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Abstract
Rapid range expansion is one of the major attributes of invasion success. During range expansion, dispersing individuals face a novel
environment where trade-offs between benefits of reduced conspecific density and pressure from niche competitors may differentially affect
life-history traits essential for population growth. In this study, we examined differences in sex ratio, body condition, physiological condition
and capacity for energetic investment into reproduction along an actively expanding range of one of the most successful crayfish invaders in
Europe, the signal crayfish (Pacifastacus leniusculus). In the examined invasive range, signal crayfish faces competition by a native crayfish,
Astacus leptodactylus. By comparing measured parameters between invasion fronts and invasion core sites, we analyzed whether the
potential benefits of dispersal to areas with low conspecific density are outweighed by the competitive pressure from a native crayfish.
Caught signal crayfish of both sexes from invasion fronts were in a better body condition compared to those from the invasion core, while
females from invasion fronts also exhibited better energetic status of hepatopancreas and gonads. At the same time, A. leptodactylus from
the contact zones at invasion fronts were in poorer body condition compared to those outside the invaded range. Thus, interspecific
competition at invasion fronts affected the native A. leptodactylus more strongly than the signal crayfish, which still benefited from the
reduced conspecific density in the presence of a competitor. This study highlights the importance of examining trait variability as invader
advances its range, since a shift between the rate of population growth and counteracting pressure from other niche competitors could
represent one of the crucial determinants of a lag between establishment and expansion of invasive species.
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Introduction
Invasive alien species are a major component of
human-induced rapid environmental change (Sih
et al. 2011; Simberloff et al. 2013) and one of
the most important drivers of global biodiversity
loss and ecosystem degradation (Sala et al. 2000;
Pyšek and Richardson 2010). Such adverse impacts
are created by a tiny fraction of all introduced
species worldwide, which are able to make
successful transitions through all stages of the
invasion process to become successful invaders
(cf. Williamson and Fitter 1996; Lockwood et al.
2007). Successful invaders are usually characterized
with a suite of traits such as generalist feeding
strategy, ability for rapid range expansion as
well as traits that facilitate population establishment
and growth following dispersal to novel

environments (Kolar and Lodge 2001; Marchetti
et al. 2004; Olden et al. 2006). Recent studies
suggest that the plasticity in behavioral, morphological and life history traits enhances invasion
success as it allows invaders to easily adapt to
different contexts encountered within the invasion
process as well as within the recipient environment
(Groen et al. 2012; Gutowsky and Fox 2012; Lopez
et al. 2012). Moreover, traits which are beneficial
for range expansion and population establishment
could become increasingly prevalent at expanding
range edges and consequently exhibit a spatial
gradient along the invasion pathway (cf. Shine et
al. 2011).
During range expansion, dispersing individuals
are faced with a novel environment where tradeoffs between benefits of reduced conspecific
density and pressure from niche competitors may
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differentially affect life-history traits essential
for population growth (Burton et al. 2010).
Dispersing individuals at an invasion front are
expected to benefit from extremely reduced
conspecific density, which, along with potentially
more abundant resources at population edges
could lead to fitness advantages (Burton et al.
2010). Such circumstances which improve the
condition of individuals at the distribution edge
may ultimately elevate the rates of population
growth (Burton et al. 2010; Phillips 2009; Phillips et
al. 2010) either by increasing individual growth

rates (i.e. reducing the time needed to reach sexual
maturity; Gutowsky and Fox 2012; Brandner et al.
2013) or by increasing reproductive fitness (i.e.
raising the reproductive investment capacity;
Bøhn et al. 2004; Lopez et al. 2012). On the other
hand, theoretical studies suggest that a strong
selection for reproduction and dispersal occurs at
the expanding edges at the expense of competitive
ability (Burton et al. 2010). Thus, the presence and
pressure from a niche competitor may require
selection for increased competitive ability at the
expense of reproduction or dispersal.
In the present study, we look at changes in sex
structure, body condition, physiological condition
and potential for energetic investment into
reproduction of the most widespread crayfish
invader in Europe (Holdich et al. 2009), the
signal crayfish, Pacifastacus leniusculus (Dana,
1852), along its actively expanding range in the
Korana River, Croatia. Non-indigenous crayfish
have been recognized as a major threat to freshwater
ecosystems around the world (Twardochleb et al.
2013). Signal crayfish displaces the native crayfish
through transmission of diseases such as crayfish
plague (Aphanomyces astaci; e.g. DieguezUribeondo 2006), as well as through competitive
exclusion (e.g. Söderbäck 1995; Westman et al.
2002). Additionally, signal crayfish exhibits high
dispersal rates (up to 18–24.4 km/yr; Hudina et al.
2009), which facilitated its widespread distribution
in many parts of the world. The ongoing context
of the range expansion in a recently invaded
region of Croatia (Hudina et al. 2013) allowed us
to sample and compare individuals that are at the
very edge of the range expansion front where
they face a native competitor (Astacus leptodactylus
Eschscholtz, 1823), with those from established
populations at invasion core where they face
only intraspecific competition from conspecifics
(Hudina et al. 2013). Signal crayfish from the
invaded range in the Korana River are considered
plague-free (A0 level of infection; Maguire et al.
2013), thus only interspecific competition is
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expected to influence crayfish distribution/presence
within the invaded range.
Since the signal crayfish is in close contact
with the native crayfish at both upstream and
downstream invasion fronts, we explore the
potential effects of interspecific competition on
spatial distribution of examined traits in signal
crayfish individuals from core and front populations.
If interspecific competition does not present a
significant challenge to expanding signal crayfish
(i.e. if the benefits of reduced conspecific density
outweigh the potential costs of interspecific
competition), we expected to observe a distinct
spatial trait pattern in which individuals from
invasion fronts would exhibit better condition
and higher reproductive capacity compared to
those from the invasion core (Gutowsky and Fox
2012; Lopez et al. 2012; Brandner et al. 2013).
On the other hand, if interspecific competition
poses a significant challenge to the expanding
signal crayfish, we expected that such spatial
pattern would be lacking due to trade-offs between
competitive ability and population growth (cf.
Burton et al. 2010). In such case, we expected no
significant differences in condition and reproductive
capacity between invasion front and core
populations of the signal crayfish. Such shift in
balance between the rate of population growth
and counteracting pressure from other populations
or niche competitors could represent one of the
crucial determinants of a lag between the establishment and expansion of introduced species.
Materials and methods
Study area
The Korana River is a 134 km long karstic river
in the central Croatia. With a catchment area of
2297 km2 and an average discharge of 29 m3s -1,
it is the largest tributary of the Kupa River in the
Black Sea drainage system. The hydrological regime
is characterized by higher discharge during spring
and autumn and lower discharge in the summer
and winter period (cf. Hudina et al. 2013). The
climate is predominantly mild-continental and
partly humid, with an average annual temperature
of 11.1°C and an average rainfall of 700–1100
mm per year. The karstic character of the Korana
River makes it an important biodiversity hotspot
with a relatively high number of endemic species
(State Institute for Nature Protection 2009).
Moreover, the Korana River has a rich native
crayfish fauna, with the noble crayfish, Astacus
astacus (Linnaeus, 1758) and the stone crayfish,
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Austropotamobius torrentium (Schrank, 1803)
present in the upper course and tributaries, and
the narrow clawed crayfish (A. leptodactylus)
present in the lower course.
Signal crayfish occurrence in the Korana
River is the result of illegal introductions which
occurred approximately 5 years ago from an
unknown source (Hudina et al. 2013). The presumed
introduction site is located approximately 30 kilometers from the confluence of the Korana with
the Kupa River. Signal crayfish expanded both
upstream and downstream from the presumed
introduction site at a similar rate (Hudina et al.
2013). Today, the invasive range of the signal
crayfish in the Korana covers approximately 10
kilometers of its lower reach. Native A. leptodactylus occurs at both invasion fronts as well as
outside the invaded area (Hudina et al. 2013).
Field sampling
The study covered the entire invasive range of
the signal crayfish in the Korana River. Sampling
was performed in July 2012, in the period of
increased signal crayfish activity (Souty-Grosset
et al. 2006). Based on previous studies on signal
crayfish distribution (Hudina et al. 2013), we
identified two distributional points across the
Korana River: 1) the invasion front at both upstream
and downstream edge of an actively expanding
range and 2) the invasion core established several
generations ago (Hudina et al. 2013; Figure 1).
Samples were taken from a total of 4 sites
(approximate site length: 150 m) using baited
crayfish traps. Two sites were located at the
upstream and downstream invasion front, while
two additional sites were located towards the
center of the signal crayfish distribution, and
were identified in a previous study (Hudina et al.
2013) as established populations, i.e. invasion core
(Figure 1). Additionally, the area downstream of
the invasive range was also examined within the
research period (Outside IR; Figure 1). Since
baited traps are size selective (Hogger 1988), all
caught signal crayfish were above minimal size
at maturity (> 6 cm total length; Souty-Grosset et
al. 2006).
A similar number of traps (approximately 15)
were simultaneously exposed at all localities for
the same time period (5 days). At each site, traps
were exposed in similar microhabitats and were
checked daily. All caught crayfish were identified
to the species level and their sex was determined,
after which they were weighted (W) and 3
morphometric parameters were measured to the

Figure 1. Invaded range of the signal crayfish in the Korana
River. Letters U and D depict upstream (U) or downstream (D)
site. 'Outside IR' marks the area outside invaded range, where
only native crayfish were captured. Arrow depicts the direction of
flow.

nearest mm using a digital caliper: total length
(TL), carapace length (CL) and carapace width
(CW). Upon measurements, native crayfish were
released at the exact point of their capture, while
signal crayfish were removed from the watercourse.
A sample of signal crayfish specimens from each
site was frozen at -20 °C immediately after
sampling in the field and were transferred in
electric car freezer to the Department of Zoology,
Faculty of Science in Zagreb for the analyses of
physiological condition and capacity for energetic
investment into reproduction. Furthermore, for
every trapping session, we recorded the catch per
unit effort (CPUE; equal to the number of caught
crayfish per trap per number of trapping nights)
for each species at each site. As CPUE is a
frequently used measure of relative crayfish
abundance (Dana et al. 2010) and exhibits positive
correlation with other measures of population
density (Dorn et al. 2005), obtained CPUE was
used to compare relative abundance/density of
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sampled populations between the sites (invasion
front and core).
Body condition
Following Streissl and Hödl (2002) and Maguire
and Klobučar (2011), two body condition indices
were calculated: Fulton’s Condition Factor (FCF
= W/TL3); and the Crayfish Constant (CC = W/
(TL  CL  CW)). Body condition is indicative of
animal health and fitness (Peig and Green 2010)
and is considered as a useful method for
comparison of crayfish population status between
sites/habitats (Maguire and Klobučar 2011). Since
body condition indices are sex and size-dependent
(Streissl and Hödl 2002), only similar sized
individuals of the same species and same sex
were compared within analyses. Additionally,
only adult, intermoult and uninjured crayfish
were used in body condition analyses. A total of
593 signal crayfish (275 males and 318 females)
were used for body condition analyses.
Body condition indices FCF and CC were
used to assess potential differences in condition
of the signal crayfish between the invasion front
and core sites. Additionally, we analysed potential
differences in body condition of the native A.
leptodactylus from the contact zone with the
signal crayfish at invasion fronts and those
outside the invaded area (downstream of the
invasive range). Due to small sample size of A.
leptodactylus males (3 males) at the upstream
invasion front (Invasion front U; Figure 1), this
site was excluded from body condition analyses.
A total of 49 A. leptodactylus specimens (18 males
and 31 females) were used in body condition
analyses.
Physiological condition and capacity for
energetic investment into reproduction
Comparison of physiological condition and capacity
for energetic investment into reproduction between
signal crayfish individuals from the invasion front
and invasion core was performed by analyzing
their organ moisture content. Organosomatic indices
and organ moisture content are frequently used
to evaluate crayfish condition, their energy reserves
and potential effects of environmental stress
(Huner et al. 1990; Jussila and Mannonen 1997).
These indices depict key physiological processes
such as energy storage (hepatosomatic and muscle
moisture content) and reproduction capacity
(gonad moisture content; Huner et al. 1988;
Carmona-Osalde et al. 2004). Since these indices
in decapods depend on seasonal dynamics and
44

year cycle (Yamaguchi 2001; Lucić and Erben
2005), sampling was performed within a short
time period of 5 days in July 2012.
Upon arrival to the Department of Zoology in
Zagreb, specimens frozen at -20 °C were thawed,
weighted (total wet weight) and dissected.
Digestive gland (hepatopancreas), gonads and
abdominal muscle were carefully removed, placed
in a previously prepared foil cup and
immediately weighed to the nearest 0.001g using
electronic balance, in order to obtain the weight
of wet organ. Cups containing removed tissues
were then dried at 80°C for 24 hours, after which
they were weighed once more to obtain the weight
of dry organ. Obtained measurements were then
used to derive organ moisture content (OM):
OM = (W wo - W do)  100 / W wo ;
where W wo = weight of wet organ (g) and Wdo =
weight of dry organ (g). The obtained values are
inversely proportional to the energetic status of
those organs (Jussila 1997; Jussila and Mannonen
1997; Lucić et al. 2012). Since organ moisture is
considered as the most reliable indicator of the
energetic status of an animal (cf. Lucić et al.
2012), we used wet and dry weight of organs to
derive organ moisture content of hepatopancreas
(HM) and gonads (GM) and abdominal muscle
(MM). These indices were compared between
individuals from the invasion front and core.
Following Lucić et al. (2012), and similar to
studies on freshwater fish (e.g. Bøhn et al. 2004;
Lopez et al. 2012), gonad moisture content was
used as an indicator of potential for energetic
investment into reproduction, and was measured for
females only. Approximately 20 males and 20
females per site were used in all analyses, except
for upstream invasion front. At this site only 14
animals (4 males and 10 females) were acquired
due to low relative crayfish abundance. A total
of 132 specimens (TLmales = 102.8 ± 12.1;
TLfemales = 107.5 ± 10.5) was used in analyses of
organ moisture content.
Statistical analyses
Obtained data were tested to analyze whether
they meet the assumptions for parametric tests
(i.e. normality/homoscedasticity; Zar 1999). Since
both raw and transformed data (logarithmic
transformation of continuous data) violated these
assumptions, their nonparametric analogues were
used instead (Kruskal Wallis ANOVA with posthoc multiple comparisons of the mean ranks,
Mann-Whitney U test, Spearman Rank; Zar 1999).
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Comparisons of sex structure between examined
sites were performed using Yates’ chi-square test
(Zar 1999). Since all measured indices (except
abdominal muscle moisture content) differed
significantly between the sexes (Mann-Whitney
U test; p < 0.05 for all parameters), males and
females were analyzed separately. All analyses were
performed in Statistica 12 Programme (Statsoft).
Results
Relative crayfish abundance and sex ratio
Within a 5 day sampling period, a total of 918
crayfish were caught, out of which 95.5% (862
individuals) were invasive signal crayfish.
Native A. leptodactylus were absent from the two
sampled core sites and were only captured at
upstream and downstream invasion front (41
specimens in total; CPUEInvasion front U = 0.825;
CPUEInvasion front D = 0.025), as well as outside the
invasive range (15 individuals; CPUEOutside IR =
0.6). All examined sites differed in the relative
abundance of the signal crayfish, with core sites
having higher catch per unit effort (CPUECore U =
4.8; CPUECore D = 6.8) than invasion fronts
(CPUEInvasion front U = 0.3; CPUEInvasion front D = 1.7).
Within the invaded range, sex ratio of the signal
crayfish differed significantly between examined
sites (χ2 = 27.6, p < 0.001), with significantly higher
proportion of males recorded at invasion fronts
compared to the invasion core sites (Figure 2).
Body condition
Body condition analyses revealed significant
statistical differences between examined sites in
crayfish condition for both males (Kruskal Wallis
ANOVA; FCF: H (3,275) = 93.2, p << 0.001, CC:
H (3,275) = 45.2, p << 0.001; Figure 3a, b) and
females (FCF: H (3,318) = 50.1, p << 0.001, CC:
H (3,318) = 13.8, p = 0.003; Figure 3c, d). While
post-hoc non-parametric tests showed that the
upstream front and core did not always differ
significantly in both body condition indices
(Figure 3a - d), we recorded a significant negative
correlation between relative crayfish abundance
(CPUE) and measured body condition indices in
both males (Spearman Rank: RFCF = -0.536, RCC
= -0.381; N = 275; p << 0.001) and females
(RFCF = -0.378, RCC = -0.188; N = 318; p <
0.001). This shows that animals at sites with
lower crayfish abundance (invasion fronts) had a
better body condition compared to animals at sites
with higher crayfish abundance (invasion core).

Figure 2. Sex ratio of the signal crayfish along the invaded
range. Upstream (Invasion front U) and downstream (Invasion
front D) invasion fronts had a significantly higher proportion of
males compared to invasion core sites. Statistically significant
differences in sex ratio between the sites are marked with *.

No significant differences in body condition of
the native A. leptodactylus were recorded between
examined invasion fronts and A. letodactylus
populations outside the invasive range, both for
males (Mann-Whitney U test, p > 0.05 for both
parameters; Figure 4a, b) and females (Kruskal
Wallis ANOVA, p > 0.05 for both indices;
Figure 4c, d). However, in both sexes, examined
indices exhibited a similar trend, with the highest
median values for both indices recorded outside
invasive range (Figure 4a – d). As mentioned
earlier, the upstream invasion front was excluded
from the analyses of body condition of males due
to small sample size.
Physiological condition and capacity for
energetic investment into reproduction
Analyses of organ moisture content (HM and
MM) in signal crayfish males showed no
statistically significant differences between the
sites (Kruskal Wallis ANOVA, p > 0.05), and no
significant correlation between CPUE and
examined indices (Spearman rank, p > 0.05).
Females differed significantly between the sites
in moisture content of hepatopancreas (HM:
H (3,65) = 14.7, p = 0.002; Figure 5a) and gonads
(GM: H (3,65) = 12.4, p = 0.006; Figure 5b), but,
similar to males, exhibited no significant difference
in moisture content of abdominal muscle (MM).
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Figure 3. Comparison of body condition indices, Fulton’s condition factor (FCF) and crayfish constant (CC) of signal crayfish males (a, b)
and females (c, d) at examined sites. The graphs show medians, quartiles, and non-outlier minima and maxima. Statistically significant
differences established using nonparametric post hoc multiple comparisons of mean ranks are marked with *.

Figure 4. Comparison of body condition indices, Fulton’s condition factor (FCF) and crayfish constant (CC) of males (a, b) and females (c,
d) of the native A. leptodactylus at invasion fronts where it occurs with the signal crayfish and outside invaded range of the signal crayfish.
The graphs show medians, quartiles, and non-outlier minima, and maxima.
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Figure 5. Comparison of moisture
content of hepatopancreas, HM (a)
and gonads, GM (b) in signal
crayfish females at examined sites.
The graphs show medians,
quartiles, and non-outlier minima,
and maxima. Statistically
significant differences established
using nonparametric post hoc
multiple comparisons of mean
ranks are marked with *.

Furthermore, significant positive correlations
between CPUE and HM and GM were recorded
(RHM= 0.378, RGM=0.418; N = 65; p < 0.001) for
females. Since organ moisture content indices
are inversely proportional to the energetic status
of those organs, obtained results show that
females from sites with a lower crayfish abundance
(invasion fronts) had lower moisture content, i.e.
better energetic status of hepatopancreas and
gonads than females from sites with a higher
crayfish abundance (invasion core).
Discussion
The signal crayfish in a recently invaded region
of Croatia exhibited differences between the
invasion front and core sites in relative crayfish
abundance, sex ratio, body condition and energetic
status of hepatopancreas and gonads in females.
Such results are in line with the suggested
plasticity of freshwater invaders, established by
analyses of trait variability across the invasive
range of different species (i.e. round goby, African
jewelfish; Gutowsky and Fox 2011;(2012; Lopez
et al. 2012; Brandner et al. 2013), including signal
crayfish (Hudina et al. 2012). As crayfish were
sampled with size-biased baited traps (cf. Dorn
et al. 2005), performed inter-population comparisons
in this study were limited to adult samples of the
signal crayfish populations. Even though the use
of traps may lead to sampling biases (Price and
Welch 2009), the standardization of the trapping
period, number of traps, bait type and microhabitats
where traps were set, ensured that performed

comparisons reflect potential differences between
the signal crayfish population samples at examined
sites.
In the present study, upstream and downstream
invasion front were male dominated and exhibited
4 to 16 times lower relative crayfish abundance
compared to respective population samples at the
invasion core. Reduction in conspecific density
at expanding edges of population is an expected
consequence of dispersal (Phillips et al. 2010).
The prevalence of males in population samples at
invasion fronts indicated that the initial dispersal
of the signal crayfish may be biased towards
males. Male biased sex ratios at the invasion
front were already recorded for the signal
crayfish (Hudina et al. 2012; but see Almeida et
al. 2013 for analysis by population size-classes),
while studies on freshwater invasive fish reported
both male-biased (Gutowsky and Fox 2011) and
female-biased sex ratios (cf. Brandner et al. 2013).
As male-biased dispersal may emerge if the
variance in reproductive success between patches
is larger for males than females (Gros et al. 2009),
males may be the first to disperse from the invasion
core (i.e. area of high conspecific density) due to
their high aggression levels. Previous studies have
shown that the spatial distribution of crayfish is
affected by their social status (Fero and Moore
2008). As males are more aggressive and compete
more intensely than females over resources such
as food, shelter and mates (cf. Fero et al. 2007;
Berry and Breithaupt 2010), they may benefit more
from dispersal to areas with reduced conspecific
density.
47

F. Rebrina et al.

Previous theoretical and field research
highlighted the potential benefits of dispersal to
areas with low conspecific density, which may
result in exponential population growth and
evolution of traits determining such growth (i.e.
increase in individual growth rates and reproductive
investment/fecundity; Phillips et al. 2010; Burton
et al. 2010). Theoretical studies also highlighted
potential trade-offs between traits determining
population growth/dispersal and competitive
ability in the presence of niche competitor (Burton
et al. 2010). We hypothesized that competitive
pressure posed by the niche competitor should
create a distinct spatial pattern of variation in
examined traits. If a pressure posed by the presence
of interspecific competitor is weak, benefits of
reduced conspecific density in the novel
environment should outweigh the potential costs
of interspecific competition. Such conditions
should therefore lead to increase in condition and
reproduction capacity of individuals at expanding
edges. On the other hand, if interspecific
competition poses a significant challenge to
expanding signal crayfish, we expected that such
spatial pattern would be lacking (cf. Burton et al.
2010).
Since no infection by crayfish plague was
recorded in the invaded range in the Korana River
at the time of sampling (Maguire et al. 2013),
and since A. leptodactylus has demonstrated the
ability to outcompete other crayfish invaders (e.g.
Orconectes limosus in France; Laurent 2003), we
consider it as a viable competitor to the signal
crayfish. In this study, the signal crayfish from
the invasion front were in a significantly better
body condition compared to those from the
invasion core. Both body condition indices
revealed significant differences between examined
sites in both males and females. Additionally,
invasion front females also exhibited significantly
better energetic status of both hepatopancreas, a
major energy storage organ in crustaceans
(Johnston et al. 1998), and gonads. Gonad
moisture content (GM) indicated a significantly
higher potential for energetic investment into
reproduction in females from invasion front.
Moreover, both body condition and organ
moisture indices exhibited a significant correlation
with relative crayfish abundance. Individuals
from sites with lower relative crayfish abundance
(upstream and downstream invasion front) had
better body condition and higher energetic status
of organs compared to those from sites with higher
crayfish abundance (invasion core sites). Such
results are in line with the findings of several
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studies on invasive freshwater fish and amphibians, which demonstrated that individuals at
invasion fronts benefit from reduced intraspecific
density/competition intensity and elevated resource
availability by exhibiting increase in individual
growth rates (Phillips et al. 2010; Brandner et al.
2013), body condition (Bøhn et al. 2004; Gutowsky
and Fox 2012; Lopez et al. 2012; Brandner et al.
2013) and potential for reproductive investment
(Gutowsky and Fox 2012; Lopez et al. 2012;
Brandner et al. 2013). Furthermore, since significant

trait variation was recorded between the invasion
front and core populations of the signal crayfish,
and since populations of native A. leptodactylus
at the edges of invasive range (upstream and
downstream invasion front) were in a poorer
(albeit not significantly) body condition than
those outside the invasive range, we conclude that
the competitive challenge posed by the native niche
competitor was not strong. Moreover, interspecific
competition at invasion fronts affected the native
A. leptodactylus more strongly than the signal
crayfish. As relative crayfish abundance of A.
leptodactylus outside the invasive range was well
below the CPUE of the signal crayfish from the
invasion core, signal crayfish still benefited from
the reduced conspecific density in the presence of
an inferior competitor.
During range expansion, the benefits of reduced
conspecific density in the novel environment, as
well as external factors such as the presence and
pressure from niche competitors, can contribute
to trait variability along the invasion pathway.
Identification of these internal and external
drivers of trait variability during the invasion is
essential for improving our understanding of the
exceptional speed at which invasive species such
as signal crayfish are able to expand their range.
As such opposing drivers could create distinct
spatial and temporal patterns in trait variation,
our research highlights the importance of
examining the changes in population characteristics
as an invader advances its range. Such studies
could contribute to the understanding of processes
that occur between establishment and dispersal
phase, since a shift between the rate of population
growth and counteracting pressure from other
niche competitors could represent one of the
crucial determinants of a lag between the
establishment and expansion of introduced species.
These insights could have important implications
for risk assessments and management of established
populations of different invasive species, especially
in vulnerable ecosystems (Dudgeon et al. 2006;
Strayer 2010) such as freshwaters.
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