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Ecological invasions, where non-native species spread to new areas, grow to high densities and have large,
negative impacts on ecological communities, are a major worldwide problem. Recent studies suggest that
one of the key mechanisms influencing invasion dynamics is personality-dependent dispersal: the
tendency for dispersers to have a different personality type than the average from a source population.
We examined this possibility in the invasive mosquitofish (Gambusia affinis). We measured individual
tendencies to disperse in experimental streams and several personality traits: sociability, boldness, activity
and exploration tendency before and three weeks after dispersal. We found that mosquitofish display
consistent behavioural tendencies over time, and significant positive correlations between all personality
traits. Most notably, sociability was an important indicator of dispersal distance, with more asocial
individuals dispersing further, suggesting personality-biased dispersal on an invasion front. These results
could have important ecological implications, as invasion by a biased subset of individuals is likely to have
different ecological impacts than invasion by a random group of colonists.
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1. INTRODUCTION
Ecological invasions are gaining attention as a major
threat to biodiversity and an important element of
global change (Dukes & Mooney 1999). Ecological inva-
sions occur when a species introduced to areas beyond
its native range (i.e. non-indigenous species) spreads
from the point of introduction and becomes abundant.
At high densities, invasive species often have substantial
negative impacts on native species (Mack ez al. 2000;
Salo ez al. 2007). Identifying conditions that allow a suc-
cessful invasion therefore represents a crucial research
area. One approach has been to identify characteristics
that predispose a species to becoming a successful invader
(Kolar & Lodge 2001; Marchetti er al. 2004; Rehage et al.
2005a). Because invasion is a multi-stage process (intro-
duction, spread, establishment, growth to high density
and high impact on an invaded community; Lodge
1993), different characteristics probably affect a species’s
ability to complete each transition successfully. For dis-
persal and spread, high dispersal rate and long-distance
dispersal are likely to be key traits for successful invasion
(Rehage & Sih 2004; Bubb ez al. 2006). In addition, the
ability to establish, grow rapidly to high density and
have high impacts appears to be associated with aggres-
siveness and a ‘fast lifestyle’ (e.g. high activity, boldness,
r-type life history; Lodge 1993). Invasive pests might be
those species that exhibit both high dispersal tendencies
and the traits that facilitate attaining high densities and
exerting large impacts (Rehage & Sih 2004).

While many previous studies have focused on species
characteristics that might explain between-species differ-
ences in invasiveness, a new exciting approach looks at

* Author for correspondence (jdcote@ucdavis.edu).

Received 20 November 2009
Accepted 17 December 2009

1571

how individual variation in traits within species might influ-
ence invasion dynamics (Duckworth & Badyaev 2007;
Pintor ez al. 2009). In particular, an aspect of within-
species variation that has garnered substantial recent
interest involves individual variation in animal personal-
ities; for example, where some individuals are
consistently more bold, aggressive or sociable than
others (Dall ez al. 2004; Sih ez al. 2004; Bell 2007; Reale
et al. 2007; Sih & Bell 2008).

For invasions, a key issue is personality-dependent dis-
persal (e.g. where boldness, sociability or aggressiveness
are associated with dispersal tendency; Fraser er al. 2001;
Dingemanse et al. 2003; Cote & Clobert 2007;
Duckworth & Badyaev 2007). If the disperser’s personality
type enhances its colonization success (Cote & Clobert
2007; Duckworth & Badyaev 2007; Clobert ez al. 2009;
Duckworth & Kruuk 2009), then personality-dependent
dispersal might play an important role in invasions. For
instance, Duckworth & Badyaev (2007) showed a biased
dispersal of highly aggressive western bluebirds to the inva-
sion front, allowing this species to outcompete and displace
less aggressive mountain bluebirds. The general hypothesis
is that with personality-dependent dispersal, individuals
leading an invasion front might often display behavioural
characteristics that facilitate the colonization of new habitats
and hasten the spread of an invasive species. Although this
idea seems compelling, few studies to date have actually
tested for personality-dependent dispersal, and in particular
this issue has only rarely been examined in a known invasive
species (Duckworth & Badyaev 2007). No previous studies
have quantified personality-dependent dispersal in an inva-
sive species under controlled environmental conditions in
order to address mechanistic underpinnings.

Sociability-dependent dispersal behaviour has received
minimal attention (Cote & Clobert 2007; Jokela ez al.
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2008), despite theoretical and empirical work suggesting
its importance (Ims 1990; Sinervo & Clobert 2003; Le
Galliard et al. 2005). In particular, studies on common
lizards (Cote & Clobert 2007) and on humans (Jokela
et al. 2008) suggest that asocial individuals are more
likely to disperse, especially when population density is
high. Sociability-dependent dispersal behaviour might
thus be an important behavioural mechanism in invasion
processes where invaders leave high-density populations
to colonize empty habitats.

Here, we quantify the existence of personality types in
the invasive mosquitofish (Gambusia affinis) and examine
whether personality types are correlated with dispersal
behaviour. Gambusia includes approximately 45 species
of small, live-bearing fishes (Poeciliidae). Most of what
we know about this genus comes from extensive study
of the two most temperate, widely distributed and
highly invasive species, G. holbrooki and G. affinis. These
sister species (both known as mosquitofish) have been
introduced for mosquito control worldwide and have
spread successfully to over 40 countries (Welcomme
1992). Their invasion success and negative impacts on
native communities (Lloyd ez al. 1986; Courtenay &
Meffe 1989; Gamradt & Kats 1996; Webb & Joss 1997;
Goodsell & Kats 1999) have led them to be considered
among the 100 worst invasive species worldwide (Lowe
et al. 2000). Understanding Gambusia invasions is thus
an issue of immediate importance. In particular,
information on dispersal behaviour is needed to better
understand mosquitofish spread after introduction
(Alemadi & Jenkins 2008).

Previous studies of Gambusia demonstrated behaviour-
al differences (e.g. in boldness) between invasive and
non-invasive species (Rehage & Sih 2004; Rehage ez al.
2005a,b). Both personality types and dispersal are easily
measured in this genus, allowing us to study mechanisms
at the individual level. We measured individual tendencies
to disperse (dispersal distance) in experimental streams,
sociability (tendency to shoal), boldness (latency to
emerge from refuge), exploration tendency and activity
(movement in a novel environment). Three weeks later,
individuals were run again through the behavioural and
dispersal assays to explore individual consistency. We
tested the hypotheses that: (i) individual mosquitofish
exhibit consistent behaviours (i.e. significant correlations
between each behaviour or dispersal tendency over a
three week period); (ii) mosquitofish exhibit behavioural
syndromes (i.e. significant correlations between sociabil-
ity, boldness, exploratory tendency and activity); and
(iii) personality type is correlated with dispersal distance.

2. MATERIAL AND METHODS

To characterize personality types, we ran two behavioural
assays separated by 1 h. First, we characterized sociability
as a tendency to shoal. Second, we characterized boldness
as the latency to exit from a refuge into a novel environment,
and exploratory behaviour and activity as movement in a
novel environment. These two assays represent an individual’s
reaction to a social context and to a novel environment,
respectively. This allows us to test for two major factors
affecting dispersal and colonization. After behavioural
assays, all fish were placed in experimental streams where
we measured their dispersal tendency. Behavioural and
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dispersal assays were repeated three weeks later to test for
individual consistency in behaviour.

To match the fact that mosquitofish are commonly intro-
duced by mosquito control agencies, our experimental
mosquitofish (G. affinis) were supplied by the Sacramento-
Yolo Mosquito and Vector Control District. These fish
represent a mix of hatchery-reared and field-collected fish.
Three hundred fish were transported to the Center for
Aquatic Biology and Aquaculture (CABA), University of
California, Davis, on 18 March 2008, held in groups of
60 in 80 1 flow-through fibreglass tanks on a natural photo-
period (for early May, L:D =14:10) at 22°C and fed
Tetramin flakes ad libitum. Mosquitofish were acclimated to
these conditions for more than one month prior to the first
behavioural observations, which were carried out between
29 April and 2 May (four replicates) and between 14 May
and 18 May 2008 (four replicates). Twelve hours before be-
havioural observations began individual mosquitofish were
placed in 37.91 aquaria, with 301 of well water, a 12 cm
piece of 5 cm diameter PVC pipe that served as refuge and
an airstone. Each day for eight days, 15 females and
15 males were randomly caught and run through behavioural
assays, for a total of 240 fish. The aquaria that held our fish
before experiments were small enough that it was not difficult
for us to catch any fish that we tried to catch and we also used
all the fish from a tank over the experiment. Capture biases
towards a specific personality are thus unlikely.

(a) Tendency to shoal (sociability)

Here, we recorded the amount of time spent near a shoal of
conspecifics (Ward er al. 2004). The experimental arena was
an aquarium (30 cm high x 25 cm wide x 50 cm long) filled
to a depth of 13.6 cm with 171 of well water and divided
lengthwise into three compartments (two small and one
large centre compartment) using two transparent glass par-
titions 12.5 cm away from each side wall. The partitions
allowed visual, but not physical or olfactory, interaction
between the shoal and the focal individual. One of six desig-
nated stimulus shoals was introduced to one of the smaller
compartments 1 h before the experiments began, while the
other small compartment was left empty as a control. Stimu-
lus shoals comprised 14 mosquitofishes, none of which had
previous experience with the focal individual. After 1 h, the
focal fish was introduced into the centre of the larger (cen-
tral) compartment and allowed to acclimate for 10 min.
The aquarium was surrounded by black curtains with a
small slit that allowed us to observe fish without disturbing
them. The position of the focal fish was continuously
recorded for 10 min using OBSERVER 2.01. The large com-
partment was divided with vertical marks every 2 cm; time
spent shoaling was defined as time spent by the focal fish
within the 2 cm closest to the stimulus shoal (Ward ez al.
2004) and is a metric of individual social attraction to a
group of strangers in a novel environment. This is likely to
be an ecologically relevant measure as it simulates what mos-
quitofish experience when they are introduced in a novel
environment or disperse and join a new population. When
the assay was complete, individuals were returned to their
individual home aquaria.

(b) Measuring boldness and exploration

in a novel environment

One hour after the sociability assay, boldness, exploration
and activity levels were assessed by recording behaviour in
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a novel environment (Yoshida ez al. 2005; Brown ez al. 2007).
The experimental arena was a well-lit, opaque, white plastic
tank (80 cm long x 80 cm wide X 20 cm high), filled with
10 cm of well water, and furnished with half flower pots
that served as additional refuges in two corners. Individual
fish were added gently to an upright, cylindrical (9 cm diam-
eter), black, opaque, covered refuge chamber placed on the
opposite end from the flower pots. After 10 min, we remotely
opened a 4 cm wide door on the refuge chamber, allowing
fish access to the experimental arena. Black curtains sur-
rounded the arena while cameras recorded behaviour.
Trials ended either 5 min after fish left the refuge, or after
45 min (2700 s).

Boldness was measured as the maximum time allowed for
fish to exit the refuge (2700 s) minus the latency (s) to exit
from refuge, and to stay for greater than 10 consecutive
seconds out of refuge; shorter latency to exit indicates
higher boldness. Exploratory tendency was quantified by
area covered (see below), and activity was measured as
percentage of time spent moving during the 5 min after the
entire fish left the refuge.

While some have suggested that latency to emerge in a
novel environment should be termed exploratory behaviour
and not boldness (Reale ez al. 2007), we follow several earlier
papers (e.g. Yoshida et al. 2005; Brown er al. 2007) in our
assessment that for small, schooling fish, a short latency to
emerge alone from a dark refuge into an open, novel environ-
ment represents boldness, while exploratory tendency is well
measured by space use after emergence from refuge. While
we would like independent assessments of exploration and
activity, in fact, the two might not be functionally separable.
To explore, animals must be active. To distinguish the two
somewhat, we define activity as movement per se, and
exploratory tendency as area covered (explored) while
moving. Because the water was shallow (10 cm deep), area
(as opposed to volume) covered provided a useful measure
of space use. In principle, an animal can be highly active
and yet explore little area. In fact (§3), activity and explora-
tory tendency were strongly positively correlated.

Videos were collected on a dedicated Micros Digital-
Sprite2 DVR system and downloaded as avi files before
being exported as image stacks (one frame per second)
using VIRTUALDUB. These image stacks were imported into
IMAGE] where the fish’s position (x—y coordinates) was
tracked over the 5 min assay. The percentage of time that
the fish spent moving (activity) was the percentage of
frames in which the fish moved greater than one body
length in the previous second. Area explored incorporates
both the distance an individual moved and the spatial pattern
of those movements. Given x—3y coordinates from each
frame, we tracked each individual’s continuous path (assum-
ing that movements between frames were straight). Explored
area was calculated (in MatLaB R2007) as the percentage of
the arena that fell within 5 cm of the fish’s path.

(¢) Marking and morphological measurements

At the end of each observation day, mosquitofish were
marked with an elastomer tag (northwest Marine Technol-
ogies, Shaw Island, WA, USA) under a low dose (5 mgl™")
of anaesthetic (MS-222). Each fish received a randomly
assigned unique identifier by injecting one of four colours
(yellow, orange, blue or red) subcutaneously into four
locations on the caudal peduncle (two on each side). Fish
were weighed to the nearest 0.001 g and photographed to
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estimate body size using IMAGE]. Fish were allowed to recover
from anaesthesia in an opaque bucket before being trans-
ferred back to their individual aquaria. No differences in
mortality rate were observed between marked and unmarked
fish (marked fish, 2.5% over 2 days; unmarked fish,
2.7-6.3% over the same 2 days), and we checked for
normal behaviour after marking by checking that behaviour
was similar between sets of unmarked and marked fish.
After 30 fish were observed and marked, they were trans-
ferred to an 801 fibreglass tank and maintained for 2 days
before being transferred to the experimental stream for the
dispersal assay.

(d) Dispersal in an experimental stream

We conducted our dispersal assay in an artificial stream at
CABA, consisting of five plastic pools positioned in line
(each 1.5 m diameter, filled with 40 cm of well water) con-
nected by riffles (1.3 m long, 30 cm wide). Our artificial
stream simulates the natural situation where Gambusia
often reside in relatively small stream pools except when
undergoing dispersal (Pyke 2005). The stream is located out-
doors under a roof with open sides (about 5 m high) that
screened out rain and direct sunlight. A 34 HP pump at
the downstream end pumped water (370.7 mls™!) to the
top pool where it then flowed downstream through the
system. Pools simulated the slow-moving backwaters typi-
cally inhabited by Gambusia, whereas flow in the riffles was
too fast for mosquitofish to maintain position or to swim
upstream against the current. Each pool had three half
flower pots and three PVC pipes that served as refuges.
Algae on the tank walls and mud in the bottom of each
pool made conditions in the artificial streams reasonably
similar to conditions experienced in the field. Water tempera-
ture was noted prior to fish introduction and the continual
input of well water ensured consistency in water temperature
between trials (19°C).

Two days after behavioural assays, 30 fish were introduced
into the top, upstream pool. This density is within the natural
range; indeed, it is relatively low compared with the high
local densities often seen in natural populations (e.g.
Martin 1975). A removable barrier at the downstream end
kept the fish from dispersing during the acclimation period,
while still allowing water to flow out into the riffle. Fish
were allowed 2 h acclimation in the pool after which the
barrier was removed and fish were free to disperse or stay
in the pool. The flow of water downstream precluded move-
ment upstream, so fish that dispersed out of an upstream
pool were unable to return. After 24 h, we removed fish
and recorded the pool in which each individual was found
(a measure we refer to as dispersal distance). All 30 individ-
uals were then returned to group housing in an 80 I tank. To
emphasize, current velocity in our artificial stream pools was
low enough that fish that entered a pool on the upstream end
were never rapidly swept by the current through the pool and
out the downstream end. That is, getting to the 5th (most
downstream) pool required a fish to undergo four distinct
dispersal events. Although our maximum dispersal distance
is certainly less than the occasional long-distance dispersal
seen in nature, because mosquitofish usually move locally
over relatively small areas (Pyke 2005), our dispersal assay
probably simulates natural, daily dispersal distances.

Eight blocks of 30 individuals were run through behav-
ioural and dispersal assays over two 4-day periods
(29 April-2 May, 14—17 May). Three weeks after the last
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assay, the four sets of 30 individuals were randomly divided
into new groups of 30. These new groups were then run
through the behavioural and dispersal assays again to test
for individual consistency (19-22 May, 3—6 June).

(e) Statistics

Six individuals were excluded from analyses because they
exhibited behaviours indicating poor health (swimming on
their side or lying immobile on the floor of the tank); 234
fish remained for analyses on the first set of behavioural
observations. Mortality and irregular behaviour (e.g. owing
to apparent illness or unknown causes) reduced sample
sizes to 157—160 for the second set of assays three weeks
later. Individuals that died or exhibited irregular behaviour
during this three week period did not display irregular behav-
iour during the first set of assays, and did not appear morbid
or die within the first few days after the first dispersal assay.
ANOVAs comparing fish that were included in the second
set of observations with those that were included in the
first observations but excluded from the
showed no significant differences in personality types (on
principal component analysis axis (§3); PC1l: F; 517 =2,
p=0.16; PC2: F;;;7=0.30, p=0.58) or personality-
dependent dispersal (interaction between death status and
PC2 (§3): Fy,202 = 0.95, p = 0.33). Therefore, in behaviour-
al correlation analyses shown below, we used all fish that
survived to the end of the first dispersal assay.

second set

(1) Behavioural correlations and consistencies

We analysed correlations among the four personality par-
ameters (sociability, boldness, exploratory behaviour and
activity) as well as their consistency. Because one of these
metrics (boldness) was not normally distributed, correlations
between these behaviours were calculated using Spearman’s
rank correlation, which tests for rank-order consistency in
multiple behaviours (i.e. behavioural syndrome). Behavioural
consistency across time (i.e. repeatability) was assessed by
Spearman’s rank correlations between the earlier and later
measurements. We also computed intraclass correlation coef-
ficients (ICC; Lessells & Boag 1987). One-way ANOVA on
standardized behavioural values was carried out in order to
obtain variance components. Repeatability is a measure of
change in trait expression of individuals across time
(within-individual variance), relative to the change of the
study population (Lessells & Boag 1987; Bell ez al. 2009).
The time taken to emerge from the shelter was log trans-
formed (log maximum time minus log time to emerge from
the shelter) to approximate normal distributions. No other
transformations were necessary.

The consistency of dispersal distance over three weeks was
analysed using a likelihood-ratio y*-test on the contingency
table of dispersal distances for the two dispersal assays.
Dispersal distance can be consistent either because the
same individuals tend to stay in the original pool while
others disperse, or because the distance dispersed was con-
sistent for those that left the first pool. We tested, in
particular, for the latter by running a Spearman’s rank corre-
lation test for distance dispersed using only the relatively few
fish that left the first pool in both dispersal trials.

(11) Principal component analysis

Because our behavioural metrics were correlated, we per-
formed a principal component analysis (PCA) with varimax
rotation (Quinn & Keough 2002) in JMP v.7 to define
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possible personality trait dimensions. Eleven individuals
that never emerged from shelter could not be assessed for
exploration/activity and were thus excluded from the PCA
(n=223). Including these 11 animals in an analysis that
directly used behavioural metrics instead of PCA axes did
not alter the qualitative conclusions on effects of sociability
and boldness on dispersal. Based on the scree plot and a
bootstrapped Kaiser—Guttman, we identified two key PCA
factors for further analyses (Jackson 1993). Behaviours with
a loading of at least 0.32 were considered to contribute to
the meaning of a component (Tabachnick & Fidell 1996).
The relation between principal components and sex, body
size and body condition was analysed using a generalized
linear model (Proc GLM). Body condition could be measured
by residuals from the regression of body mass on body length
cubed. Residuals can, however, be problematic in some situ-
ations (Darlington & Smulders 2001; Garcia-Berthou 2001),
but adding body size and body mass in the same model
would lead to collinearity problems. We decided to perform a
PCA on body mass and body size data (Quinn & Keough
2002). From the factor loadings of this PCA, the first axis
clearly measures overall body size (factor loadings, body size:
0.99 and body mass: 0.99) while the second axis is the part of
body mass not explained by body size (i.e. body condition;
factor loadings: body size = —0.15 and body mass = 0.15).
Thereafter, we named these two axes body size and body con-
dition, respectively. We also checked that we find the same
results using residuals as a metric of body condition.

(iii) Personalivy-dependent dispersal

We used dispersal distance—the pool where the fish was
found (pools 1-5) at the termination of the first dispersal
trial—rather than dispersal decision (the probability of
leaving pool 1) when analysing if/how dispersal depends on
personality traits, because it reduces the effect of individuals
that left the first pool accidentally. Because seven individuals
died before dispersal assays, » = 216 for the dispersal analy-
sis over the eight observation days (population size ranged
from 25 to 28). We analysed the relationship between PCA
scores and dispersal distance using a mixed generalized
linear model with a cumulative logit link and a multinomial
error distribution in SAS (Littell ez al. 1996; Quinn &
Keough 2002). The fixed effects were the PCA scores,
body size, body condition, sex and the interactions, and the
random effect was the experimental population for dispersal
(observation day), which allows to control for differences
between populations. We can also show that there were
no differences between populations for the two PCA axes
(p > 0.05). We used type III F-tests for fixed effects. The
model was simplified by using backward elimination of
the non-significant terms.

3. RESULTS

Individuals displayed significant rank-order consistency
over three weeks in all four behaviours assayed
(table 1). Although the behaviours were significantly
repeatable over this period, repeatability values were rela-
tively low, revealing a time effect (table 1).

The four behaviours were also significantly correlated
to each other, indicating an overall behavioural syndrome
(table 2). Boldness, exploration and activity were highly
significantly positively correlated. In contrast, while socia-
bility was significantly positively correlated to the three
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Table 1. Behavioural consistency (Spearman’s rank correlation) and the repeatability (intraclass correlation coefficients) of
the four behaviours measured (before dispersal assay and three weeks after dispersal).

rank consistency

repeatability

sociability 0.28, p = 0.0004
boldness 0.29, p = 0.0002
exploratory behaviour 0.21, p=0.01
activity 0.20, p=0.01

Fs50.160 = 1.48, p = 0.006, ICC = 0.20
Fi50.160 = 1.69, p = 0.0005, ICC = 0.25
F156,157 = 137, p= 0024, ICC=0.16
Fis6.157 = 1.42, p=0.015, ICC = 0.17

Table 2. Spearman’s rank correlations between the four behaviours measured before dispersal assay.

boldness exploratory behaviour activity
sociability 0.14, p = 0.027 0.13, p = 0.045 0.13, p = 0.045
boldness 0.27, p < 0.0001 0.30, p < 0.0001

exploratory behaviour

0.84, p < 0.0001

Table 3. Component loadings of behaviours observed on
two orthogonally rotated principal components. Boldface

indicates the highest component loadings for each
behaviour.
principal components
boldness—exploration—
behaviour activity sociability
sociability 0.08 0.99
boldness 0.52 0.11
exploratory behaviour 0.93 0.01
activity 0.94 0.06
variance explained (%) 50.6 25.1
total variance (%) 75.7

other behaviours, the correlations were only barely signifi-
cant. Scree plot and Kaiser—Guttman analysis of the PCA
revealed two factors that explained 75.7 per cent of the
variance (table 3). PC1 had strong component loadings
for boldness, exploration and activity, while PC2 rep-
resented sociabiliry (table 3). Thus, fish that had higher
PC1 scores took less time to emerge from the shelter,
explored a larger area and spent more time moving.
Fish that had higher scores on PC2 spent more time
close to the shoal. These two PC scores were unrelated
to sex, body size and body condition (p > 0.10).
Dispersal distance was related to the sociability axis but
not to the boldness—exploration—activity axis (table 4). Aso-
cial individuals moved further downstream (figure 1;
analysis of covariance with sociabiliry axis as dependent
variable and dispersal distance (pool) as the explicative
covariable: F} 514 = 5.54, p = 0.02). In particular, disper-
sers reaching the last two pools were more asocial than
fish staying in pool 1 (multiple contrasts for differences
between pools in mean sociability: pools 4—5 lumped
versus pool 1, F=5.09, d.f. =1, 211, p = 0.03). Disper-
sal distance was not related to body size (table 4), but
individuals in better condition dispersed further
(table 4). Males moved further than females (table 4),
but independently of personality types (sociabiliry axis X
sex: Fy 502 = 2.16, p = 0.14; boldness—exploration—activity
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Table 4. Dispersal distance (the pool where the fish was
found (pools 1-5) at the termination of the first dispersal
trial) in relation to personality traits, sex, body size and
body mass. Mixed generalized linear model with a
cumulative logit link and a multinomial error with the
experimental population as a random effect. Simplification
of the model was made using backward elimination of the
non-significant terms.

statistical test

sociability F1’205 = 549, p= 0.02
boldness—exploration—activity Fy 504 =0.25, p=0.62
sex Fy 205 =9.49, p=0.02
body size Fy,503=0.69, p=0.41

body condition Fy 505 =4.76, p=0.03

axis X sex: F] 502 = 0.69, p = 0.41). Finally, the distance
moved during dispersal was repeatable across the two
dispersal assays three weeks apart (likelihood-ratio ,\/2 =
25.84, n=159, p=0.01, r=0.28), even when we
use only the individuals that left pool 1 in both assays
(n=11; Spearman = 0.63, p = 0.04).

4. DISCUSSION

(a) Individual consistency and behavioural
syndromes

Mosquitofish exhibited two key components of a behav-
ioural syndrome: (i) individual consistency over time
(here, three weeks) for focal behaviours and (ii) significant
correlations among behaviours expressed in different con-
texts (behavioural syndrome). With regard to behavioural
consistency, rank-order correlations were significantly
positive for all four behavioural metrics over several
weeks; individual differences in behaviours were therefore
consistent. The fact that repeatability was low (but signifi-
cant) is consistent with a recent review that found that
behavioural repeatabilities are often low, but significant
(Bell er al. 2009). In our case, although we cannot rule
out the possibility that these behaviours intrinsically
have a low repeatability, we suspect that part of this rela-
tively low repeatability represents uncontrolled variability
in individual motivational state that arises even in con-
trolled, standardized laboratory conditions. Interestingly,
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Figure 1. Mean sociability value in relation to dispersal dis-
tance. Mean values (+s.e.) of the sociability score as a
function of the pool where the fish was found at the termin-
ation of the dispersal trial (pools 1, 2, 3, 4 or 5) are shown.
n, the number of fish found in each of these pools.

dispersal distance was also repeatable over the three-week
period. This result matches recent studies showing a
repeatability of dispersal (Bonte er al. 2009; Doligez
et al. 2009). The fact that individuals vary systematically
in their dispersal distances suggests that they either
disperse actively (voluntarily) or, if they disperse acciden-
tally (passively), something consistent and non-random
about their behaviour makes some more susceptible
than others to passive dispersal.

We also found that mosquitofish display positive corre-
lations between measures of boldness, exploration and
activity. Although the existence of a bold/exploratory/
active syndrome seems intuitively reasonable, few pre-
vious studies have actually quantified all three aspects of
personality in one study, especially in an invasive species.
Here, the strong correlations between these three beha-
viours were due, in part, to the fact that all three were
assessed in the same trials. Still, PC1, with high loadings
for boldness, activity and exploratory behaviour,
represents a general axis of response to a novel environ-
ment, ranging from ‘emerge early and explore actively’
to ‘emerge only after a long delay, and move around
rather little’. A previous study examined parallel differ-
ences between species in the Gambusia genus (some
invasive, others not) in boldness and exploration
(Rehage & Sih 2004). However, our study is the first to
examine behavioural syndromes within the invasive
species, and one of few to quantify a behavioural syn-
drome in any invasive species (see also Duckworth &
Badyaev 2007; Pintor ez al. 2009).

Boldness, activity and exploratory behaviour were also
positively correlated to sociability—individual variation in
attraction to a social group—a personality trait that has
been relatively rarely studied (but see Cote & Clobert
2007; Reale er al. 2007). Our results suggest that in mos-
quitofish, fish that are bolder (active and exploratory)
tend to school more. It is worth noting, however, that
sociability was only weakly correlated to the other person-
ality traits. While PC1 (explaining 50% of the variance in
behaviour) encompasses the bold/exploratory/active
syndrome, PC2 describes only individual sociability
differences (table 3). Social attraction thus emerged
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here as a behaviour that is partly independent of other
behaviours. In particular, while we did not test individuals
for aggressiveness, we observed that individuals display a
low (if any) level of aggressive behaviour, and thus sociabil-
ity differences are partly independent of aggressiveness
differences. However, more studies in this and other sys-
tems are needed to establish the patterns of correlation
between boldness and sociability or aggressiveness.

One might wonder why individuals vary in sociability,
especially in a highly social species. One explanation
might be that differences in social attraction are related
to differences in competitive abilities, in which asocial
individuals avoid groups (i.e. disperse) because they are
poor competitors. Alternatively, sociability might relate
to producer/scrounger competitive strategies, with asocial
individuals representing producers seeking to avoid
scroungers. Competitive ability and strategy tend to be
associated with dominance or size; larger, dominant indi-
viduals tend to be scroungers and better competitors
(Pilastro et al. 2003). Here, however, because sociability
was not related to body size or body mass, it seems unli-
kely that variation in sociability is due primarily to
differences in competitive abilities or strategies. An
alternative explanation is that asocial and social individ-
uals differ in their strategies for coping with predation
risk. Shoaling can decrease predation risk through the
dilution effect, earlier predator detection owing to
increased overall vigilance and predator confusion
(Krause & Ruxton 2002). On the other hand, predators
may attack groups more frequently because they are
more easily detected (Botham ez al. 2005). Individuals
that have a high likelihood of escaping a predator (e.g.
through swimming speed or efficient use of shelter)
might avoid social groups as the benefit provided is
lower than the costs (i.e. competition or predators attrac-
tion), whereas individuals that have poorer escape ability
might rely on shoaling for safety. Further experiments are
needed to assess the link between sociability, foraging
abilities and predator avoidance.

(b) Sociability and dispersal behaviour
As noted above, individual variation in sociability has the
potential to strongly affect population dynamics through
effects on competition and ability to cope with predators
(Cote & Clobert 2007; Reale ez al. 2007). The impact of a
personality type on population dynamics becomes even
more interesting and complex if that personality type is
also related to dispersal, and thus to spatial ecological
dynamics. In this context, it is particularly notable that
we found that sociability is related to dispersal distance.
The distance an individual moved during the dispersal
assay was negatively related to its sociability (i.e. asocial
individuals dispersed farther downstream). In the
common lizard (Lacerta vivipara), dispersal behaviour
depended on the relationship between individual sociabil-
ity and local population density, explaining the existence
of variable density-dependent habitat preferences within
a given species (Cote & Clobert 2007). Our results sup-
port the idea that individual variation in social tolerance
partly modulates dispersal decisions and may thus affect
spatial population dynamics.

We did not find the positive relationship between bold-
ness—exploration and dispersal distance that has been
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observed in other species (Fraser et al. 2001; Dingemanse
et al. 2003). One possible explanation for this discrepancy
might be that the tendency for bold individuals, but not
shy ones, to disperse only arises if dispersal requires over-
coming challenging barriers (e.g. Alemadi & Jenkins
2008) or if dispersal per se is viewed as a particularly
dangerous activity. Our artificial streams did not have
physical barriers or obvious risks associated with disper-
sal. Alternatively, predation risk may be necessary to
induce boldness-dependent dispersal.

While our dispersal assay in an experimental stream
was conducted over a shorter period and a smaller spatial
scale than dispersal in natural invasions, we believe that
our experiment realistically assessed individual variation
in dispersal behaviour and how it relates to behavioural
types in the wild. We introduced fish into the upstream
release pool in a way that resembles how they are often
released by mosquito control agencies. Most fish then
stayed in the release pool; that is, we saw no sign of
high dispersal rates that might be associated with stress
owing to handling or to being in a new, unfamiliar habitat.
A few fish that preferred not to disperse might have acci-
dentally dispersed from the release pool; these would
presumably stay in the second pool. Importantly, very
few of those that dispersed stayed in the second pool.
Instead, many individuals that left the original release
pool dispersed all the way down to the fifth, most down-
stream pool (i.e. they apparently made four distinct
dispersal decisions that took them as far downstream as
they could go in our experimental system). As noted,
these individuals were more asocial individuals. Given
that dispersal distance was repeatable (i.e. the same indi-
viduals that dispersed as far as they could go in the first
assay tended to again disperse as far as they could go in
a second assay three weeks later), we believe that our
experiment realistically detects individual variation in
tendency to disperse from the area of introduction. If
individuals leaving their pond of introduction have differ-
ent personality traits than individuals staying, it would
have important implications for the invasion process.
Obviously, our measurement of dispersal might not pre-
cisely match dispersal distance in the wild. However,
our aim is not to provide quantitative prediction of disper-
sal distance in the wild but to show that dispersal
behaviour might depend on personality traits in this
invasive species.

(¢) Behavioural syndromes and the spread

and impact of invasion

If dispersal is personality-dependent, then personality
traits can play an important role in generating individual
variability in dispersal decisions that can affect metapopu-
lation dynamics (Cote & Clobert 2007; Clobert et al.
2009) and invasion processes (Duckworth & Badyaev
2007). Indeed, the ability of an invasive species to
spread is likely to depend on individual dispersal dis-
tances and rates (Swingland 1983; Bradford & Taylor
1997; Parker & Reichard 1998). While previous studies
have compared the dispersal ability of invasive and non-
invasive species, individual variation within a given
species in dispersal tendency has only rarely been inte-
grated into the way we think about the invasion process
(Duckworth & Badyaev 2007). Our study confirms that
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this idea is both applicable and potentially important to
invasion processes.

Note that the different traits necessary to successfully
complete different stages of the invasion process might
be in conflict. For instance, a tendency for frequent dis-
persal might be incompatible with reaching high enough
densities to overcome poor population growth rates
associated with low density (i.e. Allee effects). This con-
flict can be alleviated if dispersers that colonize new
habitats tend to remain in their new habitat rather than
disperse again. In our system, the least socially tolerant
individuals (i.e. asocial individuals) might fit these cri-
teria. They move farther/faster and are therefore likely
to be the first to colonize new habitats. Crucially, there
is evidence that asocial individuals tend to stay in low-
density patches, and leave only when populations
become dense (Cote & Clobert 2007; J. Cote, S. Fogarty,
T. Brodin & A. Sih 2009, unpublished data on
Gambusia). These early ‘colonizers’ can then allow the
population in a patch to build numbers and overcome
any Allee effect.

One can ask what the benefits are for individual asocial
fish to stay in a newly colonized habitat. A complemen-
tary study on common lizards showed that asocial
individuals have increased fitness at low density and that
it might explain why asocial individuals prefer to stay
away from conspecifics at high densities (Cote et al.
2008). In addition, the fact that females can store
sperm and bear live young further enhances the ability
of low numbers of fish to establish in new habitats
(Chesser er al. 1984). The gradual build-up of asocial
individuals may then facilitate the settlement of other,
more social individuals (i.e. ‘joiners’). Over time, the
more socially tolerant individuals may eventually disperse
and join patches previously colonized by asocial individ-
uals. Importantly, the increase in population size should
then drive asocial individuals out, leading to colonization
of additional empty patches. In theory, this multi-stage
dynamic, which requires a mix of asocial colonizers and
social joiners, results in a more rapid invasive spread to
higher densities than an invasion featuring only one
personality type (J. Cote, S. Fogarty, T. Brodin &
A. Sih 2009, unpublished data).

Because personality types differ in their ability to cope
with various ecological factors (e.g. with high density,
competition or predation; Smith & Blumstein 2008), a
second ecological implication of personality-dependent
dispersal arises when invasion by a biased subset of indi-
viduals has different ecological impacts than invasion by a
group of random colonists. Recent evidence that bold or
aggressive animals tend to be dispersers to new habitats
(Fraser et al. 2001; Rehage & Sih 2004; Duckworth &
Badyaev 2007; Duckworth 2008) can explain that these
species have larger impact on invaded communities than
on their home communities. The direct link between
sociability and performance in dealing with such chal-
lenges as interspecific competition and predation could
be important, but has not been well studied. How eco-
logical factors (density, competition and predation)
influence both sociability and more generally personal-
ity-dependent dispersal and performance within patches
is thus a crucial future direction in understanding inva-
sions and, in general, in understanding the link
between behaviour and ecology. Finally, it has recently
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been shown that the expression of personality might
depend on group composition and even that the person-
ality of others matters in the formation of a group
(Harcourt er al. 2009; Magnhagen & Bunnefeld 2009)
and the behaviours of conspecifics also matter in dispersal
decisions. More experiments are needed to test how indi-
vidual social behaviour interacts with average social
behaviour in the population.
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