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Abstract — There is a long history of crayfish introductions in Europe and numbers keep increasing.
In Hungary, spiny-cheek crayfish Faxonius limosus, signal crayfish Pacifastacus leniusculus, red swamp
crayfish Procambarus clarkii, marbled crayfish P. virginalis and Mexican dwarf crayfish Cambarellus
patzcuarensis have become established. Here we report on monitoring at two localities with novel crayfish
assemblages closely linked to releases associated with the pet trade. Florida crayfish Procambarus alleni
were recorded from the Gombas brook near Vac living in syntopy with the established spiny-cheek crayfish.
Dozens of Florida crayfish individuals including egg-carrying females have been detected. The short
lifespan of this species and its documented presence including two overwintering in at least two years
suggests possible establishment. However, the lack of juvenile records calls for further monitoring as long-
term propagule pressure cannot be ruled out. We also identified a single marbled crayfish in the Danube
floodplain at the end of the monitoring campaign. The second locality (Varosliget thermal pond in Budapest)
harbours an even more diverse crayfish assemblage. Here, we identified numerous red swamp and marbled
crayfish in syntopy with dozens of monitored redclaws Cherax quadricarinatus and seven individuals of
New Guinean Cherax species — C. holthuisi, C. snowden, as well as two scientifically undescribed species.
These findings clearly indicate the attractiveness of urban and, especially, thermal waters for the release of
even expensive aquatic pets and highlight the hitherto poorly known biodiversity of New Guinean crayfish
species.

Keywords: pet trade / biological invasion / animal release / invasive species / thermal water

Résumé - Hongrie : un point chaud européen de la biodiversité des écrevisses non indigénes. Les
introductions d’écrevisse en Europe est une longue histoire et leur nombre ne cesse d’augmenter. En
Hongrie, I’écrevisse américaine Faxonius limosus, 1’écrevisse signal Pacifastacus leniusculus, I’écrevisse
rouge de Louisiane Procambarus clarkii, I’écrevisse marbrée P. virginalis et 1’écrevisse naine mexicaine
Cambarellus patzcuarensis se sont établies. Nous présentons ici un rapport sur la surveillance a long terme
dans deux localités ou des assemblages d’écrevisses nouvelles sont étroitement liés aux lachers associés au
commerce des animaux de compagnie. L’écrevisse bleue Procambarus alleni a été observée dans le ruisseau
de Gombas, preés de Vac, vivant en syntopie avec 1’écrevisse américaine établie. Des dizaines d’individus
d’écrevisses de Louisiane, y compris des femelles porteuses d’ceufs, ont été détectées. La courte durée de vie
de cette espéce et sa présence documentée, y compris deux hibernations en au moins deux ans, suggérent une
possible implantation. Toutefois, I’absence de données sur les juvéniles exige une surveillance plus poussée,
car on ne peut exclure la possibilité d’une pression de propagation a long terme. Nous avons également
identifi¢ une seule écrevisse marbrée dans la plaine d’inondation du Danube a la fin de la mission de
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surveillance. La deuxiéme localité¢ (I’étang thermal de Varosliget a Budapest) abrite un assemblage
d’écrevisses encore plus diversifié. Ici, nous avons identifié de nombreuses écrevisses rouges de Louisiane et
marbrées en syntopie avec des dizaines de Cherax quadricarinatus et sept individus d’espéces de Cherax de
Nouvelle-Guinée — C. holthuisi, C. snowden, ainsi que deux especes non décrites scientifiquement. Ces
résultats indiquent clairement ’attrait des eaux urbaines et, surtout, des eaux thermales pour le lacher
d’animaux aquatiques, méme colteux, et mettent en évidence la biodiversité jusqu’ici mal connue des

especes d’écrevisses de Nouvelle-Guinée.

Mots-clés : commerce d’animaux de compagnie / invasion biologique / lacher d’animaux / espéces envahissantes /

eaux thermales

1 Introduction

Biological invasions have a negative impact on native
biodiversity and ecosystem functioning (Simberloff et al.,
2013). Rates of biological invasions are continuously
accelerating worldwide among both taxa and regions (Seebens
et al., 2017). Crayfish, ecologically important animals and
freshwater ecosystem engineers (Kouba ef al., 2016; Momot,
1995), are an integral part of these processes (Holdich et al.,
2009; Twardochleb et al., 2013). Several crayfish species are
known to be highly invasive (Gherardi and Acquistapace,
2007; Lodge et al., 2000) and many native crayfish species
may be directly or indirectly threatened by the appearance of
their non-native counterparts (Crandall and Buhay, 2008;
Richman et al., 2015; Taylor et al., 2019).

The total number of crayfish species native to Europe is
relatively low (Holdich ef al., 2009; Kouba et al., 2014).
Nevertheless, species diversity in the genus Austropotamobius
is just beginning to be fully appreciated (Jeli¢ et al., 2016;
Klobucar et al., 2013; Lovrencic et al., 2020; Parvulescu et al.,
2019), which has among others resulted in the recently
discovered idle crayfish 4. bihariensis (Parvulescu, 2019). The
greatest degree of species diversity is expected to occur in
Eastern Europe, essentially related to the genus Ponfastacus.
However, this question has never been investigated thoroughly
and clear evidence for this hypothetical species diversity
(Crandall and De Grave, 2017) remains lacking (Blaha ef al.,
2020; Blaha et al., 2017; Maguire et al., 2014).

In Europe, the first outbreaks of the so-called crayfish
plague appeared in 1860 and soon affected the then numerous
stocks of native crayfish species. The resulting declines
stimulated interest in stocking with alternative crayfish species
that were resistant to the causative agent of the disease, an
oomycete Aphanomyces astaci (Svoboda et al, 2017).
Initially, three species originating from North America
(spiny-cheek crayfish Faxonius limosus in 1890, signal
crayfish Pacifastacus leniusculus in 1959, and red swamp
crayfish Procambarus clarkii in 1973) were introduced for use
in fisheries and/or aquaculture (Holdich ez al., 2009). However,
it became clear that the crayfish species native to North
America are chronic carriers of this pathogen. As their ranges
have expanded, these non-native species have spread this
parasite, to which the crayfish species from other regions are
usually highly susceptible (Svoboda et al., 2017; Ungureanu
et al, 2020). The above-mentioned non-native crayfish
species have become widespread in Europe (Kouba et al.,
2014) and are now classified as invasive species of
European Union concern (EU, 2014, 2016) as they pose a

serious threat not only to native crayfish but also to entire
freshwater ecosystems.

Unfortunately, the number of non-native crayfish species
has continued to increase, frequently due to both intentional
and non-intentional releases of originally pet-traded individu-
als or their offspring that are kept for ornamental purposes
(Patoka et al., 2016; Weiperth et al., 2019). In recent years,
various monitoring programs including astacological surveys
have yielded valuable distributional data on both native and
non-native crayfish species in Hungary (Gal et al., 2018;
Ludanyi et al, 2016; Seprés et al, 2018), including
information regarding multiple releases of redclaw Cherax
quadricarinatus in the wild (Weiperth et al., 2019) and the
confirmed establishment of marbled crayfish Procambarus
virginalis and red swamp crayfish (Gal et al., 2018; Kovacs
et al., 2015; Lokkos et al., 2016; Weiperth et al., 2015;
Weiperth et al.,, 2020). Additionally, the Mexican dwarf
crayfish Cambarellus patzcuarensis was discovered in Buda-
pest in 2017 (Weiperth et al., 2017). Unfortunately, this
increase in non-native species shows no signs of abating and
further species are still appearing. As biomonitoring work
continues in Hungary, interesting new discoveries are
occurring. Here we report the results of long-term monitoring
at two localities in Hungary that are home to three and seven
co-occurring crayfish species.

2 Materials and methods
2.1 Gombas brook

Under the auspices of project NVKP 16-1-2016-0003
(National Research, Development and Innovation Office), the
Gombaés brook near Vac, Hungary, was monitored monthly in
2017-2018 using the EU Water Framework Directive
(European Commission, 2009) and Hungarian Biodiversity
Monitoring System (www.termeszetvedelem.hu) methodolo-
gies to investigate fish populations. During this survey, a well-
established population of the spiny-cheek crayfish was
regularly observed. On the last sampling day on 31 August
2018 two individuals of a new crayfish species, later identified
as the Florida crayfish Procambarus alleni, were caught by
electrofishing (DEKA 3000 Lord, Hans Grassl IG 600). This
encouraged the setting up of a regular, usually monthly-based,
monitoring program focused on crayfish presence (Tab. 1).
Five monitoring points were established and during each
sampling event a baited crayfish trap made from PET bottles
was placed at each point and left for 24 hours. This monitoring
was accompanied by manual searching using hand-held nets
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Table 1. Gombas brook (near Vac, Hungary). The number of sampling point and the name of the locality with a description of the site and GPS

coordinates are given.

No. Locality GPS

1 Gombas brook (inflow from a rainwater water pipe and surrounding waters) 47°46'8.57"N,
19°8'17.31"E

2 Gombas brook (pedestrian footbridge) 47°46'8.09"N,
19°8'15.95"E

3 Gombis brook (corner of sports field) 47°46'5.34"N,
19°8'8.42"E

4 Gombis brook (Euvovelo six-bicycle bridge) 47°46'1.69"N,
19°8'3.40"E

5 River Danube floodplain 47°45'55.32"N,

19°8'4.97"E

Table 2. Gombas brook (near Vac, Hungary). Detailed characteristics of the locality and sampling points with the range of each parameter

during the survey period (August 2018—July 2020).

Environmental parameters

Sampling point

1 2 3 4 5

Water temperature (°C) 7.2—- 242 4.9-26.5 4.2-24.6 4.0-24.8 3.2-26.8
Water depth (cm) 5-100 10-60 10-50 10-50 5-70
Distance from the bank (m) 0.1-1.5 0.5-2.0 0.5-2.0 0.5-2.0 0.5-5.0
Water velocity (m/s) 0-0.2 0-0.2 0-0.2 0-0.2 0-0.2
Submerged vegetation (%) 0-10 0 0-10 0 0-10
Emergent vegetation (%) 0-25 0-15 0-10 0-10 0-35
Woody debris (%) 0-15 0-20 0-15 0-10 0-30
Shading tree cover (%) 0-10 10-30 10-30 5-20 0-40
Depth of sediment (m) 0.3-0.8 0.05-0.5 0.1-0.6 0.2-0.6 0.2-0.5

Type of bottom Concrete, stone, organic sludge

Concrete, mud Mud, stone Clay, mud Clay, mud

by two field workers, one on each shore. Sampling took place
usually once a month from August 2018 to July 2020. Sampled
crayfish were collected for species identification (see below)
and sexing, and their carapace (CL) and total body (TL) were
measured using calipers to the nearest 0.1 mm. Females were
checked for glair glands and attached eggs. Detailed character-
istics of the localities and sampling points are given in Table 2.

2.2 Varosliget pond

Varosliget is one of the biggest thermal ponds in Budapest,
Hungary, and is divided into three sections (Fig. 1). In general,
the whole area has been heavily modified by human activity,
although the lower section is still semi-natural. Inflow from the
thermal spring located under the Széchényi thermal bath enters
the upper section of the pond (47°31'4.14"N, 19° 4'43.34"E;
sampling point 1, Fig. 1). A weir separates the middle and
lower sections (47°30'57.00"N, 19°4'54.5"E). After draining,
cleaning, and refilling, the middle section is used as a public ice
rink in winter (from the end of November to mid-March),
during which time the thermal water from the upper section by-
passes and flows directly into the River Danube. The outflow
also flows directly into the River Danube (47°31'0.115"N,
19°4'43.044"E, close to sampling point 3). This locality was

previously known to harbor both marbled and red swamp
crayfish, with the marbled crayfish first appearing earlier
(Weiperth et al., 2015). Since 2019, there have been occasional
records of redclaws (Weiperth ef al., 2020). An individual of
another New Guinean Cherax species was first detected on 10
January 2019 in a crayfish trap at sampling point 4, close to a
local restaurant (see Fig. 1). This initiated a regular monthly-
based monitoring program focused on the presence of Cherax
crayfish species. Five baited crayfish traps made from PET
bottles were left for 24 hours at specific sites along the shores
of the upper section every month in January 2019-July 2020.
The greater water depth, the structure of the embankment, and
the high conductivity of the water prevented electrofishing at
this locality. Additionally, manual searching using hand-held
nets was conducted in the middle and lower section at night for
one hour by two people. The sampling of the middle section
was discontinued during the ice-skating season (see above).
The only exception was November 2019, when the middle
section was drained and crayfish could be collected by hand in
the shallow water. This explains why more crayfish were
detected that month (see Results). The numerous red swamp
and marbled crayfish were only categorized (females/males/
juveniles smaller ca. 25 mm of TL), while Cherax individuals
(the prime target of this monitoring effort) were measured
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Fig. 1. (A) Three sections of the Varosliget pond system in Budapest, Hungary; U: upper section, M: middle section, L: lower section, Sz:
Széchényi thermal bath. (B) Detail of the upper section with sampling points indicated by numbers. The restaurant under which all Cherax
individuals other than the redclaw were caught is located between sampling points 4 and 5. Maps taken from Google Earth. (C) The upper section
of the thermal pond in early March 2020. (D) The iron grid on the outflow of the pond in January 2020. The stain on the grid and concrete wall
indicates the water level in the middle section from the end of March until the end of October.

as indicated above. Detailed characteristics of the locality are
given in Table 3.

2.3 Species identification

Samples from one Florida crayfish, one marbled crayfish
(Gombas brook), and all Cherax specimens other than the
redclaw (Véarosliget thermal pond) were molecularly analyzed.
Genomic DNA extraction and PCR amplification were
performed according to Blaha et al. (2016). Two mitochondrial
genes, COI and 16S rRNA, were amplified with primers LCO-
1490 and HCO-2198 (Folmer et al., 1994), and 16S-1471 and

16S-1472 (Crandall and Fitzpatrick Jr, 1996), respectively.
Only COI was amplified in the Florida crayfish and marbled
crayfish specimens. Product purification and sequencing was
performed by Macrogen Inc., South Korea. Obtained
sequences were checked manually in GENEIOUS 8.0.5
(Kearse et al., 2012). The most similar sequences were
located using standard nucleotide BLAST (https://blast.ncbi.
nlm.nih.gov/) implemented in GENEIOUS.

The Bayesian implementation of the Poisson tree processes
(PTP) model with non-ultrametric gene trees was performed
using the bPTP web server (http://species.h-its.org/) for
species delimitation (Zhang et al.,, 2013). The tree was
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Table 3. Varosliget pond (Budapest, Hungary). Detailed characteristics of the site and sampling points, with the range of each parameter, during

the survey period (August 2018—July 2020).

Environmental parameters Upper section

Middle section Lower section

Water temperature (°C) 19.9-38.4
Water depth (cm) 135-150
Distance from the bank (m) 0.1- 0.5
Water velocity (m/s) 0-0.1
Submerged vegetation (%) 0
Emergent vegetation (%) 0

Woody debris (%) <10
Shading tree cover (%) <15
Depth of sediment (m) 0.10-0.45

Type of bottom concrete and mud'~

5.3-38.2 2.6-32.1
10-125 0.05-110
0.5-3 0.1- 0.5
0 0

0 0-0.02
0-0.01 0

<10 <20

<10 <30

0.05 0.05-0.30

2 2
concrete and mud concrete and mud

'Covered with filamentous algae during vegetation period.
?Leaves observed in the autumn and winter.

assigned as rooted and the outgroup was excluded from the
analysis. Although for species delimitation, the standalone
PTP model generally outperforms the general mixed Yule
coalescent (GMYC) method (Fujisawa and Barraclough,
2013), both of these approaches were used. The non-
ultrametric tree was constructed in BEAST v2.5.1 (Drummond
and Rambaut, 2007) under TrN+G+I1 model for COI dataset.
The search was set to 50 million generations and was sampled
every 5,000 generations, and the run was analyzed in TRACER
(Rambaut et al., 2014) to check for chain convergence. The
posterior distributions of the topologies generated during the
analyzes were synthesized using maximum clade credibility
(MCC) trees in TreeAnnotator 1.8.1 (Drummond and
Rambaut, 2007).

3 Results
3.1 Gombas brook

In total, 130 crayfish were caught during the monitoring
period (Tab. 4). The dominant species was the spiny-cheek
crayfish (99 individuals; 67 females and 32 males) at all
sampling points. Three out of five spiny-cheek crayfish
females caught had glair glands in September 2018 and one out
of five females was carrying eggs in October 2018. The female
caught in June 2019 had the remains of eggshells. Three out of
11 females also had eggs in October 2019 (Tab. 4).

The generally blue coloration of the captured individuals
(Fig. 2) suggested that this species was the Florida crayfish,
which was subsequently confirmed by the COI gene barcoding
(GenBank accession number COI: MT832311) that had a
100% match with the sequence of Florida crayfish mitochon-
drion (KT074363). In total, 31 Florida crayfish (25 females and
6 males) were detected in the two upper sampling points, with
just one female at sampling point 3. A single Florida crayfish
was seen being consumed by a grey heron (Ardea cinerea)
close to sampling point 5 (B. Toéth, pers. obs., April 2020; not
included in data). Three out of 13 females had glair glands in
September 2018, and three out of six females had eggs a month
later. These successfully hatched in a home aquarium at room
temperature in January 2019. Florida crayfish were detected

throughout the monitoring period, which suggests that it
successfully overwintered in at least two years. Sampling in
early autumn was the most productive, while cold periods
resulted predictably in few crayfish. The spiny-cheek crayfish
population seemed to be normally distributed in terms of body
sizes; Florida crayfish were on average larger with two more
abundant classes (50—70 and 90-100 mm TL; Fig. 3). Juveniles
of the dominant spiny-cheek crayfish (<25mm TL) were
regularly observed but were not counted. The smallest Florida
crayfish was 42.2 mm TL (19.8 mm CL). Additionally, a single
marbled crayfish was also detected at sampling point 5 at the
end of monitoring campaign. COI gene barcoding (GenBank
accession number COI: MT832312) revealed 100% similarity
with several sequences of the marbled crayfish mitochondrion
(HM358010, HM358011 — Martin et al., 2010; KT074364 —
Vogt et al., 2015).

3.2 Varosliget pond

In total, 2165 crayfish belonging to seven species were
caught during the monitoring period at Varosliget (Tab. 5). Red
swamp and marbled crayfish dominated (1020 and 1113
individuals, respectively) and were regularly sampled
throughout the whole monitoring period. Juvenile red swamp
crayfish represented one third (32%) of all sampled individu-
als. Adults were dominated by males (68%). Adult and
juvenile marbled crayfish were present in similar numbers (535
and 578, respectively).

Twenty-six (8 females and 18 males) redclaws were
caught, with highest numbers recorded in the second half of
2019. Females and males ranged in size from 51.0 to 102.3 and
66.9 to 115.8 mm TL, respectively (corresponding to 22.2—
42.0 and 26.8-48.3 mm CL). Neither glair glands, eggs, nor
juveniles were detected.

A further five Cherax crayfish caught at the locality were
not redclaws: all were trapped at sampling point 4 in the
vicinity of a restaurant. The first individual (Fig. 4) noticed in
January 2019 was a male measuring 38.1 mm CL (GenBank
accession numbers COL: MT833298, 16STRNA: MT833284).
This individual was partly predated by the red swamp and
marbled crayfish present in the exposed trap. Molecular
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Table 4. Gombas brook (near Vac, Hungary). The dates (month and year) and number of sampling occasions within a given month at five
sampling points, with the number of captured individuals of females/males (when applicable) of the Florida crayfish Procambarus alleni and
spiny-cheek crayfish Faxonius limosus. Note that a marbled crayfish P. virginalis individual was also caught at sampling point 5 in July 2020.

Date/number of samplings per month Sampling point

1 2 3 4 5
VIIL 2018/1 0/0 & 2/0 1/1 & 2/0 0/0 & 1/1 - 0/0 & 0/1
IX. 2018/4 8/1 & 0/0 5/1 & 0/0 0/0 & 172 0/0 & 3/1 0/0 & 1/0
X. 2018/4 3/0 & 0/0 2/0 & 1/3 1/0 & 1/2 0/0 & 2/0 0/0 & 1/0
XI. 2018/1 - 0/0 & 2/0 0/0 & 1/0 - -
XII. 2018/2 0/0 & 1/0 0/0 & 1/0 - - -
1. 2019/1 - - - - -
II. 2019/1 - - - - -
1I. 2019/1 0/0 & 1/0 - - - -
IV. 201972 1/1 & 0/0 - 0/0 & 0/1 0/0 & 1/0 -
V. 201972 2/0 & 0/0 0/0 & 1/0 - - -
VI. 2019/2 - - 0/0 & 0/1 0/0 & 1/0 -
VII. 2019/1 - 0/0 & 1/0 0/0 & 1/0 0/0 & 1/1 -
VIIIL. 2019/1 - 0/0 & 1/0 0/0 & 1/1 0/0 & 0/1 -
IX. 2019/4 1/0 & 2/3 0/0 & 2/2 0/0 & 2/0 - -
X. 2019/4 - 0/0 & 8/2 0/0 & 3/1 - -
XI. 2019/2 - 0/0 & 2/1 0/0 & 1/0 - -
XII. 2019/1 - - - - -
1. 2020/1 - - - - -
II. 2020/1 0/0 & 0/1 0/0 & 0/1 - - -
1I. 2020/1 - 0/0 & 1/0 - - -
IV. 2020/1 0/0 & 2/1 1/1 & 1/0 0/0 & 0/1 - -
V. 2020/1 0/0 & 1/0 0/0 & 2/2 0/0 & 2/0 0/0 & 1/1 0/0 & 1/0
VI. 2020/1 0/0 & 1/0 0/0 & 2/0 0/0 & 1/1 - -
VII. 2020/1 0/0 & 1/0 0/1 & 1/0 0/0 & 1/0 - -
Total 15/2 & 11/5 9/4 & 28/11 1/0 & 16/11 0/0 & 9/4 0/0 & 3/1

The second unidentified crayfish (Fig. 4) caught in October
2019 was a female measuring 97.2mm TL, 41.3mm CL
(GenBank accession numbers COI: MT833302, 16SrRNA:
MT833288). Molecular analysis also revealed that this
individual was similar to a scientifically undescribed species
of Cherax (similarity of COI: 99.5% KJ950507; 16S rRNA:
100% KJ920783 — Eprilurahman, 2014). Cherax pulcher was
again found to be the closest described species (similarity of
COIL: 96.6% KY654083; 16S rRNA: 98.1% KY654091 —
Lukhaup et al., 2017).

The third crayfish caught (Fig. 4) in November 2019 was a
female measuring 73.0 mm TL, 33.0 mm CL (GenBank
accession numbers COIl: MT833301, 16SrRNA: MT833287).
Given its general characteristics and overall orange coloration,
it was identified as C. holthuisi, an identification later
confirmed by molecular methods (similarity of COI: 98.9%
KUS821421 — 16S rRNA: 100% KUS821433 — Blaha et al.,

Fig. 2. Florida crayfish Procambarus alleni female caught in the
Gombas brook, near Vac, Hungary.

analysis revealed this crayfish to be identical to a hitherto
undescribed species of Cherax (similarity of COI: 100%
KUS821416; 16S rRNA: 100% KU821431 — Blaha et al.,
2016). The closest related species is C. pulcher, with a
similarity of 93.2% (COI) and 96.4% (16S rRNA).

2016; 16S TRNA: 100% KJ920801, KJ920804 — Eprilurahman,
2014).

The final two unidentified specimens caught in June 2020
were both females with body lengths of 94.9 and 100.2 mm
(49.7 and 52.6 mm CL; GenBank accession numbers COI:
MT833299, MT833300, 16SrRNA: MT833285, MT833286).
Two other individuals of this species were recorded visually at
the same time at sampling point 1 but not caught. Based on
their general characteristics, morphology, and coloration, these
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individuals were determined as C. smowden (jun. syn.
C. subterigneus; Fig. 4). Using molecular methods, great
similarity was found with C. snowden (COI: 98.8 and 98.5%
KT626459 — Lukhaup, 2015; 16S rRNA: 99.4% KY 654087 —
Lukhaup et al., 2017).

The GMYC and PTP analyses assigned individuals from
this study to monophyletic clades corresponding in two cases

M F. limosus
P. alleni

Number of individuals

10 20 30 40 50 60 70 80 90 100 110 120 130
Total length size classes (mm)

Fig. 3. Histogram of total body length size classes (mm) of the spiny-
cheek crayfish Faxonius limosus and Florida crayfish Procambarus
alleni at Gombas brook near Vac, Hungary, during the survey period
(sampling points and sex merged).

(individuals from November 2019 and June 2020) to
C. snowden and C. holthuisi, respectively, with moderate
support (0.57 and 0.63, respectively). Two other individuals
(January 2019 and October 2019) were clustered with
scientifically undescribed species, albeit with strong support
(0.84 and 0.95, respectively). The only disparity was the
assigning of GenBank individual KU821426 as a different
species using PTP, wherecas GMYC identified it as a
C. warsamsonicus (Fig. 4).

4 Discussion

Thanks to their size, population density, omnivorous
nature, and certain other biological features, crayfish have a
great potential for colonizing and altering new environments, a
trait that can give rise to biological invasions (Gherardi et al.,
2011; Lodge et al., 2012). Recently, the pet trade (Faulkes,
2015a; Chucholl, 2013; Patoka et al, 2014) and related
intentional and non-intentional releases have accelerated their
spread, especially in Europe (Hossain et al., 2018; Jakli¢ and
Vrezec, 2011; Patoka et al., 2017; Weiperth et al., 2017). This
article provides evidence of the range of pet-traded crayfish
species that can be detected in the wild and confirms that the
pet trade represents an obvious introduction pathway that is
highly difficult to control effectively (Patoka et al., 2018).

4.1 Gombas brook

Florida crayfish, also known as the Everglades crayfish,
electric blue crayfish, or blue crayfish in the pet trade, are
native to Florida, where they are ubiquitous, above all in the

Table S. Varosliget thermal pond, Budapest, Hungary. The dates (month and year) with number of captured adult females, males, and juveniles
(when applicable) of captured crayfish species: red swamp crayfish Procambarus clarkii, marbled crayfish Procambarus virginalis, redclaw
Cherax quadricarinatus, and other Cherax spp. Note that only females are present in the marbled crayfish.

Date P. clarkii P. virginalis C. quadricarinatus other Cherax spp.
L. 2019 0/2/0 75/15 - 0/1
1I. 2019 15/7/26 19/22 0/1 -
III. 2019 6/21/39 26/45 - -
1V. 2019 10/22/8 42/11 - —
V. 2019 2/16/2 16/3 - -
VI. 2019 16/28/10 5/26 - -
VII. 2019 5/16/27 11/16 - -
VIII. 2019 23/8/41 11/22 0/2 -
1X. 2019 10/27/2 12/36 1/0 -
X. 2019 14/28/11 10/16 0/2 1/0
XI. 2019 35/159/85 120/85 2/9 1/0
XII. 2019 9/26/23 29/18 2/3 -
1. 2020 4/15/8 16/3 1/0 -
1I. 2020 12/19/5 10/6 - -
III. 2020 16/8/0 18/55 - -
1V. 2020 15/11/1 16/49 - -
V. 2020 11/20/0 20/39 - -
VI. 2020 12/9/13 35/41 - 2/0
VII. 2020 29/23/0 41/70 2/1 *
Total 244/465/311 535/578 8/18 41"

* Two Cherax snowden individuals identified visually.
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Fig. 4. Bayesian tree depicting the relationship between the Cherax species in the COI dataset. The species analyzed in this study are
shown in bold text. Bayesian inference is displayed at each node. Each Cherax specimen is labelled with its GenBank code, including the
specimens analyzed in this study. Full bars next to individuals indicate species status assigned by GMYC and PTP methods. The illustrations
correspond to individuals found and analyzed in this study. Note that the second Cherax specimen from the top is ethanol-preserved and so does

not fully show its natural coloration.

center and south of this state (Hobbs, 1942; Kushlan and
Kushlan, 1979). To date, no population of this species has been
recorded in any other US state (Taylor et al., 2007) or
elsewhere in the world. Given its attractive blue coloration, it is
popular as a pet and populations may occur near crayfish
farms, especially if crayfish are bred in ponds. This may be the
case of certain ornamental crayfish-producing countries in
southeast Asia such as Indonesia (Yonvitner et al., 2020).
To date, a single individual has been reported from France
(Souty-Grosset et al., 2006) and Grof3 et al. (2008) captured a
single large male in the river Rhine in Germany in March 2013.

The Florida crayfish is a medium-sized species whose
carapace rarely exceeds 45 mm in length (Dorn and Trexler,
2007; Vanarman, 2003). In our survey, several individuals

reached this maximum size, although none exceeded 10 cm TL
(Fig. 3). The lifespan of this species is three to four years
(Acosta and Perry, 2002). It occurs in a broad range of
ephemeral as well as permanent waterbodies (Hendrix and
Loftus, 2000; Hobbs, 1942) but prefers temporary waters and
those that are still or very sluggish, or even littoral zones that
dry out seasonally (Dorn and Volin, 2009; Hendrix and Loftus,
2000; Hobbs, 1942). Potential habitats thus include ephemeral
pools and flooded marshes with short hydroperiods (flooded
for less than nine months of the year) and salinities as high as
18 ppt (Conover and Reid, 1972; Hendrix and Loftus, 2000).
Thus, it is the typical inhabitant of seasonally flooded marl
prairie wetlands in the Everglades National Park, Florida
(Acosta and Perry, 2000). During summer and autumn
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(the rainy seasons) it inhabits inundated shorelines with dense
vegetation that reduces the threat of predation by fish and
cannibalism. During the dry season (winter and spring),
Florida crayfish move into existing burrows or construct new
ones in diverse substrates, where it avoids desiccation and is
able to reproduce. The young hatch in these burrows near the
end of the dry season (April-May), where they remain with the
adult females until the next flood, generally in June—July
(Acosta and Perry, 2001; Dorn and Volin, 2009; Hendrix Jr
et al. 1999; Hobbs, 1942; Jordan et al., 1996). This species
influences community structures, alter landscapes, and as an
omnivore enhances nutrient cycling. It is a predator as well as
prey for many other organisms. It is faster growing and more
aggressive than the slough crayfish Procambarus fallax and
may outcompete it for food and shelter under certain
environmental conditions. The biology of these two species
is often contrasted in the literature (Dorn and Trexler, 2007,
VanArman, 2011).

The evaluation of the biology and population status of the
Florida crayfish present in the Gombas brook is of great
interest. The number of sampled individuals is likely to
represent the largest documented wild stock outside its native
range. Three out of 13 females caught in September 2018 had
glair glands, while three out of six females had eggs in October
2019, which completed successful embryogenesis in a home
aquarium at room temperature in January 2019 (Tab. 4). This
indicates that hatching at this locality in early spring is
possible. However, it is unclear whether or not the eggs would
develop successfully under natural winter temperatures.
Notwithstanding, pooled biometric data reveal two different
but abundant size groups at this locality (Fig. 3), which
possibly coincide with two different age classes. However, a
direct comparison of this species’ life history in its native range
is difficult due to substantially differing environmental
conditions as well as the limited information gathered at the
study site. Nevertheless, overwintering in two years does seem
to have occurred. The size (CL in mm) of caught individuals
did not increase over time (order of month in the sampling
campaign; slope -0.0042, data not shown). Given the relatively
short lifespan of the species (Acosta and Perry, 2002), only
once released animals would reach senescence and grow in
size during the two-year monitoring period which was not the
case. This suggests that reproduction has taken place at the
locality or that there is ongoing propagule pressure. Florida
crayfish were mainly detected in the upper two sampling
points, but one was also seen being eaten by a grey heron in the
Danube floodplain (sampling point 5). Despite the high
mobility of this predator, we presume herons can manipulate
crayfish with ease and so this crayfish was probably consumed
where it was caught. Assuming that the temperature require-
ments of Florida crayfish are similar to those of the closely
related marbled crayfish (cf. Weiperth et al., 2019), it seems
that even localities with natural or close-to-natural temperature
regimes (non-thermal water bodies) are suitable for this
species in this region. In light of the absence of juveniles,
further monitoring is needed to clarify the status of this
population, above all given that long-term propagule pressure
cannot be entirely excluded.

Florida crayfish are a particularly popular crayfish species
in the pet trade; its blue form, as seen in all the individuals from
the Gombas brook (Fig. 2), is the most commonly marketed

one. The species is available in markets in the United States
(Faulkes, 2015b), Great Britain (Peay et al., 2010), the
Netherlands (Soes and Koese, 2010), Slovakia (Liptak and
Vitazkova, 2015), and Turkey (Turkmen and Karadal, 2012).
Taking national crayfish pet trade surveys into account, along
with risk evaluation of species present in Germany, the Czech
Republic, Hungary, and Ukraine, Florida crayfish are rarely to
very commonly available, and are placed in a medium risk
category by the Freshwater Invertebrate Invasiveness Scoring
Kit scheme (Chucholl, 2013; Kotovska et al., 2016; Patoka
et al., 2014; Weiperth et al., 2019). In terms of its potential
environmental impact and management strategies, the Florida
crayfish is included in the proposed Watch List for the Czech
Republic (Pergl ez al., 2016). Its role in the dissemination of the
crayfish plague pathogen (cf. Svoboda et al., 2017) and its
burrowing capacities (Dorn and Trexler, 2007; Hobbs, 1942)
are two of the main potential impacts associated with the
Florida crayfish.

The spiny-cheek crayfish that co-occurs with the Florida
crayfish in Gombas is well known as an invasive species in
Hungary (Gyéore et al., 2013; Ludanyi et al., 2016). The data
gathered in this study provide a possibly interesting insight into
the reproduction biology of this relatively well-studied species
(Bufic¢ et al., 2013; Pacioglu et al., 2020; Parvulescu et al.,
2015). Spiny-cheek crayfish are known to have two peaks of
mating activity, first in September—October and then in early
spring. Mating activity is suppressed to a certain degree in
winter and ovulation take place shortly after spring mating.
Juveniles hatch in May—June (Bufi¢ et al., 2013; Holdich,
2002; Kozak et al., 2006; Kozak et al., 2007). The presence of
glair glands in September 2018 and the remains of eggshells in
June 2019 agree with this generally known pattern of spiny-
cheek crayfish reproduction. However, we have found no
records of egg ovulation in the autumn in this species (noted in
one out of five and three out of eleven females in October 2018
and 2019, respectively). The success of this alternative
reproduction mode is unclear. Considering the overlap in the
timing of Florida crayfish oviposition mentioned above,
hatching could take place in early spring. However, there is no
information on spiny-cheek crayfish embryogenesis in low
winter temperatures. If it is possible, it may take place in
combination with the so-called diapause known in cold-
water species such as the signal crayfish and European
astacids. If development is not disrupted and hatching occurs
in late autumn/early winter, the overwintering of small
juveniles is equally questionable. Taking into account
available information, this reproduction mode is probably
only exceptional and most likely to be unsuccessful. However,
it might also have been overlooked, as exemplified by the
facultative parthenogenesis documented by Bufi¢ et al. (2011).
An inlet with municipal waters from the nearby Vac affects the
first sampling point and, in fact, dominates the water flow in
the Gombaés during drought periods, especially in summer. We
are unaware and to what extent these municipal waters are
cleaned as part of the local sewage treatment plan. However,
these waters have higher average temperatures, especially
during the winter, which will presumably enable eggs to
develop or juveniles to survive. The coldest temperature
observed in February 2020 was 7.2°C at the first sampling
point, which slowly fell to 3.2 °C at sampling point 5 (Tab. 2).
It is unclear whether or not this temperature alteration alone is
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enough to completely reverse the normal pattern of spiny-
cheek crayfish ovulation in early spring. Furthermore, due to
insufficient cleansing efficiency during water treatment,
municipal waters also contain numerous pollutants including
hormonally active compounds that could disrupt reproduction
processes in aquatic organisms (Grabicova et al., 2015; Kumar
et al., 2015), thereby potentially giving rise to the documented
autumn oviposition in the spiny-cheek crayfish.

Given its parthenogenetic mode of reproduction (Martin
et al.,2007), the discovery of even a single marbled crayfish in
the Danube floodplain downstream of the Gombas brook is
enough to set alarm bells ringing as it would be evidence of a
population spread of this invasive species (Vodovsky et al.,
2017 and reference therein). To our knowledge, this is the
northernmost occurrence of the species in the Danube in
Hungary (atkm 1678). Numerous reports situate this species at
km 1644, including records from the Varosliget thermal pond,
the thermal pond on Margaret Island, the Dera and Barat
brooks including their confluences with the Danube, and
several arms of the Danube in this region. Other locations are
also known from Hungary (L6kkds ez al., 2016; Szenddfi et al.,
2018; Weiperth et al., 2015; Weiperth et al., 2020). Bearing in
mind the presumed spread of the marbled crayfish around
Bratislava, Slovakia (Liptak et al., 2017) and a recent report
from Vienna, Austria (Moog et al., 2018), the scenario of a
potentially rapid spread of this species throughout the mid-
course of the River Danube is now much more likely. This
process might be also accelerated by further introductions
elsewhere in the broader region (Parvulescu et al., 2017,
Samardzi¢ et al., 2014).

4.2 Varosliget pond

As the number of non-native crayfish species increases and
their ranges expand, new and often surprising species
assemblages appear. This provides ground for comparative
research into the factors that could determine the success of
particular species (Jackson et al., 2014; Kouba et al., 2016;
Vesely et al., 2015). However, studies that undertake
simultaneous comparisons of multiple non-native crayfish
species in natural settings are as yet few and far between
(Herrmann et al., 2018; Jackson, 2015). Therefore, places
where various species coincide are of particular interest as they
can provide a better understanding of such relationships. Given
its array of non-native crayfish species, Varosliget is such a
locality. This site is apparently dominated be two notorious
invasive species, the marbled and red swamp crayfish. Marbled
crayfish first appeared in 2014, when several large individuals
(~15cm TL) were noted. A single male red swamp crayfish
was first recorded in 2015, and 17 individuals were detected in
2016. Since then, both species have become numerous.
Marbled crayfish do not exceed 10cm TL and frequently
inhabit algal surfaces on concrete walls (Weiperth ez al., 2015).
It seems that the conditions are more suitable for red swamp
crayfish, whose mean adult sizes are larger (data not shown).
It is likely that this site is an important source of the red swamp
crayfish that inhabit the adjacent River Danube. Numerous
reports exist of this crayfish from other places in the country,
including distant locations along the Danube and in the vicinity
of Budapest, where it is found along 50 km of the brooks Barat,
Dera, and Sulak and their confluences with the Danube. These

reports thus most probably reveal the continuous occurrence of
this species (Gal et al., 2018; Szenddfi et al., 2018; Weiperth
et al., 2015, 2020).

Redclaws have been reported from several places in
Hungary (Weiperth et al., 2019, 2020) and Varosliget is where
this species is most numerous. Despite the relatively low
sampling effort and the undoubtably enormous competitive
pressure exerted by the dominant marbled and red swamp
crayfish, 26 redclaws were recorded at Varosliget, which
suggests that hundreds of this crayfish are present here.
Nevertheless, its population status remains unclear given that
no documented females with glair glands, eggs, or juveniles
have ever been found. If breeding does not in fact take place,
the propagule pressure must be enormous in this locality. The
high susceptibility to the crayfish plague might prevent the
establishment of Cherax species at this site (Marino et al.,
2014; Svoboda et al., 2017; Unestam, 1975). However, if the
original marbled and red swamp crayfish stocks were plague-
free, this consideration would be irrelevant. High temperatures
(Oidtmann et al., 2002; Svoboda et al., 2020) and the specific
water chemistry (Svoboda et al., 2014; Unestam, 1969) might
also hinder the proliferation of disease at this locality;
however, more research in this field is still needed in order to
gather more relevant data.

Although the BLAST search helped identify the most
similar sequences/species of all the other Cherax individuals
captured at Varosliget, only individuals caught in November
2019 and June 2020 could be assigned to scientifically
described species, namely C. holthuisi and C. snowden,
respectively. The habitus of these individuals was distinctive
and was confirmed by molecular analysis. The remaining
individuals shared the habitus of species resembling
C. boesemani and C. pulcher and the use of molecular tools
confirmed their identification. None of these individuals
matched the sequences of C. boesemani from the type locality
(similarity: COI: 90%; 16S rRNA: 94.5% for both individuals)
recently published by Lukhaup et al. (2017). Although both
were most similar to C. pulcher, according to species
delimitation analysis (Fig. 4) and molecular divergences
(January 2019: 6.5% and October 2019: 3.5%) it is likely that
neither of these crayfish belongs to this species. Thus, based on
Bayesian inference and species delimitation methods, each
belongs to different, as yet scientifically undescribed species.
New Guinean Cherax species diversity is much higher than
expected and distinct morphological characteristics are not
sufficient for distinguishing this diversity (Blaha et al., 2016).
The fact that numerous species descriptions in the past were
performed before the molecular definition of type specimens
was possible further complicates species assignment. Here, we
identified individuals of two different yet hitherto undescribed
species, which underlines the need to revise New Guinean
Cherax species biodiversity and define new suitable morpho-
logical characteristics that could be helpful for species
identification (Patoka, 2020).

Given their proximity to C. pulcher, the native range of
the two undescribed species will probably be around the
Bird’s Head Peninsula, West Papua Province, Indonesia,
which is also where C. holthuisi and C. snowden are found
(Blaha et al., 2016; Patoka, 2020). Thanks to their coloration,
these endemic Cherax species are particularly attractive for
the pet trade and are usually wild-caught in their native ranges
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(Faulkes, 2015a; Patoka, 2020; Patoka et al., 2015a). While
the indirect environmental impact of these species cannot be
entirely ruled out (as exemplified by the introduction of the
crayfish plague from North America into Europe in the past;
Svoboda et al., 2017), these species should not be considered
to be problematical in continental climates (like Hungary’s)
as their temperature requirements prevent their spread beyond
thermal waters and their fecundity is thought to be low.
However, a more detailed assessment of their situation in
Europe is hampered by a lack of information regarding their
life histories. To our knowledge, this is the first ever published
report of releases of New Guinean endemic crayfish species
(other than the redclaw). This circumstance is probably
uncommon as the retail prices of even small specimens of
these highly valued species often exceed 15 EUR per
individual (Chucholl, 2013; Patoka et al., 2015b).

5 Conclusion

We report here the monitoring of two localities in Hungary
with three and seven co-occurring non-native crayfish species,
which is evidence that non-native crayfish introductions into
Europe are apparently on the increase. Urban and especially
thermal waters have become hotspots of crayfish allodiversity
and even high market prices do not completely curb such
releases. These sites are worth closer investigation as they can
provide us with contextual information on how particular
species will coexist, which will help gather information for
predicting future changes once they become more widespread.
Furthermore, these localities are places from where these
species disperse. Given that the eradication methods for
established non-native crayfish populations are only feasible
for a very narrow range of specific conditions, prevention
remains the best measure for halting any increase in non-native
crayfish species in Europe. Besides, research into insufficiently
known biodiversity of New Guinean Cherax spp. is still
needed.
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