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Identifying the environmental factors responsible for the formation of a species’ distribution limit is challenging
because organisms interact in complex ways with their environments. However, the use of statistical niche models
in combination with the analysis of phenotypic variation along environmental gradients can help to reduce such
complexity and identify a subset of candidate factors. In the present study, we used such approaches to describe
and identify factors responsible for the parapatric distribution of two closely-related livebearer fish species along
a salinity gradient in the lowlands of Trinidad, West Indies. The downstream distribution limits of Poecilia
reticulata were strongly correlated with the brackish–freshwater interface. We did not observe significant
phenotypic variation in life-history traits for this species when comparing marginal with more central populations,
suggesting that abrupt changes in conditions at the brackish–freshwater interface limit its distribution. By
contrast, Poecilia picta was present across a wide range of salinities, although it gradually disappeared from
upstream freshwater localities. In addition, P. picta populations exhibited an increase in offspring size in localities
where they coexist with P. reticulata, suggesting a role for interspecific competition. The parapatric distribution of
these two species, suggests that P. reticulata distributions are limited by an abiotic factor (salinity), whereas
P. picta is limited by a biotic factor (interspecific competition). Similar parapatric patterns have been previously
described in other systems, suggesting they might be a common pattern in nature. © 2013 The Linnean Society
of London, Biological Journal of the Linnean Society, 2013, 108, 790–805.
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INTRODUCTION

The niche of a species is defined by the set of all
ecological factors under which intrinsic population
growth remains positive (Hutchinson, 1957). The
niche concept has played a central role in the devel-
opment of ecological theory (Chase & Leibold, 2003)
and its importance to biogeography has also long been
emphasized (Grinnell, 1917), receiving heightened
attention in the last decade in the context of species

distribution limits (Pulliam, 2000; Soberón, 2007;
Angert, 2009; Holt, 2009; Chase & Myers, 2011;
Peterson et al., 2011; Wiens, 2011). Theory predicts
that mismatches between a species’ niche and local
habitat should result in negative population growth.
If mismatches occur as a result of environmental
gradients, one outcome is the formation of distribu-
tion limits because the net gain of individuals at a
certain point along the gradient no longer exceeds the
net loss (Gaston, 2003). Thus, the niche influences
processes at local scales, which in turn shape biogeo-
graphical patterns at regional scales (Gaston, 2003;
Soberón, 2007; Wiens, 2011). Yet, a major challenge in
ecological and biogeographical studies is determining
which factors that define a species’ niche play the
most important roles in the formation of distribution
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patterns. Identifying these factors is particularly
difficult as a result of complex interactions that
can emerge along environmental gradients (Vannote
et al., 1980; Attrill & Rundle, 2002), as well as at
varying spatial scales (Fausch, Nakano & Ishigaki,
1994; Poff, 1997).

Climatic factors such as temperature and precipi-
tation are often identified as being responsible for
the formation of species range limits and large-scale
biogeographical patterns (Gaston, 2003; Lomolino,
Riddle & Brown, 2006). However, at small geographi-
cal scales, evidence suggests that other abiotic factors
determine species’ distribution limits (Sexton et al.,
2009; Wiens, 2011). For example, in aquatic systems,
some of the most relevant factors are water salinity,
flow, temperature, and dissolved oxygen (Allan &
Castillo, 2007). Water salinity is particularly impor-
tant for both marine and freshwater organisms
because ionic balance is crucial for osmoregulation
and homeostasis (Nordlie et al., 1991). Therefore,
salinity can directly affect components of fitness, such
as survival (Shervette, Ibarra & Gelwick, 2007), as
well as several traits related to fitness, such as behav-
iour (Peterson-Curtis, 1997), growth rate (Bœuf &
Payan, 2001), and other life-history traits (Gomes &
Monteiro, 2007), and has the potential to be an impor-
tant factor affecting aquatic species distributions
(Marshall & Elliott, 1998). Steep gradients in salinity
occur where rivers discharge into the sea, forming
estuarine environments (Winemiller & Leslie, 1992;
Attrill & Rundle, 2002). Yet, the role of salinity as an
important abiotic factor in shaping species distribu-
tions is more often assumed than tested empirically.

Abiotic factors alone can shape species distribution
limits; however, numerous lines of evidence suggest
that abiotic factors frequently interact with biotic
factors to determine these limits (Sexton et al., 2009;
Coulson et al., 2011). For example, competitive
dominance among species can switch along abiotic
gradients, leading to parapatric distribution limits
(Hairston, 1949, 1980; Connell, 1961; Dunson &
Travis, 1991; Taniguchi & Nakano, 2000; Martin &
Martin, 2001; Twomey, Morales & Summers, 2008).
Yet, the importance of interspecific competition and
other biotic interactions along abiotic gradients are
often overlooked in most niche models.

Two useful approaches for identifying the relevant
factors that are responsible for the formation of dis-
tribution limits are the use of statistical niche models
(Austin, 2007; Holt, 2009) and analysis of phenotypic
variation along environmental gradients (Caughley
et al., 1988). Statistical niche models establish a sta-
tistical relationship between a species distribution,
usually in the form of presence–absence data, and a
dataset of environmental variables (Austin, Nicholls
& Margules, 1990; Peterson, 2001). However, statis-

tical niche models are usually based on coarse-
grained data and mainly represent the range of
conditions that constitute the realized niche of a
species, instead of its fundamental niche, because
biotic interactions or dispersal limitation can restrict
species from otherwise favourable habitat (Pulliam,
2000; Soberón, 2007). Therefore, the combination of
statistical niche models with analyses of phenotypic
variation along gradients helps to further isolate
potential factors that limit species distributions at
finer scales.

Analysing patterns of phenotypic variation along
environmental gradients can help tease apart the
roles of a phenotypic mismatch to the environment
from those of dispersal limitations in the formation of
distribution edges. For example, increased levels of
physiological stress at the range-margin of the dog-
whelk (Nucella canaliculata) suggest that gradual
changes in temperature and desiccation probability
reduce individual fitness and determine the southern
range limit of this species (Sorte & Hofmann, 2004).
Although this approach does not conclusively deter-
mine the specific factor limiting a species’ distribu-
tion, it is a useful step for identifying candidate
variables that impose ecological boundaries (Caugh-
ley et al., 1988). In particular, life-history theory con-
stitutes a useful framework for making predictions
about phenotypic variation along abiotic and biotic
gradients (Roff, 1992; Stearns, 1992; Charlesworth,
1994). Life-history traits (i.e. growth rate, age and
size at maturity, reproductive effort, and senescence)
are strongly correlated with fitness and therefore
influence population dynamics (Cole, 1954). Thus,
relevant selection pressures can often be inferred
from variation in life-history traits along environ-
mental gradients (Whitehead et al., 2011; Torres-
Dowdall et al., 2012). For example, physiological
stress as a result of abiotic factors is predicted to
decrease reproductive allocation, offspring number,
and body condition. By contrast, biotic factors may
favour the opposite patterns. For example, increased
competition frequently selects for increases in off-
spring size (Jørgensen, Auer & Reznick, 2011). There-
fore, offspring size is expected to increase in localities
where closely-related and/or ecologically similar
species occur in sympatry relative to allopatric popu-
lations. Additionally, increases in extrinsic mortality
as a result of predation or parasitism are expected to
select for increased reproductive effort and offspring
number (Charlesworth, 1994; Torres-Dowdall et al.,
2012).

The livebearing fish Poecilia reticulata (the Trini-
dadian guppy) and its sister species Poecilia picta
(the swamp guppy) are extensively distributed
across northern South America and the Caribbean
islands (Wischnath, 1993; Breden et al., 1999;
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Hrbek, Seckinger & Meyer, 2007). These species are
phenotypically similar in morphology and life-history
traits and play similar ecological roles (Reznick, Miles
& Winslow, 1992). On the island of Trinidad, West
Indies, both species can be found in mixed shoals
(Magurran & Ramnarine, 2004; Russell et al., 2006).
Despite both species being recognized as euryhaline
(i.e. can tolerate a wide range of salinity; Rosen &
Bailey, 1963), only P. picta is common in brackish
water, whereas P. reticulata is more often found in
freshwater (Reznick & Endler, 1982; Reznick et al.,
1992; Wischnath, 1993). This parapatric distribution
across the brackish–freshwater interface may reflect
secondary contact between these two species because
the separation of Trinidad from mainland South-
America occurred recently, after the last glacial
period (Magurran, 2005). Nevertheless, the distribu-
tion limits of these two species across the salinity
gradient are unclear because they overlap in parts of
their range, and no study to date has quantified the
ecological correlates associated with the presence and
absence of each species along the salinity gradient.
Furthermore, because other factors also vary along
lowland rivers of Trinidad (Magurran & Phillip, 2001;
Magurran, 2005; Zandonà et al., 2011), the specific
role of salinity driving the contiguous distribution of
these species remains speculative.

In the present study, we took two approaches
aiming to understand the distribution limits of
P. reticulata and P. picta along salinity gradients in
the lowland sections of Trinidadian rivers. First, we
used a statistical niche modelling approach based on
the presence/absence data of the two species from 91
localities along the lowland rivers of Trinidad aiming
to determine the range of salinity, dissolved oxygen,
pH, and elevation each species occupies. Second, we
studied the pattern of phenotypic variation of specific
traits along these gradients, focusing on fecundity,
reproductive allocation, condition, and body size. We
sampled P. reticulata and P. picta from the centre and
edge of their distribution in four different drainages
aiming to determine the generality of our results.

MATERIAL AND METHODS
COLLECTION SITES AND ENVIRONMENTAL VARIABLES

The study area comprises the lowland rivers of Trini-
dad, West Indies (Fig. 1). The most conspicuous factor
varying along the lowland rivers is salinity. However,
several biotic factors also change predictably along
the longitudinal section of rivers in Trinidad. First,
there appears to be an increase in food resource base
for guppies, where the quantity and quality of food

Figure 1. Map of Trinidad indicating the position of the sampled locations. Black dots indicate localities where water was
brackish when it was surveyed, and white dots indicate localities where water was fresh. Localities where seasonal
variation was observed are marked by a divided dot. The localities at the Caroni River and the Guayamare River indicated
on the map were sampled on eight different occasions (four occasions in the wet season and four in the dry season). The
few locations where neither Poecilia reticulata nor Poecilia picta were found are indicated by diamond symbols.
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resources increase from less productive upstream
tributaries to more productive downstream river
localities (Zandonà et al., 2011). At the freshwater–
brackish water interface, rivers are very wide and
eutrophication is common compared to upstream sites
where only P. reticulata is present (WRA, 2001). In
addition, there is a dramatic increase in mysid
shrimp (Metamysidopsis spp.) abundance in the
brackish waters where P. picta occurs (Mohammed,
2005), suggesting that food might not be limiting in
this environment, although it might be a limiting
factor further upstream. Second, the complexity of
fish communities also changes along the longitudinal
profile of rivers (Winemiller & Leslie, 1992). Down-
stream communities become more diverse as rivers
become larger and more productive, potentially
increasing interspecific competition, predation risk,
and other biotic factors (Magurran & Phillip, 2001;
Magurran, 2005). Although few detailed studies have
been carried out across the freshwater–brackish
water interface in Trinidad, there is evidence that
predation pressure increases when moving down-
stream (Endler, 1995). This is particularly the case
for small fish such as guppies because piscivorous
fish become more common and abundant at the
freshwater–brackish water interface where the
fish communities of these two environments meet
(Gilliam, Fraser & Alkins-Koo, 1993; Phillip &
Ramnarine, 2001).

Between 2008 and 2010, we made 91 collections at
75 locations (most locations sampled only once and
four sites sampled on multiple occasions) throughout
Trinidad, representing both fresh and brackish water
habitat (Fig. 1). We deliberately sampled multiple
locales along each river to determine the lowland

distribution limits of P. reticulata and P. picta. Sites
close to the brackish–freshwater interface were
visited on multiple occasions. In particular, we
sampled two sites, one at the Guayamare River and
another at the Caroni River, on eight different occa-
sions, including four times during the wet season
(June to January) and four during the dry season
(February to May; Fig. 1). These sites showed tempo-
ral variation in salinity levels, alternating between
being fresh during the wet season and brackish
during the dry season in response to the freshwater
discharge generated by rainfall (Table 1).

The habitat of both species is very similar because
they are conspicuously concentrated along the shallow
waters near the shore. We determined the presence
or absence for each species at each site by actively
sampling the shores of the rivers using net sweeps. We
maintained a constant sampling effort across all sites,
searching for fish over a 30-min period. At all sites, the
presence or absence of the two species was relatively
easy to quantify, with only the abundance of each
species varying. We collected a minimum of 100 fish to
determine species composition and chose to standard-
ize our effort by the total number of fish captured
rather than a constant time because capture rates
varied significantly among localities as a result of
factors other than species abundance (e.g. stream
access, slope of the shore, substrate of the channel or
coastal vegetation). All fish were classified as P. picta
or P. reticulata and, subsequently, were released at
their site of capture. At all sample sites, we recorded
salinity, geographical coordinates, and elevation. At a
subsample of these sites (N = 42), we also recorded
dissolved oxygen and pH using either an YSI 85 or an
YSI ProPlus (YSI Inc.).

Table 1. Temporal variation in salinity and occurrences of Poecilia picta and Poecilia reticulata at the interface between
fresh and brackish water in the Caroni and Guayamare Rivers

Date (month/year) Season

Guayamare River Caroni River

W10.59609, W61.42141 N10.61813, W61.42884

Salinity
(ppt)

Poecilia
picta

Poecilia
reticulata

Salinity
(ppt)

Poecilia
picta

Poecilia
reticulata

May 2008 Dry 2 Present Absent 5 Present Absent
October 2008 Wet 0 Present Present 0 Present Present
January 2009 Wet 10 Present Absent 1.5 Present Absent
March 2009 Dry 5 Present Absent 0 Present Present
July 2009 Wet 0 Present Present 0 Present Present
April 2010 Dry 40.6 Present Absent 2.7 Present Absent
August 2010 Wet 0 Present Present 0 Present Present
February 2011 Dry 0 Present Present 2 Present Absent

Bold text indicates sampling occasions where water was brackish.
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To quantify phenotypic differences among localities
in life-history traits, four different rivers (Caroni,
Caparo, Nariva, and Guayamare) were sampled in
April 2010. In each river, upstream, midstream, and
downstream sites were selected and 40–60 fish of
each species (an approximately 1 : 1 sex ratio) were
sampled. These three stream localities represented:
(1) a freshwater–upstream locality where only
P. reticulata occurred; (2) a freshwater–midstream
locality where both species were present; and (3) a
brackish water–downstream locality where only
P. picta occurred. However, because there was a very
low density of P. picta in the Caparo River, we did not
sample P. picta in this river as a result of worries that
we may negatively impact the population. Upon
capture, fish were immediately euthanized with an
overdose of MS-222 (Argent Laboratories) buffered to
a neutral pH with NaHCO3 and preserved in 5%
formalin.

We characterized phenotypic variation in life-
history traits of wild populations of both species fol-
lowing Reznick & Endler, (1982) and Reznick, Rodd &
Cardenas (1996). Briefly, we dissected each formalin-
preserved female from our field collection, removed
the gastrointestinal tract, and dried the somatic and
reproductive tissues, including developing embryos,
in a drying oven at 80 °C until mass was stable. From
these females we measured: (1) the number of devel-
oping embryos and their developmental stage (follow-
ing Haynes, 1995); (2) the mean dry mass of
developing embryos; and (3) reproductive allocation.
Mean dry mass of developing embryos was estimated
by dividing the total mass of the brood by the number
of embryos. Reproductive allocation was quantified as
the dry mass of the brood divided by the sum of the
dry masses of the somatic tissue of the female and of
the brood. Reproductive allocation is thus the propor-
tion of the total dry mass of the mother that consisted
of developing embryos. For males, we determined
male size at maturity as the mean standard length of
adult males, given that males have determinate
growth with an asymptote around sexual maturity
(Reznick, 1990).

To compare body condition among localities, we
used the relative condition index (LeCren, 1951). We
estimated relative condition index by species and sex
because both study species are sexually dimorphic
(i.e. females are larger than males). We estimated
condition by first calculating the intercept (a) and the
slope (b) of the least squares regression of log-
transformed individual mass (Mi) on log-transformed
individual length (Li), and then used these values to
calculate predicted mass (Mi* = aLi

b). Finally, an indi-
vidual’s index was estimated as the ratio of the
observed individual mass to the predicted mass
(LeCren, 1951; Peig & Green, 2010).

STATISTICAL ANALYSIS

All the analyses were performed separately for P. re-
ticulata and P. picta because our intention was not to
directly compare the species to each other but rather
to test the factors that determine the distribution of
each species. The only exception is the comparison of
life-history traits of these two species in the three
freshwater sites where they coexist (see below). The
normality and homoscedasticity of the residuals were
evaluated and met for all linear models. All analyses
were performed using JMP, version 9 (SAS Institute
Inc.). All the data used in these analyses have been
made publicly available through Dryad (Torres-
Dowdall et al., 2013).

STATISTICAL NICHE MODEL

We constructed logistic models based on physico-
chemical variables (dissolved oxygen, pH, and salin-
ity) and elevation. Elevation is usually used as an
indirect variable to the study of distributions as it
correlates with several other variables (Austin, 2007).
In the present study, elevation was preferred as a
spatial explanatory variable over distance from the
river mouth for several reasons. First, because the
brackish–freshwater interface changes seasonally
and the magnitude of this change is associated with
elevation, it better represents the probability of
brackish water intrusion into lowland rivers. Second,
channel size, canopy cover, and community composi-
tion gradually change with elevation, potentially
affecting the likelihood of finding each species.
Finally, analyses including distance to the river
mouth did not change our conclusions (not shown).

We considered linear, symmetrical unimodal or
skewed responses of the species to the environmental
gradients by including linear, quadratic, and cubic
polynomial functions in our models. We only consid-
ered a linear effect of elevation because P. reticulata
is known to occur at higher elevations than those
sampled in the present study, whereas P. picta is
expected to be present at sea level but to decrease
upstream. Thus, we only sampled the tails of
the distributions of both species. We also included
interaction terms between environmental variables
(Guisan et al., 2006). For P. reticulata, we did not
consider interactions between salinity and other vari-
ables because this species occurred only at freshwater
sites (with one exception, see Results). Thus, the
combination of salinity levels higher than 0.5 ppt and
other variables did not exist. For P. picta, we did not
consider the interaction between salinity and eleva-
tion because, at higher elevation localities, water is
always fresh. Finally, we included a null model (inter-
cept only) to compare to candidate models. These
models were contrasted against data from the subset
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of sites where all the predictor variables were col-
lected (training data, N = 35). We then tested the
predictions of the best-supported models for P. reticu-
lata and P. picta with data from the subset of sites
that were not used to evaluate the models (test data,
N = 56 sites). We treated repeated sampling at the
same localities as independent because abiotic condi-
tion varied from visit to visit as a result of seasonal
changes in salinity and affected the probability of
finding the target species.

We used Akaike’s information criterion adjusted
for small sample size (AICC) to evaluate the relative
importance of competing candidate models for
explaining the presence or absence of P. picta and
P. reticulata in the lowland rivers of Trinidad
(Burnham & Anderson, 2002). AICC scores decrease if
the addition of new parameters increases the fit of the
model sufficiently to compensate for the penalty cost
of adding these parameters (i.e. parsimony criterion;
Burnham & Anderson, 2002). We calculated and used
Akaike weights (wi) to rank the candidate models,
and report a subset of confidence models including
those with at least 1/8*wi of the top model (Burnham
& Anderson, 2002). Because none of our models was
overwhelmingly supported by our data, we used
model averaging to determine the importance of the
different factors driving the distribution of P. reticu-
lata and P. picta (Burnham & Anderson, 2002;
Johnson & Omland, 2004). To estimate the param-
eters of the composite model, we used the confidence
subset of models. Reducing the number of models to
be combined is recommended because removal of a
poorly fitted model can increase estimation accuracy
(Yuan & Yang, 2005). However, even when we
included all the candidate models, our results were
not affected. We calculated the weighted mean for
model parameters and 95% confidence intervals using
an averaged unconditional SE for each parameter
(Burnham & Anderson, 2002). We averaged param-
eters over all models in the confidence set, setting the
parameter i j equal to 0 for variable i if it was not
included in model j (Lukacs, Burnham & Anderson,
2010). When performing model averaging for the
probability of occurrence of P. picta, we did not use
the model that included the interaction between
elevation and dissolved oxygen because interactive
terms can result in inaccurate estimations of main
effect parameters. However, the weight contribution
of this model was small (Table 2). Finally, we esti-
mated a cumulative Akaike weight to evaluate the
overall importance for each parameter by adding the
Akaike weights of all models containing such param-
eters (Burnham & Anderson, 2002). Thus, a given
parameter will have a cumulative weight close to 1 if
all the best-supported models include it as an
explanatory variable and have a cumulative weight

close to 0 if it is not included as an explanatory
variable in the set of best-supported models.

SPATIAL PATTERNS OF INTRASPECIFIC

LIFE-HISTORY VARIATION

We analyzed P. picta and P. reticulata life-history data
separately using analyses of covariance (ANCOVA),
including type of locality of origin (hereafter ‘locality’)
and drainage as categorical fixed effects. Locality
represents a comparison between upstream and
downstream collections inhabited by each species (see
description of stream localities above). We did not
consider female size as an informative trait in the
present study because females have indeterminate
growth. Thus, the size of wild-caught females con-
founds the effects of age and of the environmental
conditions affecting growth. However, fecundity in
guppies has been shown to increase with female size;
thus, we included female standard length as a cov-
ariate for determining reproductive allocation, off-
spring number, and offspring size (Reznick et al.,
1996). We also included the stage of development as a
covariate when analysing embryo weight and repro-
ductive allocation because offspring weight decreases
as development progresses (Reznick & Endler, 1982).
Interactions between covariates and main effects
were not significant (all P > 0.05); therefore, they
were dropped from the final linear models.

Table 2. Confidence set of candidate models predicting
the presence or absence of Poecilia reticulata and Poecilia
picta in lowland rivers of Trinidad

Response
variable Model K AICC DAICC wi

Poecilia
reticulata –
presence

S 4 17.3 0.0 0.41
E + S 5 18.9 1.6 0.18
S + DO 5 19.7 2.4 0.13
S + pH 5 19.7 2.4 0.12
E + S + pH 6 21.5 4.2 0.05
E + S + DO 6 21.5 4.2 0.05

Poecilia
picta –
presence

E 4 17.7 0.0 0.35
E + S 5 19.5 1.7 0.15
E + pH 5 19.7 2.0 0.13
E + DO 5 20.1 2.4 0.11
E ¥ DO 6 21.0 3.3 0.07
E + S + pH 6 21.5 3.7 0.05
E + S + DO 6 21.9 4.1 0.04

Explanatory variables include elevation (E), salinity (S),
dissolved oxygen (DO), and pH. K indicates the number of
parameters, wi is Akaike weight. AICC, Akaike’s informa-
tion criterion adjusted for small sample size.
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INTERSPECIFIC PHENOTYPIC VARIATION BETWEEN

P. RETICULATA AND P. PICTA

We compared P. reticulata and P. picta life-history
traits in sites where they co-occur using ANCOVA,
including species and drainage as categorical fixed
effects. For the analyses of spatial variation, we
included female standard length as a covariate for
determining species differences in offspring size, and
stage of development as a covariate for analysing
embryo weight.

RESULTS
STATISTICAL NICHE MODEL

Poecilia reticulata
Poecilia reticulata was present in 44 of the 91 field
collections and the only factor that consistently dif-
fered between sites where P. reticulata is present or
absent was salinity (Fig. 2). We observed some tem-
poral variation in the presence of P. reticulata at the
two sites that we sampled multiple times (i.e. Caroni
and Guayamare Rivers at the brackish–freshwater
interface) because this species was present at these
sites only when water was fresh, which coincides with
the wet season when river discharge is high (Table 1).

Salinity had a negative effect on the probability of
finding P. reticulata, resulting in an abrupt distribu-
tion limit at the brackish–freshwater interface
(Fig. 3). Salinity was a significant explanatory vari-
able in all models in the confidence set (Table 2), and
salinity had a cumulative weight across all models
close to 1 (Table 3). There was little evidence that
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Figure 2. Median, interquartile range, total range of pH,
dissolved oxygen, elevation, and salinity at which Poecilia
reticulata and Poecilia picta are present (white bars) or
absent (black lines) in lowland rivers of Trinidad. Two
outliers are shown for salinity.

Figure 3. Probability of presence curves for Poecilia reticulata (solid lines) and Poecilia picta (dashed lines) against
salinity (left) and elevation (right). Note that the x-axis of salinity (left) proceeds from high to low salinity to be congruent
with elevation (left).
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elevation, dissolved oxygen or pH had any effect on
the probability of P. reticulata being present at a
given site (Figs 2, 3, Table 3). Therefore, we based our
predictions of the presence or absence of P. reticulata
on the set of independent localities using only the
best-supported model because it accounted for 41% of
the total weight (Table 2), and salinity was the only
significant variable in the composite model (Table 3).
This model predicted the presence or absence of P. re-
ticulata with an overall error rate of 18%. Out of the
34 sites that were predicted to have P. reticulata
present, it was absent at only nine localities (one river
on the southwest peninsula in St Patrick, and eight
rivers in the north-east part of the island). The model
predicted P. reticulata to be absent at 22 sites;
however, we did find this species in a brackish site at
the Caparo River.

Poecilia picta
Poecilia picta was present in 63 of the 91 samplings
and no temporal variation was observed at the
brackish–freshwater interface, independently of
changes on salinity. Poecilia picta is found over
a wider range of physicochemical characteristics
(Fig. 2). However, in Trinidad, it appears to be limited
to sections of the river at low elevation (Fig. 3).
Indeed, elevation was a significant variable in all the
models in the confidence set (Table 2) and had a
cumulative weight close to 1 (Table 3).

Poecilia picta was found at most sites below 10 m
a.s.l. However, above 10 m, the probability of finding
this species significantly decreased for every meter of
increase in elevation (Fig. 3, Table 3). There is no
evidence for the effects of salinity, dissolved oxygen,
and pH on the probability of presence of P. picta
(Table 3). As with P. reticulata, to predict the presence
or absence of P. picta at the independent localities, we

used the best-supported model (Table 2) because
elevation was the only significant variable in the
composite model (Table 3), and the model with just
elevation as an explanatory variable accounted for
35% of the total weight (Table 2). This model had an
overall error rate of 14%. Of the 41 sites that were
predicted to have P. picta present, it was actually
absent at seven sites (the highly polluted Couva
Downstream, two rivers on the southwest peninsula
in St Patrick, and four rivers in the north-east part of
the island). Poecilia picta was absent at all sites
where it was predicted to be absent, except at an
Oropuche tributary where it was found at 14 m a.s.l.

SPATIAL PATTERNS OF INTRASPECIFIC

LIFE-HISTORY VARIATION

Poecilia reticulata
Overall, fish from upstream and downstream locali-
ties across the lowland sections of Trinidadian rivers
showed no differences in life-history phenotypes.
There was a trend for offspring size to be larger
in downstream compared to upstream localities,
although this was not statistically significant (Fig. 4,
Table 4). Male condition varied among localities, with
fish being in better condition downstream on all
rivers, except on the Caroni River where the pattern
was reversed (Fig. 5, Table 4). This tendency for
Caroni male fish to be in poorer condition down-
stream was also observed in females (Fig. 4). Most of
the phenotypic variation observed in P. reticulata
could be explained by intrinsic differences among
rivers (Table 4).

Poecilia picta
Intraspecific variation among localities was observed
only for offspring size and male size at maturity

Table 3. Model-averaged parameter estimates, their unconditional SEs, and 95% confidence intervals (95% CI) for a
composite model predicting the presence or absence of Poecilia reticulata and Poecilia picta in lowland rivers of Trinidad

Response variable Parameter Estimate SE

95% CI
Cumulative

Lower Upper wi

Poecilia reticulata – presence E 0.043 0.117 -0.186 0.273 0.299
S -25.310 11.718 -48.276 -2.343 0.999
pH 0.024 1.212 -2.351 2.399 0.225
DO 0.012 0.288 -0.554 0.577 0.225

Poecilia picta – presence E -0.496 0.211 -0.909 -0.082 0.999
S 0.736 4.507 -8.099 9.570 0.277
pH -0.413 1.707 -3.759 2.933 0.275
DO 0.005 0.207 -0.401 0.411 0.268

Explanatory variables include elevation (E), salinity (S), dissolved oxygen (DO), and pH. Cumulative wi represent the sum
of the Akaike weights from all the models that included the explanatory variable.
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(Table 4). Overall, females from upstream, freshwa-
ter sites produced larger offspring than those from
downstream, brackish sites (Fig. 4). Males were
larger in downstream brackish sites than in
upstream freshwater sites (Fig. 5). Reproductive
allocation and female condition depended on the
river analyzed and the locality within rivers
(Table 4). Female reproductive allocation did not
vary among localities in the Caroni River and was
higher for freshwater females in the Guayamare
River, although it was lower for freshwater females
in the Nariva River (Fig. 4). Females from the
Caroni and the Nariva rivers were in better condi-
tion in upstream freshwater sites, although females
from the Guayamare River were in poor condition at
the freshwater site (Fig. 4).

INTERSPECIFIC LIFE-HISTORY VARIATION

Poecilia reticulata and P. picta did not differ in repro-
ductive allocation in sites where they co-occur
(F1,128 = 2.1063, P = 0.1491). Differences among drain-
ages were apparent but interspecific patterns were
qualitatively consistent within each drainage (drain-
age effect: F2,128 = 6.1601, P = 0.0028; interaction:
F2,128 = 0.0097, P = 0.9903). However, P. picta pro-
duced, on average, larger offspring than P. reticulata
when controlling for developmental stage (least
squared mean ± SE: 0.7730 ± 0.0206 and 0.6650 ±
0.0246 mg respectively; F1,128 = 11.3608, P = 0.001).
Although the size of the offspring varied among drain-
ages, fish from all drainages showed a similar pattern
(drainage effect: F2,128 = 6.1601, P = 0.0028; main

Figure 4. Phenotypic variation in Poecilia reticulata and Poecilia picta females along longitudinal gradients in lowland
rivers in Trinidad. Localities on the left represent P. picta only, brackish water sites; localities on the right are
P. reticulata only, freshwater sites; and the localities in the middle are freshwater sites where both species co-occur.
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effects interaction: F2,128 = 0.0097, P = 0.9903; all
interactions with the covariate were not significant,
P > 0.05). Nonetheless, P. picta had a lower fecundity
than P. reticulata when controlling for female
size (least squared mean ± SE: 7.1565 ± 0.5064 and
9.4128 ± 0.6131 embryos, respectively; F1,126 = 7.3972,
P = 0.0075). Again, there was a drainage effect and,
although the interaction was not significant, the dif-
ference between species was less evident in the
Guayamare drainage (drainage effect: F2,126 = 3.8991,
P = 0.0228; main effects interaction: F2,126 = 2.8510,
P = 0.0615; all interactions with the covariate
were not significant, P > 0.05). Differences between

P. picta and P. reticulata in the size of mature males
varied among rivers. Although P. picta males were
always larger, the difference was more pronounced
in the Guayamare drainage than in the other two
drainages (species effect: F2,239 = 361.7872, P < 0.0001;
drainage effect: F2,239 = 27.1539, P < 0.0001; interac-
tion: F2,239 = 8.5371, P < 0.0003).

DISCUSSION

Poecilia reticulata and P. picta show a contiguous
distribution pattern in the rivers of Trinidad, with a
zone of overlap in the lowland, freshwater sections.
Both species occupy a wide range of pH and dissolved
oxygen, as previously reported for P. reticulata
(Magurran & Phillip, 2001). However, different
factors appear to limit the distribution of these two
species. On the one hand, P. reticulata is primarily
limited to the freshwater sections of the rivers, and
the probability of it being present rapidly declines as
salinity departs from 0 ppt (Fig. 3). The only excep-
tion to this pattern was observed in the Caparo River,
where P. reticulata was found in brackish water. This
site was unique because a bridge formed an artificial
barrier that resulted in an immediate transition from
fresh (0 ppt) to brackish water (7.7 ppt). Although
P. reticulata was found below the barrier bridge, the
species dropped out within the first 50 m of brackish
water. On the other hand, the distribution of P. picta
is limited to the lowlands of Trinidad, and is rarely
found over 10 m a.s.l. but occupies both brackish and
freshwater.

The statistical niche models based on salinity and
elevation performed relatively well in predicting the
presence or absence of P. reticulata and P. picta,
respectively. Most erroneous predictions were false
positives (i.e. the species was predicted to be
present at localities where it was not observed),
which is a common error of statistical niche models
in cases where the realized niche of a species is
smaller than its fundamental niche as a result of
biotic interactions or dispersal limitations (Pulliam,
2000; Soberón, 2007). For example, the false posi-
tives observed for P. reticulata were mainly associ-
ated with sites in the north-eastern part of
Trinidad, where the species is uncommon (Magurran
& Phillip, 2001). Some of these sites might be suit-
able for guppies, as exemplified by the successful
introduction of this species in rivers where it was
previously absent (Gordon et al., 2009). This sug-
gests that the realized niche of P. reticulata in Trini-
dad is smaller than its fundamental niche, probably
as a result of dispersal limitation.

Water salinity is expected to play a fundamental
role shaping species distribution because maintain-
ing water balance is a major physiological challenge
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for aquatic species (Nordlie et al., 1991; Bœuf &
Payan, 2001). Indeed, empirical studies often find
that community composition changes significantly
along salinity gradients (Martin, 1988; Gelwick et al.,
2001; Jaureguizar et al., 2004; Fuller, McGhee &
Schrader, 2007). However, these predictions do not
necessarily extend to poeciliid fishes, which are con-
sidered to be euryhaline (Rosen & Bailey, 1963), and
several species, including P. reticulata, show toler-
ance to gradual changes in salinity (Gibson & Hirst,
1955; Zimmerer, 1983; Shikano & Fujio, 1997). Thus,
the abrupt limit to the distribution of this species at
the brackish–freshwater interface was unexpected.
Nevertheless, two lines of evidence support the
importance of salinity in creating the observed
pattern of distribution of P. reticulata. First, if the
distribution limit of this species were caused by
gradual changes in unmeasured factors such as pre-
dation or competition, we would have expected par-
allel changes in life-history traits. Instead, we
observed no variation in life-history traits between
upstream and downstream populations, suggesting
an abrupt change in environmental conditions at the
distribution limit (i.e. a physiological threshold;
Caughley et al., 1988). Alternatively, it could be that
the environment does gradually change, although
P. reticulata is unable to adapt to the local optimum
along the gradient because gene flow swamps the
ability for local adaptation (García-Ramos & Kirk-
patrick, 1997). Although we cannot rule out this
hypothesis, fish were found in better condition in
downstream populations compared to upstream
populations, and thus swamping as a result of gene
flow appears unlikely. A second line of evidence in
support of a threshold response comes from the
repeated sampling of localities at the interface
between brackish and freshwater in the Caroni and
the Guayamare Rivers (Table 1). We only found P. re-
ticulata at these localities when water was found to
be fresh (i.e. 0 ppt), which mainly coincides with the
rainy season. Thus, P. reticulata appears to track
seasonal changes in salinity and behaviourally avoid
brackish water. Behavioural avoidance is expected to
evolve if the ecological conditions found outside of the
distribution limits consistently result in reduced
fitness (Holt, 2003). For example, behavioural avoid-
ance of low-salinity water in echinoderm larvae is
adaptive because mortality rapidly increases as
salinity falls below seawater levels (Sameoto &
Metaxas, 2008). Similarly, behavioural avoidance of
brackish water could explain the abrupt distribution
limit of P. reticulata, providing a proximate explana-
tion to the observed distribution pattern of this
species.

By contrast to P. reticulata, we found several lines
of evidence suggesting that salinity plays only a

minor role on driving the distribution of P. picta
(Fig. 1, Table 2). First, P. picta occupies a wide range
of salinities, given that it is commonly found at brack-
ish and freshwater localities. Second, we found no
signs of physiological stress in life-history traits or
condition index when comparing populations from
brackish and freshwater localities (Table 4). Finally,
the repeated sampling of localities at the brackish–
freshwater interface in the Caroni and the
Guayamare Rivers also suggests that salinity alone
does not explain the distribution of P. picta, as we
always found this species at those localities independ-
ently of the salinity level (Table 1). Nonetheless,
P. picta was limited to elevations below 10 m a.s.l.

We do not think that elevation per se directly
causes P. picta distribution limit; rather, we view this
as an indirect metric that captures the joint effects of
several unmeasured factors that correlate with eleva-
tion. First, locations below 10 m a.s.l. are potentially
more influenced by tidal changes, and brackish and
freshwater are more likely to mix with each other
seasonally, thus providing a dynamic environment
P. picta can tolerate. Second, factors such as produc-
tivity and competition are known to change along the
elevation gradient (Magurran, 2005). For example,
interspecific competition is one likely mechanism lim-
iting the upstream distribution of P. picta because
offspring size increases from P. reticulata-absent
localities to P. reticulata-present localities (Price &
Kirkpatrick, 2009). Larger offspring size has previ-
ously been associated with increased competition
(Bashey, 2008; Jørgensen et al., 2011). Competition
intensity between P. reticulata and P. picta could be
intensified in upstream localities as a result of the
reduced primary productivity caused by increased
canopy cover observed in Trinidad streams (Reznick,
Butler & Rodd, 2001; Zandonà et al., 2011). Lastly,
predation is likely to change along the elevational
gradient in a manner that could shape the distribu-
tional limits of P. picta. Increased mortality as a
result of predation is expected to select for faster life
histories (Charlesworth, 1994). Reznick et al.(1992)
described P. picta as a poeciliid that is adapted to
extremely high levels of predation based on their fast
life histories. Indeed, P. picta has faster life histories
than upstream populations of P. reticulata popula-
tions (Reznick et al., 1992; Torres-Dowdall et al.,
2012; present study). However, we did not find
P. picta to have a faster life history than sympatric,
downstream populations of P. reticulata. Indeed,
P. picta females produced fewer, larger offspring than
P. reticulata females, and P. picta males matured at a
larger size than P. reticulata males at sites where
they co-occur. Thus, it appears that the ability of
P. picta to cope with very high levels of predation risk
occurs through the use of a completely different strat-
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egy than that used by P. reticulata (Chase, 1999;
Abrams, 2000). For example, although P. reticulata
has adapted to increased predator induced mortality
by increasing reproductive output, P. picta may
persist through an increased ability to escape preda-
tors. Preliminary results from laboratory experiments
suggest that P. picta might have a higher probability
of escaping pike cichlid (Crenicichla frenata) strikes
than P. reticulata (J. Torres-Dowdall, personal obser-
vations). Therefore, P. picta might exhibit behaviours
that result in lower mortality rates than P. reticulata
for a given level of predation risk (Lima & Dill, 1990).

In summary, we describe a pattern of contiguous
distribution along a salinity gradient in the rivers of
Trinidad for two closely-related and morphologically
similar species of poeciliid fish, P. picta and P. reticu-
lata. Poecilia picta occupies the estuarine end of the
gradient, spanning a wide range of salinities (Fig. 3).
However, it is also found in the lowland, freshwater
sections of rivers, where it co-occurs with P. reticu-
lata. On the other end of the gradient, the distribu-
tion of P. reticulata begins in freshwater localities and
extends further upstream than P. picta. Our results
suggest that different mechanisms might be respon-
sible for the distribution limits of the two focal
species, although further experiments are needed to
confirm these mechanisms. This type of asymmetric
pattern, where different factors are responsible for
the replacement of species along a gradient, has been
observed in other species. For example, Taniguchi &
Nakano (2000) showed that the upstream limit to the
distribution of the white-spotted charr (Salvelinus
leucimaenis) is caused by the low tolerance of this
species to low temperatures. However, in the warmer,
downstream sections of the streams, it is competi-
tively dominant over the dolly varden (Salvelinus
malma), displacing this species to the upstream,
coldest section of the streams. Similarly in birds,
reciprocal removal experiments reveal that the Vir-
ginia’s warbler (Vermivora virginiae) is limited to
nesting in a warmer and drier microclimate by the
presence of the competitively dominant orange-
crowned warbler (Vermivora celata), which occupies
less stressful, cooler and wetter habitats (Martin &
Martin, 2001). In turn, this pattern at the local scale
provides an explanation for the pattern at the
regional scale where the Virginia’s warbler is limited
to more arid areas than the orange-crowned warbler.
Similarly, our results suggest that, although salinity
limits P. reticulata, the limits to the distribution of
P. picta could be driven by interspecific competition.
Consistent with previous studies, our survey of
P. picta and P. reticulata suggests that the parapatric
distribution of these two species at regional scales is
the result of different processes affecting each species
at local scales.
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