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Biological invasions are driven by the transport, release/escape, establishment, and spread of organisms across bio-
geographic boundaries. While actions that prevent transportation and release/escapement are most efficient at
thwarting the establishment of new invasions, control of existing evasions requires insight into ecological mecha-
nisms that promote organism spread. The Western Mosquitofish (Gambusia affinis) is introduced globally because of
its presumed benefits as a mosquito control agent, but the resulting invasions into nearby ecosystems have negative
effects on native biota. Females of Western Mosquitofish have the ability to store sperm for multiple weeks, so move-
ment of a single inseminated female could lead to secondary spread and new population establishment.
Consequently, the global invasion success and secondary spread of Western Mosquitofish might be linked to greater
movement ability among females, but we know little about female dispersal ability because existing studies are
heavily biased toward evaluating males. Here, we investigate how six morphological traits linked to fish dispersal abil-
ity differ between male and female Western Mosquitofish. Our results reveal that traits correlated with movement
capacity differed between males and females, with males having a perceived advantage for two traits (longer relative
peduncle length and shorter relative body height) and females having a perceived advantage for three traits (larger
caudal-fin aspect ratio, larger total length, and greater caudal-peduncle throttling). These findings suggest that
females have greater capacity for dispersal relative to males and that future investigations on Western Mosquitofish
and other ecologically and morphologically similar species should give greater focus to female movement ecology.

I
NVASION by non-native species is one of the largest
threats to global biodiversity and human livelihood
(Allendorf and Lundquist, 2003; Epanchin-Niell, 2017;

Jones et al., 2021), because invasive species can have dire
economic consequences (e.g., destruction of cropland) and
detrimentally affect local organism populations (Allendorf
and Lundquist, 2003; Pyke, 2008). Given their detrimental
effects on both environments and global economies,
research into controlling invasion has become a forefront in
conservation efforts (Allendorf and Lundquist, 2003;
Epanchin-Niell et al., 2010; Epanchin-Niell, 2017). The pro-
cess of species invasion begins with the intentional or acci-
dental transport of a species across natural biogeographical
boundaries, followed by intentional release or accidental
escapement (Mack et al., 2000). Once introduced, non-
native species must establish self-sustaining populations,
after which spread within and among connected ecosystems
typically occurs. Successful invasive species typically have
traits conducive to rapid population establishment and
spread, such as high reproductive output, high survival in
unfavorable conditions, and a wide range of ecological and
physiological tolerances (Van Dyke, 2008). In addition,
invasive species often have greater dispersal capabilities
compared to less invasive species (Rehage and Sih, 2004).
Consequently, efforts to manage secondary spread of inva-
sive species has focused on limiting their ability to reach
novel habitats, especially for aquatic invasive species (Jones
et al., 2021).
Aquatic invasive species (AIS) are a primary threat to

freshwater biodiversity (Dudgeon et al., 2006), and address-
ing the perils that AIS pose to freshwater ecosystems will
require a stronger link between ecology and invasion biol-
ogy (Strayer and Dudgeon, 2010). This is because forecasting

the secondary spread of AIS using ecological models can
inform the capacity for species spread and ultimately guide
management actions intended to thwart this spread (Vander
Zanden and Olden, 2008). Freshwater fishes in particular
represent a widely studied group of AIS that might be used
to guide development of ecological models that forecast sec-
ondary spread (Thomaz et al., 2015). For example, the exter-
nal morphology of freshwater fishes is used to predict their
establishment within recipient ecosystems (Azzurro et al.,
2014), and external morphological traits linked to dispersal
and movement might be useful for predicting secondary
spread across aquatic landscapes.

Traits linked to swimming ability are commonly studied
in fishes and include measures of both body shape and fin
shape. Total length (TL) and caudal-peduncle length (CPL)
are both positively associated with critical swimming speed,
and therefore dispersal capacity (Croft et al., 2003; Radinger
and Wolter, 2014; Saraiva and Pompeu, 2016). Body height
(BH), however, is negatively correlated to critical swimming,
meaning that more hydrodynamic individuals with smaller
BH might be better dispersers than individuals with a deeper
body (Webb, 1984; Kenji et al., 2006; Rubio-Gracia et al.,

2020). Caudal-fin aspect ratio, defined as ARC ¼ H2

A , where

H is the height of the caudal fin and A is the area of the cau-
dal fin, is positively correlated with critical swimming
speed and dispersal (Radinger and Wolter, 2014; Saraiva
and Pompeu, 2016; Li et al., 2017). Dispersal capability is
expected to be greatest among fish with a larger caudal-fin
aspect ratio (Radinger and Wolter, 2014). Recent develop-
ment of databases documenting these traits for large num-
bers of fishes presents opportunities to integrate these
traits into ecological models focused on AIS spread (Brosse
et al., 2021).
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The Western Mosquitofish (Gambusia affinis) is a highly
invasive fish listed as one of the world’s 100 worst invaders
(Lowe et al., 2000). This fish was originally stocked into
waterbodies as a means of mosquito control, following the
scientific revelation that mosquitoes acted as vectors for dis-
eases like malaria and yellow fever (Capanna, 2006; Patter-
son, 2009; McNeill, 2010). Multiple methods of mosquito
control were identified by public health officials, from
draining and drying standing water, to the introduction of
DDT to waterbodies, and the investigation of utilizing spe-
cies of fishes to control mosquito populations (Howard,
1900; Jarman and Ballschmiter, 2012). The Western Mosqui-
tofish was identified as a superior method of mosquito con-
trol, due to the ferocity at which they were able to consume
mosquito larvae (Howard, 1901; Seal, 1910). Quickly there-
after, introductions of the Western Mosquitofish began
across the United States and around the world to control
mosquito populations. They have since dispersed from the
habitats in which they were introduced and have subse-
quently become one of the most widely distributed freshwa-
ter fish in the world (Bence, 1988; Walton, 2007; Schleier
et al., 2008). Despite the now global distribution of Western
Mosquitofish, there are few studies on dispersal of the spe-
cies that could be used to model secondary spread. Brown
(1985) studied a single dispersal event in a pond system and
found greater total length among fish that moved farther
from the origin of dispersal and males were more abundant
in distant locations. Robbins et al. (1987) used the same
experimental pond system to show that 76% of dispersing
individuals were female, suggesting dominance of female
movement instead of males as reported by Brown (1985).
Later work based on genetic inference in the Arkansas River
Basin of Kansas revealed that selection pressure on males
during colonization was likely greater relative to females,
and that population founding by even a single pregnant
female could be driving secondary spread of the species
(Brown, 1987). Given that female mosquitofish can store
sperm, they are able to found populations without the need
for males being present (Brown, 1987). Mesocosm experi-
ments revelated that Western Mosquitofish had greater dis-
persal tendencies compared to closely related Eastern
Mosquitofish (Gambusia holbrooki; Rehage and Sih, 2004).
Dispersal behavior of Western Mosquitofish was studied in
experimental streams, where more asocial individuals dis-
persed further (Cote et al., 2010), while in laboratory-based
swimming performance trials, males were more efficient
swimmers because of reduced drag and resistance caused by
their relatively slender bodies (Li et al., 2017). Collectively,
these previous studies suggest that sexual differences might
be related to movement and dispersal behaviors, but there
has been no comprehensive treatment of morphological dif-
ferences in dispersal traits between the sexes, and the contri-
bution of morphological heterogeneity to population-level
processes is understudied (Fryxell et al., 2015).

Here, we quantify sexual dimorphism in dispersal-related
traits in Western Mosquitofish and assess divergent trait-
based dispersal capabilities. Primary forms of dimorphism
documented in Western Mosquitofish include larger body
size for females and a modified anal fin (i.e., gonopodium)
for males that is used for sperm transfer (Bisazza, 1993;
Pyke, 2008; Fryxell et al., 2015). Although body size posi-
tively correlates with movement among fishes inhabiting
streams and rivers (Radinger and Wolter, 2014), the extent

to which other movement-related traits might be sexually
dimorphic has not been explored. Thus, our first objective
was to quantify dispersal trait values for female (n ¼ 150)
and male (n ¼ 150) Western Mosquitofish collected from
multiple survey locations. Our second objective was to test
for differences in trait values between females and males.
We hypothesized that measurable differences in dispersal-
related traits would exist, with females generally exhibiting
trait values that were conducive to greater movement (Rob-
bins et al., 1987). Our third objective was to identify which
of the identified dispersal traits differed the most between
females and males. Our fourth and final objective was to cal-
ibrate an existing dispersal model (Radinger and Wolter,
2014) using trait values we measured to assess differences in
expected dispersal by female and male Western Mosquito-
fish. By elucidating these differences, our research aims to
enhance understanding of the mechanisms underlying the
secondary spread of Western Mosquitofish and ultimately
improve ecological models focused on invasive fish species.

MATERIALS AND METHODS

Study site and field collections.—We collected Western Mos-
quitofish from six locations in Brazos County, Texas (Fig. 1,
Table 1). Brazos County is within the native range of this
species, and previous studies (e.g., Blanchard et al., 2024)
have noted high levels of abundance and morphological
variation among sites within the county. In total, we sought
to collect 300 Western Mosquitofish (150 males, 150
females) across all six sites. Sites were selected to ensure con-
sistency in water depth, waterbody size, and lack of flow to
ensure that morphological differences were not influenced
by differences in habitat. One major difference to note
between collection sites was predator presence. Sites CAR,

Fig. 1. Collection sites (purple circles) for Western Mosquitofish
Gambusia affinis analyzed as a part of this study. White lines denote
roads and gray lines streams. See Table 1 for details about collection
sites and definitions of site location names.
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TWP, and GCD were devoid of any piscivorous fish preda-
tors, whereas SUE, HEN, and ASH sites were all home to
Green Sunfish populations. All collection sites are isolated
from one another by natural and anthropogenic barriers.
We sampled each site using seines and dip nets and sought
to obtain 25 female and 25 male individuals. Male speci-
mens were retained based on the presence of a gonopo-
dium. Female specimens were retained if the gravid spot
(i.e., large black spot on the lateral surface) that is only pre-
sent in sexually mature females was noted on the fish. Any
females without the gravid spot, or those that were visibly
pregnant (i.e., presence of distended abdomen) were
released due to the influence of pregnancy on morphology.
Collected individuals were placed in 19 L buckets filled with
water from the collection site. We transported fish back to
the laboratory and placed them into a solution of MS-222
(350mg/L) for euthanization prior to imaging according to
approved Texas A&M University Institutional Animal Care
and Use Committee animal use protocol (2023-0308).

Imaging and morphometrics.—We used a standardized pro-
cess for imaging and morphology measurements. Once
euthanized, individual fish were transferred to a dissection
tray fitted with a white background for contrast. We placed
each fish facing left to obtain a lateral image of the left side
of the whole body. We labeled each image uniquely with
site numbers and fish accession numbers for identification.
We placed a ruler below the fish to serve as a scale bar for
each image. We collected images using a Canon-EOS 6D
camera (Ōta, Tokyo) attached to a camera stand directly
above the dissection pad with the fish to ensure equal orien-
tation of the camera for every photograph. We arranged
each fish to ensure that fins were spread prior to imaging by
using a wet paintbrush to splay out fins. Captured images
were imported into ImageJ software (Schneider et al., 2012)
for morphological measurements. Prior to measurement, we
used the ruler scale bar in the images to calibrate scale using
1 cm. We then used images to collect nine measurements of
morphology based on previous work by Kopack et al. (2023)
and Saraiva and Pompeu (2016; Fig. 2). Linear measure-
ments included: total length (TL), standard length (SL),
body height (BH), body area (BA), head depth (HD), caudal-
peduncle length (CPL), caudal-peduncle depth (CPD), cau-
dal-fin height (CFH), and caudal-fin area (CFA). We then
used these linear measurements to calculate six dispersal
traits that functionally influence dispersal ability according
to multiple studies (Table 2). These six dispersal traits
included: body lateral shape (BLS), caudal-fin aspect ratio
(ARC), caudal-peduncle throttling (CPT), relative body
height (RBH), relative caudal-fin area (RCFA), and relative
peduncle length (RPL).

Statistical analyses.—We tested sexual dimorphism in dis-
persal-associated traits using multivariate ordination and
hypothesis testing. We standardized all dispersal traits prior
to analysis to a mean of zero and standard deviation of one
using the ‘standardize’ argument in the ‘decostand’ func-
tion from the ‘vegan’ package in R (Version 2.6-4; Oksanen
et al., 2022). We illustrated the multivariate relationship
among standardized dispersal traits using a principal com-
ponent analysis (PCA) fitted using the ‘rda’ function from
the ‘vegan’ package (Oksanen et al., 2022). We tested for sig-
nificant differences in multiple dispersal traits (i.e., multiple
response variables) between females and males (i.e., sex was
a fixed categorical variable) collected from different sites
(i.e., site was a covariate) using a permuted multivariate
analysis of variance (PMANOVA) fitted using the ‘adonis2’

Table 1. List of collection sites of Western Mosquitofish Gambusia affinis used in this study, including site names, latitude, longitude, and number
of female and male fish collected. See Figure 1 for map of collection site.

Site name Latitude Longitude Females collected Males collected

Sue Haswell Park (SUE) 30.6728 –96.3595 25 25
Cartwright (CAR) 30.6569 –96.3569 25 25
Tanglewood Park (TWP) 30.6434 –96.3378 25 25
Hensel Park (HEN) 30.6259 –96.3463 25 25
Ashford Hills (ASH) 30.6348 –96.3660 25 25
Golf Course Ditch (GCD) 30.6139 –96.3317 25 25

Fig 2. Morphological measurements of Western Mosquitofish
Gambusia affinis used in this study, their shortened code, description,
and illustrations of measurement on a female specimen. Measurements,
descriptions, and illustrations are based on Saraiva and Pompeu (2016)
and Kopack et al. (2023).
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function from the ‘vegan’ package in R (Oksanen et al.,
2022).

We conducted a follow-up analysis to uncover the dis-
persal traits that differed most between female and male
Western Mosquitofish. This analysis was based on recursive
partitioning to identify threshold values in traits that most
strongly correlated with sex. We fit a random forest model
using the ‘randomForest’ function from the ‘randomForest’
package (Version 4.7-1.1; Liaw and Wiener, 2002) using 500
trees and four variables tried at each split in the model. We
assessed the performance of the random forest model using
specificity, sensitivity, accuracy, and Kappa, as well as the
significance of the overall model. We then used the ‘var-
ImpPlot’ function from the ‘randomForest’ package to rank
single dispersal traits in descending order of importance
(i.e., measured as mean decrease in model accuracy when
variables were omitted) in discriminating between sexes.
We assessed redundancy among dispersal traits using recur-
sive feature elimination (RFE) analysis, which systemati-
cally removed one feature (here, dispersal traits) at a time
from a model to identify uninformative or redundant fea-
tures. We fit the RFE using the ‘rfe’ function from the ‘caret’
package (Version 6.0-93; Kuhn, 2022). Finally, we used box
plots to illustrate the differences in the distributions of dis-
persal traits for females and males using the ‘ggplot2’ pack-
age (Version 3.4.0; Wickham, 2016).

We estimated dispersal distances of female and male
Western Mosquitofish using a modeling approach devel-
oped by Radinger and Wolter (2014). This model is based
on a meta-analysis of fish movements measured through
mark–recapture and telemetry methods and employs a dou-
ble-normal, leptokurtic distribution to estimate movement
distances for stationary and mobile components of stream
fish populations (i.e., heterogeneous model from Skalski
and Gilliam, 2000). The predictions are formed using four
input variables, including stream order (measured as in
Strahler, 1957) to capture increased movement in larger
streams, time (d) to capture increased movement over lon-
ger time periods, and two traits related to fish morphology
(i.e., TL and ARC). We used the R package ‘fishmove’ to
parameterize separate models for female and male Western

Mosquitofish using stream orders 1–3 where Western Mos-
quitofish are most common (Lee et al., 2018), time based
on the longevity of female (548 d) and male (365 d) West-
ern Mosquitofish (Daniels and Felley, 1992), and median
ARC (female ¼ 1.67; male ¼ 1.19) and TL (female ¼ 39 mm;
male ¼ 25 mm) values measured during this study. The
‘fishmove’ package provides a prediction of distance moved
(in m) for the stationary and mobile components of fish
populations, as well as confidence intervals for distances
moved. The model relies on the assumption that within
populations there are mobile fish that move long distances
and stationary fish that move short distances. This model
predicts the distance that a fish in each of these groups
moved in a stream of specified size and over a defined
amount of time. The ‘fishmove’ package is currently
unavailable on the CRAN but can still be loaded into R via
the R Archive, through GitHub, or using the function pro-
vided in this paper (see supplementary file; see Data Acces-
sibility). All analyses were conducted in R version 4.2.2
(R Core Team, 2022).

RESULTS

We analyzed 150 females and 150 males evenly distributed
among the six sampling sites. A principal component ordi-
nation of the seven dispersal-associated traits showed that
the first principal component explained 58% of variation in
dispersal traits and was characterized by individuals with
larger values for TL, ARC, RBH, and CPT arranged positively,
and individuals with larger values for RPL and BLS arranged
negatively (Fig. 3). This was the axis along which female
and male Western Mosquitofish were most strongly sepa-
rated. The second principal component explained 21% of
variation in dispersal traits, and primarily was a gradient of
RCFA, along which individuals with larger trait values were
arranged negatively. Median trait values varied among sexes
and sites (Table 3). The PMANOVA fit with the seven dis-
persal traits as response variables, site as a covariate, and sex
as the independent variable showed significant variation in
morphology between sexes as well as among sites (sex:
F1,288 ¼ 300, R2 ¼ 0.46, P ¼ 0.001; sex:site: F10,288 ¼ 6.6,
R2 ¼ 0.10, P ¼ 0.001; Table 4).

Table 2. Dispersal traits measured for female and male Western Mosquitofish Gambusia affinis as a part of this study. Trait names, abbreviations,
calculations, dispersal correlates, and relevant literature sources are given. The linear measurements used to derive trait values are given in
Figure 2.

Dispersal trait Calculation Dispersal correlate Source

Body lateral shape (BLS) BLS ¼ HD/BH Hydrodynamic head shape for
reduced drag

Brosse et al., 2021

Caudal-fin aspect ratio (ARC) ARC ¼ CFH2/CFA More efficient swimming and greater
dispersal

Radinger and Wolter, 2014; Kopack
et al., 2023

Caudal-peduncle throttling (CPT) CPT ¼ CFH/CPD Caudal propulsion efficiency through
reduction in drag

Brosse et al., 2021

Relative body height (RBH) RBH ¼ BH/SL Hydrodynamic body shape, advanta-
geous in areas of high flow

Gatz, 1979; Saraiva and Pompeu,
2016; Kopack et al., 2023

Relative caudal-fin area (RCFA) RCFA ¼ CFA/BA Greater burst swimming ability Saraiva and Pompeu, 2016; Kopack
et al., 2023

Relative peduncle length (RPL) RPL ¼ CPL/SL Good swimming skills, increased
swimming ability in flowing
streams

Hora, 1922; Watson and Balon,
1984; Saraiva and Pompeu, 2016
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The random forest model performed better than ran-
dom chance in assigning fish to sex based on the seven
dispersal traits included in the model (P , 0.001). The
model accuracy was 0.992 and Kappa was 0.983, suggest-
ing acceptable classification strength. Specificity was
0.992 and sensitivity was 0.992, suggesting low errors
regarding misclassifications of sex. The variables most
important for classifying sex were RPL, TL, and RBH, with
consistently lower values for ARC, CPT, BLS, and RCFA
(Fig. 4). The recursive feature elimination analysis sug-
gested all dispersal traits except for BLS should be
retained for assessing differences in traits among the
sexes. Boxplots for the remaining six traits illustrated
greater RPL for males (Fig. 5A), but trait values were

greater for females for TL (Fig. 5B), RBH (Fig. 5C), CPT
(Fig. 5D), and ARC (Fig. 5E). There was little difference in
the distributions of RCFA between the sexes (Fig. 5F).

Modeled movement distances were greater for females rel-
ative to males across time and stream size gradients. In first
order streams, the stationary component for females moved
2.5 m (95% CI ¼ 1.1–5.8) while stationary males moved 0.6
m (0.2–1.6; Fig. 6A). The mobile component for females
moved 43.7 m (22.4–85.0) and males moved 13.8 m (6.7–
28.3; Fig. 6B). In second order streams, stationary compo-
nent movement reached a greater maximum for females
(fitted ¼ 3.9, 95% CI ¼ 1.7–9.1) than males (1.0, 0.4–2.6;
Fig. 6C) and mobile component movement reached a
greater maximum for females (81.7, 42.9–155.6) than males
(25.7, 12.3–53.3; Fig. 6D). In third order streams, where
modeled movement was greatest, stationary component
maximum movement was greater for females (5.7, 2.4–13.8)
than males (1.4, 0.5–3.9; Fig. 6E) and mobile component
maximum movement was greater for females (132.1, 66.7–
261.6) than males (41.4, 18.8–91.0; Fig. 6F). In all cases, the
lower confidence limit for female movement overlapped
with the upper confidence limit of males.

DISCUSSION

This study provides an empirical test of differences in the
morphology of female and male Western Mosquitofish as it
relates to dispersal capability. The results suggest that the
largest differences between the sexes were related to larger
RPL in males, larger TL in females, and smaller RBH in
males. Female Western Mosquitofish are recognized as
larger than males (Brown, 1985), but this difference likely
promotes greater dispersal capacity for females given the
positive correlation between TL and movement magnitudes
for many freshwater stream fishes (Radinger and Wolter,
2014). In laboratory swim trials, Li et al. (2017) noted
greater swimming performance among males because of
their slender body and reduced drag. The relatively smaller
RBH of male Western Mosquitofish we document here is a
direct measure of slenderness and lends support to the idea
that males are more streamlined in their shape. The stron-
gest difference we observed was larger RPL in males com-
pared to females, as evidenced by the longest vector along
the separation of females and males in the PCA as well as
the variable importance results from the random forest
model. Previous studies on predator avoidance in Western
Mosquitofish noted enlargement (both length and depth)

Fig. 3. Principal component analysis (PCA) of seven dispersal traits
measured from individual Western Mosquitofish Gambusia affinis colored
by sex (female ¼ pink circles, male ¼ blue triangles). Vectors represent
dispersal traits, including caudal-fin aspect ratio (ARC), body lateral
shape (BLS), caudal peduncle throttling (CPT), relative body height
(RBH), relative caudal-fin area (RCFA), total length (TL), and relative
peduncle length (RPL). Gray outlines denote the body shape of an
individual to denote what an individual’s morphology would look like
depending on its location on PC1 and PC2.

Table 3. Summary trait values for male and female Western Mosquitofish by sex and location. Values presented are the median value for the
respective trait, site, and sex.

Site

SUE CAR TWP HEN ASH GCD Across sites

Trait F M F M F M F M F M F M F M

RPL 0.332 0.470 0.303 0.447 0.295 0.444 0.276 0.436 0.259 0.439 0.284 0.427 0.298 0.440
TL 3.687 2.701 3.804 2.350 3.513 2.379 3.700 2.528 4.391 2.562 4.132 2.524 3.860 2.492
RBH 0.201 0.176 0.210 0.164 0.200 0.179 0.221 0.178 0.209 0.171 0.209 0.187 0.207 0.175
ARC 1.678 1.277 1.600 1.432 1.621 1.119 1.599 1.114 1.607 1.151 1.881 1.499 1.663 1.188
CPT 2.000 1.547 2.121 1.683 2.053 1.534 1.962 1.493 2.222 1.597 2.031 1.766 2.053 1.621
BLS 0.514 0.557 0.487 0.563 0.565 0.556 0.469 0.556 0.469 0.525 0.524 0.542 0.500 0.552
RCFA 0.195 0.191 0.201 0.223 0.201 0.198 0.189 0.195 0.213 0.207 0.188 0.204 0.198 0.204
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of the caudal peduncle among populations where predatory
fishes were present (Langerhans et al., 2004; Blanchard
et al., 2024). Enlarged caudal regions in the presence of
predators was consistent for both males and females, and,
although not directly tested by Langerhans et al. (2004),
there was evidence for larger caudal regions among males
compared to females regardless of predator presence. The
enlarged caudal region in males relative to females might be
driven by sexual selection given males have elongated anal
fins once the gonopodium develops. Nevertheless, the
larger RPL in males likely provides greater potential burst
speed relative to females (Langerhans et al., 2004). The
remaining two dispersal traits for which females expressed
larger trait values generally suggest females might have
stronger dispersal capacity, including larger ARC (Radinger
and Wolter, 2014; Kopack et al., 2023) and CPT (Brosse
et al., 2021). The differences in relevant dispersal traits we
document here suggest that development of models useful
for predicting the secondary spread of invasive Western
Mosquitofish might consider sex-specific differences.

Previous studies have produced mixed results on the ques-
tion of whether female and male Western Mosquitofish
have differing dispersal capacities and tendencies. Brown
(1985) found that males were a larger part of the dispersal
component of a Western Mosquitofish population after res-
toration of water temperatures allowed for movement out-
side of refuge areas of a single pond. However, resampling of
the same pond by Robbins et al. (1987) a few years later
revealed that most of the dispersers were female. Both stud-
ies found that fish of larger size dispersed farther, meaning
the larger size of females could equate to greater movement
capacity. Indeed, TL was among the subset of parameters
that Radinger and Wolter (2014) identified as useful for pre-
dicting fish movement magnitudes. Although the meta-
analysis by Radinger and Wolter (2014) included multiple
studies across a broad gradient of species body sizes, other
research focused on dispersal of Gambusia spp. suggested
short-term dispersal differences existed despite relatively
subtle differences in TL. Rehage and Sih (2004) conducted a
comparative dispersal study in experimental mesocosms
and found that Western Mosquitofish dispersed more than
Eastern Mosquitofish, and both invasive species dispersed
more than Largespring Gambusia (G. geiseri). Although size
was not directly tested by Rehage and Sih (2004), maximum
total lengths reported on FishBase (Froese and Pauly, 2011)
for each of these species followed the same rank of dispersal
magnitudes for Western Mosquitofish (max TL ¼ 5.1 cm),
Eastern Mosquitofish (max TL ¼ 4.7 cm), and Largespring
Gambusia (max TL ¼ 4.4 cm). The magnitudes of intraspecific

differences in TL we reported here (mean male TL: ¼ 2.5 cm,
mean female TL ¼ 3.9 cm) exceed this interspecific size gradi-
ent and ultimately highlight the need for future studies on
differences in dispersal between sexes of Western Mosquito-
fish studied in situ. In experimental mesocosms, Eastern Mos-
quitofish exhibit sex-dependent dispersal in which females
achieve larger sizes and disperse greater distances compared
to males (Congdon, 1994), and our findings suggest that
there is potential for similar processes in Western Mosquito-
fish, though perhaps operating at a greater magnitude (Reh-
age and Sih, 2004).

We focused on a suite of morphological traits with direct
correlation to dispersal ability, and three of the measured
traits pointed to greater dispersal capacity for females. These
traits included larger TL, greater CPT, and higher ARC. Two
morphological attributes that are most commonly associ-
ated with invasion potential through secondary spread and
swimming ability are ARC and TL (Radinger and Wolter,
2014; Starrs et al., 2017). The ARC has been studied with
respect to fish cruising capability, and an emerging pattern
is that fish with higher ARC values are classified as ‘cruising
specialists’ (Radinger and Wolter, 2014). This is because cau-
dal fins with a high aspect ratio can generate larger amounts
of thrust, which translates directly to continuous swimming
ability (Plaut, 2000; Blake, 2004; Jones et al., 2020). Our
finding of higher ARC in female Western Mosquitofish sug-
gests they are shaped to be more efficient long-distance
swimmers relative to males of the same species. Other stud-
ies on invasive fishes noted a positive association between
secondary spread and TL. For example, individuals on the
invasion front had larger TL than those not on the invasion
front for invasive Round Goby (Neogobius melanostomus;
Brandner et al., 2018). Fish TL is commonly tied to swim-
ming capabilities, with maximum sustained swimming per-
formance within a species associated with individuals of
larger TL (Fisher and Hogan, 2007; Jones et al., 2020). Given
strong correlations between TL and swimming ability, the
larger TL in female Western Mosquitofish might mean this

Table 4. Results from permuted multivariate analysis of variance
(PMANOVA). Dispersal traits were run as response variables, with sex
as the dependent variable and site as a covariate. The PMANOVA
includes the degrees of freedom (DF), sum of squares (SS), coefficient
of determination (R2), test statistics (F), and P-value (P) and have an
alpha of 0.05. Significant P-values are denoted in bold.

Parameter DF SS R2 F P

Sex 1 960.1 0.46 300 0.001
Sex:Site 10 210.7 0.10 6.6 0.001
Residual 288 922.2 0.44
Total 299 1.0

Fig. 4. Variable importance plot ranking the dispersal traits by how
much they vary between sexes from the random forest model. See
Table 2 for additional information on ratio names and formulas.
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sex has relatively stronger capacity for secondary spread rel-
ative to males. Finally, CPT is associated with high swim-
ming speed and endurance (Bejarano et al., 2017; Brosse
et al., 2021; Luiz et al., 2022). The CPT trait is a proxy for
thrust generation, meaning that individuals with larger val-
ues are capable of high sustained cruising capability (Fisher
and Hogan, 2007; Bejarano et al., 2017; Luiz et al., 2022).
Given the strong correlation between thrust generation and
dispersal, the larger CPT values we found for female Western
Mosquitofish might mean females have greater capacity for
secondary spread. These findings collectively support previ-
ous work by Brown (1987) suggesting Western Mosquitofish
are successful invaders because relatively high rates of dis-
persal by inseminated females contribute to secondary
spread, though it should be noted that the stage of preg-
nancy affects female swimming ability, with more pregnant
females expressing reduced swimming performance (Plaut,
2002).
Three dispersal traits we measured pointed to greater dis-

persal capacity in male Western Mosquitofish, including
BLS, RBH, and RPL. Recursive feature elimination analysis
removed BLS as one of the traits used in our model to dis-
criminate between male and female Western Mosquitofish.
The BLS trait was removed from the model for its redun-
dancy with RBH given that both traits measure hydrody-
namic body and head shape (Blake, 2004; Luiz et al., 2022).
The relative height of the body in fishes determines how
streamlined and hydrodynamic a phenotype might be
(Gatz, 1979). Fishes with smaller RBH are more streamlined,
have less drag, and can reach higher maximum swimming
speeds compared to individuals with higher RBH (Gatz,

1979; Blake, 2004). We also found that RPL was significantly
larger in male compared to female Western Mosquitofish.
Multiple previous studies have linked longer caudal-pedun-
cle length (higher RPL) to better swimming ability among a
diversity of fishes (Hora, 1922; Gatz, 1979; Watson and
Balon, 1984). Whether greater RPL imparts greater steady
(i.e., time to fatigue) or unsteady (i.e., burst speed) swim-
ming performance is less clear. Langerhans (2009) found a
trade-off in Western Mosquitofish swimming performance
characterized by populations with high steady swimming
performance having slower unsteady swimming perfor-
mance. In that study, caudal peduncles were larger (length
and depth) among the populations with higher unsteady
(burst) swimming but lower steady (sustained) swimming
performance (Langerhans, 2009). Consequently, it is possi-
ble that female and male Western Mosquitofish trade off in
their swimming abilities such that females have grader sus-
tained swimming performance while males have great burst
swimming performance. Indeed, Li et al. (2017) found that
male Western Mosquitofish exhibited greater burst swim-
ming speeds compared to females. We are not aware of any
study comparing sustained versus burst swimming speeds of
female versus male mosquitofish (but see Hammill et al.,
2004 for a study on male Eastern Mosquitofish), and this
represents a potential area of future research.

Given the invasive nature and current worldwide distribu-
tion of Western Mosquitofish, further investigation into
understanding the secondary spread of the species is war-
ranted. Although sexual dimorphism in the form of body
size and anal-fin morphology are known for Western Mos-
quitofish (Brown, 1985), our study highlights ecologically

Fig. 5. Boxplots visualizing differences between sexes of Gambusia affinis for the six identified dispersal traits. Each plot is colored by sex. Black
horizonal bar indicates mean, with box representing upper and lower quartile. See Table 2 and Figure 2 for additional information on dispersal
traits.
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relevant dimorphism as it relates to dispersal and coloniza-
tion. Our results suggest that female Western Mosquitofish
are likely superior dispersers and colonizers compared to
males. This finding has implications for how secondary
spread of the species might be characterized and modeled.
Presently, studies of invasive species have focused on pre-
venting secondary spread, which entails investigation into
the movement ability of invasive species (Vander Zanden
and Olden, 2008). The ‘fishmove’ package in R developed
by Radinger and Wolter (2014) is a common way to predict
movement of fishes. This predictive framework relies on
four key pieces of information to model the magnitude and
rate of fish movement, including TL, ARC (Pauly, 1989;

Froese and Pauly, 2011), stream order (Strahler, 1957), and
time. Our results reveal that female and male Western Mos-
quitofish differed in both morphology-based parameters in
the model (i.e., TL and ARC). When we fit models, we found
that predictions for movement were three (mobile compo-
nents) to four (stationary components) times greater for
females compared to males, although confidence intervals
overlapped. Despite Western Mosquitofish not being
included in the model of Radinger and Wolter (2014), this
model can be used to simulate differences in the secondary
spread of female versus male Western Mosquitofish as we
have done here. A key future research endeavor should be to
test and validate or improve the predictions from this model

Fig. 6. Modeled movement (m) of female (pink) and male (blue) Western Mosquitofish (Gambusia affinis) across their lifespans (females ¼ 1.5
y; males ¼ 1 y) based on the model of Radinger and Wolter (2014). Predictions are shown for stationary (A, C, E) and mobile (B, D, F) components
of populations in first (A, B), second (C, D), and third (E, F) order streams. Solid lines are fitted predictions, and shaded areas are 95% confidence
intervals.
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through the use of mark–recapture assessment of fish move-

ment (e.g., Santee et al., 2022; Steffensmeier et al., 2022).

Additionally, given the potential for a dispersing female

mosquitofish who has stored sperm to start a new popula-

tion without the need for a male to disperse, additional

information on female mosquitofish movement is a vital

part of investigation into the invasive capabilities of the spe-

cies. Given the highly detrimental impact of AIS globally,

and high diversity of morphology of dispersing individuals,

creating an accurate model to predict secondary spread is

vital to preserve native biota.
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