Hydrobiologia
https://doi.org/10.1007/s10750-024-05565-8

INVASIVE SPECIES 1V

q

Check for
updates
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range jointly shape the high morphological variability
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Abstract Phenotypic variability is a key factor
promoting the establishment and spread of invasive
populations in new environments. The Ponto-Caspian
region contains a diverse endemic fauna known for its
exceptional environmental plasticity, with many spe-
cies invading European waters. However, the extent
to which the environment shapes the phenotypic vari-
ability of these successful invaders remains poorly
understood. We test to what extent the environment,
intraspecific lineage affinity and geographic range
interact and shape the variability of ecologically rel-
evant functional morphological traits of the amphi-
pod, Dikerogammarus villosus. Our results show the
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highest differentiation among environments, with an
enhancement of predation-related traits in brackish
waters relative to freshwaters. Differentiation among
lineages and ranges (native/invaded) was smaller,
occurring in traits related to locomotion and food pro-
cessing. Although we uncovered an overall increase
in variability outside the native range, the dynam-
ics of morphological change were lineage-specific:
the Western Lineage (invading via the River Dan-
ube) underwent a shift towards increased append-
age length, while the Eastern Lineage (invading via
the River Dnieper) underwent a significant overall
morphospace expansion. We conclude that D. vil-
losus exhibits a remarkable morphological variabil-
ity across Europe that is influenced by the interplay
between the environment as well as its evolutionary
and invasion history.

Keywords Functional morphology - Phenotypic
variability - Native range - Invaded range -
Hypervolume - Genetic admixture - Ponto-Caspian

Introduction

Non-native organisms often encounter various novel
selection pressures that drive their evolutionary adap-
tation in the invaded range (Suarez & Tsutsui, 2008;
Atwood & Meyerson, 2011). Invasive species in
recently colonised habitats need to adapt to new com-
petitive and predatory pressures (Milchunas et al.,
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1988; Bossdorf et al., 2004) and various ecosystem
conditions (Willi et al., 2006) compared to the native
range. These selective pressures are highlighted by
studies that found significant phenotypic and eco-
logical differences between individuals from native
vs invaded ranges (Gallardo et al., 2013; Cerwenka
et al., 2014; Courant et al., 2017; Kosmala et al.,
2017; Sotka et al., 2018; Dashinov & Uzunova, 2020;
Dashinov et al., 2020; Balzani et al., 2021; Phillips &
Hagey, 2022; Copilas-Ciocianu et al., 2023a).

Phenotypic variation is the primary substrate
onto which natural selection acts and is therefore of
major importance for the establishment of popula-
tions in new environments (Fox et al., 2019). Wide-
spread invasive species are likely to exhibit consid-
erable phenotypic variation across their distribution
(Evangelista et al., 2019), which facilitates their fit-
ness maintenance both in favourable (opportunistic
species) and stressful (robust species) environments
(Knop & Reusser, 2012). The high phenotypic diver-
sity of invasive species outside the native range can
result from bypassing the bottleneck effect due to
multiple introductions (Wattier et al., 2007; Gillis
et al., 2009). Phenotypic diversity can also be shaped
by the genetic disparities between the source popula-
tions in the native area (Hermisson & Wagner, 2004).

Generally, many invasive species are omnivorous,
which increases their chances of successful estab-
lishment in new environments (Machovsky-Capuska
et al., 2016). Usually, the trophic niches of non-native
species are broader than those of native species
(Feiner et al., 2013; §idagyte et al., 2017a). Moreo-
ver, invasive species can exhibit significant trophic
niche and morphological variability across geo-
graphic ranges and populations (Jourdan et al., 2019;
Copilag-Ciocianu et al., 2023a). However, the extent
to which the evolutionary history in the native range
and environmental plasticity can influence the pheno-
typic differentiation of invasive populations remain
poorly investigated.

Functional morphology often reflects an organ-
ism’s ecological niche since phenotypes interact with
the environment primarily via external morphology
(Bock & von Wahlert, 1965; Valen, 1965; Evange-
lista et al., 2019). As such, functional morphology
shapes a species’ spatial distribution and its role in
the ecosystem (Ferry-Graham et al., 2002; Dehling
et al., 2016), especially from a trophic perspec-
tive (Ferry-Graham et al., 2002; Pigot et al., 2020;
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Copilag-Ciocianu et al., 2021). Some non-native spe-
cies undergo morphological and associated dietary
changes while colonising new environments (Klepa-
ker, 1993; Adachi et al., 2012; Evangelista et al.,
2019). However, the significance of environmental
factors in shaping the phenotypic variability of inva-
sive species is still poorly understood (Arbaciauskas
etal., 2013).

The Ponto-Caspian region consists of the Black,
the Caspian and the Azov Seas and their adjacent
lagoons and river deltas (Jazdzewski, 1980). The
dynamic geological history and long isolation of the
basin promoted diversification and high endemism
of various groups of Ponto-Caspian fauna, including
crustaceans, molluscs and fish (Cristescu & Hebert,
2005; Griffiths, 2006; Neilson & Stepien, 2009; Wes-
selingh et al., 2019). Many of them display high
phenotypic and environmental plasticity in newly
colonised environments (Kostrzewa & Grabowski,
2003; Grabowska et al., 2009; Cerwenka et al.,
2014; Copilas-Ciocianu & Sidorov, 2022). Espe-
cially diverse and widely distributed group of Ponto-
Caspian fauna are amphipod crustaceans (Viinold
et al., 2008; Copilas-Ciocianu et al., 2020; Copilas-
Ciocianu et al.,, 2023b). Among them, particularly
widespread are gammarids for which the Ponto-Cas-
pian region constitutes a biodiversity hotspot (Viinola
et al., 2008; Rewicz et al., 2016; Copilas-Ciocianu &
Sidorov, 2022). Almost 40% of these species are inva-
sive and rapidly colonised freshwater ecosystems in
Europe (Jazdzewski, 1980; Bij de Vaate et al., 2002;
Copilag-Ciocianu et al., 2023b). Their invasive suc-
cess is attributed to many biological traits, including
diet plasticity, accompanied by a higher predatory
ability (Van der Velde et al., 2000; Bacela-Spychalska
& Van Der Velde, 2013; Dehedin et al., 2013). How-
ever, the morphological variation of traits responsible
for feeding across populations from different environ-
ments and invasive history is poorly studied.

A good model species for such comparisons is
Dikerogammarus villosus (Sowinsky, 1894). It is an
invasive amphipod of Ponto-Caspian origin which
has broadly spread in Europe (Grabowski et al., 2007;
Rewicz et al., 2014; Copilag-Ciocianu et al., 2023b).
Phylogeographic analyses uncovered four geneti-
cally distinct native populations along the north-
west shore of the Black Sea: the Dnieper Delta, the
Dniester Delta, the Danube Delta and the Durungol
liman (Rewicz et al., 2015b). Two of these genetically
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distinct lineages i.e., the Western (the Danube ori-
gin) and the Eastern (the Dnieper origin) colonised
many European lentic and lotic waters (Rewicz et al.,
2015a, b, 2017). The wide distribution of this species
in Europe in various lentic and lotic environments
could influence its morphological variability, similar
to patterns observed in certain fish species (Diirrani
et al., 2023; Zahorska et al., 2023). Moreover, this
species also experienced one of the strongest climatic
niche expansions in the invaded range among inva-
sive Ponto-Caspian amphipods (§idagyté-Copilas &
Copilasg-Ciocianu, 2024). Dikerogammarus villosus
is described as a crawler ecomorph (Copilag-Ciocianu
& Sidorov, 2022). Amphipods of this ecomorph gen-
erally have a slender body and long appendages and
hide in coarse substrates such as gravel and stones
(Copilas-Ciocianu & Sidorov, 2022). Dikerogam-
marus villosus is an omnivorous species demonstrat-
ing a broad range of feeding habits (Platvoet et al.,
2009; Worischka et al., 2018), which is confirmed
by behavioural experiments (Pellan et al., 2015),
stable isotopes studies (van Riel et al., 2006; Hell-
mann et al., 2015) and morphological comparisons of
mouthparts (Mayer et al., 2008, 2009; Platvoet et al.,
2009; Pellan et al., 2015; Richter et al., 2018). How-
ever, some differences in diet and trophic position
were observed between certain populations of this
species in the River Elbe and the River Rhine (Hell-
mann et al., 2015), suggesting that some morphologi-
cal variation might be expected among populations.
A recent study by Copilag-Ciocianu et al. (2023a) has
indeed shown that the diet and associated morpho-
logical traits of this species differ between the native
range in the Black Sea and the invaded range in the
Baltic Sea. However, it remains unknown to what
extent the environment can influence phenotypic vari-
ability and if this variability differs among the two
invading lineages. Examining this variability is essen-
tial due to its potential to reflect dietary plasticity — a
key factor in the invasion process.

Therefore, the goal of our study was to test at the
continental scale the effect of environment (brack-
ish waters, freshwater lakes and freshwater river sec-
tions), intraspecific lineage (Western, Dniester and
Eastern) and range (native and invaded) in shaping
the variability of functional morphological traits that
directly (gnathopods, mouthparts, stomach) or indi-
rectly (antennae, walking legs) reflect the diet of Dik-
erogammarus villosus. Given its broad geographical

occurrence in different types of waterbodies (fresh-
water river sections, brackish waters and freshwater
lakes) and its trophic plasticity, we hypothesise that
D. villosus exhibits a considerable amount of func-
tional morphological variation. We further hypoth-
esise that due to greater environmental heterogeneity
in the invaded range, D. villosus experiences a sig-
nificant morphospace expansion outside the native
range. Understanding this variation is important for
better comprehension of the invasive potential of this
species.

Materials and methods
Sampling and laboratory procedures

The examined material consisted of male specimens
of Dikerogammarus villosus collected from 35 sam-
pling points across three different environments
i.e., freshwater river sections, freshwater lakes and
brackish waters, in both native and invaded ranges in
Europe (as illustrated in Fig. 1 and detailed in Sup-
plementary Table 1). We considered all of the native
sampling sites as belonging to the brackish water cat-
egory as they are located either in brackish coastal
lagoons or in deltaic regions, which are regularly sub-
jected to saline water intrusions. Some environmen-
tal factors may be unique to each environment type
but multiple may be shared. Therefore, our division
of environments is based mainly on salinity (brack-
ish waters vs freshwater river sections and lakes) and
water current (brackish waters and rivers vs lakes).
These two main environmental factors were used in
the discussion of our results. Based on Rewicz et al.
(2015b), we divided our dataset into Western, East-
ern and Dniester intraspecific genetic lineages. Speci-
mens were collected at a depth of up to 0.5 m through
“kick-sampling” with a benthic hand-net with a mesh
size of 0.5 mm according to established protocols of
Jazdzewski et al. (2002) and Grabowski et al. (2006).
The amphipods were preserved in 96% ethanol and
then identified in the laboratory to the species level
based on the literature (Mordukhay-Boltovskoy,
1964; Eggers & Martens, 2001).

From most localities, 10 mature, well-preserved
individuals, without visible damage to the body and
appendages, were chosen for the dissection. In the
case of five sampling points, a smaller number of
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Fig.1 Sampling sites in Europe are numbered according to Supplementary Table 1. Symbols with white and black outlines show

sites from the native and invaded ranges, respectively

specimens (six specimens from each of two locali-
ties and nine individuals from each of three localities)
was used, depending on material availability. In total,
we used 339 individuals (9.7 ind./locality on average)
for the dissection. Only male specimens were chosen
as we wanted to exclude sexual dimorphism as a con-
founding factor (Conlan, 1991). Before the dissection,
the cuticle was softened by immersing the specimens
overnight in 1.5% lactic acid solution as in Zhao et al.
(2021) and subsequently stored for a few hours in 1:3
glycerol-ethanol mix as in Copilag-Ciocianu et al.
(2021).

For assessing functional morphological differen-
tiation, we chose 29 traits involved in sensory func-
tions (both antennae), food processing and digestion
(stomach, mandibles, maxillipeds), food capturing
and handling (the first pair of gnathopods) and loco-
motion (the third and the seventh pair of pereiopods,
the first pair of pleopods and the third pair of uro-
pods) (see Supplementary Table 2). All traits were
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chosen according to Copilag-Ciocianu et al. (2021).
For comparative purposes, always the right body
side was dissected as in Copilas-Ciocianu et al.
(2021). The left side was used for the dissection
only when the appendages on the right body side
were damaged. Always the right-side mandibles
were dissected to take into account their asymme-
try (Mayer et al., 2012). The dissections were con-
ducted under the stereomicroscope using needles,
fine tweezers and microsurgical scissors according
to Copilag-Ciocianu et al. (2021) and Zhao et al.
(2021). Dissected appendages were mounted on
microscope slides in glycerol and photographed
under a Nikon SMZ1000 stereomicroscope with a
Pixelink M15C-CYL camera. Afterwards, the meas-
urements were conducted based on photographs in
Digimizer 4 software. The landmarks were cho-
sen according to FiSer et al. (2009) and Copilas-
Ciocianu et al. (2021).
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Statistical analysis

Measurements (except the gnathopod palmar angle)
were regressed against body length to remove the
effect of body size. In the subsequent analyses, we
used regression residuals. Specimens that showed
outlying values (mean+2 X SD) were excluded
from further analysis. Morphological traits were
either analysed altogether or separated into four
functional groups of traits i.e., sensory functions
(antennae, six measurements), food processing and
digestion (mouthparts and stomach, four measure-
ments), food capturing and handling (gnathopods,
seven measurements) and locomotion (pereiopods,
pleopods and uropods, 10 measurements). Body and
head lengths can be a proxy of multiple ecological
functions (Allen et al., 2006), therefore, were not
assigned to any functional group and analysed only
in the set of all traits altogether. A Permutational
Multivariate Analysis of Variance (PERMANOVA)
with 999 permutations was used to test for morpho-
logical differences (either all traits or split among
the four functional groups) between three group-
ing factors i.e., geographic range (two levels: native
and invaded ranges), lineage (three levels: Western,
Dniester and Eastern) and environment (three lev-
els: rivers (freshwater sections), lakes (freshwa-
ter), brackish waters). Populations were assigned
an invasion range based on Copilag-Ciocianu et al.
(2023a), and lineage assignment followed Rewicz
et al. (2017). Both the effects of factors as well as
all the possible interactions between them were
tested. However, because the native range in our
study contains only one type of environment (brack-
ish waters, see above), the range: environment
interaction as well as the full lineage: environment:
range interaction could not be tested. To avoid pseu-
doreplication, due to measurements of multiple
specimens per locality, the population factor was
included in the analysis as strata during the permu-
tations. The Euclidean distance metric was used to
measure dissimilarity between data points. Pairwise
comparisons were conducted under the Bonferroni
correction. All PERMANOVA tests were performed
in R 4.3.0 (R Core Team, 2023) using adonis2 func-
tion of the package vegan and pairwise.adonis of
the package pairwiseAdonis for the post hoc analy-
sis between levels of the significant factors (Mar-
tinez Arbizu, 2020). To visually explore the patterns

of differentiation, Principal Component Analysis
(PCA) using a Pearson Correlation matrix was per-
formed in PAST 4 (Hammer et al., 2001).

To estimate the magnitude and patterns of mor-
phological differentiation between lineages, envi-
ronments and geographic ranges, the n-dimensional
hypervolume approach was applied to the first two
PCA dimensions (PC1, PC2) as in Copilas-Ciocianu
et al. (2023b). Due to the sake of comparabil-
ity among functional trait groups only the first two
PCA dimensions were included. Hypervolumes for
native and invaded ranges were constructed by pool-
ing all individuals from the Western and Eastern
Lineages as well as separately for each of the two
lineages. Individuals from the Dniester Lineage were
excluded from the range hypervolume analysis as
this lineage is currently not known to occur outside
its native range. Additionally, we also tested which
of the environments had the greatest effect on mor-
phospace change in the invaded range compared with
the native. For this, we conducted a pairwise hyper-
volume comparison among the native brackish envi-
ronment with each of the three environments in the
invaded range separately (i.e., native brackish waters
vs invaded freshwater river sections; native brackish
waters vs invaded freshwater lakes and native brack-
ish waters vs invaded brackish waters) by account-
ing for each of the two invading lineages separately
(the Western and the Eastern). All hypervolume pairs
were constructed using the hypervolume v. 3.1.0. R
package (Blonder et al., 2014, 2018, 2023). For each
hypervolume pair, we calculated total and unique
volumes, distances between centroids and the Jac-
card index. Furthermore, we estimated morphologi-
cal change dynamics (i.e., expansion, contraction and
shift) among geographic ranges with the R package
BAT v.2.9.2. (Cardoso et al., 2015). The change was
assessed with the f, ., diversity index (=1 — a value
of Jaccard similarity), ranging from O for fully over-
lapping morphospaces, and 1 for completely non-
overlapping morphospaces. Subsequently, this index
was decomposed into the S, cemen INdeX, indicating
morphospace shift, and the ;s 1NdeX, indicating
morphospace contraction or expansion (Carvalho &
Cardoso, 2020). We highlight that this terminology
should not be confounded with the sequence of the
invasion process. Therefore, it should be only consid-
ered as a change of morphospace between geographic
ranges and not as changes with time.
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Results

The PERMANOVA test showed that environ-
ment type has the most significant effect on the
total (all traits combined) morphological differen-
tiation (F=16.20, P=0.001), followed by lineage
(F=5.35, P=0.003) and range (F=4.17, P=0.023)
(Table 1). Pairwise comparisons (see Supplemen-
tary File 3) indicate significant differences between
the Western and the Eastern Lineages (P=0.002)

and between the Eastern and the Dniester Lineages
(P=0.020). Regarding environments, significant
differences were observed between brackish waters
and rivers/lakes (P <0.001/P=0.002, respectively)
but not between lakes and rivers. Significant dif-
ferences between the Western and the Eastern
Lineages were observed in lakes (P=0.025) and
in brackish waters between the Eastern and the
Dniester Lineages (P <0.001). Within the West-
ern and Eastern Lineages, brackish waters differ

Table 1 Results of

. Traits Factor df SS R2 F P
PERMANOVA testing the
effect of range, lineage All Range 1 15040 0.01 4.17 0.023
and environment and Lineage 2 38580 003 535 0.003
their interaction on all
analysed morphometric Environment 2 1169.60 0.09 16.20 0.001
traits and on four functional Lineage: Range 1 63.70 0.00 1.76 0.250
morphological groups Lineage: Environment 2 257.90 0.02 3.57 0.070
Residuals 324 11,692.40 0.85
Total 332 13,719.80 1.00
Sensory functions Range 1 1.93 0.00 0.96 0.458
Lineage 2 370 0.01 0.92 0.396
Environment 2 17.00 0.02 4.21 0.003
Lineage: Range 1 552 0.01 273 0.104
Lineage: Environment 2 28.63 0.04 7.09 0.001
Res 324 654.05 0.92
Total 332 710.83 1.00
Food processing and digestion Range 1 0.19 0.00 0.71 0432
Lineage 2 1.50 0.01 2.83 0.046
Environment 2 7.89 0.08 14.84 0.001
Lineage: Range 1 022 0.00 0.83 0.393
Lineage: Environment 2 463 0.05 870 0.001
Res 324 86.10 0.86
Total 332 100.53 1.00
Food capturing and handling  Range 1 63.30 0.01 2.56 0.132
Lineage 2 220.10 0.02 445 0.011
Environment 2 1087.50 0.11 22.00 0.001
Lineage: Range 1 040 0.00 0.02 0.930
Lineage: Environment 2 150.90 0.02 3.05 0.215
Res 324 8009.20 0.84
Interactions that lacked Total 332 9531.40 1.00
sufficient data were not Locomotion Range 1 8.57 0.02 837 0.001
z?ff;ilt‘;‘e(f;‘; ;gz )Slagrzlﬁcam Lineage 2 1091 003 533 0.002
in bold. Marginally Environment 2 296 001 145 0.29
significant effects (0.05 <P Lineage: Range 1 1.02 0.00 0.99 0475
value <0.1) are in ralic. Lineage: Environment 2 578 0.02 282 0.053
Df degrees of freedom, Res 324 331.74 0.92
S§ sum of squares, R2 Total 332 36097 1.00

R-squared, F F-statistic
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compared to the rivers (both P<0.001) and lakes
(P=0.017, P=0.005, respectively).

Sensory traits (antennae) differ between envi-
ronments (F=4.21, P=0.003) and in the interac-
tion between environments and lineages (F'=7.09,
P=0.001) (Table 1). Significant differences were
detected between lakes and rivers (P=0.019) as well
as between lakes and brackish waters (P=0.001).
The Western and the Eastern Lineages differ in lakes
(P<0.001). Within the Eastern Lineage lakes dif-
fer significantly from brackish waters and rivers
(both P <0.001) (Supplementary File 3).

Food processing and digestion traits (mouthparts
and stomach) differ significantly between environ-
ments (F=14.84, P=0.001), lineages (F=2.83,
P=0.046) and in the interaction between lineages
and environments (F=8.70, P=0.001) (Table 1).
All environments differ from each other (P <0.05),
while the differences between lineages were observed
between the Dniester and two other lineages
(P=0.020, P=0.036 for comparison with the West-
ern and the Eastern, respectively). Within the East-
ern Lineage, all environments differ from each other
(P<0.05), while for the Western Lineage, brack-
ish waters significantly differ from lakes and rivers
(P=0.013, P=0.034, respectively). All the lineages
differ from each other in brackish waters (P <0.05).
Additionally, the Western and the Eastern Lineages
differ in lakes (P =0.010) (Supplementary File 3).

Food capturing and handling traits (gnathopods)
differ significantly between environments (F'=22.00,
P=0.001) and lineages (F=4.45 P=0.011)
(Table 1). These traits differ between the Western and
the Eastern Lineages (P =0.008) and between popu-
lations from brackish waters and other environments
(P<0.05). Within the Eastern Lineage, populations
from brackish waters significantly differ from other
environments (P <0.001 and P=0.006 for compari-
sons with rivers and lakes, respectively). Within the
Western Lineage, populations from brackish waters
also differ from rivers and lakes (P <0.001, P=0.019,
respectively). Brackish populations differ between the
Eastern Lineage and two other lineages (P <0.05)
(Supplementary File 3).

Locomotion traits (pereiopods, pleopods and uro-
pods) significantly differ between native and invaded
ranges (F=8.37, P=0.001) and between lineages
(F=5.33, P=0.002) (Table 1). Pairwise comparisons
for lineages showed a significant difference between

the Western and two other lineages (P <0.05). Within
the Eastern lineage, significant differences were
observed between lakes and rivers (P=0.001) as well
as between lakes and brackish waters (P=0.002).
Populations from brackish waters differ between the
Dniester and the Eastern Lineages (P=0.042) as well
as between river populations from the Western and
the Eastern Lineages (P <0.001) (Supplementary File
3).

In the PCA analysis, the first two axes explain
47.8% of the morphological variation. The first axis
(39.8% of variation explained) reflects the length
of pereiopods, mandible palps and peduncles of
antennae, while the second axis (8.0% of variation
explained) reflects the molar surface, palmar angle,
and length of stomach, head, gnathopod palm, spines
and setae of gnathopods as well as maxilliped palps
(Fig. 2). Overall, populations from brackish waters
are characterised by a tendency towards a narrower
palmar angle, smaller molar surface and stomach
length and have an increased body size and head
length as well as palmar spines (Fig. 2b). Morpho-
logical variation increases in the invaded range, with
populations being characterised by generally longer
antennae and pereiopods compared to native popula-
tions (Fig. 2c¢).

PCAs for separate groups of traits (see Fig. 3a)
increased the percentage of variation explained. PCA
for sensory traits (86.2% of variation explained) indi-
cates that populations from rivers and brackish waters
have generally shorter antennae (Fig. 3b). PCA for
food processing and digestion traits (69.7% of varia-
tion explained) indicates a trend towards decreasing
stomach length and molar surface in populations from
brackish waters (Fig. 3c) and from the Western Line-
age (Fig. 3d). PCA for food capturing traits (66.8% of
variation explained) indicates that populations from
brackish waters have generally smaller palmar angles
and longer palms, spines and setae of gnathopods
relative to freshwater populations (Fig. 3e). A trend
towards increasing gnathopod size was observed in
the Western Lineage (Fig. 3f). PCA for locomotion
traits (67% of variation explained) indicated a trend
towards decreasing the length of the 7th pair of perei-
opods in the native area (Fig. 3g) and for the Dniester
Lineage (Fig. 3h).

Hypervolumes indicate that the highest mor-
phospace overlap is found among the Western and
the Eastern Lineages when ranges are disregarded
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Fig. 2 PCA scatterplots of the overall morphological differen-
tiation of D. villosus among lineages (a), environments (b) and
ranges (c). For clarity, the biplot with 29 traits is shown on a

(Jaccard=0.74) (Table 2, Fig. 4d). Considering
only ranges, the amount of overlap decreases (Jac-
card=0.52) (Table 2, Fig. 4a). When both lineage
and range are factored in, the amount of overlap
decreases even more, with a moderate overlap among
ranges within the Western Lineage (Jaccard=0.48)
(Fig. 4b), and a small overlap among ranges within
the Eastern Lineage (Jaccard=0.27) (Fig. 4c). Mor-
phospace overlap among environments mirrors the
PERMANOVA and PCA results, with the lowest
overlap being observed among brackish and river/
lake populations (Jaccard=0.51 and 0.41, respec-
tively) and the highest between rivers and lakes (Jac-
card=0.64) (Table 2, Fig. 4e).

Analysis of niche change dynamics reveals a mor-
phospace expansion in the invaded range when line-
ages are pooled together (native volume=67.36;
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separate plot (d). Abbreviations of the traits according to Sup-
plementary Table 2

invaded volume=109.43) with the B.es €Xplain-
ing 75% of the total (f,,) differentiation (Table 2).
When lineages are considered, niche change dynam-
ics among ranges become more refined and lineage-
specific, with the Western Lineage being character-
ised more by a shift accompanied by an expansion
(native volume=281.25; invaded volume=103.20;
Breplacement=06% Of Pi,,) while the Eastern Line-
age underwent a significant overall morphospace
expansion (native volume=36.94; invaded vol-
ume = 129.98; BLichness = 96% of fioia)-

Morphospace change dynamics among ranges
differ according to the environment. The Western
Lineage can be characterised by an expansion in
brackish waters (native volume = 80.69; invaded vol-
ume =137.21; Biichness=10% 0f Piowa)> @ shift with a
slight contraction in lakes (native volume==80.69;
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Fig. 3 PCA scatterplots of morphological differentiation
among populations of D. villosus across environment types,
ranges and lineages concerning functional groups of traits.
Scheme highlighting the location and composition of func-

invaded volume=67.07; fpiacement=82% Of Pior)
and a shift in rivers (native volume=_80.69; invaded
volume =82.99; B, iacement=97% Of Pia) (Table 2,
Fig. 5a—c). While the Eastern Lineage can be

-5 0 5 3 0 5

PC™1 (57.6%)

tional groups (a). Only statistically significant combinations
from PERMANOVA analysis for each group of traits are illus-
trated (b—h). Abbreviations of the traits according to Supple-
mentary Table 2

characterised by an expansion in all environments in
the invaded range i.e., in brackish waters (native vol-
ume=37.07; invaded volume=90.81; B, nness=89%
of i), 1n lakes (native volume=37.07; invaded
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Fig. 4 Morphospace
hypervolume for compari-
sons among ranges (a—c),
lineages (d) and environ-
ments (e)

Fig. 5 Morphospace hyper-
volume for comparisons
between the native range
and each environment in
the invaded range within
the Western (a—c) and the
Eastern Lineages (d—f)
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volume=81.98; fihness=75% 0f Pi) and in riv-
ers (native volume=37.07; invaded volume =60.78;
Prichness = 09% of fi..) (Table 2, Fig. 5d—f).

Discussion

Our results reveal that Dikerogammarus villosus
exhibits a substantial amount of morphological vari-
ability across Europe. The main driver for this vari-
ation seems to be environment type as we uncovered
that brackish water populations differ the most from
populations inhabiting rivers and lakes. Differentia-
tion between intraspecific lineages and among geo-
graphic ranges (native and invaded) is significant,
but not as strong. Furthermore, we found that the
two invading lineages (Western and Eastern) exhibit
unique patterns of increasing morphological dispar-
ity in the invaded range, especially in brackish waters.
Below we discuss the implications of these findings
and their significance for the ongoing invasion of this
species.

Individuals from brackish waters are characterised
by longer setae on gnathopods propodi. This seta-
tion plays a role in filtering food particles, grooming
and transferring to the mouthparts (Platvoet et al.,
2006; Mayer et al., 2012). We also observed that the
specimens from brackish waters have longer palms
and narrower palmar angles. This increases the size
of the opening between the dactylus and propodus,
thus favouring the capture and handling of larger prey
(Loxton & Nicholls, 1979; FiSer et al. (2019); Pre-
mate et al., 2021). These observations together with
generally longer gnathopods of amphipods in brack-
ish waters suggest that individuals from these popula-
tions can handle larger prey items, and as such could
be more predatory.

The possibly higher predatory nature of brack-
ish populations of D. villosus can be also evidenced
by the modification of food processing and diges-
tion traits. Plant material is less nutritious and energy
efficient (Pellan et al., 2015). Therefore, herbivorous
organisms need to consume a high amount of plant
material to compensate for their energetic needs.
Consequently, herbivorous amphipods have a larger
stomach and a broader molar surface than carnivo-
rous species (Coleman, 1991; Mayer et al. (2015),
Watling (1993); Copilag-Ciocianu et al., 2021).
Indeed, we observed that D. villosus specimens from

brackish waters have shorter stomachs and smaller
molar surfaces than specimens from other popula-
tions, suggesting a possibly higher tendency towards
carnivory (higher specialisation). This again indicates
that brackish waters individuals may be more preda-
tory than those in freshwater environments.
Amphipods detect prey using their antennae, hence
relatively long antennae are thought to be more com-
mon in predatory species or populations (Copilas-
Ciocianu et al., 2021). We observed longer antennae
among lake populations compared to brackish envi-
ronments, which stands in contrast to the suggested
higher carnivory of brackish populations. However,
we can assume that their length is related to environ-
mental conditions. Studies on hermit crabs show that
chemical cues detection can be disturbed by water pH
(De la Haye et al., 2012). In the case of amphipods, it
is known that the environment can have an impact on
the morphology of antennae (Jones & Culver, 1989;
Deli¢ et al., 2016). Indeed, we can speculate that
lower pH in eutrophic lakes favours longer antennae
for more efficient chemical detection. Furthermore,
the length of the antennae may be also determined by
the water current (Deli¢ et al., 2016), and therefore,
we may expect that specimens inhabiting lakes need
longer antennae to orientate efficiently in a habitat
with lower water currents compared with rivers and
river mouths. Moreover, antennae are also responsi-
ble for filter feeding (Platvoet et al., 2006; Fiser et al.,
2009), thus, standing in congruence with our obser-
vations. Namely, our previous conclusions claiming
more herbivory and detritus feeding of freshwater
populations may be an explanation for the observed
trend. However, these observations need to be further
studied and completed with experimental testing.
Considering the above, we can generally assume
that brackish populations are more carnivorous than
freshwater populations. Indeed, stable isotope analy-
sis on the closely related Pontogammarus robustoides
showed a higher trophic position (reflecting higher
predation) of populations from brackish waters than
freshwater environments (Arbaciauskas et al., 2013).
It has been hypothesised that the higher phosphorus
and lower nitrogen contents in brackish waters pro-
mote predation and faster growth rates (Arbaciauskas
et al., 2013). Our results suggest that the putatively
increased carnivory of brackish populations of D.
villosus may cause a more severe impact on mac-
robenthic communities and more rapidly spread in
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coastal areas of the Baltic Sea (§idagyté et al., 2017b;
Copilas-Ciocianu & Sidagyté-Copilas, 2022).

We also observed morphological differences
between ranges (i.e., native vs invaded). Specimens
in the native range have a slightly narrower palmar
angle of gnathopods of the 1st pair compared to the
invaded range. It suggests more predatory habits of
D. villosus in the native range and higher omnivory
in the invaded range. Indeed, omnivorous habits are
an important trait promoting the successful invasion
of this species (Van der Velde et al., 2000; van Riel
et al., 2006; Platvoet et al., 2009). Our findings are
supported by a recent study that indicated a niche
contraction in the invaded range with a shift towards
decreased carnivory (Copilas-Ciocianu et al., 2023a).
However, the differences observed in our study are
driven mainly by the environment. For instance, the
palmar angle of gnathopods of the 1st pair differs
between individuals of the Eastern Lineage from
brackish waters in native and invaded ranges. A nar-
rower palmar angle in the case of amphipods from
Baltic populations (invaded range of the Eastern Lin-
eage) underline their higher level of predatory and
possible threat to the macrofauna of the Eastern coast
of the Baltic Sea.

At the lineage level, we observed a significant dif-
ferentiation with respect to the locomotor apparatus
and food processing traits. Individuals from the West-
ern populations have longer pereiopods, compared to
those from the Eastern populations. The same can be
observed for individuals from the invaded range in
comparison to the native range. These appendages
are responsible for locomotion, and their length posi-
tively influences locomotion speed (Kralj-Fiser et al.,
2020; Boudrias (2002), Dahl (1978)). An enhance-
ment of the spreading speed in the invaded range was
observed for instance in cane toads (Kosmala et al.,
2017). It can be assumed that predatory specimens
might have longer pereiopods (Copilag-Ciocianu
et al., 2021), suggesting a higher predatory ability
of D. villosus individuals from the Western Lineage
and invaded range. The higher predatory ability of
the Western Lineage can be also evidenced by bigger
gnathopods. In contrast, we show that the populations
from the Eastern Lineage have longer stomachs and
broader molar surfaces, which might reflect a higher
amount of plant material in their diet. We also find
that the morphology of the Dniester Lineage, which is
restricted only to the native Dniester lagoon, overlaps
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significantly with the Western and Eastern Lineages.
This indicates that it has an intermediate morphology,
which reflects its genetically intermediate position
between the Western and Eastern Lineages (Rewicz
et al., 2015b).

Each of the two invasive lineages displays a unique
pattern of morphological change in the invaded range
compared with the native area. We observed a mor-
phospace shift in the invaded range within the West-
ern Lineage and a morphospace expansion within
the Eastern Lineage. Although the morphospace of
the Eastern Lineage in the native range is smaller
than that of the Western Lineage, it is larger in the
invaded range. However, the factors behind this dis-
parity could be multiple. One reason could be due to
the possibly higher heterogeneity of the invaded envi-
ronments in Eastern Europe, where there are fewer
artificial channels and waters are less modified (Bij de
Vaate et al., 2002). The Eastern Lineage also expe-
rienced a significant morphospace expansion in all
three environment types in the invaded range which
may suggest an intrinsically higher developmental
plasticity than the Western Lineage. Regardless, one
could assume that the more variable Eastern Line-
age may be more successful in invading new habitats.
Although fewer studies were done on the Eastern Lin-
eage, they show a progressive expansion of D. vil-
losus in the coastal areas of the Baltic Sea (éidagyté
et al., 2017b; Copilas-Ciocianu & Sidagyté-Copilag;,
2022) but also in freshwaters of the Masurian Lake-
land (Podwysocki et al., 2024).

Our results constitute an important contribution to
the study of morphological variability and plasticity
of invasive aquatic species. The high morphological
disparity observed between populations of D. villosus
from different environments, as well as among ranges
and evolutionary lineages underlines the importance
of incorporating environmental and evolutionary fac-
tors across a wide geographical area and not limit-
ing these comparisons among the native and invaded
ranges. Although the environment is the main driver
of the observed variance, the differentiation among
lineages and ranges suggests differences in plastic-
ity between lineages. In particular, variation of traits
responsible for food processing and digestion, can
be an important driver of trophic niche expansion or
shift in the newly colonised environments. However,
experimental studies are critical for gaining a bet-
ter comprehension of how morphological plasticity
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is reflected ecologically. Furthermore, experimental
findings would also need to be validated with a com-
plementary analysis of the diet (stable isotopes and
gut content) of wild populations. Possible dietary
differences between populations could also result
from the chemical composition and ultrastructure of
mouthparts, warranting further research in this direc-
tion (Mekhanikova et al., 2012).

Conclusion

Our study revealed that Dikerogammarus villosus,
one of the most prominent invaders in Europe, exhib-
its a remarkable amount of morphological variability
at the continental scale, especially in functional traits
related to diet. Although the environment is the main
driver of morphological divergence, intraspecific line-
ages and invasion history also play an important role.
Moreover, the two invading lineages exhibit unique
dynamics of morphological change in the invaded
range relative to the native range, suggesting a line-
age-specific invasion potential. The high morpho-
logical variability suggests a high level of plasticity,
which likely reflects its high genetic diversity in the
invaded range. This indicates a fast adaptive potential
that promotes expansion and successful establishment
in new habitats.
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