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Abstract. Freshwater ecosystems are exceptionally vulnerable to biological invasions. The introduction of non-native species of fish

to Europe has been a common practice, including the introduction of the North American pumpkinseed, Lepormis gibbosus. The range

expansion of this species has continued across the continent, with new areas occupied in Ukraine. Using a species distribution

modelling approach, predictions are made of the geographic range of the fish based on presence records and environmental

variables from the Near-global environmental information for freshwater ecosystems database likely to be associated with habitat
suitability and important for the possible further expansion of L. gibbosus. Results show the current widespread distribution of L.
gibbosus in Ukraine and prospects for future expansion of the species into Belarus and the Baltic countries. In Latvia, at the potential
range edge of L. gibbosus, chances for a spontaneous invasion are relatively low.
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Introduction

Dispersal of species beyond their native range is a profound
driver of global change. The advent of globalization has
increasingly led to the anthropogenic removal of dispersal
barriers with the rapid increase in the translocation of
organisms (Early et al. 2016). Besides human-facilitated
movements of invasive biological organisms, climate change
also plays a significant role in determining invasion success
(Walther et al. 2009, Fletcher 2018). Climate change may lead
to range expansions and/or range shifts of organisms,
particularly at range edges,
previously of marginal suitability and may now rapidly
become suitable (Dukes & Mooney 1999). In the same way,
existing populations of seemingly harmless introduced
species may outperform native species and become invasive
under novel climatic regimes (Stachowicz et al. 2002, Pupina
et al. 2018, Nekrasova et al. 2021a, 2021b, 2022). Such
changes in species distributions may lead to novel biotic
interactions with unexpected outcomes, some of which may
mean loss of biodiversity or ecosystem services (Schweiger
et al. 2010, Kuybida et al. 2019).

Freshwater ecosystems provide societies with valuable
goods and services yet are disproportionately vulnerable to
biological invasions compared to terrestrial systems
(Moorhouse & McDonald 2015). Introduced non-native
species, particularly fishes, can cause considerable impacts
on freshwater ecosystems (Copp et al. 2017). For alien fish in
Europe, there is a list of at least 40 established species,
excluding fish species without self-sustaining populations
(van der Veer & Nentwig 2015). The pumpkinseed Lepomis
gibbosus is a North American sunfish (Centrarchidae)
introduced to Europe in the late 19th century for recreational
angling and as an ornamental fish for estate ponds.
Nowadays, the species is established in at least 28 countries
across Europe and Asia Minor; however, it is considered

where conditions were

invasive in part but not all of its introduced range (Copp &
Fox 2007). Currently, the species is not considered to spread

to more northerly latitudes (the northernmost known
reproducing population is situated in southern Norway);
however, L. gibbosus is predicted to become invasive to these
areas under conditions of climate warming (Rahel & Olden
2008, Britton et al. 2010). While more than a century has
passed since its initial introduction to Europe, the range
expansion of this fish species has continued across the
(Yavno et al. 2020). Exploring limiting
environmental factors may help to understand the key
drivers of the suggested range expansion of the species. It
may also help establish efficient monitoring programs,
including risk assessments of L. gibbosus invasion. Our
objective was to predict the geographic range of the fish

continent

based on presence records and environmental variables
likely to be associated with habitat suitability and important
for the possible further expansion of L. gibbosus. Thus, the
findings of this study can inform enhanced surveillance
efforts in Latvia and Ukraine, where L. gibbosus has not yet
been recorded but where the environment appears to be
favorable for establishment (Tytar et al. 2021). The basic
approach applied here is based on species distribution
models (SDMs), often also called ecological niche models
(ENMs), where species’ presences or absences are correlated
with environmental variables prevailing in the respective
locations to project the potential distribution of a species
under current and/or future climatic conditions (Nekrasova
et al. 2019). These projections are based on statistical and/or
machine learning algorithms to best estimate this species-
environment relationship.

Material and Methods

Occurrence data was collected from GBIF (2021,
https:/ /www.gbif.org/species/2394486), FishBase (2022), and for
Ukraine, focused particularly on collecting data from social
networking sites, microblogs, and media sharing services, which
support textual and visual content and geotagging. These sites
social platforms such as
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Facebook, Twitter, Instagram, and Flickr, where users share content
in private networks or publicly online (Toivonen et al. 2019,
Nekrasova et al. 2022). Social media mining is useful for social and
biological research (Monkman et al. 2018). Search queries included
Latin and vernacular names of the fish species in Ukrainian and
Russian. Data indicative of fish presence were extracted and then
georeferenced; photos had to be geo-tagged so that a location was
evident. The fish species was found in 17 regions (‘oblasts') of
Ukraine: Zakarparska, Lvivska, Ivano-Frankivska, Zhytomyrska,
Kyivska, Vinnytska, Cherkaska, Poltavska, numerous records came
from Dnipropetrovska, Kirovogradska, Zaporizska, Donetska,
Luhanska, Khersonska, Mykolaivska, Odeska regions, and Crimea,
according to a number of authors (Berg 1949, Diripasko et al. 2008,
Fedonenko & Marenkov 2013, Demchenko & Demchenko 2015,
Afanasyev et al. 2017, Kutsokon et al. 2021, Tytar et al. 2021) and
data from social networks (accessed 2008-2020).

Occurrence points varied in spatial density due to variable
sampling intensity over geography. As a result, and to avoid
overemphasizing heavily on sampled area, we selected points for
model calibration using a subsampling regime to reduce sampling
bias and spatial autocorrelation, which would produce models of
lower rather than higher quality. We used the 'spThin' package in R
(Aiello-Lammens et al. 2015) to subsample our dataset such that all
occurrence records were separated by a minimum distance that
would reduce spatial autocorrelation among model pseudo-residuals
to Moran’s 1~0.3. Moran’s I is a widely used measure of spatial
autocorrelation, ranging from 0 to 1, with values >0.3 considered
relatively large (Lichstein et al. 2002).

We selected the Near-global environmental information for
freshwater ecosystems as a source of the environmental variables
(Domisch et al. 2015). The dataset consists of near-global, spatially
continuous, freshwater-specific
summarizing the upstream environment (climate, topography, land
cover, surface geology, and soil) to each grid cell using various
metrics (average, minimum, maximum, range). Monthly climate
variables are summarized into 19 long-term climatic variables
following the “bioclim” framework (Fick & Hijmans 2017).

Considering that the collinearity among environmental variables
may lead to overfitting, we used the following measures to reduce
the number of variables. Firstly, using Spearman rank correlation
coefficients in the 'caret' R package (Kuhn 2008), we eliminated
variables with the highest and most significant correlation
coefficients (|r| > 0.8 and p < 0.001). Then, 'Boruta', one of the most
effective feature selection algorithms implemented in R, was used to
select variables according to their relative importance in
distinguishing between presences and absences (Kursa et al. 2010).
Instead of true absences, we used pseudo-absence points randomly

and environmental variables

generated within a bounding box encompassing L. gibbosus presence
points by employing the 'dismo' R package (Hijmans et al. 2011).

In this paper, we employed two machine learning algorithms,
Maxent (Phillips et al. 2006), which has proven good performance
and accuracy for such studies (Elith et al. 2011), and Bayesian
additive regression trees (BART), a fairly new approach to solving
ecological problems and building SDMs (Carlson 2020). Both only
need presence data besides the environmental layers.

As part of their output, both methods rank the environmental
layers used to train the SDM based on their relative importance in
building the model. Importantly, both also allow the construction of
response curves to illustrate the effect of selected variables on habitat
suitability. Marginal response curves are particularly interesting,
showing how the prediction changes as each environmental variable
are varied, keeping all other environmental variables at their average
sample value. These response curves consist of the specific
environmental variable as the x-axis and, on the y-axis, the predicted
probability of suitable conditions ranging from 0 to 1 (or zero to
100%). Upward trends for variables indicate a positive relationship;
downward movements represent a negative relationship (Baldwin
2009).

Since Maxent is prone to over-fitting, it uses "regularization" (a
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beta parameter) to avoid modelling errors when a function
corresponds too closely to a particular data set. Higher beta values
increase the "smoothness" of species responses to the environment.
There is also a choice of an expanded set of transformations of the
original covariates (termed features), which help make predictions
about the outcome. Maxent fits models using linear, product,
quadratic, hinge, and threshold functions, enhancing flexibility for
modeling non-linear species-habitat responses. Because Maxent's
default regularization parameter and feature classes profoundly
impact model performance (Merow et al. 2013), we used the
'SDMtune' package in R (Vignali et al. 2020) to build a series of
models with all possible combinations of these parameters. We
selected a model with a combination of a feature class and
regularization multiplier that provided the best trade-off between
model goodness of fit and complexity using the AUC metric
(Radosavljevic & Anderson 2014). We used the 10™ percentile
training presence threshold value to generate contour lines
distinguishing suitable for the species areas. This threshold value is
considered to provide a better ecologically significant result when
compared with more restricted threshold values (Phillips & Dudik
2008).

A final consideration is whether to restrict the model to one
based on native range data, data from the invaded range, or include
both. This is important because the assumption of niche
conservatism (Peterson et al. 1999) under these circumstances is not
always met: niches of invasive species can differ from their natives,
especially if there has been a long historical distribution of a species
in its invaded range, as in the case of L. gibbosus. Because the growth
and life-history traits of non-native populations of L. gibbosus in
Europe respond to temperature similarly (Copp & Fox 2007) as
native populations (Fox 1994), there is a high chance of finding the
niche of the species conserved in the invaded area. Yet species
populations often behave differently in invaded ecosystems due to a
release from certain predators, competitors, or parasites (Keane &
Crawley 2002, Blumenthal 2006). In some cases, models based on
data from regions already invaded by a given species are more
accurate at forecasting that species’ distribution than data from its
native range (Loo et al. 2007). Although there is much to be learned
from the historical distribution of a species in its native range, only
invaded range data incorporate unknown factors such as rapid
adaptation and release from predators in forecasting the spread of an
invader (Kornis & Vander Zanden 2010). As far as SDMs for invasive
species usually focus on climatic variables, partly because climate
dominates distributions at the global scale (Elith & Leathwick 2009),
we compared both niches in bioclimatic environmental space using
an analysis of similarity (ANOSIM) to avoid any bias capable of
transferability. ANOSIM yields significant
differences between groups (here: niches) when dissimilarities
between groups are larger than dissimilarities within groups. The
resulting R-value from an ANOSIM ranges from -1 to 1, with zero
indicating random grouping (Oksanen et al. 2018).

Maps of habitat suitability in the GeoTIFF raster format were
processed and visualized in SAGA GIS (Conrad et al. 2015).
Statistical data were analyzed using the PAST software package
(Hammer et al. 2001).

affecting model

Results

In sum, 1263 and 1386 non-duplicate records were obtained
across Europe and North America, respectively. After the
thinning procedure, we retained 598 occurrence records for
Europe and 873 for North America. By eliminating
collinearity and selecting key factors that discriminate areas
where L. gibbosus is present from those where the species is
absent, 18 environmental variables with confirmed mean
importance >10 were selected (Table 1), thus reducing the
noise from the data. Each characterizes certain climate
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features, topography, land cover, and soil.

An ANOSIM comparison of both niches, native in North
America Europe, in
environmental space, found fairly moderate but statistically
significant dissimilarities (R=0.24, p<0.05) between them.
Therefore, only invaded range data was incorporated in the
modelling to avoid this bias affecting transferability.

The final models were selected based on fine-tuning
employing the AUC value. The best Maxent model used all
feature classes (LQPHT) with a regularization multiplier
value of 0.8. The ROC curves show ‘good” predictive power
with AUC scores of 0.895 and 0.874 for the final Maxent and

and invaded in bioclimatic
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BART models.

Based importance, both modelling
approaches emphasized amongst climate features the
the average minimum monthly
temperature for September (tmin9) in producing the SDMs
(16.8% contribution, according to Maxent, and 21.0% to
BART). Amongst the topography, land cover, and soil

on variable

importance of air

features such were the slope range (slope_range) (6.7% and
10.3%, respectively), the maximum percent of urban/built-
up area (lc_max9)(10.5% and 20.0%, respectively), and the
minimum cation exchange capacity (soil_min7)(4.0% and
19.0%, respectively) (Figs. 1-4).

Table 1. The relative importance of 18 environmental variables from the Near-global environmental
information for freshwater ecosystems based on feature selection using the 'Boruta' algorithm

Variable name

Variable explanation

Mean importance (%)

hydro_7 Upstream Temperature Annual Range 17.51
hydro_6 Minimum Upstream Temperature of Coldest Month 16.69
hydro_9 Mean Upstream Temperature of Driest Quarter 16.68
tmin9 Minimum monthly air temperature for September (average) 16.40
lc_max3 Deciduous broadleaf trees (maximum) 15.48
lc_max4 Mixed/ other trees (maximum) 12.70
soil_max10 Probability of occurrence (0-100%) of R horizon (maximum) 12.53
Ic_av3 Deciduous broadleaf trees (average) 12.37
hydro_19 Upstream Precipitation of Coldest Quarter 12.33
hydro_14 Upstream Precipitation of Driest Month 11.80
soil_av2 Soil pH in H20 (average) 11.70
soil_min7 Cation exchange capacity (minimum) 11.69
slope_range  Slope range 11.66
soil_minl Soil organic carbon (minimum) 11.49
prec_9 Sum of monthly precipitation September 11.47
hydro_2 Mean Upstream Diurnal Range 11.32
lc_max9 Urban/built-up (maximum) 1113
tmax6 Maximum monthly air temperature for June (average) 10.73
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Figure 1. Marginal response curve for the average minimum
monthly air temperature for September (tmin9), [°C] * 10;
HS = predicted habitat suitability
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Figure 2. Marginal response curve for slope range
(slope_range), [°] * 100 ;
HS = predicted habitat suitability
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Figure 3. Marginal response curve for urban/built-up area
(Ic_max_09), [%];
HS = predicted habitat suitability.

The obtained probability maps were averaged to produce a
habitat suitability map for the pumpkinseed corresponding
to the current climate in Europe and clipped to Ukraine and
Latvia (Figures 5, 6). Contour lines distinguishing suitable
for the species areas match the 10t percentile training
presence threshold value.

In our opinion, the map for Ukraine quite closely reflects
the current distribution of L. gibbosus in the country and
prospects for future expansion of the species. Modelling
allows us to assume that highly suitable for the species areas
(where predicted habitat suitability >0.5) occupy 28% of the
country.

Discussion

As mentioned, climatic predictors, in particular monthly
variables, were found to be highly important. In the Near-
global environmental information dataset for freshwater
ecosystems, monthly climate variables are gained from
temperatures. Nevertheless, they have
previously been successfully used in models of aquatic
species (Kumar et al. 2009, Milanovich et al. 2010, Wenger et
al. 2011, Blank & Blaustein 2012) because their values
typically correlate with water temperatures (Stefan &
Preud’homme 1993). The climatic predictor 'tmin9', found to
be highly important, characterizes not only the temperature
in September but is closely correlated (r>0.8, p<0.05) with

ambient air

the average minimum monthly air temperature in April,
May, June, July, and August, in other words, characterizes
the whole growing season and emphasizes the strong
dependence of the well-being of the fish species on
temperature. The corresponding marginal response curve
illustrates this dependence (Fig. 1), showing low predicted
habitat suitability at low temperatures, rapidly increasing
with rising temperatures, and gaining a 90% suitability at
around 10°C. Such behavior of the curve corroborates with
earlier findings. For instance, some Centrarchidae have been

V. Tytar et al.
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Figure 4. Marginal response curve for soil minimum cation
exchange capacity (soil_min7), [cmol/kg];
HS = predicted habitat suitability

experimentally shown not to feed below 10°C (Marcus 1932).
In a field-based study, L. gibbosus did not start to feed until
the water temperature reached 8.5°C and only reaching the
temperature of 9.5°C all fish had moderately full stomachs;
prior to this, the stomachs of the fish were shrunken and
mucous-filled (Keast 1968). In this way, water temperature is
pivotal for meeting the bioenergetic needs of the species, not
to mention over-wintering survival.

Considering topography, slope range in relevance to
habitat suitability demonstrates a clear downward trend,
with higher suitability in places where the difference
between the maximum and minimum of the slope barely
reaches 20° (Fig. 2). According to the maps visualized in
SAGA CIS, these are relatively flat areas found at low
altitudes, predominantly (~50%) between zero and 140 m
above sea level. Under such circumstances, still waters,
whether they be lakes, reservoirs, floodplain lakes or ponds,
or marshes, are expected to be widespread and running
waters to be of low flow velocity. Previously it was found
that increasing altitudes accounted for a lower number of
sites with the presence of the pumpkinseed in Slovakia
(Jakubcinova et al. 2008) and Portugal mountain rivers and
small highland streams, high slope and energy, and low
productivity seem to be much less attractive (Ilhéu et al.
2014).

Jakubcinova et al. (2008) consider higher occurrence of
the species (together with Neogobius melanostomus and
Pseudorasbora parva) in lower altitudes can be associated with
a stronger influence of land use and other human
disturbances of which invasive species can take advantage
because of their wider environmental tolerances and ability
under these circumstances to outcompete more sensitive
native species. This notion is supported by the behavior of
the marginal response curve showing a general trend of
better suitability for L. gibbosus in developed areas (Fig. 3).
For instance, in the Netherlands, the pumpkinseed is
especially abundant in mooreland pools, fish ponds, and
urban waters (Van Kleef et al. 2008).
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Figure 5. Map of predicted habitat suitability for the pumpkinseed in Ukraine based on the combination of selected
predictors from the Near-global environmental information for freshwater ecosystems; the legend shows habitat
suitability ranging from high (red) to low (blue); clusters of the species' distribution: 1 - Zakarpatska (Transcarpathia),
2 - Middle (Podol) Dnister, 3 - Lower Danube-Dnister, 4 - Dnister-Lower Dnipro (includes the Southern Boug
catchment), 5 - Dnipro Cascade, 6 - Crimea, 7 -Donbas.

211'2 2]1.6 22|.0 22|.4 22|.8 23:'.2 2?:'.5 24|.0 24|.4 24‘.8 25‘.2 25|.6 26|.0 26|.4 26;.8 2';';.2 2?;.5 28|.0
<t o~
2_1 s —L . -
o ‘ @
log —58 L N
(Tal
2 <)
>~ .130 ~
: B
rﬁ'— L0.110 -~ [~
o ~0.100 57 ©
c | 0.090 F e
il 10.080
< 0070 K | ™
S -0.060 =
o .050 o
=3 040 o
- 0.030
ﬁf 0.020 7;‘.
in 0.010

! T T = T T I23 T T = T T I25 T I “IZS..‘ \- T Iz? T T = T O
00 04 08 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 7.2 )

Figure 6. Map of predicted habitat suitability for the pumpkinseed in Latvia based on the combination of selected
predictors from the Near-global environmental information for freshwater ecosystems; the legend shows habitat
suitability ranging from relatively high (red) to low (blue); areas suggested for legal introduction: 1 - Lower Daugava,

2 - Kurzeme Province.

Finally, the upstream soil minimum cation exchange
capacity (soil_min7) has a significant influence on the
physical and chemical properties
environment (Fig. 4). Actually, the predictor 'soil_min7'
represents a cluster of intercorrelated soil features such as
pH, silt, clay (r>0.7, p<0.05) and sand content (a negative
correlation exceeding -0.8, p<0.05) important for shaping the
species' habitat. For instance, there is a preference of female
pumpkinseeds for nesting on firm substrates (sand or
gravel) as opposed to soft substrates (Danylchuk, Fox 1996).
Regarding the pH, the fish can adapt themselves to anything
from 6.7 to 8.2 (Bockstael 1984). However, the pumpkinseed
is negatively affected when pH drops between 5.2 and 5.3
(Sun & Harvey 1986). From the corresponding marginal

of the freshwater

response curve, we can conclude that the species preferred
habitat is where values of 'soil_min7' are below 26 cmol/kg,
meaning that under these circumstances, safe levels of pH
(>5.5) are maintained. Less is known about the sand content
other than its presence or absence. Under these same
circumstances, the preferable minimum sand content mass
fraction could be expected to vary between 31.6 and 32.5
percent, but this has yet to be verified.

Initially, the pumpkinseed established itself in Ukraine
in the Lower Danube area in lakes Yalpuh and Kahul in 1946
(Berg 1949). In 1952 the species spread to the Dniester
Estuary (Diripasko et al. 2008). The modelling shows that the
species may have good chances to occupy natural habitats in
the Middle Dniester (also referred to as the Podol Dniester").
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Further upstream expansion into the Carpathian Dniester
could be limited by the water flow velocity reaching there a
figure of 1 m/s, whereas in the middle and lower course of
the river, the corresponding figures are lower, 0.2-0.7 and
0.2-0.4 m/s, respectively (Transboundary ..., 2005).

In 1953 L. gibbosus was found to occupy brackish waters
in the northwestern corner of the Black Sea (Vinogradov
1960). In 1970 the species extended its range to the Dnieper
Estuary (Fedonenko & Marenkov 2013), from where it
spread to the lower reaches of the Southern Boug (Movchan
2002, Afanasyev et al. 2017) and set the beginning of the
invasion of the reservoirs built upon the Dnieper (the
'Dnieper Cascade'). In the 1970s, a number of fish ponds in
Kiev were stocked with pumpkinseed, which had escaped
into the wild and presumably laid the source for both up-
Whatsoever, 2011
fishermen have been recording the species in their catches
from the Kiev Reservoir (Afanasyev et al. 2017). Our
modelling shows excellent habitat suitability for L. gibbosus
throughout the entire cascade of Reservoir on the Dnieper,
which likely had accelerated its spread. Moreover, the
models predict that the species may move into the Pripyat
River as far as Turov in Belarus (347 km from the estuary)
and beyond. By the way, this advance could be facilitated by
the E40 Inland Waterway (E40 IWW), a transnational project
to establish a 2,000 km Black-to-Baltic-Sea inland waterway
through Poland, Belarus, and Ukraine connecting the
seaports of Gdansk and Kherson, bound for implementation
in the coming years.

Further to the south and east, the species is widespread
in water bodies of Crimea (appeared since 2002) (Boltachev
et al. 2003) and in 2011-2013, reached Lugansk Oblast in the
Donbas region (Afanasyev et al. 2017). In the west, the
pumpkinseed has been known from the Transcarpathia since
1980 (Fedonenko & Marenkov 2013).

According to the models for Latvia, chances here for the
spontaneous invasion of L. gibbosus are low: moderately
suitable for the species areas (where predicted habitat
suitability >0.3) occupy only 3% of the country. Even more,
there are no clear geographical corridors that could facilitate
such expansion other than brackish waters along the Baltic
coast, which in theory, could pave the way to the north. In
this respect, the seaside of Kurzeme Province could probably
accommodate the species, especially if warmer temperatures
will appear together with climate change. If introduced,
legally or not, or by accident, the Lower Daugava next to
Riga would likely be the most suitable place for the fish.

Traditionally,  determining driving  the
distribution of a species would require laborious field
measurements of key environmental variables in natural
populations or experimental research. However, the advent
of GIS and the increased availability of global environmental
data in recent years have favored the proliferation of diverse
ENMs intended to answer a wide range of applied ecological
questions (Peterson et al. 2011). Because these models seek to
identify the features that characterize a species’ known
distribution (their “environmental envelope”), they are
likely to provide basic quantitative information about
species’ apparent habitat preferences (Nakazato et al. 2010).
Perhaps most vividly, the extraction of such information has
been exemplified by the SDM marginal response curve

and-downstream invasions. since

factors
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generated for the minimum monthly air
temperature for September (Fig. 1) to find the temperature
preferences of L. gibbosus. Luckily enough, these closely
corroborated with findings made earlier in the field. Our
modelling shows the current distribution of L. gibbosus in
Ukraine and prospects for future expansion of the species,
particularly into Belarus, where such chances are high. On
the contrary, in Latvia, at the potential range edge of L.
gibbosus, these chances are fairly low, although even today,
certain isolated sites offer more or less viable conditions for
the species.

average
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