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Invasive range expansion is correlated to life- history variation, boldness and
dispersal behavior. The invasion of the African Jewelfish in Everglades National Park
provides an opportunity to test life-history trait variation, boldness and dispersal behavior
in the invasion success of this species.

My study examined variation in somatic traits, boldness, and dispersal of
jewelfish across their invaded range. Life histories were examined on wild individuals.
Boldness and dispersal were tested in outdoor experimental tanks. Tested populations
from the invasion front have higher somatic traits, but they were not bolder than longer
established populations.

Understanding the underlying mechanisms of invasions are key for the

development of strategies looking to contain invaders and prevent their spread.
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INTRODUCTION

Worldwide, anthropogenic stressors are causing species distributions to change.
Climate change, land-use change, habitat fragmentation/loss, and species translocations
are resulting in dramatic range shifts, contractions, and expansions among native and
non-native taxa (Case and Taper 2000; Parmesan and Yohe 2003; Phillips et al., 2010a;
Sato et al., 2010). These distributional changes are often accompanied by new selection
pressures, as organisms often encounter different habitats, environmental conditions, and
biotic interactions (Suarez and Tsutsui 2008). Organisms may encounter evolutionarily-
novel conditions resulting from human-induced rapid environmental change (HIREC; Sih
et al., 2011). For example, organisms moving into urban environments may experience
relaxed predation and high resource levels relative to natural habitats (Gilroy and
Sutherland 2007). Both rapid, adaptive evolutionary responses and phenotypic plasticity
will aid species in coping with these novel conditions (Hendry et al., 2008; Sexton et al.,
2009).

In the context of invasions, several recent studies show both evidence of rapid
genetic evolution and plasticity, primarily along the leading edge of an invasion (Phillips
et al., 2010b; Table 1). Individuals from populations on the leading edge of an invasion
are expected to experience stronger selection than individuals from the core or longer-
established populations (Burton et al., 2010; Phillips et al., 2010a). Selective forces
acting on the invasion front can be investigated by comparing traits of long-established
versus frontier populations, but these adaptive responses can only be compared if the
invasion history of the target species is well-understood (Phillips et al., 2010a). Further,

examining adaptive responses of non-native populations along an invaded range can
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provide valuable insights on the dynamics helping invaders to colonize novel territories
(Sakai et al., 2001), as well as provide an opportunity to study rapid evolutionary change

(Thomas et al., 2001).

Although an extensive body of theoretical work addresses the potential
mechanisms that drive range expansions, as well as what limits species distributions
(Holt et al., 2005; Hughes et al., 2007; Phillips et al., 2008; Barton et al., 2009; Burton et
al., 2010; Kubisch et al., 2010), additional empirical work is needed to understand the
complexity of range dynamics in nature (Holt et al., 2005). As invaders colonize new
territories, they are known to invest more energy into reproduction in response to lower
conspecific density and competition at the expanding edge of the range (Travis and
Dytham 2002; Phillips et al., 2008; Phillips 2009; Burton et al., 2010; Phillips et al.,
2010a), and evolve life-history strategies such as higher growth rates to offset the high

costs of novelty (Phillips 2009).

Knowledge of the invasion history of a non-native organism is often difficult to
acquire because the origin of many invasions is unknown, and many invasive populations
are the product of multiple introductions (i.e., Collins et al., 2002, Kolbe et al., 2004).
Further, the record of spread is equally difficult to observe and track (Lodge et al., 2006),
especially in highly-mobile animals that disperse long distances (Nathan et al., 2003). For
instance, only fourteen studies of three vertebrate invasive species have tracked their
spread (Table 1). The invasion of cane toads, Rhinella marinus, in Australia provides one
of the few examples where the invasion sequence is well-known (Phillips et al., 2007),

and considerable research effort has been devoted to identify the attributes that enable



range expansion (Table 1). For example, invasion-front cane toads demonstrate an
accelerated range advance (Urban et al., 2008), and higher dispersal rates compared to
populations behind the expanding range (Phillips et al, 2010a). Behavioral,
morphological, and life-history adaptations have increased the spread rate, and fitness of
cane toad populations along their expanding edge (Phillips et al., 2006; Alford et al.,
2006; Phillips 2009; Llewelyn et al., 2010). In terms of their life-histories, cane toads
from their invasion front have higher growth rates when compared to older established
populations (Phillips 2009). Similarly, the recolonization of western bluebirds (Sialia
mexicana) over the northwestern United States has been facilitated by the coupling of
high levels of aggression and dispersal in populations at the expanding margin
(Duckworth and Badyaev 2007). These case studies show that beyond life histories,
behavioral attributes are also under strong selection at the expanding edge of invading

populations (Sih et al., 2011).

Among behavioral traits, boldness, a behavioral trait defined as the propensity of
individuals to explore unfamiliar space and take risks (Wilson et al., 1993; Wilson et al.,
2010), has been shown to be a key trait aiding invasion success (Rehage and Sih 2004;
Cote et al., 2010). Yet, whether boldness is also an advantageous trait at the leading edge
of an invasive range expansion is not known. Boldness may play a role in the dispersal
of organisms because bold individuals willing to move through space and take risks are
consequently better dispersers than shy individuals (Fraser et al., 2001). The coupling of
boldness and dispersal tendency could be a highly-selected trait combination at the

invasion-front leading to rapid spread. In this study, I examined variation in boldness,



dispersal tendency, and life histories across populations of a recent fish invader in the
Florida Everglades. The objective of this study was to better understand if these traits
play a role in range expansion, and how the traits are responding to changes in selective

regimes along the range.

Seventeen non-native fish species are currently established in Everglades National
Park (ENP) (Shafland et al., 2008). Among those, a recent invader is the African
Jewelfish Hemichromis letourneuxi, a small predatory cichlid (Rehage et al., 2009;
Dunlop-Hayden and Rehage 2011), introduced to urban canals of South Florida in the
1960°s (Rivas 1965). This recent invader was first detected in ENP in 2000 (Kline 2008),
and since then has rapidly spread at a rate of approximately 4 km/yr from the
northeastern boundary of the park through freshwater marshes, and to western and
southwestern areas at the marsh-mangrove ecotone (Rehage et al., unpubl. data; Figure
1). African Jewelfish are the most abundant recent fish invader found throughout ENP
freshwater marshes (Kline 2008). The jewelfish invasion provides a unique opportunity
to track the range expansion and spread across multiple habitat types. By comparing three
invasion-front and three longer-established populations, I examined behavioral and life
history traits that may be under strong selection favoring the rapid colonization of novel
habitats. Using dissected wild-caught fishes from the six populations, I compared fish
condition, gut-fullness, and reproductive allocation. In videotaped behavioral assays, I
compared boldness, and dispersal tendency of wild caught fish from the same six

populations. Dispersal tendency refers to the propensity of individuals to move across



relatively long distances, and is expected to be correlated to true measures of field

dispersal (Fraser et al., 2001; Kobler et al., 2009; Rehage and Sih 2004).

Following Burton et al., (2010), I hypothesized that invasion-front populations of
African Jewelfish in ENP would allocate more resources to reproduction and be better
dispersers than older, well-established populations. Other studies have classified
populations at the leading invasion front as “r-selected” on the basis of classic ecological
theory (Phillips 2009, Burton et al., 2010). Because dispersal and boldness have been
shown to be correlated (Fraser et al., 2001; Rehage and Sih 2004; Duckworth and
Badyaev 2007), I also expected frontier populations to be bolder than well-established
populations along the invaded range. Bold individuals are highly exploratory and active
(Wilson and Godin 2009). Thus, behaving boldly may be an advantage at the expanding
front where individuals encounter novel conditions. As the invasion proceeds, advancing
range populations experience low intraspecific competition (Travis and Dytham 2002;
Phillips et al., 2010a), coupled with naive prey (Rehage et al., 2009; Sih et al., 2010;
Dunlop-Hayden and Rehage 2011). Thus, jewelfish at the frontier may experience high
abundance of resources (Bohn et al., 2004), and better feeding opportunities, and
therefore, be better fit than well-established populations. I expected fish from the
invasion-front to be in better condition, and have greater allocation to reproduction

relative to populations behind the leading front.

Boldness is considered to be an important component of animal personality
(Conrad et al., 2011). Personality is defined as the consistent behavioral differences

between individuals over time and across situations (Sih et al., 2004; Reale et al., 2007;



Reale et al., 2010). According to Stamps and Grothius (2010), in order to study
personality and behavioral consistency, we need to record the behavior of the same
individuals in different sets of external stimuli. A secondary objective of the behavioral
component of this study was to assess personality by examining correlations between
boldness measures and dispersal tendency. I expected pairs to be consistently bold or shy
on both experiments, such that fish pairs behaving boldly were expected to emerge early
in both tests and remain active. I also hypothesized a positive relationship between

boldness measures and dispersal (Figure 2a).

METHODS
Study System

Over the past 11 years, jewelfish spread from L31W canal and adjacent marshes
along the eastern boundary of the Park in a westerly direction, but are now entering
mangrove oligohaline habitats (Figure 1; Kline 2008, Rehage et al., unpubl. data). The
marsh area that was first invaded and inhabited the longest by jewelfish is a karst
graminoid wetland with relatively short-hydroperiod (5-6 months of flooding over the
year) (Kobza et al., 2004). Because of the short duration of flooding, these habitats are
predator-limited (Chick et al., 2004), and community structure is dominated by small
poeciliids, centrarchids, and other nonnative cichlids (particularly juvenile Mayan cichlid,
Cichlasoma urophthalmus, and Black Acara, Cichlasoma bimaculatum; Kobza et al.
2004). The marsh surface is also dotted by a mosaic of depressions in exposed limestone
outcroppings (from a few cm to > 60 cm deep) (Loftus 2006). Solution holes serve as

important dry season refugia for many aquatic organisms (Kobza et al., 2004; Ruetz et
6



al., 2005). Seasonal movement by fishes in and out of these dry-down refugia (and others,
e.g., alligator holes, mangrove creeks; Palmer and Mazzotti 2004, Rehage & Loftus
2007) is critical to individual survival and population persistence (Chick et al., 2004;
Obaza et al., 2011).We expect dispersal to be an adaptive trait for Everglades native

fishes, as well as for recently arrived non-native taxa.

I collected African Jewelfish from six sites within ENP in the summer and early
fall of 2009 (Table 2). Three of the populations used for the study correspond to the
invasion-front, and three are longer-established populations (Figure 1). All fish were
collected using unbaited minnow traps randomly deployed in marshes, near road culverts,
and next to canals. Water depth ranged between 30 - 100 cm. I collected a total of 256
jewelfish to assess life histories, and 192 for behavioral trials that compared boldness and

dispersal tendency (Table 2).

Life History Traits

Fish captured for life history assessments were euthanized immediately at capture
with an overdose of the anesthetic MS-222 (Nickum et al., 2004), fixed in 10% formalin,
and preserved in 70% ethanol. In the laboratory, all fish were measured in mm standard
length (SL), weighed to the nearest 0.01 g, and dissected to determine sex, allocation to
reproduction, and gut content extraction. I then calculated fish condition (K), as the ratio

of the fish’s body weight (W) and SL (Williams 2000):

(K) = 100000 W (g) / SL* (mm)



During dissections, all stomach contents were extracted (including detritus) and weighed
individually to estimate a gut fullness index (GFI) (Yanagisawa and Sato 1990). Small
fishes and shrimp were easily identified in the majority of stomach contents (Jungman et

al., unpubl. data).

(GFI) = wet weight of gut contents (g) /wet body weight (g) * 100

Finally, I used the gonadosomatic index (GSI) to quantify the reproductive investment of

females using the following formula (Kreiner et al., 2001; Bohn et al., 2004):

(GSI) = wet weight of gonad (g) / (Wet body weight (g) — Gonad wet weight (g))

*100

Separate generalized linear mixed models (GLMM; Proc Mixed in SAS 9.2) were
fitted to the life histories using K, GFI, or GSI as dependent variables, and population
type (invasion front vs. interior) as the main fixed effect. Population nested within
population type was fitted as the random effect (Bolker et al., 2009). For the K and GFI
models, sex was added as an additional fixed effect. Significance for the random effect
was determined by using a log-likelihood ratio test, which follows a chi-square
distribution (i.e., Newman-Pearson criterion; Kurvers et al., 2009). Because the GFI and
GSI residuals were not normal, they were log-transformed prior to analyses (Bland and

Altman 1996).

Behavioral Assays

Fish used in behavioral assays were captured from the same invasion-front and

from areas with longer-established populations (Table 2), brought back to the laboratory,



and housed in outdoor 795 1 tanks by population until trial dates (2-4 months). Some
populations required considerable effort to collect, possibly because collections were
made in the wet season, when fish were dispersed over the landscape. Also, it may be
possible that the densities of some of the populations were low leading to increased effort
of capture. The holding period falls within the range of other published behavioral
studies, including ones assessing boldness and dispersal behavior (1-6 months; Ioannou et
al.,, 2008, Cote et al., 2010, Harcourt et al., 2010, Schurch and Heg 2010). Stock
populations were fed a combination of live prey (dominated by native mosquitofish,
Gambusia holbrooki), frozen bloodworms, and fish food flakes ad libitium.

I quantified boldness and dispersal tendency of the six study populations in
outdoor experimental tanks (Figure 3). Trials were conducted between November 12 and
December 7, 2009. Because jewelfish are highly social (D.P. Lopez pers. obs, Loiselle
2000, Schofield et al., 2007; Rehage et al., 2009), I used pairs of individuals for all
behavioral trials. Previous experimental assays of dispersal have used groups instead of
solitary individuals (Gilliam and Fraser 2001; Rehage and Sih 2004; Meylan et al., 2009;
Cote and Clobert 2010). Dispersing fishes may rely on social information to navigate
their environments (Frost et al., 2007), and to facilitate decision making (Seppanen et al.,
2007). A total of 16 pairs per population were videotaped over 4 time blocks (6
populations per day x 4 days per block x 4 blocks = 96 fish pairs), with a replicate of each
population tested daily, in two consecutive behavioral assays. For all pairs, a boldness
assay (hereafter Boldnessl) was conducted between 09:00 and 12:00, followed by a
combined boldness and dispersal tendency assay conducted between 13:00-17:00

(hereafter Boldness2-Dispersal). For all pairs, I allowed at least four hours between the
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two assays. The order of fish pairs tested in the morning trials was the same as the
afternoon tests. Since temperature may be a strong influence on behavioral parameters
(Biro et al., 2010), water temperature was recorded at the beginning of each trial. At the
end of the experiments, fish were euthanized with an overdose of MS-222, measured,
weighed, fixed in 10% formalin for 2-5 days, and stored in 70% ethanol for later sex

identification via dissection.

Boldness1 Assay

I characterized boldness using a standard emergence test; shown to be an effective
method to measure boldness and exploratory behavior (Bell 2005; Brown et al., 2005;
Wilson and Godin 2009). In an emergence test, fish are added to a novel arena, placed in
a refuge, and the time to emerge from the refuge is quantified, with the notion that bolder
individuals will emerge sooner. My experimental tank included a refuge box (21 x 30 x
30cm) placed in the center of a 795 1 outdoor tank (Figure 3a). The box was equipped
with a removable door that allowed fish to emerge. Artificial plants were placed inside
and outside the refuge box to provide structure, and gravel was used as substrate. The
tank depth was kept at 15 cm to prevent subjects from swimming above the refuge and
the artificial plant, thus information about the environment could only be gained by
moving around these objects. We recorded fish behavior using a Sony DCR-SX41 digital
video camera mounted directly above the boldness setup to give a full top view of the
experimental tank.

For each trial, I selected a random pair of fish from a stock tank, placed them into

the refuge box (Figure 3a), and gave them a 10-min acclimation period. At the end of this

10



period, the trapdoor was remotely and gently lifted (using a 150 cm line, pulled from
behind a blind), and the fish pair was free to emerge and explore the tank arena for 20
min. The following timed parameters (in seconds) were recorded: (1) latency to emerge,
(2) proportion of trial time spent back in the refuge (added for all returns to the refuge
post the first emergence), (3) proportion of time spent in the artificial plant outside of the
refuge, and (4) proportion of time spent swimming in open water. Fish that did not
emerge from the refuge were assigned a maximum latency to emerge score of 1200 sec,
and no further behavioral measures were conducted on these individuals. At the end of
each Boldnessl trial, the pair was removed from the tank, placed in a separate holding

tank (35 x 20 x 13 cm) until the Boldness2-dispersal test was conducted in the afternoon.

Boldness2-Dispersal Assay

For the second behavioral assay, the setup was similar to the Boldness1 setup with
an identical emergence tank (center refuge box, gravel, and artificial vegetation inside
and outside the refuge in the same locations), a 3 m long channel (35 cm wide), which
connected the emergence tank to a second tank, where the fish could disperse and explore
a new area (Figure 3b). In this setup, both tanks and the channel were covered with gravel
as a substrate, and in the second tank, habitat complexity was similar to that of the
emergence tank (one artificial plant placed near the center). In this assay, I characterized
the repeatability of boldness, as well as the dispersal tendency of the subjects by giving
them the opportunity to explore and move into a new area of the experimental setup

(Figure 3b). Movement from the emergence tank to the second tank through the
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connecting channel (Figure 3b) mimics the movement of Everglades fishes in and out of
dry-down refugia as water level fluctuate seasonally (Kobza et al., 2004).

Similarly to Boldness1, fish pairs were removed from the holding tank, placed in
the refuge box (Figure 3b), and given a 10-min acclimation period. Following
acclimation, the trapdoor was opened, and behaviors were recorded for 20 min. For this
experiment, a second video camera recorded the full view of the channel, which was
marked every 30 cm with bright colored tape to allow the observer to note the distance
covered by dispersing fish. From the two recordings, I extracted measures of the same
four behaviors recorded in Boldness1, with the exception that time spent swimming here
included time spent swimming in the new area (i.e., channel and second pool). In
addition, I measured another four behaviors: (5) latency to disperse (the time fish first
entered the channel), (6) the number of dispersal attempts (the number of times fish
entered the channel), (7) maximum dispersal distance across all dispersal attempts (in m,
if fish reached the second tank, the maximum distance of 3 m was given), and (8) the
proportion of trial time spent in the new environment [(time spent in channel + second
pool) / 20 min trial time]. As in Boldness|, fish that did not exit the refuge were assigned
a maximum latency to emerge score of 1200 sec. Similarly, those fish that emerged but
did not disperse were assigned a maximum latency to disperse score of 1200 sec. All
behavioral variables were quantified by a single observer (D.P.L.) using JWatcher ®

(v1.0) (http://www.jwatcher.ucla.edu/).

From the videotapes, I quantified behavioral data separately for each focal fish,

and averaged the scores to obtain a pair mean to be used in all statistical analyses. The

12



four variables recorded in Boldnessl were incorporated into a principal component
analysis (PCA). The first principal component score (hereafter B1) from the Boldnessl
assay explained 75.4% of the variance (Table 3). Similarly, the eight behavioral
variables measured in the Boldness2—Dispersal test were added into a second PCA (Bell
and Stamps 2004). The first two principal component scores from the second behavioral
assay explained 87.7% of the variance. The second principal component score loaded in
the same direction as in B1 (Table 3) and was designated as a second boldness index
(B2). Dispersal dimensions were explained by the first principal component score
designated D1 (Table 3). Boldness and dispersal dimensions were defined with PCA
factor loadings greater than 0.32 (Tabachnik and Fidell 1996). B1, B2, and D1 PCA
scores were used in further analyses (Table 4). Since low PCA scores corresponded to
bold pairs, I inverted the scale by reversing the sign of all boldness scores (i.e., Bl and
B2) in further analysis. Inverting the scale of PCA scores can aid in interpretation of
results (Bell 2005; Dingemanse et al., 2007).

I fitted a generalized linear mixed model (GLMM; Proc Mixed in SAS 9.2) to B1
and B2 scores together (Table 4). Main fixed effects included population type (invasion-
front vs. long-established), trial (B1 vs. B2), water temperature, condition factor
(averaged for the pair), and sex designation of the pair (female, male, or mixed, as
determined by dissection, after trials). Population nested within population type was
fitted as a random effect to account for possible variation among populations (Bolker et
al., 2009). A separate GLMM using the same fixed and random effects (except for trial)
was fitted to D1 scores obtained from the PCA analysis of the Boldness2-Dispersal

assessment to examine variation among population types and populations. Significance
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for the random effect was determined as previously mentioned in the life history trait
analyses. I used a graphical representation of behavioral reaction norms to visualize the
relationship among behaviors for each pair of jewelfish over a contextual gradient
consisting of Boldnessl, Boldness2, and Dispersal (Dingemanse et al., 2010). The
relationship between Boldness1 and Dispersal was tested using a simple linear regression
(Brown et al., 2005)

RESULTS

Life History Trait Variation

I found consistent differences in life history traits between invasion-front and
well-established populations of non-native African Jewelfish from ENP. Condition factor
and gut fullness index from frontier populations were significantly higher than those of
the longer-established populations (Figure 4a, b; Table 5). As expected, females across
population types were in better condition than males. Likewise, reproductive traits
displayed significant spatial variation. Females from the invasion front showed higher
reproductive investment than females from the older established populations (Figure 4c;
Table 5). Reproductive investment (GSI) averaged 3.5 for the invasion front, relative to
2.2 for the interior populations. I also found population level differences on all life

histories (Figure 4; Table 5).

Behavioral Traits

Boldnessi

14



Movement and exploratory behaviors (i.e., proportion of time swimming and
proportion of time using habitat structure) loaded negatively and opposite to shy
behaviors (i.e., proportion of time back in the refuge and latency to emerge, Table 3).
From the PCA results, I considered pairs with a B1 above 1 to be bold, pairs with scores
between 0 and 1 intermediate, and those with scores less than 0 as shy (Figure 2b). Bold
subjects had low emergence times, spent more time exploring the tank, and spent less
time going back to the refuge than shy individuals. In this first assessment of boldness,
roughly 40% of the pairs from the invasion front, and 50% from longer-established
populations emerged from the refuge. For the fish that emerged, emergence, on average,
occurred at 9.5 min into the 20 min trial. Boldness1 did not differ between invasion-front
and long-established populations, and there were no significant differences among

individual populations (Figure 5).

Boldness2 and Dispersal

Influential factor loadings on component score one (D1) corresponded to dispersal
variables (Table 3), including proportion of time swimming, suggesting that this
particular behavior considerably affects the dispersal tendency of individuals. Since
latency to disperse loaded negatively and opposite to all other dispersal variables, high
D1 scores correspond to high dispersal tendency. From observations, most dispersing
individuals explored the whole experimental set up accompanied by their partner, and
reached the second tank after several exploratory attempts. In this trial, average
emergence time for all pairs was 6 min, while for those that dispersed, dispersal took an

average of 10 min and after 2 attempts. Overall, 70% of jewelfish from the invasion-
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front populations, and 70% from longer-established populations emerged from the refuge,
and for those that emerged, about 17% from the invasion-front, and 32% from the long-
established populations dispersed into the new areas of the experimental setup (Figure
3b). Invasion-front populations were not bolder than well-established populations, and
there were no significant differences among the six individual population in boldness
scores (Figure 5; Table 4). Although, I found no significant differences in dispersal
tendency between invasion front and longer-established populations, there was one
population that showed significantly higher dispersal tendency than all other populations
(Figure 6; Table 4). Surprisingly, this high dispersal population was a longer-established
population, located at the eastern boundary of ENP (the L31W marsh population, Figure
2). All other fixed effects tested in the models (water temperature, sex, condition factor)
did not affect the behavior of fish in experimental pairings (Table 4). And, I did not find
strong correlations between the boldness and dispersal scores of the populations

(Invasion-front: r> = 0.08, P = 0.05; longer-established: r* = 0.05, P = 0.13) (Figure 2b).

DISCUSSION
Understanding the ecological and evolutionary processes that allow populations to
adapt to novel conditions remains an important question in the study of species
distributions (Gaston 2009). Biological invasions provide an opportunity to examine the
underlying mechanisms allowing rapid distributional shifts, and the limits to range
expansions (Sexton et al., 2009). However, since tracking invasive spread is often
difficult, few studies have examined animal trait variation (e.g., morphological,

behavioral, and life-history) of a non-native range expansion (Table 1). As a species
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colonizes new ranges, population dynamics, fitness, and behaviors may shift or be
selected in response to novel conditions (Figure 7). A recent model by Fogarty et al.,
(2011) showed that certain life-history strategies coupled with a mix of behavioral types
lead to higher speed of invasion. Asocial individuals spread more quickly than their
social congeners, and developed higher individual growth rates at low intraspecific
density; yet, a faster rate of spread was seen when a mix of behavioral types (i.e., asocial
and social) was present. In this study, I examined life history and behavioral mechanisms
that may help non-native jewelfish to spread in their South Florida invaded range.
Jewelfish from frontier populations had higher indices of reproductive investment,
condition, and gut fullness (GSI, K, and GFI respectively) than their conspecifics from
longer-established populations. On the other hand, the coupling of boldness and dispersal
tendency did not appear to be important traits facilitating spread, since fish from frontier
and interior populations were equally bold and showed similar dispersal behaviors in the

two lab assays.

Life History Trait Variation

Variation in life history strategies results in response to environmental
heterogeneity. In an invasion, novel selection pressures in both the establishment and
spread phase can result in significant variation in these traits (Sakai et al., 2001;
Allendorf and Lundquist 2003; Suarez and Tsutsui 2008). Comparisons of life history
traits between a species native and non-native range (Gurevitch et al. 2011), as well as
between populations along the invaded range have provided evidence that phenotypic
plasticity and rapid evolution both are key mechanisms underlying successful invasions
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(Olden et al. 2006; Fox et al. 2007; Phillips 2009; Joanna et al. 2011). For example, the
invasion of two goby species (Neogobius kessleri and Neogobius melanostomus) in the
Danube river may be partially attributed to enhanced somatic condition and growth rates,
resulting from improved food availability and selective predation of highly-abundant
amphipods in the non-native range (Polacik et al. 2009). In invasive cane toads, rapid
evolution of higher individual growth rates in the frontier populations has contributed to

their accelerated range expansion in Australia (Phillips 2009).

Ecological theory suggests that populations undergoing range expansion should
differentially invest in dispersal and evolve life history traits that allow for rapid
colonization (Travis and Dytham 2002; Hughes et al., 2007; Phillips et al., 2008; Burton
et al., 2010; Kubisch et al., 2010; Phillips et al., 2010a). Thus, pioneer populations are
expected to invest more energy in reproduction compared to long-established populations
(Burton et al., 2010; Phillips et al., 2010). My life history results matched these
theoretical predictions. Non-native African Jewelfish from frontier populations were in
better condition, invested more resources into reproduction, and had higher gut fullness
than those from longer-established populations. Possibly, higher gut fullness and body
condition are a consequence of lower conspecific density, leading to higher availability of
food resources or more feeding opportunities. Copeland et al., (2010) noted that changes
in body condition occur as a result of factors that influence consumption. A study of
round gobies (Neogobius melanostomus) along their invasive range in the Trent River,
Ontario showed higher GFI and K in invasion-front populations, partly as a result of

variation in diet composition and resource availability between core and expanding
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populations (Raby et al., 2010). Higher prey abundance and more feeding opportunities
may also be the result of prey naiveté at the expanding margin (Rehage et al., 2009, Sih et
al., 2010, Dunlop-Hayden and Rehage 2011). Whether the differences in body condition
and gut fullness of my focal populations are a consequence of more feeding opportunities
or differences in resource availability remains unclear. Additionally, sampling is needed

to determine if prey availability or quality is, in fact, higher at the front of this invasion.

A reduced population density on the expanding edge of a population often drives
selection for an increase in reproductive investment (Bohn et al., 2004; Phillips et al.,
2008; Burton et al., 2010; Phillips et al., 2010a; Phillips et al. 2010b). The rapid spread of
African Jewelfish within ENP could be partially attributed to their adaptive capacity to
alter life history strategies, such as reproductive investment, in response to population
dynamics (i.e., conspecific density), and/or novel environmental conditions. Bohn et al.,
(2004) attributed the rapid spread of the invasive fish Coregonus albula along the Pasvik
River to the ability of the species to be phenotypically plastic. Pioneer populations of C.
albula traded off growth to higher reproductive investment at low densities compared to
older populations at upstream sites. Further work is needed to relate the effect of
population density on reproductive allocation at the invasion front of jewelfish as a key
selective force. It is also plausible that the difference in reproductive investment is the
result of the proximity of older established populations to canal habitats where overall
habitat quality may be low. Predator and non-native fish abundance is higher in marshes

near canals (Rehage and Trexler 2007), thus foraging success and habitat quality may be
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lower as a result of higher predation risk and/or interspecific competition (Nilsson et al.,

2010)

Behavioral Trait Variation

Beyond life histories, behavioral mechanisms, although less-studied, are thought
to be an essential underlying component of invasion success (Holway and Suarez 1999;
Brooks and Jordan 2010; Sih et al., 2011; Tuomainen and Candollin, in press). Among
behavioral traits, dispersal may be the most common trait favored in populations along an
invasion front, and the mechanisms leading to better dispersal are the focus of several
invasive trait studies (Table 1). For example, Child et al., (2008) documented that the
presence of potential cannibalistic conspecifics induces higher dispersal behavior in
invasive cane toads in Australia. In western bluebirds, populations along the range
margin show higher dispersal, which is positively related to aggressive behavior
(Duckworth and Badyaev 2007). In invasive mosquitofish (Gambusia affinis) and native
Trinidad killifish (Rivulus hartii), boldness has been linked to higher dispersal (Fraser et
al., 2001; Rehage and Sih 2004; Cote et al., 2010). My results did not agree with these
previous studies. I did not find a strong boldness-dispersal behavioral correlation along
the invasion that may account for the rapid expansion of jewelfish in ENP. Cote et al.,
(2010) found that dispersal tendency was not tightly associated to a boldness-exploration-
activity behavioral axis, but dispersal was more closely related to the sociability of the
individuals. In their study, asocial mosquitofish (Gambusia affinis) tended to disperse

larger distances if they originated from high-density pools.
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Thus, it is possible that other sets of behaviors (i.e., aggression, voracity, or social
interactions) might be more important in aiding a species to spread than dispersal
tendency and boldness. Perhaps, high intraspecific density encourages moving out of a
social group, since elevated conspecific aggression leads to mortality in large groups of
jewelfish (D.P. L. pers. obs., Schofield et al., 2007). Alternatively, it is possible that the
link between a bold personality and dispersal tendency may be restricted to a specific age
class or sex group, which was not explored in this study. Three-spined sticklebacks
(Gasterosteus aculeatus) from a low predation site are bold and aggressive as juveniles,
but these behavioral traits, and the correlation between them disappears at sub-adulthood
and adulthood. But, strong behavioral correlations remain constant throughout ontogeny
in stickleback populations where predation pressure is high (Bell and Stamps 2004).
Similarly, dispersal of the cichlid Neolamprologus pulcher in its native range is restricted
to a single age class or sex (Stiver et al., 2007; Schurch and Heg 2010). In my study, fish
tested were not restricted to a particular size, developmental stage, or sex; but I did not

find a relationship between size or condition and the behaviors measured.

On the other hand, it may not be advantageous to behave boldly when
reproductive investment is high. A model by Wolf et al., (2007) showed that personality
traits such as boldness arise depending on the probability of future reproduction. If an
individual invests highly on reproduction to obtain high fitness returns in the future, then
it should be risk-averse. Contrary, risk-prone individuals invest fewer resources into
reproduction. Thus, in the context of colonization, it may not be adaptive to be risk-prone

(bold). Among non-native eastern mosquitofish (Gambusia holbrooki) introduced to
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Australia, female fecundity was negatively correlated to boldness. Females that put more
resources into reproduction minimized predation risk, were more cautious, and took
longer time to emerge from refuge (Wilson et al., 2010). In this study, female jewelfish
from frontier populations had higher reproductive investment, but were not bolder than

those from longer-established populations.

Study Implications

Rapid adaptation to novel conditions (e.g., range expansion) is often driven by
changes in behavioral responses (Sih et al., 2011), as well as life history variation (Bohn
et al., 2004; Ribeiro and Collares-Pereira 2010; Joanna et al., 2011). By investigating the
behavioral and life-history mechanisms used by non-native populations to cope with
novelty in their invaded range, we can better understand the role of species traits in
invasions (Gurevitch et al., 2011). In addition, a framework on the key invasion processes
and mechanisms for the many non-native fish currently established in ENP can provide
insight for incorporating non-native fish invasion management into Everglades
restoration efforts; currently a missing piece. Efforts to restore hydrological connectivity
and sheetflow and to revise water delivery into the system (Rutchey et al., 2008) may
provide opportunities for the containment of current invasions, and the prevention of
future ones. Aside from prevention, active management strategies can be developed, such
as, management by directed evolution (MDE). MDE involves manipulating traits in order
to create coexistence of native and non-native species (Davis 2009). For instance,
invasiveness may be manipulated by understanding which traits allow an invader to
colonize novel territories rapidly. I expect that behavioral traits coupled with other traits
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will be important mediators of how invasive organisms deal and respond to

environmental heterogeneity and novelty in an invasion, and deserve greater attention.

23



LITERATURE CITED

Alford, R. A., G. P. Brown, L. Schwarzkopf, B. L. Phillips, and R. Shine (2009).
Comparisons through time and space suggest rapid evolution of dispersal
behaviour in an invasive species. Wildl Res 36: 23-28.

Allendorf, F. W. and L. L. Lundquist (2003). Introduction: Population biology, evolution,
and control of invasive species. Conserv Biol 17: 24-30.

Barton, K. A., B. L. Phillips, J. M. Morales, and J. M. J. Travis. (2009). The evolution of
an 'intelligent’ dispersal strategy: biased, correlated random walks in patchy
landscapes. Oikos 118: 309-319.

Bell, A. M. (2005). Behavioural differences between individuals and two populations of
stickleback (Gasterosteus aculeatus). J Evolut Biol 18: 464-473.

Bell, A. M. and J. A. Stamps (2004). Development of behavioural differences between
individuals and populations of sticklebacks, Gasterosteus aculeatus. Anim Behav
68: 1339-1348.

Biro, P. A., C. Beckmann, J. A. Stamps (2010). Small within-day increases in
temperature affects boldness and alters personality in coral reef fish. Proc R Soc B
277: 71-77.

Bland, J. M. and D. G. Altman (1996). Transformations, means, and confidence intervals.
Br Med J 312: 1079-1079.

Bohn, T., O. T. Sandlund, P. Amundsen, and R. Primiceiro (2004). Rapidly changing life
history during invasion. Oikos 106: 138-150.

Bolker, B. M., M. E. Brooks, C. J. Clark, S. W. Geange, J. R. Poulsen, M. H. H Stevens,
and J. S. White (2009). Generalized linear mixed models: a practical guide for
ecology and evolution. Trends Ecol Evolut 24: 127-135.

24



Brooks, W. R. and R. C. Jordan (2010). Enhanced interspecific territoriality and the
invasion success of the spotted tilapia (7ilapia mariae) in South Florida. Biol
Invasions 12: 865-874.

Brown, C., F. Jones, and V. Braithwaite. (2005). In situ examination of boldness-shyness
traits in the tropical poeciliid, Brachyraphis episcopi. Anim Behav 70: 1003-
1009.

Burton, O. J., B. L. Phillips, J. M. J. Travis. (2010). Trade-offs and the evolution of life-
histories during range expansion. Ecol Lett 13: 1210-1220.

Case, T. J. and M. L. Taper (2000). Interspecific competition, environmental gradients,
gene flow, and the coevolution of species' borders. Amer Nat 155: 583-605.

Chick, J. H., C. R. Ruetz, and J. Trexler (2004). Spatial scale and abundance patterns of
large fish communities in freshwater marshes of the Florida Everglades. Wetlands
24: 652-664.

Child, T., B. L. Phillips, and R. Shine (2002). Abiotic and biotic influences on the
dispersal behavior of metamorph cane toads (Bufo marinus) in tropical Australia.
J Exp Zool 309A: 215-224.

Collins, T. M., J. C. Trexler, L. G. Nico, and T. A. Rawlings (2002). Genetic diversity in
a morphologically conservative invasive taxon: Multiple introductions of swamp
eels to the Southeastern United States. Conserv Biol 16: 1024-1035.

Conrad, J. L., K. L. Weinersmith, T. Brodin, J. B. Saltz, and A. Sih (2011). Behavioural
syndromes in fishes: a review with implications for ecology and fisheries
management. J Fish Biol 78: 395-435.

Copeland, T., B. R. Murphy, and J. J. Ney (2010). The effects of feeding history and
environment on condition, body composition and growth of bluegills Lepomis
macrochirus. J Fish Biol 76: 538-555.

Cote, J. and J. Clobert (2010). Risky dispersal: avoiding kin competition despite
uncertainty. Ecology 91: 1485-1493.

25



Cote, J., S. Fogarty, K. Weinersmith, T. Brodin, and A. sih (2010). Personality traits and
dispersal tendency in the invasive mosquitofish (Gambusia affinis). Proc R Soc B
Biol Sci 277: 1571-1579.

Davis, M. A. (2009). Invasion Biology. Oxford University Press, New York.

Dingemanse, N. J., A. J. N. Kazem, D. Reale, and J. Wright (2010). Behavioural reaction
norms: animal personality meets individual plasticity. Trends Ecol Evolut 25: 81-
89.

Dingemanse, N. J., J. Wright, A. J. Kazem, D. K. Thomas, R. Hickling, and N. Dawnay
(2007). Behavioural syndromes differ predictably between 12 populations of
three-spined stickleback. J Anim Ecol 76: 1128-1138.

Duckworth, R. A. and A. V. Badyaev (2007). Coupling of dispersal and aggression
facilitates the rapid range expansion of a passerine bird. Proc Natl Acad Sci U S
A104: 15017-15022.

Dunlop-Hayden, K. , and J. S. Rehage (2011). Antipredator behavior and cue recognition
by multiple Everglades prey to a novel cichlid predator. Behaviour 148: 795-823.

Fogarty, S., J. Cote, and A. Sih (2011). Social personality polymorphism and the spread
of invasive species: A model. Amer Nat 177: 273-287.

Fox, M. G., A. Vila-Gispert, and G. H. Coop (2007). Life-history traits of introduced
Iberian pumpkinseed Lepomis gibbosus relative to native populations. Can
differences explain colonization success? J Fish Biol 71: 56-69.

Fraser, D. F., J. F. Gilliam, M. J. Daley, A. N. Le, and G. T. Skalski (2001). Explaining
leptokurtic movement distributions: Intrapopulation variation in boldness and
exploration. Amer Nat 158: 124-135.

26



Frost, A. J., A. Winrow-Giffen, P. J. Ashley, and L. U. Sneddon (2007). Plasticity in
animal personality traits: Does prior experience alter the degree of boldness? Proc
R Soc B 274: 333-339.

Gaston, K. J. (2009). Geographic range limits: achieving synthesis. Proc R Soc B 276:
1395-1406.

Gilliam, J. F. and D. F. Fraser (2001). Movement in corridors: Enhancement by predation
threat, disturbance, and habitat structure. Ecology 82: 258-273.

Gilroy, J. J. and W. J. Sutherland (2007). Beyond ecological traps: perceptual errors and
undervalued resources. Trends Ecol Evolut 22: 351-356.

Gurevitch, J., G. A. Fox, G. M. Wardle, Inderjit, and D. Taub (2011). Emergent insights
from the synthesis of conceptual frameworks for biological invasions. Ecol Lett
14: 407-418.

Harcourt, J. L., S. Biau, R. Johnstone, and A. Manica (2010). Boldness and information
use in three-spined sticklebacks. Ethology 115: 1-8.

Hendry, A. P., T. J. Farrugia, and M. T. Kinnison. (2008). Human influences on rates of
phenotypic change in wild animal populations. Mol Ecol 17: 20-29.

Holt, R. D., T. H. Keitt, M.A. Lewis, B. A. Maurer, and M. L. Taper. (2005). Theoretical
models of species' borders: single species approaches. Oikos 108: 18-27.

Holway, D. A. and A. V. Suarez (1999). Animal behavior: an essential component of
invasion biology. Trends Ecol Evolut 14: 328-330.

Hughes, C. L., C. Dytham, J. K. Hill. (2007). Modelling and analysing evolution of
dispersal in populations at expanding range boundaries. Ecol Entomol 32: 437-
445,

Ioannou, C.C., M. Payne, J. Krause (2008). Ecological consequences of the bold—shy
continuum: the effect of predator boldness on prey risk. Oecol 157:177-182.

27



Joanna, G., P. Dariusz, P. Miroslaw, T. A. Serhan, M. Lidia, L. Magdalena (2011). Life-
history traits of Amur sleeper, Perccottus glenii, in the invaded Vistula River:

early investment in reproduction but reduced growth rate. Hydrobiologia 661:
197-210.

Kobler, A., B. Engelen, G. Knaepkens, and M. Eens (2009). Temperament in bullheads:
do laboratory and field explorative behaviour variables correlate?
Naturwissenschaften 96: 1229-1233.

Kobza, R. M., J. C. Trexler, W. F. Loftus, and S. A. Perry (2004). Community structure
of fishes inhabiting aquatic refuges in a threatened Karst wetland and its
implications for ecosystem management. Biol Cons 116: 153-165.

Kolbe, J. J., R. E. Glor, L. Rodriguez, A. Chamizo, A. Larson, and J. B. Losos (2004).
Genetic variation increases during biological invasion by a Cuban lizard. Nature
431: 177-180

Kreiner, A., C. D. Van Der Lingen, and P. Freon (2001). A comparison of condition
factor and gonadosomatic index of sardine Sardinops sagax stocks in the northern
and southern Benguela upwelling ecosystems, 1984-1999. S Afr J Mar Sci 23:
123-134.

Kubisch, A., T. Hovestadt, H. Poethke. (2010). On the elasticity of range limits during
periods of expansion. Ecology 91: 3094-3099.

Kurvers, R, B. Eijkelenkamp, K. van Oers, B. van Lith, S. E. van Wieren, R. C.
Ydenberg, H. H. T. Prins (2009). Personality differences explian leadership in
barnacle geese. Anim Behav 78:447-453.

Llewelyn, J., B. L. Phillips, R. A. Alford, L. Schwarzkopf, and R. Shine (2010).
Locomotor performance in an invasive species: cane toads from the invasion front
have greater endurance, but not speed, compared to conspecifics from a long-
colonised area. Oecologia 162: 343-348.

Loiselle, P. V. (2000). Natural history and aquarium husbandry of the savannah jewel
fish, Hemichromis letourneauxi Sauvage, 1880. Cichlid News Mag 9:24-31.

28



Lodge, D. M., S. Williams, H. J. Maclsaac, K. R. Hayes, B. Leung, S. Reichard, R. N.
Mack, P. B. Moyle, M. Smith, D. A. Andow, J. T. Carlton, and A. McMichael
(2006). Biological invasions: Recommendations for US policy and management.
Ecol Appl 16: 2035-2054.

Meylan, S., M. De Fraipont, P. Aragon, E. Vercken, and J. Clobert (2009). Are Dispersal-
Dependent Behavioral Traits Produced by Phenotypic Plasticity? J Exp Zool A
Ecol Genet Physiol 311A: 377-388.

Nathan, R., G. Perry, J. T. Cronin, A. E. Strand, and M. L. Cain (2003). Methods for
estimating long-distance dispersal. Oikos 103: 261-273.

Nickum, J.G., Bart, H.L., Bowser, P.R., Greer, I.E., Hubbs, C., Jenkins, J.A., MacMillan,
J.R., Rachlin, J.W., Rose J.D., Sorensen, P.W., Tomasso, J.R. (2004). Guidelines
for the use of fishes in research. American Fisheries Society, Bethesda, MD

Nilsson, E., A. Persson, and P. A. Nilsson (2010). Interspecific competition and
predation: relative effects on foragers and their densities. Behav Ecol Sociobiol
64: 729-736.

Obaza, A., D. L. DeAngelis, J. C. Trexler (2011). Using data from an encounter sampler
to model fish dispersal. J Fish Biol 78: 495-513.

Olden, J. D., N. L. Poff, K. R. Bestgen (2006). Life-history strategies predict fish
invasions and extirpations in the Colorado River Basin. Ecol Monographs 76: 25-
40.

Palmer, M. L. and F. J. Mazzotti (2004). Structure of Everglades alligator holes.
Wetlands 24: 115-122.

Parmesan, C. and G. Yohe (2003). A globally coherent fingerprint of climate change
impacts across natural systems. Nature 421: 37-42.

Phillips, B. L. (2009). The evolution of growth rates on an expanding range edge. Biol
Lett 5: 802-804.

29



Phillips, B. L., G. P. Brown, M. Greenlees, J. K. Webb, and R. Shine. (2007). Rapid
expansion of the cane toad (Bufo marinus) invasion front in tropical Australia.
Austral Ecol 32: 169-176.

Phillips, B. L., G. P. Brown, and R. Shine. (2010). Evolutionarily accelerated invasions:
the rate of dispersal evolves upwards during the range advance of cane toads. J
Evol Biol 23: 2595-2601.

Phillips, B. L., G. P. Brown, and R. Shine. (2010). Life-history evolution in range-
shifting populations. Ecology 9: 1617-1627.

Phillips, B. L., G. P. Brown, J. M. J. Travis, and R. Shine. (2008). Reid's paradox
revisited: The evolution of dispersal kernels during range expansion. Amer Nat
172: S34-548.

Phillips, B. L., G. P. Brown, J. K. Webb, and R. Shine (2006). Invasion and the evolution
of speed in toads. Nature 439: 803-803.

Polacik, M., M. Janac, P. Jurajda, Z. Adamek, M. Ondrackova, T. Trichkova, and M.
Vassilev (2009). Invasive gobies in the Danube: invasion success facilitated by
availability and selection of superior food resources. Ecol Freshw Fish 18: 640-
649.

Raby, G. D., L. F. G. Gutowsky, M. G. Fox (2010). Diet composition and consumption
rate in round goby (Neogobius melanostomus) in its expansion phase in the Trent
River, Ontario. Environ Biol Fishes 89: 143-150.

Reale, D., N. J. Dingemanse, A. J. N. Kazem, and J. Wright (2010). Evolutionary and
ecological approaches to the study of personality. Philos Trans R Soc London
Biol 365: 3937-3946.

Reale, D., S. M. Reader, D. Sol, P. T. McDougall, and N. J. Dingemanse (2007).
Integrating animal temperament within ecology and evolution. Biol Rev 82: 291-
318.

30



Rehage, J. S., K. L. Dunlop, and W. F. Loftus. (2009). Antipredator responses by native
mosquitofish to non-native cichlids: An Examination of the Role of Prey Naivete.
Ethol 115: 1046-1056.

Rehage, J.S. and W.F. Loftus. (2007). Seasonal fish community variation in mangrove
creeks in the southwestern Everglades: An examination of their role as dry-down
refuges. Bull Mar Sci 80:625-645.

Rehage, J. S. and A. Sih (2004). Dispersal behavior, boldness, and the link to
invasiveness: a comparison of four Gambusia species. Biol Invasions 6: 379-391.

Rehage, J.S. and J.C. Trexler (2006). Assessing the net effect of anthropogenic
disturbance on
aquatic communities in wetlands: Community structure relative to distance from
canals. Hydrobiologia 569:359-373.

Ribeiro, F. and M. J. Collares-Pereira (2010). Life-history variability of non-native
centrarchids in regulated river systems of the lower River Guadiana drainage
(south-west Iberian Peninsula). J Fish Biol 76: 522-537.

Ricker, W. E. 1975. Computation and interpretation of biological statistics of fish
populations. Bull Fish Res Board Can 191:1-382

Rivas, L. R. (1965). Florida fresh water fishes and conservation. Q J Fla Acad Sci
28:255-258.

Ruetz, C. R,, J. C. Trexler, F. Jordan, W. F. Loftus, and S. Perry (2005). Population
dynamics of wetland fishes: spatio-temporal patterns synchronized by
hydrological disturbance? J Anim Ecol 74: 322-332.

Rutchey, K., T. Schall, and F. Sklar (2008). Development of vegetation maps for
assessing Everglades restoration progress. Wetlands 28: 806-816.

Sakai, A. K., F. W. Allendorf, J. S. Holt, D. M. Lodge, J. Molofsky, K. A. With, S.
Baughman, R. J. Cabin, J. E. Cohen, N. C. Ellstrand, D. E. McCauley, P. O'Neil,

31



I. M. Parker, J. N Thompson, and S. G. Weller. (2001). The population biology of
invasive species. Annu Rev Ecol Syst 32: 305-332.

Sato, M., Y. Kawaguchi, J. Nakajima, T. Mukai, Y. Shimatani, and N. Onikura. (2010).
A review of the research on introduced freshwater fishes: new perspectives, the
need for research, and management implications. Landsc Ecol Eng 6: 99-108.

Schofield, P. J., W. F. Loftus, and M. E. Brown (2007). Hypoxia tolerance of two
centrarchid sunfishes and an introduced cichlid from karstic Everglades wetlands
of southern Florida, U.S.A. J Fish Biol 71 (Supplement D): 87-99.

Schurch, R. and D. Heg (2010). Life history and behavioral type in the highly social
cichlid Neolamprologus pulcher. Behav Ecol 21: 588-598.

Shafland, P. L., K. B. Gestring, and M. S. Stanford (2008). Florida's exotic freshwater
fishes. Fla Sci 3: 220-245.

Seppanen, J. T., J. T. Forsman, M. Monkkonen, and R. L. Thomson (2007). Social
information use is a process across time, space, and ecology, reaching
heterospecifics. Ecology 88: 1622-1633.

Sexton, J. P, P. J. Mclntyre, et al. (2009). Evolution and Ecology of Species Range
Limits. Annu_Rev Ecol Evolut Syst 40: 415-436.

Sih, A., A. M. Bell, J. C. Johnson, and R. E. Ziemba (2004). Behavioral syndromes: An
integrative overview. Q Rev Biol 79: 241-277.

Sih, A., D. I. Bolnick, B. Luttbeg, J. L. Orrock, S. D. Peacor, L. M. Pintor, E. Preisser, J.
S. Rehage, and J. R. Vonesh (2010). Predator-prey naivete, antipredator behavior,
and the ecology of predator invasions. Oikos 119: 610-621.

Sih, A., M. C. O. Ferrari, D. J. Harris. (2011). Evolution and behavioural responses to
human-induced rapid environmental change. Evol Appl 4: 367-387.

32



Stamps, J. A., and T. G. G. Groothuis (2010). Developmental perspectives on personality:
implications for ecological and evolutionary studies of individual differences.
Philos Trans R Soc London Biol 365: 4029-4041.

Stiver, K. A., J. K. Desjardins, J. L. Fitzpatrick, B. Neff, J. S. Quinn, and S. Balshine
(2007). Evidence for size and sex-specific dispersal in a cooperatively breeding
cichlid fish. Mol Ecol 16: 2974-2984.

Suarez, A. V. and N. D. Tsutsui (2008). The evolutionary consequences of biological
invasions. Mol Ecol 17: 351-360.

Tabachnick, B. G., and L. S. Fidell (1996). Using multivariate statistics. New York:
Harper Collins.

Thomas, C. D., E. J. Bodsworth, R. J. Wilson, A. D. Simmons, Z. G. Davies, M. Musche,
and L. Conradt. (2001). Ecological and evolutionary processes at expanding range
margins. Nature 411: 577-581.

Travis, J. M. J. and C. Dytham (2002). Dispersal evolution during invasions. Evol Ecol
Res 4: 1119-1129.

Tuomainen, U. and U. Candolin (2011). Behavioural responses to human-induced
environmental change. Biol Rev 86: 640-657.

Urban, M. C., B. L. Phillips, D. Skelly, and R. Shine (2008). A toad more traveled: The
heterogeneous invasion dynamics of cane toads in Australia. Amer Nat 171:
E134-E148.

Wilson, A. D. M. and J. G. J. Godin (2009). Boldness and behavioral syndromes in the
bluegill sunfish, Lepomis macrochirus. Behav Ecol 20: 231-237.

Wilson, A. D. M., J. G. J. Godin, and A. J. W. Ward (2010). Boldness and Reproductive
Fitness Correlates in the Eastern Mosquitofish, Gambusia holbrooki. Ethol 116:
96-104.

33



Wilson, D. S., K. Coleman, A. B. Clark, and L. Biederman (1993). Shy bold continuum
in pumpkinseed sunfish (Lepomis gibbosus) an ecological study of a
psychological trait. ] Comp Psych 107: 250-260.

Wolf, M., G. S. van Doorn, O. Leimar, and F. J. Weissing (2007). Life history trade-offs
favour the evolution of animal personalities. Nature 447: 581-584.

Yanagisawa, Y. and T. Sato (1990). Active browsing by mouthbrooding females of
Tropheus duboisi and Tropheus moorii to feed the young and or themselves.
Environ Biol Fishes 27: 43-50.

34



Table 1. Previous animal studies comparing traits between invasion front and long-established populations.

Species Trait favored at invasion front Mechanism Reference Evolution/Plasticity
Rhinella marinus Dispersal Heritability Phillips et al. 2010a Evolution
Rhinella marinus Dispersal ability Endurance Llewelyn et al. 2009 Evolution
Rhinella marinus Growth rate Early reproduction Phillips et al. 2009 Evolution
Rhinella marinus Dispersal Path straightness, movement lenght Alford et al. 2009 Evolution

Rhinella marinus
Rhinella marinus
Rhinella marinus
Rhinella marinus
Rhinella marinus
Rhinella marinus
Sialia mexicana

Sialia mexicana

Sturnus vulgaris and
carpodacus mexicanus

Neogobius melanostomus

Rate of invasion
Dispersal behavior
Dispersal rate

Movement rate
Long-distance movement
Dispersal speed
Dispersal, reproduction
Dispersal

Propagule dispersal

Long-distance jump dispersal, abiotic conditions

Cannibalistic conspecifics

Movement distance and duration

Abiotic conditions
Road corridors
Leg lenght
Aggression

Aggression
Habitat quality

Gut fullness index and condition factor Prey composition

Urban et al. 2008
Child et al. 2008
Phillips et al. 2008
Phillips et al. 2007
Brown et al. 2006
Phillips et al. 2006
Duckworth 2008

Duckwoth and Badyaev 2007

Gammon and Maurer 2002

Raby et al. 2010

Evolution / plasticity
Unknown
Evolution
Evolution / plasticity
Unknown
Evolution
Evolution
Evolution

Unknown

Unknown
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Table 2. Location and number of fish collected (n) for the project components: behavioral
assays (B) and life history assessment (LH).

Sampling Site Location Test Collection Dates NLH NB NTotal
Invasion Front
25°26'N;
80%47'W
Pahayokee (PH) B 8 July - 16 July 2009 46 32 78
LH 21 Aug - 25 Sept 2009
25%0N;
80°50'W
Mahogany B 8 July-9 July 2009 34 32 66
Hammock (MH) LH 19 Aug - 20 Aug 2009
25°17'N;
80°48'W
East of Paurotis B 16 July - 23 July 2009 33 32 65
Pond (PP) LH 19 Aug-21Aug 2009
Long-established
25937'N;
80°35'W
Chekika (CK) B 16 Aug - 17 Aug 2009 37 32 69
LH 3 Oct 2009
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25%28'N;

80°35W
L31W Marsh (LW) B 8 July - 14 Aug 2009 40 32 72
LH 8 Oct 2009
25%924'N;
80°36'W
Taylor Slough (TS) B 23 July - 13 Aug 2009 66 32 98
LH 28 Aug- 25 Sept 2009
Total 256 192 448

37



Table 3. Results of principal component analysis on behavioral measures. Loadings, eigenvalues and explained variance are
given for the emerging axes.

Boldness 1 Behavior Loadings B1 % Variation explained  Eigenvalue
Latency to emerge 0.5299 75.4 3.0162
Proportion of time back in refuge 0.5608
Proportion of time in outside plant -0.4345
Proportion of time swimming -0.4647

Boldness 2-Dispersal Loadings B2 Loadings D1  %Variation explained  Eigenvalue
Latency to disperse -0.1736 -0.4022 64.81 5.1847
Maximum dispersal distance 0.1935 0.4070
Number of attempts to disperse 0.1961 0.3913
Proportion of time in new area 0.2306 0.3745
Proportion of time swimming -0.0114 0.4084
Latency to emerge 0.3792 -0.3327 87.66 1.828
Proportion of time back in refuge 0.4806 -0.3161
Proportion of time in outside plant -0.6825 0.0245
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Table 4. Source of variation in boldness and dispersal. Results are from GLMMs with

population nested within population type entered as random effects. Sample sizes are in
Table 2.

Boldness 1 and Boldness 2 Dispersal

Source df F P df F P
Fixed effects
Population type 1,6 0.24 0.64 1,6 1.16 0.32
Trial 1,185 0.01 0.91 - - -
Condition factor 1,165 1.07 0.30 1,96 1.85 0.18
Water Temperature 1, 187 0.47 0.49 1,90 0.6 0.44
Sex 2,190 0.58 0.56 2,93 0.00 1.00
Random effect
Population (Pop Type) - - >().05 - - <0.01
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Table 5. Results from GLMM to examine the effects of location (invasion front vs. long-established), population (CK, LW,
TS, PH, MH, and PP), and sex on the life history traits of jewelfish. Significant results are shown in bold.

Condition Factor (K) Gut Fullness Index (GFI) Gonadsomatic Index (GSI)

Source df F P df F P df F P
Fixed effects
Population type 1 7.98 0.05 1 24.16 <0.0001 1 3.63 0.05
Sex 1 15.66 <0.0001 1 0.22 0.64 - - -
Pop type * Sex 1 0.5 0.48 1 0.69 0.41 - - -
Random effect
Population (Pop Type) - - <0.01 - - <0.01 - - <0.01
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Figure 1. Map of Everglades National Park showing the location of study sites where
populations were sampled, the range advance, and the time and locations of spread
records of jewelfish within ENP.
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Figure 2. PCA scores from each individual tested. a) Expected results and b) results
obtained from the boldness 1 and 2 behavioral observations as well as from the dispersal

tendency assay.
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Figure 3. Diagram of experimental set ups a. Boldness1 assessment. b. Boldness2-
dispersal assessment.
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Figure 4. Life history trait variation between invasion-front,and longer-established e {Ddeted:

populations. a). mean body condition, b) mean gut fullness index (GFI), and ¢) mean
gonadosomatic index (GSI) of African jewelfish populations.
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Figure 5. Mean PCA scores for boldness from the first and second trial (B1 and B2) for
Invasion Front (F) and Longer-established (L) populations of African jewelfish.
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Figure 6. Mean dispersal component scores for Invasion-front and Longer-established
populations of African jewelfish.
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Figure 7. Range expansion trait variation between invasion-front and long-established

population. (+) more, (-) less.
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