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Environmental factors influencing adult sex ratio
in Poecilia reticulata: laboratory experiments
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The potential causes of adult sex ratio variation in guppies Poecilia reticulata were tested in laboratory experiments that evaluated the mortality rates of male and female P. reticulata exposed
to potential predators (Hart’s rivulus Rivulus hartii and freshwater prawns Macrobrachium crenulatum) and to different resource levels. Poecilia reticulata mortality increased in the presence of
R. hartii and M. crenulatum, and low resource levels had an effect on mortality only in the presence
of M. crenulatum. Rivulus hartii preyed more often on male than on female P. reticulata, and this
sex-biased predation was not simply the result of males being smaller than females. In contrast, no
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sex-biased mortality was attributable to M. crenulatum or low resource levels.
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INTRODUCTION
Sex ratios have a variety of consequences for the ecology and evolution of natural populations. One set of consequences relates to population growth and dispersal
(Waage, 1982; Lawrence, 1987; Hazlett et al., 2005). These effects stem from differences between the sexes in reproductive contributions to population growth and to
dispersal. Another set of consequences relates to mating behaviour and the opportunity for sexual selection. The most obvious effect here is that increasing numbers of
sexually active males relative to females (operational sex ratio, OSR) often increases
male–male competition and favours female choice, thus increasing sexual selection
on males and promoting the evolution of sexual dimorphism (Emlen & Oring, 1977;
Magellan & Magurran, 2007). These and other consequences point to the importance
of understanding the causes of sex ratio variation in nature.
Sex ratio variation in animals could have several causes. One of these is variation
in sex ratio at birth, whether as a result of environmental sex determination, genetically based biases or epigenetic effects (Kraak & Pen, 2002; Rutkowska & Badyaev,
2008). In many animals, however, sex ratio at birth almost invariably approximates
1:1 (Clutton-Brock & Iason, 1986; Krackow, 2002). In these cases, variation in the
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adult sex ratio (ASR) is the result of factors that cause sex-biased mortality. These
factors could include predation (Berger & Gompper, 1999; Sommer, 2000), resource
limitation (Klein, 1968), reproductive costs (Promislow, 2003; Liker & Székely,
2005) or parasitism (Zuk & McKean, 1996).
The present research was motivated by a qualitative observation in nature: when
collecting guppies Poecilia reticulata Peters 1859 for studies of evolutionary diversification, ASR seemed to be strongly biased toward females and highly variable
among sites (McKellar et al., 2009). In fact, ASR seemed to vary more among populations than did all of the other P. reticulata traits (Liley & Seghers, 1975; Reznick
& Endler, 1982; Reznick et al., 1996; Rodd & Reznick, 1997; Magurran, 2005) on
which so much research effort has been expended. Moreover, many of those other
traits could well be influenced by variation in ASR through its effects on, for example,
life history evolution and sexual selection. Given this apparently dramatic variation
and its many important consequences for ecology and evolution, it seemed important
to understand the causes of this variation. This work began with a correlative field
study of ASR variation among natural populations of P. reticulata (McKellar et al.,
2009). The current study presents the results of laboratory experiments designed to
experimentally manipulate the factors that correlated with ASR variation in the field
survey.
Adult sex ratio variation in P. reticulata appears to have considerable ecological and evolutionary consequences. For instance, differences in OSR, which will be
influenced by ASR (Emlen & Oring, 1977), alter P. reticulata mating behaviour and
the relative importance of mate choice v. sexual coercion (Evans & Magurran, 1999;
Jirotkul, 1999; Magellan & Magurran, 2007), as well as maternal investment in offspring size (Barbosa & Magurran, 2010). In addition, ASR can influence P. reticulata
dispersal patterns because males might be more likely to move away from malebiased locations (Croft et al., 2003). Finally, ASR should have particularly strong
effects on P. reticulata population growth rates: female-biased populations should
show much faster growth than male-biased populations because females can store and
use sperm from a single mating for multiple reproductive cycles. As in many other
species, the underlying causes of ASR variation in P. reticulata remain ambiguous
(Magurran, 2005). Given that P. reticulata sex ratios in newborns and juveniles are
typically 1:1 (Haskins et al., 1961; Seghers, 1973; Brown, 1982; Pettersson et al.,
2004; for an apparent exception see Geodakyan et al., 1967), ASR variation is most
probably caused by sex-biased mortality of adults.
Two main hypotheses have been advanced for sex-biased mortality in P. reticulata,
both motivated by the observation that ASRs tend to be female-biased mainly in
‘low-predation’ sites. These sites are typically found in the upper reaches of streams
and contain few P. reticulata predators that collectively have a weak influence on
P. reticulata demographics, whereas ‘high-predation’ sites are found further downstream and contain a variety of predatory fishes that collectively have a stronger
effect on P. reticulata demographics (Reznick et al., 1996; Rodd & Reznick, 1997;
Magurran, 2005). The first hypothesis is that the predators at these low-predation
sites, such as the killifish Hart’s rivulus Rivulus hartii (Boulenger 1890) and freshwater prawns of the genus Macrobrachium, are better able to capture and kill male
than female P. reticulata, perhaps because males are often smaller than females
(Seghers, 1973; Liley & Seghers, 1975; Magurran, 2005), and R. hartii, at least, is
a gape-limited predator (Seghers, 1973). In support of a role for R. hartii predation,
© 2011 The Authors
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previous laboratory studies have found that males (Haskins et al., 1961; Seghers,
1973), and smaller fish (Liley & Seghers, 1975; Mattingly & Butler, 1994), are more
vulnerable to R. hartii predation, and field surveys found increasingly female-biased
ASRs at sites with higher R. hartii density (McKellar et al., 2009). In support of
a possible role for Macrobrachium spp. predation, field surveys found increasingly
female-biased ASRs at sites with higher Macrobrachium spp. density (McKellar
et al., 2009). It should be noted, however, that field-based associations between
R. hartii or Macrobrachium spp. density and P. reticulata ASR could result from
interspecific competition for resources rather than from predation.
Low-predation P. reticulata populations are often associated with lower resource
availability (Reznick et al., 2001). Thus, a second major hypothesis for sex-biased
mortality in P. reticulata is resource limitation. Males are generally more active and
spend less time foraging than do females (Dussault & Kramer, 1981), and males
might therefore have a greater risk of mortality under resource-limited conditions
(Schultz, 1977). Indeed, field surveys found increasingly female-biased ASRs at
sites with more closed canopies (McKellar et al., 2009), conditions known to reduce
incident light and therefore decrease primary productivity and the availability of
P. reticulata food (Grether et al., 2001). Field surveys also found that the potential
effect of closed canopies was greatest at sites with higher Macrobrachium spp.
density (McKellar et al., 2009). This result suggests a possible interaction between
canopy cover and Macrobrachium spp., such that (1) male P. reticulata become
more vulnerable to predation under resource limitation, or (2) Macrobrachium spp.
act mainly as competitors rather than as predators and thereby exacerbate the negative
effects of resource limitation (McKellar et al., 2009).
Laboratory experiments present an opportunity to better inform the above hypotheses. The goals of this study were to (1) examine the roles of R. hartii and Macrobrachium crenulatum as P. reticulata predators, (2) confirm R. hartii as a sex-biased
predator and partition the effects of P. reticulata sexual size dimorphism v. other sex
differences with respect to R. hartii predation and (3) examine the possible importance of M. crenulatum predation and resource limitation in relation to sex-biased
mortality.

MATERIALS AND METHODS
L A B O R AT O RY C O N D I T I O N S A N D E X P E R I M E N TA L F I S H
Two types of P. reticulata were used in these experiments (‘wild-origin’ and ‘laboratoryorigin’), with most experiments using equal replication of the two types. The use of these
two types of fish can be seen as complementary. First, the use of offspring from wild-origin
P. reticulata minimized the potential effects of adaptation to laboratory conditions, whereas
the use of offspring from laboratory-origin P. reticulata minimized potential carryover effects
from the wild. Second, the use of two types increased the ability to consider whether the results
might be general. The two types of P. reticulata were always kept separate and no individuals
were re-used in any of the experiments or treatments.
Wild-origin P. reticulata were the first-generation offspring of fish collected from the
Marianne River on the north slope of Trinidad’s Northern Range Mountains. The specific site,
designated M10 in previous work (10◦ 46 21·8 N; 61◦ 17 32·6 W; Crispo et al., 2006;
Millar et al., 2006; McKellar et al., 2009; Weese et al., 2010), is considered low predation
because it contained only ‘weak’ P. reticulata predators (R. hartii and Macrobrachium spp.)
© 2011 The Authors
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as opposed to ‘strong’ predators found in high-predation sites [e.g. Crenicichla spp., Hoplias
malabaricus (Bloch 1794), Eleotris pisonis (Gmelin 1789) and Dormitator maculatus (Bloch
1792)]. This particular population was chosen because (1) it showed consistent and strongly
female-biased ASRs (mean proportion males ± 95% c.i. = 0·24 ± 0·17 in 2006 and 0·27 ±
0·07 in 2007; McKellar et al., 2009), (2) it contained both R. hartii and freshwater prawns of
the genus Macrobrachium (Millar et al., 2006; McKellar et al., 2009) and (3) it had a closed
canopy (mean canopy openness ± 95% c.i. = 11·7 ± 3·0%) and low resource levels (mean
chlorophyll a concentration on rocks ± 95% c.i. = 7·4 ± 3·7 mg chl m−2 ; A. McKellar,
unpubl. data). In March (dry season) and November (wet season) of 2007, 30–40 mature
females and 20–30 mature males were collected from this site. These fish were transported
to a laboratory at McGill University, Canada, where six to eight females and five to seven
males were kept per 40·9 cm × 20·6 cm × 25·7 cm aquarium equipped with corner filters.
Females were inspected daily and those about to give birth were separated into individual
30·8 cm × 13·7 cm × 21 cm aquaria. Newborn offspring were removed from their mother’s
aquarium (P. reticulata do not provide parental care) and placed in 40·9 cm × 20·6 cm ×
25·7 cm aquaria, with 10–15 individuals per aquarium.
The laboratory-origin P. reticulata were a mixture of fish descended from a variety of
Trinidadian populations collected over the past 5 years. This mixed population was supplemented at various times by some domesticated pet-store ‘feeder’ P. reticulata. The laboratoryorigin P. reticulata were maintained at self-regulating densities in 91·8 cm × 32·1 cm ×
38·7 cm aquaria with corner filters, gravel and plastic plants. Mature females were allowed
to give birth in the aquaria (i.e. they were not isolated), and the young also grew up in the
same aquaria.
All adult P. reticulata of both types were fed crushed flake-food daily, whereas juveniles
were fed live Artemia sp. nauplii twice daily. As soon as individuals could be putatively
assigned to a sex by the presence of a gonopodium in males and a ‘gravid spot’ in females,
they were used in the experiments described below. Subsequent tracking of fish showed
that these putative sex assignments were never incorrect. Using fish at this early stage of
maturation helped to reduce the size differences between males and females that increasingly
accrue with age (Reznick & Miles, 1989). All fish rearing and experiments were conducted
under natural light (45◦ N) in a greenhouse. This lighting was preferable to abrupt on:off
transitions between light and dark because crepuscular activities are probably very important
to both P. reticulata and predators (Magurran, 2005). The tops of tanks were covered with
black cloth, and although tanks were examined daily, no algae could be seen on the tank
walls.
Potential predators used in the experiments were R. hartii and M. crenulatum collected
from several streams containing P. reticulata in the Marianne and Paria watersheds of Trinidad
and transported back to a laboratory at McGill University. Rivulus hartii were kept in
61·4 cm × 31·9 cm × 41·3 cm aquaria with approximately five individuals per aquarium.
Macrobrachium crenulatum were kept in 91·8 cm × 32·1 cm × 38·7 cm aquaria with approximately three individuals per aquarium. All R. hartii and M. crenulatum aquaria were equipped
with corner filters, gravel and several pieces of clay pots for use as refuges. Rivulus hartii
were fed once per day, alternating between flake-food and frozen blood worms. Their diet
was also occasionally supplemented with male or female ‘feeder’ P. reticulata of various
sizes. Macrobrachium crenulatum were fed three times per week with shrimp pellets and
always had ‘feeder’ P. reticulata available in their aquaria. All potential predators thus had
experience preying on P. reticulata in laboratory aquaria prior to their use in the experiments.
Only ‘large’ R. hartii and M. crenulatum individuals were used in the experiments (<50 mm
total length, LT ; McKellar et al., 2009), so as to increase the chances of predation.
Direct behavioural observations of R. hartii or M. crenulatum were not performed during the experiments. Nevertheless, several lines of evidence suggest that they caused most,
if not all, P. reticulata mortality in the experiments. First, mortality was much lower in
no-predator control treatments than in predator treatments. Second, R. hartii have repeatedly been observed preying on P. reticulata in the laboratory and in the field (Haskins
et al., 1961; Seghers, 1973, 1978; Liley & Seghers, 1975; Mattingly & Butler, 1994). Third,
M. crenulatum have been observed catching P. reticulata in the wild and in the laboratory
(E. Crispo, A. Hendry, A. McKellar, N. Millar & M. Piette, pers. obs.).
© 2011 The Authors
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Two types of predation and resource experiments were performed: R. hartii experiments
and M. crenulatum experiments (Appendix). All experiments began with 10 male and 10
female P. reticulata in a 50·4 cm × 26·8 cm × 30·6 cm aquarium. Rivulus hartii experiments
included either a single R. hartii (predator treatment) or no predator (control treatment),
gravel, a piece of clay pot, a corner filter and water to a depth of 21 cm. Macrobrachium
crenulatum experiments included either two M. crenulatum (predator treatment) or none (control treatment), two pieces of clay pot, a piece of plastic plant and water to a depth of 11 cm.
The water was shallower in the M. crenulatum experiments so as to increase potential capture
rates by this benthic-oriented species. Although 11 cm is not the typical depth in natural stream
populations of P. reticulata, this shallower depth was used in the M. crenulatum experiments
so as to increase potential capture rates by this benthic-oriented species. In addition, both
P. reticulata and Macrobrachium spp. are sometimes found at similar depths (Croft et al.,
2004; Millar et al., 2006), and they have been used in some previous experiments (Gilliam
et al., 1993; Chapman et al., 2010).
Each experiment consisted of two additional treatments: high resources and low resources.
Poecilia reticulata in high-resource treatments were fed live Artemia sp. nauplii ad libitum. Poecilia reticulata in low-resource treatments were starved for 7 days preceding and
throughout the treatment. This particular method for imposing resource limitation was chosen
because pilot studies revealed that P. reticulata under these conditions gradually decreased
in relative mass (mass change over 14 days ± 95% c.i. = 18·9 ± 27·2%). This decrease suggests nutritional stress that might mimic the effects of resource limitation, although resource
limitation in nature will probably work differently. Artemia sp. nauplii were chosen as food
for P. reticulata in the treatments because there is no evidence that M. crenulatum or adult
R. hartii will eat Artemia sp. nauplii in the laboratory (Fraser et al., 1999; A. McKellar, pers.
obs.), although juvenile R. hartii certainly do (Walsh & Reznick, 2008). The hope was that
potential predators would thereby have similar food levels in both low- and high-resource
treatments.
One complete experiment involved 10 male and 10 female P. reticulata that were either
wild-origin or laboratory-origin in each combination of resource treatments (high or low)
crossed with predator treatments (present or absent) (Appendix). The two resource treatments were run one after the other (with different P. reticulata) so as to use the same
individual predator (R. hartii ) or predator pairs (M. crenulatum) in both resource treatments
for a given experiment. Replication was achieved by running multiple predator experiments of each type (R. hartii or M. crenulatum) with new sets of P. reticulata, with the
order of the resource treatments reversed between the different experiments. For example,
R. hartii individual one might be used in a low-resource treatment with 10 male and 10
female P. reticulata and subsequently in a high-resource treatment with 10 new males and
10 new females. Rivulus hartii individual two would then be used in a new experiment
with new P. reticulata in the same treatments but with the low- and high-resource treatments
in the opposite order. A total of six R. hartii experiments (four predator treatments and two
no-predator controls) and five M. crenulatum experiments (four predator treatments and one
no-predator control) were completed (Appendix). Given the large number of P. reticulata
needed for the experiments, the number of predator treatments in relation to control treatments was maximized. Nonetheless, it is believed that the number of control treatments
was sufficient for the purposes of this study because (1) no P. reticulata mortality was
observed in R. hartii control treatments, and (2) despite P. reticulata mortality in the
M. crenulatum control experiment, mortality was still greater when M. crenulatum were
present.
Prior to the start of each experiment, P. reticulata were anaesthetized with MS-222 and
their standard lengths (LS ) recorded with a ruler. Each group of 10 males and 10 females
was placed in an experimental aquarium and allowed 24 h to acclimate. Potential predators
were then added to the predator treatments. The number of male and female P. reticulata
remaining in the aquarium was counted every 24 h. Experiments ended when either (1) all
P. reticulata in the aquarium were gone, (2) 30 days passed or (3) the predators went for
7 days without consuming any P. reticulata.
© 2011 The Authors
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The above experiments showed that R. hartii preyed more often on male than female
P. reticulata, and it was of interest whether this result was simply due to males being smaller,
or whether other differences between the sexes could also be important. Although sexual size
dimorphism was reduced in the above experiments by using newly matured individuals,
females were still larger on average than were males (e.g. R. hartii experiments: LS ± 95%
c.i. = 16·0 ± 0·3 mm for males and 17·2 ± 0·4 mm for females; t-test, t = 4·55, n = 160,
P < 0·001). Therefore, additional R. hartii experiments were performed to disentangle the
effects of P. reticulata size from other effects of sex. This was done by individually marking
the fish and then including LS as a covariate in the statistical analyses. Similar results were
found when substituting mass or body depth for LS , and so these other analyses are not
shown.
Prior to the start of each size-biased predation experiment, P. reticulata were anaesthetized
with MS-222. Each individual was then tagged with a unique combination of visible implant
elastomers (Northwest Marine Technology; http://nmt.US/), a method proven effective in
previous work (Reznick et al., 1996; Croft et al., 2003; van Oosterhout et al., 2007; Weese
et al., 2010). The same colour was used on all individuals in a given experiment (to avoid the
possibility of colour-biased predation), but the location of tag placement was varied, with two
tags per fish. Tag locations were on the left or right side of the fish in (1) the tail muscle below
or above the lateral line and (2) two places next to the dorsal fin. Equivalent tag locations
were used on males and females in a given experiment (as sex could easily be identified),
and fish were chosen randomly with respect to size for tag placement. Standard length was
then recorded with a ruler. Each experiment consisted of 10 males and 10 females, all of
which were reared under high resource levels. A total of four experiments were completed,
two with wild-origin and two with laboratory-origin P. reticulata, each with a unique R. hartii
(Appendix). In addition, a control experiment was performed (n = 20 males, n = 20 females)
to test for the effects of tagging on P. reticulata survival. Only one fish died over a 30 day
period in this control experiment, and so tagging-induced mortality should not influence the
results. All other conditions and procedures were the same as in the above predation–resource
experiments. All methods used in this study comply with current laws of the country in which
they were performed and with an animal use protocol (#4570) from McGill University.
Exposing live animals to their natural predators was necessary in order to determine the
environmental conditions that may be responsible for biased sex ratios in natural populations.
Survival analysis typically requires considerable sample sizes, but an effort was made to keep
the number of fish used as live prey to the minimum necessary to obtain these unique results.
D ATA A N A LY S I S
All statistical analyses were performed in R v. 2.11.1 (R Foundation for Statistical Computing 2010; www.r-project.org). Survival analysis was used to model the time to death
of P. reticulata in each experiment. Survival analysis has the advantage of including ‘censored’ information on individuals that are still alive at the end of the experiment (Lee &
Wang, 2003). The Cox proportional hazards method was used to model the probability of
P. reticulata death in a particular time interval, given survival up to that time interval (‘hazard
function’), as a function of various predictor variables (Lee & Wang, 2003). The Cox method
is semi-parametric and does not require the choice of a specific probability distribution to
represent survival times (Cox, 1972). Regardless, similar conclusions were obtained when
using parametric model distributions (Weibull, exponential and lognormal).
The effects of various predictor variables on survival were analysed separately for each type
of experiment: R. hartii predation–resource, M. crenulatum predation–resource, and R. hartii
size-biased predation. This approach was used to infer causes of mortality in the presence of
each type of predator, rather than to directly compare the effects of different types of potential
predators. For the predation–resource experiments, predictor variables were P. reticulata sex,
resource level, presence or absence of predator (for M. crenulatum experiments only), and
all two-way interactions. The sex-by-resource level interaction term was of particular interest because field surveys suggested that the combination of Macrobrachium spp. and high
canopy cover (reflecting low resource levels) was particularly predictive of male-biased sex
© 2011 The Authors
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ratios (McKellar et al., 2009). For the size-biased predation experiments, predictor variables
included P. reticulata sex and LS and their interaction. Minimum adequate models were then
identified by stepwise deletion of non-significant terms.
In addition, each of the three survival models (R. hartii predation–resource, M. crenulatum
predation–resource, and R. hartii size-biased predation) included a shared frailty term corresponding to the experiment number. Shared frailty in survival models is essentially analogous
to random effects in linear regression and thus accounted for correlations between groups
of observations (Petersen, 1998). As each individual experiment within the three experiment
types involved a unique individual predator (or predator pair) and either laboratory or wild
P. reticulata, the inclusion of this frailty term took into account potential differences owing
to these factors (Smith & Blumstein, 2010). Thus, different experiments within each model
were allowed to have different baseline mortality rates. Frailty was modelled with a gamma
distribution, but similar conclusions were obtained using a Gaussian distribution.

RESULTS
All P. reticulata in the no-predator control groups in the R. hartii predation–
resource experiments survived the entire 30 day period. This result indicates that
mortality experienced when R. hartii were present was probably due to the predators
themselves. It also indicates that different resource levels alone, at least as imposed
and tested in this study, had no effect on the mortality of P. reticulata in these experiments. Thus, control experiments were not included in survival models for R. hartii
predation–resource experiments (i.e. no ‘presence or absence of predator’ term). Survival rates for each R. hartii predation–resource experiment where predators were
present are shown in Fig. 1(a). Only P. reticulata sex remained in the final model
(Table I), with males having significantly lower survival than females [Fig. 1(b)].
From this it is inferred that R. hartii were responsible for P. reticulata mortality and
that males were more vulnerable to R. hartii predation than were females.
Survival rates for each M. crenulatum predation–resource experiment are shown
in Fig. 2(a). Both resource level and presence or absence of predator remained in the
final model (Table I), with P. reticulata on low-resource diets having significantly
lower survival than those on high-resource diets [Fig. 2(b)], and P. reticulata exposed
to M. crenulatum having significantly lower survival than control fish [Fig. 2(c)].
From this it is inferred that M. crenulatum and low resource levels contributed to
P. reticulata mortality in M. crenulatum experiments, but that P. reticulata sex had
no significant effect on their survival.
Survival rates for each R. hartii size-biased predation experiment are shown in
Fig. 3(a). Only P. reticulata sex remained in the final model (Table I), with males
again having significantly lower survival than females [Fig. 3(b)]. From this it is
inferred that, even after taking length into account, males were still more vulnerable
to R. hartii predation than were females.

DISCUSSION
Although the consequences of sex ratio variation have been studied in detail
(Emlen & Oring, 1977; Lawrence, 1987; Hazlett et al., 2005; Magellan & Magurran,
2007), the purpose of this study was to explore some of its causes. Two potential causes of sex-biased mortality, and therefore ASR variation, are predation and
© 2011 The Authors
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Fig. 1. Proportion of Poecilia reticulata surviving up to 30 days in Rivulus hartii predation–resource experiments showing (a) variation among all four experiments where predators were present (sexes and resource
) than for females (
) (experiments pooled).
levels pooled) and (b) lower survival for males (

resource limitation (Klein, 1968; Berger & Gompper, 1999; Sommer, 2000). In
P. reticulata, field surveys found that both of these factors were correlated with ASR
variation in nature (McKellar et al., 2009). In an attempt to gain some insight into
causality in these associations, controlled laboratory experiments were implemented
that exposed groups of P. reticulata to different potential predators and resource
levels. Based on the results of these experiments, the factors driving P. reticulata
mortality independent of any sex bias, the potential contribution of these factors to
sex-biased mortality, and a discussion of implications for the study of ASR variation
in nature are outlined below.
T H E D R I V E R S O F P. R E T I C U L A T A M O RTA L I T Y

Several lines of evidence suggest that R. hartii, Macrobrachium spp., and resource
levels (the last often based on canopy cover as a surrogate) all contribute to the
mortality of P. reticulata. Evidence from nature includes associations between some
or all of the above factors and P. reticulata life history (Reznick et al., 1996, 2001;
© 2011 The Authors
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Table I. Cox proportional hazard models testing for the effects of predictor variables on
Poecilia reticulata survival in three types of experiments. Each model included ‘experiment
number’ as a shared frailty term to allow for different baseline mortality rates among replicate
experiments. χ 2 and P -values of terms not retained in the final model are those just before
removal
Predictor variable
Rivulus hartii predation–resource experiments
Sex
Resource level
Sex × resource level
Macrobrachium crenulatum predation–resource
experiments
Sex
Resource level
Presence or absence of predator
Sex × resource level
Sex × presence or absence of predator
Resource level × presence or absence of predator
R. hartii size-biased predation experiments
Sex
LS
Sex × LS

Estimate ± s.e.

χ12

0·53 ± 0·16
−0·30 ± 0·17
−0·01 ± 0·33

10·2
3·32
0·02

0·001
0·069
0·885

−0·09 ± 0·18
0·10 ± 0·20
1·13 ± 0·46
−0·40 ± 0·37
−0·24 ± 0·47
0·14 ± 0·51

0·37
25·36
5·91
2·70
0·28
0·08

0·541
<0·001
0·015
0·099
0·594
0·772

0·61 ± 0·24
−0·10 ± 0·08
−0·10 ± 0·16

6·18
0·93
0·83

0·013
0·336
0·363

P

LS , standard length.

Rodd & Reznick, 1997; Grether et al., 2001), male colour (Millar et al., 2006;
Schwartz & Hendry, 2010), behaviour (Farr, 1975; Magurran & Seghers, 1990) and
ASR (McKellar et al., 2009). In addition, the stomachs of wild R. hartii and Macrobrachium spp. sometimes contain P. reticulata (Seghers, 1973; Magurran, 2005).
Evidence from laboratory studies includes experiments showing that R. hartii feed
readily on P. reticulata under a variety of conditions (Haskins et al., 1961; Seghers,
1973; Liley & Seghers, 1975; Mattingly & Butler, 1994), and this is the first study
confirming that P. reticulata mortality increases in the presence of M. crenulatum
[Table I and Fig. 2(c)]. One important caveat here is that mortality rates were reasonably high in these last experiments even when M. crenulatum were absent [Fig. 2(c)].
Given the lower water levels in M. crenulatum experiments in comparison to R. hartii
experiments, water quality and undetected disease could have contributed to this
increased P. reticulata mortality. In any case, P. reticulata exposed to M. crenulatum
still died at higher rates than those not exposed to M. crenulatum. Macrobrachium
crenulatum thus increased mortality rates over and above whatever other factor was
causing mortality in these experiments.
In addition, the present laboratory experiments showed that a manipulation of
resource levels influenced P. reticulata mortality, although only in the presence of
some predators. Specifically, P. reticulata in M. crenulatum experiments died at significantly higher rates under low resource levels than under high resource levels
[Table I and Fig. 2(b)]. This result might have at least two causes. On the one hand,
individuals in low-resource environments might be more susceptible to predation
because they are weaker, spend more time searching for food or attempt to forage in
© 2011 The Authors
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Fig. 2. Proportion of Poecilia reticulata surviving up to 30 days in Macrobrachium crenulatum predation–
resource experiments showing (a) variation among all five experiments (sexes and resource levels pooled),
) than for fish on low-resource diets (
)
(b) higher survival for fish on high-resource diets (
) than for control
(experiments pooled), and (c) lower survival for fish exposed to M. crenulatum (
) (experiments pooled).
fish (
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Fig. 3. Proportion of Poecilia reticulata surviving up to 30 days in Rivulus hartii size-biased predation experiments showing (a) variation among all four trials where predators were present (sexes pooled) and
) than for females (
) (experiments pooled).
(b) lower survival for males (

more risky locations (Lima, 1998). On the other hand, M. crenulatum might compete
with P. reticulata for the few resources (e.g. small amounts of periphyton) that could
have been present in the tanks to which food was not added.
S E X - B I A S E D M O RTA L I T Y

Previous laboratory studies have found that more male P. reticulata die than
do females when both are held in the presence of R. hartii (Haskins et al., 1961;
Seghers, 1973), and the present findings were similar [Table I and Figs 1(b) and 3(b)].
Possible causes of this sex-biased mortality include the greater visibility of colourful
males relative to drab females (Haskins et al., 1961), the smaller size of males relative to females (Seghers, 1973; Liley & Seghers, 1975; Mattingly & Butler, 1994)
and the greater vigilance of females relative to males (Magurran & Nowak, 1991).
The second hypothesis, sexual size dimorphism, has been explored in experiments
© 2011 The Authors
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that controlled for size differences, but results have been variable in that size has
sometimes, but not always, been shown to influence predation risk regardless of sex
(Seghers, 1973; Liley & Seghers, 1975). To provide a clearer test for such effects,
individually marked fish of both sexes were used in order to disentangle the effects
of size differences from other potential sex differences. These experiments revealed
that sex-biased mortality was not the result of size differences, at least among the
sizes that were tested (Table I). This result parallels the finding that, in the wild, male
P. reticulata have lower recapture probabilities at R. hartii sites than do equal-sized
females (Reznick et al., 1996).
In contrast to the above confirmation that sex-biased mortality can be caused
by R. hartii, the present laboratory experiments did not detect sex-biased mortality
associated with M. crenulatum, low resource levels or their interaction (Table I).
These results appear to conflict with field surveys that documented associations
between ASR and Macrobrachium spp. density, canopy cover and their interaction
(McKellar et al., 2009). Possible explanations for differences between the results of
laboratory experiments and field studies fall into two general categories: unrealistic
laboratory conditions or additional causal factors in nature.
Laboratory aquaria certainly do not replicate nature. For example, P. reticulata
and their predators are much more confined in laboratory aquaria than they are in
nature, whereas many more predators are present in natural pools (Millar et al., 2006;
McKellar et al., 2009). Other un-natural conditions in the laboratory include lighting,
water depths and flow rates. The potential influence of some of these variables could
be explored by using larger aquaria with more complex habitats, or by using seminatural ponds. In addition, the resource level treatments used in this study were quite
different (brief periods of food deprivation) than they would be in nature (prolonged
food shortages), which might be addressed by rearing fish for longer periods on lowand high-resource diets. The difficulty here, and the reason this approach was not
used, is that different diets over longer time periods will alter growth rates (Reznick,
1983) and thus influence adult body size.
Additional environmental factors that could confound or spuriously generate correlations between ASR and predator densities or resource levels in nature include
environment-dependent sex-specific differences in reproductive costs (Promislow,
2003; Liker & Székely, 2005), maturity schedules (Lovich & Gibbons, 1990), dispersal patterns (Reynolds et al., 1986) and parasitism (Zuk & McKean, 1996). All
of these factors are potentially important in natural P. reticulata populations because
they could generate either sex-biased mortality or apparent ASR skews. In terms
of reproductive costs, P. reticulata in different environments differ dramatically in
female reproductive effort (Reznick & Endler, 1982) and male colour (Millar et al.,
2006), and this variation can influence energetics and immunocompetence (Reznick,
1983; Grether et al., 2004; Magurran, 2005), thus potentially affecting survival rates.
Poecilia reticulata populations can also differ greatly in both male and female ageat-maturity (Reznick & Endler, 1982). Males are more likely than females to move
between pools (Croft et al., 2003), and the strength of this pattern may vary spatially based on differences in swimming performance (Nicoletto & Kodric-Brown,
1999). Finally, rates of parasite infection vary among sites, and the recapture rates of
males, but not females, decline with parasite load (van Oosterhout et al., 2007). In
short, many opportunities exist for investigating interactions between multiple causal
factors that might influence ASR variation in this species.
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The weight of evidence from a number of studies points to the importance of
R. hartii predation in generating female-biased ASRs in low-predation P. reticulata
populations. The present results amplify the strength and generality of this effect,
and additionally show that it is probably driven by differences between the sexes that
cannot be attributed to just body size. At the same time, this research identifies multiple interacting factors as potentially important to ASR variation in nature. Recent
work has suggested similar complexities in other animals. As one example, ASR
variation in red deer Cervus elaphus depends on juvenile mortality, adult mortality and migration rates, all of which are influenced by density-dependent processes
(Clutton-Brock et al., 2002). As another example, male-biased ASRs in wild bird
populations are probably the result of sex-specific dispersal, metabolic demands and
predation (Donald, 2007).
The complexity inherent in multiple causality suggests the need for a new approach
to the study of ASR variation. Of particular use will be controlled experiments
involving multiple factors, as well as interactions among them. Such experiments
can break typical covariances among factors and help to pinpoint the precise causes
of ASR variation. Furthermore, such experiments could be performed in more natural
environments, rather than just in the laboratory. Experiments in nature have not yet
been applied to studies of ASR variation, but doing so would simultaneously increase
realism and allow experimental manipulation of potential causal factors. Although
experiments of this sort would not be possible for many organisms, they certainly
would be for P. reticulata.
M. Boisjoly, J.-S. Moore and A. Schwartz helped collect fish in the field. M. Boisjoly,
O. Dutczak, C. LeBlond, C. Saliba and A. Schwartz helped in the laboratory. E. Crispo and
A. Schwartz provided useful comments on an earlier version of the manuscript. The Natural
Sciences and Engineering Council of Canada provided financial support in the form of a
Discovery grant to A. P. H and a Canada Graduate Scholarship to A. E. M.
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Predator

Number of
experimentsa

wild-origin P. reticulata; L, laboratory-origin P. reticulata.
HR, high-resource diet; LR, low-resource diet.

a W,

R. hartii size-biased
predation

Macrobrachium
crenulatum
predation–resource

Rivulus hartii
predation–resource

Experiment type

Predator
treatment

1 HR

1 HR, 1 LR

1 HR, 1 LR

1 HR, 1 LR

1 HR, 1 LR

Number of resource
treatmentsb per
experiment

4

NA

8

NA

4

Number of
unique
predators

4 experiments × 2
treatments per
experiment × 20 fish
per treatment = 160
2 experiments × 2
treatments per
experiment × 20 fish
per treatment = 80
4 experiments × 2
treatments per
experiment × 20 fish
per treatment = 160
1 experiment × 2
treatments per
experiment × 20 fish
per treatment = 40
4 experiments × 1
treatment per
experiment × 20 fish
per treatment = 80

Total number
P. reticulata

Appendix. For each type of experiment, the presence of predator, number of experiments performed, number of resource treatments per experiment,
number of unique predators and total number of Poecilia reticulata
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