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Abstract In fresh waters, non-native invertebrate
species preferentially spread via navigation water-
ways, where they often dominate assemblages.
Littoral habitats in navigation waterways are regu-
larly exposed to ship-induced waves. We conducted
experiments to test the effects of artificial wave
exposure on the relative performance of wide-spread
native and non-native species. We compared physi-
ological and behavioural response variables (i.e.
growth rate, glycogen content, feeding and swimming
activity) of two amphipods (native Gammarus roes-
elii and non-native Dikerogammarus villosus) and
two gastropods (native Bithynia tentaculata and non-
native Physella acuta) subject to wave and control
(i.e. no wave) treatment flumes across a 6-week
period. Growth, and in part glycogen content (as a
measure of energy storage), were significantly
reduced after exposure to waves in native inverte-
brates, but not in non-native invertebrates. The
reduction in growth may be associated with the
disturbance effects of waves, such as the higher
swimming activity of G. roeselii and lower food
uptake of B. tentaculata. In comparison, the effective
hiding behaviour observed for D. villosus and good
swimming ability of P. acuta, were identified as
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important traits facilitating the successful colonisa-
tion of the harsh habitat conditions of littoral
waterways. Our study demonstrates that artificial
wave regimes may contribute significant selective
pressure, thus explaining the observed dominance of
non-native species in navigational waterways. The
success of non-native species under the harsh
hydraulic habitat conditions of these socio-econom-
ically driven ecosystems may consequently be traced
directly to behavioural and/or physiological traits.

Keywords Inland navigation - Hydrodynamic
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Introduction

Freshwater environments are particularly affected by
biological invasions (Sala et al. 2000; Strayer 2010).
For example, there are 432 and 744 records of non-
native species that have invaded Europe and North
America to date (Strayer 2010). By connecting
freshwater systems that were previously separated
by natural biogeographical boundaries, artificial nav-
igational waterways form important invasion routes
for non-native species, particularly when they include
a sea port as entrance gate for non-native species
from overseas (e.g. bij de Vaate et al. 2002).
Freshwater non-native species may be transported
attached to ship hulls (within inland waterway
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systems) or in ballast water (e.g. Leuven et al. 2009;
Mills et al. 1993). Moreover, artificial and natural
waterways exhibit altered, and even novel habitat
conditions, that are produced by multiple human
impacts, which do not necessarily meet the habitat
requirements of native fauna. As a result, non-native
species are often able to successfully colonise these
habitats (Byers, 2002), consequently outcompeting
native fauna to dominate or even replace existing
assemblages in navigational waterways (Borcherding
and Sturm 2002).

Several approaches exist to determine which
features influence the long-term successful establish-
ment of non-native species in aquatic systems. For
example, it is known that successful non-native
invertebrates often exhibit ecological traits that may
be generally beneficial in disturbed environments,
such as short generation time, early sexual maturity,
high fecundity and euryhalinity (bij de Vaate et al.
2002). Additional characteristics include high toler-
ance to changes in temperature and desiccation (e.g.
Larson et al. 2009) or to pollution and habitat
degradation (Grabowski et al. 2007). However,
clarification is still required about why non-native
invertebrate species successfully colonise particularly
navigational waterways, when arriving in new ranges
after transportation by ship or active migration.
Waterways are characterised by significantly
enhanced levels of hydrodynamic disturbance, due
to waves being generated by passing commercial and
recreational ships. As a result, ship-induced waves
dislodge benthic invertebrates from their habitats
(Bishop 2008; Gabel et al. 2008), thus increasing
exposure to predation risk if predators that are able to
cope with wave disturbance are present (Gabel et al.
2011). Furthermore, invertebrates may also require
more energy for locomotion in order to return to their
initial habitats.

Therefore, we hypothesised that disturbance by
ship-induced waves produces a shift in the commu-
nity composition of benthic invertebrates occupying
navigational waterways towards non-native species.
Logically, the lower susceptibility of non-native
species should be reflected in physiological or
behavioural adaptive traits. Hence, we predicted that
individual growth rate or energy storage are reduced
and swimming activity rates or feeding behaviour are
altered under artificially increased wave regime, for
native species but not for non-native species.
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Methods
Experimental design

Experiments were conducted in two artificial flumes
(each of 3.0 m length, 0.8 m width, 0.6 m height).
Inside each flume, a horizontal plane of 1.6 m length,
ending in a 26°slope of 45 cm length, was used as the
study area (Fig. 1). Perspex walls longitudinally
separated the study area into three compartments,
which were used as experimental replicates. Both
ends of the study areas were closed with nets (of
1 mm mesh size) to prevent the escape of inverte-
brates. In each compartment, sand (dsy = 2.0 mm)
was glued to the bottom and three stones
(~13 x 10 x 4 cm® each) were placed randomly
to offer shelter. The indoor flumes were filled with
tap water and had a daily light—dark cycle of 14:10 h.
The water level of the study area was 10 cm, while
the section in front of the net had a lower bottom,
with a water level of 30 cm (following the design of
Gabel et al. 2008). In the wave-treatment flume, a
wave generator was installed, while the other flume
served as a control without waves. The wave
generator created waves automatically by pushing
the water mass with a polyvinyl chloride (PVC) plate
fixed to an arm, which was operated by a rotating
motor (Valeo 15094704, Valeo, Bietigheim-Bissin-
gen, Germany). The duration and strength of move-
ment were regulated electronically by a PDA (FSC
Pocket Loox N560, Fujitsu Siemens, Munich, Ger-
many). Waves of 15 s duration were created in the
wave flume every 10 min from 06:00 to 20:00 to
mimic typical daily navigation traffic in an inland
waterway.

PVC plate  Rotating arm

o A 300 cm

Wave generator

Studya,-ea iy D
wit =
h three Compartments
Fig. 1 Sketch of the experimental wave flume. A similar set
up was used for the control flume except for the wave generator
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To ensure similar experimental conditions in the
replicated parts of the wave flume, orbital velocities
were determined at seven locations in each compart-
ment using an Acoustic Doppler Velocimeter (ADV;
Micro ADV 16 MHz, 50 Hz recording; Sontek, San
Diego, CA, U.S.A.). The locations included (1) one
directly downstream of the net, (2) one 50 cm
downstream of the net, (3) three along a cross
section 100 cm behind the net; close to right wall, in
the middle and close to the left wall, and (4) one in
front of the backward slope. At each point, seven
replicated measurements, each of 15 s duration were
conducted at 1 cm above the bottom. No significant
differences were found among the three compart-
ments at comparable locations (according to ANO-
VAs with subsequent Scheffe Post-Hoc tests, highest
F = 1.765, df = 2, P = 0.193 at the lowest). Hence,
the invertebrates experienced similar mean orbital
velocities (31.5 £ 3.9 cm s™") in all compartment
replicates.

Wave orbital velocities, frequency of occurrence,
duration and daily timing were similar to wave
conditions measured at a North Eastern German river
(the Havel River), which is an inland waterway
providing access for barges and recreational ships
from the North Sea to Berlin. At Havel River, wave
orbital velocities of 27.4 + 15.1 cm s~' were mea-
sured, with a frequency of occurrence every
10.3 £+ 2.4 min (unpubl. data).

Test animals

Experiments were conducted on two groups of native
and non-native species that commonly colonise water
bodies in central Europe. The first group comprised
the native amphipod Gammarus roeselii Gervais and
the non-native amphipod Dikerogammarus villosus
(Sowinsky). The second group comprised the native
gastropod Bithynia tentaculata L. and the non-native
gastropod Physella acuta (Draparnaud). Dikero-
gammarus villosus originates from the Ponto-Caspian
region and disperses mainly through navigational
waterways (Holdich and Pockl 2007). At these sites,
D. villosus often replaces other amphipods (e.g. Dick
and Platvoet 2000; Pockl 2007). Physella acuta
specimens observed in central Europe may originate
from south east Europe (Cope and Winterbourn 2004)
or more likely North America (Dillon et al. 2002;
Oscoz et al. 2010). This species spreads via

navigation waterways and/or by unintentional release
from aquaria (Kinzelbach 1995). Physella acuta and
B. tentaculata co-occur in many lakes and rivers (e.g.
Havel River, unpubl. data.). The native and non-
native pairs of species selected for the purposes of
this study have similar body sizes, and thus should be
affected to a similar extent by the hydrodynamic
forces created from waves.

Invertebrates were collected by hand nets in the
Spree River (Gammarus roeselii), at the Lake
Mueggelsee outlet (Dikerogammarus villosus), in
the Havel River, and in the Teltow canal (Bithynia
tentaculata), and from aquaria populations (Physella
acuta). The sampling sites of G. roeselii, D. villosus
and B. tentaculata are moderately exposed to ship-
wave disturbance.

Individuals were sorted by body or shell length, in
order to include only individuals of comparable
length in the experiment. The length of all collected
individuals was measured from digital photographs
(Eos 350 D, Canon, Krefeld, Germany) using Adobe
professional (Adobe Acrobat professional 8, Adobe
Systems Inc., San Jose, CA, USA). Amphipod
individuals were measured from the base of the
antenna to the telson, and gastropods from the apex to
the most distant point on the shell.

Experimental procedure

In total, 100 individuals of G. roeselii or D. villosus
were placed into each replicated compartment of the
control and wave flumes, resulting in a density of
61 individuals m~2. Such amphipod densities are
typical in natural environments (Mortl and Rothhaupt
2003). For the gastropods, 80 individuals of each
species were used, corresponding to a density of
49 individuals m™.

Amphipods were fed ad libitum with commercially
available frozen chironomids, because G. roeselii and
D. villosus show the highest growth rates when fed with
this matter (Gergs and Rothhaupt 2008). Gastropods
were fed ad libitum with dried fish flakes and lettuce
(Brendelberger and Jurgens 1993). In addition,
the animals were able to graze on biofilm growing on
the stones and flume walls, or feed on suspended
particles.

Water temperature was maintained at a constant
14°C for the amphipods, and 18°C for the gastropods.
Each experiment lasted 6 weeks. Body length and dry
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mass of invertebrates were measured biweekly from
10 randomly chosen individuals from each replicated
compartment. Body length was measured from digital
photographs, following the same method used for the
size selection of invertebrates before the start of the
experiments. Dry mass was determined by drying
individuals separately at 60°C overnight and weigh-
ing them to the nearest 0.01 mg on the following day.

Activities of test animals

The swimming and feeding activity of amphipod
individuals were estimated by recording the time (in
seconds and minutes, respectively) that each active
individual (n > 39 observations per hour) spent
swimming in the water column or feeding on
provided chironomid prey. Twice a week direct
visual observations and time records were collected
for a 1 h period at each replicate flume. The
behaviour of gastropods was assigned to three
categories: (1) inactive, with only the shell being
visible, (2) active, when gastropods exposed their
foot, head and/or tentacles but without locomotion,
and (3) crawling, when gastropods moved through the
flume on their feet. The status ‘active’ was interpreted
as suspension feeding for B. tentaculata (Brendel-
berger and Jurgens 1993). The frequency of each
activity type was determined relative to the total
number of visible individuals (each time more than
90% of remaining individuals) at the time of obser-
vation once a day.

Mortality rates and physiological status

At the end of the experiments, mortality rates were
determined. We counted the number of living indi-
viduals, and estimated mortality rates (in %) as the
difference between the initial numbers and the
remaining individuals at the end of the experiments,
minus the individuals previously removed for anal-
yses. Newly hatched individuals were excluded from
analyses.

The physiological status of surviving individuals
was estimated based on the glycogen content of body
tissue as glycogen is an important indicator for
environmental stress (Buckup et al. 2008). Due to the
minimum content necessary for glycogen analyses,
the use of larger individuals than for other observa-
tions were required. For gastropods, the larger

@ Springer

individuals (starting length c.f. 1.2 cm) were included
in the same experiments as the smaller ones. For
amphipods, the larger individuals (starting length c.f.
1.5 cm) were exposed for 4 weeks to the same
experimental conditions, but in a separate experiment
in order to avoid larger individuals cannibalising
smaller ones. The glycogen content of entire animals
was analysed by spectrophotometry after treatment
with anthrone reagent (Roe and Dailey 1966) and
expressed as mg of glycogen per g of wet weight.
One sample consisted of five individuals, and was
measured in triplicate.

Data analyses and statistics

We used a repeated measurement ANOVA to test for
the effects of treatment on the body length and dry
mass of organisms over time. The Mann—Whitney
test was used to compare the activity and feeding
behaviour of amphipods, in addition to the glycogen
content and mortality rates of all four investigated
species, between wave and control treatments.
Observed differences in behavioural category (active,
inactive, crawling) frequencies for gastropods were
tested with a Chi’-test. Afterwards, separate Chi*-
tests were calculated to determine the presence of
significant differences of each category between
treatments. All statistical tests were performed in
PSAW (Version 17, SPSS Inc., Chicago, IL, USA).

Results
Amphipods

For both Dikerogammarus villosus and Gammarus
roeselii, there was a significant increase in body
length and body weight in both treatments (wave and
control) across the experimental period (Fig. 2,
ANOVA with repeated measurements, D. villosus:
body length: effect of time: df =2, 8; F = 17.0,
P =0.001; dry mass: time: df =2, 8; F =429,
P < 0.001; G. roeselii: body length: time: df = 2, 8;
F =683.1, P <0.001; dry mass: time: df = 2, §;
F =398.4, P <0.001). While in Dikerogammarus
villosus, treatment had no significant effect on either
variable (body length: treatment: df = 1, 4; F = 0.4,
P = 0.564; interaction between treatment and time:
df =2,8; F = 1.1, P = 0.370; dry mass: treatment:
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df =1, 4, F = 2.7, P = 0.127; interaction: df = 2,
8; F =32, P=0.081), the body length and body
weight of Gammarus roeselii were significantly
affected by treatment, and with a significant interac-
tion between treatment and time for body length
(Fig. 1, effect of treatment: df = 1, 4; F = 64.8,
P < 0.001; interaction between treatment and time:
df =2,8; F =94, P =0.008) and dry mass (treat-
ment: df = 1, 4; F = 198.5, P < 0.001; interaction
between treatment and time: df = 2, 8; F = 6.3,
P = 0.014).

With respect to behavioural and energetic vari-
ables, no significant differences between the two
treatments were found for D. villosus (Table 1).
Gammarus roeselii also did not show any significant
difference between treatments for the time spent
feeding. However, this species spent significantly
more time swimming in the wave treatment than in
the control, and exhibited significantly lower body
tissue glycogen content in the wave treatment, which
was accompanied by a significantly higher mortality
rate of individuals (Table 1).

Individuals of Dikerogammarus villosus spent
most of the time sheltered under the stones that were
provided in both treatments. These individuals left
the shelter of stones mainly for capturing food. They
often capture a chironomid and returned with their

Duration of experiment (days)

prey under a stone to forage. Furthermore, D. villosus
used the refuges offered by the stones more fre-
quently than G. roeselii, and did not increase
swimming activity in the wave treatment. In contrast,
individuals of G. roeselii remained at the place of
encounter with prey items and were shifted around
with the captured prey when the next wave passed.
During waves, and directly after the passage of a
wave, many individuals of G. roeselii left the bottom
and swam through the flume. The duration of these
swimming phases was nearly twice as long as in the
control (wave treatment: 18.0 & 10.2 s, control:
11.8 £ 7.4 s). Furthermore, only a few individuals
sheltered under the stones. Most of the individuals of
G. roeselii remained on the sandy bottom, or were
loosely attached to the stones being occasionally
displaced by the waves.

Gastropods

Both in Physella acuta and Bithynia tentaculata
shell length and body weight significantly increased
across the duration of the experiment in both
treatments (Fig. 3, ANOVA with repeated measure-
ments, P. acuta: shell length: effect of time: df = 2,
8; F = 8.7 P = 0.025; dry weight: time: df = 2, 8;
F=6.2, P=0.035; B. tentaculata: shell length:
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Table 1 Time spent feeding (min, mean + SD) and swim-
ming (s, mean £+ SD), mortality rates across six weeks (%,

(mg g~' wet weight, mean + SD) of Gammarus roeselii and
Dikerogammarus villosus in the wave and control treatments

median =+ interpercentile range), and glycogen content
Species Treatment/statistics Time spent Time spent Mortality (%) Glycogen
feeding (min) swimming (s) content (mg gf')

G. roeselii Wave treatment 11.1 £ 64 18.0 + 10.2 733 £ 11.7 33+08
Control 104 £ 6.3 11.8 £ 74 41.7 £ 11.7 48 £0.5
Mann-Whitney U 8575.0 5823.5 0.0 0.0
P 0.401 <0.001 0.025 0.009

D. villosus Wave treatment 143 £9.6 10.6 £ 6.2 47.5 £ 533 53+08
Control 15.0 £9.0 10.7 £ 5.8 342 £ 200 56 +£0.7
Mann-Whitney U 2225.5 2296.5 14.5 8.0
P 0.607 0.834 0.575 0.624

Note, for technical reasons the glycogen content was determined from larger individuals in a separate experiment. Significant

differences between treatments are in bold (df = 1)
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time: df =2, 8; F =264, P=0.001; dry mass: treatment, with a nearly significant interaction

time: df =2, 8; F =236.5, P<0.001). While in
Physella acuta, there was no significant difference in
either variable between treatments (shell length:
treatment: df = 1, 4; F = 1.7, P = 0.241; interac-
tion: df=2, 8 F =0.2, P=0.651; dry mass:
treatment: df = 1, 4; F = 0.1, P = 0.806; interac-
tion: df = 2, 8; F = 0.2, P = 0.853), shell length and
body weight of Bithynia tentaculata were signifi-
cantly lower after 6 weeks of exposure to wave
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between treatment and time for shell length (Fig. 3,
shell length: treatment: df =1, 4; F =113, P =
0.010; interaction: df = 2, 8; F = 2.8, P = 0.136 dry
mass: treatment: df =1, 4; F = 24.9, P = 0.001;
interaction: df = 2, 8; F = 4.1, P = 0.059).

For P. acuta there was variation in the frequencies
of the various behavioural categories (Pearson
Chi® = 58.6; df = 2; P < 0.001). However, no sig-
nificant difference was found between the two
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Table 2 Frequency of activity types (active: tentacles visible;
inactive: no tentacles or head visible; crawling) as percentages
of total individuals (median = interpercentile range, Chi’

tests), glycogen content (mg g~ ' wet weight; mean & SD), and
mortality rates across six weeks for Bithynia tentaculata and
Physella acuta in the wave and control treatments

Species Treatment/statistics Activity (%) Mortality (%) Glycogen
- - - content (mg gf')
Inactive Active Crawling

B. tentaculata Wave treatment 59.6 + 44.0 30.0 £ 38.9 10.4 £+ 14.9 35.0 £ 9.8 16.3 £ 5.8
Control 246 £ 714 66.3 £ 65.7 9.1 £20.0 335+£70 16.1 £5.3
Test statistics 42.3* 46.3* 0.2* 13.5° 4.0°
P <0.001 <0.001 0.691 0.485 0.827

P. acuta Wave treatment 26.7 £ 6.0 369 £ 179 36.4 + 20.3 40.0 £ 7.0 4.1 £20
Control 26.7 £49.9 41.1 £31.3 322 £ 527 40.0 £ 5.0 7.1 £ 3.6
Test statistics 0.006 0.6 0.824 2.5° 2.0°
P 0.937 0.433 0.364 0.400 0.275

Please note that glycogen content was determined from larger individuals exposed simultaneously to the same experimental

conditions. Significant differences between treatments are in bold (df = 1)

* Chi’-test
® Mann—Whitney U test

treatments for any activity (i.e. being active, inactive
or crawling), glycogen content or mortality rate
(Table 2). The frequencies of behavioural categories
(Pearson Chi® = 88.8; df = 2; P <0.001) differed
significantly for B. tentaculata. Individuals were
significantly more inactive and significantly less
active when exposed to wave disturbance (Table 2).
Crawling was the only activity type that did not
significantly differ between the two treatments. Also,
the glycogen content and mortality rate of B. tentac-
ulata individuals did not differ significantly between
treatments (Table 2).

Similar to D. villosus, P. acuta did not differ in
any investigated parameters between wave and
control treatments. During the experiments, P. acuta
often crawled inverted beneath the water surface and
moved regularly adhering to the water surface, while
B. tentaculata adhered to solid surfaces. Furthermore,
P. acuta reproduced in all compartment replicates of
both treatments after 4 weeks.

Discussion

There exists broad evidence that anthropogenic
pressure to natural ecosystems may favour the inva-
sion and persistent establishment of non-native species
by changing habitat conditions (Byers 2002). Habitat
conditions in strongly altered socio-ecological systems

(Young et al. 2006) are shaped by new combinations
of key environmental factors. These conditions are
novel both for native species and potential invaders,
so that native species often lose their prior-residence
advantage (Byers 2002). Navigation, and accompa-
nying hydrodynamic disturbance due to waves,
alters habitat conditions particularly for littoral
invertebrate species. Long-term structural habitat
degradation combined with the uniformization of
habitats due to channelization, shoreline modifica-
tions and dredging may further aggravate these
effects in a cumulative manner.

Our study provides the first experimental evidence
that non-native amphipod and gastropod species are
less susceptible to anthropogenic wave disturbance
than related native species using similar ecological
niches. Wave disturbance was found to have an
adverse effect on growth and partial energy storage
of native invertebrates, while non-native species
were not impacted. In the current study, non-native
D. villosus spent a large amount of time sheltered
under the provided stones in comparison to native
G. roeselii. As a result, this behaviour led to the
reduced exposure of individuals to wave stress. This
finding supports that of Platvoet et al. (2009a) who
demonstrated the efficient use of crevices by
D. villosus that perfectly suit its body size. Specimens
of P. acuta that were detached by waves were less
disturbed, since in agreement with their natural
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behaviour they actively move in the water column. For
good swimmers, such as P. acuta, detachment was
obviously less disturbing than for B. tentaculata,
which is more dependent on contact with solid
structures.

Supporting our results for B. tentaculata, Scheif-
hacken (2006) found lower growth rates for native
Radix ovata under wave conditions than in a control
during a 2-week experiment. High mortality rates and
a high number of inactive individuals of R. ovata
were observed under wave disturbance in these
experiments. However, Radix ovata is mostly a lentic
species (Moog 2002), which might explain the
presence of higher mortality rates under wave action.
Additionally, Scheithacken (2006) recorded species
growth rates at several water depths to take into
account the depth extension of wave disturbance.
Growth reduction was significantly lower in 80 cm,
when compared to 40 cm or 20 cm water depth.
Hence, it seems that the growth of native gastropods
is directly affected by the level of hydraulic
disturbance.

Active behaviour by individuals of B. tentaculata,
which is associated with suspension feeding (Bren-
delberger and Jurgens 1993), decreased by more than
50% for individuals exposed to waves, while grazing
behaviour did not increase significantly. Feeding on
suspended food leads to a higher net energy gain for
animals compared to grazing (Brendelberger and
Jurgens 1993; Hunter 1975; Tashiro 1982; Tashiro
and Colman 1982), resulting in it being the preferred
feeding type when both food resources are available
(Hockelmann and Pusch 2000). As a consequence,
B. tentaculata cannot compensate for lower suspen-
sion feeding rates by increased grazing. This may have
caused the lower growth rates observed in the wave
treatments, since the time spent suspension feeding by
individuals was reduced. However, energy storage and
mortality were not affected by waves, suggesting that
B. tentaculata re-allocated available energy to main-
tain body functions under wave action at the expense
of growth. Consequently, B. fentaculata would not be
fully excluded from navigation channels by waves-
induced hydraulic stress, but would perform better in
channels with low intensity navigation.

Therefore, in the current study we showed that both
behavioural and physiological traits, which are often
strongly linked, may determine the successful invasion
of invertebrate species in novel socio-ecological
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systems. Such species traits have been experimentally
investigated for several non-native amphipods and
gastropods, with ecological stresses being assessed by
comparing the performance of non-native and native
species under different environmental conditions
(Table 3). All studies concluded that the recorded
differences in species traits between native and non-
native species could contribute to invasion success.
For example, tolerance to extreme or changing chem-
ical parameters, high fecundity and a broad prey
spectrum have been recognised as important physio-
logical or life history traits for successful invasion
(Table 3). Also, behavioural properties, such as
aggressive behaviour, intraguild predation and pro-
nounced predator avoidance, have been shown to
facilitate invasion (Table 3). In the present study,
we supplemented this knowledge by providing
experimental proof that tolerance against hydrody-
namic disturbance, which typically occurs in navi-
gational waterways, is a key trait that could alone
explain successful invasions of these systems by
neozoans.

The observed differences in behaviour and phys-
iology of native and non-native species may result
either from pre-adaptations (e.g. Correa and Gross
2008; Cremer et al. 2008; Schlaepfer et al. 2009),
from rapid adaptive changes (e.g. Alford et al. 2009;
Whitney and Gabler 2008), or from a combination of
both (Henery et al. 2010). However, the assumption
of pre-adaptation in non-native species should be
considered in parallel with the assumption that
certain native species may also exhibit pre-adaptive
traits, which facilitate the colonisation of strongly
altered socio-ecological systems. Thus, the success of
non-native species under novel habitat conditions
should also take into account that non-native species
might have to compete with native species with
similar pre-adaptations (van Kleunen et al. 2010).

Conclusions

Our study demonstrates that repeated exposure to
ship-induced waves reduces growth, and to a certain
extent energy storage, of native amphipods and
gastropods, but not of their non-native counterparts.
Since this pattern was observed for two different
taxonomic groups of different ecological traits and
constitutive capabilities to withstand hydrodynamic
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Table 3 Experimental evidence for physiological and behavioural species traits in non-native amphipod and freshwater gastropod

species favouring successful invasions

Species traits Non-native taxon

Reference

Physiological parameters and life history traits
Salinity tolerance/Euryhalinity
Wide temperature tolerance

Tolerance of wide variations D.villosus

in oxygen content
High fecundity and reproductive potential ~ D. villosus

Short maturation time D. villosus, D. haemobaphes

and brood development time

D. villosus, Tarebia granifera

D. villosus, Tarebia granifera

Bruijs et al. (2001), Miranda et al. (2010)
Bruijs et al. (2001), Miranda et al. (2010)
Bruijs et al. (2001)

Psckl (2007)
Pockl (2009)

Broader prey spectrum D. villosus, Echinogamm. ischnus  Krisp and Maier (2005), Platvoet et al. (2009b),
van der Velde et al. (2009)
Tolerance of anthropogenic wave stress D. villosus, Physella acuta This study

Behavioural parameters

Aggressive behaviour more pronounced D. villosus, G. pulex Dick and Platvoet (2000),
Dick et al. (1995), Dick (2008)
Intraguild predation D. villosus, G. tigrinus Dick (2008), Dick and Platvoet (2000),
Platvoet et al. (2009a)
Predator avoidance behaviour E. ischnus Pennuto and Keppler (2008)
Tolerance of anthropogenic wave stress D. villosus, Physella acuta This study

disturbance, similar principles might also apply to
other non-native species belonging to different zoo-
logical orders. We present new evidence that one
specific form of anthropogenic river use alone could
favour non-native species, and how this effect may be
mechanistically explained.

The differing vulnerability of native and non-
native invertebrates to hydrodynamic stress is
expected to shift community composition in socio-
ecological aquatic systems towards domination by
non-native species (e.g. in the Rhine River, Borc-
herding and Sturm 2002). As non-native species
arrive from different biogeographical regions and
continents, navigational waterways form an arena
where species encounter new competitors in specific
environmental conditions that have not been previ-
ously met (Young et al. 2006). Hence, strong
competitive selection of certain traits is expected,
leading to a rapid human-induced evolution of
invertebrate communities.
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