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INTRODUCTION

The understanding of spatial variation in biological traits,

including abundance and life history traits from the intra-

specific to the community level, is one the main topics of

ecology and biogeography. Latitudinal gradients in species

richness are ecology’s longest and most studied pattern

(Hawkins et al., 2003; Willig et al., 2003). Many other

ecogeographical rules have been proposed, particularly related

to latitude, such as the increase in the size of species towards

higher latitudes or lower temperatures (Bergmann’s rule) or its

intra-specific equivalent (Gaston et al., 2007). Beyond species

richness and overall body size, the latitudinal variation in other

life history traits is, however, still poorly known, particularly

for freshwater fish at the intra-specific level (L’Abée-Lund

et al., 1989; Gotelli & Pyron, 1991; Vila-Gispert et al., 2002;

Blanck & Lamouroux, 2007; Gravel et al., 2010), despite being

essential to predict the effects of climate change and its

interactions with biological invasions (Simberloff, 2000; Bene-

jam et al., 2009; Walther et al., 2009).

The apparently only study to review intra-specific variation

of life history traits in a variety of fish species (Blanck &
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ABSTRACT

Aim Variation of life history traits along spatial gradients is poorly understood in

invasive species and particularly in freshwater fish. We aimed to examine life

history variation in a highly invasive fish (Gambusia holbrooki) along latitudinal

and upstream–downstream river gradients and to assess the effects of age on this

variation. We hypothesized similar responses in populations inhabiting

environments more favourable to this species (lower latitudes and lower

reaches of rivers).

Location European rivers from southern Spain to southern France.

Methods We sampled mosquitofish from the lowest reaches of ten river basins

along 6� of latitude in the Mediterranean region and seven sites along the

upstream–downstream gradient in three of the rivers. We examined abundance,

population structure, size-at-age and other life history traits along these gradients.

Results As hypothesized, lower reaches and lower latitudes both resulted in

higher reproductive effort and lower body condition of mosquitofish. However,

these patterns explained low per cent variation, were nonlinear and strongly

depended on fish age. Independently of fish size, age groups differed in

reproductive effort, in the gonadal weight–size relationship and its variation along

spatial gradients. Mean size-at-age (or overall body size) did not vary with latitude

(so the intra-specific version of Bergmann’s rule or its converse does not apply)

and in contrast increased upstream in rivers.

Main conclusions Our findings suggest that for life history traits of freshwater

organisms, river longitudinal variation plays a role as important as climate, with

often differential effects. Our results also illustrate the poor knowledge of spatial

variation of many life history traits, which precludes the understanding and

prediction of biological invasions in a rapidly changing world.

Keywords

Biological invasions, growth, invasive species, latitude, life history, Poeciliidae,

reproductive investment, temperature.
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Lamouroux, 2007) suggests that higher-latitude fish popula-

tions tend to grow more slowly, mature later, have longer life

spans and sizes and allocate more energy to reproduction than

populations at lower latitudes, but these patterns are not

consistent across species. In the best-studied group of fresh-

water fish (salmonids), growth rate also tends to decrease with

latitude and age-at-maturity increases, but it is largely

unknown the relative roles of temperature versus photoperiod

and of phenotypic plasticity versus inherited variation in these

relationships (L’Abée-Lund et al., 1989; Jonsson & L’Abée-

Lund, 1993). In non-salmonid species, intra-specific variation

in life history traits has been less investigated [but see Copp &

Fox (2007), Cucherousset et al. (2009), Gravel et al. (2010) for

some recent exceptions] and Blanck & Lamouroux (2007)

failed to find significant variation with latitude for most of the

cases that they compiled (32 of 49 trait–species combinations).

Furthermore, a number of fish species present countergradient

variation in growth rates with higher rates in the north to

compensate for a shorter growing season (Conover & Present,

1990; Conover, 1992).

The upstream–downstream gradient of running waters also

varies profoundly in species richness, composition and abun-

dance (Minshall et al., 1985; Karr et al., 1986) and ecosystem

structure and function (Vannote et al., 1980; Rahel & Hubert,

1991; Goldstein & Meador, 2004). However, the effects of

stream reach position on life history traits within species are

also poorly documented but have been shown to affect

abundance (Legalle et al., 2005), overall body size (Mazzoni

& Lobón-Cerviá, 2000) and growth rates (Tedesco et al., 2009)

of some fish species.

This lack of information of spatial effects on life history

traits of fish is also the case for the invasive mosquitofish

Gambusia holbrooki, despite recent evidence that spatially

structured salinity and temperature gradients limit its invasive

success (Alcaraz & Garcı́a-Berthou, 2007; Benejam et al.,

2009). This small-sized poeciliid fish and its close relative

Gambusia affinis are live-bearing species native to the United

States and Mexico that have been introduced world-wide with

the intention of controlling malaria-transmitting mosquitoes

(Garcı́a-Berthou et al., 2005; Vidal et al., 2010). Although

often confused and wrongly cited, G. affinis has been more

translocated in the United States and only G. holbrooki seems

to be present in Europe, Australia and probably in other

regions (Vidal et al., 2010). Both species have well-known

impacts on native fish (Courtenay & Meffe, 1989; Alcaraz &

Garcı́a-Berthou, 2007; Alcaraz et al., 2008; Priddis et al., 2009)

and amphibians (Hamer et al., 2002; Kats & Ferrer, 2003).

Gambusia holbrooki generally reproduce every three to 5 weeks

from early spring to late summer, young mature a few weeks

after birth, and although their life history traits have been well

investigated (Krumholz, 1948; Reznick & Braun, 1987; Marsh-

Matthews et al., 2005; Reznick et al., 2006), very few studies

have studied their spatial variation (Alcaraz & Garcı́a-Berthou,

2007; Benejam et al., 2009).

The goals of this paper are twofold. First, we concurrently

sampled along latitudinal and upstream–downstream gradients

to assess the variation in the life history of invasive mosqui-

tofish. We aimed to confirm patterns found in a previous

latitudinal sampling of almost the same populations (Benejam

et al., 2009) and compare them to upstream–downstream

gradients. We hypothesized that environments more favour-

able to mosquitofish (i.e. lower latitudes and lower reaches)

would result in similar responses of life histories. As far as we

know, no study has simultaneously sampled along latitudinal

and upstream–downstream gradients to compare variation in

life history traits of stream fish. Our second objective was to

assess the effects of age on life history variation and to test

whether considering age, in addition to length, changes our

understanding of the effects of environmental gradients on life

history variation. Age has repeatedly been neglected in life

history studies of mosquitofish (but see Fernández-Delgado,

1989; Fernández-Delgado & Rossomanno, 1997) probably

because its estimation is time-consuming and because of their

short life span. Length and age are often well related in fish,

and size-independent age effects on reproductive traits have

been rarely observed, so only length is generally used in fish life

history studies. However, Tedesco et al. (2008) recently

described size-independent age effects in the gonadal weight–

standard length relationship of female mosquitofish, so we

aimed to understand how these age-specific allometries

affected spatial variation in life history traits.

METHODS

Study area

The study was carried out in 10 Mediterranean rivers from

France to southern Spain (Fig. 1, Table 1). A total of 17

mosquitofish populations, ranging more than 6� in latitude,

were studied in the rivers Orb, Bourdigou, Muga, Fluvià, Ter,

Tordera, Ebro, Xúquer, Segura and Almanzora. One sampling

site close to the mouth was selected for each river, whereas 2–3

additional sites were added further upstream for Muga, Fluvià

and Segura rivers. The distance of each sampling site to the sea

was measured from maps as a perpendicular line from the sites

to the sea. Because the main objective was to assess the

variation of life history traits along latitudinal and upstream–

downstream gradients, samples were taken within 10 days,

from 27 June to 6 July 2005, to minimize the effects of seasonal

variation. The sampling sites were selected to have similar

habitat features consisting of shallow areas (< 1.5 m deep), low

water velocity and abundant aquatic vegetation. Dissolved

oxygen (mg l)1), water temperature (ºC), pH and conductivity

(mS cm)1) were measured at each site. Many environmental

factors vary along river courses. As expected, the conductivity

was the lowest in the upstream sites (Spearman’s rs = )0.618,

n = 17, P = 0.008) but did not vary along the latitudinal

gradient (rs = )0.103, n = 17, P = 0.69). A multiple linear

regression (MLR) analysis also showed that conductivity was

significantly related to distance to the sea (P = 0.007) but not

to latitude (P = 0.18) (conductivity and distance, log-trans-

formed). Although altitude of the sites and distance to sea were

Comparing latitudinal and upstream–downstream gradients
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strongly correlated (rs = 0.86), a MLR with altitude instead of

distance showed only a marginally significant effect of the

former on conductivity (P = 0.07). Because of this stronger

correlation of conductivity with distance to the sea and because

Alcaraz & Garcı́a-Berthou (2007) have shown a significant

effect of salinity on life history traits of mosquitofish in this

region, we chose distance to sea as a global descriptor of the

upstream–downstream gradient in the statistical analyses. The

sites sampled were dominated by mosquitofish and pumpkin-

seed sunfish Lepomis gibbosus. Other exotic species such as

common carp Cyprinus carpio and topmouth gudgeon Pseu-

dorasbora parva were also present, whereas the sand smelt

Atherina boyeri and European eel Anguilla anguilla were the

most common native species.

Field and laboratory methods

Mosquitofish were collected along the shoreline mainly using

dip nets (60 cm diameter with a bag of 1-mm mesh) and

preserved in 96% ethanol. The sampling time was measured to

estimate fish abundance as catch per unit effort (CPUE). In the

laboratory, the sex of mosquitofish was determined by using

the morphology of the anal fin and by examination of the

gonads. Males were classified as mature if a fully formed

gonopodium was present; females were classified as mature if

the ovaries contained developed eggs and as immature if the

ovaries were small and translucent (Turner, 1941; Strange,

1996). Eviscerated weight and gonadal weight were measured

(nearest 0.1 mg), and standard length (nearest 0.01 mm) was

measured with a digital calliper. As an alternative to the

ANCOVA of gonadal weight (Garcı́a-Berthou & Moreno-

Amich, 1993), the gonadosomatic index (GSI = gonadal

weight/total weight) was also calculated. GSI and the ANCO-

VA-adjusted means of gonadal weight provide different
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Figure 1 Study area with the location of the 17 sampling sites

within the 10 Mediterranean river basins studied. The three top

right maps detail the sampling sites located along the Muga, Fluvià

and Segura rivers. The bottom right map shows the current

distribution of mosquitofish introduced to the western Mediter-

ranean region (modified from Krumholz, 1948).

Table 1 Location and features of the sampling sites. See Fig. 1 for a map of the geographical location of the sites. All samplings were carried

out in 2005.

River basin

Site

code Country

Sampling

date Latitude Longitude

Altitude

(m a.s.l.)

Distance to

sea (km)

Conductivity

(mS cm)1)

Mosquitofish

captured

Orb Or F June 29 43�15¢40¢¢ N 3�17¢52¢¢ E 2 2.39 18.63 97

Bordigou Bo F June 29 42�45¢17¢¢ N 3�00¢01¢¢ E 2 3.14 13.37 13

Muga M1 S July 1 42�14¢19¢¢ N 3�07¢29¢¢ E 1 0.36 8.22 38

Muga M2 S July 6 42�14¢47¢¢ N 3�06¢21¢¢ E 4 2.57 0.92 3

Muga M3 S July 6 42�15¢07¢¢ N 3�05¢57¢¢ E 4 3.36 0.61 276

Muga M4 S July 6 42�15¢22¢¢ N 3�04¢19¢¢ E 6 6.07 0.60 39

Fluvià F1 S July 1 42�10¢49¢¢ N 3�04¢11¢¢ E 2 3.74 8.39 145

Fluvià F2 S July 5 42�10¢06¢¢ N 2�59¢34¢¢ E 18 9.89 0.73 5

Fluvià F3 S July 5 42�09¢53¢¢ N 2�54¢55¢¢ E 43 16.47 0.83 502

Ter Te S July 1 42�01¢35¢¢ N 3�09¢12¢¢ E 2 3.53 0.72 114

Tordera To S July 4 41�39¢29¢¢ N 2�46¢30¢¢ E 5 0.70 11.73 143

Ebro Eb S June 27 40�41¢10¢¢ N 0�51¢14¢¢ E 0 0.26 5.26 104

Xúquer Xu S June 27 39�10¢36¢¢ N 0�16¢06¢¢ W 1 2.60 2.67 74

Segura S1 S June 27 38�05¢36¢¢ N 0�42¢12¢¢ W 6 5.06 5.06 47

Segura S2 S June 28 38�01¢31¢¢ N 1�02¢16¢¢ W 33 13.35 2.29 51

Segura S3 S June 28 37�58¢57¢¢ N 1�12¢46¢¢ W 51 42.68 2.10 43

Almanzora Al S June 28 37�14¢26¢¢ N 1�46¢38¢¢ W 0 0.23 51.71 34

F, France; S, Spain.
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information because the former refers to total weight (and is

not independent of fish size), whereas the latter adjust for

length (and remove allometric effects) (Benejam et al., 2009).

The ages of the fish captured were determined by scale analysis.

Scales were collected from the same area above the lateral line

and posterior to the dorsal fin, with regenerated and broken

scales being discarded (DeVries & Frie, 1996). Six to eight

scales per fish were mounted on slides and analysed using a

dissecting microscope (see Appendix S1 in Supporting Infor-

mation for details on ageing criteria and validity).

Statistical analyses

The sex ratio and percentage of mature mosquitofish were

compared among populations with a G-test of independence

(Sokal & Rohlf, 1995) and related to environmental gradients

with multiple logistic regression (MLOR). The relationship of

length and CPUE with age, latitude and distance to sea was

analysed with MLR. Variation of life history traits among

populations was analysed with analysis of covariance (ANCOVA),

separately for males and females. A first ANCOVA model

(hereafter Model 1) tested differences among populations and

age classes (both as categorical factors) with standard length as

a covariate. This model was motivated by the differences

among ages in the slopes of the gonadal weight–length

relationship, recently shown by Tedesco et al. (2009). A second

model (hereafter Model 2) aimed at further understanding the

differences among populations and tested for effects of

standard length, latitude and distance to sea (as covariates or

independent variables), also using age as a categorical factor. In

both models, we first tested for interactions among covariates

(e.g. fish length) and categorical factors: if these are significant,

they indicate that the slopes are not homogeneous and the

standard ANCOVA is not suitable but they also imply effects of

the terms involved, even if the factors alone are not significant

(Garcı́a-Berthou & Moreno-Amich, 1993). When covariate

factors were non-significant (P > 0.10), they were removed

from the model to improve statistical power and a standard

ANCOVA design was used (i.e. homogeneous slopes were

assumed). Standard length was not used as covariate for the

analysis of GSI. Estimated marginal (adjusted) means of a

dependent variable are the means for each level of the factor,

adjusted for the covariates (Garcı́a-Berthou & Moreno-Amich,

1993) and were used to describe the differences among

populations and age classes. ANCOVA and marginal means

have several advantages over condition factors and similar

indices (Garcı́a-Berthou & Moreno-Amich, 1993; Garcı́a-

Berthou, 2001). Quantitative variables (except GSI, latitude

and age) were log10-transformed for linear models (ANCOVA

and MLR), because residual plots suggested that the

assumptions of these parametric techniques (normality,

homoscedasticity and linearity) were thus satisfied. Age was

also log10-transformed for the analyses with length as the

dependent variable to linearize the size–age relationship, i.e.

growth curve (see e.g. Carol et al., 2009). Analyses were

performed with spss 15 (SPSS Inc., Chicago, IL, USA).

RESULTS

Population structure and growth

Mosquitofish CPUE did not vary significantly with latitude

(MLR, t10 = 1.24, P = 0.24) or distance to sea (t10 = 0.464,

P = 0.65). Of the fish captured, 85.3% were age 0, 13.7% were

age 1 and 0.9% were age 2 (Fig. 2), but these proportions

varied significantly among populations (G2 = 196.7, d.f. = 16,

P < 0.0005) and were related to latitude (MLOR, v2 = 43.35,

d.f. = 1, P < 0.0005) and distance to sea (v2 = 16.56, d.f. = 1,

P < 0.0005). Although most individuals were age 0, the

frequency of age 1 and 2 individuals increased southwards,

whereas only age 0 fish were detected in the two northernmost

populations (Fig. 2). The proportion of mature individuals

was significantly different among populations (G2 = 259.1,

d.f. = 16, P < 0.0005) and varied with latitude (MLOR,

v2 = 7.46, d.f. = 1, P = 0.006) rather than with distance to

sea (MLR, v2 = 2.77, d.f. = 1, P = 0.096).

Overall sizes of males, females or the whole population were

not related to latitude or distance to sea (Appendix S1; MLRs,

P > 0.1). In contrast, size-at-age was significantly related to

distance to sea (but not to latitude) for males, with higher size-

at-age in the more upstream sites (Table 2, Fig. 3). The results
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Figure 2 Number of mosquitofish captured by age, river basin

(ordered southward from left to right) and zonation within river

basins. River zonation codes range from 1, for the sites close to the

sea (sampled for the 10 river basins), to 4, for the most upstream

sites (upstream–downstream gradients were only sampled for

three river basins: Muga, Fluvià and Segura). See Fig. 1 for

location of the sampling points.
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for females were not significant but matched the patterns for

males (statistical power of these analyses was low because they

were carried out at the population level; i.e. with mean length

by site).

Life history traits

After controlling for fish size (covariate in ANCOVA), both

females (Table 3) and males (Table 4) displayed significant

differences among populations for the three life history traits.

The interactions with standard length were often significant,

indicating that the slopes of the relationships of the traits

varied among populations or ages (and that the parallelism

assumption of standard ANCOVA could not be assumed).

As previously reported (Tedesco et al., 2008), the slopes

varied with age for gonadal weight but not for eviscerated

weight. For a given life history trait, the variation explained

(R2
adj) by the models was always higher for females than for

males.

Eviscerated weight, gonadal weight and GSI significantly

varied among populations (after accounting for fish size) for

both females and males (Table 4). Age had highly significant

effects on gonadal weight and GSI of females (Table 3) and on

gonadal weight of males. The ANCOVA tests of gonadal weight

of females also revealed significant interactions between age

and latitude and between age and distance to sea (Table 3),

showing that the effects of environmental gradients (latitude

and river zonation) varied among age classes (Fig. 4). After

accounting for fish size, gonadal weight was lowest in the

northernmost populations of age 0 females, increased with

latitude for age 2 and showed no trend for age 1 (Fig. 5). When

age was not considered in the analysis, gonadal weight of

females showed a decreasing trend towards higher latitudes

(Fig. 6), as previously found by Benejam et al. (2009). Size-

adjusted eviscerated weight did not depend significantly on age

for females (Table 3) or males (Table 4). Eviscerated weight

increased with latitude slightly for females (Fig. 4) and more

strongly for males (Fig. 5).

For both sexes, distance to sea significantly affected eviscer-

ated weight, gonadal weight and GSI (Tables 3 and 4). Gonadal

weight and GSI increased downstream for age 0 and age 2

females, but not for age 1. Eviscerated weight decreased

downstream for females. For males, the reproductive traits

measured did not have clear trends in the downstream–

upstream gradient (Fig. 5).

Table 2 Multiple linear regression of mean standard length with

latitude, distance to sea and age as independent variables for

female and male mosquitofish.

Coefficient SE P

Females (R2
adj = 0.873)

Constant 9.92 11.39 0.39

Latitude 0.209 0.261 0.43

Distance to sea 0.539 0.816 0.51

Age 38.29 2.65 < 0.0005

Males (R2
adj = 0.940)

Constant 14.47 5.54 0.026

Latitude )0.016 0.116 0.90

Distance to sea 0.916 0.378 0.036

Age 17.89 1.27 < 0.0005
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the three basins (Muga, Fluvià and Segura) that were sampled along the river course.

G. Carmona-Catot et al.

218 Diversity and Distributions, 17, 214–224, ª 2011 Blackwell Publishing Ltd



DISCUSSION

Size-independent age effects

Our results first demonstrate that age is a key factor to

understand life history variation in G. holbrooki: independently

of size (standard length), age groups (i.e. cohorts) differed in

their reproductive effort, in the relationship between gonadal

weight and size and in the variation of reproductive effort

along spatial gradients. Tedesco et al. (2008) already found

that the relationship of gonadal weight (but not eviscerated

weight) with standard length varied differently among age

classes of G. holbrooki. Analyses conducted at the population

level (without separating age groups) indicated that gonadal

weight was lower in the north after accounting for fish size,

suggesting a decreased investment in reproduction with

increasing latitude (Fig. 6). This finding agrees with that of

Benejam et al. (2009), who studied some of the same

populations of G. holbrooki during the previous year. However,

analyses considering age provided more insight into the effects

of spatial gradients on G. holbrooki life history traits. Gonadal

weight for age 0 fish and for the whole population (without

separating for age classes) presented a similar relationship with

latitude, because c. 85% of the individuals were age 0. In

contrast, older G. holbrooki showed no relationship (age 1) or

increasing gonadal weight (age 2) at northern latitudes.

Therefore, analyses of life history variation ignoring age only

provided a partial picture and mostly reflected variation in the

most abundant age group (young-of-the-year). We hypothe-

size that this is also the case for other small-sized species with a

similar life history, i.e. with huge investment in reproductive

effort and low energy devoted to growth and survival.

A potential explanation for the negative relationship of

gonadal weight with latitude for the age 0 group, no

relationship for age 1 and a positive one for age 2 is as

follows: in the cold conditions of northern USA, G. holbrooki is

born latter in spring and often do not reproduce until the

following year (Krumholz, 1948), thus investing more energy

to increase the lipid reserves before winter (Reznick & Braun,

1987). The negative relationship found for age 0 group would

reflect this reduced reproductive activity in the north. Simi-

larly, the greater reproductive effort of older age groups in the

north might reflect a lower cost of reproduction of a short

reproductive season in the current or previous years. Accord-

ingly, G. holbrooki in southern populations allocated less

energy to condition (size-adjusted eviscerated weight) than in

northern populations, particularly for males. Contrary to the

north, reproductive effort in warmer environments (after

controlling for fish size) appeared to be more similar among

cohorts. Further data (e.g. dynamics of lipid reserves) are

Table 3 ANCOVAs of the life history traits for female mosquitofish. Model 1 tested differences among populations and age classes with

standard length as covariate. Model 2 tested the effects of latitude and distance to sea controlling for standard length and age. All quantitative

variables were log10-transformed except GSI, latitude and age. When all the interactions with standard length were non-significant

(P > 0.10), they were removed from the model and a standard ANCOVA design was used. Standard length was not used as a covariate for

the analysis of GSI (see Methods).

Eviscerated weight Gonadal weight GSI

SS d.f. P SS d.f. P SS d.f. P

Model 1 R2
adj = 0.97 R2

adj = 0.94 R2
adj = 0.59

Population (Pop) 0.09 16 0.04 5.48 16 < 0.0005 4444.9 16 < 0.0005

Standard length (SL) 0.02 1 < 0.0005 0.40 1 0.04 – – –

Age 0.05 2 0.22 1.82 2 < 0.0005 8753.2 2 < 0.0005

Pop · age 0.01 12 0.53 0.62 12 0.88 3742.6 18 < 0.0005

SL · age 0.08 2 0.22 1.88 2 < 0.0005 – – –

Pop · SL 0.01 16 0.02 5.75 16 < 0.0005 – – –

Pop · SL · age 0.05 12 0.50 0.62 12 0.88 – – –

Error 1.07 638 60.12 637 37903.7 662

Model 2 R2
adj = 0.98 R2

adj = 0.92 R2
adj = 0.45

SL 33.46 1 < 0.0005 3.29 1 < 0.0005 – – –

Age 0.01 2 0.16 3.10 2 < 0.0005 39100.3 2 < 0.0005

Latitude 0.02 1 < 0.0005 0.22 1 0.164 0.007 1 0.99

Distance to sea 0.04 1 < 0.0005 0.05 1 0.860 1510.8 1 < 0.0005

Age · SL – – – 15.21 2 < 0.0005 – – –

Age · latitude – – – 2.08 2 < 0.0005 – – –

Age · distance to sea – – – 1.75 2 < 0.0005 – – –

Error 1.72 700 78.38 693 53333.1 694

GSI, gonadosomatic index.
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needed to confirm this explanation, which might involve an

adaptation to reduce the cost of reproduction in less favour-

able environments (Reznick, 1985).

No latitudinal variation in size and growth rate

Mean size-at-age or overall average size of mosquitofish did

not vary systematically with latitude, so the intra-specific

equivalent of Bergmann’s rule or its converse does not apply.

This agrees with scanty previous information on overall size of

G. holbrooki (Benejam et al., 2009) and G. affinis (Belk &

Houston, 2002) along latitudinal gradients, and our paper is

the first to confirm it with size-at-age data. Most freshwater

fishes seem to rather follow the converse of Bergmann’s rule at

the intra-specific level, suggesting compensating mechanisms

such as countergradient variation to ameliorate the effect of

decreased length of the growing season (Conover & Present,

1990; Belk & Houston, 2002). The specific mechanisms in

mosquitofish are, however, still unknown.

In contrast, age structure varied significantly with latitude,

with more relative abundance of older fish (age 1 and 2) in

southern populations. Although the maximum age of fresh-

water fish often increases with latitude (Belk & Houston,

2002), a higher mortality and shorter life span in northern

climates should probably expected for a warm-water species

such as mosquitofish (Benejam et al., 2009).

The upstream–downstream variation in size-at-age and age

structure was less expected. The relative abundance of older

fish (age 1 and 2) and size-at-age significantly increased

upstream. Two not mutually exclusive processes that might

likely generate these patterns are increased recruitment down-

stream and increased size-selective mortality upstream. As

mosquitofish in the studied region has been shown to be more

abundant and to have more reproductive effort during spring

in downstream reaches, apparently related to salinity gradients

(Alcaraz & Garcı́a-Berthou, 2007; Benejam et al., 2008), the

former process seems likely. Increased reproductive effort at

higher salinities has also been recently reported for G. affinis

(Martin et al., 2009). However, increased recruitment down-

stream cannot explain the larger size-at-age of age 2 females

and age 1 males at upstream reaches, which might be

attributed to size-selective mortality. Size-selective mortality

is pervasive in fishes, including mosquitofishes (Reznick &

Braun, 1987; Conover & Present, 1990; Reznick et al., 2006),

and is generally the driving mechanism of life history evolution

(Reznick et al., 1996). Further studies are necessary to confirm

this age-specific mortality pattern and to disentangle the

mechanisms that produce it.

Comparing latitudinal and upstream–downstream

gradients

Our results confirm previous patterns of mosquitofish life

history (Alcaraz & Garcı́a-Berthou, 2007; Benejam et al., 2009)

and partially support the hypothesis of similar responses of

life history traits in more favourable environments: more

Table 4 ANCOVAs of the life history traits for male mosquitofish. Model 1 tested differences among populations and age classes with

standard length as covariate. Model 2 tested the effects of latitude and distance to sea controlling for standard length and age. All quantitative

variables were log10-transformed except GSI, latitude and age. When all the interactions with standard length were non-significant

(P > 0.10), they were removed from the model and a standard ANCOVA design was used. Standard length was not used as a covariate for

the analysis of GSI (see Methods).

Eviscerated weight Gonadal weight GSI

SS d.f. P SS d.f. P SS d.f. P

Model 1 R2
adj = 0.86 R2

adj = 0.41 R2
adj = 0.15

Population (Pop) 0.07 14 0.008 1.49 14 < 0.0005 107.92 14 < 0.0005

Standard length (SL) 0.03 1 < 0.0005 7.54 1 < 0.0005 – – –

Age 1.31 · 10)6 1 0.981 0.46 1 < 0.0005 2.30 1 0.319

Pop · SL 0.07 14 0.007 – – – – – –

Pop · age 1.30 · 10)4 4 1.000 0.26 8 0.469 14.0 8 0.642

SL · age 2.04 · 10)6 1 0.976 – – – – – –

Pop · SL · age 1.27 · 10)4 4 1.000 – – – – – –

Error 1.23 534 18.57 553 1271.7 551

Model 2 R2
adj = 0.80 R2

adj = 0.33 R2
adj = 0.04

SL 3.44 1 < 0.0005 7.16 1 < 0.0005 – – –

Age 0.01 1 0.078 0.21 1 0.017 0.30 1 0.737

Latitude 0.26 1 < 0.0005 0.06 1 0.204 30.25 1 0.001

Distance to sea 0.03 1 0.003 0.28 1 0.006 28.99 1 0.001

Error 1.94 573 21.6 573 1503.0 571

GSI, gonadosomatic index.

G. Carmona-Catot et al.

220 Diversity and Distributions, 17, 214–224, ª 2011 Blackwell Publishing Ltd



Distance to sea (km)Latitude (ºN)

G
S
I 

(%
)

G
o

n
a

d
a

l 
w

e
ig

h
t 

(g
)

E
v
is

ce
ra

te
d

 
w

e
ig

h
t 

(g
)

–0.1

–0.3

–0.5

–0.7

–0.9

–1.1

2

1

0

–1

–2

–3

301031

30

20

10

0

43424140393837

0.01

0.22
0.01
0.12

0.27
0.07
0.21

0.15
0.06
0.17

0.03

0

Figure 4 Relationship of size-adjusted

means of life history traits of female

mosquitofish with latitude and distance to

sea. The adjusted means are the popula-

tion means for each age after adjusting for

fish length with the ANCOVAs (model 1)

of Table 3. The lines correspond to linear

or quadratic regressions by age (age 0:

• ; age 1: h ; and age 2: · ), when

these terms were significant, or to the

average by age otherwise. The values at the

top left of each graph denote the variation

explained by the models for age 2 (top),

age 1 and age 0 (bottom): r2, for linear

models; and R2
adj for quadratic models. As

size-adjusted eviscerated weight did not

depend on age for females (Table 3), an

overall regression function is shown for

this variable.

–1.15

–1.22

–2.1

–2.3

–2.5

–2.7

–2.9

0.20
0.01

0.31
0.62

0.003
0.05

–1.29

–1.36

G
o

n
a

d
a

l 
w

e
ig

h
t

(g
) 

E
v
is

ce
ra

te
d

 w
e
ig

h
t 

(g
) 

Distance to sea (km)Latitude (ºN)

30103143424140393837 0

Figure 5 Relationship of size-adjusted

means of life history traits of male mos-

quitofish with latitude and distance to sea.

The adjusted means are the population

means for each age after adjusting for fish

length with the ANCOVAs (model 1) of

Table 4. The lines correspond to linear or

quadratic regressions by age (age 0: • ;

age 1: h ), when these terms were sig-

nificant, or to the average by age other-

wise. The values at the top left of each

graph denote the variation explained by

the models for age 1 (top) and age 0

(bottom): r2, for linear models; and R2
adj

for quadratic models.

Comparing latitudinal and upstream–downstream gradients

Diversity and Distributions, 17, 214–224, ª 2011 Blackwell Publishing Ltd 221



reproductive effort often with less condition in the warmer

environments of lower latitudes and downstream reaches. The

apparent higher longevity (more relative abundance of old

fish) at lower latitudes and more recruitment at lower reaches

also agrees well with previous knowledge of the ecology of this

species. However, the variation explained by spatial gradients

was in general low, strongly dependent on age groups and

often contrary to expectations. For instance, we found that

abundance of old fish (age 1 and 2) and their size-at-age

increased upstream and that the relationship of adjusted

gonadal weight with latitude or distance to sea was often

nonlinear and changed from negative to positive with age.

Despite studying a gradient of more than six degrees of

latitude, which corresponds to an increase of more than three

degrees in average temperature and a contrasting growing

season for fish (Benejam et al., 2009), size-at-age and overall

size did not vary with latitude, as in other fish species (Conover

& Present, 1990; Conover, 1992; Belk & Houston, 2002).

Although part of these anomalies might be attributed to the

peculiarities of this invasive fish (e.g. short longevity, small size

and rapid maturation), our results overall illustrate how little

we know on the spatial variation of life history traits and how

difficult is to predict the interactive effects of invasive species

and climate change.
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Fig. S1 Photographs of scales of mosquitofish aged 0 (photographs a and b), 1 (c and 

d), and 2 years old (e). The arrows denote the annuli. a) 19.1 mm SL female captured on 

27 June 2005 at site S1 of Segura River; b) 19.0 mm SL male captured on 28 June 2005 

at site S3 of Segura River; c) female 33.98 mm SL captured on 28 June 2005 at 

Almanzora River; d) 21.5 mm SL male captured on 1 July 2005 at site F1 of Fluvià 

River; and e) 41.2 mm SL female captured on 28 June 2005 at site S3 of Segura River. 
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Fig. S2 Mean standard length at age 0-2 years for the female mosquitofish captured at 

the most downstream sites of each of the ten river basins studied. See Table 1 for the 

site codes. 
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Table S1 Mean standard length of male mosquitofish by age and sampling site. See 

Table 1 for Site codes and location. 

Site code River zonation Age SL (mm)
Or 1 0 16.94 
Bo 1 0 15.85 
M4 4 0 16.34 
M4 4 1 23.05 
M 3 0 17.43 
M3 3 1 21.56 
M1 1 0 17.29 
M1 1 1 21.07 
F3 3 0 17.8 
F3 3 1 23.84 
F1 1 0 17.14 
F1 1 1 22.43 
Te 1 0 17.21 
To 1 0 17.27 
Eb 1 0 18.3 
Eb 1 1 23.71 
Xu 1 0 16.27 
Xu 1 1 19.91 
S3 3 0 17.6 
S2 2 0 17.84 
S2 2 1 23.69 
S1 1 0 16.68 
Al 1 0 17.75 
Al 1 1 21.38 
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Table S2 Mean standard length of female mosquitofish by age and sampling site. See 

Table 1 for Site codes and location. 

Site code River zonation Age SL (mm) 
Or 1 0 16.77 
Bo 1 0 20.35 
M4 4 0 23.19 
M4 4 2 38.97 
M3 3 0 19.76 
M3 3 1 29.55 
M3 3 2 38.1 
M2 2 1 30.9 
M1 1 0 20.35 
M1 1 1 30.91 
F3 3 0 19 
F3 3 1 30.05 
F3 3 2 45.08 
F2 2 0 22.77 
F2 2 2 38.1 
F1 1 0 25.12 
F1 1 1 28.97 
F1 1 2 41.91 
Te 1 0 22.09 
Te 1 1 34.32 
Te 1 2 43.67 
To 1 0 19.23 
To 1 1 29.72 
Eb 1 0 23.03 
Eb 1 1 28.23 
Xu 1 0 17.9 
Xu 1 1 27.25 
S3 3 0 23.45 
S3 3 1 29.48 
S3 3 2 41.23 
S2 2 0 19.61 
S2 2 1 29.55 
S2 2 2 39.05 
S1 1 0 17.56 
S1 1 1 33.05 
Al 1 0 22.37 
Al 1 1 30.89 
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