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The redclaw crayfish (Cherax quadricarinatus) is native to northern Australia and
Papua New Guinea, and has become increasingly widespread in Europe as a non-
indigenous species. The present study investigates morphometric variation, growth
patterns, and body condition of a feral population inhabiting a thermally enriched
oxbow lake in Slovenia. A total of 1362 individuals collected between 2009 and 2021
were sexed (male, female, intersex) and measured for cephalothorax length (CL),
total length, body weight, and chela dimensions.

Sexual dimorphism was evident, with males displaying significantly greater
body mass and longer chelae than females. Intersex individuals (10.1% of the
population) exhibited a morphology that was more closely aligned with males,
suggesting the potential for endocrine disruption or developmental plasticity. The
weight-length relationships exhibited a power function (W =a*CL,), with allome-
tric exponents (b) falling below 3 across all sex groups, indicative of negative al-
lometric growth. General linear models revealed a significant interaction between
CL and sex, with males and intersex individuals gaining more weight per unit of
CL than females.

The scaled mass index (SMI), utilised as a proxy for condition, exhibited no
substantial disparities among the sexes, thereby suggesting optimal physiological
well-being across the population. The findings of the present study are in alignment
with those of previous aquaculture-based studies, yet they offer rare insights into
feral populations in temperate regions. It is important to note that the observed
prevalence of intersex individuals, in conjunction with their rapid growth patterns,
gives rise to concerns regarding ecological plasticity and invasive potential.

This study contributes to our understanding of the plasticity, growth dynamics
and morphological variation in C. quadricarinatus under non-native environmental
conditions, thereby providing a valuable baseline data set for future comparative
research on introduced freshwater crayfish.
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Introduction

The study of length-weight relationships (LWR) and
condition factors (CF) is of fundamental importance
in providing insights into the growth patterns,
somatic investment, and ecological adaptability of
aquatic organisms, including freshwater crayfish.
(Barki & Karplus 2004, Martelloni et al. 2012, Loureiro
et al. 2015). These traits are of critical importance
for the evaluation of the status of wild populations,
particularly those that are non-indigenous and po-
tentially invasive (Loureiro et al. 2015, Bayer et al.
2021, Marn et al. 2022). C. quadricarinatus is a tropi-
cal species native to northern Australia and Papua
New Guinea (Reynolds & Souty-Grosset 2011, Jones
& Valverde 2020). Due to its rapid growth, broad
environmental tolerance, and economic value, it
has been extensively introduced outside its native
range for aquaculture and the ornamental trade
(Barki & Karplus 2004, Ahyong & Yeo 2007, Marufu
etal. 2018, Eprilurahman et al. 2021). Consequently,
feral populations of C. quadricarinatus have become
established in several tropical and subtropical
regions (Ahyong & Yeo 2007, Bortolini et al. 2007,
Belle & Yeo 2010, Pinder & Harman 2019). As
demonstrated in the literature, isolated findings
or small, occasionally escaped individuals have
been documented in certain temperate regions of
Europe, including Italy (D’Agaro et al. 1999, Vec-
chioni et al. 2022), Spain (Arias & Torralba-Burrial
2021), and Hungary (Weiperth et al. 2020). The first
confirmed wild population in Europe was reported
from a thermally enriched oxbow lake in southeast-
ern Slovenia in 2009 (Jakli¢ & Vrezec 2011). Whilst
these occurrences confirm the species’ capacity to
survive in temperate climates, no long-term ecologi-
cal or morphometric studies have been conducted
outside of Slovenia. Consequently, the Slovenian
population represents a distinctive European case
study in which successful reproduction, popula-
tion persistence, and sexual dimorphism have been
observed under thermally favourable but non-native
conditions. Its establishment in a temperate climate
is of particular interest, as higher thermal regimes
may support reproduction and long-term survival
outside the species’ typical tropical range. However,
there is a paucity of ecological and biometric data on
these wild populations. As demonstrated in previ-
ous research, r-selected life-history traits — such as
early maturation, rapid growth, and high reproduc-
tive output — contribute to the invasive potential of
freshwater crayfish (Beatty et al. 2003, Haubrock
et al. 2021, Miller et al. 2024). The quantification of
these traits is facilitated by body condition indices,
which reflect the physiological status and fitness of
individuals based on body mass and structural length
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(Froese 2006, Jutagate et al. 2023).The present study
investigates the length-weight relationship, growth
patterns, and condition factor of wild C. quadricari-
natus in Slovenia. The objective of this study is to
make a comparison between biometric traits and
condition among males, females, and intersex indi-
viduals. The latter are defined as endocrinologically
induced functional males that have been previously
documented in aquaculture systems. This is the
first detailed ecological and biometric analysis of a
feral population of C. quadricarinatus in a temperate
European habitat.

Materials and methods

Individuals of C. quadricarinatus were collected from a
wild population inhabiting the oxbow lake Topla in
southeastern Slovenia (45°53'8.25"N, 15°37'45.7"E),
which is a part of Sava water basin (Fig. 1).The area
encompasses 4 hectares, on an altitude of 140 metres.

The population of C. quadricarinatus was sampled
from 2009 to 2021. Upon capture, the subjects were
measured, weighed, and sexed. Sex was determined by
external sexual characteristics (male — gonopores at the
base of the fifth pair of walking and gonopods (modified
first pair of pleopods), red patch on the outer margin of
the claws in adults; female — gonopores at the base of
the third pair of walking legs (paired openings)). Speci-
mens were categorised as male (M), female (F), or inter-
sex (I). Intersex individuals were identified according to
the classification proposed by Sagi et al. (1996), who
delineated seven distinct morphological types (type
A-G) based on the combination of male and female
genital openings and associated internal reproductive
structures. In our study only external characteristics
were taken in the consideration. Intersexuality in
C. quadricarinatus is an endocrinologically induced con-
dition occurring in genetic females that function as
males. Although these individuals exhibit both male
and female gonopores, they are functionally male, pos-
sessing testes, sperm ducts, androgenic glands, and vi-
able sperm (Parnes et al. 2003, Shechter et al. 2005).

Three biometric parameters were recorded for each
individual: total length (TL: from the tip of the rostrum
to the end of the telson), cephalothorax length (CL:
length from the tip of the rostrum to the posterior me-
dian edge of the carapace), and right chela length (CHL).
The measurements were taken to the nearest 1 mm us-
ing vernier calipers. The wet weight (W) of the samples
was measured using spring balances and recorded to
the nearest gram. Individuals exhibiting missing chelae
or damaged rostra were excluded from the analysis.

The relationship between CL and W was modeled
separately for males, females, and intersex individuals
using the power function:

W=a*CL,
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Fig. 1. The thermally enriched oxbow lake in Slovenia, where a population of non-indigenous crayfish species
Cherax quadricarinatus was sampled between 2009 and 2021. The lake, located near Catez and the Sava River, is
marked in black (right lower map) and divided into five habitat zones (A-E) along a natural water temperature
gradient. Zone A represents the warmest area, while zone E is the coldest, with water temperatures similar to

those in the adjacent Sava River.

To meet the assumptions of normality and homosce-
dasticity, both variables were log-transformed prior to
analysis. The scaling exponent b and intercept a were
estimated via linear regression of the form:

log(W) =log(a) +b *1og(CL)

General Linear Models (GLMs) were applied to as-
sess the effect of sex and the interaction between sex
and CL on body weight. One-way ANOVA followed
by Tukey’s HSD post hoc tests was used to compare
morphometric traits (W, TL, CL, CHL, CHW) among
the three sex groups.

Body condition was estimated using the Scaled Mass
Index (SMI), following the method of Peig & Green
(2010). The SMI was calculated for each individual as:

L bSMA
SMIL =W, (T")

where W, and L; are the wet mass and cephalothorax
length (CL) of individual i, L, is the arithmetic mean of
CL for the entire sample, and bSMA is the scaling expo-
nent derived from standardized major axis regression

of In(W) on In(CL). The parameters bSMA and L, were
estimated separately for males, females, and intersex
individuals using within-group log-log regressions.
This approach permits the comparison of predicted
body mass at a standardized body length across groups,
thus allowing sex-specific inferences about relative
condition.

Statistics

Descriptive statistics (mean, standard deviation, and
sample size) of the Scaled Mass Index (SMI) were com-
puted separately for each sex group. Differences in
morphometric traits and SMI among sexes were assessed
using one-way ANOVA, followed by Tukey’s HSD post
hoc test. In addition, a General Linear Model (GLM) was
employed to evaluate the effects of sex, cephalothorax
length (CL), and their interaction on wet weight (model:
Weight ~ CL x Sex). Effect sizes, confidence intervals, and
p-values were reported. Statistical significance was set
at p<0.05. All analyses and visualisations were con-
ducted in R version 4.1.2 (R Core Team 2021).
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Results

A total of 1362 specimens of C. quadricarinatus were
collected and measured from the Topla oxbow lake
between 2009 and 2021. The sample comprised 606
males, 613 females, and 138 intersex individuals.
Intersex individuals were categorised into four
morphological types (B — female opening on the
right, male opening on the left, E — female opening
on the left, male openings on both sides, F — female
opening on the right, male openings on both sides,
and G - female and male openings on both sides)
following the classification proposed by Sagi et al.
(1996). Furthermore, four specimens could not be
reliably sexed and were thus marked as juveniles
(“juv”). The body weights of these juveniles ranged
from 1.2 to 5.3 g, but carapace length measurements
were not recorded.

The smallest female specimen exhibited a cephalo-
thorax length (CL) of 18 mm and a mass of 2 g, while
the largest specimen attained a length of 175 mm in
total length (TL), 83 mm in CL, and a mass of 113 g.
Males ranged from 22 to 95 mm in CL, and from 36
to 193 mm in TL, with weights between 3 and 220 g.
Intersex individuals varied between 24 and 95 mm in
CL and reached up to 215 mmin TL and 126 g inbody
mass (Table 1). A total of 138 intersex specimens were
recorded, constituting 10.1% of the entire popula-
tion. Intersex individuals were categorised into four
types: type G was the most prevalent, accounting for
47.8 % (N =66) of the intersex population, followed
by type E (28.3%, N=39), type F (22.5%, N=31),
and type B (0.7 %).

The ANOV A revealed statistically significant dif-
ferences among the three sex groups (females, males,
and intersex individuals) in several morphometric

Table 1. The following descriptive statistics were calculated for the morphometric variables of Cherax quadricarina-
tus: mean, standard deviation (SD), minimum (Min), maximum (Max), median, first quartile (Q1), and third quartile
(QB). These statistics were calculated for the following variables: wet weight (W), total length (TL), cephalothorax

length (CL), chela length (CHL), and chela width (CHW).

Parameter Sex Mean SD Max Min Median Q1 Q3
W (g) F 34 19 113 2 29.0 20 46
M 43 32 220 3 36.0 20 61

I 40 27 126 3 35.5 20 53

CL (mm) F 53 11 83 17 51.0 46 61
M 56 13 95 21 53.0 46 65

I 55 12 95 24 55.0 46 63

TL (mm) F 109 20 175 33 111.0 96 127
M 113 29 193 36 113.0 93 135

I 110 31 215 18 112.0 90 129

CHL (mm) F 37 10 112 12 36.0 31 42
M 43 16 81 9 41.0 31 50

I 41 13 77 16 41.0 31 51

CHW (mm) F 22 6 40 5 23.0 19 26
M 24 6 40 6 23.0 19 28

I 23 6 40 10 24.0 19 27

Table 2. Results of the analysis of variance (ANOVA) with the Tukey post hoc test for selected morphometric pa-
rameters (W, weight; TL, total length; CL, cephalothorax length; CHW, cephalothorax width; CHL, chela length),
between sexes (M, males; F, females; I, intersex) are shown below.

ANOVA Tukey post hoc test
Parameter df p- value Mvs. F Mvs. 1 Fvs. 1
W (g) 8 2 <0.001 <0.001 0.525 0.036
CL (mm) 5.41 2 0.005 0.004 0.988 0.172
TL (mm) 3.21 2 0.041 0.036 0.423 0.974
CHL (mm) 25.50 2 <0.001 <0.001 0.475 0.003
CHW (mm) 2.79 2 0.087 0.056 0.072 0.477
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Fig. 2. Relationship between cephalothorax length (CL) and wet weight (W) in Cherax quadricarinatus, separated
by sex (F, female; M, male; I, intersex). Scatter plots show raw values, while smoothed LOESS curves (with 95 %
confidence intervals) illustrate the general growth trend for each sex category. Males tend to reach higher weights
at larger CL values compared to females and intersex individuals, indicating sex-related variation in growth pat-

terns.

traits (Table 2). A statistically significant difference
in body weight was observed between males and
females (p <0.001), and between females and inter-
sex individuals (p=0.036). On average, males and
intersex individuals exhibited higher body weights
compared to females. A statistically significant differ-
ence was observed in total length (TL) between males
and females (p=0.036). However, no such differences
were detected among other sex combinations. Fur-
thermore, a significant variation in cephalothorax
length (CL) was observed across sexes, with males
exhibiting a substantially greater CL compared to
females (p=0.004). No significant differences were
observed between males and intersex individuals,
nor between females and intersex individuals. With
regard to chela length (CHL), males demonstrated
significantly elongated chelae in comparison to
both females (p<0.001) and intersex individuals
(p=0.003), thereby indicating pronounced sexual di-
morphism in this trait. No statistically significant dif-
ferences were observed in chela width (CHW) among
the sex groups (p=0.332), although p-values for M vs.
F(0.056) and M vs. 1(0.072) approached significance.

Length—-weight relationship
The weight-length relationship showed a robust and

significant fit across all sex categories (Table 3). In
males, the slope (b) was 2.752 (R?=0.789), in females

2.5361 (R2=0.743), and in intersex individuals 2.516
(R2=0.721) (Table 3). All models demonstrated
highly significant p-values (p <0.001) (Table 2). The
findings suggest a consistent and significant predic-
tive relationship between cephalothorax length and
body weight in C. quadricarinatus across different
sexes. In all groups, the exponent b was significantly
lower than 3 (p<0.001), suggesting negative allo-
metric growth, i.e. weight increases at a slower rate
than the cube of cephalothorax length. This pattern
reflects a common growth trajectory in decapods,
where larger individuals gain mass less rapidly
relative to their increase in linear dimensions. The
regression lines showed that weight increased most
rapidly with CL in males, followed by females and
intersex individuals, though sex-specific differences
were further supported by statistical models (see
GLM analysis).

A generalized linear model (GLM) was fitted
to assess whether the relationship between cepha-
lothorax length (CL) and wet weight (W) differed
across sex categories (Table 4). The analysis revealed
a significant main effect of CL (coef. =1.49, p<0.001),
indicating that weight increases significantly with
CL across all individuals. Importantly, we included
interaction terms between CL and sex to evaluate
whether the rate of weight increase per unit of CL
differs among males, females, and intersex individu-
als. The results confirmed this: both interaction terms
were statistically significant. The coefficient for the
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interaction between CL and intersex individuals
was 0.312 (p=0.006), indicating that intersex indi-
viduals experience a steeper increase in weight with
increasing CL compared to females (the reference
group). Similarly, the interaction term for males was
0.448(p<0.001), suggesting an even stronger posi-
tive association between CL and weight for males
compared to females.

These significant interaction effects confirm that
the slope of the weight-length relationship varies by
sex category. This implies that males and intersex
individuals gain weight more rapidly than females
for each unit increase in CL. The sex-specific growth
trajectories are also evident in Figure 2, where LOESS
curves show that males, followed by intersex indi-
viduals, attain higher weights at larger CLs, consist-
ent with sexual dimorphism in C. quadricarinatus.

Figure 3 illustrates the sex-specific variation in
body size and mass of C. quadricarinatus based on
cephalothorax length (CL) and wet weight (W). While
the CL distributions appear broadly similar across
sex groups, the wet weight histograms indicate a
clear right-skewed pattern, with males reaching the
highest maximum values, followed by intersex and
female individuals. These differences support the
observed sexual dimorphism in growth and mass
accumulation, as further confirmed by the regres-
sion and GLM analyses. The greater weight range in
males and intersex individuals, in particular, reflects
their higher mass gain per unit CL, in line with their
steeper length- weight slopes and positive interaction
terms identified in the statistical models.

Based on thresholds for sexual maturity in
C. quadricarinatus reported in the literature (i.e. 40-
50 mm cephalothorax length and approximately

Table 3. Summary of regression parameters (log(W) ~
log(CL)) by sex (M, males; F, females; I, intersex).

Sex N Intercept (a)  Slope (b) R?

M 533.0 -3.2431 2.7520 0.798
F 536.0 -2.8999 2.5361 0.743
I 122.0 -2.8426 2.5160 0.721

30-50 g wet weight; Rabeni et al. 1997, Sagi et al.
1996, Lawrence & Jones 2002), we classified indi-
viduals into juvenile and adult size classes. In our
sample (n=1191), the majority of individuals (61.8 %)
exceeded 50 mm CL and 71.7 % weighed less than
50 g. Sex-specific analysis revealed that the majority
of females (78.2 %) and intersex individuals (72.2 %)
fell within the juvenile size class, while only 21.8 %
and 27.8 %, respectively, were classified as adults.
Among males, juveniles accounted for 63.7 % of indi-
viduals, and adults for 36.3 %. These results suggest
that the population is predominantly composed of
individuals near or below the conventional thresh-
olds of sexual maturity, although it is likely that a
substantial proportion of the juveniles — particularly
among males — are already functionally mature.
The higher proportion of juvenile-class individuals
across all sex categories also reflects the sustained
recruitment and potential for continued population
expansion under the favourable thermal conditions
of the study site. Among females, juvenile individu-
als dominated the lower weight classes (10-40 g),
whereas adults were more frequent above 50 g, with
apeak around 60 g. Males exhibited a broader weight
range, with juveniles concentrated between 10-50 g
and adults spanning up to 120 g, with a gradual
decline in frequency at higher weights. The intersex
group showed a relatively low number of individu-
als, mostly juveniles below 50 g, while adult intersex
crayfish were rare and more evenly distributed across
the 50 100 g range (Fig. 2).

Discussion

The study encompassed an extensive dataset of
redclaw crayfish collected over a decade from 2009
to 2021 within the Topla oxbow lake, providing a
detailed investigation into the species’ morphometric
characteristics and population structure.

The present study provides compelling evidence
of pronounced sexual dimorphism in the feral popu-
lation of C. quadricarinatus inhabiting the thermally
enriched oxbow lake in Slovenia. Males were found

Table 4. GLM: Interaction between sex (M, males; F, females; I, intersex) and cephalothorax length (CL).

Term Coef. SD t p-value 95% CI
Intercept -45.2881 2.9680 -15.2587 <0.001 -51.1113--39.465
Sex [F vs. I] -13.7012 6.3228 -2.1670 0.030 -26.1064--1.2961
Sex [F vs. M] -19.3083 3.9731 -4.8597 <0.001 -27.1035--11.5131
CL 1.4916 0.0547 27.2696 <0.001 1.3843-1.5989
CL x Sex [F vs. I] 0.3122 0.1131 2.7612 0.006 0.0904-0.5340
CL x Sex [F vs. M] 0.4480 0.0718 6.2388 <0.001 0.3071-0.5889
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Fig. 3. Size-frequency distribution of Cherax quadricarinatus by sex (female, male, intersex), based on cephalotho-
rax length (CL) in mm and wet weight (W) in g. The distributions highlight differences in size structure between
sex categories, with males and intersex individuals generally attaining larger body sizes.

to have significantly greater body mass and longer
chelae than females, a pattern well documented in
aquaculture-based research (Austin 1995, Jones 1995,
Bortolini et al. 2007, Leland et al. 2012, Eprilurah-
man et al. 2021). This dimorphism likely reflects
reproductive strategies and intraspecific competi-

tion; larger chelae in males may serve as secondary
sexual traits and as tools in agonistic encounters.
However, intersex individuals — genetic females that
functionally behave as males — are less commonly
reported in field populations. In our population,
these individuals accounted for over 10 % of all
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specimens and exhibited morphologies that closely
resembled those of males, particularly in terms of
body size and chela development. These findings
corroborate earlier descriptions of hormonally mas-
culinised females in aquaculture systems (Sagi et al.
1996, Parnes et al. 2003, Barki & Karplus 2004, Epri-
lurahman et al. 2021) and raise significant ecological
questions concerning the causes of intersexuality in
naturalised populations.

Sex-specific analysis of size classes revealed that
the majority of individuals in all sex groups fell
within the juvenile size range as defined by published
maturity thresholds. Juveniles represented 78.2 % of
females, 72.2 % of intersex individuals, and 63.7 %
of males. Despite their classification, many of these
individuals likely fall within the lower spectrum
of functional maturity, particularly among males.
The majority of individuals in our sample (n=1191)
exceeded 50 mm in carapace length (CL, 61.8%)
and weighed less than 50 g (71.7 %), indicating a
population composed predominantly of subadult
to adult specimens. Based on known size at sexual
maturity (40-50 mm CL and 30-50 g) (Rabeni et al.
1997, Sagi et al. 1996, Lawrence & Jones 2002), our
data strongly suggest that the majority of captured
individuals were sexually mature.

It is important to note that our study site — a
side-channel (mrtvica) called Topla in northeast-
ern Slovenia — presents environmental conditions
highly favorable for the establishment of tropical
crayfish species. Throughout the sampling period
(2009-2021), surface water temperatures at the site
ranged between 20-30°C, regardless of the time of
year. This thermal regime is comparable to that of
the native habitat of C. quadricarinatus in northern
Australia and aligns with optimal growth and re-
productive temperatures documented for the species
in both wild and cultured populations (Jones 1995,
Oficialdegui 2023).

Therefore, the body sizes and morphometric dif-
ferences observed in our population are likely not the
result of thermal limitation or poor habitat quality,
but instead reflect natural variation within a well-
established and environmentally supported feral
population. Indeed, the mean CL (54.3 mm) and the
size of the largest individual (CL=93 mm, W=220 g)
fall within the range reported for adult specimens in
tropical or subtropical environments (Gu et al. 1994,
Marufu et al. 2018, Todd & Hyslop 2023).

Given the suitable abiotic conditions, it is not
surprising that C. quadricarinatus in Slovenia exhib-
its size structures, reproductive traits, and sexual
dimorphism comparable to those observed in its
native range. This supports the interpretation that
the observed morphometric traits are ecologically
and physiologically representative of natural popu-
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lations, and not substantially affected by thermal
constraints or other stressors commonly found in
temperate invader settings. The weight-length rela-
tionships observed in all sex categories conformed to
anegative allometric growth model (b < 3), whereby
mass increases at a slower rate than body length.
Although aquaculture studies often report positive
allometry in males (b>3), our results are consistent
with those from wild populations, where environ-
mental constraints may restrict mass gain relative
to structural growth (Jones 1990, Purnamasari et al.
2018, Jutagate et al. 2023). Notably, males exhibited
steeper slopes in the length-weight regression, re-
flecting their faster rate of mass accumulation per
unit of carapace length compared to females, which is
consistent with their larger average size and stronger
investment in somatic traits.

Assessment of body condition using the Scaled
Mass Index (SMI) revealed no significant differences
between the sexes, suggesting that all individuals
maintained good physiological status regardless
of sex or reproductive morphology. These findings
are consistent with observations in related studies
of redclaw crayfish and other decapods under dif-
ferent environmental conditions (Peig & Green 2010,
Gomez Isaza et al. 2018). The robust condition indices
also indicate the high adaptability of C. quadricari-
natus to non-native environments. Furthermore, the
increase in intersex prevalence over time — from 0.6 %
in 2009 to over 10% in recent years — may reflect
environmental endocrine disruption, possibly due
to pollutants or the effects of population density in
the thermally modified habitat.

These findings indicate that C. quadricarinatus
possesses the capacity to develop natural size
structures, sexual dimorphism, and physiological
conditions comparable to those observed in tropical
native populations, provided that environmental
conditions, such as thermal regime, are favourable.
This capacity is evident even within temperate
European habitats, albeit in a habitat that is likely to
include thermal springs. The present study combines
morphometric, condition and demographic analyses
in order to provide valuable ecological insight into
the biology of redclaw crayfish in feral European
environments.
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