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HIGHLIGHTS GRAPHICAL ABSTRACT

Non-indigenous crayfish populations B) D)
seem saturated in Europe, not showing a
clear temporal trend.

We identified climatic, site-, and species-
specific predictors of abundance shifts.
The range-expansion of non-indigenous
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ABSTRACT

Europe has experienced a substantial increase in non-indigenous crayfish species (NICS) since the mid-20th century
due to their extensive use in fisheries, aquaculture and, more recently, pet trade. Despite relatively long invasion his-
tories of some NICS and negative impacts on biodiversity and ecosystem functioning, large spatio-temporal analyses of
their occurrences are lacking. Here, we used a large freshwater macroinvertebrate database to evaluate what informa-
tion on NICS can be obtained from widely applied biomonitoring approaches and how usable such data is for descrip-
tions of trends in identified NICS species. We found 160 time-series containing NICS between 1983 and 2019, to infer
temporal patterns and environmental drivers of species and region-specific trends. Using a combination of meta-
regression and generalized linear models, we found no significant temporal trend for the abundance of any species
(Procambarus clarkii, Pacifastacus leniusculus or Faxonius limosus) at the European scale, but identified species-specific
predictors of abundances. While analysis of the spatial range expansion of NICS was positive (i.e. increasing spread)
in England and negative (significant retreat) in northern Spain, no trend was detected in Hungary and the Dutch-
German-Luxembourg region. The average invasion velocity varied among countries, ranging from 30 km/year in
England to 90 km/year in Hungary. The average invasion velocity gradually decreased over time in the long term,
with declines being fastest in the Dutch-German-Luxembourg region, and much slower in England. Considering that
NICS pose a substantial threat to aquatic biodiversity across Europe, our study highlights the utility and importance
of collecting high resolution (i.e. annual) biomonitoring data using a sampling protocol that is able to estimate crayfish

abundance, enabling a more profound understanding of NICS impacts on biodiversity.

1. Introduction

Non-indigenous species can cause severe ecological and socioeconomic
impacts (IUCN World Commission on Protected Areas et al., 2000; IPBES,
2019), inducing changes to ecological communities and their functioning
(Vila et al., 2010). There is compelling evidence that non-indigenous spe-
cies are contributing to declines in native species and biodiversity in ecosys-
tems worldwide (Ricciardi et al., 2013; Bellard et al., 2016; Renault et al.,
2022), inducing environmental regime shifts (Brooks et al., 2004), and
increasing risks to human well-being (Ogden et al., 2019).

In particular, non-indigenous crustaceans are among the most success-
ful and harmful invaders globally (Holdich and P&ckl, 2007; Hénfling
et al., 2011; Wacker and Harzsch, 2021). Currently, twelve crustaceans
are listed among the “100 worst invasive species” in Europe (see Nentwig
et al., 2018; Supplementary Table 1). Of them, six North American crayfish
species — red swamp crayfish Procambarus clarkii, signal crayfish
Pacifastacus leniusculus, and spiny-cheek crayfish Faxonius limosus, are
known as “Old Non-Indigenous Crayfish Species” (Old NICS; Holdich
et al., 2009). These are included in the List of Invasive Alien Species of
Union concern linked to the EU Regulation 1143/2014 together with the
marbled crayfish Procambarus virginalis and virile crayfish F. virilis, both
belonging to the so-called “New NICS”. Recently, the rusty crayfish
F. rusticus has also been added to the list (2022) and other crayfish species
are under evaluation (EU, 2016; Tsiamis et al., 2021).

Following and driving the collapse of European crayfish species popula-
tions, Old NICS were extensively introduced to renew local fisheries, aqua-
culture and benefit the general public (e.g. providing aesthetic or new food
source) (Lodge et al., 2012). Nowadays, these species are widely distributed
on the continent (see e.g. Holdich et al., 2009; Kouba et al., 2014;
Oficialdegui et al., 2019). In addition, numerous New NICS, still with
restricted ranges, have appeared in European waters. Their introductions
are often associated with releases of pet trade animals (e.g. Cherax
quadricarinatus, Weiperth et al., 2020; Haubrock et al., 2021; Blaha et al.,
2022). Non-indigenous crayfish species have substantial and often impor-
tant consequences on local biodiversity (Lodge et al., 2000; Gherardi,
2007; Gherardi et al., 2011; Twardochleb et al., 2013; Madzivanzira
et al., 2022), triggering bottom-up and top-down effects that alter ecosys-
tem functioning by competing with species at multiple trophic levels, thus
modifying the natural stability of ecosystems and interaction with native
species (Angeler et al., 2001; Findlay et al., 2015; Ficetola et al., 2012;
Nilsson et al., 2012; Hansen et al., 2013). North American crayfish are par-
ticularly problematic due to their propensity to locally exhibit a dominant
influence in communities in their invaded ranges. This impact has been
attributed to their life-history traits (early maturation, high fecundity),

wide environmental tolerance, a lack of natural predators (Larson and
Olden, 2013; Pearl et al., 2013; Carvalho et al., 2022) and, among
other reasons, competing native crayfish (Pilotto et al., 2008; Holdich
et al., 2009), among other reasons. Thus, they have noticeable direct
and indirect effects on local communities (e.g., predation and competi-
tion) and the environment (extensive burrowing abilities, altered sedi-
ment dynamics; Faller et al., 2016; Liptdk et al., 2019; Sanders et al.,
2021; Vesely et al., 2021). Furthermore, some NICS are vectors of the
crayfish plague pathogen Aphanomyces astaci (Oomycetes) which is
fatal to crayfish species not native to North America (Martin-Torrijos
etal., 2021; Martinez-Rios et al., 2022), and exerts significant monetary
costs (Kouba et al., 2022).

Non-indigenous crayfish species present in Europe are known to
differ in their biology and ecology, including ability to spread, environ-
mental requirements, as well as invasion histories (among others; Kozak
et al., 2015; Vodovsky et al., 2017; Kouba et al., 2021). However,
despite localized long-term studies on NICS (Gherardi, 2007; Mathers
et al., 2020), information on large-scale and long-term trends of NICS,
as well as knowledge about environmental drivers or facilitating factors,
is scarce (Olden et al., 2006; Almeida et al., 2014, but see Moreira et al.,
2015; Souty-Grosset et al., 2016; Galib et al., 2021). Yet, while some
NICS like F. limosus and P. leniusculus will likely experience range con-
tractions from climatic changes (e.g. temperature increases; Capinha
et al., 2013), several NICS such as P. clarkii may benefit and expand
their range in certain areas (Zhang et al., 2020; Madzivanzira et al.,
2021; Ruokonen and Karjalainen, 2022). An increased understanding
of the biology and ecology of different crayfish species and how they
respond to spatial gradients (i.e. climatic conditions) or site-specific
characteristics (availability of shelter, water current velocities, etc.)
will help to explain: (i) long-term trends in crayfish invasions, (ii) spe-
cies or region-specific differences, and/or (iii) environmental variables
that can facilitate their success and future progression, including
spread. To this end, we used a large European database of time series
on macroinvertebrates collected from riverine freshwater ecosystems
(Haase et al., under review; Haubrock et al., 2022), and extracted abun-
dance data of NICS in Europe. We specifically asked: (1) if large-scale
biomonitoring data can effectively describe the dynamics of crayfish
based on presence and abundance data; and (2) if significant spatio-
temporal trends in NICS populations can be inferred from these data.
We expected a high variability of trends according to the species and
regions studied and consequently aimed to explain these using site-
specific characteristics. Lastly, we asked if (3) the data can be used to de-
scribe the dynamics of NICS populations (i.e. the number of occurrences
and the respective average invasion velocity) across invaded regions.
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2. Methods
2.1. Data collection

To investigate the presence of non-indigenous crayfish species (NICS)
in long-term biodiversity monitoring data and whether it can be used to
analyse occurrence and abundance trends in Europe, we used a recently
collated database containing 1816 macroinvertebrate community time
series from 22 European countries (Haase et al., under review). Time series
of macroinvertebrate species abundances were sampled with a constant
effort for a minimum of eight years (not necessarily continuous). Macroin-
vertebrate community sampling protocols varied between time series (i.e.
locations) but were consistent over time in each time series (Supplementary
Table 2). From the full database, we preselected time series following the
following filtering criteria: (1) repeated occurrences of at least n = 3
records within a time series; (2) at least 50 % of occurrences being contin-
uous observations over multiple years; (3) contained the abundance of
NICS. In total, we extracted 160 time series from nine countries (Fig. 1,
Supplementary Table 3; Supplementary Table 4) for a total of 449 annual
occurrences. These included only Old NICS (i.e. F. limosus, P. leniusculus,
and P. clarkii), as no New NICS were identified in our data. Time series
spanned a mean * SD of 20.1 * 8.2 years and contained 16 + 6.5 sam-
pling years and on average 12.82 *+ 8.4 crayfish occurrences between
1983 and 2019. From the 449 identified crayfish occurrences, 226
(50.3 %) were single occurrences, whereas 223 (49.6 %) belonged to
consecutive observations over multiple years (Supplementary Fig. 1),
with on average 2.2 (+1.7 SD) years without identified NICS in between.
We further identify the existence of lag-times in the reporting of NICS in
our data by comparing the first record of each species within each country
presented in our time series with the first record for each species in each
country using the Theory and Workflows for Alien and Invasive Species
Tracking (STWIST, Seebens et al., 2021) and CABI (www.cabi.org/isc;
CABI, 2022).
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2.2. Meta-regression modelling of European trend

We used a meta-regression approach to identify a potential overall
‘European trend’ in raw abundances of observed NICS and each species
individually. Meta-regression allows for the synthesis of information in
independent time series (Koricheva et al., 2013) and is considered more
effective than comparable analyses of variance and meta-analytical
approaches (Vietchbauer, 2010; Gallardo et al., 2016). We used the meta-
regression approach implemented in the rma.mv function of the metafor R
package (Vietchbauer, 2010), using the Mann-Kendall trend test (S-statis-
tics) and its respective variance as an effect size for the models (Hamed
and Rao, 1998; Maire et al., 2019; Pilotto et al., 2020). The effect sizes
were extracted for each time series and combined in meta-regression
models to obtain the overall effect size (i.e. trend) and confidence interval
(CD. The effect size from each time series was weighted by the inverse of
its variance, which is roughly proportional to sample size (Borenstein
et al., 2021). We also calculated the heterogeneity (i.e. the proportion of
total variance attributable to differences between time series) of each
meta-regression model (). Weran a meta-regression model based on the
raw abundances of each individual crayfish invader within the time series
in which it was detected in = 3 years. In addition, two time series including
F. limosus and three including P. leniusculus were removed due to insuffi-
cient variance in the abundance within the respective time series
(Borenstein et al., 2021).

2.3. Analyzing trends in crayfish populations across space and time

To investigate which predictors may explain the relative abundance of
NICS on time series available and of each species respectively — and thus
if the population size of these species in the invaded communities changed
over time — we used generalized linear models (GLMs) using the glm.nb
function of the MASS R package (Ripley et al., 2013). For this, we calculated
the relative abundance of each species in each community as the

.\\ o
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500 1000 km

|. Procambarus clarkii @ Faxonius limosus @ Pacifastacus Ieniusculusl Y

Fig. 1. Location of European time series with recorded NICS in our database. Numbers indicate the first record in each country according to the sTWIST database (Seebens
etal., 2021), Machino (2000) for P. leniusculus in Luxembourg, and Moreira et al. (2015) for P. clarkii in Portugal. The countries which contain time series are highlighted in

pink.
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percentage of the abundance of all sampled individuals. Given that the sam-
pling method and thus the effort may have differed between time series
(but was consistent within each time series), using the relative abundances
of Old NICS within each community enables the analysis of trends over
time, including only those time series in which Old NICS were recorded
in =3 years. We inspected the respective residual distribution of all models
visually using histograms and selected a negative binomial distribution
with a log-link that proved to be the most suitable distribution. Hence,
each model consisted of the invader's relative abundance as the response var-
iable and the eight variables (two climatic, five spatial, and one temporal-
year) as predictor variables (see below and Supplementary Table 5). We
further note that the effect of the number of time series in each year was
close to zero and thus, omitted from the final model.

2.4. Extraction of predictors

We investigated the influence of two climatic variables (temperature
and precipitation) and five site-specific characteristics (instream barriers,
elevation, stream slope, Strahler stream order and distance to outlet) on
the relative abundance of NICS (Supplementary Table 4). We extracted
mean daily temperature and total daily precipitation (as a proxy for runoff
and availability of water) data from a gridded European-scale observation-
based dataset for each year and site (spatial resolution: 0.1°; Cornes et al.,
2018) to estimate the average temperature and precipitation of the 12
month period prior to each site's sampling event. For each site, distance
to the nearest upstream barrier was extracted from the Global Reservoir
and Dam Database v1.3, and elevation was determined using the MERIT
Hydro digital elevation model (Yamazaki et al., 2019) using the
Hydrography90m dataset that delineates stream channels at 90 m spatial
resolution including a high density of headwater streams (Amatulli et al.,
2022). Three site-specific variables were computed using GRASS GIS func-
tions (Jasiewicz and Metz, 2011; GRASS Development Team, 2017): stream
slope and Strahler order, using the r.stream.slope function (Jasiewicz and
Metz, 2011); and the downstream distance to the outlet was calculated
with the r.stream.distance function (Jasiewicz and Metz, 2011).

2.5. Analyzing regional invasion dynamics

Invasion dynamics can differ substantially between species and geo-
graphic regions (Haubrock et al., 2022; Soto et al., 2023). In order to assess
temporal change in the number of NICS populations, we analyzed changes
in the number of occurrences (i.e. the number of invaded sites) over time.
We analyzed observations in northern Spain (in particular, the Basque Coun-
try), the Dutch-German-Luxembourg region, England, and Hungary indepen-
dently, as our data clustered in these locations (see Fig. 1). For this, we
included the first year of observation of an NICS within each time series,
including those with <3 sampled years. Each model consisted of the number
of NICS observations as response and the respective year as predictor.

To estimate the average invasion velocity (km/year) of NICS in each
respective region (Spain, Dutch-German-Luxembourg, England, Hungary),
we used all records of NICS within our data and computed the great-
circle distances between the first invaded site and successively invaded
sites in subsequent years using site GPS coordinates. The invasion velocity
does not distinguish between species dispersal and anthropogenic translo-
cation and the estimated range expansion of NICS can be the result of either
or both processes. The average invasion velocity (km/year) was estimated
by computing the average displacement (i.e., total displacement in a
given year divided by the total no. of occurrences in that year) over time.
A Pareto distribution was fitted against estimated average invasion velocity
for each country/region, given by:

V(t):v0(1+£)_a70 > 0,a >0

where v, is the initial velocity at t = 0 (corresponding to the following year
after the year of the first record, because two time points are required to
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estimate increments velocity), o is a curve scaling parameter, and a is a
curve shape parameter. Distribution parameters were determined from
curve fitting using the non-linear regression tool Isqcurvefit in Matlab,
where a determines the rate of decay in the end tail, i.e., larger a corre-
sponds to a faster decrease in average invasion velocity over time.

3. Results

Within the 160 time series in which non-indigenous crayfish species
(NICS) were recorded between 1983 and 2019, we identified three NICS:
Pacifastacus leniusculus (n = 85), Faxonius limosus (n = 66) and
Procambarus clarkii (n = 18). Nine time series included more than one
NICS. Faxonius limosus was detected in the first year (1983) of a time series
from Germany, then P. clarkii and P. leniusculus were first detected in north-
ern Spain, in 1994 and 1995, respectively. There was a considerable incon-
gruence between the first observations of NICS in our data and their
respective first record in the invaded countries, ranging from 2 years in
the case of P. leniusculus in the Netherlands to 88 years in the case of
F. limosus in France and Germany (Supplementary Table 6). The sampling
methods varied between time series. Of them, the vast majority of the
occurrences were sampled using Kicknet and UK RIVPACS protocol (N =
131 in both cases). In addition, considering all time series from countries
for which NICS populations were confirmed (n = 160), we found that
those time series that contained abundances of NICS were collected using
the same sampling procedures as those not having recorded any NICS,
except for the Ekman grabs (n = 2), Germany MHS (n = 5), and Indice
Biologique Global Normalisé (IBGN; n = 299) sampling schemes, accord-
ing to which no NICS was identified (Supplementary Fig. 2). Most time
series with NICS were from England (n = 48), Germany (n = 32), northern
Spain (n = 27) and Hungary (n = 19), and fewer were from the
Netherlands (n = 11), Sweden (n = 11), France (n = 6), Luxembourg
(n = 4), and Portugal (n = 2; Supplementary Table 2).

3.1. Meta-regression modelling of European trends

The raw abundance (i.e., the recorded abundance during a sampling
event) of each crayfish species ranged between 1 and 78 individuals of
P. clarkii (mean + SD: 9.7 = 14.2), 1-22 individuals of F. limosus (2.7 +
3.7), and 1-30 individuals P. leniusculus (3.6 + 4.7) per sample. Fifty-two
time series (P. clarkii: n = 8; F. limosus: n = 11; P. leniusculus: n = 33
were of sufficient length (n = 3 sampled years with crayfish) for trend anal-
ysis (Supplementary Table 7). The meta-regression model identified no
overall trend in raw abundance for any species (all, p > 0.14); comprising
25 positive and 26 negative overall relationships, of which 4 were positive
and 4 negative for P. clarkii, 14 were positive and 16 negative for
P. leniusculus, and 5 were positive and 6 negative for F. limosus (Fig. 2;
Supplementary Table 8). The I? of each model varied between <0.01 and
34.49 % (Fig. 2).

o= 22.30%i n = 52)

Overall trend

Procambarus clarkii (P = 12.66%; n = 8)

Pacifastacus leniusculus (< 0.01%; n = 33)

/2
P>

(P = 34.49%; n = 11)

Faxonius limosus @

-3.0 -2.5 -2.0 -15 -1 -0.5 0.0 0.5 1.0 1.5
Estimate (S-Statistics)

Fig. 2. Slopes (dots; mean trend estimate S-statistics and bars; CI) from the meta-
regression model applied to the raw abundances for each species. The differences
among time series (I°) and number of time series included per species (n).
The black diamond represents the overall trend in non-indigenous crayfish species
abundance.
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3.2. Trends in crayfish across space and time

Relative abundance was comparable for all NICS species, with
F. limosus, P. leniusculus and P. clarkii contributing 0.6 + 1.9 %, 0.6 =
1.6 % and 0.5 * 0.9 %, of the sampled communities, respectively. Consid-
ering all 160 time series, we identified no temporal European-trend in the
overall relative abundance of crayfish within the invaded macroinverte-
brate communities (estimate = SD; 0.01 = 0.01; p > 0.45; Fig. 3a). Precip-
itation, elevation, and distance to the nearest upstream barrier were
negatively associated, and distance to the river's outlet was positively asso-
ciated with the relative abundance of NICS when explaining differences
across sites (p < 0.01; Supplementary Table 9). The relative abundance of
each individual crayfish species remained stable over time (GLM; p =
0.15; Fig. 3b-d). For P. clarkii, elevation had a significant positive effect
and distance to the next upstream barrier had a significant negative effect
on relative abundance (p < 0.05). The relative abundance of F. limosus
decreased with increasing temperature (p < 0.01; Supplementary Fig. 3).
The relative abundance of P. leniusculus was negatively affected by both
the distance to the nearest upstream barrier (p < 0.01) by the site's slope
(p = 0.05), and responded positively to both Strahler order (p < 0.01)
and distance to outlet (p = 0.01; see Supplementary Table 9).

3.3. Analyzing regional invasion dynamics

We identified 83 occurrences (P. clarkii, n = 34; P. leniusculus, n = 49)
within the 27 northern Spain time series between 1994 and 2011. There
were 103 occurrences within the 47 Dutch-German-Luxembourg time
series (P. leniusculus, n = 15, F. limosus, n = 88) between 1983 and 2019,

5[

in communities (%)

Proportion of all species
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—
—
— —
——___
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but the largest number of occurrences were in England with 155 occur-
rences in 48 time series between 1996 and 2019; all P. leniusculus.
Hungary recorded the lowest number of occurrences (n = 30) from 19
time series between 2008 and 2017. In northern Spain, the number of
sites newly invaded by crayfish (namely P. clarkii and P. leniusculus)
declined over time (p = 0.02), whereas in England, site numbers increased,
reflecting invasion by P. leniusculus (p < 0.01; Fig. 4). Trends in Hungary
and the Dutch-German-Luxembourg region were positive, albeit non-
significant (p > 0.07; Fig. 4; Supplementary Table 10).

Crayfish average invasion velocities were well described by a Pareto
distribution, with R? > 0.9 in all cases. Estimated initial velocities varied
across countries, being fastest (89.9 km/year) in Hungary and slowest in
England (30.2 km/year). In all cases, average invasion velocity declined
gradually over time; however, the rate of long-term decline differed across
countries, being fastest in Dutch-German-Luxembourg region (a = 0.94)
and slowest in England (o = 0.34) (Fig. 5).

4. Discussion

The expansion of non-indigenous crayfish species (NICS) in Europe is a
major concern due to their impacts on invaded ecosystems, which can
occur across all trophic levels (Peay, 2009; Holdich et al., 2017; Patoka
etal., 2018). Although the available time series covered only a minor subset
of the currently known distribution of NICS in Europe (Supplementary
Fig. 4), we identified a notable presence for three Old NICS in nine coun-
tries, namely from Pacifastacus leniusculus, Procambarus clarkii, and Faxonius
limosus. However, we did not identify an overall trend in raw and relative
abundances of these NICS across data available. On the other hand, we

b)

Proportion of P. clarkii
in communities (%)

d)

Proportion of P. leniusculus
in communities (%)

1 I 1
2000 2010 2020

Year

1
1990

Fig. 3. Trends in the relative abundance of a) all species, b) Procambarus clarkii, ¢) Faxonius limosus and d) Pacifastacus leniusculus over time as estimated by the applied

Generalized Linear Model. Dashed lines represent non-significance (p > 0.05).
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established region-specific invasion dynamics patterns, as trends in the
number occurrence of NICS observations and regional average invasion
velocity varied across regions. Ultimately, we found site and region-
specific characteristics to affect NICS differently.

4.1. Obtaining data from biomonitoring data

A lack of sufficiently long biomonitoring data has often limited the
investigation of spatio-temporal trends in invasive species, including
crayfish (Brockerhoff and McLay, 2011; Almeida et al., 2014; Sor, 2017).
In this study, we found time series recording NICS were mainly restricted
to four European regions, including a small cluster in the Basque Country
(northern Spain). Unfortunately, some regions with well-established NICS
populations, e.g., Scandinavian countries, France, southern Spain, and
Italy, were poorly covered in our data set (but see Sandstrom et al., 2014;
Henttonen and Huner, 2017; Oficialdegui et al., 2020). At the same time,
we found that most biomonitoring approaches (foremost RIVPACS, kicknet,
and DIN 8410; see Supplementary Table 2 for explanation of the methods)
applied between 1983 and 2019 contained occurrences and abundances of
NICS, raising concerns why NICS were detected at some sites, but not others
despite the same sampling methodology. This is in line with previous
research which questioned the capability of these approaches in detecting
and reporting NICS (Gallagher et al., 2006; see Supplementary Note 1).

We further found the occurrence of NICS in our time series to diverge
from the respective invader's first national report, which likely originated
from geographic distances between the site of first introduction in
especially large countries (e.g. Spain, where the first national record was
in the south-west whereas our time series is in the north; see Supplementary
Material in Oficialdegui et al., 2020). Half of NICS observations were non-
continuous occurrences (50.33 %), where most data gaps were due to
non-reporting or non-detections (83.20 %) and only 16.80 % due to
non-continuous sampling. This suggests that, in light of the resilience of
invasive crayfish populations to external stressors (e.g. pollution)
(Gherardi et al., 2011; Nunes et al., 2017), gaps may present false negatives
(e.g., due to small population sizes not being easy to detect or site charac-
teristics affecting the success of sampling efforts) whose filling may possi-
bly modify identified trends (e.g. in Germany, due to scarce continuous
occurrences; see Supplementary Fig. 1). We find the identified presence
of NICS to likely be highly underestimated. The possibility that NICS
were not identified (Maitland and Adams, 2001) indicates that Old NICS
may occur in many more regions. This further suggests that NICS could
cause staggering biodiversity losses that may incorrectly not be attributed
to NICS. It should therefore be noted that a combination of traditional
sampling using baited traps over a predetermined period and commonly
utilized sampling techniques for long term biomonitoring would provide
a more robust estimate of NICS abundances (Gladman et al., 2010; Larson
and Olden, 2016). Considering that sampling protocols were consistent
within each time series, this allowed us to effectively compare site-
specific trends, although it prohibited us to directly compare raw abun-
dances between time series.

4.2. Temporal trends in non-indigenous crayfish species

Regarding our first hypothesis, we found that data on both crayfish
presence and abundance obtained from large-scale biomonitoring efforts
can describe the dynamics of crayfish. In northern Spain for instance,
despite having identified indications of a retreating presence of NICS —
possibly indicative of a population's ‘bust’-phase (see Strayer et al., 2017)
— the relative abundance of NICS contributed <2.5 % of the overall
community abundance, despite their capacity to reach high densities
(Gherardi and Holdich, 1999; Usio et al., 2009). In contrast, the relative
weight per capita of crayfish may be high compared to other macroinverte-
brates (= 80 % of overall community biomass; Momot, 1995; Nystrom
et al., 2001; Neveu, 2009). The relative stability in all species raw and
relative abundance therefore suggests that both distribution and presence

Science of the Total Environment 867 (2023) 161537

of NICS remained constant, underlining their wide tolerance towards
diverse environmental conditions (Holdich et al., 2009; Kouba et al., 2010).

Highlighting the importance of large-scale, long-term datasets when
investigating biological invasions (Seebens et al., 2017; Pysek et al.,
2020), the absence of overall and species-specific identifiable trends
could also reflect the limitation of our data set, where the most recent
time series begin in 2012 and all of them end in 2019 representing an arte-
fact of the data set. In addition, NICS were not the main aim of the macro-
invertebrates monitoring and thus some sampling methods could be biased
against this taxonomic group (Gallagher et al., 2006). Both climatic predic-
tors, precipitation and temperature, were associated with the relative abun-
dance of NICS. Both precipitation and temperature tolerances affect habitat
suitability for crayfish, and may thus alter their distribution and success as
an invader. Crayfish are sensitive to increasing temperatures (Lowe et al.,
2010; Westhoff and Rosenberger, 2016) and climate change is thus
expected to result in range shifts and contractions (Capinha et al., 2012,
2013; Gallardo and Aldridge, 2013; Zhang et al., 2020). Positive and
negative deviations from average precipitation can affect, for example,
reproductive rates and total abundances, as well as quality of shelters or
burrows (McClain, 2013; Kouba et al., 2016). Spatially, we found that the
relative abundance of P. leniusculus and P. clarkii and the overall crayfish
abundance increased with proximity to an upstream barrier. The distance
to an upstream barrier suggests that these human alterations have substan-
tial ecological impacts on riverine ecosystems, e.g. by decreasing native
species' abundance (Gherardi, 2007) or increasing the number of crayfish
introductions due to greater human access and recreational activities
that often lead to the introduction of NICS (Banha and Anastacio, 2015;
Beran and Petrusek, 2006; DiStefano et al., 2009), thereby functioning as
“stepping stones” for range extensions (Muirhead and Maclsaac, 2005;
Johnson et al., 2008; Barnett and Adams, 2021). Indeed, while dams aim
to prevent further invasions by limiting the upstream movement, they in-
crease the abundance of NICS in areas closer to these barriers (Krieg and
Zenker, 2020). Yet, barriers such as dams are inefficient in limiting the up-
stream spread of some NICS because the species can migrate over land as
reported for the three study crayfish species (Robinson et al., 2019; Krieg
and Zenker, 2020; Santos et al., 2021). This confirms other studies showing
the effects of impoundments to positively affect crayfish assemblages (e.g.
flow regime alteration in regulated sites by dams facilitate the establish-
ment and spread of P. leniusculus; Light, 2003; Barnett et al., 2022).

The relative abundance of P. clarkii populations in south-western
Europe increased with elevation in our study — which contradicts other
studies that found opposite patterns (e.g. in Catalonia; Maceda-Veiga
etal., 2013). This result was probably associated by 16 out of 18 time series
being in the Basque Country (northern Spain), as lower elevated sites are
generally more exposed to human activities and increase of pollution and
suggesting that crayfish are using higher elevation habitats as refuges
from agriculture and climate change (Bland, 2017). This result contrasts
with the negative effect found in the overall trend for all species led by
P. leniusculus and F. limosus higher relative abundances in lower elevations
although wider environmental tolerances of invasive species may occur at
different elevations (Pearl et al., 2013). Despite this, distance to outlet pos-
itively predicted abundance trends in overall crayfish. This is particularly
true for the abundance trend of P. leniusculus, which was not present in
areas close to outlets and brackish water (Anastacio et al., 2015; Moreira
et al., 2015; Filipe et al., 2017). The capacity of large rivers to support
high crayfish population densities may differ between species and local
specific conditions. P. leniusculus was the species with our predictors (i.e.
Strahler order, slope of stream, distance to the next barrier and distance
to the outlet) displaying highest explanatory power. We observed an
increase in the abundance of P. leniusculus as to increasing stream order
and distance to the outlet, while we found a decline due to increasing
slope and distance to the next barrier. High discharge events can facilitate
downstream dispersal of crayfish. However, P. clarkii might be more
resistant to discharge-driven downstream dispersal, exhibiting more
upstream-directed movements than other NICS such as P. leniusculus
(Bernardo et al., 2011; Dragicevi¢ et al., 2020).
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4.3. Geographic trends of non-indigenous crayfish species

Trends in the number of sites invaded by crayfish populations differed
among countries, increasing in England (100 % P. leniusculus) and much
of it decreasing in northern Spain (59 % P. clarkii; 41 % P. leniusculus),
which is in line with our second hypothesis that spatio-temporal trends in
NICS populations can be inferred from long term biomonitoring data. A
declining trend in northern Spain is surprising, indicating that fewer sites
are invaded over time, indicating that the analysis of large-scale data may
mask regional or species-specific trends. These findings may be attributed
to data limitations as the number of available time series was limited, but
also restoration efforts in the past, natural fluctuations of crayfish popula-
tions (Charlebois and Lamberti, 1996; Ngulo and Grubbs, 2010), adapta-
tion of native predators such as birds or fishes (Haubrock et al., 2018), as
well as a natural retraction in NICS in the studied region (Hein et al.,
2007; Gherardi et al., 2011; Larson et al., 2019). However, also due to the
growing concern of regional governments to protect local aquatic biodiver-
sity, several NICS control and eradication programs have been carried out
in the nearby areas (Alcorlo and Diéguez-Uribeondo, 2014; Alonso et al.,
2000; Vedia and Miranda, 2013).

Although crayfish have species-specific dispersal capacities e.g.
upstream or overland dispersal (Bubb et al., 2004), their spread is mostly
linked to human activities (i.e. angling bait, fishery production, and the
pet trade). As such, an increasing trend in the occurrence of crayfish most
likely reflects an increasing spatial connectivity through intensified
human-mediated transport (Jussila et al., 2015). However, we only
observed a significant increase in the occurrence of P. leniusculus in
England. A steep increase in the number of occurrences in Hungary (90 %
F. limosus; 10 % P. leniusculus) was not significant, likely due to a single
short (9-year) time series being too limited to identify consistent patterns.
However, NICS have been present in Hungary since the beginning of 20th
century (Ludanyi et al., 2016; Mozsér et al., 2021), making our observa-
tions a snapshot of their actual presence.

4.4. Average invasion velocity

The respective years in which the studied NICS were introduced to stud-
ied European countries (P. clarkii: 1973-89; P. leniusculus: 1959-98;
F. limosus: 1895-1985; Seebens et al., 2021) suggest that local invasions
have preceded their respective detection in our data. Despite this, we
found that trends in the number of occurring populations and consequently
average invasion velocity differed across regions. While regional differ-
ences in observed trends may be linked to differences in the respective
non-indigenous species (e.g., their population densities and behavior),
resource overlap with other crayfish species (Kuhlmann and Hazelton,
2007; Pintor et al., 2008; Chucholl, 2016), habitat characteristics (Wooster
et al., 2012; Galib et al., 2022), or differences in human-mediated dispersal
intensity (i.e. propagule pressure due to illegal bucket transport by fisher-
men; Souty-Grosset et al., 2006; Holdich et al., 2009) are the most likely
explanations. Cultural and socio-economic differences lead to varying per-
ceptions of the threat posed by NICS. This can influence governmental
stances on its willingness to conduct (as well as fund) the management of
NICS (Gherardi et al., 2011; Patoka et al., 2018), contributing to the widely
differing averages in invasion velocity.

The increasing occurrence of P. leniusculus in England may be due to
numerous introductions of P. leniusculus for crayfishing (Ackefors, 2017),
being well established and widespread in England and thus the lack of
new niches available to invade explain the lower average invasion velocity
in England. In addition, this could be also partially explained by a low avail-
ability of time series (n = 48) paired with a lower degree of canalization
compared to the European mainland as its smaller canals are not used for
international or industrial shipping (Stubbington et al., 2008). It is further-
more possible that most of our time series largely represented populations
after a possible local “boom” phase (see Sandstrom et al., 2014; Strayer
et al., 2017; Larson et al., 2019; Perales et al., 2021). Populations within
the “boom” phase likely exhibit local range expansions (Strayer et al.,
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2017; Larson et al., 2019), promoting the establishment of successive
populations (Strayer et al., 2017), which is emphasized in our data by the
appearance of multiple isolated occurrences of NICS at sites near previously
invaded sites.

Moreover, we identified average invasion velocity between 30 and
90 km/year over our time series, which represents a plausible estimate.
Pacifastacus leniusculus, for instance, actively moves downstream (Bubb
et al., 2004), while P. clarkii was shown to migrate upstream several
kilometres in one day through water (Kerby et al., 2005; Bernardo et al.,
2011). This ability to move rapidly within rivers demonstrates NICS'
spreading ability, and thus, explains their invasion success (Bubb et al.,
2004; Bufic et al., 2009a, 2009b). Yet, besides their high natural spread
ability (Liptak et al., 2016), human-mediated transport likely remains the
dominant way of their dispersal, particularly the long-distance ones
(Holdich et al., 2009; Acevedo-Limén et al., 2020; Oficialdegui et al.,
2020). We, therefore, find that biomonitoring data can — in line with our
third hypothesis — be used to describe the dynamics of NICS populations,
including the number of occurrences and the average invasion velocity
across invaded regions. This information can be useful for understanding
the spread and impacts of NICS and for developing strategies to manage
their populations.

5. Conclusion

Our study highlights the possibility of characterizing crayfish popula-
tions and respectively their trends using standard macroinvertebrate bio-
monitoring methods (e.g. kick sampling). Considering the often locally
high abundances of NICS, our results suggest that observed abundances
as well as occurrences may be highly conservative, as they are unlikely to
be observed and assessed adequately using such methods alone (Haase
et al., 2004). This nevertheless underlines the need to rethink long-term
biomonitoring and use much broader, more inclusive approaches (such as
environmental DNA; Tréguier et al., 2014), or approaches which as a min-
imum include either time and cost-intensive standardizable trapping efforts
that effectively catch crayfish (such as funnel traps; Larson and Olden,
2016, but see Green et al., 2018), or incorporate hand searches of possible
hiding places and shelters. Secondly, we identified highly complex tempo-
ral and spatial trends, with several species-specific and region-specific
drivers. In particular, we found that Europe-wide trends masked regional
— or species-specific trends, emphasizing the need to investigate invasion
patterns at smaller scales. Concomitantly, recognizing that overarching
invasion patterns can obscure regional or species-specific dynamics
remains crucial, as understanding invasions at the local and regional scale
enable managers and stakeholders to prioritize efforts to reduce potential
impacts and limit spread. Due to the large impacts of invasive crayfish in
rivers and the increasing number of abundant invasive populations,
assessing biodiversity and stream quality without a correct interpretation
of this taxonomic group could lead to erroneous and misleading results.
As such, trends in biodiversity and stream quality will likely be attributed
to various stressors, yet neglecting the impacts of invasive species (Bellard
etal., 2016). This could eventually result in wrong decisions in developing
conservation strategies and resources utilized to address the wrong
stressors, thus minimising the effectiveness of i.e. conservation efforts
(Tockner et al., 2010).

CRediT authorship contribution statement

Ismael Soto: Methodology, Formal analysis, Data curation, Investiga-
tion, Visualization, Writing - original draft, Writing — review & editing.
Danish A. Ahmed: Conceptualization, Formal analysis, Writing — original
draft, Writing — review & editing. Ayah Beidas: Conceptualization, Formal
analysis, Writing — original draft, Writing — review & editing. Francisco J.
Oficialdegui: Resources, Writing — review & editing. Elena Tricarico:
Resources, Writing — review & editing. David G. Angeler: Resources,
Writing — review & editing. Giuseppe Amatulli: Resources, Writing —
review & editing. Elizabeta Briski: Resources, Writing — review & editing.



I Soto et al.

Thibault Datry: Resources, Writing — review & editing. Alain Dohet:
Resources, Writing — review & editing. Sami Domisch: Resources, Writing —
review & editing. Judy England: Resources, Writing — review & editing.
Maria J. Feio: Resources, Writing — review & editing. Maxence Forcellini:
Resources, Writing — review & editing. Richard K. Johnson: Resources,
Writing — review & editing. J. Iwan Jones: Resources, Writing — review
& editing. Aitor Larrafiaga: Resources, Writing — review & editing. Lionel
L'Hoste: Resources, Writing — review & editing. John F. Murphy:
Resources, Writing — review & editing. Ralf B. Schéfer: Resources,
Methodology, Supervision, Writing — review & editing. Longzhu Q.
Shen: Resources, Writing — review & editing. Antonin Kouba: Conceptual-
ization, Supervision, Writing — original draft, Writing — review & editing.
Phillip J. Haubrock: Conceptualization, Supervision, Data curation, Meth-
odology, Visualization, Writing - original draft, Writing — review & editing.

Data availability

Data will be made available on request.

Declaration of competing interest

The authors declare that they have no known competing financial inter-
ests or personal relationships that could have appeared to influence the
work reported in this paper.

Acknowledgements

This study was supported by the Grant Agency of the University of
South Bohemia, project number 065/2022/Z. AL was supported by the
Spanish Ministry of Science and Education through the project PID2020-
115830GB-100.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.161537.

References

Acevedo-Limén, L., Oficialdegui, F.J., Sdnchez, M.1., Clavero, M., 2020. Historical, human,
and environmental drivers of genetic diversity in the red swamp crayfish (Procambarus
clarkii) invading the Iberian Peninsula. Freshw. Biol. 65 (8), 1460-1474.

Ackefors, H., 2017. The positive effects of established crayfish introductions in Europe.
Crayfish in Europe as Alien Species. Routledge, pp. 49-60.

Alcorlo, P., Diéguez-Uribeondo, J., 2014. El cangrejo sefal y el declive de las poblaciones de
cangrejo autéctono. Ambienta 109, 52-61.

Almeida, D., Ellis, A., England, J., Copp, G.H., 2014. Time-series analysis of native and non-
native crayfish dynamics in the Thames River Basin (south-eastern England). Aquat.
Conserv. Mar. Freshwat. Ecosyst. 24 (2), 192-202. https://doi.org/10.1002/aqc.2366.

Alonso, F., Temiio, C., Diéguez-Uribeondo, J., 2000. Status of the white-clawed crayfish,
Austropotamobius pallipes (Lereboullet, 1858), in Spain: distribution and legislation. Bull.
Fr. Péche Piscic. 356, 31-53. https://doi.org/10.1051/kmae:2000003.

Amatulli, G., Garcia Marquez, J., Sethi, T., Kiesel, J., Grigoropoulou, A., Ublacker, M.,
Domisch, S., 2022. Hydrography90m: a new high-resolution global hydrographic dataset.
Earth Syst. Sci. Data Discuss., 1-43 https://doi.org/10.5194/essd-14-4525-2022.

Anastacio, P.M., Banha, F., Capinha, C., Bernardo, J.M., Costa, A.M., Teixeira, A., Bruxelas, S.,
2015. Indicators of movement and space use for two co-occurring invasive crayfish spe-
cies. Ecol. Indic. 53, 171-181. https://doi.org/10.1016/j.ecolind.2015.01.019.

Angeler, D.G., Sanchez-Carrillo, S., Garcia, G., Alvarez-Cobelas, M., 2001. The influence of
Procambarus clarkii (Cambaridae, Decapoda) on water quality and sediment characteris-
tics in a spanish floodplain wetland. Hydrobiologia 464 (1), 89-98. https://doi.org/10.
1023/A:1013950129616.

Banha, F., Anastécio, P.M., 2015. Live bait capture and crayfish trapping as potential vectors
for freshwater invasive fauna. Limnologica 51, 63-69. https://doi.org/10.1016/j.limno.
2014.12.006.

Barnett, Z.C., Adams, S.B., 2021. Review of dam effects on native and invasive crayfishes illus-
trates complex choices for conservation planning. Front. Ecol. Evol. 8, 621723. https://
doi.org/10.3389/fev0.2020.621723.

Barnett, Z.C., Adams, S.B., Hoeksema, J.D., Easson, G.L., Ochs, C.A., 2022. Effects of impound-
ments on stream crayfish assemblages. Freshw.Sci. 41 (1), 125-142. https://doi.org/10.
1086/719051.

Bellard, C., Cassey, P., Blackburn, T.M., 2016. Alien species as a driver of recent extinctions.
Biol. Lett. 12 (2), 20150623. https://doi.org/10.1098/rsbl.2015.0623.

Science of the Total Environment 867 (2023) 161537

Beran, L., Petrusek, A., 2006. First record of the invasive spine-cheek crayfish Orconectes
limosus (Rafinesque, 1817)(Crustacea: Cambaridae) in the Bohemian Forest (South Bohe-
mia, Czech Republic). Silva Gabreta 12 (3), 143-146.

Bernardo, J.M., Costa, A.M., Bruxelas, S., Teixeira, A., 2011. Dispersal and coexistence of two
non-native crayfish species (Pacifastacus leniusculus and Procambarus clarkii) in NE
Portugal over a 10-year period. Knowl. Manag. Aquat. Ecosyst. 401, 28. https://doi.
0rg/10.1051/kmae/2011047.

Blaha, M., Weiperth, A., Patoka, J., Szajbert, B., Balogh, E.R., Staszny, A., Ferincz, A., Lente,
V., Maciaszek, R., Kouba, A., 2022. The pet trade as a source of non-native decapods:
the case of crayfish and shrimps in a thermal waterbody in Hungary. Environ. Monit.
Assess. 194 (10), 795. https://doi.org/10.1007/s10661-022-10361-9.

Bland, L.M., 2017. Global correlates of extinction risk in freshwater crayfish. Anim. Conserv.
20 (6), 532-542. https://doi.org/10.1111/acv.12350.

Borenstein, M., Hedges, L.V., Higgins, J.P., Rothstein, H.R., 2021. Introduction to Meta-
analysis. John Wiley & Sons.

Brockerhoff, A., McLay, C., 2011. Human-mediated spread of alien crabs. In the Wrong Place-
Alien Marine Crustaceans: Distribution, Biology and Impacts. Springer, Dordrecht,
pp. 27-106. https://doi.org/10.1007/978-94-007-0591-3 2.

Brooks, M.L., D'antonio, C.M., Richardson, D.M., Grace, J.B., Keeley, J.E., DiTomaso, J.M.,
Pyke, D., 2004. Effects of invasive alien plants on fire regimes. Bioscience 54 (7),
677-688. https://doi.org/10.1641/0006-3568(2004)054 [0677:EOIAPO]2.0.CO;2.

Bubb, D.H., Thom, T.J., Lucas, M.C., 2004. Movement and dispersal of the invasive signal
crayfish Pacifastacus leniusculus in upland rivers. Freshw. Biol. 49 (3), 357-368.
https://doi.org/10.1111/j.1365-2426.2003.01178 x.

Bufi¢, M., Kouba, A., Kozak, P., 2009a. Spring mating period in Orconectes limosus: the
reason for movement. Aquat. Sci. 71 (4), 473-477. https://doi.org/10.1007/s00027-
009-0102-6.

Bufi¢, M., Kozék, P., Kouba, A., 2009b. Movement patterns and ranging behavior of the
invasive spiny-cheek crayfish in a small reservoir. Arch. Hydrobiol. 1744, 329-337.
CABI, 2022. Invasive Species Compendium. CAB International, Wallingford, UK. www.cabi.

org/isc.

Capinha, C., Anastacio, P., Tenedério, J.A., 2012. Predicting the impact of climate change on
the invasive decapods of the iberian inland waters: an assessment of reliability. Biol.
Invasions 14 (8), 1737-1751. https://doi.org/10.1007/s10530-012-0187-z.

Capinha, C., Larson, E.R., Tricarico, E., Olden, J.D., Gherardi, F., 2013. Effects of climate
change, invasive species, and disease on the distribution of native European crayfishes.
Conserv. Biol. 27 (4), 731-740. https://doi.org/10.1111/cobi.12043.

Carvalho, F., Pascoal, C., Céssio, F., Teixeira, A., Sousa, R., 2022. Combined per-capita and
abundance effects of an invasive species on native invertebrate diversity and a key eco-
system process. Freshw. Biol. 67 (5), 828-841. https://doi.org/10.1111/fwb.13884.

Charlebois, P.M., Lamberti, G.A., 1996. Invading crayfish in a Michigan stream: direct and
indirect effects on periphyton and macroinvertebrates. J. N. Am. Benthol. Soc. 15 (4),
551-563. https://doi.org/10.2307/1467806.

Chucholl, C., 2016. The bad and the super-bad: prioritising the threat of six invasive alien to
three imperilled native crayfishes. Biol. Invasions 18 (7), 1967-1988. https://doi.org/10.
1007/s10530-016-1141-2.

Cornes, R.C., van der Schrier, G., van den Besselaar, E.J., Jones, P.D., 2018. An ensemble ver-
sion of the E-OBS temperature and precipitation data sets. J. Geophys. Res. Atmos. 123
(17), 9391-94009. https://doi.org/10.1029,/2017JD028200.

DiStefano, R.J., Litvan, M.E., Horner, P.T., 2009. The bait industry as a potential vector for
alien crayfish introductions: problem recognition by fisheries agencies and a Missouri
evaluation. Fisheries 34 (12), 586-597. https://doi.org/10.1577/1548-8446-34.12.586.

Dragicevié, P., Faller, M., KutleSa, P., Hudina, S., 2020. Update on the signal crayfish,
Pacifastacus leniusculus (Dana, 1852) range expansion in Croatia: a 10-year report.
Biolnvasions Rec. 9 (4), 793-807. https://doi.org/10.3391/bir.2020.9.4.13.

EU, 2016. Commission Implementing Regulation (EU) 2016,/1141 of 13 July 2016 adopting a
list of invasive alien species of Union concern pursuant to Regulation (EU) No 1143/2014
of the European Parliament and of the Council. Off. J. Eur. Union 189 (4), 4-8.

Faller, M., Harvey, G.L., Henshaw, A.J., Bertoldi, W., Bruno, M.C., England, J., 2016. River
bank burrowing by invasive crayfish: spatial distribution, biophysical controls and
biogeomorphic significance. Sci. Total Environ. 569, 1190-1200. https://doi.org/10.
1016/j.scitotenv.2016.06.194.

Ficetola, G.F., Siesa, M.E., De Bernardi, F., Padoa-Schioppa, E., 2012. Complex impact of an
invasive crayfish on freshwater food webs. Biodivers. Conserv. 21 (10), 2641-2651.
https://doi.org/10.1007/s10531-012-0323-1.

Filipe, A.F., Quaglietta, L., Ferreira, M., Magalhaes, M.F., Beja, P., 2017. Geostatistical
distribution modelling of two invasive crayfish across dendritic stream networks. Biol.
Invasions 19 (10), 2899-2912. https://doi.org/10.1007/s10530-017-1492-3.

Findlay, J.D., Riley, W.D., Lucas, M.C., 2015. Signal crayfish (Pacifastacus leniusculus) preda-
tion upon Atlantic salmon (Salmo salar) eggs. Aquat. Conserv. Mar. Freshwat. Ecosyst.
25 (2), 250-258. https://doi.org/10.1002/aqc.2480.

Galib, S.M., Findlay, J.S., Lucas, M.C., 2021. Strong impacts of signal crayfish invasion on
upland stream fish and invertebrate communities. Freshw. Biol. 66 (2), 223-240.
https://doi.org/10.1111/fwb.13631.

Galib, S.M., Sun, J., Twiss, S.D., Lucas, M.C., 2022. Personality, density and habitat drive the
dispersal of invasive crayfish. Sci. Rep. 12 (1), 1-12. https://doi.org/10.1038/541598-
021-04228-1.

Gallagher, M.B., Dick, J.T.A., Elwood, R.W., 2006. Riverine habitat requirements of the white-
clawed crayfish, Austropotamobius pallipes. Biology and Environment: Proceedings of the
Royal Irish Academy 106(1), 1-8.

Gallardo, B., Aldridge, D.C., 2013. Evaluating the combined threat of climate change and
biological invasions on endangered species. Biol. Conserv. 160, 225-233. https://doi.
org/10.1016/j.biocon.2013.02.001.

Gallardo, B., Clavero, M., Sénchez, M., Vila, M., 2016. Global ecological impacts of invasive
species in aquatic ecosystems. Glob. Chang. Biol. 22 (1), 151-163. https://doi.org/10.
1111/gcb.13004.


https://doi.org/10.1016/j.scitotenv.2023.161537
https://doi.org/10.1016/j.scitotenv.2023.161537
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090622509135
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090622509135
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090622509135
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090534550019
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090534550019
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090544541614
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090544541614
https://doi.org/10.1002/aqc.2366
https://doi.org/10.1051/kmae:2000003
https://doi.org/10.5194/essd-14-4525-2022
https://doi.org/10.1016/j.ecolind.2015.01.019
https://doi.org/10.1023/A:1013950129616
https://doi.org/10.1023/A:1013950129616
https://doi.org/10.1016/j.limno.2014.12.006
https://doi.org/10.1016/j.limno.2014.12.006
https://doi.org/10.3389/fevo.2020.621723
https://doi.org/10.3389/fevo.2020.621723
https://doi.org/10.1086/719051
https://doi.org/10.1086/719051
https://doi.org/10.1098/rsbl.2015.0623
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090548089902
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090548089902
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090548089902
https://doi.org/10.1051/kmae/2011047
https://doi.org/10.1051/kmae/2011047
https://doi.org/10.1007/s10661-022-10361-9
https://doi.org/10.1111/acv.12350
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090549102141
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090549102141
https://doi.org/10.1007/978-94-007-0591-3_2
https://doi.org/10.1641/0006-3568(2004)054<0677:EOIAPO>2.0.CO;2
https://doi.org/10.1111/j.1365-2426.2003.01178.x
https://doi.org/10.1007/s00027-009-0102-6
https://doi.org/10.1007/s00027-009-0102-6
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090549368321
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090549368321
http://www.cabi.org/isc
http://www.cabi.org/isc
https://doi.org/10.1007/s10530-012-0187-z
https://doi.org/10.1111/cobi.12043
https://doi.org/10.1111/fwb.13884
https://doi.org/10.2307/1467806
https://doi.org/10.1007/s10530-016-1141-2
https://doi.org/10.1007/s10530-016-1141-2
https://doi.org/10.1029/2017JD028200
https://doi.org/10.1577/1548-8446-34.12.586
https://doi.org/10.3391/bir.2020.9.4.13
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090612552439
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090612552439
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090612552439
https://doi.org/10.1016/j.scitotenv.2016.06.194
https://doi.org/10.1016/j.scitotenv.2016.06.194
https://doi.org/10.1007/s10531-012-0323-1
https://doi.org/10.1007/s10530-017-1492-3
https://doi.org/10.1002/aqc.2480
https://doi.org/10.1111/fwb.13631
https://doi.org/10.1038/s41598-021-04228-1
https://doi.org/10.1038/s41598-021-04228-1
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090613170309
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090613170309
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090613170309
https://doi.org/10.1016/j.biocon.2013.02.001
https://doi.org/10.1016/j.biocon.2013.02.001
https://doi.org/10.1111/gcb.13004
https://doi.org/10.1111/gcb.13004

I Soto et al.

Gherardi, F., 2007. Understanding the impact of invasive crayfish. Biological Invaders in
Inland Waters: Profiles, Distribution, and Threats. Springer, Dordrecht, pp. 507-542.

Gherardi, F., Holdich, D.M. (Eds.), 1999. Crayfish in Europe as Alien Species. CRC Press.

Gherardi, F., Aquiloni, L., Diéguez-Uribeondo, J., Tricarico, E., 2011. Managing invasive cray-
fish: is there a hope? Aquat. Sci. 73 (2), 185-200. https://doi.org/10.1007/s00027-011-
0181-z.

Gladman, Z.F., Yeomans, W.E., Adams, C.E., Bean, C.W., McColl, D., Olszewska, J.P.,
McCluskey, R., 2010. Detecting North American signal crayfish (Pacifastacus leniusculus)
in riffles. Aquat. Conserv. Mar. Freshwat. Ecosyst. 20 (5), 588-594. https://doi.org/10.
1002/aqc.1130.

GRASS Development Team, 2017. Geographic Resources Analysis Support System (GRASS)
Software, Version 7.2. Electronic document:Open Source Geospatial Foundation.
http://grass.osgeo.org.

Green, N., Bentley, M., Stebbing, P., Andreou, D., Britton, R., 2018. Trapping for invasive
crayfish: comparisons of efficacy and selectivity of baited traps versus novel artificial
refuge traps. Knowl. Manag. Aquat. Ecosyst. 419, 15. https://doi.org/10.1051/kmae/
2018007.

Haase, P., Pauls, S., Sundermann, A., Zenker, A., 2004. Testing different sorting techniques in
macroinvertebrate samples from running waters. Limnologica 34 (4), 366-378. https://
doi.org/10.1016/50075-9511(04)80006-9.

Hamed, K.H., Rao, A.R., 1998. A modified Mann-Kendall trend test for autocorrelated data.
J. Hydrol. 204 (1-4), 182-196.

Hanfling, B., Edwards, F., Gherardi, F., 2011. Invasive alien Crustacea: dispersal, establish-
ment, impact and control. Bio Control 56 (4), 573-595. https://doi.org/10.1007/
510526-011-9380-8.

Hansen, G.J., Hein, C.L., Roth, B.M., Vander Zanden, M.J., Gaeta, J.W., Latzka, A.W.,
Carpenter, S.R., 2013. Food web consequences of long-term invasive crayfish control.
Can. J. Fish. Aquat. Sci. 70 (7), 1109-1122. https://doi.org/10.1139/cjfas-2012-0460.

Haubrock, P.J., Criado, A., Monteoliva, A.P., Monteoliva, J.A., Santiago, T., Inghilesi, A.F.,
Tricarico, E., 2018. Control and eradication efforts of aquatic alien fish species in Lake
Caicedo Yuso-Arreo. Manag.Biol.Invasions 9 (3), 267-278.

Haubrock, P.J., Oficialdegui, F.J., Zeng, Y., Patoka, J., Yeo, D.C., Kouba, A., 2021. The
redclaw crayfish: a prominent aquaculture species with invasive potential in tropical
and subtropical biodiversity hotspots. Rev. Aquac. 13 (3), 1488-1530. https://doi.org/
10.1111/raq.12531.

Haubrock, P.J., Ahmed, D.A., Cuthbert, R.N., Stubbington, R., Domisch, S., Marquez, J.R.,
Haase, P., 2022. Invasion impacts and dynamics of a European-wide introduced species.
Glob. Chang. Biol. 28 (15), 4620-4632. https://doi.org/10.1111/gcb.16207.

Hein, C.L., Vander Zanden, M.J., Magnuson, J.J., 2007. Intensive trapping and increased fish
predation cause massive population decline of an invasive crayfish. Freshw. Biol. 52 (6),
1134-1146. https://doi.org/10.1111/j.1365-2427.2007.01741 .x.

Henttonen, P., Huner, J.V., 2017. The introduction of alien species of crayfish in Europe: a
historical introduction. Crayfish in Europe as Alien Species. Routledge, pp. 13-22.

Holdich, D.M., P6ckl, M., 2007. Invasive crustaceans in european inland waters. Biological
Invaders in Inland Waters: Profiles, Distribution, and Threats. Springer, Dordrecht,
pp. 29-75.

Holdich, D.M., Reynolds, J.D., Souty-Grosset, C., Sibley, P.J., 2009. A review of the ever
increasing threat to European crayfish from non-indigenous crayfish species. Knowl.
Manag. Aquat. Ecosyst. 394-395, 11. https://doi.org/10.1051 /kmae/2009025.

Holdich, D.M., Ackefors, H., Gherardi, F., Rogers, W.D., Skurdal, J., 2017. Native and alien
crayfish in Europe: some conclusions. Crayfish in Europe as Alien Species. Routledge,
pp. 281-292.

IPBES, 2019. Global Assessment Report on Biodiversity and Ecosystem Services of the Inter-
governmental Science-policy Platform on Biodiversity and Ecosystem Services. IPBES
Secretariat, Bonn, Germany.

TUCN World Commission on Protected Areas, International Union for Conservation of Nature,
TUCN World Commission on Protected AreasFinancing Protected Areas Task Force,
University of Wales, College of Cardiff, Department of City International Union
for Conservation of Nature, Regional Planning, Natural Resources, Economics
Service Unit, 2000. Financing Protected Areas: Guidelines for Protected Area Managers
(No. 5). IUCN.

Jasiewicz, J., Metz, M., 2011. A new GRASS GIS toolkit for Hortonian analysis of drainage
networks. Comput. Geosci. 37 (8), 1162-1173. https://doi.org/10.1016/j.cageo.2011.
03.003.

Johnson, P.T., Olden, J.D., Vander Zanden, M.J., 2008. Dam invaders: impoundments
facilitate biological invasions into freshwaters. Front. Ecol. Environ. 6, 357-363.
https://doi.org/10.1890/070156.

Jussila, J., Vrezec, A., Makkonen, J., Kortet, R., Kokko, H., 2015. Invasive crayfish and their
invasive diseases in Europe with the focus on the virulence evolution of the crayfish
plague. Biological Invasions in Changing Ecosystems: Vectors, Ecological Impacts,
Management and Predictions. De Gruyter Open, Berlin, pp. 183-211.

Kerby, J.L., Riley, S.P., Kats, L.B., Wilson, P., 2005. Barriers and flow as limiting factors in the
spread of an invasive crayfish (Procambarus clarkii) in southern California streams. Biol.
Conserv. 126 (3), 402-409. https://doi.org/10.1016/j.biocon.2005.06.020.

Koricheva, J., Gurevitch, J., Mengersen, K. (Eds.), 2013. Handbook of Meta-analysis in
Ecology and Evolution. Princeton University Press https://doi.org/10.1038/na-
ture25753.

Kouba, A., Bufi¢, M., Kozak, P., 2010. Bioaccumulation and effects of heavy metals in crayfish:
a review. Water Air Soil Pollut. 211 (1), 5-16. https://doi.org/10.1007/s11270-009-
0273-8.

Kouba, A., Petrusek, A., Kozik, P., 2014. Continental-wide distribution of crayfish species in
Europe: update and maps. Knowl. Manag. Aquat. Ecosyst. 413, 05. https://doi.org/10.
1051/kmae/2014007.

Kouba, A., Tikal, J., Cisaf, P., Vesely, L., Foft, M., Piiborsky, J., Bufi¢, M., 2016. The signifi-
cance of droughts for hyporheic dwellers: evidence from freshwater crayfish. Sci. Rep.
6 (1), 26569. https://doi.org/10.1038/srep26569.

10

Science of the Total Environment 867 (2023) 161537

Kouba, A., Liptdk, B., Kubec, J., Bldha, M., Vesely, L., Haubrock, P.J., Bufi¢, M., 2021.
Survival, growth, and reproduction: comparison of marbled crayfish with four prominent
crayfish invaders. Biology 10 (5), 422. https://doi.org/10.3390/biology10050422.

Kouba, A., Oficialdegui, F.J., Cuthbert, R.N., Kourantidou, M., South, J., Tricarico, E.,
Haubrock, P.J., 2022. Identifying economic costs and knowledge gaps of invasive aquatic
crustaceans. Sci. Total Environ. 813, 152325. https://doi.org/10.1016/j.scitotenv.2021.
152325.

Kozék, P., Duri$, Z., Petrusek, A., Bufi¢, M., Hork4, 1., Kouba, A., Némectkov4, K., 2015.
Crayfish biology and culture. University of South Bohemia in Ceské Bud&jovice, Faculty
of Fisheries and Protection of Waters, Vodnany, Czech Republic.

Krieg, R., Zenker, A., 2020. A review of the use of physical barriers to stop the spread of non-
indigenous crayfish species. Rev. Fish Biol. Fish. 30 (3), 423-435. https://doi.org/10.
1007/511160-020-09606-y.

Kuhlmann, M.L., Hazelton, P.D., 2007. Invasion of the upper Susquehanna River watershed
by rusty crayfish (Orconectes rusticus). Northeast. Nat. 14 (4), 507-518. https://doi.org/
10.1656/1092-6194(2007)14[507:I0TUSR]2.0.CO;2.

Larson, E.R., Olden, J.D., 2013. Crayfish occupancy and abundance in lakes of the Pacific
Northwest, USA. Freshw.Sci. 32 (1), 94-107.

Larson, E.R., Olden, J.D., 2016. Field sampling techniques for crayfish. Biology and Ecology of
Crayfish. 287, p. 324.

Larson, E.R., Kreps, T.A., Peters, B., Peters, J.A., Lodge, D.M., 2019. Habitat Explains
Patterns of Population Decline for an Invasive Crayfish. https://doi.org/10.1002/ecy.
2659.

Light, T., 2003. Success and failure in a lotic crayfish invasion: the roles of hydrologic variabil-
ity and habitat alteration. Freshw. Biol. 48 (10), 1886-1897. https://doi.org/10.1046/j.
1365-2427.2003.01122.x.

Liptak, B., Mrugata, A., Pekarik, L., Mutkovi¢, A., Grul'a, D., Petrusek, A., Kouba, A., 2016.
Expansion of the marbled crayfish in Slovakia: beginning of an invasion in the Danube
catchment? J. Limnol. 75 (2), 305-312.

Liptak, B., Vesely, L., Ercoli, F., Blaha, M., Bufi¢, M., Ruokonen, T., Kouba, A., 2019. Trophic
role of marbled crayfish in a lentic freshwater ecosystem. Aquat. Invasions 14 (2),
299-309. https://doi.org/10.3391/ai.2019.14.2.09.

Lodge, D.M., Taylor, C.A., Holdich, D.M., Skurdal, J., 2000. Nonindigenous crayfishes
threaten North American freshwater biodiversity: lessons from Europe. Fisheries 25 (8),
7-20. https://doi.org/10.1577/1548-8446(2000)025<0007:NCTNAF>2.0.CO;2.

Lodge, D.M., Deines, A., Gherardi, F., Yeo, D.C., Arcella, T., Baldridge, A.K., Zeng, Y., 2012.
Global introductions of crayfishes: evaluating the impact of species invasions on ecosys-
tem services. Annu. Rev. Ecol. Evol. Syst. 43 (449), 2012. https://doi.org/10.1146/
annurev-ecolsys-111511-103919.

Lowe, K., FitzGibbon, S., Seebacher, F., Wilson, R.S., 2010. Physiological and behavioural
responses to seasonal changes in environmental temperature in the Australian spiny
crayfish Euastacus sulcatus. J. Comp. Physiol. B. 180 (5), 653-660. https://doi.org/10.
1007/500360-010-0445-2.

Ludényi, M., Peeters, E.E., Kiss, B., Roessink, I., 2016. Distribution of crayfish species in
Hungarian waters. Glob.Ecol.Conserv. 8, 254-262. https://doi.org/10.1016/j.gecco.
2016.09.009.

Maceda-Veiga, A., De Sostoa, A., Sdnchez-Espada, S., 2013. Factors affecting the establish-
ment of the invasive crayfish Procambarus clarkii (Crustacea, Decapoda) in the Mediterra-
nean rivers of the northeastern Iberian Peninsula. Hydrobiologia 703 (1), 33-45. https://
doi.org/10.1007/s10750-012-1335-2.

Machino, Y., 2000. Les écrevisses au Luxembourg. L'Astaciculteur de France. 62, pp. 2-6.

Madzivanzira, T.C., South, J., Weyl, O.L., 2021. Invasive crayfish outperform potamonautid
crabs at higher temperatures. Freshw. Biol. 66 (5), 978-991. https://doi.org/10.1111/
fwb.13691.

Madzivanzira, T.C., Weyl, O.L., South, J., 2022. Ecological and potential socioeconomic
impacts of two globally-invasive crayfish. Neo Biota 72, 25-43. https://doi.org/10.
3897/neobiota.72.71868.

Maire, A., Thierry, E., Viechtbauer, W., Daufresne, M., 2019. Poleward shift in large-river fish
communities detected with a novel meta-analysis framework. Freshw. Biol. 64 (6),
1143-1156. https://doi.org/10.1111/fwb.13291.

Maitland, P.S., Adams, C.E., 2001. Enhanced biodiversity or a threat to native species? Glasg.
Nat. 23, 26-34.

Martinez-Rios, M., Lapesa-Lazaro, S., Larumbe-Arricibita, J., Alonso-Gutiérrez, F., Galindo-
Parrila, F.J., Martin-Torrijos, L., Diéguez-Uribeondo, J., 2022. Resistance to
crayfish plague: assessing the response of native Iberian populations of the white-
clawed freshwater crayfish. J.Fungi 8 (4), 342. https://doi.org/10.3390/j0f8040342.

Martin-Torrijos, L., Martinez-Rios, M., Casabella-Herrero, G., Adams, S.B., Jackson, C.R.,
Diéguez-Uribeondo, J., 2021. Tracing the origin of the crayfish plague pathogen,
Aphanomyces astaci, to the Southeastern United States. Sci. Rep. 11 (1), 9332. https://
doi.org/10.1038/s41598-021-88704-8.

Mathers, K.L., White, J.C., Guareschi, S., Hill, M.J., Heino, J., Chadd, R., 2020. Invasive
crayfish alter the long-term functional biodiversity of lotic macroinvertebrate communi-
ties. Funct. Ecol. 34 (11), 2350-2361. https://doi.org/10.1111/1365-2435.13644.

McClain, W.R., 2013. Effects of simulated precipitation extremes on crayfish (Procambarus
clarkii Girard) oviposition in artificial burrows. Aquac. Res. 44 (4), 612-617. https://
doi.org/10.1111/j.1365-2109.2011.03066.x.

Momot, W.T., 1995. Redefining the role of crayfish in aquatic ecosystems. Rev. Fish. Sci. 3 (1),
33-63.

Moreira, F.D., Ascensao, F., Capinha, C., Rodrigues, D., Segurado, P., Santos-Reis, M., Rebelo,
R., 2015. Modelling the risk of invasion by the red-swamp crayfish (Procambarus clarkii):
incorporating local variables to better inform management decisions. Biol. Invasions 17
(1), 273-285. https://doi.org/10.1007/510530-014-0725-y.

Mogzsér, A., Arva, D., J6zsa, V., Gyore, K., Kajari, B., Czeglédi, 1., Specziar, A., 2021. Only one
can remain? Environmental and spatial factors influencing habitat partitioning among
invasive and native crayfishes in the Pannonian Ecoregion (Hungary). Sci. Total Environ.
770, 145240. https://doi.org/10.1016/j.scitotenv.2021.145240.


http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090552238949
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090552238949
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090552409569
https://doi.org/10.1007/s00027-011-0181-z
https://doi.org/10.1007/s00027-011-0181-z
https://doi.org/10.1002/aqc.1130
https://doi.org/10.1002/aqc.1130
http://grass.osgeo.org
https://doi.org/10.1051/kmae/2018007
https://doi.org/10.1051/kmae/2018007
https://doi.org/10.1016/S0075-9511(04)80006-9
https://doi.org/10.1016/S0075-9511(04)80006-9
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090555308677
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090555308677
https://doi.org/10.1007/s10526-011-9380-8
https://doi.org/10.1007/s10526-011-9380-8
https://doi.org/10.1139/cjfas-2012-0460
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090555521827
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090555521827
https://doi.org/10.1111/raq.12531
https://doi.org/10.1111/raq.12531
https://doi.org/10.1111/gcb.16207
https://doi.org/10.1111/j.1365-2427.2007.01741.x
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090556530566
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090556530566
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090556550546
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090556550546
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090556550546
https://doi.org/10.1051/kmae/2009025
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090556583296
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090556583296
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090556583296
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090557596215
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090557596215
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090557596215
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090617256538
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090617256538
https://doi.org/10.1016/j.cageo.2011.03.003
https://doi.org/10.1016/j.cageo.2011.03.003
https://doi.org/10.1890/070156
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090600255588
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090600255588
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090600255588
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090600255588
https://doi.org/10.1016/j.biocon.2005.06.020
https://doi.org/10.1038/nature25753
https://doi.org/10.1038/nature25753
https://doi.org/10.1007/s11270-009-0273-8
https://doi.org/10.1007/s11270-009-0273-8
https://doi.org/10.1051/kmae/2014007
https://doi.org/10.1051/kmae/2014007
https://doi.org/10.1038/srep26569
https://doi.org/10.3390/biology10050422
https://doi.org/10.1016/j.scitotenv.2021.152325
https://doi.org/10.1016/j.scitotenv.2021.152325
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090617263329
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090617263329
https://doi.org/10.1007/s11160-020-09606-y
https://doi.org/10.1007/s11160-020-09606-y
https://doi.org/10.1656/1092-6194(2007)14<507:IOTUSR>2.0.CO;2
https://doi.org/10.1656/1092-6194(2007)14<507:IOTUSR>2.0.CO;2
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090626330353
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090626330353
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090607197193
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090607197193
https://doi.org/10.1002/ecy.2659
https://doi.org/10.1002/ecy.2659
https://doi.org/10.1046/j.1365-2427.2003.01122.x
https://doi.org/10.1046/j.1365-2427.2003.01122.x
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090607532752
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090607532752
https://doi.org/10.3391/ai.2019.14.2.09
https://doi.org/10.1577/1548-8446(2000)025&lt;0007:NCTNAF&gt/;2.0.CO;2
https://doi.org/10.1146/annurev-ecolsys-111511-103919
https://doi.org/10.1146/annurev-ecolsys-111511-103919
https://doi.org/10.1007/s00360-010-0445-2
https://doi.org/10.1007/s00360-010-0445-2
https://doi.org/10.1016/j.gecco.2016.09.009
https://doi.org/10.1016/j.gecco.2016.09.009
https://doi.org/10.1007/s10750-012-1335-2
https://doi.org/10.1007/s10750-012-1335-2
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090608499172
https://doi.org/10.1111/fwb.13691
https://doi.org/10.1111/fwb.13691
https://doi.org/10.3897/neobiota.72.71868
https://doi.org/10.3897/neobiota.72.71868
https://doi.org/10.1111/fwb.13291
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090609123891
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090609123891
https://doi.org/10.3390/jof8040342
https://doi.org/10.1038/s41598-021-88704-8
https://doi.org/10.1038/s41598-021-88704-8
https://doi.org/10.1111/1365-2435.13644
https://doi.org/10.1111/j.1365-2109.2011.03066.x
https://doi.org/10.1111/j.1365-2109.2011.03066.x
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090629062771
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090629062771
https://doi.org/10.1007/s10530-014-0725-y
https://doi.org/10.1016/j.scitotenv.2021.145240

I Soto et al.

Muirhead, J.R., Maclsaac, H.J., 2005. Development of inland lakes as hubs in an invasion net-
work. J. Appl. Ecol. 42 (1), 80-90. https://doi.org/10.1111/j.1365-2664.2004.00988 x.

Nentwig, W., Bacher, S., Kumschick, S., Pysek, P., Vila, M., 2018. More than “100 worst” alien
species in Europe. Biol. Invasions 20 (6), 1611-1621. https://doi.org/10.1007/s10530-
017-1651-6.

Neveu, A., 2009. A functional approach to patch suitability using biomass dynamics: applica-
tion to a residual population of the white-clawed crayfish. Fundam. Appl. Limnol. 175,
185-202. https://doi.org/10.1127,/1863-9135,/2009/0175-0185.

Ngulo, E.M., Grubbs, S.A., 2010. Relationships between crayfish abundance patterns and en-
vironmental variables across two spatial scales in a Central Kentucky river basin, USA.
J. Freshw. Ecol. 25 (2), 285-295. https://doi.org/10.1080/02705060.2010.9665079.

Nilsson, E., Solomon, C.T., Wilson, K.A., Willis, T.V., Larget, B., Vander Zanden, M.J., 2012.
Effects of an invasive crayfish on trophic relationships in north-temperate lake food
webs. Freshw. Biol. 57 (1), 10-23. https://doi.org/10.1111/j.1365-2427.2011.02688.x.

Nunes, A.L., Hoffman, A.C., Zengeya, T.A., Measey, G.J., Weyl, O.L., 2017. Red swamp crayfish,
Procambarus clarkii, found in South Africa 22 years after attempted eradication. Aquat.
Conserv. Mar. Freshwat. Ecosyst. 27 (6), 1334-1340. https://doi.org/10.1002/aqc.2741.

Nystrom, P., Svensson, O., Lardner, B., Bronmark, C., Granéli, W., 2001. The influence of mul-
tiple introduced predators on a littoral pond community. Ecology 82, 1023-1039.
https://doi.org/10.1890/0012-9658(2001)082[1023: TIOMIP]2.0.CO;2.

Oficialdegui, F.J., Clavero, M., Sanchez, M.I., Green, A.J., Boyero, L., Michot, T.C., Lejeusne,
C., 2019. Unravelling the global invasion routes of a worldwide invader, the red
swamp crayfish (Procambarus clarkii). Freshw. Biol. 64 (8), 1382-1400. https://doi.org/
10.1111/fwb.13312.

Oficialdegui, F.J., Sanchez, M.I,, Clavero, M., 2020. One century away from home: how the
red swamp crayfish took over the world. Rev. Fish Biol. Fish. 30 (1), 121-135. https://
doi.org/10.1007/5s11160-020-09594-z.

Ogden, N.H., Wilson, J.R., Richardson, D.M., Hui, C., Davies, S.J., Kumschick, S., Pulliam,
J.R., 2019. Emerging infectious diseases and biological invasions: a call for a One Health
collaboration in science and management. R. Soc. Open Sci. 6 (3), 181577. https://doi.
0rg/10.1098/1s0s.181577.

Olden, J.D., McCarthy, J.M., Maxted, J.T., Fetzer, W.W., Vander Zanden, M.J., 2006. The
rapid spread of rusty crayfish (Orconectes rusticus) with observations on native crayfish
declines in Wisconsin (USA) over the past 130 years. Biol. Invasions 8 (8), 1621-1628.
https://doi.org/10.1007/s10530-005-7854-2.

Patoka, J., Magalhaes, A.L.B., Kouba, A., Faulkes, Z., Jerikho, R., Vitule, J.R.S., 2018. Invasive
aquatic pets: failed policies increase risks of harmful invasions. Biodivers. Conserv. 27
(11), 3037-3046. https://doi.org/10.1007/s10531-018-1581-3.

Pearl, C.A., Adams, M.J., McCreary, B., 2013. Habitat and co-occurrence of native and inva-
sive crayfish in the Pacific Northwest, USA. Aquat. Invasions 8 (2). https://doi.org/10.
3391/ai.2013.8.2.05.

Peay, S., 2009. Invasive non-indigenous crayfish species in Europe: recommendations on
managing them. Knowl. Manag. Aquat. Ecosyst. 394-395, 03. https://doi.org/10.1051/
kmae/2010009.

Perales, K.M., Hansen, G.J., Hein, C.L., Mrnak, J.T., Roth, B.M., Walsh, J.R., Vander Zanden,
M.J., 2021. Spatial and temporal patterns in native and invasive crayfishes during a 19-
year whole-lake invasive crayfish removal experiment. Freshw. Biol. 66 (11),
2105-2117. https://doi.org/10.1111/fwb.13818.

Pilotto, F., Free, G., Crosa, G., Sena, F., Ghiani, M., Cardoso, A.C., 2008. The invasive crayfish
Orconectes limosus in Lake Varese: estimating abundance and population size structure in
the context of habitat and methodological constraints. J. Crustac. Biol. 28 (4), 633-640.
https://doi.org/10.1651/07-2967.1.

Pilotto, F., Kiihn, I., Adrian, R., Alber, R., Alignier, A., Andrews, C., Haase, P., 2020. Meta-
analysis of multidecadal biodiversity trends in Europe. Nat. Commun. 11 (1), 3486.
https://doi.org/10.1038/541467-020-17171-y.

Pintor, L.M., Sih, A., Bauer, M.L., 2008. Differences in aggression, activity and boldness be-
tween native and introduced populations of an invasive crayfish. Oikos 117 (11),
1629-1636. https://doi.org/10.1111/§.1600-0706.2008.16578.x.

Pysek, P., Hulme, P.E., Simberloff, D., Bacher, S., Blackburn, T.M., Carlton, J.T., Richardson,
D.M., 2020. Scientists' warning on invasive alien species. Biol. Rev. 95 (6), 1511-1534.
https://doi.org/10.1111/brv.12627.

Renault, D., Hess, M.C., Braschi, J., Cuthbert, R.N., Sperandii, M.G., Bazzichetto, M., Massol,
F., 2022. Advancing biological invasion hypothesis testing using functional diversity indi-
ces. Sci. Total Environ. 834, 155102. https://doi.org/10.1016/j.scitotenv.2022.155102.

Ricciardi, A., Hoopes, M.F., Marchetti, M.P., Lockwood, J.L., 2013. Progress toward under-
standing the ecological impacts of nonnative species. Ecol. Monogr. 83 (3), 263-282.
https://doi.org/10.1890/13-0183.1.

Ripley, B., Venables, B., Bates, D.M., Hornik, K., Gebhardt, A., Firth, D., Ripley, M.B., 2013.
Package ‘mass’. Cran r. 538, pp. 113-120.

Robinson, C.V., de Leaniz, C.G., Consuegra, S., 2019. Effect of artificial barriers on the distri-
bution of the invasive signal crayfish and Chinese mitten crab. Sci. Rep. 9 (1), 7230.
https://doi.org/10.1038/541598-019-43570-3.

Ruokonen, T.J., Karjalainen, J., 2022. Divergent temperature-specific metabolic and feeding
rates of native and invasive crayfish. Biol. Invasions 24 (3), 787-799. https://doi.org/
10.1007/s10530-021-02687-1.

Sanders, H., Rice, S.P., Wood, P.J., 2021. Signal crayfish burrowing, bank retreat and sedi-
ment supply to rivers: a biophysical sediment budget. Earth Surf. Process. Landf. 46
(4), 837-852. https://doi.org/10.1002/esp.5070.

11

Science of the Total Environment 867 (2023) 161537

Sandstrom, A., Andersson, M., Asp, A., Bohman, P., Edsman, L., Engdahl, F., Graneli, W.,
2014. Population collapses in introduced non-indigenous crayfish. Biol. Invasions 16
(9), 1961-1977. https://doi.org/10.1007 /s10530-014-0641-1.

Santos, J.M., Amaral, S.D., Pddua, J., 2021. Can fish lifts aid upstream dispersal of the invasive
red swamp crayfish (Procambarus clarkii) past high-head hydropower plants? River Res.
Appl. https://doi.org/10.1002/1ra.3856.

Seebens, H., Blackburn, T.M., Dyer, E.E., Genovesi, P., Hulme, P.E., Jeschke, J.M., Essl, F.,
2017. No saturation in the accumulation of alien species worldwide. Nat. Commun. 8
(1), 14435. https://doi.org/10.1038/ncomms14435.

Seebens, H., Blackburn, T.M., Hulme, P.E., van Kleunen, M., Liebhold, A.M., Orlova-
Bienkowskaja, M., Essl, F., 2021. Around the world in 500 years: inter-regional spread
of alien species over recent centuries. Glob. Ecol. Biogeogr. 30 (8), 1621-1632. https://
doi.org/10.1111/geb.13325.

Sor, R., 2017. Modelling Spatio-temporal Changes of Benthic Macroinvertebrate Communities
in Asian and European Rivers. Université Paul Sabatier-Toulouse III; Universiteit Gent
https://doi.org/10.1016/j.1imno.2017.04.001 Doctoral dissertation.

Souty-Grosset, C., Haffner, P., Reynolds, J.D., Noel, P.Y., Holdich, D.M., 2006. Atlas of
Crayfish in Europe. Muséum national d'Histoire naturelle, Paris.

Soto, L., Cuthbert, R.N., Ahmed, D.A., Kouba, A., Domisch, S., Marquez, J.R.G., ... Haubrock,
P.H., 2023. Tracking a voracious killer: Dikerogammarus villosus invasion dynamics
across Europe. Divers.Distrib. 29 (1), 157-172. https://doi.org/10.1111/ddi.13649.

Souty-Grosset, C., Anastacio, P.M., Aquiloni, L., Banha, F., Choquer, J., Chucholl, C., Tricarico,
E., 2016. The red swamp crayfish Procambarus clarkii in Europe: impacts on aquatic
ecosystems and human well-being. Limnologica 58, 78-93. https://doi.org/10.1016/j.
1imno.2016.03.003.

Strayer, D.L., D'Antonio, C.M., Essl, F., Fowler, M.S., Geist, J., Hilt, S., Jeschke, J.M., 2017.
Boom-bust dynamics in biological invasions: towards an improved application of the con-
cept. Ecol. Lett. 20 (10), 1337-1350. https://doi.org/10.1111/ele.12822.

Stubbington, R., Terrell-Nield, C., Harding, P., 2008. The First Occurrence of the Ponto-
Caspian Invader, Hemimysis anomala G.O. Sars, 1907 (Mysidacea) in the U.K.
Crustaceana. 81(1), pp. 43-55.

Tockner, K., Pusch, M., Borchardt, D., Lorang, M.S., 2010. Multiple stressors in coupled river—
floodplain ecosystems. Freshw. Biol. 55, 135-151. https://doi.org/10.1111/§.1365-2427.
2009.02371.x.

Tréguier, A., Paillisson, J.M., Dejean, T., Valentini, A., Schlaepfer, M.A., Roussel, J.M., 2014.
Environmental DNA surveillance for invertebrate species: advantages and technical
limitations to detect invasive crayfish Procambarus clarkii in freshwater ponds. J. Appl.
Ecol. 51 (4), 871-879. https://doi.org/10.1111/1365-2664.12262.

Tsiamis, K., Deriu, L., Gervasini, E., D'Amico, F., Katsanevakis, S., Cardoso, A.C., 2021. Base-
line Distribution of Invasive Alien Species Added to the Union List in 2019. https://
doi.org/10.2760/68915.

Twardochleb, L.A., Olden, J.D., Larson, E.R., 2013. A global meta-analysis of the ecological
impacts of nonnative crayfish. Freshw. Sci. 32 (4), 1367-1382.

Usio, N., Kamiyama, R., Saji, A., Takamura, N., 2009. Size-dependent impacts of invasive alien
crayfish on a littoral marsh community. Biol. Conserv. 142 (7), 1480-1490. https://doi.
org/10.1016/j.biocon.2009.02.016.

Vedia, I., Miranda, R., 2013. Review of the State of Knowledge of Crayfish Species in the
Iberian Peninsula.

Vesely, L., Ruokonen, T.J., Weiperth, A., Kubec, J., Szajbert, B., Guo, W., Kouba, A., 2021.
Trophic niches of three sympatric invasive crayfish of EU concern. Hydrobiologia 848
(3), 727-737. https://doi.org/10.1007 /s10750-020-04479-5.

Vietchbauer, W., 2010. Conducting meta-analysis in R with the metafor package. J. Stat.
Softw. 36 (3), 1-48. https://doi.org/10.18637/jss.v036.103.

Vila, M., Basnou, C., Pysek, P., Josefsson, M., Genovesi, P., Gollasch, S., DAISIE partners,
2010. How well do we understand the impacts of alien species on ecosystem services?
A pan-European, cross-taxa assessment. Front. Ecol. Environ. 8 (3), 135-144. https://
doi.org/10.1890,/080083.

Vodovsky, N., Patoka, J., Kouba, A., 2017. Ecosystem of Caspian Sea threatened by pet-traded
non-indigenous crayfish. Biol. Invasions 19 (7), 2207-2217. https://doi.org/10.1007/
510530-017-1433-1.

Wacker, A., Harzsch, S., 2021. Crustaceans in a changing world. Zoology 146, 125921.
https://doi.org/10.1016/j.z001.2021.125921.

Weiperth, A., Blaha, M., Szajbert, B., Seprés, R., Banyai, Z., Patoka, J., Kouba, A., 2020.
Hungary: a European hotspot of non-native crayfish biodiversity. Knowl. Manag. Aquat.
Ecosyst. 421, 43. https://doi.org/10.1051 /kmae/2020035.

Westhoff, J.T., Rosenberger, A.E., 2016. A global review of freshwater crayfish temperature
tolerance, preference, and optimal growth. Rev. Fish Biol. Fish. 26 (3), 329-349.
https://doi.org/10.1007/s11160-016-9430-5.

Wooster, D., Snyder, J.L., Madsen, A., 2012. Environmental correlates of signal crayfish,
Pacifastacus leniusculus (Dana, 1852), density and size at two spatial scales in its native
range. J. Crustac. Biol. 32 (5), 741-752. https://doi.org/10.1163/193724012X651144.

Yamazaki, D., Ikeshima, D., Sosa, J., Bates, P.D., Allen, G.H., Pavelsky, T.M., 2019. MERIT
hydro: a high-resolution global hydrography map based on latest topography dataset.
Water Resour. Res. 55 (6), 5053-5073. https://doi.org/10.1029/2019WR024873.

Zhang, 7., Capinha, C., Usio, N., Weterings, R., Liu, X., Li, Y., Yokota, M., 2020. Impacts of
climate change on the global potential distribution of two notorious invasive crayfishes.
Freshw. Biol. 65 (3), 353-365. https://doi.org/10.1111/fwb.13429.


https://doi.org/10.1111/j.1365-2664.2004.00988.x
https://doi.org/10.1007/s10530-017-1651-6
https://doi.org/10.1007/s10530-017-1651-6
https://doi.org/10.1127/1863-9135/2009/0175-0185
https://doi.org/10.1080/02705060.2010.9665079
https://doi.org/10.1111/j.1365-2427.2011.02688.x
https://doi.org/10.1002/aqc.2741
https://doi.org/10.1890/0012-9658(2001)082<1023:TIOMIP>2.0.CO;2
https://doi.org/10.1111/fwb.13312
https://doi.org/10.1111/fwb.13312
https://doi.org/10.1007/s11160-020-09594-z
https://doi.org/10.1007/s11160-020-09594-z
https://doi.org/10.1098/rsos.181577
https://doi.org/10.1098/rsos.181577
https://doi.org/10.1007/s10530-005-7854-2
https://doi.org/10.1007/s10531-018-1581-3
https://doi.org/10.3391/ai.2013.8.2.05
https://doi.org/10.3391/ai.2013.8.2.05
https://doi.org/10.1051/kmae/2010009
https://doi.org/10.1051/kmae/2010009
https://doi.org/10.1111/fwb.13818
https://doi.org/10.1651/07-2967.1
https://doi.org/10.1038/s41467-020-17171-y
https://doi.org/10.1111/j.1600-0706.2008.16578.x
https://doi.org/10.1111/brv.12627
https://doi.org/10.1016/j.scitotenv.2022.155102
https://doi.org/10.1890/13-0183.1
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090610026711
https://doi.org/10.1038/s41598-019-43570-3
https://doi.org/10.1007/s10530-021-02687-1
https://doi.org/10.1007/s10530-021-02687-1
https://doi.org/10.1002/esp.5070
https://doi.org/10.1007/s10530-014-0641-1
https://doi.org/10.1002/rra.3856
https://doi.org/10.1038/ncomms14435
https://doi.org/10.1111/geb.13325
https://doi.org/10.1111/geb.13325
https://doi.org/10.1016/j.limno.2017.04.001
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090611264730
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090611264730
https://doi.org/10.1111/ddi.13649
https://doi.org/10.1016/j.limno.2016.03.003
https://doi.org/10.1016/j.limno.2016.03.003
https://doi.org/10.1111/ele.12822
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090619015847
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090619015847
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090619015847
https://doi.org/10.1111/j.1365-2427.2009.02371.x
https://doi.org/10.1111/j.1365-2427.2009.02371.x
https://doi.org/10.1111/1365-2664.12262
https://doi.org/10.2760/68915
https://doi.org/10.2760/68915
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090631522589
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090631522589
https://doi.org/10.1016/j.biocon.2009.02.016
https://doi.org/10.1016/j.biocon.2009.02.016
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090622464625
http://refhub.elsevier.com/S0048-9697(23)00152-3/rf202301090622464625
https://doi.org/10.1007/s10750-020-04479-5
https://doi.org/10.18637/jss.v036.i03
https://doi.org/10.1890/080083
https://doi.org/10.1890/080083
https://doi.org/10.1007/s10530-017-1433-1
https://doi.org/10.1007/s10530-017-1433-1
https://doi.org/10.1016/j.zool.2021.125921
https://doi.org/10.1051/kmae/2020035
https://doi.org/10.1007/s11160-016-9430-5
https://doi.org/10.1163/193724012X651144
https://doi.org/10.1029/2019WR024873
https://doi.org/10.1111/fwb.13429

	Long-�term trends in crayfish invasions across European rivers
	1. Introduction
	2. Methods
	2.1. Data collection
	2.2. Meta-regression modelling of European trend
	2.3. Analyzing trends in crayfish populations across space and time
	2.4. Extraction of predictors
	2.5. Analyzing regional invasion dynamics

	3. Results
	3.1. Meta-regression modelling of European trends
	3.2. Trends in crayfish across space and time
	3.3. Analyzing regional invasion dynamics

	4. Discussion
	4.1. Obtaining data from biomonitoring data
	4.2. Temporal trends in non-indigenous crayfish species
	4.3. Geographic trends of non-indigenous crayfish species
	4.4. Average invasion velocity

	5. Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References




