1990,
1994), body coloration (Endler 1995), life-history traits
(e.g., Reznick et al. 2001), and mating behaviour (e.g., Ma-
gurran 1998; Kelly et al. 1999). However, recent studies
demonstrate that although these isolated guppy subpopula-
tions exhibit divergence in morphological, behavioural, and

life-history traits (Magurran 2005), there still exists consid-
erable (downstream) gene flow between them within rivers
(Crispo et al. 2006; van Oosterhout et al. 2006). Thus, there
likely exists a gradient of genetic diversity, with isolated
populations within a river being more genetically similar to
one another than to populations in neighbouring rivers be-
longing to different drainages (Magurran 2005).

It remains unknown, however, to what extent the well-
documented phylogenetic trend in the recognition and re-
sponse towards heterospecific alarm cue extends to intraspe-
cific differences in alarm cues. We might predict that
guppies should exhibit stronger (more intense) antipredator
responses to the alarm cues of donor guppies from the same
local population than to alarm cues collected from donors of
another population within the same river system or a neigh-
bouring drainage (local conservation hypothesis). Such con-
served responses to population-specific alarm cues would be
based on the chemical similarity of the alarm cue itself. Al-
ternatively, guppies from high-predation populations might
be more likely to differentiate among alarm cues from dif-
ferent donor populations than would guppies from low-
predation pressure populations because of the costs associ-
ated with antipredator behaviour, which are presumably
greater in high-predation than in low-predation habitats
(Brown et al. 2009). This ‘‘receiver hypothesis’’ predicts
that guppies from low-predation populations should exhibit
a strong, generalized response to any conspecific alarm cue.
However, a third alternative exists. The original demonstra-
tion of population-specific responses to chemical alarm cues
in the guppy (Brown and Godin 1999a) was conducted
under laboratory conditions. Because laboratory studies can
lack ecological relevance (Magurran et al. 1996; Smith
1997; Leduc et al. 2007), it is unknown if this previous find-
ing is merely a laboratory artefact.

We therefore conducted complementary field and labora-
tory experiments to test the hypothesis that geographically
isolated populations of guppies within rivers should exhibit
stronger responses to conspecific chemical alarm cues from
the same versus different populations. In the field, we pre-
sented shoals of free-ranging guppies in the Lower Aripo
River with a realistic model of a fish predator that was
paired with the alarm cues of either Lower Aripo or Upper
Aripo guppies (or a river water control), and quantified their
predator inspection behaviour (cf. Dugatkin and Godin
1992) towards the predator model. In the laboratory, we ex-
posed Lower Aripo and Upper Aripo guppies separately to
the alarm cues of Lower Aripo, Upper Aripo, or Quaré
River guppies (a high-predation population from a neigh-
bouring drainage) or an aged tap water control, and quanti-
fied their antipredator responses.

Materials and methods

Study populations and stimulus collections
To generate chemical alarm cue stimuli for use in both

field and laboratory experiments, we collected female gup-
pies from two locations in the Aripo River and from a single
high-predation site of the Quaré River. The Lower Aripo
River is characterized as a high-predation site (Magurran
2005), containing several fish species that prey on juvenile
and adult guppies, including the pike cichlid (Crenicichla
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alta Eigenmann, 1912), blue acara (Aequidens pulcher (Gill,
1858)), and brown coscorub (Cichlasoma taenia (Bennett,
1831)). In addition, there are several predators that prey on
small, juvenile guppies, including Hart’s rivulus (Rivulus
hartii (Boulenger, 1890)) and the twospot sardine (Astyanax
bimaculatus (L., 1758)). The Upper Aripo River is located
above a barrier waterfall and contains only Hart’s rivulus
and a predatory freshwater prawn (Macrobrachium crenula-
tum Holthuis, 1950), both of which prey only on small, ju-
venile guppies (Endler and Houde 1995; Magurran 2005).
As such, it can be characterized as a low-predation site. The
Aripo River drains southwesterly through the Caroni Drain-
age. The Quaré River drains southeasterly through the Oro-
puche drainage and contains a fish predator community
similar to that of the Lower Aripo River (Brown and Godin
1999a; Magurran 2005), and thus can be considered a high-
predation site.

We collected chemical alarm cues from wild-caught
Upper Aripo and Lower Aripo guppies for use in our field
experiment. In addition, we collected chemical alarm cues
from wild-caught Quaré River guppies and guppies from
each of the two Aripo River populations, for use in our lab-
oratory experiment. To do so, we sacrificed nongravid fe-
males (assessed visually) via cervical dislocation and
immediately removed the head and tail (at the caudal pe-
duncle). We then removed all internal visceral tissues and
placed the remaining tissues (skin and underlying skeletal
muscle) in 100 mL of aged (dechlorinated) tap water. Tissue
samples were then homogenized and filtered through poly-
ester filter floss and diluted to the desired final volume with
the addition of aged tap water. Although the specific chem-
ical makeup of the guppy alarm cue is unknown, whole
body homogenates do provide a reliable indicator of local
predation risk, and thus function as an alarm cue (Brown
and Godin 1999a; Brown et al. 2009). We used a total of
72 Lower Aripo guppies (standard length 20.54 ± 2.46 mm
(mean ± SD), body depth 5.88 ± 1.06 mm (mean ± SD)), 45
Upper Aripo guppies (standard length 24.51 ± 3.96 mm,
body length 6.71 ± 1.42 mm), and 10 Quaré River guppies
(standard length 27.70 ± 1.56 mm, body length 7.40 ±
0.84 mm). We thus collected a total of 138.60 cm2 (in
1335 mL), 114.81 cm2 (in 1105 mL), and 27.14 cm2 (in
261 mL) of skin/tissue for the Lower Aripo River, Upper
Aripo River, and Quaré River populations, respectively. The
final concentration of alarm cue solutions were similar to
that used by Brown and Godin (1999a). All alarm cue solu-
tions were frozen in 25 mL aliquots at –20 8C until needed.

Field experiment
To test the hypothesis that wild Trinidadian guppies ex-

hibit stronger predator avoidance responses to the alarm
cues of conspecific donors originating from high-predation
than low-predation populations, we conducted predator in-
spection trials in situ in the Lower Aripo River between 16
April and 22 April 2008. We presented free-ranging guppies
with a realistic model of a pike cichlid paired with chemical
alarm cue collected from Lower Aripo (high predation) or
Upper Aripo (low predation) donors or a control of river
water. The model was a cast from a mold of a freshly killed
pike cichlid (standard length 14 cm), which was realistically
painted, fitted with glass eyes, and coated with fiberglass

resin. Previous studies have shown that free-ranging guppies
respond to this model and live fish predators in a similar
fashion (Godin 1995; Brown and Godin 1999a).

Observations were conducted from the shoreline of slow-
flowing pools (N = 16) along a 1 km stretch of the Lower
Aripo River. Our study pools were separated by areas of rif-
fles and (or) deep-water pools. The mean (±SD) surface area
of the pools was approximately 112 ± 54 m2. We did not
measure current velocity, but surface velocity appeared sim-
ilar across all pools. All observations were made over simi-
lar mixed cobble and fine cobble substrates, with <25% leaf
litter cover. Mean (±SD) water depth (measured at the posi-
tion of model presentation) was 17.95 ± 4.39 cm.

Prior to a trial, we positioned a 3 m length of airline tub-
ing (used to present the chemical alarm stimulus), anchored
to a rock (~5 cm diameter), at least 75 cm from the pool
edge. Once the stimulus injection tube was in place, we
positioned the predator model immediately above the termi-
nal end of the tube and waited until at least five guppies
were present within a 50 cm radius of the model to begin
the trial. At the onset of the trial, we injected 25 mL of one
of three chemical stimuli (either alarm cues from Upper
Aripo donors (different population), alarm cues from Lower
Aripo donors (same population), or a river water control) at
a rate of ~5 mL/min. The river water used as a control was
collected upstream of the trial location to reduce the likeli-
hood of contamination from previous observations. A trial
lasted 5 min, during which we recorded the following:
(i) the number of guppies within a 25 cm radius of the
model every 15 s, (ii) the total number of predator inspec-
tion visits, (iii) the number of guppies inspecting per visit,
(iv) the proportion of inspections directed towards the tail
region of the model (i.e., attack cone avoidance; Dugatkin
and Godin 1992), (v) the proportion of inspection visits by
singletons, and (vi) the occurrence of dashing behaviour.
Dashing was defined as a sudden burst swimming away
from the model over a distance of at least five guppy body
lengths. Predator inspection behaviour was defined as a di-
rected, saltatory approach towards the model by a solitary
guppy or group of guppies (Dugatkin and Godin 1992;
Brown and Godin 1999a, 1999b). Reductions in the fre-
quency or rate of inspection and number of inspectors per
visit, and an increased proportion of inspection visits di-
rected away from the head region of the predator, are con-
sistent with risk-aversive predator inspection behaviour
(Brown and Godin 1999b). Within each pool (N = 16), we
conducted three such trials (one for each of the three chem-
ical treatments). To minimize the chance that guppies were
exposed to more than one cue within a pool, we always be-
gan each trio of trials downstream (moving upstream for
each trial) and separated the specific location of each trial
by at least 5 m. The order of presentation of the three chem-
ical stimulus treatments was randomized within a pool, and
all observations of inspection behaviour were made blind to
the chemical treatment. We conducted a total of 16 trials for
each of the three chemical treatments (total N = 48).

We tested for an effect of chemical stimulus treatment
(Lower Aripo alarm cue, Upper Aripo alarm cue, or river
water control) paired with the predator model for each
measures of predator inspection behaviour separately using
repeated-measures ANOVAs. The repeated-measures AN-
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OVA approach was used to account for the unlikely event
that some guppies may have moved between pools on a
given test day (cf. Croft et al. 2003). The analysis does not
account for movement of guppies between pools. However,
movement of individual guppies between pools in Trinida-
dian streams appears limited (Reznick et al. 1996), thus is
likely not a confounding factor. All behavioural variables
were normally distributed and had equal variances; there-
fore, parametric statistics were employed. Planned contrasts
were used to test for differences in fish behavioural re-
sponses between the three stimulus treatments.

Laboratory experiment
To test for the effects of ambient predation pressure and

population of origin (of both the test fish and the donor
fish) on the response to conspecific chemical alarm cues by
Trinidadian guppies, we conducted a complementary labora-
tory experiment (15–21 April 2008). Our focal study popula-
tions consisted of female guppies collected from the Upper
Aripo River (low-predation pressure) and Lower Aripo
River (high-predation pressure). Guppies from each popula-
tion were separately exposed to (i) chemical alarm cues
from conspecific donors of the same population, (ii) alarm
cues from donors from the other Aripo River population,
(iii) alarm cues from donors collected from the Quaré River
(a different drainage), or (iv) an aged tap water control. For
both focal populations (Upper and Lower Aripo River), we
conducted a total of 15 trials for each of the two Aripo
River alarm cue treatments. In addition, for both focal popu-
lations, we conducted 14 trials for the Quaré River alarm
cue and water controls (total N = 116). Test guppies were
exposed to only a single chemical stimulus treatment and
were not reused.

Observations were conducted in a series of identical 23 L
glass aquaria filled with 18.5 L of dechlorinated tap water
(~25 8C). Each tank contained a single airstone and an addi-
tional 1.5 m length of airline tubing to allow for the injec-
tion of the chemical stimuli without disturbing the focal
fish. To facilitate the quantification of area use (see below),
we ‘‘divided’’ the tank into three equal horizontal sections
by drawing lines along the front and back walls of the test
tank. At least 4 h prior to a trial, we placed shoals of three
nongravid (assessed visually) female guppies into a test tank
to acclimatize undisturbed.

Each trial consisted of a 5 min prestimulus and a 5 min
poststimulus observation period. Immediately prior to the
prestimulus observation period, we withdrew and discarded
60 mL of tank water through the stimulus injection tube.
We then removed and retained an additional 60 mL of tank
water. Following the prestimulus observation, we injected
5 mL of one of the four chemical stimuli and slowly flushed
it into the test tank with the retained tank water. Once the
stimulus was injected, we began the 5 min poststimulus in-
jection observation period. During both the prestimulus and
poststimulus observation periods, we recorded (i) an index
of area use, (ii) a shoaling index, and (iii) the occurrence of
dashing and freezing behaviours. Area use was recorded
every 15 s as the position of each guppy within the tank (1,
bottom third of the tank; 3, top third of the tank). Thus, pos-
sible area use scores ranged from 3 (all fish near the sub-
strate) to 9 (all fish near the surface). We also recorded a

shoaling index every 15 s, which ranged from 1 (no fish
within one body length of each other) to 3 (all fish within
one body length of each other). Dashing was defined as a
sudden burst of apparently disoriented swimming; freezing
was defined as the cessation of all movement, with the
guppy settling to the substratum for at least 30 s. A reduc-
tion in area use and increases in shoaling index, dashing,
and freezing are indicative of antipredator responses in the
guppy (Brown and Godin 1999a).

We calculated the change in area use and shoaling index
between prestimulus and poststimulus observation periods
(poststimulus – prestimulus) and used these difference
scores as dependent variables in all subsequent analyses.
Area use and shoaling index data were normally distributed
and homoscedastic; therefore, parametric statistics were em-
ployed on these variables. We tested for the effects of focal
population and alarm cue donor population using the two-
way ANOVA. We tested for the effects of focal population
and alarm cue donor populations on the occurrence of dash-
ing and freezing behaviours using the two-factor G test
(Sokal and Rohlf 1995).

Results

Field experiment
Overall, free-ranging guppies in the high-predation Lower

Aripo River responded to a realistic fish predator model
paired with the alarm cue of Lower Aripo guppies as being
a more risky predation threat than the model paired with
river water (Figs. 1A–1F). Interestingly, the antipredator be-
havioural responses towards the model paired with Upper
Aripo guppy alarm cue were intermediate. More specifi-
cally, there was a significant difference in the number of
guppies observed within a 25 cm radius of the predator
model among the three chemical stimulus treatments
(F[2,14] = 4.72, P = 0.027; Fig. 1A), with fewer guppies ap-
proaching the predator model when it was paired with con-
specific alarm cues than with river water only. Likewise,
significantly fewer inspection visits were directed towards
the predator model when it was paired with alarm cues than
with river water only (F[2,14] = 34.48, P < 0.001; Fig. 1B).
When we compared the number of inspection visits ob-
served, corrected for the number of guppies present (per
capita inspection rate), we still found a significant effect of
the chemical stimulus treatment (F[2,14] = 13.38, P = 0.001;
Fig. 1C). Lower Aripo guppies exposed to the predator
model paired with Lower Aripo alarm cues inspected the
model in significantly smaller groups (F[2,14] = 58.17, P <
0.001; Fig. 1D) and with a higher proportion of inspections
by singletons (F[2,14] = 15.91; P < 0.001; Fig. 1E) than did
guppies exposed to the model paired with either Upper
Aripo alarm cues or the river water control. In addition,
guppies exposed to either alarm cue stimuli exhibited a sig-
nificantly greater proportion of total inspections towards the
tail of the predator model (i.e., exhibited attack cone avoid-
ance) compared with the river water control (F[2,14] = 56.12,
P < 0.001; Fig. 1F). Finally, we found a significant effect of
the alarm stimulus treatment on the occurrence of dashing
behaviour, with dashing observed in 16 (100%) trials with
Lower Aripo alarm cues, 11 (68.75%) trials with Upper
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Aripo alarm cues, and only 2 (12.5%) trials with the river
water control (c2

½2� = 13.63, P < 0.01).

Laboratory experiment
Lower Aripo guppies exhibited greater decreases in area

use (F[1,108] = 4.36, P = 0.039; Fig. 2A) and greater in-
creases in shoaling index (F[1,108] = 4.01, P = 0.048;
Fig. 2B) compared with Upper Aripo guppies in response to
conspecific chemical alarm cues, irrespective of their source
population. Likewise, there was a significant overall effect

of the alarm stimulus treatment for area use (F[3,108] = 6.56,
P < 0.001; Fig. 2A) and shoaling index (F[3,108] = 12.86, P <
0.001; Fig. 2B). For area use, we found no interaction be-
tween the two main effects (F[3,108] = 1.62, P = 0.19;
Fig. 2A). However, for the increase in shoaling index, a sig-
nificant two-way interaction occurred between focal popula-
tion and stimulus treatment (F[3,108] = 3.49, P = 0.018;
Fig. 2B). This interaction is likely owing to the relatively
weak responses of both Upper Aripo and Lower Aripo gup-
pies to the alarm cues of Quaré River donors.

Fig. 1. Mean (±SE) number of guppies (Poecilia reticulata) present within a 25 cm radius of a fish predator model (A), total inspection
visits towards the model (B), per capita rate of inspection (C), number of inspectors per visit (D), proportion of inspections by singleton
guppies (E), and proportion of inspections directed towards the tail of the model (F) for shoals of Lower Aripo River guppies exposed to the
predator model paired with alarm cues collected from Lower Aripo or Upper Aripo guppies, or a river water control under natural condi-
tions. N = 16 per treatment; different letters denote significant differences (P < 0.05) based on planned contrasts.
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We observed generally similar patterns of behaviour with
respect to the occurrence of both dashing and freezing be-
haviours (Figs. 2C, 2D). Alarm stimulus treatment signifi-
cantly affected the occurrence (presence versus absence) of
dashing (c2

½3� = 88.06, P < 0.001; Fig. 2C). There was no
significant effect of focal population (c2

½1� = 0.37, P = 0.54),
or an interaction (c2

½3� = 3.57, P = 0.31) between the main
effects, on the occurrence of dashing, demonstrating that
Upper Aripo and Lower Aripo guppies did not differ in their
overall pattern of dashing behaviour (Fig. 2C). In compari-
son, for the occurrence of freezing behaviour, a significant
interaction was observed between the effects of focal popu-
lation and the alarm stimulus treatment on the frequency of
occurrence of freezing behaviour (c2

½3� = 128.4, P < 0.001;
Fig. 2D).

Overall, guppies exhibited the strongest antipredator re-
sponses when exposed to their own population’s chemical
alarm cues, irrespective of their provenance. For example,
Upper Aripo River (low predation) guppies exhibited the
strongest predator avoidance responses to alarm cues from

Upper Aripo conspecifics, followed by Lower Aripo cues,
and finally Quaré River cues. Similarly, Lower Aripo River
(high predation) guppies exhibited the strongest responses to
alarm cues from Lower Aripo conspecifics and the weakest
to Quaré River alarm cues, with the responses to Upper
Aripo cues being intermediate.

Discussion
The results of our field experiment demonstrate that

Lower Aripo River guppies modified their predator inspec-
tion behaviour depending upon the population of origin of
the chemical alarm stimulus presented. These guppies exhib-
ited a more risk-aversive inspection pattern when the preda-
tor model was paired with alarm cues from Lower Aripo
guppies than when the model was paired with a river water
control. These results are consistent with our previous labo-
ratory (Brown and Godin 1999b; Brown and Dreier 2002)
and field (Brown and Godin 1999a; Brown et al. 2001b)
studies of chemically mediated predator inspection behav-
iour. More interesting is the observation that the pattern of

Fig. 2. Mean (±SE) change in area use (A) and shoaling index (B) scores and proportion of observations in which dashing (C) or freezing
(D) behaviours occurred for Upper Aripo (open bars) and Lower Aripo (shaded bars) guppies (Poecilia reticulata) exposed to alarm cues
from the same Aripo population, different Aripo population, Quaré River guppies, or an aged water control. N = 15 for Aripo same and
Aripo different; N = 14 for each of Quaré River cue treatment and aged water control.
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inspection behaviour of Lower Aripo guppies in the current
study was intermediate when the predator model was paired
with the chemical alarm cues of Upper Aripo guppies, sug-
gesting that the alarm cues of a different population were
perceived as signaling a lower level of threat locally. This
clearly demonstrates that guppies from a high-predation
population (Lower Aripo River) can differentiate between
chemical alarm cues of donors from the same population
versus those from donors of another population. Moreover,
our results demonstrate that the differential antipredator re-
sponses to the alarm cues of conspecifics originating from
different populations is not merely a laboratory artefact.

The results of our current laboratory experiment corrobo-
rate and extend the above field-based findings. Both Upper
Aripo and Lower Aripo guppies exhibited the strongest anti-
predator responses to the alarm cues collected from donors
of the same population, respectively, and the weakest re-
sponses to alarm cues collected from conspecifics in the
Quaré River (i.e., from a geographically isolated drainage).
Upper Aripo and Lower Aripo guppies both exhibited inter-
mediate responses to the alarm cues of guppies collected
from the ‘‘other’’ Aripo population. Combined with our field
results, these laboratory data strongly indicate that there ex-
ists a high degree of intraspecific conservation of chemical
alarm cue production and (or) recognition in the guppy,
akin to the well-documented interspecific conservation pat-
terns (Schutz 1956; Brown et al. 2001a, 2003; Mirza and
Chivers 2001a; Mirza et al. 2001; Leduc et al. 2003). Pre-
sumably, such conservation is the result of some mecha-
nism(s) leading to the production of alarm cues that are
chemically more similar within than between populations
(cf. Kelly et al. 2006).

At least two nonmutually exclusive mechanisms might ac-
count for our results. Despite measurable gene flow between
high- and low-predation habitats within rivers (Crispo et al.
2006), genetic similarity is highest within a local population
in the Trinidadian guppy (van Oosterhout et al. 2006).
Though not yet conclusively demonstrated, it is not unrea-
sonable to suggest that chemical alarm cue production may
be under at least partial genetic control. If this is the case,
groups with higher genetic similarity (i.e., local populations)
may produce chemical alarm cues that are more structurally
similar (Kelly et al. 2006). Alternatively, Brown et al.
(2004) have shown that diet composition may influence
alarm cue production, independent of donor growth or body
condition. It is known that the diets of guppies from high-
predation and low-predation populations in Trinidad differ
(Dussault and Kramer 1981); therefore, habitat-specific food
types might influence alarm cue chemistry (Brown et al.
2004; Kelly et al. 2006). Thus, genetic or environmental fac-
tors, or likely some interaction between them, may result in
alarm cues that are chemically more similar (and more rec-
ognizable) within than between populations in the guppy.

Given the demonstrated survival benefits associated with
responding to damage-released chemical alarm cues in
fishes (Mathis and Smith 1993; Mirza and Chivers 2001b;
Leduc et al. 2009) and the mechanism of release, the most
parsimonious explanation for the evolution of the predator-
avoidance function of ‘‘skin extracts’’ is through the benefits
to cue receivers rather than direct selection on cue producers
(Chivers et al. 2007). If chemical alarm cues have evolved

via this mechanism, one might expect that all receivers
should exhibit strong antipredator responses to any conspe-
cific alarm cue, irrespective of its donor source population.
However, our results clearly indicate that this is not the
case; rather, they suggest population specificity in the pat-
tern of response to chemical alarm cues. Moreover, our find-
ings, that guppies from both high- and low-predation
populations within the Aripo River system exhibited the
same trend in antipredator response intensity to chemical
alarm cues originating from same or different populations
(Aripo River same > Aripo River different > Quaré River),
are consistent with the prediction of the local conservation
hypothesis.

We found no support for the alternative receiver hypothe-
sis. The receiver hypothesis predicts that owing to the ele-
vated costs of predator avoidance behaviour under high-
predation risk conditions (Brown et al. 2009), guppies from
the Lower Aprio River (high-predation population) should
have exhibited a greater degree of population specificity in
their responses to chemical alarm cues than guppies from
the Upper Aripo River (low-predation population). Such
specificity would allow prey to better match the intensity of
their predator avoidance behaviour to the level of perceived
predation threat (i.e., threat-sensitivity; Brown et al. 2009).
Similarly, the receiver hypothesis likewise predicts that
under relatively low predation-risk conditions (Upper Aripo
River), selection favouring discrimination among alarm cue
types would be considerably lower owing to the lower costs
of predator avoidance (Brown et al. 2009). Because we
found a similar response trend in both focal guppy popula-
tions, our results do not support the latter hypothesis.

Previous work has argued that chemical alarm cue conser-
vation within taxonomically related groups would allow het-
erospecific prey guild members to benefit from the detection
of alarm cues independent of prior experience (Smith 1999;
Kelly et al. 2006). Our current results extend this model.
Conspecific prey, like heterospecific prey guild members,
should be expected to maximize the potential antipredator
benefits accruing from appropriately responding to some
recognizable component of a chemical alarm cue. Genetic
and (or) environmental constraints on chemical alarm cue
production could result evolutionarily in strong population
specificity in the behavioural response of receivers to chem-
ical alarm cues. Such a model does not presuppose any se-
lection acting directly upon cue production, nor does it
assume any benefits to cue senders. Our current study lends
support to this proposition by experimentally demonstrating
intraspecific conservation of receiver antipredator responses
to conspecific chemical alarm cues in the Trinidadian
guppy. This pattern of local population specificity presum-
ably enhances the detection and avoidance of predation
threats. However, the current study is based on a single pop-
ulation pair (Upper Aripo versus Lower Aripo). Additional
streams should be compared to test the generality of the cur-
rent findings.
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