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Abstract
Despite the growing number of established populations in Europe, the reproduction
dynamics of parthenogenetic marbled crayfish, Procambarus virginalis Lyko, 2017,
from populations in the wild is currently understudied. In this study, we performed
a systematic seven-month long monitoring of the reproduction dynamics of marbled
crayfish population in an anthropogenic lake in continental Croatia. Crayfish were
caught monthly by applying the baited stick catch method. We recorded pleopodal
fecundity and the number of hatched juveniles in each monthly catch and a random
selection of individuals (20 per month) was dissected to determine the ovarian
fecundity. Obtained fecundity parameters were correlated with crayfish size (total
length, weight and pleon size), body condition (Fulton’s condition factor),
organosomatic indices (hepatosomatic index: HSI and gonadosomatic index: GSI)
and compared with available literature data on marbled crayfish from laboratoryreared or wild populations. Based on the obtained data, we identified two potential
reproductive peaks in early summer and mid autumn. However, the continuous
presence of individuals with mature ovarian eggs and glair glands throughout
almost the entire monitoring period indicates potential reproduction throughout
June to November. Ovarian egg number and number of hatched juveniles was
significantly correlated with crayfish size and Fulton’s condition factor, while GSI
exhibited significant variations among analyzed months and was positively correlated
with HSI. The number of hatched juveniles in our study was significantly lower
compared to literature data for marbled crayfish from populations in the wild and
laboratory-reared populations. Collected data offer insights into the understudied
reproduction dynamics of marbled crayfish in the wild and represent baseline
information for predicting its invasion dynamics and risks of its further spread in
this region.
Key words: crayfish invader, parthenogenetic species, fecundity, reproductive cycle,
Cambaridae

Introduction
Marbled crayfish, Procambarus virginalis Lyko, 2017, is a recently described
non-indigenous crayfish species (NICS) with established systematic position
but of unknown geographic origin (Lyko 2017; Hossain et al. 2018). The
species was discovered in the mid-1990s in the German aquarium trade
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(Scholtz et al. 2003) and became popular as a pet (Faulkes 2010; Patoka et al.
2014), which lead to intentional and unintentional releases and subsequent
establishment of populations in the wild (Chucholl et al. 2012; Chucholl 2014).
Among the nearly 700 freshwater crayfish species (Crandall and De Grave
2017), marbled crayfish is the only species reproducing via obligatory
apomictic parthenogenesis (Scholtz et al. 2003; Vogt et al. 2008). Thus, the
release of even one female into the wild, under optimal conditions, could
be enough to establish a population that can represent a threat to native
crayfish (Scholtz et al. 2003). Compared to vulnerable indigenous crayfish
species (ICS) Astacus astacus (Linnaeus, 1758) and Austropotamobius
torrentium (Schrank, 1803), but also in comparison to other NICS
(Hossain et al. 2018; Vogt 2021), marbled crayfish has a much shorter egg
incubation period (20–42 days; Hossain et al. 2018). Also, it features earlier
maturation (age at maturity between 5–7 months; Vogt et al. 2021)
compared to other NICS and ICS (maturation < 1–3 years for NICS and 3–
5 years for ICS) and higher fecundity than ICS and most NICS (Hossain et
al. 2018). Marbled crayfish has been confirmed as a vector of Aphanomyces
astaci Schikora (Pc genotype), the causative agent of the crayfish plague
(Keller et al. 2014; Mrugała et al. 2015), which is considered responsible for
decline and decimation of numerous populations of ICS throughout Europe
(Martín-Torrijos et al. 2019). While its potential to outcompete ICS in
agonistic interactions has not been studied, marbled crayfish has exhibited
the ability to outcompete and dominate other successful NICS such as
Procambarus clarkii (Girard, 1852), Faxonius limosus (Rafinesque, 1817)
and Faxonius immunis (Hagen, 1870) in staged laboratory trials (Linzmaier
et al. 2018; Hossain et al. 2019c, 2020).
These traits have enabled successful establishment of numerous marbled
crayfish populations in the wild (Vogt 2020). Currently, marbled crayfish
records have been reported from 15 European countries, Madagascar,
Israel and Japan (Vogt 2020, 2021). Even though laboratory reports have
shown that its temperature optimum ranges between 18–25 °C (Vogt 2020),
marbled crayfish has a wide thermal niche and viable and reproducing
populations have been reported from areas/countries with temperate
continental climates (i.e. Germany; Chucholl and Pfeiffer 2010; Slovakia;
Lipták et al. 2016, 2017; Czech Republic; Patoka et al. 2016) to those with
tropical climate (i.e. Madagascar; Jones et al. 2009). Marbled crayfish is
classified as a high-risk species according to the Freshwater Invertebrate
Invasiveness Scoring Kit (Chucholl 2016; Vogt 2021) and has been listed
among the Invasive Alien Species of Union concern (the Union list), which
represents the core of the EU regulation on invasive alien species (EU
Regulation No. 1143/2014). Species included on the Union list are subject
to restrictions on keeping and prohibited for breeding and placement on
the market, and Member States are required to place measures for their
early detection, rapid eradication and effective management of established
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Figure 1. Position of Šoderica Lake – figures A–C show the position of the lake at different scales. In (C) sampling area is marked
with the red line.

populations. At the same time, intensive information and communication
campaigns are required to minimize both intentional and unintentional
introductions of invasive species popular in the pet-trade, such as the
marbled crayfish (Patoka et al. 2018).
High reproduction rates, which are typical for parthenogenetic species,
are among the key life-history traits of a successful invader (Sax and Brown
2000; Kawatsu 2013) and the understanding of the reproduction dynamics
is essential in examining invasion success of a species. As marbled crayfish
first appeared in the pet trade (Hossain et al. 2018), most of the knowledge
on its reproductive cycle and fecundity comes from laboratory-reared
populations (Seitz et al. 2005; Vogt et al. 2004; Vogt 2015; Hossain et al.
2019a). Only a few studies report on marbled crayfish reproduction from
established populations in the wild (Jones et al. 2009; Chucholl and Pfeiffer
2010; Lipták 2016, 2017; Andriantsoa et al. 2019) and those are mostly
limited to only a short period of field sampling at the same location. This
study reports on reproduction dynamics of the established marbled
crayfish population in an anthropogenic lake from the continental part of
Croatia during a seven-month period (May 2015–November 2015).

Materials and methods
Study area
Šoderica Lake (46°14′20.9″N; 16°54′33.6″E) is an anthropogenic lake
formed by sand and gravel exploitation along the right bank of the Drava
River near village Botovo in north Croatia, covering approximately 200 ha
(Feletar 2016) (Figure 1). Šoderica Lake is fed by Drava River and the water
level of the lake corresponds to the water level of the river. Water temperatures
of the Drava River measured at Botovo station averaged at 21.4 °C in
summer/early autumn (July–September) and 10.3 °C in mid-autumn and
winter (October–January). In the northern part of the lake, the average
water depth is about 8 meters, although most of the central part of the lake
is shallow with water depths ranging from 0.5 to 2 meters. Several larger
and smaller islands overgrown with autochthonous shrubby and forest
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vegetation have been formed in the northern part of the lake. Water depth
in the southern part of the lake reaches up to 20 meters (Kranjčev 2002).
Along the northern shore of the lake, there is a tourist settlement with
approximately 400 houses, which contributes to an intensive eutrophication
of the lake (Feletar 2016).
A native noble crayfish (A. astacus) population was recorded in the
Šoderica Lake, and the invasive signal crayfish Pacifastacus leniusculus
(Dana, 1852) population was identified in the Drava River nearby (Hudina
et al. 2009; Maguire et al. 2011). The first record of the marbled crayfish in
Šoderica Lake was reported in 2013 (Samardžić et al. 2014) and it is the
only reported site of marbled crayfish distribution in Croatia to date.

Field sampling
Sampling was performed once a month from May 2015 to January 2016 in
the 300 meters long stretch at the northern part of Šoderica Lake (Figure 1).
Crayfish were collected at night, by applying baited stick catch (Policar and
Kozák 2005). Baits (pieces of meat, approximately 100 g) were exposed every
5 meters on a 30 cm long stick at a depth of approximately 40 cm and were
inspected from the shoreline. Crayfish were collected using hand nets
(mesh size 3 mm). The collection effort was approximately two people for
two hours for each sampling occasion. Since the shoreline is mostly composed
of sand and gravel, and the bottom is overgrown with macrophytes from
approximately 50 cm depth, no shelters were available for inspection and
only active (freely roaming) crayfish were collected.
Upon capture, all individuals of marbled crayfish were transferred to the
laboratory of the Department of Biology at the Faculty of Science in Zagreb
for further analyses. Berried females and females with juveniles were
transported individually in separate small containers (approximately 15 ×
15 cm), while the non-berried females were transported together in large
containers (70 × 50 cm). Basic morphometric measurements were taken
using a digital caliper (accuracy 0.05 mm): total length (from the tip of the
rostrum to the end of the telson; TL), pleon length (from the posterior edge
of carapace to the posterior edge of the last pleon somit; PL) and pleon width
(width of the first pleon somit; PW) (Sint et al. 2005; Hossain et al. 2019a).
All individuals were weighed using a digital scale (accuracy: 0.001 g) and
inspected for the presence of glair glands and the molting status according
to Lowery (1988).

Body condition indices and fecundity analysis
Morphometric parameters and weight data of individuals were used to
calculate Fulton’s condition factor (Streissl and Hödl 2002): FCF = W / TL3,
where W = weight (g), and TL = total length (mm) of the individuals. Body
condition is an important determinant of health and fitness of individual
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Table 1. Literature datasets of populations of marbled crayfish in the wild and those reared in
the laboratory used for comparisons with the data acquired within this study.
Data type

Pleopodal eggs – TL

Population type
Laboratory populations
Wild populations

Juveniles – TL

Wild population

Reference
Seitz et al. (2005)
Hossain et al. (2019a)
Vogt et al. (2019)
Jones et al. (2009)
Lipták et al. (2017)
Lipták et al. (2017)

Location

Madagascar
Slovakia
Slovakia

animals (Peig and Green 2010). Following morphometric measurements,
in each monthly catch, 20 randomly selected individuals (TL > 40 mm)
were dissected and their gonads and hepatopancreas removed. Gonads and
hepatopancreas were weighed separately to calculate the gonadosomatic
(GSI) and hepatosomatic (HSI) indices (Rodríguez-González et al. 2006):
GSI = (W gonads / W individuals) x 100
HSI = (W hepatopancreas / W individuals) x 100, where W = weight (g).
These organosomatic indices are frequently used to determine crayfish
condition (Huner et al. 1990; Yamaguchi 2001; Carmona-Osalde et al.
2004; Lucić et al. 2012). The GSI is related to reproductive status of an
animal and the HSI is indicative of its energy status (Rodríguez-González
et al. 2006, Jin et al. 2019).
After gonad dissection and weighing, selected individuals were further
analyzed by counting the number of secondary vitellogenic oocytes in
different maturation stages (Abdu et al. 2000; Vogt et al. 2004; hereon
referred to as ovarian eggs) in both anterior and posterior ovarian sacs of
dissected gonads. For this purpose, gonads of each dissected female were
stored separately in a 4% formaldehyde solution and ovarian eggs were
counted using a microscope. If individuals carried pleopodal eggs or 1st/2nd
stage juveniles (hereon referred to as hatched juveniles) on the pleon, they
were carefully removed from the female and/or the individual container in
which it was transported and each egg/hatched juvenile was counted
separately.
Finally, we compared the relationships between the number of pleopodal
eggs and hatched juveniles and total length of crayfish with literature data
on wild marbled crayfish populations and those reared in the laboratory
(Table 1).

Statistical analyses
Obtained data were tested for normality/homoscedasticity (Zar 2010) to
analyze whether they meet the assumptions for parametric tests. Since the
data violated these assumptions, their nonparametric analogues were used
instead (Kruskal-Wallis ANOVA with post-hoc multiple comparisons of
the mean ranks, Mann-Whitney U test, Spearman Rank; Zar 2010).
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Morphometric measurements, number of ovarian and pleopodal eggs
and number of hatched juveniles were described by standard descriptive
statistics (mean, standard deviation, range). Spearman Rho correlation
coefficient was used to calculate correlations between crayfish body size
and fecundity (ovarian, realized), organosomatic and body condition
indices (HSI, GSI and FCF), fecundity, as well as between overall and
monthly records of HSI and GSI. Number of ovarian eggs (ovarian
fecundity), and the number of pleopodal eggs and hatched juveniles
(realized fecundity) were correlated with measured parameters of crayfish
size (TL, W, PL, PW) and crayfish condition (FCF). Organosomatic and
body condition indices were compared among months using the KruskalWallis ANOVA analysis, and between berried and non-berried females
using Mann-Whitney U test. Above-mentioned statistical analyses were
performed using Statistica 13.3.0 (TIBCO Software Inc. 2017). In order to
test for significance among the number of pleopodal eggs and hatched
juveniles and total length of crayfish from our study with literature data on
wild marbled crayfish populations and those reared in the laboratory,
linear model (lm) analysis was performed using basic R “stats” package in
R v. 3.2.0 (R Core Team 2017). Results were visualized using Statistica
13.3.0 (TIBCO Software Inc. 2017).

Results
Monitoring was performed from May 2015–January 2016. However, no
crayfish were caught during the last two months of monitoring. During the
remaining seven months (May 2015–November 2015) a total of 404
marbled crayfish individuals were caught in Šoderica Lake, out of which
35% (140 individuals) were used in the fecundity analysis (20 randomly
selected individuals TL > 40 mm from each monthly catch). During the
course of the study, one noble crayfish individual was caught.
The size structure of caught individuals is represented in the Figure 2.
Mean weight of caught individuals (N = 404) was 5.9 ± 4.0 g (Figure 2a)
and ranged from 0.6–22.6 g, while mean total length (TL) was 61.1 ± 13.3 mm
(Figure 2b), and ranged from 31.9–96.0 mm.
The highest numbers of individuals were caught in May and September,
which represented the peaks of crayfish activity in the lake (Table 2). From
May to November, we observed individuals with oocytes in maturation-stage
(mature ovarian eggs) and active glair glands which was an indication that
individuals were ready to spawn. However, despite regular records of
reproductively active females, pleopodal eggs were observed only in June and
September in five individuals, while hatched juveniles were observed only
in 23 individuals during June, September, October and November (Table 2).
The average number of ovarian eggs per female (N = 140; from 20
randomly selected individuals in each monthly catch with TL > 40 mm) was
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Figure 2. Size structure of marbled crayfish individuals (N = 404) collected from Šoderica
Lake using hand nets (May 2015–November 2015): A) weight (g) and B) total length (mm).
Table 2. Reproductive cycle parameters of marbled crayfish population measured during the period of seven months. Recorded
parameters are presented as either presence (+) or absence (–) data or as numbers (number of caught crayfish and crayfish with
pleopodal eggs or juveniles).
Moulting
Active glair glands
Ovarian eggs
Pleopodal eggs
Juveniles
No. of caught individuals

May
–
+
+
–
–
181

June
+
–
+
4
4
31

July
+
+
+
–
–
43

August
+
+
+
–
–
30

September
–
+
+
1
2
60

October
–
+
+
–
11
32

November
+
+
+
–
6
27

Table 3. Ovarian and pleopodal fecundity and hatched juveniles in the marbled crayfish population from Šoderica Lake.

Ovarian eggs
Pleopodal eggs
Hatched juveniles

No. of analysed Average no. of
individuals
eggs or juveniles
131
300
5
248
23
149

St. dev.

Min

Max

187.16
191.69
101.06

0
30
1

860
556
394

Average female TL
[mm]
66.46
74.60
74.68

Min TL
[mm]
33.26
53.14
56.03

Max TL
[mm]
96.04
91.22
96.04

Table 4. Spearman rank order correlation coefficients (rS) between ovarian fecundity (N = 131)
or number of hatched juveniles (N = 23) and measured morphometric parameters: weight (W),
female size (TL), and pleon size (pleon length: PL, pleon width: PW) of marbled crayfish
population from Šoderica Lake. All pairwise correlations were statistically significant at p < 0.05.
No. of ovarian eggs
No. of juveniles

W [g]
0.42
0.52

TL [mm]
0.36
0.54

PL [mm]
0.37
0.53

PW [mm]
0.38
0.49

300 ± 187.2, and the smallest female with ovarian eggs had total length of
33.26 mm (Table 1). The average recorded pleopodal fecundity (N = 5) was
248 ± 191.7 eggs, while the average number of recorded hatched juveniles
per female (N = 23) was 149 ± 101.1 (Table 3). Ovarian egg number and
the number of hatched juveniles were significantly correlated with all
measured morphometric parameters (TL, W, PL, PW; Table 4; Figure 3a).
Finally, the number of ovarian eggs and the number of hatched juveniles
were significantly correlated with body condition parameter FCF (Spearman
rank correlation: rs = 0.349, and rs = 0.546; p < 0.05), while pleopodal fecundity
Dobrović et al. (2021), Aquatic Invasions 16(3): 482–498, https://doi.org/10.3391/ai.2021.16.3.06
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Figure 3. Relationship between: (A) female size (TL) and number of ovarian eggs, pleopodal eggs and hatched juveniles,
(B) female size (TL) and pleopodal fecundity from literature data from laboratory and wild marbled crayfish populations and this
study and (C) female size (TL) and number of hatched juveniles from this study and from literature data.

Figure 4. Monthly changes in the marbled crayfish gonadosomatic indices: A) HSI and B) GSI
examined using Kruskal-Wallis ANOVA with post-hoc multiple comaprisons of mean ranks.
Different letters indicate significant differences (p < 0.05) in GSI and HSI.

also tended to increase with FCF, but the correlation was not statistically
significant (rs = 0.026, p > 0.05). None of the measured parameters of
fecundity (number of ovarian or pleopodal eggs and number of hatched
juveniles) were significantly correlated with measured organosomatic
indices (HSI and GSI).
GSI and HSI exhibited significant variations among the analyzed months
(Kruskal-Wallis ANOVA with multiple comparisons of mean ranks: GSI
H(6,132) = 43.93, p < 0.001; HSI H(6,132) = 21.24, p = 0.002; Figure 4). The GSI
was the highest in May and September and the lowest in June and
November, i.e. in periods when females with pleopodal eggs and hatched
juveniles were recorded. The HSI was the highest in May, followed by June and
remained relatively constant in the upcoming months (Figure 4). A significant
positive correlation between HSI and GSI was established (rs = 0.249, p < 0.05)
during the whole monitoring period, as well as for specific months (May and
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Figure 5. Differences in A) HSI and B) GSI between berried females (i.e. females carrying
eggs or juveniles) and non-berried females examined using Mann-Whitney U test. Berried females
had siginificantly lower values of both organosomatic indices. Statistically significant differences
(p < 0.05) are marked with *.

July: rs = 0.597 and rs = 0.853, p < 0.05, respectively). Finally, we compared
the HSI and GSI of berried vs. non-berried females and found significantly
lower HSI (Mann-Whitney U test: U = 100, p < 0.001, N1 = 20, N2 = 40)
and GSI (U = 198, p = 0.003, N1 = 20, N2 = 40) in females with pleopodal
eggs or juveniles (Figure 5).
Finally, we tested for significance among the number of pleopodal eggs
and hatched juveniles and total length of crayfish from our study with
literature data on wild marbled crayfish populations and those reared in
the laboratory. Results of linear model (lm) showed significant differences
(F(2,251) = 58.60, p < 0.001) among all examined groups (laboratory, wild
populations and this study) in pleopodal fecundity and TL relationship
(Figure 3b). Also, the number of hatched juveniles related to TL exhibited
significant differences (F(1,36) = 64.7, p < 0.001) between our study and
literature data on wild populations (Lipták et al. 2017).

Discussion
The reproductive cycle and reproduction dynamics in wild marbled crayfish
populations is only partially studied (Lipták et al. 2016, 2017; Hossain et al.
2018) and our study reports, for the first time, systematic seven-month
long monitoring of the marbled crayfish reproductive cycle in a wild
population from an anthropogenic lake in northern Croatia. Šoderica Lake
features the only known marbled crayfish population in Croatia. However,
due to proximity of the Drava River and similar gravel pit lakes, it is highly
possible that the species has already spread to nearby waterbodies (Samardžić
et al. 2014). In Šoderica Lake, marbled crayfish co-occurs with the native
A. astacus; however, the impacts of the marbled crayfish on A. astacus
populations have not been studied. The A. astacus abundance in the lake is
considered to be low and only one individual was caught in the lake
throughout all of our monitoring campaigns.
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Out of all caught marbled crayfish (404 individuals), the highest number
of individuals were caught in May (181 individuals) and September (60
individuals), which represented the peaks of marbled crayfish activity in
the lake. We were unable to compare these activity peaks to literature data
since the sampling period in the majority of other studies lasted over one
or two months (Chucholl and Pfeiffer 2010; Lipták et al. 2017; Ercoli et al.
2019). The size range of caught individuals corresponded to those reported
in other studies (Jones et al. 2009; Lipták et al. 2017; Andriantsoa et al. 2019;
Ercoli et al. 2019; Vogt 2021), with the average size of caught individuals
(61.1 mm TL) being smaller compared to other European populations
(Lipták et al. 2017; Ercoli et al. 2019; Vogt 2021) and the most similar to
the Madagascar populations (69 mm TL; Jones et al. 2009; 30–80 mm TL
and 1–10 g W; Andriantsoa et al. 2019).
In Šoderica Lake, individuals bearing eggs or hatched juveniles were
caught in June and from September to October, while individuals with
maturing ovaries (i.e. secondary vitellogenic oocytes in different maturation
stages) were recorded over the longer period (May–November) and
comprised 93.6% of the individuals used in the ovarian fecundity analysis.
The smallest size of the marbled crayfish with mature ovaries was recorded
at 33.26 mm TL, which is in line with the literature data. Ovary in marbled
crayfish is structurally complete at body size around 20 mm TL (Vogt et al.
2004). The oocytes mature in the following life stages and pleopodal eggs
in laboratory-reared marbled crayfish usually appear at around 40 mm TL
(Vogt and Tolley 2004; Vogt et al. 2004) and only exceptionally in smaller
individuals (Seitz et al. 2005; Vogt et al. 2018). Individuals longer than 40 mm
TL caught in Šoderica Lake comprised 95% of the total catch, and the smallest
individual caught with pleopodal eggs was 53.14 mm TL. Therefore, the
majority of caught crayfish in our study were sexually mature. The
observed body size distribution in this study is probably the result of the
applied trapping method: although hand catch has been considered less
biased in relation to size of the captured individuals compared to crayfish
traps (Hilber et al. 2020), catch by hand nets has also been shown to lead to
size bias since larger and adult crayfish are easier to spot (Rabeni et al. 1997;
Davis and Huber 2007). Larger average size of caught individuals in other
European populations might also be the consequence of the applied trapping
method: we applied baited stick catch in shallow parts of the lake in our
study, while other studies combined either manual search or artificial
refuge traps with the application of crayfish traps (Lipták et al. 2017; Ercoli
et al. 2019), which are known to be size-selective towards larger individuals
(Rabeni et al. 1997).
Based on the gathered data, we assume that marbled crayfish has two
reproductive peaks in Šoderica Lake: first in late spring/early summer and
second in mid-autumn, which is in line with the observations from laboratory
populations (Vogt 2015) and populations from Madagascar (Jones et al. 2009;
Dobrović et al. (2021), Aquatic Invasions 16(3): 482–498, https://doi.org/10.3391/ai.2021.16.3.06
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Vogt 2015). In wild populations of central Europe, ovigerous females can
be found throughout most of the year (Vogt 2020). In the Moosweiher
Lake in southern Germany, heterogeneous ovary development stages of
marbled crayfish were observed, and berried females were found from
early June to late July (Chucholl and Pfeiffer 2010). In the same lake,
individuals carrying pleopodal eggs or juveniles were also found in
December and January (Vogt 2020). In the Czech Republic, females with
well-developed glair glands and oocytes have been reported in March
(Patoka et al. 2016), while in Slovakia, individuals with pleopodal eggs or
juveniles were found in September and October (Lipták et al. 2017). This
suggests that in other waterbodies in Europe, reproduction peaks probably
occur in late spring/early summer and in autumn/winter; however,
systematic and regular monitoring of reproductive cycles is lacking for
these sites, and no comparisons with the Šoderica Lake population could
therefore be made. Even though marbled crayfish exhibits high ecological
plasticity and may colonize diverse habitats with variable water and habitat
characteristics (e.g. Veselý et al. 2015; Andriantsoa et al. 2019), site-specific
conditions (i.e. temperature regime, availability of shelters and food,
population density, presence of other congeners and water quality) might
significantly affect its reproduction dynamics (Marenkov et al. 2017; Hossain
et al. 2019b, 2021), as is the case in other crayfish species (Jones and
Ruscoe 2001; Reynolds 2002; Alcorlo et al. 2008; Harlıoğlu and Farhadi
2017). The small number of caught berried females in this study (7% of the
total catch: five individuals with pleopodal eggs and 23 individuals with
juveniles) in comparison to other studies (berried females comprised 69%
of the total catch in Slovakia; Lipták et al. 2017; and 12% in Madagascar;
Jones et al. 2009) might also be the result of the applied trapping method.
Baited stick catch in shallow parts of the lake, as performed in our study, is
potentially biased towards active (freely roaming) crayfish, while berried
females are largely inactive and usually retreat into shelters (Reynolds
2002; Vogt et al. 2018, 2019). Due to morphology of the lake (shoreline
with sand/gravel with macrophyte vegetation from approximately 50 cm
depth) we were unable to sample crayfish in shelters, which has probably
introduced a sampling bias toward non-berried crayfish.
The assumption of two reproductive peaks in the Šoderica Lake
population is further supported by the obtained GSI values, which were the
highest in May and September, i.e. months that preceded the reproductive
peaks. The GSI was the lowest in June and November, i.e. when the highest
number of individuals with pleopodal eggs and hatched juveniles were
recorded. Ovarian fecundity tended to increase with the GSI, which was
expected since mature ovary increases in size as the oocytes proliferate and
increase in diameter during yolk incorporation (Laufer et al. 1998).
Interestingly, unlike in a number of decapod crustacean species, there was
a significant positive correlation between GSI and HSI. In decapod
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crustaceans, hepatopancreas is considered to provide transfer of energy
reserves to gonads for gametogenesis, which usually results in inverse
correlation between the two organosomatic indices (e.g. Beatty et al. 2003;
Rodríguez-González et al. 2006; Peruzza et al. 2015; Farhadi and Harlıoğlu
2019) since vitellogenin, the main egg yolk protein, is produced in the
hepatopancreas (Tseng et al. 2001). In the case of the marbled crayfish in
Šoderica Lake, HSI was the highest in May, followed by June and remained
relatively constant in the remaining monitoring period. Therefore, the
changes of HSI increment could not be directly linked to gonadal
development, as is the case in other crayfish species. This could be due to
the impact of other environmental factors such as water temperature,
photoperiod length or food availability, which are also known to affect the
dynamics of HSI increment (Farhadi and Harlıoğlu 2019). However,
relatively constant HSI values from June to November may indicate the
constant energy transfer from hepatopancreas to gonad development.
Finally, we observed significantly lower HSI (and GSI) values in females
carrying pleopodal eggs and juveniles (berried females) compared to nonberried females, which may be related to the fact that in berried females
transfer of energy reserves to gonads has occurred (as mentioned above)
and berried females are less active and feed less (Vogt et al. 2018, 2019),
which impacts their energetic status and consequently HSI.
Although we observed two distinctive reproduction peaks, females with
mature ovarian eggs were continually observed in the population from
May to November and individuals with active glair glands (developed in
reproduction season prior to spawning; Vogt 2018) were observed through
almost the entire monitoring period (Table 2), which indicates that
reproduction in marbled crayfish may be constant during this period in
climatic conditions of continental Southeastern Europe. This could also
explain the above-mentioned relatively constant HSI values observed
throughout the monitoring. Also, this is in line with the current knowledge
of species reproductive biology, which suggests that if the conditions are
favourable, single marbled crayfish can reproduce throughout the whole
year (Vogt et al. 2004; Seitz et al. 2005; Vogt 2015); the results of laboratoryreared populations further suggest a potential fusion of two reproductive
peaks to one broader summer/autumn peak in wild populations of central
Europe (Vogt 2015). Thus, it is also possible that one broader reproductive
peak (June–November) exists in the Šoderica Lake population, but was not
recorded during July and August due to above mentioned sampling bias
towards non-berried females and also since the crayfish that carry juveniles
retreat to deeper parts of the lake (as in other crayfish species, e.g. Tulonen
et al. 2008) and were therefore inaccessible for hand catch.
As expected, fecundity was correlated with TL as in other crayfish
species (Abrahamsson 1971; Eversole and Mazlum 2002; Maguire et al. 2005;
Kozák et al. 2006; Yue et al. 2010; Hudina et al. 2011; Martinsson 2011;
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Chybowski 2013; Pârvulescu et al. 2015) and other marbled crayfish
populations (Seitz et al. 2005; Jones et al. 2009, Lipták et al. 2017; Hossain
et al. 2019a; Vogt et al. 2019). Pleopodal fecundity did not show significant
correlation with crayfish size (TL) in the Šoderica Lake population, most
likely due to the small sample size (five individuals). Significant differences
in pleopodal fecundity and TL relationship were observed between wild
and laboratory populations from the literature and our study. These
differences could be the consequence of the small sample size of females
with pleopodal eggs from the Šoderica Lake population, but also due to:
i) differences in environmental and ecological conditions between wild and
laboratory populations, and ii) size differences between these groups. In
laboratory-reared populations, females with pleopodal eggs had a body size
up to 65 mm TL, while wild populations comprised larger mature females
with about one third of individuals up to 65 mm TL.
In comparison with literature data, the regression slope for the number
of hatched juveniles and TL in our study was significantly lower than the
one for the marbled crayfish population in Slovakia, recorded by Lipták et
al. (2017). This may also be attributed to the different size distribution of
captured individuals between these two populations, but it is possible that
the population found in the dead-end artificial canal in Bratislava, Slovakia
(Lipták et al. 2017) has more favorable habitat or environmental conditions
than the population in Šoderica Lake.
High reproduction rates are one of the key life-history traits of the
successful invaders (Sax and Brown 2000), especially in combination with
parthenogenetic reproduction (Stelzer 2011; Kawatsu 2013), as is the case
with the marbled crayfish. This study reports, for the first time, systematic
monitoring of marbled crayfish reproduction from a wild population in
continental Croatia. Such data are of paramount importance for
understanding the understudied reproduction dynamics of the marbled
crayfish in the wild and for gaining new insights into the species’ invasive
potential in waterbodies throughout Europe, as well as for predicting the
dynamics and risks of its further spread.

Acknowledgements
Authors would like to thank Mišel Jelić, Gordan Hudina, Mirjana Hudina, Tomislav Devčić and
Marija Vuk for their help during fieldwork. We also thank the anonymous reviewers and the
editor for helpful comments and suggestions on earlier versions of the manuscript.

Authors’ contribution
AD – data analysis and interpretation, writing – original draft, writing – review & editing; IM –
sample design and methodology, investigation and data collection, writing – review & editing;
MB – investigation and data collection; DG – data analysis and interpretation; SH – research
conceptualization, sample design and methodology, investigation and data collection, data
analysis and interpretation, writing – original draft; writing – review & editing.

Funding declaration
Ana Dobrović has been funded by Croatian Science Foundation Grant DOK-09-2018. The
funders had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.
Dobrović et al. (2021), Aquatic Invasions 16(3): 482–498, https://doi.org/10.3391/ai.2021.16.3.06

494

Reproduction dynamics of the marbled crayfish

References
Abdu U, Yehezkel G, Sagi A (2000) Oocyte development and polypeptide dynamics during
ovarian maturation in the red-claw crayfish Cherax quadricarinatus. Invertebrate
Reproduction and Development 37: 75–83, https://doi.org/10.1080/07924259.2000.9652402
Abrahamsson SAA (1971) Density, growth and reproduction in populations of Astacus astacus
and Pacifastacus leniusculus in an isolated pond. Oikos 22: 373–380, https://doi.org/10.2307/
3543861

Alcorlo P, Geiger W, Otero M (2008) Reproductive biology and life cycle of the invasive
crayfish Procambarus clarkii (Crustacea: Decapoda) in diverse aquatic habitats of SouthWestern Spain: Implications for population control. Fundamental and Applied Limnology
173: 197–212, https://doi.org/10.1127/1863-9135/2008/0173-0197
Andriantsoa R, Tönges S, Panteleit J, Theissinger K, Carneiro VC, Rasamy J, Lyko F (2019)
Ecological plasticity and commercial impact of invasive marbled crayfish populations in
Madagascar. BMC Ecology 19: 8, https://doi.org/10.1186/s12898-019-0224-1
Beatty SJ, Morgan DL, Gill HS (2003) Reproductive biology of the large freshwater crayfish
Cherax cainii in south-western Australia. Marine and Freshwater Research 54: 597–608,
https://doi.org/10.1071/MF02077

Carmona-Osalde C, Rodriguez-Serna M, Olvera-Novoa MA, Gutierrez-Yurrita PJ (2004)
Gonadal development, spawning, growth and survival of the crayfish Procambarus llamasi
at three different water temperatures. Aquaculture 232: 305–316, https://doi.org/10.1016/
S0044-8486(03)00527-1

Chucholl C (2014) Predicting the risk of introduction and establishment of an exotic aquarium
animal in Europe: Insights from one decade of Marmorkrebs (Crustacea, Astacida, Cambaridae)
releases. Management of Biological Invasions 5: 309–318, https://doi.org/10.3391/mbi.2014.5.4.01
Chucholl C (2016) Marbled crayfish gaining ground in Europe: the role of the pet trade as
invasion pathway. In: Kawai T, Faulkes Z, Scholtz G (eds), Freshwater Crayfish: Global
Overview. CRC Press, Boca Raton, pp 83–114, https://doi.org/10.1201/b18723-8
Chucholl C, Pfeiffer M (2010) First evidence for an established Marmorkrebs (Decapoda,
Astacida, Cambaridae) population in Southwestern Germany, in syntopic occurrence with
Orconectes limosus (Rafinesque, 1817). Aquatic Invasions 5: 405–412, https://doi.org/10.
3391/ai.2010.5.4.10

Chucholl C, Morawetz K, Groß H (2012) The clones are coming - Strong increase in
Marmorkrebs [Procambarus fallax (Hagen, 1870) f. virginalis] records from Europe.
Aquatic Invasions 7: 511–519, https://doi.org/10.3391/ai.2012.7.4.008
Chybowski Ł (2013) Absolute fecundity of two populations of signal crayfish, Pacifastacus
leniusculus (Dana). Archives of Polish Fisheries 21: 357–362, https://doi.org/10.2478/aopf2013-0036

Crandall KA, De Grave S (2017) An updated classification of the freshwater crayfishes (Decapoda:
Astacidea) of the world, with a complete species list. Journal of Crustacean Biology 37:
615–653, https://doi.org/10.1093/jcbiol/rux070
Davis KM, Huber R (2007) Activity patterns, behavioural repertoires, and agonistic interactions
of crayfish: A non-manipulative field study. Behaviour 144: 229–247, https://doi.org/10.1163/
156853907779947300

Ercoli F, Kaldre K, Paaver T, Gross R (2019) First record of an established marbled crayfish
Procambarus virginalis (Lyko, 2017) population in Estonia. BioInvasions Records 8: 675–683,
https://doi.org/10.3391/bir.2019.8.3.25

Eversole AG, Mazlum Y (2002) Comparative fecundity of three Procambarus species. Journal
of Shellfish Research 21: 255–258, https://doi.org/10.2983/035.029.0302
Farhadi A, Harlıoğlu MM (2019) The annual cycle of spermatozoa content in the vas deferens
and some reproductive parameters in the narrow-clawed crayfish Pontastacus leptodactylus
(Eschscholtz, 1823). Aquaculture Reports 13: 100185, https://doi.org/10.1016/j.aqrep.2019.100185
Faulkes Z (2010) The spread of the parthenogenetic marbled crayfish, Marmorkrebs
(Procambarus sp.), in the North American pet trade. Aquatic Invasions 5: 447–450,
https://doi.org/10.3391/ai.2010.5.4.16

Feletar P (2016) Geographic location and transport connections of the lake “Šoderica”.
Podravina: časopis za multidisciplinarna istraživanja 15(29): 12–23
Harlıoğlu MM, Farhadi A (2017) Factors affecting the reproductive efficiency in crayfish:
implications for aquaculture. Aquaculture Research 48: 1983–1997, https://doi.org/10.1111/
are.13263

Hilber T, Oehm J, Effenberger M, Maier G (2020) Evaluating the efficiency of three methods
for monitoring of native crayfish in Germany. Limnologica 85: 125821, https://doi.org/10.
1016/j.limno.2020.125821

Hossain MS, Patoka J, Kouba A, Buřič M (2018) Clonal crayfish as biological model: a review
on marbled crayfish. Biologia 73: 841–855, https://doi.org/10.2478/s11756-018-0098-2
Hossain MS, Kouba A, Buřič M (2019a) Morphometry, size at maturity, and fecundity of
marbled crayfish (Procambarus virginalis). Zoologischer Anzeiger 281: 68–75,
https://doi.org/10.1016/j.jcz.2019.06.005

Dobrović et al. (2021), Aquatic Invasions 16(3): 482–498, https://doi.org/10.3391/ai.2021.16.3.06

495

Reproduction dynamics of the marbled crayfish

Hossain MS, Kubec J, Grabicová K, Grabic R, Randák T, Guo W, Kouba A, Buřič M (2019b)
Environmentally relevant concentrations of methamphetamine and sertraline modify the
behavior and life history traits of an aquatic invertebrate. Aquatic Toxicology 213: 105222,
https://doi.org/10.1016/j.aquatox.2019.105222

Hossain MS, Kubec J, Kouba A, Kozák P, Buřič M (2019c) Still waters run deep: marbled
crayfish dominates over red swamp crayfish in agonistic interactions. Aquatic Ecology 53:
97–107, https://doi.org/10.1007/s10452-019-09675-7
Hossain MS, Guo W, Martens A, Adámek Z, Kouba A, Buřič M (2020) Potential of marbled
crayfish Procambarus virginalis to supplant invasive Faxonius immunis. Aquatic Ecology
54: 45–56, https://doi.org/10.1007/s10452-019-09725-0
Hossain MS, Kubec J, Guo W, Roje S, Ložek F, Grabicová K, Randák T, Kouba A, Buřič M
(2021) A combination of six psychoactive pharmaceuticals at environmental concentrations
alter the locomotory behavior of clonal marbled crayfish. Science of the Total Environment
751: 141383, https://doi.org/10.1016/j.scitotenv.2020.141383
Hudina S, Faller M, Lucić A, Klobučar G, Maguire I (2009) Distribution and dispersal of two
invasive crayfish species in the Drava River basin, Croatia. Knowledge and Management of
Aquatic Ecosystems 394–395: 9, https://doi.org/10.1051/kmae/2009023
Hudina S, Lucić A, Žganec K, Janković S (2011) Characteristics and movement patterns of a
recently established invasive Pacifastacus leniusculus population in the river Mura, Croatia.
Knowledge and Management of Aquatic Ecosystems 403: 7, https://doi.org/10.1051/kmae/2011068
Huner JV, Könönen H, Lindqvist OV (1990) Variation in body composition and exoskeleton
mineralization as functions of the molt and reproductive cycles of the noble crayfish,
Astacus astacus L. (Decapoda, Astacidae), from a pond in central Finland. Comparative
Biochemistry and Physiology - Part A: Physiology 96: 235–240, https://doi.org/10.1016/03009629(90)90071-Y

Jin S, Jacquin L, Xiong M, Li R, Lek S, Li W, Zhang T (2019) Reproductive pattern and
population dynamics of commercial red swamp crayfish (Procambarus clarkii) from China:
Implications for sustainable aquaculture management. PeerJ 7: e6214, https://doi.org/10.
7717/peerj.6214

Jones CM, Ruscoe IM (2001) Assessment of Five Shelter Types in the Production of Redclaw
Crayfish Cherax quadricarinatus (Decapoda: Parastacidae) Under Earthen Pond Conditions.
Journal of the World Aquaculture Society 32: 41–52, https://doi.org/10.1111/j.1749-7345.2001.
tb00920.x

Jones JPG, Rasamy JR, Harvey A, Toon A, Oidtmann B, Randrianarison MH, Raminosoa N,
Ravoahangimalala OR (2009) The perfect invader: A parthenogenic crayfish poses a new
threat to Madagascar’s freshwater biodiversity. Biological Invasions 11: 1475–1482,
https://doi.org/10.1007/s10530-008-9334-y

Kawatsu K (2013) Sexual conflict over the maintenance of sex: effects of sexually antagonistic
coevolution for reproductive isolation of parthenogenesis. PLoS ONE 8: e58141,
https://doi.org/10.1371/journal.pone.0058141

Keller NS, Pfeiffer M, Roessink I, Schulz R, Schrimpf A (2014) First evidence of crayfish
plague agent in populations of the marbled crayfish (Procambarus fallax forma virginalis).
Knowledge and Management of Aquatic Ecosystems 414: 15, https://doi.org/10.1051/kmae/2014032
Kozák P, Buřič M, Policar T (2006) The fecundity, time of egg development and juvenile
production in spiny-cheek crayfish (Orconectes limosus) under controlled conditions.
Bulletin Français de la Pêche et de la Pisciculture 380–381: 1171–1182, https://doi.org/10.
1051/kmae:2006019

Kranjčev R (2002) Jezero Šoderica: današnje stanje i prijedlozi sanacije i revitalizacije.
Podravski zbornik 28: 325–335
Laufer H, Biggers WJ, Ahl JSB (1998) Stimulation of ovarian maturation in the crayfish
Procambarus clarkii by methyl farnesoate. General and Comparative Endocrinology 111:
113–118, https://doi.org/10.1006/gcen.1998.7109
Linzmaier SM, Goebel LS, Ruland F, Jeschke JM (2018) Behavioral differences in an over-invasion
scenario: marbled vs. spiny-cheek crayfish. Ecosphere 9: e02385, https://doi.org/10.1002/ecs2.2385
Lipták B, Mrugała A, Pekárik L, Mutkovič A, Gruľa D, Petrusek A, Kouba A (2016) Expansion
of the marbled crayfish in Slovakia: Beginning of an invasion in the Danube catchment?
Journal of Limnology 75: 305–312, https://doi.org/10.4081/jlimnol.2016.1313
Lipták B, Mojžišová M, Gruľa D, Christophoryová J, Jablonski D, Bláha M, Petrusek A, Kouba
A (2017) Slovak section of the Danube has its well-established breeding ground of marbled
crayfish Procambarus fallax f. virginalis. Knowledge & Management of Aquatic Ecosystems
418: 40, https://doi.org/10.1051/kmae/2017029
Lowery RS (1988) Growth, moulting and reproduction. In: Holdich DM, Lowery RS (eds),
Freshwater crayfish. University Press, Cambridge, pp 83–113
Lucić A, Hudina S, Faller M, Cerjanec D (2012) A comparative study of the physiological
condition of native and invasive crayfish in Croatian rivers. Biologia 67: 172–179,
https://doi.org/10.2478/s11756-011-0151-x

Lyko F (2017) The marbled crayfish (Decapoda: Cambaridae) represents an independent new
species. Zootaxa 4363: 544–552, https://doi.org/10.11646/zootaxa.4363.4.6

Dobrović et al. (2021), Aquatic Invasions 16(3): 482–498, https://doi.org/10.3391/ai.2021.16.3.06

496

Reproduction dynamics of the marbled crayfish

Maguire I, Klobučar GIV, Erben R (2005) The relationship between female size and egg size in
the freshwater crayfish Austropotamobius torrentium. Bulletin Français de la Pêche et de la
Pisciculture 376–377: 777–785, https://doi.org/10.1051/kmae:2005032
Maguire I, Jelić M, Klobučar G (2011) Update on the distribution of freshwater crayfish in
Croatia. Knowledge and Management of Aquatic Ecosystems 401: 31, https://doi.org/10.1051/
kmae/2011051

Marenkov O, Kovalchuk J, Shapovalenko Z, Naboka O, Nesterenko O, Dzhobolda B (2017)
Parameters of the histological adaptation of Marmorkrebs Procambarus fallax f. virginal
(sic) (Decapoda, Cambaridae) to zinc and cadmium ions pollution. World Scientific News
90: 189–202
Martinsson J (2011) Size dependent fecundity in the signal crayfish and its importance for a
sustainable fishery. Master’s thesis, Lund Univeristy, Sweden, 12 pp
Martín-Torrijos L, Kokko H, Makkonen J, Jussila J, Diéguez-Uribeondo J (2019) Mapping 15
years of crayfish plague in the Iberian Peninsula: The impact of two invasive species on the
endangered native crayfish. PLoS ONE 14: e0219223, https://doi.org/10.1371/journal.pone.0219223
Mrugała A, Kozubíková-Balcarová E, Chucholl C, Cabanillas Resino S, Viljamaa-Dirks S,
Vukić J, Petrusek A (2015) Trade of ornamental crayfish in Europe as a possible
introduction pathway for important crustacean diseases: crayfish plague and white spot
syndrome. Biological Invasions 17: 1313–1326, https://doi.org/10.1007/s10530-014-0795-x
Pârvulescu L, Pîrvu M, Moroşan LG, Zaharia C (2015) Plasticity in fecundity highlights the
females’ importance in the spiny-cheek crayfish invasion mechanism. Zoology 118: 424–432,
https://doi.org/10.1016/j.zool.2015.08.003

Patoka J, Kalous L, Kopecký O (2014) Risk assessment of the crayfish pet trade based on data
from the Czech Republic. Biological Invasions 16: 2489–2494, https://doi.org/10.1007/s10530014-0682-5

Patoka J, Buřič M, Kolář V, Bláha M, Petrtýl M, Franta P, Tropek R, Kalous L, Petrusek A,
Kouba A (2016) Predictions of marbled crayfish establishment in conurbations fulfilled:
Evidences from the Czech Republic. Biologia 71: 1380–1385, https://doi.org/10.1515/biolog2016-0164

Patoka J, Magalhães ALB, Kouba A, Faulkes Z, Jerikho R, Vitule JRS (2018) Invasive aquatic
pets: Failed policies increase risks of harmful invasions. Biodiversity and Conservation 27:
3037–3046, https://doi.org/10.1007/s10531-018-1581-3
Peig J, Green AJ (2010) The paradigm of body condition: a critical reappraisal of current
methods based on mass and length. Functional Ecology 24: 1323–1332, https://doi.org/10.
1111/j.1365-2435.2010.01751.x

Peruzza L, Piazza F, Manfrin C, Bonzi, L, Battistella S, Giulianini P (2015) Reproductive
plasticity of a Procambarus clarkii population living 10 °C below its thermal optimum.
Aquatic Invasions 10: 199–208, https://doi.org/10.3391/ai.2015.10.2.08
Policar T, Kozák P (2005) Comparison of trap and baited stick catch efficiency for noble
crayfish (Astacus astacus L.) in the course of the growing season. Bulletin Français de la
Pêche et de la Pisciculture 376–377: 675–686, https://doi.org/10.1051/kmae:2005024
R Core Team (2017) R: A language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria, https://www.R-project.org/
Rabeni CF, Collier KJ, Parkyn SM, Hicks BJ (1997) Evaluating techniques for sampling stream
crayfish (Paranephrops planifrons). New Zealand Journal of Marine and Freshwater
Research 31: 693–700, https://doi.org/10.1080/00288330.1997.9516799
Reynolds JD (2002) Growth and reproduction. In: Holdich DM (ed), Biology of freshwater
crayfish. Blackwell Science, Oxford, pp 152–191
Rodríguez-González H, Hernández-Llamas A, Villarreal H, Saucedo PE, García-Ulloa M,
Rodríguez-Jaramillo C (2006) Gonadal development and biochemical composition of female
crayfish Cherax quadricarinatus (Decapoda: Parastacidae) in relation to the Gonadosomatic
Index at first maturation. Aquaculture 254: 637–645, https://doi.org/10.1016/j.aquaculture.2005.10.020
Samardžić M, Lucić A, Maguire I, Hudina S (2014) The first record of the marbled crayfish
(Procambarus fallax (Hagen, 1870) f. virginalis) in Croatia. Crayfish News 36: 4
Sax DF, Brown JH (2000) The paradox of invasion. Global Ecology and Biogeography 9: 363–
371, https://doi.org/10.1046/j.1365-2699.2000.00217.x
Scholtz G, Braband A, Tolley L, Reimann A, Mittmann B, Lukhaup C, Steuerwald F, Vogt G (2003)
Ecology: Parthenogenesis in an outsider crayfish. Nature 421: 806, https://doi.org/10.1038/421806a
Seitz R, Vilpoux K, Hopp U, Harzsch S, Maier G (2005) Ontogeny of the Marmorkrebs
(marbled crayfish): A parthenogenetic crayfish with unknown origin and phylogenetic
position. Journal of Experimental Zoology Part A: Comparative Experimental Biology 303:
393–405, https://doi.org/10.1002/jez.a.143
Sint D, Dalla Via J, Füreder L (2005) Morphological variations in Astacus astacus L. and
Austropotamobius pallipes (Lereboullet) populations. Bulletin Français de la Pêche et de la
Pisciculture 376–377: 637–652, https://doi.org/10.1051/kmae:2005021
Stelzer CP (2011) The cost of sex and competition between cyclical and obligate parthenogenetic
rotifers. American Naturalist 177: E43–E53, https://doi.org/10.1086/657685

Dobrović et al. (2021), Aquatic Invasions 16(3): 482–498, https://doi.org/10.3391/ai.2021.16.3.06

497

Reproduction dynamics of the marbled crayfish

Streissl F, Hoödl W (2002) Growth, morphometrics, size at maturity, sexual dimorphism and
condition index of Austropotamobius torrentium Schrank. Hydrobiologia 477: 201–208,
https://doi.org/10.1023/A:1021046426577

TIBCO Software Inc. (2017) TIBCO Statistica, v. 13.3.0. Palo Alto, CA, USA, https://www.tibco.
com/products/tibco-statistica

Tseng DY, Chen YN, Kou GH, Lo CF, Kuo CM (2001) Hepatopancreas is the extraovarian site
of vitellogenin synthesis in black tiger shrimp, Penaeus monodon. Comparative
Biochemistry and Physiology. Part A, Molecular & Integrative Physiology 129: 909–917,
https://doi.org/10.1016/S1095-6433(01)00355-5

Tulonen J, Erkamo E, Jussila J, Mannonen A (2008) Shelter and depth use of adult noble
crayfish (Astacus astacus (L.)) and signal crayfish (Pacifastacus leniusculus (Dana)) in the
presence of a predator. Freshwater Crayfish 16: 93–96
Veselý L, Buřič M, Kouba A (2015) Hardy exotics species in temperate zone: Can “warm
water” crayfish invaders establish regardless of low temperatures? Scientific Reports 5:
16340, https://doi.org/10.1038/srep16340
Vogt G (2015) Bimodal annual reproductive pattern in laboratory-reared marbled crayfish.
Invertebrate Reproduction and Development 59: 218–223, https://doi.org/10.1080/07924259.
2015.1089329

Vogt G (2018) Glair glands and spawning in unmated crayfish: A comparison between
gonochoristic slough crayfish and parthenogenetic marbled crayfish. Invertebrate Zoology
15: 215–220, https://doi.org/10.15298/invertzool.15.2.02
Vogt G (2020) Biology, ecology, evolution, systematics and utilization of the parthenogenetic
marbled crayfish, Procambarus virginalis. In: Ribeiro FB (ed), Crayfish: Evolution, Habitat
and Conservation Strategies. Nova Publishers: Hauppauge, pp 137–227
Vogt G (2021) Evaluation of the suitability of the parthenogenetic marbled crayfish for
aquaculture: potential benefits versus conservation concerns. Hydrobiologia 848: 285–298,
https://doi.org/10.1007/s10750-020-04395-8

Vogt G, Tolley L (2004) Brood care in freshwater crayfish and relationship with the offspring’s
sensory deficiencies. Journal of Morphology 262: 566–582, https://doi.org/10.1002/jmor.10169
Vogt G, Tolley L, Scholtz G (2004) Life stages and reproductive components of the marmorkrebs
(marbled crayfish), the first parthenogenetic decapod Crustacean. Journal of Morphology
261: 286–311, https://doi.org/10.1002/jmor.10250
Vogt G, Huber M, Thiemann M, van den Boogaart G, Schmitz OJ, Schubart CD (2008)
Production of different phenotypes from the same genotype in the same environment by
developmental variation. Journal of Experimental Biology 211: 510–523, https://doi.org/10.
1242/jeb.008755

Vogt G, Dorn NJ, Pfeiffer M, Lukhaup C, Williams BW, Schulz R, Schrimpf A (2018) In-depth
investigation of the species problem and taxonomic status of marbled crayfish, the first
asexual decapod crustacean. bioRxiv 356170, https://doi.org/10.1101/356170
Vogt G, Dorn NJ, Pfeiffer M, Lukhaup C, Williams BW, Schulz R, Schrimpf A (2019) The
dimension of biological change caused by autotriploidy: A meta-analysis with triploid
crayfish Procambarus virginalis and its diploid parent Procambarus fallax. Zoologischer
Anzeiger 281: 53–67, https://doi.org/10.1016/j.jcz.2019.06.006
Yamaguchi T (2001) Seasonal change of the hepatopancreas index in the males of the fiddler
crab, Uca lactea. Crustaceana 74: 627–634, https://doi.org/10.1163/156854001750377902
Yue GH, Li JL, Wang CM, Xia JH, Wang GL, Feng JB (2010) High prevalence of multiple
paternity in the invasive crayfish species, Procambarus clarkii. International Journal of
Biological Sciences 6: 107–115, https://doi.org/10.7150/ijbs.6.107
Zar JH (2010) Biostatistical Analysis. 5th Edition, Pearson Prentice-Hall, Upper Saddle River,
NJ, 944 pp

Dobrović et al. (2021), Aquatic Invasions 16(3): 482–498, https://doi.org/10.3391/ai.2021.16.3.06

498

