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Abstract The global spread of non-native spe-
cies is leading to an increasing frequency of multi-
ple co-occurring non-native species. We examined
the co-occurrence of the bivalve mollusc Dreissena
polymorpha (zebra mussel) with three Ponto-Caspian
amphipods (Dikerogammarus villosus, Dikerogam-
marus haemobaphes, and Chelicorophium curvispi-
num) across England and Wales in association with
in-situ substrate size. For all three amphipod species,
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substrate grain size where amphipods co-occurred
with D. polymorpha was significantly finer than when
recorded in isolation. Subsequently, we confirmed
this via aquarium experiments. We examined the
occurrence of D. villosus with D. polymorpha when
present with cobbles, gravel, or sand from three popu-
lation sources (co-location with abundant D. polymor-
pha populations, co-location with low populations,
and naive). Experiments demonstrated that D. villo-
sus actively sought shelter on or near D. polymorpha,
with their co-location being significantly more preva-
lent in finer grained substrates (sand > gravel >cob-
ble). The strength of this co-location differed by
population source, with those co-located with high D.
polymorpha densities demonstrating a greater asso-
ciation. Our analyses and experiments indicate that
D. polymorpha may facilitate Ponto-Caspian amphi-
pod establishment in otherwise suboptimal locations,
whereby mussel shells provide favourable structural
habitat for the amphipods, analogous to the presence
of coarse-grained benthic sediment.

Keywords Dikerogammarus - Ponto-Caspian -
Gammarids - Invasive species - Benthic sediment -
Invasional meltdown hypothesis

Introduction

Aquatic invasive species (AIS) represent one of the
leading threats to biodiversity globally (Sala et al.,
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2000; Doherty et al., 2016) and have also been shown
to lead to geomorphic (Fei et al., 2014; Mason &
Sanders, 2021) and socioeconomic impacts (Pejchar
& Mooney, 2009; Diagne et al., 2023). Freshwater
environments are particularly at risk from biologi-
cal invasions due to their high levels of connectivity
(Sala et al., 2000), with proportionally higher rates
of successfully establishing invasive species (Garcia-
Berthou et al., 2005) and subsequent biodiversity
losses (Dudgeon et al., 2006; Guareschi et al., 2021)
comparative to other ecosystems.

A key ‘donor’ area of AIS is the Ponto-Caspian
region (Cuthbert et al., 2020; Soto et al., 2023), which
is characterised by heterogeneous environmental con-
ditions, typically resulting in highly tolerant species
(Reid & Orlova, 2002). Ponto-Caspian amphipod
crustaceans in particular are an invasive and adapt-
able group and have established invasive popula-
tions across much of Europe (Copilas-Ciocianu et al.,
2023). In particular, three amphipods have increased
their distribution across Great Britain (Gallardo &
Aldridge, 2015): Dikerogammarus villosus (Sowin-
sky 1984), Dikerogammarus haemobaphes (Eichwald
1841), and Chelicorophium curvispinum (G. O. Sars
1895), first recorded in the UK in 2010, 2012, and
1935, respectively. Of particular concern are D. vil-
losus (killer shrimp), which have been identified as
one of the 100 worst invasive species in Europe (DAI-
SIE, 2009), and one of five invasive species of special
governmental concern for UK biodiversity (Gallardo
& Aldridge, 2013). Dikerogammarus villosus has co-
evolved with another widespread Ponto-Caspian AIS,
Dreissena polymorpha (Pallas 1771) (zebra mussel),
currently established through Western Europe and
North America (Strayer, 2009; van de Velde et al.,
2010; Sanders et al., 2022). Facilitative interactions
have been cited as a key factor in the invasion suc-
cess of Ponto-Caspian taxa (Ricciardi, 2001; Gallardo
& Aldridge, 2015), with some evidence of facilitative
association between D. villosus and D. polymorpha
documented in a number of field and experimental
studies (Devin et al., 2003; MacNeil et al., 2008; Tri-
carico et al., 2010; Kobak et al., 2014; Rolla et al.,
2019). However, these observations are typically cen-
tred on observational data from small spatial scales
(typically a few waterbodies) making it difficult to
ascertain if this association is facilitative or just inci-
dental co-location. The limited number of studies
that have sought to quantify the association between
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dreissenid mussels and Ponto-Caspian amphipods
have indicated that the strength of their facilitative
relationship appears to vary with the substrate size
and habitat complexity (MacNeil et al., 2008; Kobak
et al., 2014). This is likely due to substrate prefer-
ences, with Dikerogammarus spp. observed to display
preferences for coarse, complex substrates under both
field and laboratory conditions (Devin et al., 2003;
Kley et al., 2009; Kobak et al., 2015; Clinton et al.,
2018). As such, the association of Dikerogammarus
spp. with D. polymorpha may be strong where sub-
strate composition is predominantly comprised of fine
materials, but weaker in environments where coarse
substrate grain sizes are dominant (Kobak et al.,
2015; Mills et al., 2017; Mills, 2019). Thus, whilst
the combined evidence of prior studies provides evi-
dence for Dikerogammarus spp. preference for dreis-
senid mussels, as these studies have been undertaken
independently, differences in the response observed
may alternately be attributable to between-population
variability, rather than a function of the sediments
present.

Currently, species distribution modelling recog-
nises spatial co-occurrence between Ponto-Caspian
taxa (e.g. Gallardo & Aldridge 2015), but so far, such
patterns have rarely been considered with respect to
potentially important abiotic factors, such as bed sub-
strate size. Understanding how the abiotic environ-
ment may influence and interact with Ponto-Caspian
associations is required to better model potential
invasion pathways and future invasion scenarios. A
further challenge is identifying whether models of
species invasions are appropriate for all populations.
Invasive species have been shown to demonstrate
high phenotypic plasticity (Reznick & Ghalambor,
2001; Wright et al., 2010; Davidson et al., 2011; Sol
& Weis, 2019), with variability observed both within
and between invasive populations (e.g. Magurran
et al., 1992; Holway & Suarez, 1999; Mowery et al.,
2021; Sanders et al., 2023). Populations of Ponto-
Caspian amphipods that do and do not co-occur
with D. polymorpha may therefore exhibit different
responses to their presence if translocated to a new
environment.

Here, we firstly conducted a large-scale spatial
analysis of locations where three Ponto-Caspian
amphipods (D. villosus, D. haemobaphes, and C.
curvispinum) have been recorded to either occur
in isolation or co-occur with zebra mussels (D.
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polymorpha) in England and Wales. We also sought
to examine whether this co-occurrence differed as
a function of the dominant substrate grain size pre-
sent. To examine mechanistically if differences in the
co-occurrence of Ponto-Caspian amphipods and D.
polymorpha were structured by substrate size, labora-
tory experiments were subsequently undertaken. The
influence of population source (co-located or naive
to D. polymorpha) was also considered. Dikerogam-
marus villosus were selected as the model species in
the laboratory experiments due to their priority set-
ting for UK biodiversity (Gallardo & Aldridge, 2013).
Specifically, four questions were examined:

1. What is the spatial extent of co-occurrence
between D. polymorpha and D. villosus, D. hae-
mobaphes, and C. curvispinum in England and
Wales?

2. Does the dominant substrate size differ between
locations where D. polymorpha and the three
Ponto-Caspian amphipods co-occur?

3. Are there observable differences in the associa-
tion of D. villosus and D. polymorpha as a func-
tion of substrate size when tested mechanistically
in experiments?

4. Does in-situ naivety of D. villosus to D. polymor-
pha alter the observed strength of D. villosus’
association under experimental conditions?

We hypothesised that there would be a high co-
occurrence of Ponto-Caspian amphipods and D.
polymorpha; that substrate characteristics would dif-
fer between locations where D. polymorpha and the
Ponto-Caspian amphipods do and do not co-occur;
that in ex-situ experiments, finer substrates would
lead to a greater co-location of D. villosus and D. pol-
ymorpha; and that in-situ naivety of D. villosus to D.
polymorpha would alter the observable strength of D.
villosus’ association.

Materials and methods

Ponto-Caspian co-occurrence at a national scale
Environment Agency freshwater sampling locations
across England and Wales where any of the four spe-

cies (D. polymorpha (n=502), D. villosus (n=75),
D. haemobaphes (n=692), and C. curvispinum

(n=429)) were recorded to be present between 2010
and 2020 were obtained via the NBN Atlas (2023)
database and subsequently cross compared to identify
co-location. Dikerogammarus villosus, D. haemobap-
hes, and C. curvispinum were considered to co-occur
if they had been recorded in the same location in the
same calendar year, and D. polymorpha were consid-
ered to be present in any year from 2010 to 2020, due
to the kick sampling method under-recording bivalve
presence (Blackman et al., 2020). For sites where
records from multiple years were present, only the
most recent records were retained for analysis to pre-
vent pseudo-replication. 8,819 sites were recorded as
active between 2010 and 2020 (Environment Agency,
2023), which were used to calculate the proportion of
sites at which the taxa were identified to be present at.
Unconfirmed occurrences and CC-BY-NC licenced
records were excluded from analyses.

To identify whether observed co-locations may be
influenced by the benthic substrate size, the dominant
grain size of each sampling location were quantified
using the River Invertebrate Prediction and Clas-
sification System (RIVPACS) database (Centre for
Ecology and Hydrology, 2023; Environment Agency,
2023). The RIVPACS database provides a record of
the proportion of bed substrate via visual observa-
tions of the substrate fractions ‘boulders and cob-
bles’, ‘pebbles and gravel’, ‘sand’, and ‘silt and clay’
for 474 lotic reference sites across England and Wales
(Fig. la). Spatial interpolation analysis in ArcMap
10.8 (ESRI, 2020) using Inverse Distance Weighting
(Fig. 1a) was used to create a continuous raster layer
across England and Wales representing the propor-
tion of bed material characterised as coarse (defined
as ‘boulders and cobbles’ or ‘pebbles and gravel’ in
the RIVPACS database), with a processing extent of
the UK coastline. Extrapolating reference site data
to the landscape scale has been shown to provide a
rapid and affordable method of river habitat mapping
(Naura et al., 2016), and the substrate map produced
here was validated via a visual comparison with the
Channel Substrate Index mapping undertaken by
Naura et al. (2016). Subsequently, the proportion of
coarse material at locations where the four Ponto-
Caspian species had been identified was extracted
(Fig. 1b).

The spatial distribution of the dominant grain size
in England and Wales is not randomly distributed
(Fig. 2a), with coarser substrate prevailing mostly
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Fig. 1 a Distribution of RIVPACS sites across England and
Wales where substrate size has been quantified (n=474), and
coarse grain size data interpolated; b percentage of coarse
bed material for each of the Ponto-Caspian sites was subse-
quently extracted. D. polymorpha distribution is shown here
for demonstration. The distribution of datapoints is shown for

Fig. 2 Laboratory experi-
mental setup, with substrate (a)
treatments of a sand, b
gravel, and ¢ cobbles. D.
polymorpha were placed
into one lengthways half of
each aquarium

in the west, and finer substrate in the east. However,
such a geographical bias is unlikely to affect the
results with D. polymorpha being widely distributed
across England and Wales and thus occupying the
entire grain size distribution (Fig. 1b).

The co-location of Ponto-Caspian amphipod spe-
cies is known to lead to differences in habitat occu-
pation; for example, the more competitive D. villosus
has been documented to displace its counterpart D.
haemobaphes to less preferred substrate (e.g. Borza
et al.,, 2017; Clinton et al., 2018; Mathers et al.,
2023). Thus, we accounted for spatial co-location
of each focal amphipod species with D. polymorpha
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the percentage of substrate characterised as ‘coarse’ at loca-
tions where D. polymorpha is shown; D. polymorpha are geo-
graphically widespread, and there is very little skew in the data
distribution. Boxes show the 25th, 50th, and 75th percentiles,
whiskers the 5th and 95th percentiles, and outliers are shown
as dots

independently, but also in the presence of another
Ponto-Caspian amphipod. Locations where D. villo-
sus co-occurred with another Ponto-Caspian amphi-
pod were removed from the dataset prior to analysis
because of low replication (Table 1), and there were
no locations where all three amphipod taxa were
co-located.

Subsequently, two statistical models were run: one
examining D. villosus in the presence and absence of
D. polymorpha, and one examining D. haemobap-
hes and C. curvispinum independently and co-occur-
ring in the presence/absence of D. polymorpha, to
account for the potential displacement effects of the
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of ca. 40 mm was used, and each aquarium filled with
6 L of dechlorinated tap water, equivalent to 120 mm
water depth. Fifteen alive, adult D. polymorpha
(> 18 mm ventral length; mean=25.1 mm 3.3 mm)
were placed in one half (lengthways) of each aquar-
ium (Fig. 2), representative of a density of 500 ind.
m~2 of D. polymorpha, comparable with typical dre-
issenid densities at invaded sites (e.g. Mills, 2019;
Sanders et al., 2022). Whilst D. polymorpha exhibited
some minor movements during the experiments, all
individuals remained within the assigned portion of
the aquarium. D. polymorpha attached to the substrate
in each of the experimental runs. The laboratory was
illuminated for 10 h (09:00-19:00) by laboratory ceil-
ing lights and maintained in a temperature-controlled
laboratory at 20 °C (verified at the start and end of
each experiment). Aquariums were prepared three
hours prior to the start of the experiment to allow for
water temperature to stabilise.

To examine whether D. villosus association
with D. polymorpha was consistent across grain
sizes (Q3), three substrate treatments were exam-
ined: (1) homogenous sand, with a grain size
(median=0.33 mm) finer than that of an average
adult D. polymorpha shell (D. polymorpha mean
width=11.8 mm+0.3 mm; Coughlan et al., 2021),
(2) fine gravel (median=11.7 mm), with a grain size
similar to that of a D. polymorpha shell; and (3) a
coarse gravel and cobble mix (median 25.9 mm), with
a coarser grain size to that of a D. polymorpha shell
(Fig. 2).

To examine whether the association of D. villosus
with D. polymorpha was consistent across popula-
tions with different levels of naivety (Q4), three popu-
lations of D. villosus were employed: (1) a sympatric
population of D. villosus co-located with a high den-
sity (1775 ind. m~2) of D. polymorpha, where living
D. polymorpha were the dominant substrate feature;
(2) a sympatric population of D. villosus co-located
with a low density of D. polymorpha (11 ind. m~2);
and (3) a population of D. villosus where D. polymor-
pha were absent.

Organism collection
Dreissena polymorpha were collected from abun-
dant populations on Barton Broad, Norfolk, UK

(52.740, 1.501), ca. 5 m from the littoral bank-
side at a depth of ca. 1.2 m. Organisms were
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collected using a standard pond net (I mm mesh
net) and sealed in plastic storage boxes on site. A
0.2 mx0.2 m Petit Ponar grab sampler prior to
specimen collection quantified local D. polymorpha
density as 1775 individuals m~ and determined bed
substrate characteristics as fine particulate organic
matter (<1 mm diameter) and empty shells/frag-
ments of deceased D. polymorpha (2450 fragments
m~2). Individuals were subsequently returned to the
laboratory and placed into aquariums as described
above on the day of sampling. Mussels were
assessed to be alive by observing active siphoning,
a lack of gaping, and resisting being opened with
tweezers, as in Coughlan et al. (2020) and Sanders
& Mills (2022).

Sympatric D. villosus co-located with a high
density of D. polymorpha were collected using a
pond net from the same location as the D. polymor-
pha used in the experiments (Barton Broad; 52.741,
1.500). A 0.2 mx0.2 m Petit Ponar grab sampler
quantified local D. villosus density as 350 individu-
als m~2. Sympatric D. villosus co-located with a
low density of D. polymorpha were collected from
Pitsford Water, Northamptonshire, UK (52.316,
— 0.867). Amphipods were collected from the base
of a large boulder berm. At this site, the dominant
substrate consisted of coarse boulder fragments
overlying a bed of homogenous fine particulate mat-
ter. Quadrat surveys (I mx1 m, n=5) quantified
local D. polymorpha density as 11 individuals m~2,
and D. villous density as 47 individuals m~2, which
were found exclusively on or under the coarse boul-
der material. A third source population that were
not exposed to D. polymorpha were collected from
Rollesby Broad, Norfolk, UK (52.679, 1.642).
Gravel was the dominant substrate and Surber sam-
pling (n=5) quantified local D. villosus density as
484 individuals m™2. As with the D. polymorpha,
all D. villosus individuals were sealed in a plastic
storage box on site immediately after collection for
transportation. All D. villosus populations examined
were well established (Barton Broad first detected
in 2012, Pitsford Water in 2015, and Rollesby Broad
in 2020), and were expanding geographically and in
density (Mathers et al. 2023; Norfolk Wildlife Trust
pers. comms.), indicating that D. villosus can suc-
ceed, as well as persist, in habitats where D. poly-
morpha are absent.
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Experimental procedure

Amphipods were kept in the laboratory for three
hours prior to the start of the experiments, to allow
for acclimation to the laboratory temperature. During
this period, amphipods were kept in containers con-
taining 50% dechlorinated tap water and 50% water
from the transport bags. After the acclimation period,
experiments commenced by placing ten individuals
into each aquarium. After 24 h, a divider was placed
down the centre of each aquarium, and the experi-
ment deconstructed. First, all 15 D. polymorpha were
removed by hand, and the number of D. villosus shel-
tering directly on the D. polymorpha recorded. Sub-
sequently, aquarium nets were used to remove all
substrate from both sides of the divider into white
sorting trays, and all ten D. villosus were recovered
and counted. All D. villosus and D. polymorpha were
confirmed to be alive at the end of experiments. Dik-
erogammarus villosus survival was assessed by plac-
ing recovered amphipods into dechlorinated tap water
and observing the amphipod swimming, and D. poly-
morpha mortality was assessed as above. At the end
of the experiment, all D. villosus were preserved in
95% Industrial Methylated Spirits (IMS).

D. villosus location within the aquarium at the end
of the experiment was recorded using two metrics: (1)
the total number of D. villosus in the D. polymorpha
half of the aquarium, and (2) the number of D. villo-
sus sheltering directly on D. polymorpha.

Statistical analysis

All statistical analyses were undertaken in the R envi-
ronment (version 4.3.1; R Core Team 2021). To ana-
lyse whether the proportion of D. villosus retrieved
from the D. polymorpha half of the aquarium was
greater than 50%, indicating a significant preference
for the mussel substrate, a one-tailed, one-sample
Wilcoxon test (due to non-normality in data) was
utilised with the percentage of amphipods retrieved
from the mussel half as the response variable. To ana-
lyse whether the strength of the response of D. vil-
losus differed associated with the two factors (sub-
strate and source population), a generalized linear
model (GLM) fitted with a binomial error distribu-
tion and logit link structure using the ‘glm’ function
in the ‘stats’ package was employed. Two models
were employed: (1) D. villosus retrieved from the

D. polymorpha half of the aquarium as the response
variable, and (2) D. villosus sheltering directly on D.
polymorpha (as a proportion of all individuals recov-
ered from the D. polymorpha half of the aquarium) as
the response variable. For each model, the response
variable was inputted as a matrix of the proportion
of amphipods that were observed with D. polymor-
pha and those that were not. Substrate (sand, gravel,
or cobble) and source location (Barton, Pitsford, and
Rollesby) were fitted as fixed interacting factors.
Where significant differences occurred for location or
substrate independently, post-hoc pairwise compari-
sons were examined using estimated marginal means
with p-values adjusted for multiple comparisons via
Tukey tests within the ‘emmeans’ package (Lenth
et al. 2020).

Results
Ponto-Caspian co-occurrence at a national scale

The Environment Agency recorded D. polymorpha
presence at 496 independent monitoring locations
across England and Wales from 2010 to 2020, a pro-
portional abundance of 5.6% of all surveyed sites dur-
ing this period (n=28,819). C. curvispinum (n=4209;
4.9%) and D. haemobaphes (n=692; 7.8%) also dis-
played a widespread distribution, whereas D. villosus
were recorded at 75 independent sampling locations
(0.9%), which were grouped in five distinct regions/
sites: The Norfolk Broads (n=50), Gratham Water
(n=38), Pitsford Water (n=2), the River Taff, Cardiff
(n=4), and Eglwys Nunydd Reservoir (n=11). Of
these, D. villosus were co-located with D. polymor-
pha at 49.3% of locations (Fig. 3a). Excluding Egl-
wys Nunydd Reservoir, where D. polymorpha were
not recorded within the waterbody, 82% of all other
D. villosus records were <5 km from confirmed D.
polymorpha records (Fig. 3h), and in each case within
the same continuous water body. Therefore, sam-
pling points where D. villosus have been recorded
in the absence of D. polymorpha may reflect sam-
pling resolution and non-detection of D. polymorpha
rather than local D. polymorpha absence, and so a
49% spatial co-location can be considered a mini-
mum estimate. Similarly, D. haemobaphes (26%) and
C. curvispinum (38%) were also highly co-located
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Fig. 3 Spatial distribution of the four examined species of
Ponto-Caspian AIS in England and Wales overlain on inter-
polated proportion of substrate typology characterised as
coarse [consisting of gravel, cobble, and boulder bed substrate
recorded in the RIVPACS database (Centre for Ecology and
Hydrology, 2023; Environment Agency, 2023)]. a Dikerogam-
marus villosus, b D. haemobaphes, ¢ C. curvispinum, and d D.

with D. polymorpha throughout England and Wales
(Fig. 3).

There were also high rates of co-location between
the studied amphipods. Co-occurrence of amphipods
was observed at 60% of sites where C. curvispinum
were recorded, 36% of sites where D. haemobaphes
were recorded, and at 20% of sites where D. villosus
were located (Table 1). There were no sites where all
three Ponto-Caspian amphipods were co-located.

Substrate size was determined to be significantly
finer at locations where D. villosus was co-located
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haemobaphes and C. curvispinum records co-located with D.
polymorpha, and e-h that were not co-located with D. poly-
morpha, i all D. polymorpha sites, and j a map of the River
Ant, Norfolk Broads, displaying D. polymorpha and D. villo-
sus. The Norfolk Broads is illustrated for visual comparison of
spatial proximity, as this is the English region with the greatest
number of recordings of D. polymorpha and D. villosus

with D. polymorpha than when D. villosus was
found independently (W=185.5, P <0.001; Fig. 4a).
Considering D. haemobaphes and C. curvispinum,
substrate size was found to be significantly different
between factor groups (Fs gs55=31.24, P<0.001;
Fig. 4b; Table 2). Post-hoc tests indicated that sub-
strate size was significantly finer at locations where
D. polymorpha were co-located with D. haemobap-
hes (P<0.001) and C. curvispinum (P=0.004)
than when D. polymorpha were absent (Fig. 4b).
There was no statistical difference in substrate size
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Fig. 4 Median percentage
of substrate characterised
as coarse (boulder, cobble,
pebble, and gravel) for
monitoring locations where
D. polymorpha and the
three Ponto-Caspian amphi-
pods (Dikerogammarus
villosus, D. haemobaphes,
and C. curvispinum) are
present in isolation, in com-

(a)

100

~
w

w
o

(b)

Proportion of sediment
characterised as coarse

bination, and co-located
with D. polymorpha. Boxes
show the 25th, 50th, and
75th percentiles, whiskers
the 5th and 95th percentiles,
and outliers are shown as

N
v

dots. Groups with the same
letter in (b) are not signifi-
cantly different

Amphipods present D. villosus

D. Polymorpha Absent

Present

C. curvispinum +

D- haemobaphes D. haemobaphes

C. curvispinum

Absent  Present Absent Present Absent Present

Table 2 Summary output from the pairwise post-hoc tests examining statistical differences in the sediment size percentages between
locations containing D. villosus, D. haemobaphes, C. curvispinum, and D. polymorpha

n Mean SD  Contrasts
D. haemobap- C. curvispinum+ D. haemobap- D. haemobap- C. curvispinum
hes + D. polymorpha  hes+ hes+ C. curvispi-
C. curvispinum+ D. polymorpha num
D. polymorpha
D. haemobaphes 369 68.0 21.1 <0.001 <0.001 <0.001 <0.001 <0.001
C. curvispinum 127 48.0 18.7 0.557 0.004 0.165 0.103
D. haemobap- 140 55.6 20.8 0.975 <0.001 1.000
hes +
C. curvispinum
D. haemobap- 77 56.8 233 0.963 <0.001
hes +
D. polymorpha
C. curvispinum+ 43 353 188 <0.001
D. polymorpha
D. haemobap- 105 534 224
hes+C.
curvispi-
num+D.
polymorpha

Significant values are in bold

between D. polymorpha presence and absence when
both D. haemobaphes and C. curvispinum were
recorded together (P =0.975). When D. polymorpha
were absent, C. curvispinum inhabited significantly
finer substrates than D. haemobaphes (P <0.001).

Aquarium experiments
The median percentage of D. villosus recovered from

the D. polymorpha half of the aquarium was signifi-
cantly greater than 50% in seven of the nine treatment
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D. polymorpha half of the aquarium
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Fig. 5 Proportion of D. villosus in the D. polymorpha half
of the mesocosm for each of the nine tested treatments. Black
dashed line indicates 50%, where no preference for either
side of the aquarium is observed. Boxes show the 25th, 50th,
and 75th percentiles, whiskers the 5th and 95th percentiles,
and outliers are shown as dots. Asterisks indicate where the
median proportion of amphipods in the D. polymorpha half
of the aquarium was significantly greater than 50% (*P <0.05,
*#P <0.01; ***P <0.001)

groups (Fig. 5; Table 3), indicating a preference for
the D. polymorpha substrate in the majority of the
treatments. Selection of the D. polymorpha half was
greater in all substrate treatments for the D. villosus
populations collected from the locations where D.
polymorpha were present, but only in the sand treat-
ment for the D. villosus that were naive to D. poly-
morpha (Fig. 5; Table 3). No significant differences

were recorded for the gravel and cobble treatments for
naive populations (Fig. 5; Table 3).

The Generalized Linear Model (GLM) indicated
that the proportion of D. villosus recorded in the D.
polymorpha half of the aquarium statistically differed
as a function of the source population of D. villosus
(X500=20.63, P<0.001) and substrate treatment
(X2,90= 173.78, P<0.001; Fig. 6a), but there was
no significant interaction between source popula-
tion and substrate (X, go=2.85, P>0.05). In the sand
treatment, all ten individuals were recorded in the D.
polymorpha half of the aquarium for every replicate,
with the exception of one replicate with the D. poly-
morpha-naive population (nine out of ten). Post-hoc
comparisons indicated this was significantly greater
than the gravel (72%) and cobble (65%) treatments
(P<0.001; Table 4; Table S1). There was no statis-
tical difference between the gravel and cobble treat-
ments (P> 0.05).

When the amphipod population source was consid-
ered, post-hoc comparisons indicated that the propor-
tion of D. villosus recorded with D. polymorpha was
significantly greater for amphipods collected at sites
where D. polymorpha were abundant (Barton Broad;
mean = 86% across all substrate treatments) compared
to locations where D. polymorpha density was low
(Pitsford; 78%, P=0.008) or absent (Rollesby Broad;
73%, P<0.001; Table 4; Table S1). There was no dif-
ference between the populations where D. polymor-
pha density was low and absent (P >0.05).

When the proportion of D. villosus recorded
directly on D. polymorpha (as a proportion of all

Table 3 Summary statistics

Population source Density of D. Substrate Proportion of z P
from the one-sample . :
. ’ polymorpha D. villosus in D.
\:ﬂchon test for each of polymorpha half of
the nine tes.ted groups, aquarium
examining if the proportion
of D. villosus recovered Median IOR
from the D. polymorpha
half of the aquarium was Barton Broad High Sand 100 0 —3.304 <0.001
greater than 50% Gravel 90 28 -2.992 0.003
Cobbles 70 38 —2.757 0.006
Pitsford Water Low Sand 100 0 —3.304 <0.001
Gravel 65 38 —2.189 0.029
Cobbles 75 38 —2.090 0.037
Rollesby Broad Absent Sand 100 0 —3.201 0.001
Gravel 70 50 - 1.772 0.076
Significant values are in Cobles 55 33 - 0912 0.362

bold
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Fig. 6 Proportion of D. villosus recorded: a in the D. poly-
morpha half of the aquarium, and b directly sheltering on the
mussel as a proportion of all amphipods in the D. polymorpha
half. Black dashed line indicates 50%, where no preference for
either side of the aquarium is observed

amphipods in the D. polymorpha half) was consid-
ered, individuals in the sand treatment were found
exclusively on the D. polymorpha (100%) with none
in the substrate, and as such the treatment data were
removed from subsequent analyses. Statistical exami-
nation indicated there were significant differences
associated with substrate treatment (X,q¢9=33.2,
P<0.001), source population (X590= 24.0,
P <0.001), and the interaction of population and sub-
strate (X 9o=280.9, P<0.001; Fig. 6). The proportion
of amphipods sheltering directly on D. polymorpha
in the gravel treatment was significantly greater than
in the cobble treatment for all populations (high D.
polymorpha density, P=0.0014; low D. polymorpha
density, P<0.001; D. polymorpha naive, P<0.001;

Fig. 6a; Table 5). Post-hoc tests indicated that there
was no significant difference in the proportion of
amphipods located on D. polymorpha taken from
locations where D. polymorpha density was low and
absent for the cobble treatment and between locations
where D. polymorpha density was high and low for
the gravel treatment (Table 5; Fig. 6b).

Discussion

Previously, spatial associations between Ponto-Cas-
pian amphipods and dreissenid mussels have been
examined experimentally in aquariums, or observed
at a small number of field sites within a single lake or
catchment (Devin et al., 2003; MacNeil et al., 2008;
Tricarico et al., 2010; Kobak et al., 2014; Rolla et al.,
2019). This study has expanded current understand-
ing of these associations to a national scale in Eng-
land and Wales and corroborated this observational
finding by providing mechanistic evidence via aquar-
ium experiments. Further, we evidence that the co-
location of D. villosus with D. polymorpha was found
to differ associated with substrate grain size (observa-
tional and experimental) and as a function of D. poly-
morpha-aware and D. polymorpha-naive populations
(experimental).

Ponto-Caspian co-occurrence at a national scale

Analysis of a large national dataset indicated that
49%, 26%, and 38% of locations where D. villosus,
D. haemobaphes, and C. curvispinum have been
recorded, respectively, also supported D. polymorpha
(RQ1). Such co-occurrence is notable because of the
comparatively low proportion of total possible sites
where these taxa were recorded. For instance, two
species occurring at 80% of all recorded sites would
be expected to have a high co-location rate due to
their high abundance (with a minimum co-location
of 75% of sites that contain species A also containing
species B). However, the low total proportion of sites
that D. villosus were present at (0.9%) combined with
D. polymorpha being present at 5.6% of all possible
locations indicates such co-location is high.
Previously, meta-analysis studies (Ricciardi,
2001; Gallardo & Aldridge, 2015), experimental
aquarium (e.g. Kobak & Zytkowicz, 2007; Mac-
Neil et al., 2008; Kobak et al., 2013; Kobak et al.,

@ Springer



Hydrobiologia

Table 4 Summary statistics from pairwise post-hoc comparisons of Dikerogammarus villosus location in the aquarium associated

with (a) source population and (b) experimental substrate

Proportion of D. villosus recovered from Proportion of D. villosus recov-

D. polymorpha half of aquarium

ered from D. polymorpha half of
aquarium sheltering directly on D.

polymorpha
(a) Population source Density of D. Rollesby Broad Pitsford Water Rollesby Broad Pitsford Water
polymorpha
Absent Low Absent Low
Barton Broad High <0.001 0.008 0.486 0.001
Pitsford Water Low 0.298 <0.001
(b) Substrate Sand Gravel Sand Gravel
Cobble <0.001 0.131 N/A? <0.001
Gravel <0.001 N/A®

Significant values are in bold

In the sand treatment, D. villosus individuals were found exclusively on the D. polymorpha (100%), and as such the treatment data

were removed from subsequent analyses

Table 5 Pairwise post-hoc comparison p-values of the proportion of amphipods located on D. polymorpha in the aquarium experi-
ments between source locations in the gravel and cobble substrate treatments

Source location

Barton Broad vs Pitsford Water

Pitsford Water vs Rollesby Broad =~ Barton Broad vs

Rollesby Broad
Density of D. polymorpha at source High vs low Low vs absent High vs absent
location
Gravel 0.393 <0.001 <0.001
Cobble <0.001 <0.001 0.744

Significant values are in bold

2014; Rolla et al., 2019), and observational studies
at a small number of field sites (e.g. Devin et al.,
2003; MacNeil et al., 2008; Tricarico et al., 2010)
have evidenced a degree of co-location between
these species; however, our analysis of a single
large national dataset suggests such patterns may
also occur at large spatial scales. This finding sug-
gests that co-occurrence of Ponto-Caspian AIS is a
frequent phenomenon across invaded lotic systems,
which may be driven by the facilitative effects of the
more widespread D. polymorpha. Such results are
concerning with respect to the potential spread and
establishment of D. villosus, which is currently lim-
ited to five focal locations in the UK (75 sampling
locations). Given that D. polymorpha represents a
widely distributed species, it is plausible that popu-
lations of D. polymorpha could support the further

@ Springer

geographic spread of D. villosus and other AIS
(Devin et al., 2003; MacNeil et al., 2008; Tricarico
et al., 2010; Gallardo & Aldridge, 2013, 2015).
There are many mechanisms via which dreissenid
mussels are hypothesised to facilitate benthic taxa:
by increasing habitat complexity (Burlakova et al.,
2012), with the complex interstices providing refu-
gia from predation (Botts et al., 1996); by providing
a solid medium for oviposition (Stewart et al., 1999)
and a hard surface for tube attachment in relation to
C. curvispinum (Nakano & Strayer, 2014); by facili-
tating other macroinvertebrate biomass (DeVanna
et al., 2011) which can be predated on; and by pro-
viding a build-up of shell biofilm and mussel pseu-
dofaeces as food resources (Stewart et al. 1998).
Such habitats are likely actively selected as docu-
mented in observational experiments examining
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utilisation of live vs dead mussel shells (Kobak
et al., 2009, 2013).

Such facilitation may also extend the range of
invasive gammarids with regard to substrate type.
Our analysis showed that, on average, co-location
of D. polymorpha with the amphipods occurred in
water bodies where substrate size was finer than
where the amphipods were found in the absence of
D. polymorpha, with pairwise tests demonstrating
this difference for all three tested amphipod spe-
cies (RQ2). Dikerogammarus species have been
observed to display preferences for coarse, com-
plex substrates in both field and laboratory condi-
tions (Devin et al., 2003; Kley et al., 2009; Kobak
et al., 2015; Clinton et al., 2018), and so the pres-
ence of D. polymorpha may facilitate Dikerogam-
marus spp. establishment in otherwise unfavour-
able habitats. Gammarid utilisation of dreissenid
mussels for habitat in environments characterised
by fine-grained substrate has been observed in the
North American Great Lakes (Ricciardi, 2001;
Gonzalez & Burkart, 2004), and our results suggest
this may also occur in lotic systems.

Previous research has documented antagonistic
interactions between Ponto-Caspian amphipods,
with the less dominant amphipod being forced to
a less favourable substrate, or being completely
displaced (Borza et al., 2017; Clinton et al., 2018;
Mathers et al., 2023). In the absence of D. poly-
morpha, D. haemobaphes and C. curvispinum
inhabited waterbodies with significantly different
substrate grain sizes, with C. curvispinum prefer-
ring fine substrate. However, co-location of D. hae-
mobaphes and C. curvispinum with D. polymorpha
was recorded at coarser locations. This result sug-
gests the potential overlap of these species may
represent the grain size overlap at the fine and
coarse substrate extents of D. haemobaphes and
C. curvispinum, respectively, and that these two
amphipods may be able to co-exist together. Whilst
Ponto-Caspian amphipods can co-exist via niche
partitioning (e.g. Kley & Maier, 2005; Borza et al.,
2017, 2018), the boom-and-bust dynamics of inva-
sions can drive changes between invaders (Mathers
et al., 2023), and so increased high-resolution mon-
itoring of invaded systems and further aquarium
experiments are required to fully examine potential
interactions between Ponto-Caspian taxa across the
habitat template.

Dikerogammarus villosus aquarium experiments

Dikerogammarus villosus were found to be associated
with D. polymorpha across all three substrate treat-
ments, but this association was strongest in the sand
treatment where 99% of amphipods were recorded
from the D. polymorpha half of the aquariums, and
100% were directly sheltering on the D. polymorpha
(RQ3). This association was significantly stronger
than in the gravel and cobble treatments, respectively.
Moreover, in the gravel and cobble treatments, we
observed that the majority of D. villosus individuals
were located in the substrate rather than directly on
the mussels, further demonstrating that the relation
of amphipods with D. polymorpha with coarse sub-
strates is weaker than with sand. Given the coarse
substrate preference of both D. villosus and D. hae-
mobaphes (Clinton et al., 2018), it is possible this
substrate-dependent utilisation of D. polymorpha
habitat is present for both members of the Dikero-
gammarus genus.

Dikerogammarus villosus have been documented
to use chemical cues to locate D. polymorpha (Rolla
et al.,, 2019). Our experiments were undertaken in
lentic aquariums, where the strength and detectability
of chemical cues were likely to be consistent across
treatments. Therefore, the selection of substrate other
than D. polymorpha is probably an active selection,
rather than a random selection following amphipod
non-detection of D. polymorpha.

Considering population source, D. villosus were
found to be associated with D. polymorpha across
all three tested populations, but the strength of this
response differed between populations (RQ4). D.
villosus previously co-located with high densities of
D. polymorpha in situ displayed the strongest asso-
ciation in our experiments. Inter-specific popula-
tion differences have not been examined previously,
although one study did observe no differences in the
movement of D. villosus towards the chemical cues
of D. polymorpha when considering D. villosus from
sympatric and allopatric populations (Rolla et al.,
2019). In contrast, our study is the first to our knowl-
edge that has observed differences in the association
between D. villosus populations that have varying
degrees of previous exposure to D. polymorpha. This
is notable, because D. villosus previously exposed to
high densities of D. polymorpha displayed stronger
responses than those exposed to low densities of D.
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polymorpha. However, it should be noted that the
substrate characteristics of the sites where D. villo-
sus were collected from differed (Barton Broad, fine
sediment; Pitsford Water, fine sediment with large
boulders; Rollesby Broad, gravels), which could have
affected our results. However, whilst there was a dif-
ference in the magnitude of the response between D.
villosus populations with varying previous exposure
to D. polymorpha, the direction of the response was
consistent across all tested populations. Therefore,
whilst care is required when considering behavioural
naivety, the notion that dreissenid mussels may facili-
tate the establishment of D. villosus can still be sup-
ported. Previously, burrowing Hexagenia mayflies
(DeVanna et al. 2011) and Physidae snails (Stewart
et al. 1999) have rapidly adapted to the presence of
dreissenid mussels, utilising their shell interstices
as refugia, demonstrating there is broad adaptability
within the aquatic invertebrate community to dreiss-
enid invasion.

Invasional meltdown hypothesis

Where established AIS have been evidenced to facili-
tate additional species invasions, with accumulative
deleterious impacts on native species (Simberloff,
2006; Guareschi et al. 2021), it has been described
as ‘invasional meltdown’ (sensu Simberloff & von
Holle, 1999). It has been suggested that UK fresh-
water environments are on the verge of widespread
invasional meltdown (Gallardo & Aldridge, 2015),
with the establishment of co-occurring AIS popula-
tions being recorded at an accelerating frequency
(Keller et al., 2009). Within this context, our study
provides some evidence for facilitative associations
between AIS in UK freshwaters but also suggests
that bed substrate typology and the biotic context
of expanding populations may alter the strength of
facilitative mechanisms in some environments. For
example, whilst D. villosus were recorded more fre-
quently with D. polymorpha in aquarium experiments
in coarse-grained substrate, such habitat selection was
not observed for D. polymorpha-naive D. villosus.
Nevertheless, there were high levels of Ponto-Caspian
amphipod and D. polymorpha co-location across
England and Wales, which differed by substrate grain
size, with greater co-location in finer grained environ-
ments. It follows that contribution to an ‘invasional
meltdown’ in UK rivers by D. polymorpha may not
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be spatially uniform, but contingent on biotic histo-
ries and local environmental conditions.

More broadly, experiments examining interactions
between invasive species, including those examin-
ing invasional meltdown hypothesis, have often pre-
sented contradictory results (e.g. see Jeschke et al.,
2012; Braga et al., 2018). The results presented in
this study—that interactions between the same inva-
sive species differ depending on both biotic (popula-
tion source) and abiotic (sediment size) factors—may
help explain contradictory observations from studies
examining the same species interactions but from
independent populations and environments. Combin-
ing experimental approaches to form a process-based
understanding with analyses of large-scale field data-
sets will help to further our understanding of the vari-
ability of interactions between invasive species, and
help inform large-scale and location-nuanced man-
agement of biological invasions.

Conclusion

Our study demonstrates that, at a large spatial level
(England and Wales), there is a high degree of co-
location between Ponto-Caspian amphipods and
D. polymorpha, and that this is mostly evident at
locations characterised by finer grained substrates.
Aquarium experiments supported this mechanis-
tic association with finer substrates. Further, they
suggested the strength of this co-location differed
between amphipod populations, with D. villosus indi-
viduals that occurred with high D. polymorpha den-
sities in situ demonstrating greater co-location than
D. polymorpha-naive amphipods. Overall, this study
has provided evidence that D. polymorpha may be
facilitating the geographical spread of Ponto-Caspian
amphipods into less optimal substrate compositions,
but such facilitation is dependent on both biotic his-
tories and abiotic environmental context. As the
number of translocated non-native species continues
to grow and co-occurrences become more common,
understanding the potential role of abiotic factors
(substrate composition) in contributing to distribution
patterns is vital.
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