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Abstract The Asian clam (Corbicula fluminea) is
one of the rapidly spreading, very successful aquatic
invasive species, which has become established
widely in many parts of the world. Its spread is
assumed to be by both passive and active dispersal.
However, the importance of active pedal movement in
dispersal is hardly known. Since there was no direct
evidence of this phenomenon, field observations were
combined with laboratory experiments to find out if
the clams move upstream actively, and how this is
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affected by the quality of the substrate, the density of
the clams, and the water velocity. Field observations
were conducted at a small watercourse with no
waterborne transport. Experiments were done in an
indoor artificial stream system, where the distances
moved by adult clams were measured via digital image
analysis. Substrate grain size, starting density of
clams, and water velocity significantly affected clam
movement. Fine grain sediment and slow flow velocity
both facilitated spread, while there was no clear
pattern of density-dependent dispersal. Also, we found
no clear preference for either upstream or downstream
movement. The maximum distance moved in the lab
experiments predicts no more than 0.15 km/y active
pedal movement in an upstream direction, while
our field observations detected a much faster
(0.5-11 km/y) upstream movement, which might be
explained by passive dispersal, such as via human
transport and ecto- or endozoochory. Overall, it seems
that active movement of the species cannot read to
long-distance migration.
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Introduction

Biotic invasion is considered one of the top drivers of
global biodiversity loss (Nentwig et al. 2018). Among
aquatic invasive species many molluscs are very
successful invasives. In particular, the Asian clam
(Corbicula fluminea) is one of the rapidly spreading
species and has become established in many parts of
the world in a wide range of freshwater ecosystems
(McMahon 2000). Corbicula fluminea can alter
trophic and nutrient dynamics of aquatic systems
(Sousa et al. 2008) and can have a negative impact on
the entire native macroinvertebrate community (Sch-
midlin et al. 2012). It can act as an ecological engineer
by leaving tons of empty shells behind after death of
the animals, thus forming a thick layer of shells and
creating a new microhabitat that covers the original
microhabitat and renders its structure and composition
uniform (Strayer and Malcom 2007; Sousa et al.
2009). The impact of macrofouling on human envi-
ronments by C. fluminea can also be substantial
(Darrigran 2002).

The native range of the Asian clam includes
Southeast Asia, but it has now spread across North
America, South America, and Europe (Beran 2006). In
Europe, it was first recorded in 1980 (Mouthon 1981)
and shortly after the opening of the Main-Danube
Canal in 1992 it appeared in the Danube river system
(Tittizer and Taxacher 1997), in which it has rapidly
become widespread (Paunovic¢ et al. 2007). It now
occurs in most aquatic systems in almost every
European country (Hubenov et al. 2013) in large
numbers, so its negative effect is an acute problem that
will remain so in the future. The rising temperature in
the coldest months and the increasing precipitation are
the most important climatic variables that will facil-
itate expansion of the range of the species by 25-32%
by 2080 (McDowell et al. 2014).

As for substrate preference, the species is usually
associated with fine grain sediment, for example
Schmidlin and Baur (2007) found that the clams prefer
sand, although McDowell and Byers (2019) found that
they have a coarser gravel preference. Generally, C.
fluminea appears to be less tolerant of environmental
stress than other freshwater bivalves, as indicated by
mass mortality in extreme conditions (e.g. McDowell
et al. 2017). However, the invasion success of the
species is not attributed to its physiological tolerance,
but mostly to its reproductive characteristics,
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including rapid growth, early sexual maturity, and
high fecundity (McMahon 2002).

Unlike most freshwater bivalves, C. fluminea have
nonparasitic planktonic larvae (e.g. Ackerman et al.
1994; Mackie 1991; Nichols and Black 1994). Juve-
niles are released to the water column in their
pediveliger or straight-hinged veliger form, when the
shell is completely formed and the foot is already
present (Nichols and Black 1994; Sousa et al. 2008).
The pediveliger stage lasts approximately 3-5 days
(Kraemer and Galloway 1986) and in this stage the
small (approx. 250 pm) clams can be transported by
water flow (McMahon 2000). However, according to
Sousa et al. (2008), these juveniles tend to attach to
harder surfaces and sediment with byssal threads after
their release to the water column, and become benthic
within 48 h (King et al. 1986). Asian clams reach
sexual maturity at 3-9 months of age, and the whole
life span is 1-5 years (Sousa et al. 2008). The species
is referred to mostly as bivoltine, but water temper-
ature and available food resources can greatly affect
the number of annual reproduction periods (Sousa
et al. 2008).

Regarding spread, both passive dispersal (using any
kind of natural or anthropogenic vectors, and drifting
in the water column) and active dispersal (on their own
by pedal movement or jet propulsion) can be assumed.
Passive dispersal of C. fluminea is primarily attributed
to anthropogenic activities like cargo shipping (e.g.
Lucy et al. 2012) or leisure craft (McMahon 2000).
These processes may result in both upstream and
downstream spreading. But in rivers and streams with
no boat transport passive dispersal is possible only by
natural mechanisms. Such mechanisms include pedi-
veligers suspended in the water column (McMahon
2000) and juveniles attached to floating objects
(Counts 1986). However, these natural passive meth-
ods can only result in downstream spread. Possible
alternative natural vectors of passive two-directional
dispersal are fishes and birds (Coughlan et al. 2017;
Figuerola et al. 2005). Rapid spread is well noted on a
European scale, where human mediated passive
dispersal seems to be the main factor. But relatively
fast upstream spread has been observed at smaller
scales in streams in which the lack of boats and
waterborne transport means that active movement
may also be important. Moreover, even the persistence
of this sedentary species, larvae of which can move
only downstream in the current, leads to the
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phenomenon of ‘drift-paradox’, i.e. the observed
persistence of sessile populations (Miiller 1954, 1982).

Natural active movement of bivalves is hardly
known (Schmidlin and Baur 2007) as it is difficult to
examine in nature because of the complex and
uncontrollable environment. There has therefore been
only indirect evidence of this phenomenon so far.
McMahon and Bogan (2001) assumed theoretically
that the species is capable of pedal movement in an
upstream direction. Fast colonization by C. fluminea
via passive dispersal in natural water bodies has been
described in several evidence-based studies (Kappes
and Haase 2012, and see refs above), but the impor-
tance of active pedal movement supported by field
observations has been reported only by Voelz et al.
(1998) and Cupsa (2014).

Since there was no experimental evidence of the
importance of active dispersal in the rapid upstream
movement of the species so far, we examined this
issue under laboratory conditions. We were looking
for the answers to the following questions: (1) do the
adult clams move upstream actively, and (2) does the
quality of the substrate, the water velocity, or the
density of the adult clams affect the distance moved?
We hypothesised that pedal movement of adult clams
may play a significant role in upstream dispersal of the
species.

Materials and methods
Field survey

A field survey was undertaken to infer the upstream
speed of movement of C. fluminea in natural condi-
tions in a watercourse where no waterborne transport
mechanism is present. Our aim was to gather infor-
mation on the upstream rate of spread of the clams so
as to put our experimental findings on adult clam
movement in context. Our field observation was
conducted in the Karasica stream (SW Hungary)
(Fig. 1), a tributary of the Danube with a total length of
78 km (52 km in Hungary, 26 km in Croatia). The
Karasica stream was chosen, because it is a frequently
studied stream, and there were no C. fluminea clams in
the entire length of the Hungarian section of the stream
before 2014, so that we were able to follow the
upstream spread of the species. The flow of the stream
is from north to south. Quantitative macroinvertebrate

samples were taken at four sampling sites (Borjad,
Pécsa, Villany, Lapancsa) along the Hungarian section
of the stream (Fig. 1). Samples were taken in 2009 at
all sites, in 2010 and 2014 at Lapancsa, in 2013 at
Villany, in 2016 at Borjad, Pocsa and Villany, and in
2020 at Borjad according to the AQEM protocol,
which is a multi-habitat type sampling method in
which microhabitats are sampled according to their
proportional coverage in the sampling reach (AQEM
Consortium 2002). The samples were taken with the
same technique and same effort each time. We could
therefore determine the earliest years when the species
could have colonised the sites as well as the first year
they were confirmed at the sites. To calculate the
upstream rates of spread, we assumed that the clams
moved with constant velocities.

Collection of experimental clams

Specimens used for the laboratory experiments were
collected from the middle section of the stream near
Villany (Fig. 1¢), to avoid the possibility of our
spreading the species further upstream. The collec-
tions were made between 21 June and 3 September
2017 prior to each pilot and laboratory experiment.
The clams were counted in the field, then placed in
buckets filled with stream water and transported to the
laboratory within half an hour.

Pilot experiments

Before the main lab experiments, pilot studies were
conducted to define the final protocols. The pilots were
carried out in the same artificial stream system as the
final experiments (for details see the next section).
Each pilot experiment was done once and took
2 weeks (between 21 June and 17 August 2017). We
tested the influence of acclimation (Pilot 1), the effect
and usability of several different substrates (Pilot 2),
the manageability of different numbers of individuals
(Pilot 3), the time dependence of movement (Pilot 4),
and feeding with mussel nutrient (Pilot 5). The main
outcomes of the pilots were the following. No
difference was found in distances moved between
acclimated and non-acclimated clams (Pilot 1), so in
the main experiments we did not acclimate and
thereby reduced the stress and precluded starvation
and mortality in small holding aquaria. Based on Pilot
2 we chose two types of sediments for the main
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Fig. 1 The field study sites. a Map of Hungary with the location
of the field survey (green dot). b The locations of the sampling
sites (green dots) on the Karasica stream. Flow direction of the
stream is from north to south. Black arrows indicate the
direction of movement (upstream) of the clams. The years

experiment (Experiment 1, see the next section). A
very fine quartz sand (grain size 0.1-0.6 mm) and a
coarser black basalt gravel (grain size 2—4 mm) with
some additional bigger (diameter 10-15 cm) stones
proved to be the best substrates, because we could see
the tracks of the clams more easily in these materials.
Also, silt, clay, sand and gravel are the most common
substrate types in the Karasica stream. To find the
highest densities that were manageable with reason-
able sampling and handling effort (Pilot 3), we tested
extremely low to extremely high densities (5 to 2000
specimens) but did not find well defined trends in
distances moved. We therefore decided to use num-
bers similar to the natural density in Karasica stream.
Pilot 4 assessed the time to cessation of movement,
with no movement occurring after 24 h, so we set the
time of exposure in the main experiment to 48 h to be
sure that all clams has stopped moving. According to
McMahon and Bogan (2001), clam movement is
enhanced if there is no filterable nutrient in the water,
because the species has the capability of collecting
food in sediments with its extendable foot. However,
we did not see differences in distances moved between
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shown in parentheses are the earliest possible years when the
clams could have colonised the site, and the years without
parentheses are the years when clams were first collected. The
distances are shown between neighbouring sample sites. ¢ Photo
of the sampling site at Villany

starved and fed mussels (Pilot 5), and accordingly
decided not to feed the clams before or during the
experiments because the exposure time was short (see
Pilot 4). So, in the final protocol, clams were involved
in the experiments within an hour of being collected.

Laboratory experiments

All the experiments were conducted in an indoor
2.4 m wide and 8.0 m long artificial stream system
with three parallel channels. Flow was generated by
twelve automated wastewater pumps, which circu-
lated the water from the end of the system back to a
buffer tank, from where the water was released into the
beginning of each channel through two flexible pipes.
Each channel was 0.8 m wide, 8.0 m long, and 0.4 m
deep, located side by side. Each channel was divided
into three longitudinally consecutive 1.6 m long
experimental sections (spatial replicates): thus overall,
nine replicates ran simultaneously. The details of the
experimental setup of the stream system is shown in
Fig. 2. Each experiment was repeated two times
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Fig. 2 Schematic layout of the artificial stream system and the
experimental setup. For each experiment the system was
separated into three parallel channels (channels A, B, C). Each
channel was divided into three longitudinally consecutive
experimental sections (spatial replicates). Red dash-dotted lines
are the starting lines (SL) where the clams were placed at the
beginning of each experiment. Letters indicate the different
sections of the channels. w: empty section with no substrate to
avoid sediment reaching the pump section (separated from the
sediment-filled section by a 5 cm tall sill); x: 1.6 m experimen-
tal sections with the starting line in the middle; y: 0.8 m
sections, which were sufficient that clams from one experimen-
tal section did not move so far that they entered the next
experimental section (not separated, filled with sediment); z:
empty section with no substrate to create an evenly distributed
water inflow (separated from the sediment-filled section by a
5 cm tall sill)

(temporal replicates) between 17 August and 3
September 2017.

Each experiment took 48 h under standardized
conditions (air temperature 22 °C, water temperature
20.6 °C, 10D:14L photoperiod). To provide stable and
constant temperature and dissolved oxygen concen-
tration the water was circulated for 48 h before each
experiment. We placed 3 cm of sediment in each
treatment to provide the substrate into which the clams
could dig. At the beginning of an experiment we
placed the individuals in the middle of the assigned
sections of the channels (starting lines). Because of the
large number of individuals that were used in the

experiments, it was not possible to put all the clams
side-by-side in one straight line. The clams were
therefore put on the starting line as compactly as
possible (Fig. 3a). No pediveliger larvae were used,
only adults. All individuals were used only once, so
before every experiment new individuals were col-
lected. Specimens that had been involved once in an
experiment were collected and counted after each
temporal replicate, and were killed in a freezer. We
could find all individuals after every experiment, and
they were all in the disturbed sediment sections (see
details in Image analysis), never beyond them. No
clam reached the end of the sediment-filled experi-
mental sections.

Based on the results of the pilot studies, we defined
three different experiments, each with three levels of a
treatment that could influence the movement of the
clams. In Experiment 1 we used three sediment types.
Channel A contained coarse basalt gravel (grain size
2-4 mm) with additional big stones (diameter
10-15 cm), Channel B contained only basalt gravel
and Channel C contained fine quartz sand (grain size
0.1-0.6 mm). All replicates used 250 individuals and
the water velocity was set to 0.05 m/s. In Experiment 2
we tested three starting densities. Replicates in
Channel A used 500 individuals, in Channel B 250
individuals, and Channel C 125 individuals. All
channels were filled with fine quartz sand and the
water velocity was 0.05 m/s. In Experiment 3 we used
three flow velocities. Water velocity in Channel A was
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Fig. 3 Example of the images analysed, with the digitally fitted
grid (black lines) and the measurements taken (white lines).

Starting line is set horizontally. A: Initial state, B: Final state,
CS: Calibration stick
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0.07 m/s (fast), in Channel B 0.05 m/s (medium) and
in Channel C 0.03 m/s (slow). Fine sand and 250
individuals/replicate were used in all channels.

Image analysis

Because of the large numbers of individuals used in
the experiments, it was not manageable to measure the
distances moved by each clam. For the sake of
comparable measurements of the distances covered,
we used digital image analysis to measure the
combined tracks of the clams (i.e. the disturbed
sediment) as a whole. To test the movement of the
specimens 21 megapixel resolution digital images of
the replicates were taken from above at the beginning
(Fig. 3a) and the end (Fig. 3b) of each experiment. We
measured the total distances covered by the clams
along a digitally fitted grid of 12 equally spaced
parallel lines (perpendicular to the starting line, Fig. 3
black lines), from which the two lines next to the walls
were omitted to reduce the influence of any edge
effect. Along each of the remaining 10 parallel lines
we measured the distances from the starting line to the
farthest points reached by the clams (i.e. the disturbed
sediment, Fig. 3 white lines) both upstream and
downstream after the 48 h experiment. Because of
the large number of individuals that were used in the
experiments, the clams had an initial extent in both
upstream and downstream directions from the starting
line. This initial value was also measured (Fig. 3a
white lines). The movements of the clams were
determined by subtracting the initial from the final
values (Fig. 3b white lines). All measurements were
made in the GNU Image Manipulation Program
(GIMP) ver. 2.8.22 (The GIMP Development Team
2017), in which the distances were given in pixels.
Using a one-meter-long calibration stick, which was
put in the channels only when the images were taken,
the movement could be calculated in cm.

Statistical analysis

Two types of general mixed models were created.

Type I Three general mixed models (one for each
Experiment) were created to reveal the effects of the
treatments on the total distances moved by the
clams. Dependent variables were the total measured
distances moved by the clams in each Experiment.
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Treatments (Channel A, B, C for each Experiment,
for more details see Laboratory experiments) were
treated as fixed-effects. The spatial and temporal
replicates were set as random-effects. To reveal the
significant differences among the three treatments,
three post hoc pairwise comparison analyses (one
for each Experiment) were also done based on the
general mixed models by computing and comparing
the estimated marginal means of the treatments,
using the Tukey method, with degrees-of-freedom
using the Kenward-Rogers method).

Type II To reveal the differences between the
distances moved in upstream and downstream
directions, nine more general mixed models were
developed (one for each treatment). Dependent
variables were the distances moved by the clams in
separate upstream and downstream directions in
each treatment. The direction of movement (up or
down) were fixed-effects, while the spatial and
temporal replicates were set as random-effects.

The general mixed models result in fixed effects
coefficients, which show the magnitude and direction
of the effects compared to the reference categories
(which was ‘Channel A’ for Type I, and ‘Direction
Down’ for Type II models). The mixed models were
created in RStudio Desktop 1.3.1056 (R Core Team
2020) using the package lme4 (Bates et al. 2015). The
pairwise comparisons were made using the package
emmeans (Lenth 2020).

Results
Field survey

The species was found for the first time in the Karasica
stream in 2014 at the southernmost site at Lapancsa
93 ind./mz) 35 km upstream from the stream’s influx
to the Danube. According to the results of the Joint
Danube Survey 1, C. fluminea was present in this
section of the Danube in 2001 in ‘low density’
(Bernerth et al. 2002). After that, it was detected at
Villdny (920 ind./m?) and Pécsa (50 ind./m?) in 2016,
when it was very abundant (2700 ind./mz) at
Lapancsa. It was first found at the most upstream site
at Borjad in early 2020 in low abundance (6 ind./m?).
However, C. fluminea was absent from Lapancsa in
2010, also absent from Villany in 2013, and no
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specimens were detected at Borjad in 2016. This
means that the species could have appeared between
2011 and 2014 at Lapancsa, between 2014 and 2016 at
Villany and Pdcsa, and between 2017 and 2020 at
Borjad (Fig. 1b). So far, despite the efforts of several
thorough surveys, no C. fluminea specimens have been
collected upstream of Borjad. So, it took the species
1-6 years to cover the 11 km between Lapancsa and
Pocsa, which indicates a 1.8-11 km/y (4.9-30.1 m/d)
upstream dispersal speed, and 2-6 years to reach
Borjad from Pdcsa, a distance of 3 km, which results
in a 0.5-1.5 km/y (1.4-8.2 m/d) upstream movement
speed. The average speed of dispersal from the
Danube to Borjad (49 km) was 2.5-2.9 km/y.

Laboratory experiments
Experiment 1: Different substrates

The Type I general mixed model showed that the
treatment (sediment type) had a significant effect on
the distances moved (Table S1). The fixed effects
coefficients differed significantly among treatments
and the pairwise comparisons showed significant
differences between all treatment pairs (Channel A—
B: estimate = — 5.65, SE =236, df=174,
p = 0.046; Channel A-C: estimate = — 39.98, SE =
2.36, df =174, p <0.001; Channel B-C: esti-
mate = — 34.33, SE =2.36, df =174, p <0.001)
(Fig. 4a, Table S1). Individuals on the fine quartz
sand sediment covered significantly more distance
than the ones on the coarser sediment types (Fig. 4a).
Based on this result, fine quartz sand was selected as
substrate for Experiments 2 and 3. Based on the Type
I general mixed models, a significant difference
between the extent of upstream and downstream
movement was found only in the coarse basalt gravel
with stones (Direction Up: — 4.743, SE = 1.339,
p <0.001) (Fig. 4b, Table S2). The downstream
direction was preferred by the clams in all three cases
(Table S3).

Experiment 2: Different starting densities

Starting density had a significant effect on movement
distances (Table S1). The fixed effects coefficient of
the Type I general mixed model differed significantly
among treatments and the pairwise comparisons
showed significant differences between all treatment

pairs (Channel A-B: estimate = 34.50, SE = 2.83,
df = 174, p < 0.001; Channel A-C: estimate = 19.50,
SE = 2.83, df = 174, p < 0.001; Channel B—C: esti-
mate = — 15.00, SE =2.83, df =174, p <0.001)
(Fig. 4c, Table S1). However, no clear pattern was
found, as the biggest distance moved was in the
highest density treatment, while the lowest occurred in
the medium density treatment (Fig. 4c). Significant
differences were also found by the Type II general
mixed model in the high density treatment (Direction
Up: 6.139, SE = 2.263, p < 0.01) and low density
treatment (Direction Up: — 6.008, SE = 2.318,
p < 0.01) but not for the medium density treatment
(Direction Up: — 1.453, SE =1.192, p > 0.05)
(Fig. 4d, Table S2). Upstream movement was pre-
ferred in the high density treatment, and downstream
movement was preferred in the low density treatment
(Table S3).

Experiment 3: Different water flow velocities

The Type I general mixed model showed that water
velocity had a significant effect on the distances
moved (Table S1). The fixed effects coefficient
differed significantly among treatments and the pair-
wise comparisons showed significant differences only
between fast and slow flow (Channel A-C: esti-
mate = — 19.70, SE =2.76, df =174, p < 0.001)
and medium and slow flow (Channel B-C: esti-
mate = — 13.43, SE =2.76, df =174, p < 0.001),
but no significant difference between fast and medium
flow (Channel A-B: estimate = — 6.27, SE = 2.76,
df = 174, p = 0.062) (Fig. 4e, Table S1). The dis-
tances moved by the clams were significantly greater
in slow flow compared to fast and medium flow
treatments (Fig. 4e). Based on the Type II general
mixed model the clams moved greater distances
upstream than downstream in all cases (Table S3),
and these differences were significant in the fast flow
(Direction Up: 4.107, SE = 1.920, p < 0.05) and the
medium flow (Direction Up: 6.542, SE = 1.390,
p < 0.001) (Fig. 4f, Table S2).

Discussion
The influence of C. fluminea on aquatic ecosystems is

inconsistent (see Introduction), but as a non-indige-
nous species, disentangling the processes behind its
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Experiment 1 - Substrate

Experiment 2 - Density

Experiment 3 - Water velocity
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Fig. 4 Total distances moved (top row: A, C, E) and separate
upstream and downstream distances moved (bottom row: B, D,
F) by the clams in each experiment ([J: interquartile range, —:
median, T: minimum and maximum values without outliers, @:

dispersal is important from both ecological and nature
conservation perspectives.

Natural spread is generally associated with down-
stream passive dispersal in the water current (Prezant
and Chalermwat 1984). Upstream active dispersal can
also be a common behaviour and it is often predom-
inant among aquatic invertebrates (e.g. Elliott 2003).
Although we observed both upstream and downstream
dispersal in our experiments, no clear pattern was
observed in dispersal direction preference.

The greatest distance moved was on the fine quartz
sand substrate, which suggests that the fine grained
sediment provides more appropriate environment for
Asian clams to move and this substrate type may
facilitate the dispersal of the species. Similarly,
observations and field experiments showed that C.
fluminea prefers fine grained sediment in natural
conditions (Schmidlin and Baur 2007).

The grain size generally depends on the water
current, and their effects often cannot be separated
(Schmidlin and Baur 2007). However, in our study
there were differences among distances moved by
clams in different velocity conditions but on the same
substrate. This suggests that current velocity can
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outlier, u: upstream, d: downstream, n.s.. not significant,
*p < 0.05, **p <0.01, ***p <0.001, for the supporting
statistical analyses see Tables S1 and S2)

influence the dispersal of clams independently of
substrate type. Water velocity negatively affects
active dispersal of many bivalve species (Kappes
and Haase 2012), and our results confirm this obser-
vation in the case of C. fluminea. Accordingly, this
species seems likely to be less successful in colonizing
rivers with rapid currents, not only because of the
reduced amount of available food (e.g. phytoplankton)
(Schmidlin and Baur 2007) but also because of the
effect of rapid water velocity itself.
Density-dependent dispersal is well known in
terrestrial animals (e.g. Bengtsson et al. 1994; Matthy-
sen 2005) and marine invertebrates (e.g. Byers 2000
and refs therein), but seems less characteristic in
freshwater aquatic macroinvertebrates (e.g. Elliott
2003; Koetsier and Bryan 1996). Our results suggest
that the dispersal activity (i.e. distance moved) of C.
fluminea is somewhat density-dependent, but the
processes behind this are not yet clear (i.e. the distance
moved was the shortest in the medium density
treatment and greater in both the high and low density
treatments). In a former study (Elliott 2003) no
differences were found between upstream and down-
stream movement of aquatic invertebrates in relation
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to density. In contrast, we found that C. fluminea
preferred upstream dispersal in the high density
treatments and downstream dispersal in the low
density treatment. To our knowledge this is the first
evidence for density-dependent preference of a fresh-
water bivalve species for direction of dispersal in
relation to water flow.

All in all, these parameters may affect the move-
ment of Asian clams, but only on a very small scale. In
our experiments, the average distance moved
upstream in 48 h was 28.96 cm (min: 0 cm, max:
81.88 cm), while downstream it was 27.83 cm (min:
0 cm, max: 71.33 cm), with the upstream value
predicting no more than 150 m self-movement
upstream in a year. Our long-term field observations
found a much faster (ca. 0.5-11 km/year) upstream
spread of the species in Karasica stream. However,
based on the abundances of the species at the sampling
sites, which was quite high (93 ind./m?) at Lapancsa in
2014, but increased to extremely high (2700 ind./m?)
in 2016, and which was also very high (920 ind./m?) at
Villdny, but relatively lower (50 ind./m?) at Pdcsa in
2016, and very low (6 ind./m?) at Borjad in early 2020,
the most probable scenario is the following. The
species might have established at Lapancsa in
2012-2013, then reached Villany in 2014-2015, Pécsa
in 2015-2016, and finally it might have reached
Borjad in 2018-2019. In this case the speed of
movement would have been 1.4-7 km/y for the
7 km between Lapancsa and Villany, 2-4 km/y for
the 4 km between Villiny and Podcsa, and
0.75-1.5 km/y between Pdcsa and Borjad. This is
close to the 1.2 km/year upstream movement speed in
a small southeastern U.S. blackwater stream (Voelz
et al. 1998), and the 2.5-2.9 km/y average movement
speed from the estuary of the Karasica to Borjad is also
similar to the 2.4 km/year reported by Schmidlin and
Baur (2007) in the upper Rhine, where no inland
navigation takes place. However, there is always a
slight chance that field observations are overestimat-
ing the speed of movement of the clams. Uncertainties
could arise from the facts that samples were not taken
every year at every site, and because there might be a
time lag between the real arrival and the first detection
of a non-indigenous species as the likelihood of
detection of a small, early-stage population is also low
(Leuven et al. 2009). Nonetheless, the application of
the same sampling method and effort (AQEM proto-
col) throughout our study is likely to reduce the error

of dispersal rate estimation, because the time lag
between arrival and detection may be similar at each
site. Similarly, because of the artificially created
environment, which represents only a small range of
abiotic factors, there is a possibility that the laboratory
studies underestimated the speed of dispersal of the
clams. However, even the slowest estimated speed in
the Karasica stream (0.5 km/y between Pdcsa and
Borjad) is almost four times faster than what was
measured in the lab.

Based on our results, for long-range upstream
spread the species needs some kind of vector.
Although there is no waterborne transport on the
Karasica stream, human influence can not be
excluded, because fishermen sometimes use C. flu-
minea as bait (Schmidlin and Baur 2007), and it is also
possible that individuals are transported on fishing
equipment or stuck into boots or waders (anthro-
pochory). Moreover, ecto- or endozoochory are also
possible explanations for the fast upstream migration
of the species. Young individuals or small propagules
are more suited to ectozoochory (Figuerola and Green
2002). In the case of small (< 2.5 mm) juveniles of
three pond snails Boag (1986) reported waterfowl-
mediated transport through attachment to feathers.
Juvenile Asian clams are small (approx. 250 pum), and
have mucilaginous byssal threads, which they use to
attach to hard surfaces, but they can be re-suspended in
the water later (McMahon 2000). Also, if they attach
to filamentous algae, they can be transported acciden-
tally by waterbirds (McMahon 1982). Aquatic inver-
tebrates like crayfish, reptiles, and semi-aquatic
mammals like otters and beavers can play a role in
dispersing aquatic invertebrates (Banha and Anastaci6
2012; Waterkeyn et al. 2010). Also, terrestrial mam-
mals like deers or wild boars that visit surface waters
regularly are possible vectors, as some aquatic inver-
tebrates can attach to their fur and can be transported
to other locations (Banha and Anastacio 2012). On the
other hand, spread of C. fluminea as juveniles attached
to birds’ feathers or legs is accidental (Thompson and
Sparks 1977), and because of the high body temper-
ature of birds, dispersal in waterfowl guts is also
unlikely (Gatlin et al. 2013). Moreover, unlike the
glochidial larvae of unionid bivalves, larvae of
Corbicula species are not adapted to attaching exter-
nally to fish (McMahon 2002). More recently an
experimental study found that more than 20% of the
individuals may survive getting through the digestive
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system of blue catfish (Ictalurus furcatus) (Gatlin et al.
2013). However, the introduction of only one speci-
men can be enough to start a new population, because
the species is hermaphroditic and able to cross- and
self-fertilize, which may result in more than 68000
pediveligers/adult/year (McMahon 2000).

Overall, it seems that large adult C. fluminea are
able to spread somewhat without any vector, but this
kind of dispersal is much less significant than
expected. The maximum distance that the clams were
capable of moving was around 0.7-0.8 m in 2 days,
but most of this distance was covered in the first 24 h.
This kind of pedal movement seems to be much more
suitable for the clams to move to optimal microhab-
itats (based on, for example, the quantity or quality of
nutrients, water current, density, substrate, etc.) in a
section where they were previously introduced, but it
is not feasible for long-distance dispersal. In addition,
C. fluminea possesses all three attributes (spawning
over multiple seasons, short pelagic life phase, high
reproductive rate) that can help a sessile organism with
pelagic larvae to remain in place or spread upstream
(Byers and Pringle 2006). Therefore it is also possible
that active upstream movement of C. fluminea is a
behaviour to compensate for downstream drifting to
some extent (Humphries and Ruxton 2002).

To conclude, we found no experimental evidence
for fast, long-distance, active dispersal of adult Asian
clams. The very fast upstream invasion in Karasica
stream might be explained by passive dispersal that
was not investigated in our experiment, e.g. via ecto-
or endozoochory. Based on our results, in order to
develop successful methods and management plans to
control the spread of this non-indigenous invasive
species in stream environments, researchers and
stakeholders should focus on processes that can result
in passive long-distance dispersal of the clams.
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