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Abstract: Invasive non-indigenous crayfish species (NICS) are a major threat to the existence of native
crayfish populations in European freshwater ecosystems. The discovery of signal crayfish Pacifastacus
leniusculus, marbled crayfish Procambarus virginalis, and spiny-cheek crayfish Faxonius limosus in
Estonia has increased the risk of extinction of Estonia’s only native crayfish species, the noble crayfish
Astacus astacus. The aim of this study was to give an overview of the status, distribution, and impacts
of P. leniusculus, F. limosus, and Procambarus virginalis on A. astacus populations and assess the effect of
trapping on NICS abundance. Annual monitoring of crayfish has been carried out since 2008 as part
of A. astacus conservation and the NICS eradication plan. In this study, we present data from nine
sampling locations monitored from 2010 to 2022. The spread of NICS continues to increase beyond
their distribution areas, and in two sampling locations P. leniusculus and A. astacus live in sympatry.
Our results suggest that trapping has a limited effect on population abundance, as NICS have already
caused the extinction of two A. astacus populations. However, intensive trapping should continue
simultaneously with sensitive molecular techniques to monitor the spread of NICS.

Keywords: Astacus astacus; alien invasive species; trapping; NICS spread; Pacifastacus leniusculus;
Faxonius limosus; Procambarus virginalis

1. Introduction

The noble crayfish Astacus astacus is the most valued and common freshwater crayfish
species in northern Europe [1]. As the only native freshwater crayfish species in Estonia, A.
astacus were reported to occur at varying densities in over 300 lakes, rivers, streams, and
reservoirs across 15 Estonian counties [2]. More A. astacus localities and dense populations
are present in Saaremaa Island and the south-eastern part of Estonia [2], recording a catch
per unit effort (CPUE) of above four [3,4]. Other regions have low population densities.
For a long time, A. astacus populations have been facing the threat of over-exploitation,
predation, habitat loss or alteration [5,6], crayfish plague [7], and non-indigenous crayfish
species (NICS) [8], which have already been reported in most European countries. As of
2008, there was no known record of NICS in Estonia. Today, the once-abundant native
crayfish species has suffered from long-term population decline due to introduced NICS of
North American origin and crayfish plague and is, therefore, considered to be threatened.
These NICS are often chronic carriers of the crayfish plague agent Aphanomyces astaci, and
they have high resistance to the oomycete pathogen [9-11]. Their introduction into the
natural habitats of the indigenous crayfish has previously resulted in the transmission of
crayfish plague, the most fatal disease to European indigenous crayfish species, leading to
mass mortalities of the susceptible native species [12-16].

From 2008 to 2022, three NICS, signal crayfish Pacifastacus leniusculus, marbled cray-
fish Procambarus virginalis, and spiny-cheek crayfish Faxonius limosus, were found in
Estonia [17-19]. The first report of the presence of P. leniusculus was in Mustjogi River,
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Harju County, in 2008, the second one was in Riksu Stream on the island of Saaremaa, Saare
County, in 2010, the third one was in Vddna River, Harju County, in 2012, and the fourth
one was in Parnu River, Parnu County, in 2016 [17]. The spread of P. leniusculus, given
its wide environmental tolerance [7], has continued to threaten the existence of A. astacus,
with crayfish plague causing the disappearance of the native crayfish from some Estonian
waters. Procambarus virginalis were first found in 2017 in the Baltic Power Plant outflow
channel in Narva Reservoir, Ida-Viru County, and their presence was confirmed in 2018 [18].
Procambarus virginalis is a parthenogenetic, all-female species [20], which such as P. lenius-
culus, are highly adaptable to new habitats and harsh environmental conditions [21,22].
Therefore, their discovery in Estonia on top of the already existing invasive P. leniusculus
populations increases the risk of invasion, thereby posing an additional threat not only
to the native A. astacus population, but also to other indigenous communities in Estonian
freshwater ecosystems. The threat of NICS to the native A. astacus populations in Estonia
was further aggravated following the first sighting of F. limosus in Parnu River in 2017 [19].
Some of the biological characteristics of F. limosus that support their population growth
and invasive capabilities include rapid maturation, short lifespan, high fecundity, second
mating period [23], and ability to live and reproduce in brackish waters with a salinity of
up to 7 ppt (parts per thousand) [24]. Even though it is considered to be of no commercial
value, most people find it difficult to discriminate between F. limosus and A. astacus. This
challenge, coupled with the biological advantages and migratory activity of F. limosus,
appears to aid their continued spread.

NICS were possibly introduced into Estonia via the commercial aquarium trade [18],
illegal, human-assisted introductions, or accidental introduction by ballast water in ships,
especially in Parnu River [17,19]. Physical control by trapping is, so far, the only method
that has been applied in Estonia to detect, monitor, and eradicate NICS, thereby safeguard-
ing the native A. astacus population. This has been performed in line with the Estonian
Nature Conservation Act and in keeping with Regulation (European Union) No 1143 /2014
of the European Parliament and Council. Given the threat that these NICS pose to the native
A. astacus population, continuous monitoring of their status and distribution remains essen-
tial. Advances in molecular research over the past decade have made it possible to improve
the conservation of endangered aquatic species via continuous monitoring that allows the
early detection of invasive species and pathogens [25-27]. Trapping used simultaneously
with molecular techniques, such as environmental DNA (eDNA) for monitoring, allow
the detection of NICS, harmful pathogens, and native crayfish at low densities and at any
season or life stage [28-30].

In the last decade, most studies that assessed the distribution of NICS and their threat
to the native crayfish in Europe using trapping focused largely on reporting the presence
or absence of these alien invasive species, with some providing possible eradication plans.
Grandjean and others [31] indicated that in addition to A. astaci being the main threat,
P. leniusculus was already widespread in France and is a serious danger to the native species.
In Croatia, studies showed the spread of P. leniusculus in the rivers of the continental part
of that country is the highest in Europe [32-35], and thus, they are probably the most
established among the NICS in the region. The spread of P. leniusculus also seems to be
the most monitored and reported [36,37], even though studies in nearby countries such
as Latvia also confirmed the presence of F. limosus in their inland waters [38]. Kaldre and
colleagues [17-19] reported the first record of the establishment of P. leniusculus, F. limosus,
and Procambarus virginalis and their involvement in a series of crayfish plague outbreaks in
Estonia and provided suggestions for their control.

Within the context of assessing the spread and distribution of NICS using traps, a
few additional studies have incorporated the effect of trappings on population abundance
as part of the scope of their work. The few that did this or entirely aimed at evaluating
traps as an effective control method for eradicating NICS arrived at different conclusions.
On the one hand, intensive trapping when it is used either alone, with other fisheries
management strategies [39], or assessed indirectly along other objectives [40,41] was found
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to reduce the crayfish population density or abundance [39,41,42]. On the other hand, the
method had no negative effect on population growth, especially when it was performed
continuously every month for a longer period [43]. Using a new method for estimating
the size of red swamp crayfish (Procambarus clarkii) populations before and after year-long
monthly trapping periods, Loureiro and others [43] showed a high population growth rate.
The disparity in findings from one study to another points to the need to periodically test
the effectiveness of the control method in use.

Instances where indigenous and non-indigenous crayfish are living in sympatry and
the native species remain less susceptible to crayfish plague have been reported as part of
the findings of the status, spread, and distribution of NICS. In rivers where the coexistence
of P. leniusculus and A. astacus occurs, it is difficult to say with certainty that the crayfish
populations are free from crayfish plague because low levels of A. astaci are very hard to
detect. Nonetheless, in habitats such as River Alling in Denmark, where sensitive molecular
tests did not detect the presence of crayfish plague agent A. astaci in either of the species [44],
the threat of disease transmission is minor. However, trapping and eradicating NICS in
these habitats still remains crucial to safeguard the future prospects of the native crayfish
populations from possible competitive exclusion by alien invasive species [45].

The aim of this study was to give an overview of the status, distribution, and impact
of P. leniusculus, F. limosus, and Procambarus virginalis on A. astacus populations in Estonia,
in addition to assessing the effect of trappings on NICS abundance.

2. Materials and Methods
2.1. Study Area

Sample collection was carried out in nine locations across five of the fifteen Estonian
counties. These included Riksu Stream (with Riksu Lake and Koimla Ditch), Parnu River
with tributaries, Mustjogi River, Vddna River, Reo Quarry, Ropka Water Reservoir, outflow
channels of the Baltic and Estonian Power Plants (with Narva Water Reservoir and Narva
River, respectively), which were grouped into two locations, and Narva Quarry, its outflow
channel, and Metskiila Stream, which was recorded as one location (Figure 1, Table 1). Most
NICS were found during the annual monitoring of A. astacus. After the initial discovery of
NICS, annual monitoring was continued at these sites by the researchers from the chair of
aquaculture of the Estonian University of Life Sciences between 2008 and 2022. However,
since no NICS were caught in 2009, our study presents data from 2010 to 2022.

Table 1. Description of the sampled locations in Estonia. Location numbers and capital letters in
brackets correspond to those in Figure 1.

No Sampling Locations Descriptions *
° Is 19.6 km long with a catchment area of 49.4 km?Z;
e  Flows into Riksu Lake (A) (48 ha on average with a catchment area of 46.4 km?);
1 Riksu Stream (with Riksu . The water levels of this stream fluctuate seasonally and during very dry summers, parts
Lake and Koimla Ditch) of the river dry up (this did not happen in 2022) and heavy rains raise the water
level again.
e  Koimla Ditch (B) is upstream from Riksu Stream;
Is an artificial lake from reclaimed limestone quarry;
= Reo Quarry (RQ) e  Has a surface area of about 2.1 ha and an average depth of 1.5 m;
B ) ) e Is144.5 km long with a catchment area of 6836.5 km?.
3 szlrnu Rlver with Sauga River (C) and Reiu River (D) are tributaries of the Pdrnu River;
tributaries The second longest river in Estonia.
Is 64.3 km long, with a catchment area of 315 km?;
4 Védana River

Flows into the Baltic Sea.
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Table 1. Cont.

No Sampling Locations Descriptions *

Is 38 km long, with a catchment area of 98.8 km2;

5 Mustjogi Ri
ustjogl River Flows into Jdgala River (E).

An artificial lake;
6 Ropka Water Reservoir e  Has a surface area of about 9 ha and an average depth of about 2.3 m;
Ilmatsalu River (F) flows through this reservoir into Emajogi River (G).

) e Is7.5kmlong and 35 m wide on average;

Baltic Power Plant (BPP) e  Baltic and Estonian Power Plants are a power generation complex in Ida-Viru County;
7 outflow channeland e The cooling water for the power plant is supplied from the Narva Reservoir;

Narva Water Reservoir e  The Narva Water Reservoir (H) is a reservoir of Narva River (I).

° Is 2.3 km long and 50 m wide;

Estonian Power Plant e  The cooling water is supplied from the Narva Water Reservoir and Mustajogi River (J);
8 (EPP) ou.tﬂow channeland The Narva River is 77 km long, with a catchment area of 17,199 km? (within Estonia);

Narva River e  The river flows from the north-eastern end of Lake Peipus into the Baltic Sea.

Narva Quarry (NQ) with
9 outlet and
Metskiila Stream

° An artificial lake reclaimed from the excavation of oil shale, whose outflow stream flows
into the Metskiila Stream (K) that is connected to Narva River.

* Information in the table was obtained from the Estonian Nature Information System [46].
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Figure 1. Sampling locations and the distribution of NICS and Astacus astacus (noble crayfish) in

Estonia. Pink squares indicate Pacifastacus leniusculus (signal crayfish), orange pentagons indicate
Faxonius limosus (spiny-cheek crayfish), red circles indicate Astacus astacus (noble crayfish), and black
stars indicate Procambarus virginalis (marbled crayfish).
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2.2. Test Trapping of Crayfish

Test trappings were carried out according to the standard Swedish protocol [47]. In
brief, cylindrical traps with two conical entrances and 9-15 mm mesh size (from knot to
knot) were used. Test areas, which were predicted to be a suitable habitat for crayfish,
was selected in each lake, river, or stream after screening longer stretches of the shoreline.
Mostly frozen fish or sometimes fresh fish (caught from the same sampled water body),
mainly roach (Rutilus rutilus) or bream (Abramis brama), was used as bait. The traps were
applied as lines consisting mostly of 10-20 traps with an interval of 10 m and kept in the
water overnight. Mostly, from three to ten lines were used depending on the size of the
water body. Most of the trapped crayfish (NICS or A. astacus) were identified at the species
level, counted, measured (total length (TL)), and weighed (precision of 0.5 g). The trapped
NICS were frozen (killed) and sent for incineration, while A. astacus were released back to
where they had been caught. There were separate traps in Reo Quarry and Ropka Water
Reservoir, but in the other locations, the traps were used multiple times and were dried
prior to use at another site as a means of disinfection to prevent the potential spread of
crayfish plague. Test trappings were carried out from April to November (more frequently
from July to September) each year, and a special license required for this activity was issued
by the Ministry of Environment. The number of trap nights (number of traps per night)
differed from one sampling location to another one across the trapping period or years
(Table 2). In 2022, the number of trap nights were increased at all sampling locations to
increase the NICS eradication efforts. In locations such as Reo Quarry and Ropka Water
Reservoir the traps were constantly in the water and emptied around two times per week
in 2022. For every trapping session, the catch per unit effort (CPUE), which is the number
of crayfish caught per trap per trapping night at each site, was calculated and recorded.
At the same time, the CPUE max was also determined and recorded. Since test trappings
were carried out in different sections at different times in the distribution area, CPUE max
denotes the most abundant catch in the most abundant crayfish area. CPUE is a commonly
used measure of relative fishing efficiency [48] and was applied in this study to estimate the
relative abundance of NICS or A. astacus within each sampling location. The classification
of Tulonen and colleagues [3,4] was applied to describe the population density of crayfish
based on the CPUE results. Based on this classification, a CPUE above 4 was estimated
as a high density, a value between 1 and 4 was moderate, and a value below 1 was low,
indicating only the presence of the crayfish population [3]. The effect of traps on NICS
abundance was estimated and assessed on the basis of CPUE max recorded as part of the
above-described methodology.

Table 2. Number of trap nights in each sampling location. Location numbers correspond to those in
Table 1 and Figure 1.

No Sampling Locations Number of Trap Nights per Year

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
1 Riksu Stream 465 1430 440 754 238 514 310 250 205 230 232 310 3000
2 Reo Quarry NA NA NA NA NA NA NA NA 10 NA 30 5 2600
3 Parnu River NA NA NA NA NA NA 120 240 460 405 340 160 620
4 Véaina River NA NA 20 240 160 180 160 80 80 80 140 80 960
5 Mustjogi River 40 320 200 310 100 80 40 40 NA NA 40 40 460
6 Ropka Water Reservoir NA NA NA NA NA NA NA NA 70 60 110 40 1120
7 BPP outlet NA NA NA NA NA NA NA NA 197 292 260 200 400
8 EPP outlet NA NA NA NA NA NA NA NA NA 150 200 80 440
9 NQ NA NA NA NA NA NA NA NA NA NA NA 130 110

NA = test fishing was not conducted in this location. BPP = Baltic Power Plant. EPP = Estonian Power Plant.
NQ = Narva Quarry.
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2.3. Data Analysis

The map was made using ArcMap in the ArcGIS 10.1 (Environmental Systems Re-
search Institute, Inc., Esri, CA, USA, 2012) program package. Statistical analyses were
performed using R statistical software version 4.2.1 (The R Foundation for Statistical Com-
puting: Vienna, Austria, 2022) [49]. As the sample size was relatively small and, according
to the QQ (quantile-quantile) plot and Shapiro-Wilk normality test, the data did not follow
normal distributions. A one-sided Wilcoxon signed-rank test was used to compare the mean
difference between the NICS and A. astacus population within the same sampling location.

3. Results and Discussion

The continuous monitoring of NICS in Estonia is crucial for determining their status,
distribution, and threat to A. astacus, and the adoption of effective control and eradication
measures such as intensive trapping, biocidal and biological control is also essential [50,51].
In this study, we present the results of crayfish monitoring over a 13-year period (2010-2022).
In each of the nine sampling locations (Figure 1, Table 1), the case of crayfish distribution is
presented separately.

3.1. Riksu Stream

Since their first discovery in Riksu Stream, the population abundance of P. leniusculus
has fluctuated between low (CPUE < 1), moderate (1 < CPUE < 4), and high (CPUE > 4)
across different years (Table 3). The population density of P. leniusculus increased from
low to moderate between 2013 and 2014, and it rose to high in 2018. Since then, the
abundance has fluctuated between high and moderate (Table 3). The fluctuations reported
in P. leniusculus abundance are attributed to the stream characteristics, such as the water
regime that affects the numbers of crayfish caught. Considering the seasonal variations of
water levels in Riksu Stream, with some sections remaining dry in drought seasons, catches
from test trappings varied were based on water volumes and time of the catch. This may
explain the moderate-to-high abundance in Riksu Stream and in Koimla Ditch and the low
abundance in Lake Riksu, which is a sediment-rich lake [52], and thus, it not such a suitable
habitat for crayfish [7].

Despite the fluctuations in abundance, P. leniusculus seem to be spreading continuously
every year and at an increasing pace, given their detection in Riksu Lake and Koimla Ditch
(Figure 1). As P. leniusculus spread further upstream, A. astacus disappeared from those
areas. The population density of A. astacus in Riksu Stream remained low on the occasions
reported, and in 2014-2022, none were caught from this location (Table 3). Statistical analy-
sis further demonstrated that the density of the P. leniusculus population was significantly
higher than that of A. astacus (Table 3). The increasing spread of P. leniusculus indicates
that the habitat conditions of Riksu Stream are advantageous for their population growth.
In addition, there is no direct competitive pressure and no obstacles for P. leniusculus to
hinder their spread in both directions (either downstream, via Riksu Lake towards the
sea, or upstream) [17]. It is very likely that the growing population of P. leniusculus in
Riksu Stream was responsible for the disappearance of the A. astacus population through
competition, with crayfish plague giving P. leniusculus a competitive edge. Through stable
isotope analysis, Olsson and colleagues [53] showed that P. leniusculus and native A. astacus
in a set of Swedish streams had similar niche widths at the population level, and thus,
seem to use resources (i.e., food items and habitats) in a similar manner. Westman and
Savolainen [54] demonstrated earlier that at sites with small populations of A. astacus and
P. leniusculus, competitive exclusion along with other interaction mechanisms led to the
collapse of A. astacus population. While we may not have recently carried out tests to detect
A. astaci (the last test was conducted in 2016) in this P. leniusculus population, it is possible
that crayfish plague may have contributed to the extinction of A. astacus in Riksu stream.
Kaldre and colleagues [17] indicated that crayfish plague was detected for the first time on
the island of Saaremaa in 2006. They later confirmed the occurrence of A. astaci pathogen in
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Riksu Stream in 2011 after conducting crayfish plague studies using experimental cages
with A. astacus [17].

Table 3. The estimated crayfish population abundance per year within each sampling location
based on capture per unit effort (CPUE) values. All comparisons were made against Astacus astacus
(noble crayfish).

Crayfish Species
per Sampling Location

CPUE Values per Year

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 p-Value

Riksu Stream, Lake and Koimla Ditch

A. astacus

P. leniusculus

<01 <0.1 0 <0.1 0 0 0 0 0 0 0 0 0

01 <01 01 0.2 1.1 14 33 3.1 63 40 6.9 2.8 1.9 ok

Vaana River
A. astacus

P. leniusculus

NA NA 01 0.1 01 <01 <01 02 0.3 0.4 2.0 22 1.8
NA NA 01 <01 01 <01 <01 01 0.1 07 07 04 1.6 n.s.

Mustjogi River
A. astacus

P. leniusculus

0 0 0 0 <0.1 0.1 01 NA NA 0 0.1 0.1
01 <01 <01 0 0 0 0 0 NA NA 0 0 <0.1 n.s.

)

Ropka Water Reservoir

A. astacus

NA NA NA NA NA NA NA NA 0 0 <0.1 0 <0.1

P. leniusculus NA NA NA NA NA NA NA NA 01 <01 01 0.3 0.1 hid
Pédrnu River with tributaries
A. astacus NA NA NA NA NA NA <01 <01 0 0 0 0 0
P. leniusculus NA NA NA NA NA NA 01 <01 <01 <01 <01 0 <0.1 hid
F. limosus NA NA NA NA NA NA 0 <0.1 0.1 0.2 04 0.5 0.2 **
Reo Quarry

P. leniusculus

NA NA NA NA NA NA NA NA 12 0 0.2 1.2 0.1 -

Baltic Power Plant outflow channel and Narva Water Reservoir

Procambarus virginalis NA NA NA NA NA NA NA NA 05 09 <01 <01 0.1 -
Estonian Power Plant outflow channel and Narva River
Procambarus virginalis NA NA NA NA NA NA NA NA NA <01 <01 02 01 -
Narva Quarry with outlet and Metskiila Stream
A. astacus NA NA NA NA NA NA NA NA NA NA NA 01 0 -
Procambarus virginalis NA NA NA NA NA NA NA NA NA NA NA <01 <01 -

NA = test fishing was not conducted at this location. 0 = test fishing was conducted, but no crayfish were caught.
** =p < 0.01. ** =p < 0.001. - = the difference between species was not tested. n.s. = no significant difference
between species abundance.

The fluctuating pattern of P. leniusculus population density in Riksu Stream was also
observed when we were assessing the effect of trappings on NICS abundance. Our data
show that the relative abundance (CPUE max) of P. leniusculus fluctuated throughout
the sampling period (Figure 2a). It is possible that the reductions of the CPUE max of
P. leniusculus during certain years between 2012 and 2022 may have been a result of trap-
ping pressure. At the same time, the increases in relative abundance of the population can
be attributed to the growth of the juvenile individuals. Ercoli and others [55] showed that
in Italian streams, the diets of adult and juvenile P. leniusculus between the summer and
autumn seasons were the same. Therefore, the selective removal of the adult P. leniusculus
population from the habitat may have, in turn, spurred the growth of juveniles. Overall,
based on our results, it may be difficult to determine if trapping is causing a reduction of
the population abundance of P. leniusculus in Riksu Stream. It has been shown before that
changes in water temperature [56] and seasonal variations in stream water levels [57,58]
can cause fluctuations in the P. leniusculus population density. Perhaps undertaking test
trapping by simultaneously using cylindrical traps and fine-mesh nets may, in the future,
provide sufficient data to determine the overall effect of trapping on P. leniusculus popu-
lation density in this seasonal stream. Garcia-de-Lomas [59] showed, in their study, that
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using both cylindrical traps and horizontal hauls of fine-mesh netting had higher selectivity
and efficiency for catching the smaller red swamp crayfish than traps alone did. Equally,
the CPUE max of A. astacus in Riksu Stream decreased from 7.5 to zero between 2010 and
2014 (Figure 2a). In 2010 and 2011, 19 and 7 A. astacus were caught, respectively, from the
upper part of Riksu stream. In 2013, 14 A. astacus were caught from under Riksu bridge;
presumably, someone stocked them there given the location. Nonetheless, the CPUE max
of A. astacus remaining zero in 2014 suggests their disappearance following the increased

spread of P. leniusculus (Figure 2a).

Riksu Stream, Lake and Koimla Ditch Vaana River
(@) © 7 (b) A
2 = -A- Astacus astacus -A-  Astacus astacus /
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© ©
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s S < -
£ A £
w \ L
Zw- 5
) 4 oN
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o Bl fismiferail Birodloa i | &4
T T T T T T T T T T T T T
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Mustjogi River Ropka Water Reservoir
«|© A
° -A-  Astacus astacus g ° Astacus astacus
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Figure 2. Changes in relative crayfish abundance (CPUE max) of NICS and Astacus astacus (noble
crayfish) or NICS during the years at different sampling locations. (a) CPUE max in Riksu Stream;
(b) CPUE max in Vaana River; (c) CPUE max in Mustjogi River; (d) CPUE max in Ropka Water
Reservoir; (e) CPUE max in Parnu River; (f) CPUE max in Reo Quarry (RQ), Baltic Power Plant outlet
(BPP), and Estonian Power Plant outlet (EPP).
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3.2. Viiina River

According to the Vdidna River sampling data, the population density of A. astacus and
P. leniusculus remained low (between <0.1 and 0.7) for eight years, and then increased to
moderate in 2020 and 2022 for A. astacus and P. leniusculus, respectively, (Table 3). Statis-
tical analysis showed that the difference in abundance between the two species was not
significant (Table 3). Irrespective of the moderate population abundances of A. astacus and
P. leniusculus in 2022, our results indicate only the presence of few crayfish individuals
(CPUE < 1) for almost a decade. The moderate crayfish abundances in Vddna River might
be explained by the rivers’ characteristics (e.g., there are a few hiding places and a high
sediment content), which makes it a less suitable habitat for crayfish. Nonetheless, with
the moderate population density, the distribution of both species has expanded up- and
downstream from the initial site of the river. The situation in this river is unique because
P. leniusculus live in sympatry with A. astacus in a small area. At the population level,
P. leniusculus and A. astacus have been shown to have the same niche widths [53]. Since
most individuals use the same resources, such as food and shelter, in the same way in a
given habitat, the niche width at the population level basically reflects the available re-
sources [53]. Additionally, the population density is usually determined by the availability
of shelters [60]. Therefore, it is possible that the coexistence of P. leniusculus and A. astacus
in Vadna River has been supported by reduced competition for food and shelter. However,
based on our previous analysis of a few individuals of A. astacus that were caught alive
in 2016, which showed weak positive results for A. astaci detection (K. Kaldre’s unpub-
lished data), we equally suspect that the sympatry in Vddna River was made possible by
the presence of the low prevalence of the A. astaci pathogen. Schrimpf and others [61]
demonstrated, in their study, that a consistent absence or a very low prevalence of A. astaci
appears to enable permanent coexistence between A. astacus and F. limosus or P. leniusculus.
Additionally, to claim that the threat of crayfish plague is insignificant, the use of more
sensitive molecular methods are essential [44]. Furthermore, this will also provide addi-
tional evidence that all NICS of North American origin may not be carriers of A. astaci [62].
Since the pathogen prevalence varies widely among P. leniusculus populations [62], crayfish
plague studies employing modern molecular methods will help in identifying the virulent
and less virulent strains of A. astaci, which are vital for undertaking a risk assessment for
native A. astacus populations.

Our results on the effect of trapping on NICS abundance in this river show that
the CPUE max of both species remained generally low (below one) from 2012 to 2018
(Figure 2b). In 2020, the CPUE max of A. astacus increased to 5.7, and then fell to 2.8 in 2021,
while that of P. leniusculus increased to 4.1 and fell to 1.9 during the same period (Figure 2b).
The decrease was subsequently followed by an increase in the CPUE max of both species in
2021 (Figure 2b). In 2021, test trapping was conducted only in October, which probably
influenced the reduction of the CPUE max and gave rise to the perception of a population
decline and an immediate increase afterwards, which most likely is the result of fewer traps
being used at night and might not reflect the real situation in the water body. Based on the
CPUE max results, it is possible that prior to 2019, the continuous removal of adult P. lenius-
culus was helping to reduce the predatory pressure and minimise interspecific competition,
which initially may have slowed down P. leniusculus population establishment [32,51], and
later (after 2019), resulted in population growth. The increase in the CPUE max of both
species after 2019 may also be a consequence of reduced intraspecific competition, which
has been shown to result in population growth [63]. Most studies have shown that, in the
long run, the likely outcome of the co-existence between indigenous crayfish species and
NICS is always the competitive exclusion of native crayfish [45,54,64,65]. However, when
competition between two species for territory, food, and hiding places is not strong, the
continuous removal of P. leniusculus is necessary for the survival of A. astacus.
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3.3. Mustjogi River

The abundance of P. leniusculus and A. astacus in Mustjogi River has remained low
(CPUE < 1), with no significant difference between the two species (Table 3). Before 2022,
only a few crayfish individuals of both species were caught in separate traps; however,
since 2022, they started to appear together. The two species coexist in the middle section
(about 2 km) of Mustjogi River. It is possible that this coexistence is supported by reduced
competition for food and habitat, since P. leniusculus has been shown to have greater
feeding plasticity than A. astacus does, despite both species having similar niche widths at
the population level [53]. Furthermore, the distribution area of both species has expanded,
and the 2022 catches of P. leniusculus show their spread 1-2 km upstream from the previous
location. Previous reports on the crayfish trappings between 1994 and 2009 revealed that
until the mid-1990s, A. astacus were still present in Mustjogi River [66]. However, from
2008, following P. leniusculus detection, to 2014, the presence of A. astacus had still not
been detected in this river (Table 3). We suspect that the disappearance of A. astacus
from Mustjogi River was caused by the competitive P. leniusculus, which are carriers of
A. astaci. Jussila and Edsman [67] showed that P. leniusculus could be more competitive
than A. astacus can, and usually, they are a carrier of crayfish plague agent A. astaci, which
gives it a competitive advantage because it might not die from the crayfish plague infection.
The presence of A. astaci in Mustjogi River was confirmed in 2009 by carrying out the
cage experiments (full trial period in 2009-2013) [17]. However, we believe that the one
A. astacus caught in 2014 (CPUE < 0.1) was probably from the 2013 cage experiment.

Between 2015 and 2016, a total of 1000 A. astacus were stocked in the Mustjogi River
in an effort to restore their populations. Our results on the effect of trapping on NICS
abundance show that the CPUE max of P. leniusculus and A. astacus in Mustjogi River
remained low, between <0.1 and 0.4, within the survey period (Figure 2c). Considering
that in 2016, 2017, and 2021, five, four, and four A. astacus were caught, respectively,
and that in 2022, both species were caught further upstream, it is possible that A. astacus
individuals caught may be from the restocking event. Overall, the numbers of A. astacus
and P. leniusculus individuals caught from Mustjogi River over the survey period were
very low, and low CPUE values indicate the presence of a poorly established population.
Therefore, an informative interpretation of the relative abundance of both species in this
river can only be made after additional trappings in the future. Nonetheless, these results
show the coexistence of A. astacus and P. leniusculus in Mustjogi River. Initially, we believed
that from 2013 to 2020, the recreational fishing ban and control of NICS via test trapping had
resulted in the successful elimination of the few P. leniusculus individuals from this river.
However, our results showed that P. leniusculus are still present in Mustjogi River. Studies on
P. leniusculus’ range of expansion in Croatia have shown their ability to completely displace
narrow-clawed crayfish (Astacus leptodactylus) from sites of overlapping populations [34].
Considering the positive results of restocking in Mustjogi River, we suggest continuing
with this practice to increase the number of A. astacus individuals and continue with
P. leniusculus monitoring and eradication.

3.4. Ropka Water Reservoir

In Ropka Water Reservoir, the population densities of A. astacus and P. leniusculus,
which co-inhabit the same site, remained low, between <0.1 and 0.4, from 2018 to 2022
(Table 3), indicating the presence of a few crayfish individuals. Statistical analysis also
showed that the difference in abundance between P. leniusculus and A. astacus was signifi-
cant (Table 3). The entire lake can be regarded as a suitable habitat for crayfish, even though
P. leniusculus were mostly caught from the northern shore. The abundance of A. astacus
in Ropka Water Reservoir before the discovery of P. leniusculus is unknown because no
crayfish monitoring has been conducted in this water body. However, A. astacus have been
reported to occur in the river immediately downstream of Ropka Water Reservoir and in
areas further downstream. The impact of P. leniusculus on the A. astacus population is not
clear due to a low number (three) of A. astacus being trapped during the survey period,
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indicating a poorly established population. Furthermore, differences in the frequency of
checking the traps that were constantly in the water possibly resulted in the low reported
CPUE values (between <0.1 and 0.4). The size and the artificial nature of the Ropka Water
Reservoir and the low number of P. leniusculus (CPUE < 1) make it a good location for
biocidal control. However, when one is using this eradication method, it is important to be
aware of the negative impacts on non-target biota, in addition to the potential for crayfish
surviving in burrows or roaming to other sites [50]. As an alternative, biological control
measures (e.g., predatory native fish species) can be used in this water body.

3.5. Piarnu River

The abundance of A. astacus, P. leniusculus, and F. limosus in Parnu River has remained
low (between <0.1 and 0.5) during seven years of sampling (Table 3). Despite the low
abundance, A. astacus and P. leniusculus were found together in 2016, but from 2018 to
2022, no A. astacus were found within the sampling location (Table 3). The three species
co-inhabited Parnu River only in 2017 (Table 3). The numbers of P. leniusculus and F. limosus
individuals have remained significantly higher than those of A. astacus (Table 3). In Parnu
River, F. limosus are much more widespread than P. leniusculus are. They have been found
upstream and in areas closer to the mouths of the Sauga River and Reiu River (locations
C and D on the map, respectively). A. astacus have also been reported to occur further
upstream of Parnu River and its tributaries (outside of our sampling area), where NICS
have not yet spread.

Parnu River is unique because during the different sampling years, A. astacus,
P. leniusculus, and F. limosus lived in sympatry in different sections of the river (Table 3,
Figure 2). The occurrence of A. astacus in this river before the discovery of P. leniusculus
is unknown; thus, it is possible that A. astacus were either absent or rarely present in very
low numbers. However, their presence was confirmed after the detection of P. leniusculus
in 2016 [17]. The co-existence of these three species, i.e., A. astacus, P. leniusculus, and
F. limosus, in the Pdarnu River in the same year probably led to the subsequent decline and
disappearance of A. astacus through competitive exclusion. A. astacus has been shown as
being incapable of withstanding competition for food, territory, and hiding places from
the two invasive species, P. leniusculus and F. limosus, even in waters that may be free of
A. astaci [68]. Kaldre and others [19] screened tissue samples of six F. limosus specimens
from Péarnu River in 2017, but they did not detect the presence of A. astaci. Given the small
sample size that was analysed for crayfish plague and the size of the Pdrnu River system,
we cannot completely rule out the crayfish plague as one of the possible causes of A. astacus
extinction from this river. We suggest the continued monitoring and trapping of NICS
as a control measure, as well as screening for the pathogenic agent A. astaci to effectively
understand and assess the threats to A. astacus.

Regarding the effect of trapping, the CPUE max of F. limosus in Pdrnu River rose
steadily throughout the sampling period (Figure 2e). It is possible that the increase in
F. limosus population abundance was a result of a feedback mechanism [43], where the
crayfish perceived a reduction of their numbers, and in response, invested in reproductive
strategies [69]. The steady increase in the CPUE max of F. limosus during the survey period
may also indicate that despite the effect of the trapping pressure, the time frame between
the annual continuous test trappings was sufficient for the untrapped population to adapt
and grow. Furthermore, their increased spread in Parnu River also indicates their ability to
live and reproduce in brackish waters [24] and adapt to Estonian climatic conditions. It
may also mean that F. limosus are slowly dominating P. leniusculus [68], as the CPUE max of
P. leniusculus remained low (between 0.1 and 0.5) during the sampling period (Figure 2e).

3.6. Reo Quarry

The population density of P. leniusculus in Reo Quarry remained between low and
moderate (CPUE 0.2 and 1.2) between 2018 and 2022 (Table 3). Despite continuous monitor-
ing, no A. astacus were caught in this location. The entire lake can be regarded as a suitable
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habitat for crayfish, even though most P. leniusculus were caught on the northern side. The
CPUE max of P. leniusculus in this location remained low, between 0.2 and 1.2, throughout
the sampling period (Figure 2f), indicating the presence of only a few P. leniusculus individ-
uals. It is possible that these CPUE values were affected by the frequency of checking the
traps, which were constantly kept in the water and checked twice per week. Nonetheless,
the pressure from test trapping has not been effective in eradicating P. leniusculus from
this water body. Considering these findings, we suggest that, besides trapping, additional
eradication measures such as biocidal and biological control could be considered to limit
their spread to other locations.

3.7. Estonian and Baltic Power Plant Outflow Channels

In the Baltic Power Plant (BPP) outflow channel (and Narva Water Reservoir) and
the Estonian Power Plant (EPP) outflow channel (and the Narva River), the population
density of Procambarus virginalis remained low, between <0.1 and 0.9, during the sampling
period (Table 3). The Narva Quarry (with outlet and Metskiila Stream) had an equally low
abundance (CPUE < 0.1) of Procambarus virginalis and A. astacus during the two years that
sampling was conducted (Table 3). Even though these low CPUE values of Procambarus
virginalis indicate a poorly established population (or presence of few crayfish individuals),
it is vital to keep monitoring these water bodies, as Procambarus virginalis reproduces
through parthenogenesis [18,20], and a single individual is sufficient to establish a new
population [70,71]. Therefore, the detection of even one Procambarus virginalis individual
may imply a serious threat to the native crayfish. The occurrence of A. astacus before the
discovery of Procambarus virginalis is unknown in the power plants’ outflow channels.

The cooling water that is used by the Estonian and Baltic Power Plants (EPP and BPP)
has been reported to raise the temperature of the surface water by an average of 7 °C [52].
The optimal thermal range of Procambarus virginalis has been shown to be between 18 °C and
25 °C [72], and they can survive and reproduce in low winter temperatures between 5.1 °C
and 9.5 °C [21]. Therefore, it is possible that the warmer temperatures in the BPP and EPP
outflow channels provide a suitable habitat for the growth and reproduction of Procambarus
virginalis. However, occasionally during the summer period, the temperatures can reach
to extreme levels, i.e., above 30 °C (we measured and recorded temperatures as high as
34.5 °C and 32.8 °C in the BPP and EPP outflow channels, respectively, in the summer of
2020), which may be fatal to Procambarus virginalis, lowering their population densities.

In 2020, members of Wildlife Estonia (a non-governmental organisation) caught twelve
Procambarus virginalis and four A. astacus individuals in the Narva Quarry and outlet using
ten crayfish traps. Our data later confirmed the co-existence of these two species during the
2021 test trappings conducted in the sampling location. While it may be possible that, in
2022, a few A. astacus individuals may have already been displaced by Procambarus virginalis
in this location, continuous trapping remains crucial in eradicating NICS. The CPUE max of
Procambarus virginalis in BPP increased from two to three between 2018 and 2019, followed
by a decrease to less than one during the subsequent sampling period (Figure 2f) possibly
due to trapping pressure. In EPP, the CPUE max of Procambarus virginalis remained low,
between 0.1 and 0.6, throughout the sampling period (Figure 2f).

3.8. General Observations

When the results are examined all together as a single case, this study demonstrates
that regardless of the NICS population dynamics in each sampling location, physical
control by trapping has a limited effect on population abundance and has limitations
as a monitoring tool. Our results indicate that trapping does not eradicate them, but it
slows down the spread and increase of the population densities (or individual numbers)
of P. leniusculus, F. limosus, and Procambarus virginalis. The CPUE max of NICS (apart from
that of F. limosus in Parnu River) slightly varied during the sampling period, possibly as
a result of trapping pressure or season of test trapping. Considering the mesh size of the
traps used, and the missing juvenile crayfish in traps, it seems that trapping acted more
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as a size selector [50,73]. Furthermore, it is possible that the increase in abundance was a
result of the speedy growth of the younger, untrapped individuals. These observations
imply that trapping only detected species (NICS and A. astacus) that were already well
established in the water body. However, early detection during the monitoring process is
critical for the effective control and eradication of invasive NICS and the conservation of
the endangered A. astacus species [30,50]. We suggest the adoption of molecular techniques
such as eDNA to supplement trapping in the monitoring of NICS in Estonia.

4. Conclusions

From 2008 to 2022, Pacifastacus leniusculus, Procambarus virginalis, and Faxonius limosus
detected in Estonia spread beyond their earlier detection or distribution areas. The pop-
ulation dynamics of these species within each sampling location remain different, with
slight changes in abundance, and in three locations, P. leniusculus and A. astacus coexist.
The population densities of P. leniusculus and Procambarus virginalis have remained low,
with slight variations over the years, while that of F. limosus slowly rose. The impact of
NICS on A. astacus has been devastating since they have already caused the extinction
of two A. astacus populations, despite the complexity in the case of Mustjogi River. Our
findings suggest that, as a monitoring tool, trapping has limitations, and as a control and
eradication method, it has only a little effect on the population abundance of NICS. For
the successful conservation of A. astacus and the effective control and eradication of NICS,
intensive trapping should continue simultaneously with sensitive molecular techniques to
monitor the spread of the invasive species. Future research on the distribution of NICS and
A. astacus populations using both tools will improve the conservation efforts of the only
native crayfish species in Estonia.
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