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Abstract Since the 1980s the Ponto-Caspian gamm-
arid Dikerogammarus villosus has spread throughout
Europe while displacing native species and is pre-
dicted to invade further continents. After it was
introduced into Europe in the 1890s the North
American crayfish Orconectes limosus spread
throughout Europe and served as a vector to displace
native crayfish as well. In Lake Constance (Germany)
the previously dominant gammarid Gammarus roes-
elii is subjected to both of these invasive crustaceans.
In our experiments both species placed predation
pressure on G. roeselii. Kairomone perception tests in
a Y-maze revealed the capability of the gammarids
G. roeselii and D. villosus to perceive and avoid the
scent of the predator crayfish O. limosus. Both species
also avoided the kairomone of the other gammarid, but
did not avoid the scent of their own species. This taxa
specific behavior suggests that taxa specific signals are
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used. This behavior can help the gammarids avoid
shelters previously occupied by predators.
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Introduction

Invasive species became one of the major threats of
limnic ecosystems in the last decades (Sala et al.
2000). The ecological impact of invasives increased
dramatically as European streams became more con-
nected via channels coupled with increased freight
traffic on these waterways (Bij de Vaate et al. 2002;
Parmesan et al. 2005). These anthropogenous trans-
formed waterways serve as major vectors and targets
for invasives. For example now invasive species
comprise 90% of the macroinvertebrate counts in the
River Rhine (van der Velde et al. 2000; van Riel et al.
2006). Invasions of nonnative species may have
positive or negative effects on the native fauna which
can easily spread through the food web. For example in
Lake Constance (Germany) the introduction and
population explosion of the invasive zebra mussel
(Dreissena polymorpha) increased the number of
wintering waterbirds fourfold because it acts as a food
source (Werner et al. 2005). In contrast in North
America the invasive opossum shrimp Mysis relicta
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led to the collapse of Salmon stocks and thus
negatively impacted the bald eagle as a top predator
(Spencer et al. 1991).

One of the most successful invasive benthic
animals in Europe at the moment is the predatory
gammarid Dikerogammarus villosus (Sowinsky). It
originated in the Ponto-Caspian area and used the
Main-Danube channel which opened in 1992 for the
dispersal throughout the rest of Europe (Bij de Vaate
et al. 2002). D. villosus quickly arrived in Germany
(Tittizer et al. 2000), Netherlands (Kelleher et al.
1998), France (Devin et al. 2001) and Italy (Casellato
et al. 2006). There it often displaced native amphi-
pods and thus became the dominant amphipod
species (Devin et al. 2003; Bollache et al. 2004;
van Riel et al. 2006). Different reasons for its success
are discussed. D. villosus’ tolerance to high salinity
allows its transport via ballast water in ships (Bruijs
et al. 2001). Its big size and its high predatory
potential on other gammarids enhances its ability to
displace competitors (Dick et al. 2002; Devin et al.
2003; Kinzler and Maier 2003; Bollache et al. 2004).
It even can outcompete Gammarus tigrinus which
originated in North America and displaced many
European gammarids before the arrival of D. villosus
(Haas et al. 2002). Therefore, D. villosus could be a
threat for North American limnic ecosystems as well
such as the Great Lakes system (Bruijs et al. 2001). In
Lake Constance (Germany) D. villosus was first
recorded in 2002. In comparison to the River Rhine,
Lake Constance was invaded later by most of the
neozoans. Potential reasons are the 10 m high water
falls (Rheinfall) at Schaffhausen and the intact habitat
structures in the upper Rhine river (Uehlinger et al.
2009).

Another invasive benthic crustacean in Lake
Constance is the omnivorous North American cray-
fish Orconectes limosus (Rafinesque). It was intro-
duced in this lake in the late 1980s and has now
spread over the whole littoral zone (Hirsch et al.
2008). This species was originally introduced into
Germany in 1890 to replace the native crayfish stock
after the latter were reduced by accidental introduc-
tion of crayfish pest (Aphanomyces astaci). Orconec-
tes limosus acted as a major vector for the further
dispersal of the crayfish pest (Schweng 1973). In
general omnivorous crayfish have had a strong impact
on the whole food web, since they consume from
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nearly every trophic level of the littoral community
(Lodge et al. 2000; Bernot and Turner 2001).

Prior to 2002 the dominant gammarid species in
Lake Constance was Gammarus roeselii (Gervais).
Originating from the Balkans (Jazdzewski 1980),
G. roeselii was first described in the surrounding
waters of Paris by Gervais (Gervais 1835). It
established itself long ago and is in balance with its
environment (Josens et al. 2005). G. roeselii estab-
lished itself in Lake Constance prior to 1974, during
the eutrophication of the lake (Hartmann 1977).
Therefore, it coexisted with O. limosus for at least
one decade. In contrast, the densities of G. roeselii in
Lake Constance were strongly reduced after the
invasion of D. villosus (Mortl et al. 2005) most
probably due to direct predation. Dick et al. (2002)
first described intra-guild predation of D. villosus on
several gammarid species. This was later tested on
G. roeselii in one-on-one small-scale experiments by
Kinzler and Maier (2003).

Since predation is discussed as a main factor for
the success of, at least, D. villosus we analyzed
the predation pressure of both invasive species (D.
villosus and O. limosus) on G. roeselii in aquarium
experiments under more natural circumstances with
gammarid groups and substrate.

Furthermore, we were interested in predation
avoidance strategies of the earlier established
G. roeselii. Many animals perceive kairomones from
potential predators and use this information to elicit
an appropriate reaction (Dodson et al. 1994; Kats and
Dill 1998). It is known that G. roeselii can perceive
and avoid the kairomones of burbot (Lota lota) and
crucian carp (Carassius carassius), but not of
Eurasian Perch (Perca fluviatilis) in Lake Constance
(Baumgirtner et al. 2002). Overall, different Gamm-
arus species do not have to rely on vision to sense the
presence of predatory fish and hence reduce their
activity (Holomuzki and Hoyle 1990; Wudkevich
et al. 1997). Gammarus pulex reduces its drift when
confronted with brown trout (Salmo trutta), the same
goes for Gammarus pseudolimnaeus when confronted
by rainbow trout (Oncorhynchus mykiss) (Williams
and Moore 1982; Andersen et al. 1993).

Therefore, we analyzed the perception and possi-
ble avoidance of G. roeselii and D. villosus regarding
kairomones from crayfish as well as from both
gammarid species.
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Materials and methods

For all experiments we used individuals of G. roeselii
and D. villosus from the littoral zone of Lake
Constance near the city of Constance that not has
been used in prior experiments. They were acclima-
tized for at least 24 h at 14°C in fresh, filtered
(40 pm) lake water. The light regime in the utilized
climate chamber was 14 h light and 10 h dark. Intact
male specimens of the crayfish O. limosus were
caught in the western part of the lake and kept under
the same conditions. The carapax length was 4.0
(£0.3) cm, measured from the tip of the rostrum
along the median line to the posterior boundary of the
carapax. Their wet weight was 20.4 (£4.8) g. All
experiments were conducted between March and July
2006.

Predation experiments

The predation experiments were carried out in
aquaria (44 x 22 x 25 cm) equipped with eight
stones [10.3 (£10.7) cm ], and a 2 cm sand layer
[489 (£178) g]. One O. limosus per aquarium was
introduced representing the crayfish predator. All five
replicate experiments were conducted with 30 gam-
marids per aquarium. We analyzed the predation of
O. limosus on G. roeselii and D. villosus separately.
The predation rates between both gammarid species
were tested with 15 individuals of each species per
aquarium. Therefore, the gammarid density remained
at 30 individuals per aquarium. As a control we used
five aquaria with 30 individuals of only one gamm-
arid species to obtain specific mortality and canni-
balism rates.

Prior to beginning the experiment crayfish were
not fed for 72 h and were allowed to adapt to the
aquaria for 24 h. The experiments were run at 14°C
beginning with the addition of gammarids and ended
after 72 h with the counting of remaining gammarids.
Only individuals that were completely gone were
counted as predated.

Kairomone perception

To analyze the reactions of gammarids in the
presence of kairomones we used a Y-maze according
to Baumgirtner et al. (2002) (Fig. 1). The maze was
inclined at 2.5°, the inflow outlets were attached at
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Fig. 1 Y-maze used in kairomone perception experiments. A,
B: test arms which can be filled with different waters; M:
mixing zone

7 cm height. The previously prepared kairomone
containing water and pure lake water were added
separately through arms A and B at a constant flow of
0.5 I/min, and the use of arm A or B for the
kairomone treated water was switched after every
run. The temperature of the water was kept between
13.5 and 14.5°C. Homogenous indirect light condi-
tions were established and controlled daily via a light
metering device.

The water containing kairomones was produced
while the different animals were kept in basins with
40 1 fresh and filtered (40 pm, gauze) lake water. The
aquaria were well aerated during the entire time of
incubation. We used 180 gammarids or 5 O. limosus
per basin with incubation times between 24 and 72 h.
To avoid contamination of the water with particles the
animals were not fed during the incubation and 24 h
prior to that. We observed no loss of gammarids during
the incubation time of the kairomone. Therefore, we
could exclude presence of exudates from gammarid
carcasses. In addition the kairomone containing water
was filtered (40 pm, gauze). Between the runs the
Y-maze was cleaned with 60°C water. A flow was
created of 0.5 1 min~! in each of both arms, which
means 1 1 min~' in the mixing zone, This was kept
constant and controlled.

After allowing the flow system to stabilize at an
actual flow of 15.3 cm min~! for at least 2 min, 20
gammarids per run were placed in the mixing zone.
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The gammarid numbers in the different areas of the
Y-maze (arm A and B, mixing zone) were counted
every 2 min for half an hour. We analyzed the mean
densities for every run from 10 to 30 min because the
gammarids needed a few minutes to disperse in the
Y-maze. In all treatments we controlled activity of
the gammarids over the whole experiment time.

In the first experiment we analyzed the ability of
different gammarid species to scent each other in
water containing kairomone from the opposite spe-
cies. This water contained the kairomones from each
of those species separately which was incubated for
24 h. As an additional treatment we acclimatized
D. villosus to the scent of the prey G. roeselii 1 week
prior to the experiment by feeding it only living
G. roeselii. In the second experiment we tested the
reaction of both gammarid species to the kairomone
of O. limosus. To test the possible different reactions
to different concentrations of kairomone we incu-
bated the crayfish in water for 24, 36, 48 and 72 h to
collect the kairomone. There were seven replicates
per treatment in both experiments.

As a control we observed the distribution of
gammarids in the maze using pure lake water in both
arms for G. roeselii and D. villosus separately with 15
replicates each. To test for eventual effects of small
temperature changes during the experiment we tested
the distribution of gammarids in water between 13.5
and 14.5°C with seven replicates each.

Statistics

All statistical analyses were conducted with StatSoft
Statistica 6.0 for Microsoft Windows. All datasets
were successfully controlled for homogenous vari-
ances with a Levene test.

Predation experiments

The predation rates were calculated as difference in
loss of gammarid individuals during the predation
experiment itself and the corresponding cannibalism
rates from the controls. Differences in the predation
or cannibalism rates between the two gammarid
species were compared using t-tests in the following
cases: predation by O. limosus, predation by the other
gammarid species, or cannibalism in the controls. For
the predation rates between both gammarid species
the rates of predation in the controls were divided by
two since the controls were run with 30 individuals of
one species and the predation rate between both
gammarid species were run with 15 individuals per
species.

Kairomone perception

To obtain the preferences of gammarids for one of the
two different given water qualities we compared the
individual numbers in the corresponding arms with #-
tests. Controls were treated likewise for the tested
parameter. The significance level (¢« = 0.05) of the
experiment testing an influence of the kairomone
from the crayfish on gammarids was adjusted with a
sequential Bonferroni correction for the four analyzed
incubation times.

Results
Predation experiments
Our experiments revealed significant differences in

predation rates by O. limosus on the two gammarid
species (Table 1). The rates of predation on G. roeselii

Table 1 Predation rates (means = SE) on the gammarids G. roeselii and D. villosus

Predator 0. limosus D. villosus or G. roeselii

Predation/cannibalism (Ind. day_l) t-test Predation/cannibalism (Ind. day_l) t-test
Prey G. roeselii D. villosus t P G. roeselii D. villosus t P
Predation  2.89 (£0.25) 1.17 (£0.34) 4.078 0.002  0.86 (£0.23) 0.07 (£0.11) 3.013 0.013
Control 0.34 (£0.14) 0.56 (£0.26) —0.725 0485 0.17 (£0.07) 0.28 (+0.13)* - -

Predators were either the crayfish O. limosus or one of the both gammarid species. Controls show the cannibalism of both gammarid
species separately. Rates on both gammarid species were compared with #-test (n = 5) for each setup

% Values calculated. See text for further details
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Fig. 2 Reaction of

a G. roeselii and

b D. villosus regarding the
kairomone of both
gammarid species. Numbers
of individuals in different
sections of a Y-maze with
different waters

(means + SE). */

**% significant 7-test
between the test waters after
sequential Bonferroni

(P <0.5, <0.001; n=17).
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were 2.5 times higher than those on D. villosus. The
predation between the gammarid species was highly
asymmetric and 6.5 times higher from D. villosus on
G. roeselii than vice versa (Table 1). The cannibalism
rates in the control for gammarids did not differ
significantly between the two species (Table 1).

Kairomone perception

Both gammarid species could perceive the kairomone
of the respective other species. All preferred pure
lake water to water containing the respective foreign
kairomone. The behavior of the individuals of
D. villosus acclimatized to the scent of G. roeselii
was the same as it was for the unacclimatized ones
(Fig. 2a: G. roeselii, t = 4.375, n =5, P = 0.002;
Fig. 2b: D. villosus, t = 4.815, n =5, P = 0.001;
‘trained’, t = 3.245, n =5, P = 0.012; t-test). In
contrast, both gammarid species did not avoid water
containing kairomone originated from their own
species (Fig. 2a: G. roeselii, t = 0.157, n =25,
P = 0.879; Fig. 2b: D. villosus, t = 0.527, n =5,
P = 0.623; t-test).

Both tested gammarid species showed different
reactions toward the kairomone of O. limosus. There
was a significant avoidance of G. roeselii to crayfish
kairomone after 48 and 72 h incubation time (Fig. 3a;
Table 2). The low number of individuals in the pure
lake water and high number in the mixing zone at
72 h incubation time can be explained by inactivity.
In this single treatment most of the gammarids were
complacent in the mixing zone not moving from
where they were inserted. We interpret this reaction

as a fear response due to a high kairomone concen-
tration in the water. The reaction of D. villosus did
not seem to be influenced by the incubation time of
the kairomone. There was a significant avoidance by
it to the scent of kairomone from the 24 and 48 h
incubations, but not for 36 and 72 h (Fig. 3b;
Table 2).

The controls showed no preference for either of
the arms of the Y-maze (Table 2). Further more, both
gammarids had no water temperature preference for
slightly cooler (13.5°C) or warmer (14.5°C) water
(G. roeselii: t = 1.241, n =7, P = 0.238; D. villo-
t=0.852, n=7, P=0411). Most of the
gammarids in all treatments moved about actively
in the Y-maze during the whole experiment. The
inactivity of G. roeselii in the presence of the
kairomone of O. limosus from the 72 h incubation
was the only exception.

Sus:

Discussion

With these experiments we confirmed predation of the
invasive crustaceans D. villosus and O. limosus on the
local gammarid G. roeselii. The presence of D. villosus
represents a real menace for G. roeselii. The impact of
predation by one adult crayfish was only three times
higher than that of 15 D. villosus on G. roeselii.
Asymmetric predation of D. villosus on G. roeselii in
small-scale experiments has been cited in previous
literature (Kinzler and Maier 2003) and could be
confirmed by us for more natural systems. The
predation pressure on G. roeselii in Lake Constance
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Fig. 3 Reaction of
a G. roeselii and

b D. villosus regarding 15 A
kairomones of O. limosus.
The incubation time

O. limosus in lake water for
test water production was
varied. Numbers of
individuals in different
sections of a Y-maze with
different waters

(means + SE). **/

*#% significant 7-test
between the test waters after
sequential Bonferroni
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Table 2 Statistical analyzes for the reaction of G. roeselii and
D. villosus regarding crayfish kairomone with different incu-
bation times

Incubation (h) n G. roeselii D. villosus

t P t P
0 (control) 15 —1.343 0.189  1.081 0.289
24 7 1.745 0.107 4.238 0.001
36 7 1.598 0.136  1.245 0.237
48 7 8.897 <0.001 4356 <0.001
72 7 3.946 0.002 0.641 0.534

t-Tests between individual numbers in kairomone containing
and pure lake water in Y-maze. Bold values are significant
after sequential Bonferroni correction over the incubation
times

is exacerbated by the asymmetric higher predation of
the crayfish O. limosus on G. roeselii than on
D. villosus. This can be explained by the higher
activity of G. roeselii outside its shelters when
compared with that of D. villosus (Kinzler and Maier
2006; van Riel et al. 2007). In both gammarid species
we observed cannibalism in the control experiment.
With our setup we cannot distinguish whether it was
predation or necrophagy.

The kairomone experiments revealed the capabil-
ity of G. roeselii to perceive the scent of D. villosus
and O. limosus and react appropriately by avoiding
high risk areas thereby reducing its predation
pressure. D. villosus showed a similar behavior to
the scent of G. roeselii. In this case avoidance is a
negative reaction for D. villosus since G. roeselii
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represents the prey. This reaction can be observed
even when D. villosus has used G. roeselii as single
food source for 1 week. Most probably D. villosus
just avoids all unfamiliar crustaceans. Because of its
evolution in the Ponto-Caspis, D. villosus is not
familiar to foreign gammarids as prey. Over the last
5 years after its introduction, D. villosus still appears
incapable of adapting its responses to kairomones
from its new prey in Lake Constance. To gain deeper
insight into this behavior analyzes of kairomones
emitted by other crustacean species also originating
from the Ponto-Caspis like Dikerogammarus hae-
mobaphes or Echinogammarus spp. should be carried
out. Repeating our experiments in several years from
now might show that D. villosus is capable of
adapting this behavior to the Middle European
gammarids in the long term.

From our results we deducted some characteristics
of the infochemicals used by both gammarid species.
First, the signal must consist of different substances
or substance combinations for different taxa. Both
gammarids are able to distinguish between the scent
of their own and other species. Second, we figure the
kairomone is to a degree water resistant over the time
studied. We interpret the reaction of G. roeselii
toward the scent of O. limosus as an intensifying
reaction to increasing concentrations of the kairo-
mone until they eventually retreated into a corner and
remained motionless. If concentrations of kairomone
can increase over the whole range of analyzed
kairomone releasing times then kairomone as a
substance must be stable for at least 72 h in water.
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Thirdly, kairomone cannot be very volatile and must
be chemically stable in well oxygenated environ-
ments because the aquaria were well aerated during
the entire time of incubation.

To translate our results to the field situation it is
important to consider the conditions of kairomone
release. To achieve our findings we used longer
incubation times than would occur in streams or the
littoral zone of a lake with wave impact. Therefore,
the observed behavior of gammarids is especially
applicable for areas with low water velocities such as
under stones or in the interstitial zone. We do not
think that these kairomones are used to perceive and
escape an approaching predator, rather they could be
used to choose which shelter to occupy i.e. under a
stone that is already occupied by foreign species (and
most probably a predator) or by the same species (and
most probably a friend). This hypothesis is supported
by our field observations. Even when both gammarid
species occur in the same area we always find each
species segregated to its own stone.
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