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In species in which individuals alternate between mating strategies, males may respond to elevated predation risk
by switching from conspicuous courtship displays to less risky or more profitable sneaky mating attempts. As a con-
sequence, in such species female choice is likely to be undermined more frequently in relatively dangerous localities.
We tested this prediction using the guppy, a species of fish in which individual males alternate between courtship
(solicited) and forced (unsolicited) copulations according to prevailing levels of predation. We collected females at late
stages of gestation from four high- and four low-predation populations in Trinidad and examined them for the pres-
ence of sperm in their gonoducts. Due to the patterns of sperm storage in guppies, sperm found in the gonoducts of
such late-cycle females can only arise from unsolicited copulations. We anticipated that because female guppies are
subject to greater sexual harassment in the form of forced mating attempts in high-risk localities, a higher propor-
tion of females in these populations would contain sperm in their gonoducts arising from recent unsolicited copu-
lations. Contrary to this prediction, only one of the four paired comparisons (from the Quaré River) revealed a
significant difference in the proportion of females recently inseminated through forced copulations. The paired com-
parisons for the remaining three rivers revealed no significant differences in the proportion of females with recov-
erable sperm in their gonoducts. However, overall, we found that 44.5% (4.3 SE) of females had sperm in their
gonoduct arising from sneaky mating, a figure three times higher than previously reported for this species. We dis-
cuss these findings in relation to recent predictions concerning the strength of sexual selection in natural
populations. © 2003 The Linnean Society of London, Biological Journal of the Linnean Society, 2003, 78, 605—612.

ADDITIONAL KEYWORDS: alternative mating tactics — forced copulation — guppies — sexual conflict — sexual
selection — sperm competition.

INTRODUCTION success (Lima & Dill, 1990; Magnhagen, 1991).
Numerous studies have shown that conspicuous
behaviours associated with courtship are suppressed
in the presence of predators (e.g. Sih, 1994; Candolin,
1997; Cooper, 1999). Female reproductive behaviour
may also be influenced by prevailing levels of preda-
tion and a number of studies have demonstrated that
under increased risk females become sexually unre-
sponsive (Jennions & Petrie, 1997) or reduce their
preference for showy males (Crowley et al., 1991;
Godin & Briggs, 1996; Gong & Gibson, 1996). As a con-
sequence of predator-mediated changes in male and
female reproductive behaviour, selection can often
*Corresponding author. E-mail: jonathan.evans@unipd.it favour the use of alternative male mating tactics when

Predation has been implicated as a major selective
force in the evolution of animal reproductive strate-
gies (Lima & Dill, 1990). In particular, conspicuous
activities associated with courtship (e.g. mate search-
ing, displaying and mate guarding) frequently place
males at increased risk of predation, and the strate-
gies employed by individuals at a given location often
reflect the need to balance survival with future mating
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the cost of engaging in conspicuous courtship is high
(Andersson, 1994).

In species where males alternate between distinct
mating strategies it is possible to study how individ-
uals resolve trade-offs between mating success and
the risk of mortality (Lima & Dill, 1990). One species
that has been particularly well studied in this regard
is the guppy (Poecilia reticulata Peters), a small poecil-
iid fish found in freshwater streams throughout Trin-
idad. Trinidadian guppies are of particular interest to
evolutionary biologists because much of the variation
that exists among geographically isolated populations
has been attributed predominantly to the selective
force of predation (reviewed by Endler, 1995). Impor-
tantly, predation imposes costs on the expression of
male reproductive behaviour, which in guppies is char-
acterized by two distinct mating strategies. Individual
males can achieve copulation by courting females
using conspicuous displays or attempting forced cop-
ulations in the form of ‘gonopodial thrusts’ (gono-
podium = male intromittent organ) (Baerends,
Brouwer & Waterbolk, 1955; Liley, 1966). Courtship
by male guppies is characterized by an elaborate
‘sigmoid’ display used to attract prospective mates,
while gonopodial thrusting is a cryptic strategy in
which males attempt to forcibly inseminate females
without prior display (Houde, 1997). Although individ-
uals employ both strategies interchangeably, numer-
ous studies have revealed that under -elevated
predation risk, males tend to switch from conspicuous
displays to more covert forced copulation attempts
(Endler, 1987; Magurran & Seghers, 1990; Magurran
& Nowak, 1991; Godin, 1995). The increased reliance
on forced copulations by males in high-risk situations
is mirrored by a population effect in which individuals
inhabiting rivers characterized by high levels of
predation rely more heavily on gonopodial thrusting
than their upstream (low-predation) counterparts
(Endler, 1987; Farr, 1975; Magurran & Seghers, 1990;
Magurran & Nowak, 1991).

The facultative use of alternative mating strategies
in response to predators can have important implica-
tions for sexual selection. It has been argued, for
example, that in guppies, female choice may be under-
mined more frequently in populations that are subject
to high levels of predation (Magurran & Seghers,
1994), which in turn may weaken the strength of sex-
ual selection (Endler, 1983; Magurran, 2001) and
impede the process of genetic differentiation among
divergent populations (Magurran, 1998). However, the
frequently reported observation that males rely more
heavily on gonopodial thrusting under elevated preda-
tion risk (Endler, 1987; Magurran & Seghers, 1990;
Godin, 1995; Evans et al., 2002) does not imply that
precopulatory female choice is undermined more often
in dangerous localities. Indeed, females in high-risk

environments are likely to be under strong selective
pressure to avoid the high incidence of (costly) forced
copulations that occur in these populations, for exam-
ple through behavioural or physiological adaptations
that reduce the success of the strategy.

In this paper, we report our findings from a recent
field survey in which we compared the proportion of
females containing sperm arising from recent forced
copulations among eight natural populations of guppy
in Trinidad. Four of the populations chosen for the
study were characterized by high levels of predation
and four by relatively low predation intensity. At each
of the eight collection points we also estimated the
population sex ratio since this parameter is known to
influence patterns of male mating behaviour in gup-
pies (Evans & Magurran, 1999; Jirotkul, 1999). We
determined (1) whether a greater proportion of
females inhabiting high-risk sites contained sperm in
their gonoducts resulting from forced copulations, and
(2) whether females inhabiting high-predation locali-
ties had, on average, higher numbers of sperm arising
from the strategy. Our results suggest that insemina-
tion efficiency through sneaky mating is largely inde-
pendent of predation regime, but also that the
proportion of females inseminated through forced cop-
ulations is far higher than previously estimated. We
discuss the implications of these findings for the oper-
ation of sexual selection in natural populations.

METHODS

POPULATIONS AND COLLECTION TECHNIQUES

The eight populations sampled in this study were
located in four rivers encompassing two major river
drainages (Caroni and Oropuche) in Trinidad’s North-
ern Range (see Magurran et al., 1995). The fish com-
munities inhabiting these southern flowing rivers are
typically South American in origin and include several
cichlids, characids and cyprinodontids (Magurran
et al., 1995). The eight localities from which fish were
collected for the study were characterized by clearly
defined levels of predation. Four of the populations
were subject to low levels of predation, exerted mainly
by the killifish (Rivulus hartii); in one of the low-pre-
dation populations (Quaré tributary) a species of
freshwater prawn (Macrobrachium carcinus) was also
present (Table 1). Both Rivulus and Macrobrachium
exert relatively minor predation pressure on guppies
(Seghers, 1973; Liley & Seghers, 1975; Endler, 1983;
Mattingley & Butler, 1994). The four high-predation
localities were inhabited by several cichlid (e.g.
Crenicichla alta and Aequidens pulcher), characid
(Astyanax bimaculatus, Hemibrycon taeniurus and
erythrinid Hoplias malabaricus) species (see Table 1
for predator assemblage information and river char-
acteristics at the collection sites).
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Table 1. Biological and physical characteristics of river sites

Mean no.
sperm
River National grid Sex extracted Predation
Population drainage reference ratio* N (&SE) River type intensity Predator assemblage
Lower Aripo Caroni PS 938 786 0.71 50 52568 OR High C, A, Ho, As, H'3, ST
(25 988)
Upper Aripo Caroni PS 931 817 0.59 50 36827 OR Low R'?
(15 920)
Middle Tacarigua Caroni PS 787 804 0.38 50 37000 OR High C, A, Ho, As, H!
(15 883)
Tunapuna (Tac trib) Caroni PS 759 797 0.63 50 15944 P Low R
(4984)
Quaré River Oropuche PS 971 805 0.61 50 31450 OR High C, A As, Ci?®®
(14 080)
Quaré tributary Oropuche PS 970 806 0.71 50 8455 P/R Low RS Mt
(4 686)
Lower Turure Oropuche QS 002 784 0.65 50 46 000 OR High C, A, Ho, As, S, Ci*
(12 976)
Upper Turure Oropuche QS 003 809 0.59 26 24 429 P Low Rt
(5 835)

*Proportion of females among mature adults at each site (see text for details).

TSpecies present at site but not indicated in literature.

OR = open river; P = pool; R = riffle; C = Crenicichla alta; A = Aequidens pulcher; Ho = Hoplias malabaricus; As = Astyanax
bimaculatus; H = Hemibrycon taeniurus; S = Synbranchus marmoratus; R = Rivulus hartii; Ci = Cichlasoma taenia;

M = Macrobrachium carcinus.

References: 1 Magurran & Seghers (1994); 2 Magurran et al., (1992); 3 Endler (1980); 4 Magurran & Seghers (1991); 5

Godin (1995); 6 Endler & Houde (1995).

ESTIMATING THE SEX RATIO

Although sex ratios are known to fluctuate consider-
ably over time (Haskins et al., 1961; Seghers, 1973;
Rodd & Reznick, 1997), we nonetheless estimated this
parameter at each collection point since it is known
that the operational sex ratio influences the propen-
sity of males to engage in coercive copulations (Evans
& Magurran, 1999; Jirotkul, 1999). At the open river
sites (five of eight), fish were collected using a one-
person seine. To estimate the population sex ratio at
each of these locations, 10 separate seines comprising
entire schools were collected. We counted the number
of males and females per seine, ignoring juvenile fish
that could not be sexed by eye. Specifically, females
were included for the sex ratio data if they had non-
differentiated anal fins and clearly visible pigmenta-
tion around the anal pore (see Houde, 1997). Likewise,
males were easily identifiable due to the presence of
colour patterns or, in the case of males that were not
yet fully mature, by the presence of clearly differenti-
ated anal fins (i.e. emerging gonopodia) and an
absence of pigmentation around the anal pore (Houde,
1997). Following each seining event, fish were counted
and placed in buckets. After determining the sex ratio,

50 heavily pregnant females were selected (see below)
and the remaining fish were returned to the river. At
the three sites where fish were collected from pools or
riffles (Table 1), dip nets (or where appropriate the
seine net) were used to capture every guppy in the
pools (and riffle in the case of the Quaré tributary). In
all populations, the sex ratio was expressed as the pro-
portion of females among the fish for which sex could
be determined (Table 1).

SELECTION CRITERIA FOR LATE-STAGE PREGNANT
FEMALES

To estimate the proportion of females containing
sperm from forced matings, we utilized the ability to
recognize females at late stages of pregnancy in which
sperm present in the gonoduct can only arise from
non-solicited copulations. Female guppies do not
exhibit superfetation (carrying two or more clutches at
different stages of development) and gestation ranges
from 25 to 30 days (e.g. Constantz, 1989). Previous
work has confirmed that females do not solicit copu-
lations more than 5 days after parturition (Liley,
1966) and are usually sexually non-receptive within
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2-3 days of producing a brood (see also Houde, 1997).
Additionally, recent work has confirmed that sperm
are present in the female’s gonopore for no more than
7 days following copulation (Matthews & Magurran,
2000).

Matthews & Magurran (2000) dissected wild-caught
females to determine the developmental stage of their
embryos. However, it is a simple procedure to use non-
invasive (i.e. non-lethal) techniques to identify
females at late stages of pregnancy. Near-term gravid
females are easily identifiable due to their heavily dis-
tended abdomens (authors’ pers. observ.), and through
changes in pigmentation of the anal spot, which is
enlarged shortly before parturition (Constantz, 1989).
At each collection point, 50 females were selected
using these criteria and returned to the laboratory at
the University of the West Indies for sperm assays (see
below). The only exception to this was the Upper
Turure population from which only 26 pregnant
females were tested. Thus, a total of 376 females
were sampled in this study (V=50 for seven
populations + N = 26 for U. Turure). At each river site,
test females were selected by one of the authors (JPE)
and an experienced research technician (who was not
involved in the study) confirmed the choice. A subse-
quent examination of each female in the laboratory
under low-power magnification confirmed our original
choice of females. Preliminary observations made
prior to the study confirmed that females selected
using these criteria always produced offspring within
14 days of isolation (J.P. Evans & A. Pilastro, pers.
observ.). Importantly, for the purposes of this study,
any sperm found in the gonoducts of females chosen on
this basis can only result from unsolicited copulations
since more than 7 days would have elapsed since the
end of the females’ receptive phase (Matthews &
Magurran, 2000; see also Constantz, 1984 and refer-
ences therein).

SPERM EXTRACTION AND COUNTS

Females were checked for the presence of sperm
within 18 h of collection. Each female was anaesthe-
tized in a water bath containing a mild dose of Ben-
zocaine (0.4 g L! ethyl p-amino benzoate). When fully
subdued, the female was placed in a polystyrene ‘cra-
dle’ with her genital pore exposed. After measuring
standard length, a machine-pulled plastic micropi-
pette (Clark Electromedical Instruments) was used to
flush each female’s gonopore with 10 uL physiological
solution (0.9% saline). The micropipette was used to
flush the female’s gonopore three times before the
resultant sample was placed in a 0.5-mL sample tube
containing 20 uL physiological solution. This action
was repeated to ensure that all recoverable sperm
were retrieved from the gonopore (see Pilastro &

Bisazza, 1999; Matthews & Magurran, 2000). The
pipette was washed thoroughly with distilled water
between successive sampling events. Preliminary
checks on ‘sperm-positive’ samples were made to
ensure that no sperm were present on or in the
pipette’s tip following this cleaning process. Thus the
possibility of cross-contamination among samples was
avoided. Each sample was mixed thoroughly using a
Gilson (P20) pipette and checked for the presence of
sperm under high-power (x400) magnification.

We noted the presence or absence of sperm in each
sample, and the number of spermatozoa (when appli-
cable) per sample using an ‘improved Neubauer cham-
ber’ haematocytometer. To check for the presence of
sperm, we selected at random five separate chambers
of the haematocytometer and noted whether sperm
cells were present or absent. If sperm were present,
we estimated the total number of sperm per sample by
multiplying the concentration of spermatozoa in a sin-
gle chamber by the initial volume of the sample (Mat-
thews, Evans & Magurran, 1997). Thus, we were able
to compare the proportion of females containing sperm
in their gonoducts and the average number of sperm
per female among populations. Following sampling,
each female was revived in conditioned fresh water
and subsequently placed in a holding aquarium. After
the study, all fish were returned to their respective riv-
ers and released at the point of capture.

DATA ANALYSES

The proportion of females inseminated through
forced mating was compared between high- and low-
predation sites for each river (i.e. for Aripo, Tacari-
gua, Quaré & Turure rivers; see Table 1) using the
chi-square test. Sperm count data were not normally
distributed and variances were non-homogeneous fol-
lowing log or rank transformation. Thus, to compare
the number of sperm retrieved from females in high-
and low-predation localities (within each river
system) we used the Mann—-Whitney U-test. All
probabilities are two-tailed and corrected for multiple
comparisons.

RESULTS

Our analysis revealed that in three of the four rivers
(Aripo, Tacarigua & Turure) there were no significant
differences between high- and low-predation sites in
the proportion of females inseminated through forced
mating (chi-square tests: y® = 0.61, P = 0.42; x* = 0.43,
P =0.84; ¥>*=0.101, P = 0.75, respectively; Fig. 1). In
contrast, the Quaré river comparison revealed that
significantly more females were inseminated through
forced copulation attempts in the high-risk group (chi
square test: x*=14.92, P < 0.001; Fig. 1). This differ-
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ence remained significant after applying the Bonfer-
roni correction for multiple comparisons (o = 0.05/4)
(Sokal & Rohlf, 1995).

Consistent with the above analysis of the propor-
tion of females inseminated through forced copula-
tions, the Aripo, Tacarigua and Turure paired
comparisons revealed no significant difference in the
number of sperm retrieved from high- and low-
predation fish (Mann—Whitney U-tests: Zjs 6 = 0.89,
P =0.38;Z19,5=0.42, P = 0.69; Zy,14=0.24, P = 0.83,

70
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20 A

10 A

% of females with recoverable sperm

Aripo Tacarigua Quaré Turure

Figure 1. Percentage of females containing sperm arising
from unsolicited copulations in eight populations of guppy
in Trinidad. Shaded bars = high-predation sites; white bars
= low-predation sites.

Aripo

Tacarigua

respectively). In the Quaré populations, however,
high-predation females had significantly more
sperm in their gonoducts (Mann—Whitney U-test:
Z3p11=2.36, P = 0.017). Interestingly, despite our
observation that the mean number of sperm did not
differ consistently in the predicted direction, in all
four rivers the highest sperm counts were observed in
the high-predation females. With the exception of the
upper Aripo population, extractions yielding high
numbers of sperm (>250 000 cells) were only recover-
able from high-predation females (Fig.2; see also
Table 1).

When the data for the proportion of females with
recoverable sperm were pooled to include all popula-
tions (N = 376), an average of 44.5% (+4.3 SE; range
22-60%) of females had sperm in their gonoducts
arising from forced matings, a figure three times
higher than previously estimated for wild Trinida-
dian guppies (Matthews & Magurran, 2000). The sex
ratio data collected at the eight sites did not vary con-
sistently with the observed proportion of females
with sperm, or with the number of sperm retrieved
from females in the different populations (see
Table 1). Finally, we found that low-predation
females were significantly larger than their high-
predation counterparts (ANOVA: Fi = 17.72,
P < 0.001; Tukey HSD: all pairwise comparisons dif-
fer significantly at P < 0.05), which is consistent with
previous work documenting life-history patterns in

Quaré Turure
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Figure 2. Frequency distribution of the number of sperm recovered from females from eight Trinidadian populations.
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relation to predation regimes in guppies (Reznick &
Endler, 1982).

DISCUSSION

Our results indicate that the proportion of females
containing sperm arising from unsolicited copulations
is largely independent of predation regime, and thus
do not support the widely held view that local levels of
predation will mediate the success of the strategy in
nature. Additionally, we found no evidence that the
sex ratio, as estimated from the proportion of females
among the adult fish captured at each site, is related
to the proportion of females inseminated through
forced copulations. We anticipated a general increase
in the frequency of females containing sperm from
unsolicited copulations in the high-risk populations,
where forced mating attempts by males generally
occur most frequently (e.g. Magurran & Seghers,
1994). In contrast, the survey revealed that in three of
the four rivers, the proportion of females containing
sperm, and the number of sperm recovered from
females, do not differ significantly between predation
regimes. Only one comparison (Quaré river) provided
evidence that females are more likely to have sperm in
their gonopores (and in higher numbers) in the high-
risk site.

An intriguing possibility that may explain these
findings is that females are under stronger selective
pressure to avoid unsolicited mating attempts in pop-
ulations where sexual coercion occurs most frequently.
Any adaptation in females which reduces male
copulation success would in turn favour counter-
adaptations in males to undermine such defences,
resulting in sexually antagonistic coevolution of male
and female reproductive behaviour or physiology
(Rice, 1996; Lessells, 1999). In support of this idea,
recent evidence from guppies suggests that the male
intromittent organ (the gonopodium) is longer — and
presumably more effective — in high-predation popu-
lations (Kelly, Godin & Abdallah, 2000). It would be
interesting to compare female genitalia and behav-
iour, and the relative success of sneaky mating in
terms of sperm transfer efficiency, among populations
to test these ideas further.

The evolutionary implications of sexual harassment
in Trinidadian guppies have been discussed recently
(Magurran & Seghers, 1994; Magurran, 1998, 2001).
Particular attention has focused on the potential for
coercive mating to undermine female choice, which is
thought to play an important role in the behavioural
and genetic differentiation of guppy populations in
Trinidad (Endler, 1989; Luyten & Liley, 1991). In gup-
pies, it is generally accepted that sexual selection (via
precopulatory mate choice) operates most efficiently in
the absence of predation, when the reduced cost of

mate choice facilitates directional selection on pre-
ferred male traits through female choice (Houde, 1997
p- 109). When sexual selection is unhindered in this
way, geographically isolated populations may differen-
tiate rapidly and ultimately undergo reproductive iso-
lation (Butlin & Ritchie, 1993; Barraclough, Harvey &
Nee, 1995). The lack of speciation in the guppy, despite
high levels of genetic divergence among geographi-
cally isolated populations (Carvalho et al., 1991; Fajen
& Breden, 1992; Magurran et al., 1995), has led
Magurran (1998) to speculate that ‘sneaky’ (i.e. forced)
mating may impede the process of population differ-
entiation. However, until recently the importance of
coercive mating as an effective mating strategy has
been questioned (e.g. see Houde, 1997). Indeed, until
the publication of two recent studies in which the
insemination efficiency of coercive copulations was
investigated under experimental conditions (Pilastro
& Bisazza, 1999) and in natural populations (Mat-
thews & Magurran, 2000), it was believed that the
strategy carried a low rate of success. In the latter
study, Matthews & Magurran (2000) reported that
15% of wild-caught females (from the Caroni drain-
age) contained sperm inseminated through forced
mating, but did not specify the populations and pre-
dation regimes from which the fish were collected. Our
finding that on average nearly 45% (range 22% — 60%)
of wild females contained sperm arising from unsolic-
ited copulations suggests that the strategy is likely to
be far more important than previously thought.
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