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Abstract Studies of phenotypic variation in nature often
consider only a single potential selective agent. In such
cases, it remains an open question as to whether variation
attributed to that single measured agent might be influenced
by some other unmeasured agent. Previous research has
shown that phenotypic variation in the Trinidadian guppy
(Poecilia reticulata) is strongly influenced by predation
regime, and we here ask whether parasitism might represent
an additional important selective agent shaping this varia-
tion. We performed a field survey of 26 natural guppy
populations of known predation regime in northern Trini-
dad. We quantified levels of parasitism of guppies by the
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monogenean ecotoparasite, Gyrodactylus, and examined
whether this parasite was associated with guppy body size
or male colour. Spatial variation in Gyrodactylus parasitism
was consistent between years, and parasite prevalence was
generally, but not always, higher at high-predation sites
than at low-predation sites. Consistent with previous work,
predation regime was related to guppy size and some
aspects of male colour, whereas parasitism showed few and
only minor associations with the same traits. Moreover, a
consideration of parasitism did not alter any interpretations
regarding associations between guppy traits and predation
regimes. These results suggest that parasitism, at least as
quantified in the present study, does not play a major role in
shaping variation in guppy body size or colour. Neverthe-
less, considerable variation in these traits, even within a
predation regime, suggests the likely importance of other
selective agents beyond just predation regime.

Keywords Adaptive divergence - Natural selection -
Poecilia reticulata - Selective agents - Sexual selection

Introduction

Studies of adaptation are often conceptualized in terms of
unifactorial causality; that is, they focus on a single potential
selective agent. In aquatic organisms, examples of selective
agents that have figured heavily in unifactorial studies
include predation (Endler 1980; Reznick and Endler 1982;
Langerhans et al. 2004), dissolved oxygen (Mandic et al.
2009; Reardon and Chapman 2010), competition (Schluter
1994; Gray and Robinson 2002), and light intensity (Porter
et al. 1984). Although these single selective agents often
explain a considerable amount of the phenotypic variation
among natural populations, most traits in most populations
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are presumably under pressure from multiple selective
agents. The question then becomes what is the relative
importance of the different selective agents and how do they
interact to shape phenotypic variation in nature.

An explicit consideration of multifactorial causality is
important for several reasons. First, different selective
agents could be correlated with each other to the extent that
variation attributed to one (measured) agent could be
instead driven by another (unmeasured) agent (MacColl
2011). For example, shell pigmentation and patterning in
Cepaea (Held) was first attributed to the direct selective
effect of predation by thrushes (Cain and Sheppard 1950),
but it is now clear that other important ecological variables
such as local vegetation can co-vary with predation inten-
sity and influence the frequency distribution of shell phe-
notypes (Jones et al. 1977). Second, different causal agents
might have interactive effects on phenotypes, which could
obscure (if offsetting) or enhance (if complementary) the
apparent effects of either agent considered alone. For
example, Decaestecker et al. (2002) demonstrated that
habitat selection by Daphnia magna (Straus) is subject to a
trade-off between exposure to visual predators in shallow
water and exposure to parasites in deep water. These are
only a few examples highlighting the value of considering
multifactorial causality when interpreting patterns of phe-
notypic variation in nature (MacColl 2011).

Here, we focus in more detail on multifactorial causality
of phenotypic variation that might be related to predation
and parasitism. Many studies have examined the potential
influence of predation (e.g. Kerfoot and Sih 1987) and
others are increasingly considering the role of parasites
(Lozano 1994; Houde 1997; Lopez 1998; van Oosterhout
et al. 2007; Vergara et al. 2011). Relatively few studies,
however, have considered both—and such a consideration
might be very important for two reasons. First, levels of
predation and parasitism might be positively or negatively
correlated, or might show more idiosyncratic patterns
(Decaestecker et al. 2002; Dick et al. 2010; Johnson et al.
2010; Otti et al. 2012). For example, both selective agents
can increase mortality rates, and so might jointly enhance
the evolution of “fast” life histories (Roff 1992). Second,
predators and parasites might select on the same traits in
similar or different ways. As an example, predators might
select for traits (e.g. habitat choice, development rate, or
shoaling) that actually increase exposure to parasites
(Hatcher et al. 2006; Raffel et al. 2010). All these obser-
vations suggest the value of exploring multifactorial cau-
sality in the context of predation and parasitism.

Our study system

Trinidadian guppy (Poecilia reticulata, Peters) populations
are typically categorized into those experiencing high
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predation (HP, strongly piscivorous fishes present) versus
those experiencing low predation (LP, only weakly
piscivorous fishes present). From a unifactorial perspective,
this predation contrast explains a substantial portion of the
variation in guppy morphology, behaviour, life history, and
colour (Endler 1980, 1995; Reznick and Endler 1982;
Strauss 1990; Houde 1997; Magurran 2005). For instance,
LP guppies are usually larger and more brightly coloured
than HP guppies (Endler 1980; Houde 1997; Magurran
2005). At the same time, however, guppy populations
within a specific predation regime can often differ dra-
matically in these same traits (Endler 1978; Reznick et al.
1996; Weese et al. 2010; Millar and Hendry 2012), sug-
gesting that other selective agents are also at play (Endler
1995). Indeed, recent work has suggested that guppy phe-
notypic variation is also shaped by variation in resource
levels (Kodric-Brown 1989; Grether et al. 2001; Reznick
et al. 2001; Millar et al. 2006; Schwartz and Hendry 2010),
sexual selection (Endler and Houde 1995; Houde 1997,
Rodd et al. 2002; Schwartz and Hendry 2007), and para-
sitism (Houde and Torio 1992; Martin and Johnsen 2007).

Among these potential selective agents, parasitism rep-
resents a particularly interesting agent, and we here focus
on the monogenean ectoparasite, Gyrodactylus. These
ubiquitous parasitic worms of teleost fishes have a direct
life cycle and are transferred horizontally through fish
contact (Harris and Lyles 1992; Bakke et al. 2007). They
are particularly appropriate for our study for several rea-
sons. First, natural guppy populations vary considerably in
their levels of infection by two species of Gyrodactylus
(Harris and Lyles 1992; Martin and Johnsen 2007; van
Oosterhout et al. 2007; Fraser and Neff 2010): Gyro-
dactylus turnbulli (Harris) or Gyrodactylus bullatarudis
(Turnbull). Second, Gyrodactylus infections influence
survival, growth rate, and reproductive success in the lab-
oratory, experimental stream channels, and wild guppies
(Scott and Anderson 1984; Cable and van Oosterhout
2007b; van Oosterhout et al. 2007; Pérez-Jvostov et al.
2012), suggesting the potential for these parasites to
impose selection. Third, laboratory studies have shown that
infection by Gyrodactylus can influence a number of guppy
traits that also differ between HP and LP populations,
including foraging (Kolluru et al. 2009), shoaling (Johnson
et al. 2011), male courtship behaviour (Kennedy et al.
1987; Lopez 1998), body size (Cable and Van Oosterhout
2007a), and carotenoid colouration (Houde and Torio
1992; Houde 1997), and individual-based modelling has
shown a possible effect on body size (van Oosterhout et al.
2008).

The question we seek to answer is whether or not par-
asitism by Gyrodactylus leaves a signature on guppy phe-
notypes in natural populations. Our motivation for asking
this specific question is that such effects are seemingly
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strong for predation (Endler 1980; Reznick and Endler
1982; Magurran 2005) and resource levels (Kodric-Brown
1989; Grether et al. 2001; Reznick et al. 2001; Millar et al.
2006; Schwartz and Hendry 2010). These strong correla-
tions in nature argue that the effects of those selective
agents are so large as to emerge above all the noise of other
potential agents shaping phenotypic variation in nature.
Should parasitism be elevated to a similar level of impor-
tance? If so, we would expect field surveys to show strong
associations between parasitism and guppy traits within
and among natural guppy populations. Several relevant
surveys have been previously conducted. For example,
Fraser and Neff (2010) showed that, in natural populations,
specific guppy genotypes were more likely to have higher
Gyrodactylus infections. A mark-recapture study in one
river system found parasitised males were more likely to be
removed from a population (van Oosterhout et al. 2007),
and Martin and Johnsen (2007) failed to find any associa-
tion between parasite levels and orange colouration in male
guppies. We expand on previous work by conducting a
larger field survey with improved methods that also
examines a larger suite of phenotypic traits.

We first assess variation in parasitism among natural
guppy populations, asking whether it is consistent between
years and whether it differs between predation regimes (HP
vs. LP). We then test for associations between various
indices of parasitism and a number of guppy traits at both
the individual and population levels. Any such associations
could be singly or jointly due to the effect of genetic
adaptation and plasticity, given that most guppy traits are
influenced by both (Kodric-Brown 1989; Houde 1992;
Hughes et al. 2005; Ghalambor et al. 2007; Tripathi et al.
2009). Finally, we ask whether any interpretations
regarding the effects of predation on guppy phenotypes are
modified by a simultaneous consideration of parasitism.

Materials and methods
Field sampling and parasite assessment

In February 2009 and 2010, during the dry season, we
sampled approximately 30 adult male and 30 adult female
guppies from each of 26 sites across 10 rivers in northern
Trinidad (Online Resources 1-2), most sites used in our
previous work on guppy traits (Millar et al. 2006; Millar
and Hendry 2012). The guppies at these sites are consid-
ered “populations” because the sites are far enough apart
that gene flow between them is expected to be low (Crispo
et al. 2006), at least in relation to the scale of adaptation
(Endler 1995). Each site was categorised as either “high
predation” (HP) or “low predation” (LP) based on previ-
ously described predator assemblages, which we confirmed

on our repeated visits. This binary HP versus LP catego-
rization is traditional in the guppy literature, and reflects
the presence versus absence of predatory fishes known to
have major effects on guppy demographics (e.g. Reznick
et al. 1996, 2001; Rodd et al. 2002; Millar et al. 2006;
Martin and Johnsen 2007; van Oosterhout et al. 2007). At
least one HP and one LP site was sampled within each of
nine rivers (Online Resources 1-2). The tenth river (Paria)
did not have an HP population large enough to sample.

Guppies were caught using butterfly nets, briefly placed
into a bucket, immediately transferred to individual 18 oz
Whirl-pak© bags (Fisher Canada) containing river water,
and placed in an insulated cooler in the shade. This pro-
cedure quickly isolated each guppy to prevent parasites
from moving between fish after capture. The fish were then
transported to our laboratory in Trinidad and processed
individually within 5 h of sampling. Each fish was eutha-
nized in 0.02 % Tricaine Methanesulfonate (Finquel MS-
222; Argent Laboratories, Redmond, WA, USA) buffered
to a neutral pH with NaHCO;. The fish was then imme-
diately assessed for sexual maturity, and visually scanned
using a stereomicroscope to count all Gyrodactylus on the
skin and fins. The two Gyrodactylus species cannot be
distinguished under a stereomicroscope while on the skin
(Harris 1986; Cable and Van Oosterhout 2007a) and are
therefore considered together in our study as has been done
in previous studies (Cable and Van Oosterhout 2007a;
Fraser and Neff 2010; Fraser et al. 2010). The fish was then
placed on a white background and its left side was pho-
tographed with a digital SLR (Nikon D80) equipped with a
60-mm macro lens and remote shutter. For these photos,
the tail of the fish was carefully spread to its maximum
extent with a fine paint brush. A ruler and a colour standard
were included in each photograph, and illumination was
provided by two full spectrum fluorescent lights and a
Nikon Speedlight Commander Kit R1C1 flash.

We calculated several indices of parasitism in both 2009
and 2010. At the individual guppy level, parasitism was
described by the categorical binary variable infection
presence (infected or not) and by the discrete variable
parasite abundance (the total number of Gyrodactylus per
fish). As results were generally the same for the two vari-
ables, we focus primarily on the former in the presentation
and discussion of our findings. At the population level,
parasitism was described by prevalence (percentage of
infected fish) and by mean abundance (average number of
Gyrodactylus per fish, including uninfected fish).

Guppy traits
Guppy traits were quantified from the photographs of 760

male and 831 female fish sampled only in 2009, given that
the measurements are very time consuming and differences
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in guppy traits among populations are consistent between
years in the absence of major disturbances (Schwartz and
Hendry 2010; Gotanda and Hendry, unpublished data).
However, temporal stability in parasite levels on guppies
has not often been examined in the field and we also
wanted to determine if generalised characterisation of sites
with regard to infection status was possible, so we here
analyse 2 years of parasite data. All measurements were
made by a single person (L.C.D.) who was blind to a fish’s
site of origin and infection level. The measurements fell
into three basic categories: morphometrics for both males
and females, “traditional” colour metrics for males, and
colour spot properties for males.

Five morphometric measurements (Online Resource 3)
were made on all fish (body length, tail length, body depth,
body area and tail area) using the program Image J
(http://imagej.nih.gov/ij/). Traditional colour metrics of
male fish were based on the visual categorisation of indi-
vidual colour spots on the body and tail into one of eight
categories (modified from Endler 1991; Millar et al. 2006;
Kemp et al. 2008): black, fuzzy black, orange (including
red), yellow, blue (including purple), green, violet-blue, and
silver. For each male, the number of spots of a given colour
category was counted (spot number) and the area of each
individual spot was assessed in Image J. For each fish, the
areas of all spots for a given colour category were then
summed to yield the total area of that colour. These total
areas were then divided by the total fish area (body
area + tail area), yielding the “relative area” of each colour.

In addition to traditional colour metrics, further insight
into colour variation can be gained from information about
spectral properties of colour, such as hue, saturation, and
brightness (Endler 1990). The ideal approach would be to
use spectrophotometry and visual modelling, as has been
applied to guppies in a few studies (e.g. Kemp et al. 2008).
However, this procedure is very time consuming, and was
therefore incompatible with our need to obtain information
from large numbers of fish sampled in a single day. We
therefore instead quantified colour properties from photo-
graphs using an imaging program (Photoshop CS4,
v.11.0.1). This is a procedure that has yielded useful
insights and has previously been applied to guppies (Karino
and Haijima 2001; Martin and Johnsen 2007). For details
on quantification of hue, saturation and brightness, see
Online Resource 3.

Statistical analysis

Data analyses were conducted in the R environment
(v.2.13.1.2011; R Development Core Team, 2011). To
evaluate variation in parasitism, we first examined inter-
annual consistency of among-site differences by calculating
the correlation (Pearson’s r) between 2009 and 2010 for the
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population-level parasite prevalence and mean abundance.
Due to logistical constraints, the Quare LP site was not
sampled in 2010 and was thus excluded from this particular
analysis. We then tested for factors associated with varia-
tion in parasitism At the individual level, a generalised
linear mixed model (GLMM) with binomial errors was used
to test whether infection presence was related to the fixed
factors predation regime, year, sex, and their interactions, as
well as site nested within predation regime as a random
factor. A GLMM with negative binomial errors and log link
function was used to test if parasite abundance was related
to the same factors. The three-way interaction was non-
significant in the first model (infection presence), and did
not influence any of the results, and so it was removed from
this model. At the population level, general linear models
(GLMs) were used to test whether parasite prevalence or
mean abundance were related to the fixed effects of year,
predation regime, and their interaction.

We next tested for associations between parasitism and
guppy traits by means of individual-level analyses (data
points were individual guppies) and population-level anal-
yses (data points were mean values for all guppies at a given
site). Individual-level analyses were used to infer whether
trait values differed between parasitised and unparasitised
individuals within populations (responses of individuals to
being parasitised) and among populations (particularly with
regard to predation regime). Population-level analyses were
then conducted on the assumption that individual-level
effects might influence trait divergence between popula-
tions. All tests hence forth used a Type I Sequential SS, and
we conducted all analyses with predation fitted before
parasitism and with parasitism fitted before predation. For
brevity, we do not report results of the latter because
changing the order had minimal effect on the outcome.

At the individual level, MANOYV As with individual male
guppy traits as response variables were used to test for fixed
effects of predation regime, parasitism (infection presence
or parasite abundance in separate models), their interac-
tion, and site nested within predation regime. Site was here
treated as a fixed factor, which is required in MANOVA. At
the population level, MANOVAs with the population
averages of guppy traits as response variables were used to
test for effects of predation regime, parasite prevalence or
mean abundance (in separate models), and their interac-
tions. These analyses were implemented for two different
sets of response variables: the five body size measurements,
and the colour properties (HSB) of black, orange, yellow
and green spots. The third set of response variables (“tra-
ditional” colour metrics) were analysed in similar models;
they differed only in that body size (PC1 based on the five
morphometric measurements) was added as a covariate (i.e.
MANCOVA). Separate models were run for the numbers of
spots and for the relative areas of colour, and analyses based
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on the average size of individual spots are not reported here
as no new information was gained.

The above statistical models were supplemented by
additional analyses intended to aid specific inferences. First,
we wished to infer whether interpretations regarding pre-
dation were altered by the simultaneous consideration of
parasitism. We therefore performed all of the above anal-
yses again but excluded the parasitism term, and then (1)
determined whether the significance of the predation term
was altered, and (2) used a likelihood ratio test to compare
the fit of the models with and without parasitism. Second,
we wished to determine whether statistical inferences based
on MAN(C)OVAs depended on particular response vari-
ables, as opposed to their multivariate combination. We
therefore also performed selected post hoc univariate
AN(C)OVAs that considered individual response variables
in models that had the same structure as the multivariate
models. The only difference was that, unlike multivariate
analyses, univariate analyses allow the nesting of random
factors, and so “site” could now be treated as random.

Results
Patterns of parasitism

We first considered variation in parasitism within and
among guppy populations. Among-population variation in
parasitism was highly correlated between years when
assessed as parasite prevalence (Fig. 1; r = 0.846,
P < 0.0001) or mean abundance (r = 0.579, P = 0.0024).
When considering predation regime and sex effects, anal-
yses at the individual level (Table 1) revealed that infection
presence (Fig. 2) and parasite abundance was generally
higher at HP sites than at LP sites. A significant interaction
between predation regime and sex revealed infection
presence and parasite abundance was higher for females
than for males at HP sites, but higher for males than for
females at LP sites. Although not statistically significant,
parasite prevalence appeared qualitatively higher overall in
HP sites than in LP sites (Fig. 2), although exceptions were
evident for specific rivers (Aripo, Marianne and Quare;
Fig. 2). Neither predation regime nor year had a significant
effect on mean abundance (Table 1).

Effects on guppy traits

We next considered variation in guppy morphometric
traits. Individual-level and population-level multivariate
analyses revealed that LP fish were larger than HP fish, and
individual-level analysis also revealed that females were
larger than males (Table 2; Fig. 3). At the individual level,
significant effects were also found for site, infection

presence (parasitised fish were larger than unparasitised
fish) or parasite abundance (larger fish had more para-
sites), the interaction between sex and predation (the dif-
ference in size between predation regimes was greater for
females), and the three-way interaction between sex, par-
asitism, and predation (Table 2). For infection presence,
the interaction between predation and parasitism indicated
that the difference in guppy size between predation regimes
was greater for uninfected fish. For parasite abundance, the
interaction between predation and parasitism indicated that
the effect of fish size on the number of parasites was
greater in HP sites than in LP sites. Post hoc ANOVAs
showed that predation and sex were strong predictors of all
or most size metrics, whereas the significant effect of
infection presence applied only to body area and body
length and parasite abundance did not have a significant
effect on any size metric (Online Resource 4). At the
population level, neither prevalence nor mean abundance
had an effect on body size (Table 2).

With respect to “traditional” colour metrics, population-
level multivariate analyses did not reveal any significant
effects of predation nor parasitism on the number of col-
oured spots on males (Online Resource 5). At the indi-
vidual level, for brevity, we only report the results of
infection presence as the results with parasite abundance
as an independent variable were comparable. Individual-
level multivariate analyses, revealed significant effects of
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Table 1 Parasitism as the response variable in the GLMM and GLMs examined in relation to predation, year, sex, and their interactions at the

individual level (n = 2,823) and population level (n = 25) level

Variable Individual level—infection presence Individual level—parasite abundance
b4 P z P
Predation —3.400 0.0007 —-3.22 0.0013
Year 0.202 0.8402 1.68 0.0928
Sex —3.400 0.0018 —2.35 0.0190
Predation x year 0.013 0.9897 0.53 0.5958
Predation x sex 2.693 0.0071 3.79 0.0002
Year x sex 1.762 0.0781 0.49 0.6211
Year x sex x predation —1.72 0.0847
Variable Population level—prevalence Population level—mean abundance
b4 P Z P
Predation —1.368 0.171 —1.590 0.112
Year 0.063 0.950 0.920 0.357
Predation x year —0.004 0.997 —0.908 0.364
P < 0.05 are in bold type
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Fig. 2 Parasite prevalence of guppies in low (solid symbols) and high
(open symbols) predation populations indicated by river for 2009
(triangles) and 2010 (circles). Each data point represents a site- and
year-specific mean. No parasites were present in either year at 7 low-
predation sites, indicated by solid symbols along the x axis. The

predation (LP fish had more spots than did HP fish) and site
nested within predation regime (Online Resource 5). For
relative colour area, population-level multivariate analyses
did not reveal any significant effects (Online Resource 6).
Individual-level analyses, however, revealed significant
effects of predation (LP fish had more relative colour than
HP fish), parasitism (uninfected fish had more relative
colour than infected fish), the interaction between predation
and parasitism (infected fish had more relative colour than
uninfected fish in LP sites, whereas the reverse was true in
HP sites), and site nested within predation regime (Online
Resource 6). Post hoc ANCOV As did not reveal significant
effects of predation or parasitism on any of the individual
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Arima, Marianne, and Paria rivers were sampled at multiple sites, and
have more data points. The Paria river did not have a high-predation
site large enough to sample, so all data points represent low-predation
sites. Data points by year are slightly offset for clarity. Data for the
Quare LP is for 2009 only

colours at the individual or population level (Online
Resources 7-10), suggesting that no single colour was
responsible for the above multivariate differences between
predation regimes.

Multivariate analysis of hue, saturation, and brightness
(HSB) at the population-level did not reveal any significant
effects (Online Resource 11). Individual-level multivariate
analyses, however, revealed significant effects of predation
(LP sites tended to have higher HSB properties) and site
nested within predation regime (Online Resource 11), and
for the metric parasite abundance, a significant effect of
parasitism (HSB and parasite abundance had a negative
correlation). Post hoc ANOVAs did not reveal significant
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Table 2 Body morphometrics as the response variables in MANOVAs examined in relation to sex, predation regime, and parasitism at the

individual and population levels

Variable Individual level—infection presence Individual level—parasite abundance
F df P F df P
Predation 151.65 5, 1555 <0.0001 151.55 5, 1555 <0.0001
Parasitism 7.77 5, 1555 <0.0001 4.12 5, 1555 0.0010
Sex 559.54 5, 1555 <0.0001 557.44 5, 1555 <0.0001
Pred x para 11.58 5, 1555 <0.0001 11.47 5, 1555 <0.0001
Sex x pred 3.82 5, 1555 0.0019 3.87 5, 1555 0.0017
Sex x para 1.39 5, 1555 0.2246 1.55 5, 1555 0.1701
Sex x pred x para 2.28 5, 1555 0.0441 0.76 5, 1555 0.5756
Site (predation) 29.54 120, 7647.3 <0.0001 29.58 120, 7647.3 <0.0001
Variable Population level—prevalence Population level—mean abundance
Fs 13 P Fsis P

Predation 5.536 0.0029 5.474 0.0031
Parasitism 0.792 0.5692 0.747 0.5987
Pred x para 0.348 0.8769 0.4218 0.8275
P < 0.05 are in bold type
Fig. 3 Total guppy (Poecilia 120l a L b
reticulata) area (body + tail,
mm?, mean + SE) in for
unparasitised and parasitised 110 |- I r
a females and b males from low
(solid circles) or high (open NE 100 F B
circles) predation sites IS E

S oof L

©

©

S 80t § -

a N

70 - .
O}
60 C 1 1 C ¢: 1
Unparasitised Parasitised Unparasitised Parasitised
Females Males

effects of predation nor parasitism for any of the specific
HSB measurements at the individual (parasite abundance)
or population level (parasite abundance, Online Resource
12-13; Fig. 5), suggesting (as for traditional colour met-
rics) that the differences between predation regimes were
not driven by any particular colour variable.

Predation, parasitism, and guppy traits

One of our main questions was whether a consideration of
parasitism altered interpretations regarding predation. In
this regard, we found that inclusion versus exclusion of
parasitism from each of the above models did not change
the significance of parameters associated with the effects of

predation for body size (Table 2; Online Resource 14), spot
number (Online Resources 5 and 15), relative colour area
(Online Resources 6 and 16), and colour spot properties
(HSB; Online Resources 11 and 17). Furthermore, the
inclusion versus exclusion of parasitism did not signifi-
cantly alter the fit of any of the models to the data (Online
Resource 18).

Discussion
Patterns of parasitism

If a particular selective agent is to shape spatial variation in
phenotypic traits, it should differ strongly among
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populations in a manner that is reasonably consistent
through time. This is certainly the case for the predation
regime (HP or LP) experienced by guppies (Endler 1980;
Houde 1997; Reznick et al. 2001; Magurran 2005), and we
first asked whether the same was true for infection by the
monogenean ectoparasite, Gyrodactylus. We found inter-
population differences in parasite prevalence (proportion
of guppies that were infected) and abundance (average
number of parasites on the sampled fish in a population)
that were large and consistent between years. For instance,
some LP populations in the Arima, Aripo, Damier, Gua-
napo Marianne, and Turure rivers showed no evidence of
infection in either year, whereas up to half the fish in HP
populations in the Arima, Guanapo, and Yarra and in an LP
population in the Aripo were infected in both years. In
addition, these results were consistent with previous sur-
veys by other authors. For instance, Fraser and Neff (2010)
also reported the absence of Gyrodactylus in LP popula-
tions of Guanapo and Turure, Fraser et al. (2010) found no
difference between parasite prevalence nor abundance
between 2 years of sampling within populations, and Cable
and Van Oosterhout (2007b) found a Gyrodactylus preva-
lence of up to 50 % in the same LP Aripo population
sampled in the present study.

Given the appearance of annual, temporally-consistent
spatial variation in parasitism, its selective influence on
guppies should depend on covariance with other specific
agents, particularly predation regime. Here, we found that
parasite prevalence was usually higher in HP populations
as compared to LP populations (Table 1; Fig. 3), a result
consistent with the single-year survey of Martin and
Johnsen (2007), and the 2-year survey of Fraser et al.
(2010). The specific reason for this association is not yet
known, but a number of hypotheses can be advanced, and
we suggest a few. First, infected fish tend to be displaced
downstream during high water flow events such as flooding
(van Qosterhout et al. 2007), and so LP sites above
waterfalls might differentially lose infected fish to HP sites
below waterfalls. Flooding can occur during both the wet
and dry seasons due to flash floods associated with severe
thunderstorms. Second, guppies in HP populations often
shoal more than do guppies in LP populations (Magurran
1990, 2005), which might increase parasite transmission in
the former and thereby maintain higher parasite levels
(Barber et al. 2000; Rifkin et al. 2012). Third, susceptibility
to parasites might be higher in HP populations than in LP
populations, but we found no evidence of this in a recent
mesocosm study (Pérez-Jvostov et al. 2012), though the
contrary has been found in a previous study of one popu-
lation (van Oosterhout et al. 2006). Fourth, downstream
sites might also be warmer and have high conductivity
(Reznick et al. 2001), which could contribute to higher
parasitism rates (Scott and Nokes 1984; Bagge et al. 2004).
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Given that predation regime and parasite levels were
associated with each other, our ability to tease apart their
relative effects on guppy traits depended on their associa-
tion not being too strong. We found this, as some HP
populations had lower parasite prevalence and abundance
than some LP populations, even within the same river (e.g.
Aripo and Marianne). Interestingly, these exceptions to the
general rule were consistent between years in our study,
including the relatively high infection prevalence in the
Aripo LP population surveyed by van Oosterhout et al.
(2007). This consistency suggest that predation regime per
se is not the only selective agent causing variation in par-
asite levels but rather some other agents that are sometimes
associated with predation regime. What agents these might
be are not yet known. Regardless, the imperfect association
between predation and parasitism provides optimism that
their separate effects on guppy traits, if present and strong,
should be detectable in a large field survey such as ours.

Parasitism and guppy traits

Our results suggest that Gyrodactylus is not an important
selective agent shaping natural variation in guppy body
size and colour. Infected fish were larger within HP pop-
ulations, possibly because they are a larger target for par-
asites, because larger fish can better withstand parasitism,
or because larger fish are more likely to reproduce and the
stress of reproduction might lower immune-defence.
However, body size was not associated with parasitism
(prevalence or mean abundance) across populations. For
colour, infected and uninfected males differed only in
relative colour area (uninfected fish had marginally more
colour) within populations, and parasitism was not asso-
ciated with male colour variables across populations except
perhaps a small (multivariate only) effect of parasite
abundance on HSB properties. These results are generally
consistent with Martin and Johnsen (2007), who did not
find any association between Gyrodactylus parasitism and
orange colour across Trinidadian guppy populations. These
negative results might seem surprising given the many
reasons why male guppy traits might show associations
with parasitism (see “Introduction”).

We can see several possible reasons why Gyrodactylus
infection might influence guppy traits in the laboratory
without such effects being detectable in surveys of natural
populations. First, the static nature of point-in-time field
sampling does not account for an individual guppy’s
infection history or the history of recent epidemics in the
population. This is a concern because laboratory and
mesocosm studies have found that Gyrodactylus epidemics
can spread rapidly and then decline both on individual
guppies and within guppy populations (Scott and Anderson
1984; Scott 1985, 1987; Pérez-Jvostov et al. 2012). This



Oecologia

variation in parasite abundance means that the measured
level of parasitism at one time will not necessarily reflect
the levels present during the phase of parasite population
growth on an individual. Second, laboratory studies control
for variation in other selective agents that might influence
guppy traits, such as resource acquisition (Grether et al.
1999, 2001; Kolluru et al. 2009), infection by other para-
sites (Kennedy and Guégan 1994), and guppy age (Thomas
et al. 2009). Perhaps these other agents mask any effects of
parasitism that might occur in natural populations. Third,
differential mortality of infected versus uninfected guppies
(Scott and Anderson 1984; Gheorgiu et al. 2006; van Oo-
sterhout et al. 2007) might alter apparent parasitism levels
and guppy trait distributions in different ways in different
populations. Discriminating among these—and other—
hypotheses will require tracking individual guppies through
time, or performing manipulative experiments in nature.

Predation, parasitism, and guppy traits

Does information on parasitism modify interpretations
regarding predation? We can first affirm that variation in
some guppy traits is indeed associated with predation
regime: most strikingly, guppies are larger in LP sites than
in HP sites (Fig. 3). This pattern has been observed in
previous work, and is due to a combination of plastic,
demographic, and evolutionary responses to higher mor-
tality rates and lower competition in HP sites than in LP
sites (Endler 1980; Reznick and Endler 1982; Rodd and
Reznick 1997; Grether et al. 2001). In addition, some LP
guppy populations had more orange on their bodies (Fig. 4)
and their colour spots were more saturated (Fig. 5). These
results also generally fit with previous work asserting that
predation regime influences guppy colour patterns, osten-
sibly because of spatial variation in the balance between
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Fig. 4 The relative area of orange colour (area of orange colour
divided by body area) on male guppies in relation to parasitism and
predation regime. High-predation sites are represented by open circles

sexual selection for conspicuousness and predator-based
natural selection for crypsis (Endler 1980; Millar et al.
2006; Kemp et al. 2008).

Despite this general confirmation of expectations
regarding the effects of predation regime, the associations
were often weak and inconsistent. In particular, predation
regime was not a significant main effect at the population
level for most colour variables. In addition, considerable
overlap in colour variables was evident between predation
regimes, even for orange (Fig. 4). For example, some LP
guppy populations had males with less orange area and
lower colour saturation than did some HP guppy popula-
tions (Figs. 4, 5). Similar complications and nuances have
been revealed in other recent studies of the relationship
between predation regime and guppy colour patterns (Mil-
lar et al. 2006; Kemp et al. 2008; Weese et al. 2010; Millar
and Hendry 2012). Thus, while recent work suggests that
predation regime is certainly important, the causes of guppy
colour variation in nature are undoubtedly multifactorial.

The key question then becomes: does the predation
regime story benefit from a simultaneous consideration of
parasitism in the context of the role of selective agents? As
noted above, our survey found that associations between
Gyrodactylus parasitism and guppy traits were either
absent or minor, and we would not therefore expect para-
sitism to have a serious modifying influence on interpre-
tations regarding predation. Fitting this expectation, the
inclusion versus exclusion of parasitism from statistical
models had no influence on the apparent effects of preda-
tion and did not improve the fit of the models. Perhaps,
then, we need not be overly concerned with Gyrodactylus
parasites when interpreting the effects of predation regime
on guppy body size and colour. Of course, this statement
must be tempered by the above caveats regarding the
inference of parasitism effects from field surveys.
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Conclusions

Our main findings were that levels of Gyrodactylus para-
sitism (1) varied among guppy populations in a manner that
was consistent across years, (2) was often (but not always)
higher in high-predation regimes than in low-predation
regimes, (3) was only rarely or weakly associated with
guppy size or colour, and (4) did not modify interpretations
regarding the effects of predation on guppy traits. These
results seem to suggest that parasitism, at least as it was
quantified in our study, is not important in shaping guppy
phenotypic variation in nature. However, it is also possible
that the point-in-time nature of sampling was not particu-
larly effective at revealing such effects. In addition, other
environmental agents in natural populations might mask or
otherwise obscure any effects of Gyrodactylus. Also, other
guppy traits, such as life history or behaviour, might be
more strongly influenced by parasitism—and other types of
parasites might prove to be more important. Thus, while we
cannot say that parasitism is unimportant in shaping guppy
trait variation, we certainly can say that any such effects
are not detectable for the specific traits and parasites we
studied in field surveys of natural populations. If such
effects really are present, they are apparently swamped—
more so than effects of predation regime—by other agents
influencing guppy trait variation in nature. Much of the
variation in guppy traits remains to be explained both
within and among populations, suggesting that multiple
causal agents—some yet to be discovered—are important
in this system.
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