Ann. Limnol. - Int. J. Lim. 48 (2012) 3–11
Ó EDP Sciences, 2012
DOI: 10.1051/limn/2011051

Available online at:
www.limnology-journal.org

Changes in population characteristics and structure of the signal
crayfish at the edge of its invasive range in a European river
Sandra Hudina1*, Karlo Hock2, Krešimir Žganec1 and Andreja Lucić1
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Abstract – The ability of rapid range expansion is one of the key determinants of invasive species success.
In order to investigate potential drivers behind the rapid spread of invasive species, we explored changes in
population characteristics and structure along the invasion pathway of a successful invader in European
freshwaters, the signal crayﬁsh (Pacifastacus leniusculus). Diverse population parameters such as relative
population abundance, size and sex structure, diﬀerences in morphometry and frequency of injuries were
compared between signal crayﬁsh population samples at three uniformly distributed segments (approximately
40 km apart) in the lower section of the Mura River, which diﬀered in time since invasion. Examined signal
crayﬁsh populations exhibited notable diﬀerences, with more recently established populations toward invasion
front characterized by lower abundance and male-biased sex ratios, which highlighted males as initial
dispersers. We also recorded signiﬁcant increase in the relative claw size, a competitively advantageous and
allometric trait for males, in more recently established populations away from source population. The
recorded diﬀerences in population structure and male morphometry along the invasion pathway could lead to
important clues about dynamics of range expansion and population establishment, highlighting the traits that
promote dispersal and better response to local conditions in new habitats. Established diﬀerences can also
provide insights into the development of targeted management responses aimed at invasive species control.
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Introduction
Invasive alien species are aﬀecting ecosystems globally
and are considered a major component of human-induced
environmental change (Sala et al., 2000), contributing
to the biodiversity loss, ecosystem degradation and impairment of ecosystem services worldwide (Pyšek and
Richardson, 2010). Their invasion success depends on a
suite of key attributes, which include the ability of rapid
range expansion along with other life history traits that
facilitate population establishment and growth (Kolar and
Loge, 2002; Marchetti et al., 2004; Rehage and Sih, 2004;
Lockwood et al., 2007). Identiﬁcation of traits promoting
invasion success and determinants of dispersal dynamics
are essential in attempts to understand the exceptional
speed at which invasive species are able to expand their
range. Such studies have recently become increasingly present in the ﬁeld of aquatic invasions (cf. Gutowsky and
Fox, 2011), partly due to high susceptibility of freshwater
*Corresponding author: shudina@zg.biol.pmf.hr

ecosystems to invading species (Strayer, 2010) and the
extensive and continually increasing rate of unintentional
and intentional non-indigenous species introductions
(Ricciardi, 2001).
Crayﬁsh are among the most widely translocated aquatic invertebrates, and the signal crayﬁsh (Pacifastacus
leniusculus, Dana) currently present in 27 European
countries, is the most widespread non-indigenous crayﬁsh
in Europe (Holdich et al., 2009). Along with habitat
loss, signal crayﬁsh represents the main threats to native
European crayﬁsh species (Weinländer and Füreder,
2009). Its ability to successfully outcompete native crayﬁsh
species due to its aggressiveness (e.g., Söderbäck, 1991;
Usio et al., 2001; Pintor et al., 2008), advantageous life
history traits such as fast growth rate, high fecundity and
early maturation (Souty-Grosset et al., 2006), and transmission of diseases such as crayﬁsh plague (e.g., DiéguezUribeondo, 2006), can enhance its potential to drastically
aﬀect native crayﬁsh populations. In addition, it exhibits
adverse impacts on other biota (e.g., macroinvertebrates
and ﬁsh: Griﬃths et al., 2004; Crawford et al., 2006) and
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ecosystem functioning through combined eﬀects of consumption, bioturbation and burrowing activity (StancliﬀeVaughan, 2009). Introductions followed by high dispersal
rates are considered to be one of the major causes of
its widespread distribution in many parts of the world
(e.g., Pintor et al., 2009). In some European river systems, the range expansion of signal crayﬁsh has been very
fast, especially in downstream direction, reaching up to
18–24.4 km.yearx1 in the lower reaches of the large
European river, the Mura River (Hudina et al., 2009).
Despite such high recorded rates of range expansion,
relatively little information are available on the changes in
signal crayﬁsh population characteristics and structure
along its invasion pathway. The process of invasive species
range expansion is expected to result in dynamic shifts
in individual traits and population characteristics. Such
shifts arise in response to both selection of speciﬁc dispersal phenotypes from a source population (Rehage and
Sih, 2004; Clobert et al., 2009; Pintor et al., 2009; Cote
et al., 2010a, 2010b) and novel local conditions and tradeoﬀs individuals encounter during population establishment and growth, as the species spreads into new habitats
(e.g., Bøhn et al., 2004; Burton et al., 2010; Phillips et al.,
2010). Moreover, population characteristics will vary
over time as a species becomes established, in response to
changes in population size and, consequently, resource
availability (e.g., Bøhn et al., 2004). For instance, as crayﬁsh growth rate is density dependent (Guan and Wiles,
1999; Westman and Savolainen, 2002), it is expected to
be higher in newly established populations of lower
density. This could result in the higher frequency of larger
individuals in such populations in comparison with
high-density populations established for longer periods
(cf. Gutowsky and Fox, 2011). Therefore, the potential
diﬀerences in population characteristics in spatially distant
invasive crayﬁsh populations along invasion pathway will
reﬂect the spatial component of invasion dynamics (dispersal process) as well as temporal component (time since
invasion and population establishment), provided that
such distances are higher than estimated yearly dispersal
rates and that species is spreading naturally without
subsequent introductions.
Identiﬁcation of population variability along invasive
range is crucial for understanding the underlying drivers of
invasive species dispersal, for designing targeted management approaches aimed at their control and for predicting
their future distributions. Only a few available studies
assess such shifts in population characteristics along an
invasion pathway (e.g., Phillips, 2009; Gutowsky and Fox,
2011); however, no such data are available for invasive
crayﬁsh. To ﬁll this gap, we investigated diﬀerences in
population characteristics of invasive signal crayﬁsh
between three diﬀerent segments at the edge of its invasive
range in the Mura River, which diﬀered in time since its
establishment. At examined segments, we recorded diverse
population parameters, such as relative population abundance, sex and size structure, as well as morphometric
characteristics and frequency of injuries. We expected that
(i) traits promoting invasion success will be more

pronounced toward the invasion front, making such
recently established populations signiﬁcantly diﬀerent
from populations established for a longer period and that
(ii) dynamics of range expansion and population establishment will be reﬂected in population structure along diﬀerent segments of invasive range which contain populations
of diﬀerent age. We discuss inter-population diﬀerences in
light of the trade-oﬀs individuals face at diﬀerent segments
of invasive range and in populations at diﬀerent stages
of establishment, selection of speciﬁc dispersal phenotypes
and also the potential management implications. This
study sheds new light on the potential mechanisms behind
the observed rapid range expansion of invasive species
such as signal crayﬁsh.

Methods
Study system and sampled population

The Mura River is the largest tributary to the Drava
River, with a length of 444 km and a catchment area of
14 304 km2. A proportion of 70% of its catchment belongs
to Austria (10 013 km2), while the lower part of Mura is
situated in Slovenia (1393 km2), Croatia (987 km2) and
Hungary (1911 km2). The hydrological regime depends on
the snow-melting season in Austria, with usual higher
discharge during spring months (March–May) and lower
discharge in the winter period (Globevnik and Kaligarič,
2005). The climate ranges from alpine to continental
(spring at 1898 m a.s.l. in the eastern edge of the Lower
Tauren Alps in Austria/mouth Legrad, Croatia 132 m
a.s.l.), with the dominating mild-continental and partly
humid climate (average annual temperature 10.9 xC and an
average rainfall of 600–750 mm.yearx1), as in the entire
Drava River basin (Sommerwerk et al., 2009).
Signal crayﬁsh has been present for several decades in
the upper section of the Mura River (Austria) as a consequence of its illegal introductions in the 1970s (Pöckl,
1999; Holdich et al., 2009). Its dispersal to lower sections
of the Mura River (Slovenia and Croatia) is considered to
represent a continuous range expansion (cf. Hudina et al.,
2009). In this study, we examined signal crayﬁsh populations in the lower section of the Mura River (last 80 km,
Fig. 1), where the highest dispersal rates of signal crayﬁsh
in Europe have been recorded by previous studies (Hudina
et al., 2009). Signal crayﬁsh populations at the most upstream sites of this section have been established for over
5 years and have reached relatively high population densities and balanced sex structure (Hudina et al., 2011).
Therefore, the most upstream examined site is considered
to represent a source population in the examined river
section.

Inter-population comparisons

In order to analyze potential inter-population variability in parameters such as relative population
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Fig. 1. The position of examined sites in the lower section of the Mura River, Croatia. M1 represents the most upstream examined site
(source population), M3 invasion front, while M2 represents the intermediate point between these two sites. G1 and G2 represent the
two gauging stations from which continuous measurements of water temperature and discharge were obtained.

Table 1. Water temperature and discharge measured continuously on a daily basis at the two gauging stations in the analyzed
section of the Mura River. Station G1 is located at 6 km downstream from M1 and G2 at 7 km downstream from M2.
3 x1

Mean annual discharge (2000–2009), m .s
Min-max mean annual discharge, m3.sx1
Min-max discharge (2000–2009), m3.sx1
Mean monthly discharge in the research period (May–Nov 2009), m3.sx1
Min–max mean discharge in the research period (May–Nov 2009), m3.sx1
Mean annual water temperature (2005), xC
Min–max water temperature (2005), xC

abundance, size and sex structure, morphometry and frequency of injuries along signal crayﬁsh invasion pathway,
we identiﬁed three points of its range (Fig. 1): the source
population at the most upstream site of the examined
section at 80 river kilometers (rkm) from the conﬂuence
with the Drava River (Mura 1 or M1), invasion front
(Mura 3 or M3; rkm 3) and the intermediate point between
these two extremes (Mura 2 or M2; rkm 44). These sites
were chosen on the basis of previous research on signal
crayﬁsh distribution in the Mura River (Hudina et al.,
2009), which identiﬁed invasion front (M3) at 3 km
upstream from the mouth of the Mura River. Sites were
located approximately 40 km apart, which is around
double the value of estimated dispersal rate in this section
of the Mura River (18–24.4 km.yearx1). Therefore, examined crayﬁsh populations varied in time since population establishment, with population at M1 established
for the longest period ( > 5 years; Hudina et al., 2009), and
the population at M3 founded most recently.
Water temperature and discharge measured continuously on a daily basis at the two gauging stations (G1 and
G2 in Fig. 1) were very similar (Table 1). Station G1 is

G1

G2

154.5
95–228
38–1196
264.3
134–207
10.2
0.6–18.6

160.8
100–235
42–1225
270.7
135–230
10.1
0.2–22.2

located 6 km downstream from M1 and G2 7 km downstream from M2. Tributaries between these two gauging
stations are rare and bring only a small amount of water to
the Mura River, which can be inferred from slight increase
of discharge at G2 (Table 1). River segment between
gauging station G2 and site M3 has even less small tributaries. Hence, it can be assumed that all three examined
river segments are very similar in terms of temperature and
ﬂow conditions. Furthermore, examined sites were of the
same length (100 m) with the similar river width (average
river width 75 m at M1, 73 at M2 and 64 at M3) and were
all characterized by sparsely developed riparian vegetation, with dominating willows (Salix sp.) and steep banks
with revetments. Stone blocks up to 40 cm along with
gravel and sand dominated in the substrate composition of
all examined sites. Also, the presence and abundance of
potential crayﬁsh predators such as European otter (Jelić,
2009) and ﬁsh (Sallai, 2002; Mrakovčić et al., 2008) is
similar in the lower section of the Mura River. Based on
former literature data and the overall similarity of studied
sites, there was no reason to assume the existence of
greater diﬀerences in predatory pressure between our sites.
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Assuming such similar characteristics, we expected that
observed population size and structure patterns at examined sites did not reﬂect diﬀerences other than invasion
dynamics.
Sites were examined monthly for 6 months in a period
of increased crayﬁsh activity (May–November 2009) with
LiNi traps (Westman et al., 1978) baited with meat.
During each trapping session, LiNi traps were set at the
same position and in similar microhabitats within all
examined sites (close to the banks and large stone blocks
in low velocity areas), for at least two trapping nights.
Altogether six traps were set at M1 and M2 during each
trapping occasion (approximately 15 m apart), while at
M3 catch eﬀort was slightly increased (eight traps; approximately 12 m apart) due to expected low crayﬁsh density at this site. While trapping was performed for longer
periods, only months for which all crayﬁsh population
parameters could be measured at all three examined sites
were analyzed further (August, October and November),
except for analysis of relative population abundance where
all six examined months were taken into account.
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 site.
CPUE is a frequently used measure of relative crayﬁsh
abundance (Dana et al., 2010), and was found positively
correlated with other measures of population density
(Dorn et al., 2005). Therefore, obtained CPUE was used
to compare relative abundance of catchable population
samples between the sites. All caught crayﬁsh were sexed,
weighted (W) and eight morphometric parameters were
measured to the nearest 1 mm: total length (TL), carapace
length (CL) carapace width, abdomen length, abdomen
width, claw length (CLL), claw width (CLW), claw thickness (CLT; equal to claw height in Sint et al., 2007). Claw
parameters (length, width and thickness) were used to
calculate claw volume (CLVol). As allometric growth of
certain body parameters (claws in males, abdomen in
females) is a determinant of sexual dimorphism and reﬂects the onset of sexual maturity (Harioglu and Holdich,
2001; Streissl and Hödl, 2002), both sexes were divided
into two size classes: size class 1, animals < 9 cm TL (potentially immature individuals); and size class 2, animals
> 9 cm TL (mature individuals). Such classiﬁcation was
based upon the large size of the smallest caught mature
female recorded during year cycle research at M1 (85 mm
TL; Hudina et al., 2011) which was close to the upper
range of signal crayﬁsh size at maturity recorded in the
literature (6–9 cm TL; Westman et al., 1999; SoutyGrosset et al., 2006). Finally, in order to take into account
the potential allometric growth in adult (i.e., mature)
males and females, measured claw and abdomen parameters were compared between the sites as relative
proportion of each respective parameter to TL.
Lastly, all animals were inspected for the presence of
injuries. Injuries are often the consequence of aggressive
interactions between crayﬁsh which usually increase with
population density (Skurdal et al., 1988). Since claws
represent a valuable and frequently damaged tool in

aggressive interactions between crayﬁsh (Schroeder and
Huber, 2001), the proportion of all injuries and claw
injuries in a population was used as an indirect measure of
the intensity of resource competition (Söderbäck, 1995;
Hudina et al., 2011), and was compared between examined
population samples. Once caught, all measured animals
were removed from the population to prevent recaptures.

Statistical analyses

Inter-population comparisons were performed using
parametric tests (Student’s t-test) when the assumptions
of normality of data and homogeneity of variance were
met on either raw or log-transformed data. Where transformed data did not meet the assumptions necessary to
use parametric analyses, their non-parametric analogs
(Mann–Whitney U-test for comparisons between two
samples, Kruskal–Wallis ANOVA for comparisons between multiple samples with post-hoc multiple comparisons of the mean ranks; Zar, 1996) were used instead.
Comparisons of sex and size structure and injury frequencies between examined sites were performed using Yates’
chi-square test (Zar, 1996). In inter-population comparisons, parameters measured at each site during three
(August, October and November) or six (May–November
2009) trapping occasions were pooled together. The level
of signiﬁcance for all performed statistical tests was set at
P < 0.05.

Results
During the 6-month trapping period (May–November
2009), 355 animals in total were caught at all examined
sites, 84% of which were trapped during three trapping
occasions (August, October and November 2009) when
crayﬁsh were caught at all three examined sites. Out of the
total of 299 individuals caught in these three trapping
periods and used in inter-population comparisons between
all examined sites, 211 individuals (70.6%) were captured
from the source population at M1 (Table 2). Only 3.3% of
all caught animals were captured at the invasion front at
M3 (Table 2).
Comparisons between population samples at three different segments of the invasive range showed a statistically
signiﬁcant diﬀerence in CPUE between examined sites
during the trapping period of 6 months (May–November
2009; Kruskal–Wallis H(2,18) = 7.72, P = 0.021), with the
decrease in the CPUE from the source population sample
at M1 toward the invasion front at M3 (Fig. 2). Post-hoc
multiple comparisons of mean ranks revealed that these
diﬀerences stemmed from diﬀerences between populations
samples at M1 and M3 (multiple comparisons of mean
ranks; P = 0.017). Such signiﬁcantly lower CPUE at M3
coupled with the reported history of signal crayﬁsh dispersal in the lower section of the Mura River and no signal
crayﬁsh captures downstream from this area conﬁrms that
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Table 2. Average total length (TL), with TL range given in parentheses, of both sexes and average egg number and diameter for
berried females caught at each examined site within three trapping occasions (August, October and November 2009). N represents
the number of caught individuals of each group. N/A = data not available.
Site
Average TL males per mm
Average TL females per mm
Average egg number
Average egg diameter per mm

N

M1

N

M2

N

M3

103
110

110.9 (73.5–144.8)
109.3 (76.4–131.9)
345 (214–400)
2.37 (2.13–2.52)

52
24

111.6 (84.5–131.9)
105.3 (77.7–129.6)
216 (83–348)
2.33 (2.27–2.40)

8
2

101.8 (86.8–118.1)
98.9 (95.5–102.3)
N/A
N/A

Fig. 2. Diﬀerences in catch per unit eﬀort (CPUE; equal to the
number of caught crayﬁsh per trap per number of trapping
nights) between examined sites during same trapping periods
(August, October and November 2009). The boxes show medians
and quartiles, whiskers show minimum and maximum.

the selected site indeed represents the edge of its invasive
range, i.e., invasion front.
Statistically signiﬁcant diﬀerence in sex structure
was recorded between examined sites for the three examined months (x2 = 11.31, P = 0.003) with the number
of caught males in the catch increasing toward the invasion front (Fig. 3). Similarly, when 6 months of trapping
(May–November 2009) were compared between M1 and
M2 sites, sex ratio diﬀered signiﬁcantly (x2 = 5.76,
P = 0.016) as well and followed the same pattern, with
more males featured in the catch at the site M2 (1.01:1
M:F at M1 and 1.89:1 at M2). Population size structure,
examined through frequencies of caught animals in two
identiﬁed size classes at each site, did not diﬀer signiﬁcantly between the sites for the composite sample of
3 months (x2 = 5.13, P = 0.077). However, the proportion
of size class 1 animals in the catch increased toward the
invasion front (5.2% of all caught animals at M1, 10.5%
at M2 and 20% at M3).
When comparing measured parameters of animal size
and weight, males and females of both size classes
were treated separately due to statistically signiﬁcant diﬀerences in some (CL and TL for size class 1 animals;
Mann–Whitney U-test: P < 0.05) or all measured parameters (size class 2 animals; t-test: P < 0.05) between sexes.
Morphometric characteristics and weight of animals of
both size classes were compared only between the sites M1
and M2 due to the small number of individuals of both
sexes captured at invasion front (six males and two females

Fig. 3. Sex ratio (M = males; F = females) at three examined sites
during the same trapping periods (August, October and
November 2009). The bar on the right shows the sex ratio for a
composite sample of all three sites.

in total). Out of all measured parameters, size class 1
males at M1 and M2 diﬀered signiﬁcantly only in the
relative CLL (U = 53.00, P = 0.009), it being higher at M2
(Fig. 4(a)). The similar pattern of increase in the relative
CLL was also observed at the invasion front (M3). When
compared with other groups, M3 data (relative CLL 0.441
and 0.460) were above the upper quartile of the M1 (M1
median of 0.42; interquartile range of 0.390–0.434) and
around median or above the upper quartile of M2 (M2
median of 0.44; interquartile range of 0.434–0.457), suggesting a tendency toward above-average relative CLL for
M3 males in comparison with M1 (Fig. 4(a)). No statistically signiﬁcant diﬀerences between M1 and M2 sites in
any of the measured parameters of animal size and weight
were observed in size class 1 females.
In size class 2 males, statistically signiﬁcant diﬀerence
between the M1 and M2 sites was recorded for all measured parameters of claw size (relative CLL: U = 2463;
P = 0.006; relative CLW: U = 2571, P = 0.017; relative
CLT: U = 1665, P = 0.003; relative CLVol: U = 1686,
P = 0.004), which were all higher at M2 (Fig. 4(b)). Due
to a similar pattern of observed diﬀerences between two
sites for each measured claw parameter, only relative
CLL is presented in Figure 4(b). When compared with
other groups, all M3 data showed a similar distribution
pattern as that demonstrated in Figure 4(b) for relative
CLL. Relative CLL data at M3 (range 0.41–0.51) were
distributed both above and below the median of M1 (M1
median of 0.48; interquartile range of 0.455–0.514;
Fig. 4(b)). Therefore, no clear trend of relative claw size

8

S. Hudina et al.: Ann. Limnol. - Int. J. Lim. 48 (2012) 3–11
(a)

(b)

Fig. 4. Relative claw length (CLL) at two segments of signal crayﬁsh invasive range for size class 1 (a) and size class 2 (b) males. Data
for the third site (M3) were added for reference only and were not included in the quantitative analyses. The boxes show medians and
quartiles, whiskers show minimum and maximum. *Indicates signiﬁcantly higher relative CLL.

was detected at the M3 in comparison with other two sites.
No statistically signiﬁcant diﬀerences between M1 and M2
sites in any of the measured parameters of animal size and
weight were observed in size class 2 females.
Analyses of injuries in both size classes revealed no signiﬁcant diﬀerences between males and females in the number of injured animals, injury numbers, number of animals
with claw injuries and claw injury numbers (P > 0.05 for
all x2 tests). Also, no statistically signiﬁcant diﬀerences in
examined parameters (number of injured animals, injury
number, number of animals with claw injuries, claw injury
number) were recorded between the sites both for size class
2 male and female crayﬁsh (P > 0.05 for all x2 tests). Injury
parameters for size class 1 animals were not analyzed statistically due to extremely small number of both sexes at the
invasion front. Proportions of injured size class 1 males
and females were equal (18.2% of all size class 1 animals),
while proportions of injured size class 1 animals showed a
tendency of increase toward the invasion front (18.2% at
M1, 25% at M2 and 50% at M3).

Discussion
Our study detected several diﬀerences among signal
crayﬁsh population samples caught from diﬀerent locations along the edge of its invasive range in a European
river, and thus from populations at diﬀerent stages of establishment. Examined population samples exhibited a decrease in the relative population abundance toward the
invasion front and changes in sex structure and male morphometry. Since the used baited traps are biased toward
capturing larger size classes (cf. Hogger, 1988; Dorn et al.,
2005), inter-population comparisons performed in our
study were limited to adult and nearly adult part of the signal crayﬁsh population, as is the case in many other studies
of crayﬁsh population structure and density (cf. Maguire
et al., 2004 for references). Nevertheless, the standardized

approach to trapping (same type of traps, baits, trap
numbers and trapping period length) ensured that performed comparisons reﬂect diﬀerences between the catchable proportions of signal crayﬁsh at examined sites.
Increasing male-bias toward the invasion front indicated diﬀerences in the sex ratio between established and
establishing populations, and highlighted males as initial
dispersers. The observed male bias in more recently established populations was further corroborated through a
comparison of sex ratio between M1 and M2. Such maledominated sex ratios in more recently established populations have been observed for other invasive species
(e.g., round goby; Gutowsky and Fox, 2011) including
crayﬁsh (e.g., in Orconectes limosus; Ďuriš et al., 2006),
indicating similar population patterns with respect to sex
structure in their range expansion. Male crayﬁsh are more
aggressive than females (e.g., Berry and Breithaupt, 2010)
and compete intensely over resources such as food, shelter
and mates (cf. Fero et al., 2007). Thus, social status could
aﬀect the spatial distribution of males (Fero and Moore,
2008), with subdominant individuals being the ﬁrst to
disperse. Moreover, body size is one of the important determinants of agonistic success and social status in crayﬁsh
(Vorburger and Ribi, 1999; Gherardi and Cioni, 2004;
Davis and Huber, 2007). Since natural populations exhibit
strong asymmetries in individual resource holding potential (Parker, 1974), it is also likely that initial dispersers
could represent a non-random sample of population with
regard to body size. The pattern of increase in the proportion of smaller-sized (size class 1) individuals toward the
invasion front observed in this study would support the
latter assumption. However, observed diﬀerences in population size structure were not statistically signiﬁcant and
these assumptions need to be tested further by including
juveniles in future analyses.
Comparisons of measured parameters of animal size
and weight demonstrated variability between analyzed
population samples in the relative claw size for males.
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Claws represent one of the major ﬁtness determinants in
adult male crayﬁsh. Larger chelae are not only advantageous in foraging, agonistic interactions and defense
against the predators, but also in competition for females
and copulation, resulting in a higher reproductive success
(Garvey and Stein, 1993; Lee, 1995; Debuse et al., 2001;
Streissl and Hödl, 2002). Relative claw size in males
increased signiﬁcantly from source population at M1 to
population at the middle of examined invasive range at
M2, demonstrating that median trait values of adults diﬀer
along the invasion pathway. Since investment in traits
which promote dispersal or reproduction at the expanding
front has been suggested by previous studies (e.g., Bøhn
et al., 2004; Phillips et al., 2010), it is likely that investment
in competitively advantageous morphological characteristic resulted in the observed increase of relative claw size
in a more recently established population at M2. While
proportional increase in relative claw size toward invasion
front was observed for size class 1 males, the lack of such
clear pattern in size class 2 males might be due to small
sample size. Also, since allometric claw growth can continue after sexual maturity is reached (Harioglu and
Holdich, 2001) smaller average size of size class 2 individuals at M3 could also contribute to the lack of such
pattern. The recent establishment of population at M3
and the consequent low population density resulted in
the small number of caught individuals despite the higher
number of exposed traps at this site. This limited the use
of data from invasion front only as a reference point in
analyses of morphometric diﬀerences between populations. Low animal densities will represent a limitation
to any future comparative studies involving sites at
invasion front. Therefore, in order to provide more certainty in the expected patterns of relative claw size change
at such sites, future research should investigate the optimal
trapping methodology and required catch eﬀorts at invasion front in large watercourses such as the Mura River.
As more recently established population samples were
characterized with lower relative crayﬁsh abundance, it
is likely that local conditions represented an important
selection pressure behind the recorded diﬀerences in the
functionally important traits. Thus, the observed increase
in the relative claw size in males toward invasion front
might be associated with the lower competition intensity
and higher resource availability at this site. Such conditions would allow for the higher growth rates
(i.e., density-dependent growth; Guan and Wiles, 1999;
Westman and Savolainen, 2002; Ramalho et al., 2008) and
for a higher investment in claw growth. However, injuries
to claws and exoskeleton did not diﬀer either between the
sexes or between the examined sites. The lack of expected
increase in claw injuries toward population of the highest
density (M1) (e.g., Figiel and Miller, 1995; Savolainen
et al., 2004; Rypien and Palmer, 2007) indicates that
observed morphometric diﬀerences in the relative claw size
might also be correlated with certain behavioral traits
(i.e., aggression). Such traits are selected during dispersal
(cf. Pintor et al., 2009) since they are expected to beneﬁt
the social status and resource acquisition in hierarchically
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structured crayﬁsh populations. Moreover, literature
suggests that the rate of claw growth and diﬀerentiation
is controlled by the same hormones which are positively correlated with aggressive behavior in crustaceans
(ecdysteroids; Laufer and Ahl, 1995; Cromarty and
Kass-Simon, 1998), further indicating a connection
between these two traits. Therefore, in addition to the
eﬀect of local conditions, the observed increase in the
relative claw size in more recently established population
could also stem from non-random selection of aggressive
individuals.
Our research highlights the importance of understanding the changes in population characteristics as invader
advances its range. This could be of particular interest
from the perspective of management eﬀorts to control
invasive species and conserve native fauna. In addition to
helping determine how recently the population was established, diﬀerences in population characteristics and dynamics along the invasion pathway may call for diﬀerent
management options to eﬀectively control the invasion.
Along with the growing number of studies on other taxa
(e.g., Phillips, 2009; Gutowsky and Fox, 2011), our results
provide evidence for the existence of a trend among
invasive species, suggesting that populations at diﬀerent
stages of establishment along invasive range exhibit
similar diﬀerences in terms of their population structure.
This could, in turn, indicate comparable mechanisms in
their range expansion. Future studies, addressing for
example local selection pressures as they relate to densitydependence or behavioral diﬀerences, will be needed to
shed new light on the underlying causes of these trends.
Identiﬁcation of traits promoting invasion success and
changes in population structure during dispersal is
essential for improving our understanding of the exceptional speed at which invasive species such as signal
crayﬁsh are able to expand their range and encroach on
the habitats of native species.
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