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Abstract. This study tests the sensitivity of genetically based pest control options based on
sex ratio distortion to intra- and intersexual aggressive interactions that affect male and female
survival and fitness. Data on these interactions and their impacts were gathered for the
mosquitofish Gambusia holbrooki (Poeciliidae), a promiscuous species with a strongly male-
biased operational sex ratio and well-documented male harassment of females. The
experimental design consisted of an orthogonal combination of two population densities
and three sex ratios, ranging from strongly male-biased to strongly female-biased, and long-
term observations of laboratory populations. Contrary to expectations, the number of males
in a population had little evident effect on population demographics. Rather, the density of
adult females determined population fecundity (as a result of a stock–recruitment relationship
involving females, but not males), constrained male densities (apparently as a result of
cannibalism or intersexual aggression), and regulated itself (most likely through effects of
intrasexual aggression on female recruitment). The principal effect of males was to constrain
their own densities via effects of male–male aggression on adult male mortality rates. Through
use of a realistically parameterized genetic/demographic model, we show that of three different
genetic options applied to control G. holbrooki, one based on recombinant sex ratio distortion
(release of Female Lethal carriers) is marginally more efficient than a sterile male release
program, and both outperform an option based on chromosomal sex ratio distortion (Trojan
W). Nonlinear dependence of reproductive rate on female density reduces the efficacy of all
three approaches. The major effect of intra- and intersexual aggression is mediated through
females, whose interactions reduce female numbers and increase the efficacy of a control
program based on sex ratio. Socially mediated male mortality has a small impact on control
programs due to operational sex ratios that are heavily male-biased. The sensitivity of sex
ratio-based control options to social factors will depend on the mating system of the targeted
pest, but evidence of widespread density-dependent population regulation suggests that, for
most species, the effects of elevated adult mortality (due to intra- and intersexual aggression)
on control programs are likely to be slight.

Key words: Gambusia holbrooki; genetic control; intrasexual aggression; invasive species; mosquito-
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INTRODUCTION

Invasive species are changing the world’s natural

environment at an unprecedented rate (Vitousek et al.

1996, Mack et al. 2000) and substantial cost (Pimental et

al. 2001, 2005).

For many species, there are few, if any, realistic

control options. As early as 1967, it was recognized that

genetics could potentially fill this need (Hamilton 1967).

Over the last decade, a number of studies have tested the

technical feasibility of recombinant approaches that

could be used to suppress pest population numbers or

impacts, with varying degrees of success (Thomas et al.

2000, Horn and Wimmer 2003, Gong et al. 2005,

Thresher et al. 2005a, Hardy et al. 2006, Phuc et al.

2007, Ant et al. 2012). Limited-release field trials have

also been undertaken to test the potential of recombi-

nant male sterility to locally suppress disease-vectoring

mosquitos (Wise de Valdez et al. 2011, Harris et al.

2012). More broadly, several studies have modeled a

suite of genetic options for pest control to assess their

potential strengths, weaknesses, and effectiveness (e.g.,

Krafsur 1998, Schliekelman and Gould 2000a, b, Gould

and Schliekelman 2004, Schliekelman et al. 2005,

Gutierrez and Teem 2006, Phuc et al. 2007, Bax and

Thresher 2009). Most conclude that, within broad limits,

genetic techniques could prove effective against a wide

range of pest species.

These models, however, necessarily simplify reality,

often by not fully incorporating the effects on popula-

tion viability of ecological and behavioral factors such

as density dependence and social interactions (Bax and

Thresher 2009). Behavioral factors, in particular, could
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be particularly important in those scenarios in which the

genetic option seeks to skew population sex ratios and

thereby drive down population fecundity and viability

(Schliekelman et al. 2005, Gutierrez and Teem 2006). A

huge literature abundantly documents the effects of sex

ratio variability on plant and animal behavior, ecology,

and evolution (Wilson 1975), and it would be reasonable

to expect that altering a population’s sex ratio would

have substantial impacts on intra- and intersexual

interactions and demography. Predicting these impacts

on a control effort, however, is not straightforward; to

date there is little information on the effects of skewed

sex ratios on population viability (Sæther et al. 2004,

Steifetten and Dale 2006), other than as mediated by

parasitic sex ratio distorters (e.g., Hatcher et al. 1999).

To help fill this gap, we examine experimentally the

effects of sex ratio variability on male and female fitness

parameters and the rate of population change in

laboratory populations of the mosquitofish Gambusia

holbrooki, and then factor this information into models

predicting the efficacy of several different gene-based

pest control programs. G. holbrooki was chosen in part

because of its small size, conspicuous sexual dimor-

phism, short generation time, and prominence as a

major pest species. Because of its impacts on native fish

and invertebrate populations, the mosquitofish is one of

the nine fish species included in the International Union

for the Conservation of Nature’s ‘‘100 of the World’s

Worst Invasive Alien Species’’ (Lowe et al. 2001). It was

also chosen, however, because of high observed levels of

intrasexual competition in the species and its perceived

effects on demography. The social behavior, reproduc-

tive biology, and population ecology of G. holbrooki and

its near relatives (family Poeciliidae) have been exten-

sively documented (see reviews by Thibault and Schultz

1978, Meffe and Snelson 1989), including studies on the

causes and consequences of variation in sex ratio

(Simanek 1978, Snelson and Wetherington 1980, Smith

and Sargent 2006, Smith 2007). Like other members of

its family, the mosquitofish is viviparous, with females

producing broods of fully competent fry, 7–10 mm long,

roughly 28 days after fertilization. Following parturi-

tion, juveniles grow rapidly and become sexually mature

as males within two months, and as females (which are

larger than males) within three months. Sex ratios at

birth are close to 1:1, with no indications of social or

environmental effects on offspring sex ratios. Fertiliza-

tion is by means of a modified, tubular anal fin (the

gonopodium), occasionally following a courtship dis-

play, but more often the result of aggressive copulation

(‘‘thrusting’’) by a male chasing a female (Martin 1975).

In low-density populations, dominant males may defend

receptive females from other males, whereas at high

densities, or where the sex ratio is male-biased, females

can be harassed incessantly by numerous males. Females

in many species, including G. holbrooki, can store sperm;

however, work on the closely related guppy (Poecilia

reticulata) indicates that the last male to fertilize a

female during her short receptive period sires most of

her offspring (Evans and Magurran 2001). As a

consequence, male–male competition can be severe

(Farr 1989). In part for this reason, females tend to

dominate numerically among adults, a skew that is

usually attributed to high levels of mortality in males

due to increased risks of predation during courtship,

aggressive interactions, increased stress, or accelerated

aging (Snelson 1989). However, females also chase one

another and may chemically (possibly pheromonally)

depress the growth rate, survival, and egg maturation of

female competitors (Lutnesky and Adkins 2003, Borg et

al. 2006), suggesting scope for female intrasexual

competition as well.

From this literature, we hypothesized that as male

densities increased, male–male aggressive interactions

and male harassment of females would both increase.

The first effect could result in high levels of male

mortality, potentially negating the effect of genetic

constructs that skew offspring sex ratios toward males

(e.g., Ant et al. 2012). On the other hand, a strongly

male-biased sex ratio could also reduce female foraging

time, increase female injuries and mortality rates, and in

combination reduce female and population fecundity. If

so, a male bias could facilitate pest control by

accelerating the reduction of female numbers in the

target population, leading to ever increasingly skewed

sex ratios and even extinction (e.g., Le Galliard et al.

2005).

We tested these hypotheses by running two experi-

ments to quantify the effects of population density and

sex ratio on mosquitofish demography, and then

factoring the effects into a modeled effort to control

mosquitofish using genetic manipulation of sex ratios.

The first experiment was done in large aquaria

(‘‘ponds’’), lasting about seven months per replicate,

and documented changes in population parameters at

two stocking densities and three initial sex ratios,

ranging from strongly male-biased to strongly female-

biased. The second experiment was done in smaller

aquaria at one density, but over the same range of sex

ratios as in the pond trials, to quantify effects of sex

ratio differences on intra- and intersexual aggression.

The model framework is based on Bax and Thresher

(2009), and assessed the sensitivity to the demographic

factors of control programs based on a recombinant

female lethal construct and two types of chromosome

manipulation (sterile male release and Trojan W).

MATERIALS AND METHODS

Adult G. holbrooki were collected using dip nets from

a feral population in the Tamar Estuary, northern

Tasmania, Australia (for a description of the site and

population, see Keane and Neira 2004). Fish were held

for several months in diverse laboratory aquaria prior to

the start of experiments, in order to acclimate them to

laboratory conditions and to screen out ill or old fish.
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The pond trials were done in two 500-L polystyrene

aquaria, each divided by watertight and opaque Perspex

sheets to produce three ‘‘ponds’’ 1.430.45 m and 0.25 m

deep (;160 L). Each pond was lightly stocked with

floating (Ceratopteris spp.) and submerged plants

(Vesicularia dubyana), the latter rooted into a shallow

bed of fine-grade aquarium gravel. An outside canister

filter system was used to maintain water conditions in

each aquarium, linking the three ponds in each and

ensuring that water quality was the same in all three.

Each pond also had a small twin foam air filter (Petras

Fisheries, Sydney, NSW, Australia), to facilitate general

circulation. General maintenance and water changes

were regularly conducted to help with redox potential.

The photoperiod was set at a 10:14 light : dark cycle

using overhead lighting that consisted of two T8

Growlux 8500 K lamps (Sylvania Lighting, Lisarow,

NSW, Australia) and one T8 Coralife 10 000 K lamp

(Energy Savers Unlimited, Carson, California, USA),

supplemented by filtered natural lighting from windows,

which resulted in a natural dawn and dusk. Pond water

temperature was maintained at 25–278C. Fish were

observed and fed twice daily with TetraMin Flake food

mixed with 20% Spirulina flake, supplemented twice a

week with frozen brine shrimp and an aquarium-trade

protein meat-based mix and once a week with live brine

shrimp nauplii.

At the onset of each replicate, ponds were stocked

with the following ratio combinations of adult fish (M,

male; F, female): 25M:5F, 15M:15F, 5M:25F, 5M:1F,

3M:3F, and 1M:5F. This produced an orthogonal

combination of two densities (30 fish and 6 fish per

pond, equaling 0.19 and 0.03 fish/L, respectively) and

three sex ratios (5:1 male-biased, equal, and 5:1 female-

biased). The test densities are within the range reported

for the species in the wild (Smith and Sargent 2006,

Tonkin et al. 2011). Starting three weeks after the onset

of the experiment, and thereafter at about 3-week

intervals, all fish in the ponds were collected using hand

nets, counted, and their sex (if adult) determined. All

fish were then released back into the ponds. Fry were

defined as fish , 15 mm total length; juveniles as fish .

15 mm long, but too small to be identified reliably as

male or female (less than ;25 mm for males and 30 mm

for females); and adults were defined as fish that could

be so identified. Three replicates of the pond experiment

were run. Replicate 1 went from 23 November 2006 to

14 June 2007 (203 days), replicate 2 from 5 July 2007 to

20 February 2008 (231 days), and replicate 3 from 28

March to 13 August 2008 (138 days). Gambusia breed

year-round in our laboratory, so any effects of

seasonality on the results are likely to be small.

Small aquarium observations were done in six visually

and chemically isolated 24-L glass aquaria, all on the

same aquarium stand with similar water quality

parameters. Each aquarium had a fine-grade gravel base

and undergravel filter system, was lightly planted with

Vesicularia dubyana andMicrosorum pteropus, was lit by

diffuse overhead lighting supplemented by natural light,

and was maintained at 25–278C. Twice daily, fish were

fed the same diet as for the pond trial fish, and the

aquaria were inspected for newly born fry and dead fish.

Fry were removed with a hand net and were measured to

the nearest millimeter. Dead fish were replaced, to

maintain treatment sex ratios and adult density (0.25

fish/L). Two sets of runs were done, the first with two

replicates each of 5M:1F, 4M:2F, and 3M:3F, and the

second with two replicates each of 3M:3F, 2M:4F, and

1M:5F. The male-biased set ran for 36 days and the

female-biased for 40 days. Starting two days after the

aquaria were stocked, and thereafter at approximately

weekly intervals, each aquarium was observed for 5 min,

always in early afternoon, and all aggressive interactions

were recorded, for a total of 66 5-min observations.

Statistical analyses were performed using using Stat-

view.

The deterministic model is described in detail by Bax

and Thresher (2009). The age-structured model simu-

lates births, mortality, sex ratios, and gene frequencies in

a freely interbreeding population, while tracking the

copy number of introduced genes as well as age classes

and sex. Numbers of individuals in each age class are

determined using discrete-time population equations

that incorporate parameters for births at the start of

each time interval, instantaneous rates of natural and

harvest mortality (where appropriate), and the instan-

taneous rate of mortality per copy of the gene construct,

again where appropriate. The number of new individ-

uals born at each iteration is determined in this

application by a Ricker (Ricker 1954) stock–recruitment

relationship. One copy of the introduced gene is

assumed to be sufficient to cause the phenotype or

action specified by the recombinant method being

evaluated. Copies are assumed to segregate indepen-

dently during meiosis. To assess the effectiveness of the

‘‘Trojan Y’’ technique (see Gutierrez and Teem 2006),

although in this case ‘‘Trojan W’’ as the species is ZW,

rather than XY (female, rather than male, heterogamy)

(Chen and Ebeling 1968), we tracked at each time step

the number of WW males, WW females, ZZ males, and

ZW females in the population. From this, we calculated

for each time step the proportions of Z and W gametes

produced by each genotype and, assuming non-assorta-

tive mating, we determined the resultant number of fry

in each genotype 3 sex combination.

To simulate G. holbrooki population dynamics, we

parameterized the model as follows: basal recruitment at

carrying capacity ¼ 1000 fry/month at a 1:1 sex ratio;

95% sexual maturity at an age of two months for males

and three months for females; a maximum age (99%
mortality) of 18 months and a constant mortality rate

equal for both sexes (except as specified below); no

mortality cost of carrying a copy of the construct; and

no density-independent environmental effects on re-

cruitment, mortality rate, or carrying capacity, except as

we will specify. The Ricker stock–recruitment relation-
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ship was derived from the pond experiment data, fitted

using a custom Excel program developed and executed

by M. Haddon (Haddon 2011). The model was run on

monthly time steps for 100 months.

RESULTS AND DISCUSSION

Pond trials

Results from pond trials are summarized in Table 1

and Fig. 1, with further details available in Appendices

A and B.

Effects of starting density and sex ratio on adult

survival and recruitment.—In most of the low-density

treatments, the number of adults increased over time,

following a lag that more or less corresponds to the time

required for newly born fish to reach maturity. In

contrast, adult numbers consistently declined initially in

the high-density treatments, although in some cases

rebuilding late in the experiment. At the end of replicates

1 and 2, both of which ran for ;7 months, differences in

total adult numbers were not significantly different

between the two starting densities (mean¼ 27.0 and 21.7

adults for low- and high-density treatments, respectively;

t6,6 ¼ 1.10, NS), suggesting density dependence and

convergence on a carrying capacity in the ponds of ;25

adults.

We assessed whether males and females played

different roles in determining rates of population change

by regressing the mortality and recruitment rates for the

two sexes against absolute starting numbers of each sex

(Fig. 1A–D). In both sexes, rates of adult mortality

correlated highly with the number of individuals of that

sex, i.e., male survival was lowest at high male densities

(F1,17¼ 30.33, P , 0.0001) and female survival lowest at

high female densities (F1,17 ¼ 54.68, P , 0.0001). The

starting number of individuals of one sex had no

significant effect on mortality rates of the other, either

alone (starting female numbers against male mortality

rate, F1,17 ¼ 0.03, NS; male numbers against female

mortality rate, F1,17 ¼ 0.35, NS) or in a multiple

regression when combined with the starting number of

individuals of the same sex (females added to male–male

regression, t ¼ 0.89, NS; males added to female–female

regression, t ¼ 0.52, NS). In contrast, recruitment rates

were largely unaffected by the starting numbers of same-

sex adults (males against male recruitment F1,17 ¼ 1.01,

NS; females against female recruitment, F1,17 ¼ 0.19,

NS). There was, however, a significant correlation

between the number of starting females and the rate of

male recruitment (F1,17 ¼ 9.51, P , 0.01). The number

of starting males did not correlate with female recruit-

ment rates (F1,17¼ 0.23, NS). Adding intrasexual effects

to intersexual effects in a multiple regression did not

significantly improve the regression for either sex (male

effect when added to female–male regression, t ¼ 1.43,

NS; females added to male–female regression, t ¼ 0.41,

NS).

To assess the effects of each sex on the combined

effects of mortality and recruitment over the longer

term, we regressed starting numbers of males and

females against the total number of new adult males

and females (defined as the cumulative number of

positive changes to adult male and female numbers,

respectively) added to the populations for the two

experiments (1 and 2) that ran for more than 7 months

(Fig. 1E, F). The number of starting females correlated

highly with both the number of new males and new

females added to the populations (for added males, F1,11

¼ 7.41, P , 0.025; for added females, F1,11¼ 18.91, P ,

0.0025). The starting number of males did not correlate

with recruitment of either sex, either alone (F1,11¼ 0.01,

NS and F1,11 ¼ 0.02, NS, for added males and females,

TABLE 1. Summary of interactions between starting population size (total and for males and
females separately) and sex ratio on male and female survival and recruitment rates of
mosquitofish (Gambusia holbrooki) in the pond trials.

Independent variable

Survival rate Recruitment rate

Male Female Male Female

Population size/density

Effect NS negative NS NS
R2 0.32
P ,0.02

Sex ratio

Effect NS NS NS NS

Number of males

Effect negative NS NS NS
R2 0.66
P ,0.0001

Number of females

Effect NS negative negative negative
R2 0.77 0.37 0.43
P ,0.001 ,0.01 ,0.025

Notes: Data in each cell show the direction of the effect (negative in all cases where significant),
the variance accounted for (R2) and the significance level of the effect.

RONALD E. THRESHER ET AL.804 Ecological Applications
Vol. 23, No. 4



respectively) or when combined with the effects of

starting female numbers in a multiple regression (for the

addition, t¼ 0.52 and t ¼ 0.01, NS, respectively).

Effects of male and female numbers on reproductive

success.—Across the three replicates, the average num-

ber of fry collected during sampling did not differ across

treatments as a function of starting population density

(F1,16¼0.02, NS), sex ratio (F1,16¼0.28, NS), number of

females (F1,16 ¼ 0.14, NS), or number of males (F1,16 ¼
0.33, NS), either alone or in any combination. However,

numbers of fry produced were variable over the term of

the pond trials (Appendix A: Fig. A3). To test whether

the changes corresponded to variations in density, sex

ratio, or male and female numbers, we regressed the

number of fry counted in each sample against these

values (Fig. 2). Uniform zero values for fry in the first

samples after the experiments started, and for juveniles

in the first two samples, were excluded from the analysis

as uninformative. Fry numbers were nonlinearly related

to instantaneous population density, peaking at popu-

lation sizes of 15–20 adults per pond (0.1–0.13 adults/L);

see Fig. 2A. Across the three replicates, there was no

correlation between instantaneous sex ratio and the

number of fry counted (F1,59 ¼ 0.22, NS; Fig. 2B). The

number of fry was also unrelated to the instantaneous

number of males present (F1,59 ¼ 2.13, NS), but did

correlate, negatively, with the number of females (F1,59¼
5.14, P , 0.03). The relationship between female

numbers and fry was significantly improved by fitting

a quadratic, domed relationship (F2,58 ¼ 5.66, P ,

0.006) and is the preferred model (Akaike’s Information

Criterion, AIC¼ 348.1 for quadratic vs. 351.8 for linear;

FIG. 1. Relationships between starting numbers of male and female mosquiitofish (Gambusia holbrooki) and (A–D) mean daily
rates of male and female mortality over the first 50 days of the pond trials, (E–H) recruitment over the first 100 days, and (I–L) the
numbers of new males and females at the end of the two long-term (;7-month) pond trials. Negative values for mortality and
recruitment rates indicate declining numbers of fish; positive values increasing numbers.
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Fig. 2C, D). The doming was evident independently in

all six of the sex ratio treatments, with peak numbers of

fry observed at female numbers that ranged between 9

and 11 in each. Fitting a quadratic model to the

relationship between the number of males and number

of fry did not significantly improve the fit (F2,58 ¼ 1.45,

NS).

Small aquarium experiment

Over all combinations of sex ratios, we observed 573

male–male chases, 332 female–female chases, 57 female–

male chases and 3 male–female chases that were clearly

aggressive, along with 352 male–female chases involving

copulation attempts. For nonzero data sets, there was

no indication of habituation of male–male chases

(regression of day since the onset of the experiment

against number of chases, using standardized data

pooled across all experiments, F1,53 ¼ 2.59, NS), but

the frequency of female–female chases (F1,50¼ 6.02, P ,

0.02), female–male chases (F1,50¼ 9.73, P , 0.005), and

male copulation attempts (F1,65 ¼ 5.19, P , 0.03) all

declined slightly, but significantly, with time. As the

effect was small (maximum variance accounted for was

16%, for female–male chases), all data were used in

subsequent analyses.

The number of male–male chases increased with

increasing male density (F1,9 ¼ 10.8, P , 0.02), as did

the number of female–female chases with female density

(F1,9 ¼ 30.2, P , 0.001). The number of female–male

chases was not correlated with either male or female

densities, alone or in combination. The per capita rates

of male and female mortality did not correlate

significantly with sex ratio, male density, or female

density, but there were indications that female mortality

rates could be affected by the level of chasing. Per capita

female mortality rate correlated with the frequency of

female–female chasing in a multiple regression that also

included the frequency of male–female courtship chases

(t¼ 2.77, P , 0.03 and t¼ 3.41, P , 0.02, respectively).

Male mortality rates were only weakly related to

frequency of male–male chasing alone or when com-

bined with other parameters in a multiple regression.

We collected 117 fry from the small tanks. The

number of fry seen in each tank increased with

FIG. 2. Scatterplots of the number of fry counted at approximate three-week intervals in the pond trials and the number of
adults, sex ratio, and the number of males and females measured at the same times, as a function of starting male : female (M:F) sex
ratios and densities.
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increasing male bias in the sex ratio (F1,11 ¼ 67.9, P ,

0.001). On several occasions, females were seen vigor-

ously chasing and consuming small fry. A male was
observed chasing (but not catching) a fry in only one

instance. The size of fry collected did not differ

significantly with sex ratio (F3, 114 ¼ 0.88, NS).

Summary of experimental results and comparison

with field data

The central features of population regulation in G.

holbrooki in our laboratory study were as follows:

1) Male mortality rates increased continuously and
linearly with male density.

2) Female mortality rates increased continuously and

linearly with female density.

3) High male densities had no evident effect on female

mortality rates, female recruitment, or the final

numbers of new females present.

4) High female density did not affect adult male
mortality rates, but did depress the rate at which

new males recruited and the final numbers of new

males present.

5) The number of fry and juveniles in the populations at

any one time varied nonlinearly as a function of
female density (highest at intermediate densities);

male density had little or no effect on fry numbers.

6) The sex ratio of new adults was unaffected by

starting sex ratio or male, female, or total population

densities, as a result of which populations converged
over time toward a sex ratio of 1:1, irrespective of

their starting ratios.

Most, but not all of these observations are consistent

with previous studies of mosquitofish. A 1:1 sex ratio for

new recruits, for example, is consistent with numerous

studies of Gambusia showing a sex ratio at birth close to
1:1, and no indications of social or environmental effects

on this sex ratio (Geiser 1924, Krumholz 1948).

Similarly, high rates of intrasexual aggression have been

reported previously for both males and females in the
laboratory, with explicit or implied effects on sex-

specific mortality rates (Snelson 1989). Finally, a decline

in per capita fitness in female Gambusia as a function of

female, but not male, densities has previously been
reported by Smith and Sargent (2006) and Smith (2007)

and attributed to either or both female cannibalism of

fry (Smith and Sargent 2006, Smith 2007) or phero-

monal suppression of reproduction by females at high
female densities (Lutnesky and Adkins 2003).

Our data extend the last observation to low popula-

tion densities, and show that the overall response of

short-term fitness (as assayed by the number of fry

present at any one time) to changing female densities is
nonlinear, doming at intermediate densities. A similar

effect is well-known in laboratory populations of the

guppy, Poecilia reticulata, another particularly well-

studied poeciliid (Breder and Coates 1932). This dome-
shaped relationship is a classic ‘‘stock–recruitment

relationship’’ (Ricker 1954), extensively discussed but

rarely demonstrated in the fisheries literature (see

Cushing 1981). Population fecundity that increases with

female numbers at the low end of the density range is

attributed to an increasing parental biomass; the decline

at higher densities is attributed to density-dependent

predation (often cannibalism) of fry or juvenile starva-

tion as their numbers exceed carrying capacity. In the

case of Gambusia, previous studies (Smith and Sargent

2006, Smith 2007) and our observations suggest

cannibalism on newborn fry by females, but not the

smaller males, constrains reproduction at high popula-

tion densities and explains the limited impact of male

densities on population fecundity. The lack of any effect

of male density on population fecundity is also

consistent with well-documented promiscuous mating

in the species, an operational sex ratio heavily skewed

toward males during a female’s relatively short window

of receptivity, and no evident effect of sperm limitation

on male or female reproductive success (Breder and

Rosen 1966).

Aspects of population regulation that differ from or

have not previously been reported in studies on

Gambusia are twofold. First, we found no evidence that

male harassment of females contributes significantly to

female mortality or recruitment rates over the long term,

although we did find a weak effect in the small-tank

experiments. Frequent and persistent chasing and

harassment of females by males are ubiquitous in this

species (Martin 1975), and could be expected to reduce

female survival and fitness due to effects on foraging

time and stress (Ojanguren and Magurran 2007, Rankin

and Kokko 2007). Given that background, we antici-

pated that female mortality rates would increase as sex

ratios were biased toward males, that this process would

result in increasingly male-dominated assemblages, and

that it could lead to localized population collapse and

extinction, along the lines suggested for the lizard

Lacerta vivipara by Le Galliard et al. (2005). This

proved not to be the case. Instead, our data combine

with those of Smith and Sargent (2006) to indicate that

male harassment of females, although a conspicuous

feature of the social system, has less effect on female

fitness than interactions between the females themselves.

Second, we expected that male–male aggression would

dominate male population dynamics in the species. Our

data do indicate that male mortality rates increase with

male density, as do rates of male–male chasing, but the

link between the aggression and mortality rates in the

small-tank experiments, at least, was weak. More

fundamentally, in the pond experiments, we found no

indication that high starting male densities affected

either male recruitment or final male densities over the

long term (essentially at carrying capacity). One possible

explanation is that high rates of male mortality early in

the experiments may have diluted any effect of high

starting male densities, but we note that male numbers

in the male-skewed treatments were still high three
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months into the experiments and that the male bias did

not fully disappear until seven months into the

experiments. Rather, we suggest that the lack of a

long-term impact of male–male interactions on male

numbers implies that other factors had a larger effect.

Specifically, we note the highly significant, negative

relationship between starting female densities and both

the rate of male recruitment and the number of new

males at the end of the pond trials. Two processes could

explain this negative relationship. First, it is likely to

reflect a pervasive effect of female density on recruitment

of both male and female fry, most likely due to

cannibalism. Second, although a high level of female–

male aggression in high-density populations had little or

no effect on mortality rates of adult males, it could still

adversely affect survival of the smaller, newly recruiting

males.

Effects of Gambusia population parameters on genetic

methods of pest control

The integrated effects of male and female intra- and

intersexual antagonism on population size and sex ratio

were assessed using the deterministic model. To incor-

porate the effects of male and female densities on sex-

specific mortality, we subtracted from the modeled G.

holbrooki population each month the number of adult

males and females that would have died as a result of

intrasexual aggression, based on the regressions in Fig.

1. Similarly, the rate at which new adult males entered

the population was reduced, based on the empirically

derived regression between adult female densities and

the number of new males that recruited to the adult

population. Finally, we fitted a Ricker stock–recruit-

ment relationship derived from Fig. 2D, based on the

number of adult females present each month. The fitted

relationship accounted for 42% of the log-linear

variance in monthly recruitment (Fig. 3).

Using the model, we compared the efficacy of three

genetically based options for controlling G. holbrooki: a

sterile male release program (SM), a Trojan W

chromosome (TW), and a recombinant construct

carried by and harmless to males but lethal to their

female offspring (female lethal, FL). These options and

their biological underpinnings are summarized in

Thresher et al. (in press). In brief, sterile males can be

produced chemically (Bergstedt et al. 2003) and using

recombinant methods (Thomas et al. 2000), but in most

fish species they are readily generated using triploidy

(Benfey 2009) and hormonal manipulation of sexual

phenotype (Devlin and Nagahama 2002). The Trojan Y

approach is detailed by Gutierrez and Teem (2006) and

is based on stocking YY females into a heterogametic

male pest population. The YY females are nominally

produced via hormonal manipulation of sexual pheno-

type and backcrossing XY females with XY males. YY

females breeding with wild-type XY males produce XY

and YYmale offspring, the latter subsequently producing

another generation of all-male XY offspring. In G.

holbrooki, females are heterogametic (ZW), so the

analogous ‘‘Trojan W’’ (TW) approach would be to

stock WW males so as to produce a similar intergenera-

tional cascading of skewed sex ratios, albeit female- rather

than male-biased. Recombinant gene constructs that are

lethal to females but not males have been produced for

insects (Fu et al. 2007) and fish (R. E. Thresher et al.,

unpublished manuscript). When homozygous in stocked

animals, pre-maturational female lethality results in 100%
males in mature offspring. At higher copy numbers, and

assuming copies segregate independently, the skew can

theoretically persist over several generations (Schliekel-

man and Gould 2000b, Bax and Thresher 2009). For the

FL model runs, we assume a copy number of 6, which is

high enough to illustrate an impact on the pest population

at low stocking rates, but which also may be low enough

to be technically achievable. Because stocking can

artificially maintain populations, stocking was stopped

at virtual population extinction, defined as ,1 wild-type

male or female remaining for the SM scenario, ,1 wild-

type female for the FL scenario, and ,1 wild-type male

for the TW scenario.

Changes over time in the numbers of males and

females, split by genotype, for each genetic option and

for a neutral gene control at a monthly stocking rate of

300 carrier fry/month (30% of pre-manipulation recruit-

ment) are shown in Fig. 4. A comparison of the time to

eradication (,1 wild-type adult) for each option under

different stocking rates is shown in Fig. 5. At a 30%
stocking rate, the responses of the targeted population

to the SM and FL options are similar, with pest

populations eradicated in 46 and 49 months, respective-

ly. The FL option is the more efficient of the two,

however, requiring a minimum sustained monthly

FIG. 3. Stock–recruitment curve fitted to the observed
relationship between number of fry and number and density of
females at each time interval in the pond trials. The stock–
recruitment relationship was fitted using a custom Excel
program developed and executed by M. Haddon (Haddon
2011), and accounts for 42% of the observed variability of fry
numbers. The distribution of points around the fitted line
approximates a Poisson distribution.
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stocking rate of 13.5% of pre-manipulation recruitment

to achieve eradication in ,100 months, as opposed to

17% for SM (Fig. 5). The TW option is the least effective

of the three approaches. As in the other options, under a

TW scenario the number of wild-type males falls rapidly

after the start of stocking, declining to ,1 adult male in

35 months at a 30% stocking rate and reaching virtual

population extinction. However, the decline is accom-

panied by a large increase in the number of genetically

modified females (GMF in Fig. 4), such that total

population size is largely unaffected by the control

program. The intersection of a very large number of

females and even a minute percentage of surviving wild-

type males makes eradication using the TW option

problematical. Even though the control program de-

presses the number of wild-type males, the number of

TW males also falls precipitously after stocking ends,

such that if any wild-type males remain, they can trigger

a population rebound. As a result, to be effective the

TW strategy requires that stocking of carriers be

continued well beyond the point required by other

approaches. Rebounds can also occur in the SM and FL

options, but because both depress female rather than

male numbers, the rebound potential is much smaller.

The rebound problem is also avoided in a Trojan Y

(TY) scenario, in which female numbers are reduced

while stocking female YY carriers. At high stocking

rates, both a TY and a FL strategy that uses female

rather than male carriers perform similarly to the SM

and FL (male carrier) options (Fig. 4), but both are

more efficient at lower stocking rates. For hypothetical

TY and FL (female carrier) options, eradication of the

FIG. 4. Effects of sterile male release (SM), Trojan W (TW), and female lethal (FL) control programs at a 30% stocking rate on
total population sizes of G. holbrooki, and the numbers of wild-type and genetically modified males and females (WTM and WTF,
GMM and GMF, respectively) over time, as compared with stocking carriers of a neutral gene construct (C). The models assume
the observed mosquitofish stock–recruitment relationship and observed mortality levels due to intra- and intersexual agonism.
Vertical lines indicate monthly stocking rates. Stocking was stopped at virtual population extinction, defined as ,1 wild-type male
(WTM) or female (WTF) remaining for the SM scenario, ,1 wild-type female for the FL scenario, and ,1 wild-type male for the
TW scenario. For comparison, modeled outcomes are also shown for a hypothetical Trojan Y scenario under the same
demographic conditions and for a FL control option in which stocked carriers are female rather than male.
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modeled G. holbrooki population within 100 months

requires minimum monthly stocking rates of only 10.0%
and 6.9% of pre-manipulation recruitment, respectively

(not shown).

The effects of G. holbrooki demographic parameters

on control efficacy are illustrated in Figs. 6 and 7, for the

SM option. Response patterns are very similar for the

FL and TW scenarios. At observed levels of mortality

from intra- and intersexual interactions, the social

effects have only a slight impact on the minimum

stocking rate required to drive the pest to extinction

(Fig. 6A). Interspecific aggression (females impacting

males) slightly enhances the efficiency of the control

action, most likely by depressing recruitment of wild-

type males. Intraspecific aggression slightly reduces the

efficacy of the control action, most likely by reducing

female densities, with a consequent increase in overall

recruitment (due to the domed stock–recruitment

relationship). The two social interaction factors largely

negate each other’s impacts when both are acting.

The sensitivity of the SM control strategy to

differences in the magnitude of male- and female-specific

mortality rates due to intrasexual aggression differs

between the sexes (Fig. 6B, C). For both sexes, even a

small amount of added mortality increases the rate of

population decline and reduces time to eradication, but

the effect of further increases differs between them. At a

20% stocking rate, the time to virtual extinction

decreases by 12% (58 to 51 months) as the male

mortality rate increases from 0% to 5% per month.

However, the effect reaches an asymptote at values of

.10% mortality, such that even at the extremely high

mortality rate (45% per month, which is three times the

observed rate), it still takes 48 months for virtual

extinction to occur. By comparison, times to extinction

and population size are more sensitive to female

mortality arising from female intrasexual interactions.

The number of months to virtual extinction declines

from 67 to 55, an 18% reduction, as the monthly

mortality rate is increased from 0% to 5%. At a rate of

45%, virtual extinction occurs in only 41 months, a 38%
reduction relative to the no-mortality scenario.

The sensitivity of population viability to different

levels of mortality due to intersexual aggression is in

part dictated by the model structure, but is based on

realistic population parameters. For males, the model

assumes that even small numbers of males suffice to

fertilize all females, as a result of sperm storage, a

heavily male-biased operational sex ratio, and no

evidence that sperm limitation constrains male or female

reproductive success in poeciliids. This is consistent with

observations and the literature. As a consequence,

increasing the rate of male mortality due to female

aggression has little effect on a population subject to a

20% SM stocking rate until sex ratios are so heavily

skewed that females are eliminated from the population

(Fig. 7). The model suggests that this outcome requires a

male mortality rate of 33% per month. By comparison,

the effects of elevated female mortality induced by male

aggression are nonlinear, buffered by the stock–recruit-

ment relationship. Eradication of the population at a

20% stocking rate of SM males and in the absence of

intrasexual aggression requires a male-induced female

mortality rate of 68% per month (Fig. 7).

CONCLUSIONS

The practicality of applying genetic control strategies

to a viviparous fish species, such as G. holbrooki, is

uncertain. Internal fertilization and development com-

plicate conventional approaches to chromosome manip-

ulation and genetic transformation, which typically

require access to newly developing eggs and embryos.

Hormonal manipulation of sexual phenotype may be

more feasible in the species and could be used for sterile

male release and Trojan W approaches, although for the

latter, the viability of WW males needs to be assessed.

Irrespective of the approach employed, a key outcome

of our laboratory studies for any effort to control G.

holbrooki is that the density of adult females is the

central determinant of its population dynamics, despite

an extensive literature that highlights the apparent

importance of male intrasexual aggression and male

harassment of females in the species. This outcome

probably will be relevant to many other species. In many

populations, female, but not male, numbers determine

rates of population growth (Rankin and Kokko 2007).

Hence, factors that affect female densities are likely to

have the largest impact on the efficacy of a gene-based

control program. Increasing rates of fry survival or

recruitment that follow from reduced female density as a

control program progresses, especially if reduced female

density is not compensated by increased male density,

dictates the need for relatively high effort (either high

FIG. 5. Sensitivity of outcomes of SM, FL, and TW options
to stocking effort, quantified as population size at the end of
100 months (as a proportion of the pre-manipulation size) and
the percentage of pre-manipulation recruitment stocked as
carriers each month, respectively. Carriers are assumed to be fry
and have fitness equal to those of wild-type fish. In the control
runs (C), the stocked fry carry a neutral gene. In the control
scenario, population size gradually increases due to the addition
of the neutral gene carriers.
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stocking rates or higher copy number carriers) to

achieve population control or pest eradication. Our

analyses highlight that it is not only the level of density

dependence that is important in designing and imple-

menting a control program, but also how it is manifested

in the population.

Our analyses also suggest that except in extreme cases,

the effects on control programs of intra- and intersexual

FIG. 6. (A) Effects of observed levels of mortality due to intrasexual interactions and intersexual interactions, separately and
combined, on population sizes of G. holbrooki when subject to a SM control program at stocking rates ranging from 0% to 30% of
pre-manipulation recruitment. (B, C) Sensitivity of an SM control program to different monthly mortality rates as a result of
female–female and male–male interactions, respectively. Open circles indicate the no-mortality control, crosses indicate the
maximum mortality rate assessed (45% per month), and solid circles indicate the observed mortality rate in G. holbrooki. In each
simulation, mortality rates due to one sex were held constant at observed levels as the rate due to the other sex was varied. The
simulations also assume no effect of intersexual aggression on mortality rates.
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determinants of male and female survival are relatively

small. Although the specifics clearly depend on the

mating system of the target pest species, operational sex

ratios in many are male-biased, which buffers the effect

of socially mediated male mortality on population

viability. In fact, our analyses suggest that, contrary to

our initial hypothesis, low levels of male mortality due to

intra- and intersexual aggression enhance, rather than

reduce, the impacts of control programs that skew

population sex ratios toward males. At low levels,

socially mediated male mortality reduces the number of

wild-type male competitors of stocked carriers, effec-

tively increasing the influence of stocking. The effect is

not further enhanced by higher rates of male mortality,

due in part to the buffering previously referred to and in

part because mortality is applied equally in our model to

both carriers and non-carriers. As we have noted,

factors that affect female mortality rates can potentially

have a much larger impact. Even low levels of female

mortality due to female intrasexual interactions, inter-

sexual interactions or, potentially, integrated manage-

ment strategies that selectively target wild-type females

significantly enhance the performance of male-biasing

genetic control programs. As for males, the effect of

increasing female mortality is nonlinear, however, with

the rate of gain declining as mortality rates or effort are

increased. In practice, and again contrary to our initial

hypotheses, female mortality due to male aggression in

G. holbrooki was observed to be low and its role in social

dynamics nonsignificant. Even though models have

suggested that it can affect population dynamics (Le

Galliard et al. [2005], for the lizard Lacerta vivipara),

how often it plays a significant role needs to be

determined. In the case of L. vivipara, the model-based

conclusion of Le Galliard et al. (2005) derives at least in

part from an assumed low level of density dependence in

the population, such that any reduction in female

numbers results in reduced recruitment. This assump-

tion is unlikely to apply widely. Recent meta-analyses

indicate that there is evidence of density-dependent

population regulation for most species for which long-

term data sets are available (Sibley et al. 2005, Brook

and Bradshaw 2006). In such systems, increased adult

mortality due to male and female aggression is likely to

have only a slight effect on control programs.
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SUPPLEMENTAL MATERIAL

Appendix A

Time series of the numbers of male, female, fry, and juvenile mosquitofish (Gambusia holbrooki) in the experimental ponds
(Ecological Archives A023-040-A1).

Appendix B

Details of the relationships among starting sex ratios, mortality, and recruitment rates in the experimental ponds (Ecological
Archives A023-040-A2).
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