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Over the past two decades the amphipod communities of German inland waters
have changed dramatically. The Ponto-Caspian gammaridean Dikerogammarus vil-
losus has severely impacted the biocoenosis of the concerned waters in a wide area
of western and central Europe, by decreasing or even eliminating populations of
native or earlier established gammarideans. In 2002 this invasive species was also
recorded in Lake Constance, a prealpine lake in Germany, Austria and Switzerland.
Within five years it has spread almost throughout the littoral zone of the entire lake,
where it is now the dominant gammaridean species on hard substrates. However,
in Lake Constance the coexistence between this so-called “killer-shrimp” and the
native Gammarus lacustris, and the earlier established G. roeselii seems to be possible.
Furthermore, a local population of another amphipod, Crangonyx pseudogracilis, has
existed in Lake Constance since 2007 despite the presence of D. villosus. In our SEM
study of the structures involved in food acquisition of the gammarideans inhabiting
Lake Constance we discovered morphological differences that seem to enable these
animals to feed on different kinds of food. D. villosus, despite its ecological impact,
is not a specialized predator, but an opportunistic omnivore. The mouthparts of
G. lacustris possess specializations for retaining very small food particles and those
of G. roeselii for scraping periphyton off the substrates. By contrast, C. pseudogracilis
seems to be specialized to feed on detritus and carrion. These different abilities to
utilize food resources, as determined by morphology, may be a reason for the co-
existence of the four gammaridean species in Lake Constance.
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Introduction

Since the opening of the Main-Danube canal in 1992
there is a continuous navigable connection between
the Black Sea and the North Sea via the Rivers
Danube, Main, and Rhine. Using ships as vectors
or migrating actively, a great number of non-native
aquatic species, especially from the Ponto-Caspian
region, came through this waterway to these riv-
ers and their tributaries (Tittizer 1996, 1997). Some

Ponto-Caspian amphipod species were able to
establish stable populations. Among these Dikero-
gammarus villosus Sowinsky, 1894 (Gammaridea,
Pontogammaridae) was particularly successful.
Known in the Austrian part of the Danube since
1989, this species was recorded for the first time in
Germany in 1992 (Nesemann et al. 1995). In 1994
D. villosus reached the Rhine (Bij de Vaate & Klink
1995) and within a few years it spread into its
tributaries in France, the Netherlands and Northern
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Germany (e. g. Devin 2001, Nehring 2003, Bollache et
al. 2004, Mayer 2008). In 2010 it was recorded for the
first time in waters of the British Islands (MacNeil et
al. 2010). Furthermore, D. villosus was also found in
isolated waters such as Lake Geneva in Switzerland
(Bollache 2004) and Lake Garda in Italy (Casellato
et al. 2006). D. villosus is very successful in many
waters outside its native distribution area and often
had, and still has, severe effects on the biocoenosis of
the concerned waters. It spreads fast, occurs in high
densities, and diminishes other macrozoobenthos
organisms including other gammarideans, both
native and earlier established species. D. villosus is
now the dominant or only gammaridean species in
many sections of the concerned waters (e.g. Dick &
Platvoet 2000, Kley & Maier 2003, 2006, Devin et al.
2004, Péckl 2007). Results from field observations
and laboratory experiments suggest that D. villosus
is a specialized predator, because, in comparison to
related species, it captures more macrozoobenthos
organisms and is superior in direct competition
with related species (e.g. Dick et al. 1990, Dick et
al. 1993, 1999, 2002, Kinzler & Maier 2003, Krisp &
Maier 2005). As a result, this invasive species was
even named the “killer-shrimp”.

In Lake Constance, an oligotrophic pre-alpine
lake with a surface area of about 536 km? in the tri-
border region of Germany, Austria and Switzerland,
D. villosus was recorded for the first time in 2002
(Miirle et al. 2004, Rey et al. 2005). Within only a few
years it spread through the littoral zone of nearly the
entire lake and is now the dominant gammaridean
species on hard substrates. However, in contrast to
most other waters invaded by D. villosus (see above),
in Lake Constance the coexistence of D. villosus with
the native Gammarus lacustris Sars, 1863 and the ear-
lier established G. roeselii Gervais, 1835 seems to be
possible. Additionally, a local population of another
non-native amphipod species, Crangonyx pseudogra-
cilis Bousfield, 1958 (Crangonyctidae) was recorded
in 2007 near the town of Hard in the Austrian part
of Lake Constance (Hanselmann & Gergs 2008).

Dikerogammarus villosus is the largest of the four
gammarideans inhabiting Lake Constance. In Ger-
man waters males and females can reach a body
length of up to 22 mm and 18 mm respectively (Kley
& Maier 2003, Devin et al. 2004). Originally it was
widely distributed in the lower reaches of large riv-
ers of the Ponto-Caspian region. In the Netherlands
Wijnhoven et al. (2003) found D. villosus in rivers,
canals and lakes but not in brooks or trenches.
D. villosus prefers hard substrates like gravel and
boulders and avoids sandy or muddy substrates
(e.g. Nesemann et al. 1995, Devin et al. 2003, Kley
et al. 2009, Boets et al. 2010, Tricarico et al. 2010).

For Lake Constance, Hartmann (1977) was the
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first to mention Gammarus roeselii in a publication
on fish food. For his work Hartmann examined gut
content of fishes sampled in 1974 and 1975. It is likely
that this species arrived some years earlier, because it
was already a considerable portion of the gut content
of the fishes examined. The original distribution area
of G. roeselii is Asia Minor, the Peloponnesos, the
western Balkan Peninsula, the Hungarian Plain and
the Danubian valley. G. roeselii was first described
by Gervais (1835) from the vicinity of Paris and its
spread from southeastern Europe westward is still
ongoing. In middle Europe it is now well established
and is the typical gammarid of large and medium
sized lowland rivers with low current velocity
and large lakes, but in France it is still increasing
its range of distribution (e.g. Karaman & Pinkster
1977, Jazdzewski 1980, Jazdzewski & Roux 1988,
Meijering 1991, Nesemann et al. 1995, Bollache et
al. 2006). G. roeselii appears to show little preference
for a particular substrate. In enclosure experiments
there was little difference in preference for stones, leaf
litter, stonewort and stones colonised by Dreissena
polymorpha Pallas, 1771, and even sandy habitats
were occupied (Hesselschwerdt et al. 2008). How-
ever, Kaldonski et al. (2008) reported that G. roeselii
often hides in submersed vegetation and also in the
Danube, where the specimens for this work were
collected, G. roeselii was found mainly between the
submersed macrophytes near the shoreline, but
only a few could be found on stony substrates. In
laboratory experiments G. roeselii clearly preferred
aquatic weeds as substrate compared to stones and
gravel (Kley et al. 2009).

Gammarus lacustris is widely distributed in Scan-
dinavia, alpine regions of Asia, Russia, and northern
America. In central Europe it is found in Poland,
Austria, northern Italy, and Ireland. In Germany
it only inhabits some Lakes in northern Germany
and Lake Constance (Schellenberg 1934, Vornatscher
1969, Pinkster 1972, Karaman & Pinkster 1977). G. la-
custris inhabits oligotrophic or mesotrophic stagnant
waters where it can survive in low temperatures for
a long time but it cannot stand water temperatures
higher than 20 °C, therefore, it is mostly restricted
to mountain or glacier lakes (Karaman & Pinkster
1977).1t prefers waters with a high amount of organic
sediment and a diverse and abundant macroflora
(Karaman & Pinkster 1977, Costello 1993). Accord-
ing to Hargeby (1990) G. lacustris typically occurs in
waters with stable conditions, where it can be found
mainly in submersed vegetation, which does not die
back in winter. The preferred water depth of adult
G. lacustris is about 3-6 meters, whereas juveniles
inhabit the vegetation of the littoral zone down to
1.5 meters (Yemelyanova et al. 2002, Mirzajani et al.
2011).



Crangonyx pseudogracilis is the smallest of the
gammarideans inhabiting Lake Constance, its maxi-
mum length there is 10.5 mm (Hanselmann & Gergs
2008). It is originally a North American species, but
has been known in Britain since 1936 and was first
recorded in central Europe in 1979, in Dutch tributar-
ies of the Rhine (Garland 1981, Costello 1993, Pinkster
et al. 1980). In Lake Constance it was recorded for
the first time in 2007 (Hanselmann & Gergs 2008).
C. pseudogracilis prefers littoral habitats with soft
sediments and rich submersed vegetation or reeds.
Stony substrates are only inhabited if there are roots
between the stones (Garland 1981). MacNeil (2001)
found few C. pseudogracilis on gravel and sand, but
found that they occurred in high densities on silt
and mud. In northern Germany C. pseudogracilis was
found in ditches, and southern Germany in pools
and oxbow lakes of the floodplain of the river Rhine
(Martens & Grabow 2006, Gerdes & Eggers 2007).

Our aim was to look for the reason behind the
coexistence of the four gammaridean species in Lake
Constance, besides spatial segregation due to differ-
ent substrate preferences. In our earlier works (Mayer
et al. 2008, 2009) we described the general morphol-
ogy of the mouthparts and other structures involved
in food acquisition of gammarideans. Subsequently,
we documented differences in the morphology of the
mouthparts of non-marine gammarideans, which
indicate that these specializations enable the species
to use different types of food (Mayer et al. 2009, 2012).
In addition here we describe and illustrate the main
differences between the parts of the bodies of the four
species, which are supposed to be modifications for a
special mode of food acquisition, in order to test our
working hypothesis that different food preferences
led to the coexistence.

Material and methods

Specimens of Gammarus roeselii were obtained from a
branch of the Danube near Donaurieden, Ulm, Germany
in December 2007. Specimens of the other three species
were obtained from Lake Constance. Specimens of
Crangonyx pseudogracilis were sampled in May 2010 at
Griiner Damm near Hard, Austria, about 5 meters from
the shoreline by kick-sampling on gravel in water of
about 50 cm in depth. Specimens of Dikerogammarus
villosus were collected in July 2010 from boulders of the
shoreline stabilization near Langenargen, Germany and
those of Gammarus lacustris were sampled in August
2011 by scuba diving from a depth of 2-5 meters near
Allensbach, Germany. All specimens were fixed in 70 %
ethanol. For determination of species, the taxonomic key
of Eggers & Martens (2001, 2004) was used. For SEM
studies about 20 fixed males of each species were dis-
sected using watchmaker forceps under a stereomicro-

scope. For removing debris, the bodies parts obtained
were stored in a dilute aqueous solution of a detergent
for dental prostheses for five minutes at room tempera-
ture and treated for 30 seconds in an ultrasonic cleaner.
Afterwards, the specimens were washed in deminerali-
sed water, dehydrated in an alcohol series, critical-point
dried, and sputter-coated with a gold-palladium mix-
ture. SEM work was performed with a Zeiss DSM 962
Scanning Electron Microscope. Digital images obtained
from the SEM were trimmed in Adobe Photoshop™ and
arranged in plates using Adobe Illustrator™.

Results

Gammarus lacustris

Antennae (Fig. 1A): Setation of flagellum sparse
and short; flagellum consists of 12-14 annuli; annuli
1-10 slightly antero-posteriorly compressed; each
portion bears one calceolus, an antennal receptor of
gammaridean Amphipoda, on its median side and
4 groups of 3-4 simple setae, these are about half as
long or as long as a flagellar annulus.

Mandibles (Fig. 2A,E): Right incisor process
stout and 4-toothed. Right lacinia mobilis distally
notched with two rows of irregularly arranged
pointed and distally directed spines; articular condy-
lus well developed. Distal half of setal row consists
of densely set long and strong setae with bases
broadened in anterior-posterior dimension; they
bear setulae only on their distal end. Setae of setal
row near molar process are densely set and pappose
(= with setulae randomly arranged along the shaft of
the seta) with cylindrical shafts. Molar processes are
well developed; surface, in median view, ellipsoidal,
with regularly arranged parallel ridges. Mandibu-
lar palp well developed; distal margin of its distal
portion bears a straight row of densely set serrate
setae. Left incisor process stout and five-toothed.
Left lacinia mobilis blade-like, nearly as long as
incisor process, broad and four-toothed. Articular
condylus well developed. Setal row next to the la-
cinia mobilis consists of an alternating sequence of
stiletto-shaped setae with very broad and flattened
bases and pappose setae. Setae of setal row next to
the molar process are shorter, pappose, with bases
round in cross section. Surface of left molar triangular
in median view, with parallel ridges.

Maxillulae: Inner plate (= coxal endite) (Fig. 3A)
elongated, broad and remarkably flat in posterior
view; median margin nearly straight, bearing a row
of extremely densely set (about 22) medio-distally
projected pappose setae with plenty of very thin and
long setulae. Distal margin of outer plate (= basipodal
endite) (Fig.4A) bears 11 medio-distally directed
cuspidate setae in two rows; each of these spine-like
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Fig. 1. SEM images of antennae. A. Gammarus lacustris; B. G. roeselii; C. Dikerogammarus villosus; D. Crangonyx
pseudogracilis.




Fig. 2. SEM images of surface of right mandibular molar in median view with signs of abrasion (left = distal) (A-D)
and incisor process, lacinia mobilis, and setal row of left mandible in anterior view (E-H). A, E. Gammarus lacustris;
B,FE. G. roeselii; C,G. Dikerogammarus villosus; D,H. Crangonyx pseudogracilis. Abbreviations: gbs, gnathobasic seta;

ip, incisor process; lm, lacinia mobilis; sr, setal row.

setae with a row of up to 11 medio-distally directed
secondary spines. The number of secondary spines
decreases from median to lateral, but the diameter
of spines and secondary spines increases; therefore,
setae on median part of distal margin look like coarse
combs, but lateral four setae are distally flattened
and laterally toothed.

Maxillae (Fig. 4E): Inner plate with two rows of
medially directed setae; one row direct along margin;
setae here serrate. Second row on anterior side of
inner plate near median margin; about 30 plumose
(= with setulae in two opposing rows on the shaft of
the seta) setae, medially directed, about as long as
medio-lateral dimension of inner plate; setulae thin,
long and very densely set, creating a dense net.
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Fig. 3. SEM images of coxal endites (= inner plates) of maxillulae in situ in posterior view. A. Gammarus lacustris;
B. G. roeselii; C. Dikerogammarus villosus; D. Crangonyx pseudogracilis. Abbreviations other than in previous figures:
ipl, inner plate; opl, outer plate.

Maxillipeds (Fig. 5A,E): Basipodal endite slen-
der, reaching about two-thirds of the carpus; distal
margin bears a row of 6 cuspidate setae accompanied
by a row of stout pappose setae with short serrate
setulae. Endite of ischium well developed, reach-
ing the mandibular incisor processes in its natural
position; median margin bears a row of flattened
cuspidate setae accompanied posteriorly by a row
of distally flattened setae (Fig.5E). Carpus bears
postero-medially directed simple setae on its postero-
median surface.

There are only minor differences in the morphol-
ogy of the first pair of gnathopods in the four species.
Therefore, the first gnathopods are not described or
illustrated here.

Second gnathopods (Fig. 6A): Carpus and pro-
podus bear transverse rows of densely set serrate
setae on their postero-median margins.

Third uropods (Fig. 7A): Endopod and exopod
long and antero-posteriorly flattened. Endopod is
three quarters the length of the exopod. Setae on
medial and lateral margins of exopod and endopod
plumose, building a broad fan-like net.
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Gammarus roeselii

Antennae (Fig. 1B): Setation on distal two portions
of peduncle and on flagellum more developed than
in G. lacustris; simple setae in transverse rows; longer
on postero-median side of antennae; no calceoli.

Mandible (Fig. 2B,F): Molar processes well de-
veloped; surfaces with distinct parallel ridges. Right
incisor process four-toothed, slender. Right lacinia
mobilis distally transversely notched, therefore, two
distal margins with irregularly arranged distally
pointing spines; base broad. Left incisor process five-
toothed, flat. Left lacinia mobilis four-toothed, flat.
Setae of setal rows of both left and right mandible
similar; setae next to lacinia mobilis with broadened
plane shafts and setulae only on the side of the shaft
facing the molar process; delicate pappose setae near
molar process.

Maxillulae (Fig. 3B, 4B): Inner plate with a row
of densely set pappose setae on median margin.
Cuspidate setae on distal margin of outer plate
dimorphic, setae on median part of row comb-like,
those of lateral part of row distally flattened and



Fig. 4. SEM images of distal setation of basipodal endite (= outer plate) of left maxillula in posterior view (A-D)
and right maxilla in anterior view (E-F). A, E. Gammarus lacustris; B,F. G. roeselii; C,G. Dikerogammarus villosus;
D, H. Crangonyx pseudogracilis.

broadened like chisels (Fig. 4B).

Maxillae (Fig. 4F): Setation of median margin
of inner plate very similar to that of G. lacustris, but
anterior row consists of only about 20 plumose setae.

Maxillipeds (Fig. 5B,F): Median margins of
endites of ischia recessed on their distal halves;
posterior side of median margin of these endites
bears a row of hook-shaped medio-distally directed
cuspidate setae (Fig. 5F).

Second gnathopods (Fig. 6B): Carpus and pro-
podus bear transverse rows of simple and serrate
setae on their postero-median margins.

Third uropods (Fig. 7B): Endopod and exopod
long and antero-posteriorly flattened; endopod
nearly reaches distal end of proximal portion of the
exopod; plumose setae on medial and lateral margins
of endopod and exopod, creating a broad fan-like
net.
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right ischium in posterior view (E-H). A,E. Gammarus lacustris; B,F. G. roeselii; C,G. Dikerogammarus villosus;
D, H. Crangonyx pseudogracilis. Abbreviations other than in previous figures: 1,ischium; 2, merus; 3, carpus; 4, pro-
podus; 5, dactylus; bas, basipod; cox, coxa; eb, endite of basipod; ei, endite of ischium.

Dikerogammarus villosus

Antennae (Fig. 1C): Setation of peduncle sparse;
annuli of flagellum with densely set groups of long
simple setae on their posterior side, together creating
a brush-like structure; no calceoli.

Mandibles (Fig. 2C,G): Incisor processes stout,
left lacinia mobilis with well-developed articular
condylus. Setal rows consist of several long pappose
setae and few stiletto-shaped setae. Molar processes
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well developed; surfaces only little structured, with-
out ridges.

Maxillulae (Fig. 3C, 4C): Inner plate with a row
of 12-14 long pappose setae on median margin. Distal
margin of outer plate with 9-11 spine-like cuspidate
setae; secondary spines of these setae irregularly
arranged and directed medio-posteriorly; setae on
lateral end of row distally not flattened.

Maxillae (Fig.4G): Inner plate with a row of
serrate setae on median margin; another row of 13



250 pm

500 pm

Fig. 6. SEM images of right second gnathopod (= 3™ thoracopod) in anterior view. A. Gammarus lacustris; B. G. roe-
selii; C. Dikerogammarus villosus; D. Crangonyx pseudogracilis.

medially directed plumose setae begins proximally
near median margin and curves distally onto the
anterior face of the inner plate.

Maxillipeds (Fig. 5C,G): Median margin of
endite of ischium straight; posterior side of median
margin of this endite bears a row of medially directed
cuspidate setae accompanied by two rows of distally
flattened simple setae.

Second gnathopods (Fig. 6C): Merus with a row
of medially directed long simple setae; carpus with
long densely set setae, arranged in tufts, together
creating a brush which is directed medio-ventrally
in natural position of the gnathopods.

Third uropods (Fig. 7C): Endopod very short;
exopod antero-posteriorly flattened, with densely
set plumose setae on median and lateral margins;
exopods of left and right third uropod together create
a fan-like net.

Crangonyx pseudogracilis

Antennae (Fig. 1D): Setation sparse, only few short
simple setae; flagellum consists of 6 portions; three
elongated calceoli on median side of peduncular
portions 4 and 5; proximal 3 annuli of flagellum
each with one calceolus.

Mandibles (Fig. 2D,H): Incisor process of right
mandible stout, four-toothed; right lacinia mobilis
well developed, distally deeply notched, with two
rows of irregularly arranged spines; articular condy-
lus well developed. Setal row of right mandible near
lacinia mobilis consists of an alternating sequence
of four stout setae with broadened bases and pap-
pose setae; setae of setal row near molar process are
delicate and pappose. Incisor process of left mandible
five-toothed; lacinia mobilis broad, five-toothed and
as long as incisor process; articular condylus very
well developed. Setal row of left mandible near
lacinia mobilis consists of an alternating sequence
of 6 stout setae with broadened bases and pappose
setae; next to the molar process setae of setal row are
again smaller and pappose. Molar processes elon-
gated; surface of molar processes small, ellipsoidal,
composed of separate columnar elements; without
ridges.

Maxillulae (Fig. 3D, 4D): Inner plates short;
medio-anteriorly oriented margin bears 5-7 pappose
setae. Distal margin of outer plate bears 7 pointed
spine-like cuspidate setae with up to 7 medio-distally
directed secondary spines.

Maxillae (Fig. 4H): Inner plate with a row of
short serrate setae on distal half of median margin;
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Fig. 7. SEM images of uropods and telson in situ in dorsal view. A. Gammarus lacustris; B. G. roeselii; C. Dikerogam-
marus villosus; D. Crangonyx pseudogracilis. Abbreviations other than in previous figures: en, endopod; ex, exopod;
te, telson; ul, first uropod; u2, second uropod; u3, third uropod.

another row of 5-7 medio-distally directed pappose
setae begins proximally near the median margin,
curving distally onto the middle of anterior face of
inner plate.

Maxillipeds (Fig. 5D,H): Setation sparse; endite
of ischium barely reaching half the length of carpus,
its median margin bears irregularly arranged short
setae with flattened distal ends, but no cuspidate
setae.

Second gnathopods (Fig. 6D): Setation sparse;
only a few serrate setae on carpus and propodus,
which are directed medio-ventrally in natural posi-
tion.

Third uropods (Fig. 7D): styliform, similar to
the first and second uropods. Endopods very short,
hardly overhanging the telson; each endopod bears
one pointed cuspidate seta. Exopods short, bearing
only pointed cuspidate setae on median and lateral
margin.
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Discussion and conclusions

When Miirle et al. (2004) reported that Dikerogam-
marus villosus was found in Lake Constance, it was
assumed that this invasive species could have serious
impact on the biocoenosis of this lake, comparable to
the impact it had in many rivers and lakes in western
and central Europe. Furthermore, it was feared that
D. villosus could have negative effects on fisheries,
not only because it leads to changes or reduction of
fish prey but also because it is known to feed on fry
(Casellato et al. 2007). Moreover, Kinzler & Maier
(2006) demonstrated that the risk of predation by fish
is lower in D. villosus compared to native or earlier
established gammarideans, e.g. G. roeselii, because
D. villosus is less active and has a high affinity to
hard substrate, where it can hide and is scarcely ac-
cessible for predators. Indeed, D. villosus was able to
spread in the littoral zone of almost the whole lake
and is now the dominant species on hard substrates,
but coexistence with native and earlier established
gammaridean species seems to be possible. This can
be inferred from the fact that since the occurrence
of D. villosus in 2002, there was no obvious decline



of populations of G. lacustris and G. roeselii and a
population of C. pseudogracilis was able to establish
in spite of the presence of D. villosus.

Competition for food is often a reason for dis-
placement of one species by another. For a long time
it was assumed that non-marine gammarideans feed
mainly on plant material (e.g. Haeckel et al. 1973,
Kostalos & Seymour 1976). Consequently, they have
been assigned to the functional feeding group of
shredders (Cummins & Klug 1979). At least since the
impact of D. villosus was documented and results of
laboratory studies on its predation were published,
it was clear that limnic gammarideans not only
feed on plant material but on a wide variety of food
sources, some of them are even effective predators
(e.g. MacNeil et al. 1997, Dick & Platvoet 2000, Dick
et al. 2002, Kinzler & Maier 2003, Kinzler et al. 2009).
In non-marine gammarideans the existence of mor-
phological modifications and specializations of the
mouthparts and other structures involved in special-
ized food acquisition has been documented in earlier
publications by the authors of the present work
(Mayer et al. 2008, 2009, 2012). Direct observation
of movements and interactions of the mouthparts
during feeding is not possible in amphipods, because
the anteriorly directed mouthparts cover each other
at least partially. Therefore, the information on the
feeding actions given in the following chapters are
interpretations of the morphology of the structures
involved in food acquisition based on the results of
our SEM examination.

Gammarus lacustris

Gammarus lacustris performs diurnal vertical migra-
tion. During the day it is epibenthic and feeds on
sediment, at night it migrates into the pelagic zone
and predates on zooplankton. In enclosure experi-
ments G. lacustris was able to change the plankton
community in fish-free alpine lakes (Wilhelm &
Schindler 1999, Wilhelm et al. (1999). Yemelyanova
et al. (2002) even stated that plankton is the most
important food resource for G. lacustris and that it is
a top-predator in fish free lakes, with highest growth
rates when feeding on lake plankton. Copepods
respond to different concentrations of kairomones
from G. lacustris with corresponding predator avoid-
ance reactions. The coevolution of this predator-prey
relationship is further evidence that G. lacustris is
an active predator on zooplankton (Gubanov et
al. 2010). Gut content analysis revealed that G. la-
custris primarily ingested fresh seston including a
considerable amount of microalgae (Gladyshev et
al. 2000). Berezina (2007) observed a shift in feed-
ing during ontogenesis, with juveniles preferably
feeding on detritus and adults on zooplankton.

When the availability of zooplankton is low, adults
will also feed on detritus and macrophytes. Such
flexibility in feeding according to the availability of
food is also reported by Skoptsov (1980) who found
remains of zooplankton, macrophytes like stonewort
(Characeae), pondweeds (Potamogeton sp.), cattail
(Typha sp.), watermilfoil (Myriophyllum sp.), larvae
of chironomids, and detritus in the foregut of speci-
mens of G. lacustris.

In G. lacustris the setation of the antennae is
sparse (Fig. 1A). Therefore, the antennae are suited
for collecting detritus, but not for sieving particles
out of the respiration current. According to Read
& Williams (1990) the calceoli on the antennae are
mechanoreceptors, which may help to detect zoo-
plankton. However, it must be taken into account
that only the antennae of males bear calceoli. We
found no information in the literature about gender-
specific differences in feeding of G. lacustris.

The stout incisor processes together with the
broad left lacinia mobilis with its well-developed
articular condylus seem to be well suited for biting.
For that, the right incisor process glides into the gap
between the left incisor process and the left lacinia
mobilis, which is stabilized in its position parallel
to the adjacent incisor process by its well-developed
articular condylus. Thus, these structures can act as
double-edged scissors with one blade on the right
mandible and two blades on the left. The mandibular
setal rows consist of both long stiletto-shaped setae
and pappose setae (Fig. 2E). This combination seems
to enable them to push larger as well as very fine
food particles towards the molars. In G. lacustris the
surfaces of the well-developed molar processes are
equipped with ridges, but these are not as regular
and distinct as in G. roeselii (Fig. 2A). Nevertheless,
they seem to be suitable for grinding hard food items.
The inner plates of the maxillulae completely fill the
space between the outer plates. They are remarkably
flat and their median margins are very densely set
with pappose setae (Fig. 3A). Compared to those of
the other species, the inner plates of the maxillulae
in G. lacustris create the most effective sieve to re-
tain small particles. This also applies for the inner
plates of the maxillae that have densely set plumose
setae on their median margins (Fig. 4E). It seems
that fine particulate organic matter is an important
component of food in G. lacustris. The comb-like
cuspidate setae on the distal margin of the outer
plates of the maxillulae (Fig. 4A) seem to be suited
to remove periphyton from substrates. The latter is
also true for the maxillipeds, with their medially
directed flattened cuspidate setae on the endites
of the ischia (Fig. 5E). The fan like net, created by
the third uropods with their plumose setae on the
median and lateral margins of the endopods and the
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exopods (Fig. 7A), is well suited for sieving particles
out of the respiration current.

Gammarus roeselii

In gut content analyses Ponyi (1961) found exclu-
sively plant remains in two-thirds of the specimens
he had examined, but only a minority had solely
animal remains in their foregut. Willer (1922) ob-
served G. roeselii preferably feeding on parts of
submerged macrophytes that are exposed to light
and concluded that periphyton is an important
component in the nutrition of G. roeselii. In labora-
tory experiments G. roeselii also fed on animal food
like larvae of Chironomidae and Simulidae, Tubifex
sp. and Asellus aquaticus (Linnaeus, 1758) (Krisp &
Maier 2005). Growth rates in G. roeselii are higher
when feeding on chironomid larvae compared to
conditioned leaf litter. However, its long-term sur-
vival rate is higher when feeding on conditioned
leaf litter (Gergs & Rothhaupt 2008). According to
Pockl (1995) G. roeselii can also feed on fresh macro-
phytes with good growth rates, but again long term
survival rate is higher when feeding on conditioned
leaf litter. In summary it can be stated that G. roeselii
preferably feeds on fresh or decaying plant material
including macrophytes and on periphyton, but also
on macrozoobenthic organisms if available.

There are more and longer setae on the posterior
side of the antennae in G. roeselii than in G. lacustris
(Fig. 1B). Hence, the antennae of G. roeselii seem to
be suitable for collecting detritus and, in a limited
amount, for sieving particles out of the respiration
current. The latter is also true for the third uropods
with plumose setae on the median and lateral margin
of both endopods and exopods (Fig. 7B). The inci-
sor processes and the left lacinia mobilis are well
developed so that the mandibles are suited for biting
(Fig. 2F). The surfaces of the molar processes, with
their distinct parallel ridges, are rasp-like (Fig. 2B),
therefore enabling grinding of hard food items
like parts of macrophytes or leaf litter. Compared
to G. lacustris there are fewer setae on the median
margins of the inner plates of maxillulae (Fig. 3B)
and maxillae (Fig.4F) in G. roeselii. Nevertheless,
the nets created by these setae still appear to be well
suited for retaining small food particles.

As described in Mayer et al. (2009), peculiar
features of G. roeselii are the cuspidate setae on the
distal margin of the maxillular outer plates (Fig. 4B).
Some of them are distally broadened and flattened
and thus chisel-like so that the outer plates of the
maxillulae are modified as tools for scraping off
periphyton from substrates. The recessed median
margins of the endites of the maxillipeds (Fig. 5B)
enable the cuspidate setae of the maxillular inner
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plates to reach the substrate more easily. Also the
medio-distally directed cuspidate setae on the pos-
terior side of the median margin of the maxillipedal
ischia (Fig.5F) can be used for scraping and for
removing particles from the antennae, which are
collected by the latter.

Dikerogammarus villosus

The severe impact of D. villosus on the macrozoo-
benthos community, when it occurs in waters outside
its natural distribution area, led to the conclusion that
it is a specialized predator. In fact, in laboratory ex-
periments D. villosus fed on larvae of Chironomidae
and Ephemeroptera, on Asellus aquaticus, and Tubifex
sp. (Krisp & Maier 2005). Under equal conditions
D. villosus captured more individuals of Asellus
aquaticus than G. roeselii did (Bollache et al. 2008). It
also feeds on individuals of closely related species,
e.g. Gammarus pulex (Linnaeus, 1758), G. tigrinus
Sexton, 1939, and Crangonyx pseudogracilis (Boets et
al. 2010). In laboratory experiments on intraguild
predation D. villosus was the superior predator
compared to G. fossarum Koch in Panzer, 1835 and
G. roeselii (Kinzler & Maier 2003) or compared to
Gammarus duebeni Liljeborg, 1852 (Dick & Platvoet
2000). However, predation is not the only mode
of feeding in D. villosus. As a result of their video
study Platvoet et al. (2009) described the following
feeding activities for D. villosus: detritus feeding,
coprophagy, grazing, particle feeding, predation
on free swimming animals, benthic animals, and
fish eggs and feeding on byssus threads of zebra
mussels (Dreissena polymorpha Pallas, 1771). Addi-
tionally it was demonstrated that D. villosus is able
to incorporate and digest micro-algae (Platvoet et
al. 2006). The long-term survival rate of D. villous in
the laboratory was comparable when fed with either
larvae of Chironomidae, conditioned leaf litter or
detritus (Gergs & Rothhaupt 2008). This supports
the view that D. villous is not a specialized predator
but an opportunistic omnivore (for details see Mayer
et al. 2008, 2009).

The antennae of D. villosus are equipped with a
postero-ventrally directed flag-like brush of densely
set long setae on the flagella (Fig. 1C). With these,
D. villosus is able to sieve suspended particles out of
the respiration current and collect detritus. Moreo-
ver, as Platvoet et al. (2009) described, D. villosus
can catch zooplankton organisms with the aid of a
water current which is created when the antennae
are rapidly moved towards the ventral side of the
animal. Organisms transported towards the mouth
area by this water current are grabbed by the gna-
thopods. The second gnathopods, with their long
and densely set setae (Fig. 6C), can build a basket



to prevent escape of small mobile organisms. In ad-
dition, with these setae the gnathopods can be used
for sweeping food particles from the substrates. The
stout incisor processes and the well-developed left
lacinia mobilis (Fig. 2G) are well suited for biting
and cutting. With the long pappose setae of the
mandibular setal rows, fine-particulate food items
can also be transported towards the molars. The
molar processes are well developed, but their sur-
faces are without any parallel ridges (Fig. 2C) and
therefore, not well suited for grinding hard plant
material. Nevertheless, there are no modifications
of the mandibles of D. villosus, which are, according
to Watling (1993) typical for specialized carnivorous
amphipods, such as broadened incisor processes,
reduced setal rows or reduced molar processes.
Although there are a relatively small number of
setae on the median margin of the inner plates of
the maxillulae (Fig.3C), these opposing rows of
pappose setae create a net, which still seems to be
suited for retaining small particles. This is also true
for the inner plates of the maxillae (Fig.4G). The
cuspidate setae on the distal margin of the maxillular
outer plates are without any comb-like or chisel-like
modifications (Fig. 4C). The medio-distally directed
cuspidate setae on the posterior side of the median
margin of the maxillipedal ischia (Fig. 5G) are suited
for removing food particles from the setae of the
antennae and the second gnathopods. The endopods
of the third uropods are very small, but the long and
flattened exopods with long and densely set plumose
setae on their median and lateral margins together
build a fan-like net (Fig. 7C), well suited for sieving
particles out of the respiration current.

Crangonyx pseudogracilis

We found only little information on nutrition in
C. pseudogracilis in literature. In aquaria it survives
several weeks when fed with leaf litter, Phragmites
sp., Lemna trisulcata, and carrion (Martens & Grabow
2006). It may also be possible to draw conclusions
from the nature of its preferred habitats. C. pseudo-
gracilis prefers habitats with soft fine-particulate
sediments and rich vegetation. Therefore, detritus
and remains of plants should at least be part of its
preferred food.

The antennae of C. pseudogracilis bear only a
few short setae, but many calceoli are present,
which make the antennae a mechanosensitive organ
(Fig. 1D). The stout and broad incisor processes
together with the broad left lacinia mobilis seem to
be well suited for cutting (Fig. 2H). The mandibular
setal rows, which consist of only 4-6 stout setae and
some pappose setae (Fig. 2H), appear to be reduced
compared to those of the other three species inves-

tigated. The elongated molar processes with their
small surfaces composed of columnar elements
(Fig. 2D) appear not to be suitable for grinding
hard plant material, but for softer food items. With
these modifications of their main coxal elements, the
mandibles of C. pseudogracilis are somewhat similar
to those amphipods specialized in feeding on car-
rion (Watling 1993, Mekhanikova 2010). The inner
plates of both the maxillulae (Fig. 3D) and maxil-
lae (Fig. 4H) bear only few setae on their median
margins. Therefore, they can hardly be an effective
net for retaining fine particulate organic matter.
The few cuspidate setae of the distal margin of the
maxillular outer plates bear only few and mostly
short secondary spines (Fig. 4D) and therefore, they
seem to be suitable only for handling bigger food
items. There are no cuspidate setae on the median
margins of the maxillipedal ischia (Fig. 5H). This is
further evidence that periphyton seems to play a
minor role in the nutrition of C. pseudogracilis. The
same is true for fine particulate matter collected as
well as sieved out of the respiration current, because
there are only few setae on the second gnathopods
(Fig. 6D) and the styliform uropods bear only spiky
cuspidate setae (Fig. 7D). Summarizing, it seems
that C. pseudogracilis is specialized to mainly feed on
carrion of small organisms and on larger particles
of detritus.

Apparently, the four gammaridean species inhabit-
ing Lake Constance have different food preferences
and these differences are expressed in modifications
and specializations of the morphology of mouthparts
and other structures involved in food acquisition.
For Gammarus lacustris, besides zooplankton, fine
particulate organic matter from detritus, collected
using the extremely tight sieve-apparatus built by
the inner plates of the maxillulae and maxillae, is also
an important food source. This is either sieved out
of the respiration current with the aid of the third
uropods or removed from the substrate by the aid
of the comb-like cuspidate setae of the maxillular
outer plates. Gammarus roeselii, with the chisel-like
cuspidate setae on the maxillular outer plates, pos-
sesses specializations for scraping off periphyton
from substrates. Dikerogammarus villosus is omnivo-
rous without any morphological specializations and
Crangonyx pseudogracilis seems to be specialized for
feeding on carrion and on larger particles of detritus.
These differences in food acquisition are an impor-
tant factor, which enable coexistence of these four
gammaridean species.

Besides feeding, competition for habitat is an
important factor for coexistence. Lake Constance
consists of two parts, the smaller western part called
Untersee (“lower lake”; 63 km? mean depth 13 m)
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and the larger part called Obersee (“upper lake”;
473 km? mean depth 101 m). The two parts are con-
nected by a small stretch called the Seerhein. In most
parts of the lower lake the bottom is covered with
fine-grained soft sediments. Bigger stones without
mud are only available directly on the shoreline.
Therefore, most of the littoral zone in the lower
lake is only suitable to a limited extent as a habitat
for Dikerogammarus villosus, and individuals of this
species can be found crowded together under such
stones near the shoreline (own observation). There
is an extensive stonewort stand (Chara sp.) in the
lower lake. This seems to be a suitable habitat for
Gammarus roeselii and G. lacustris. G. roeselii inhabits
the submerged vegetation here (own observation).
The lower lake, with its soft sediments and plenty of
submerged vegetation, also meets the requirements
as a habitat for G. lacustris, which can mostly be
found in stonewort stands at a depth of 2-6 m. Until
now Crangonyx pseudogracilis has not been reported
in the lower lake, although this section of the lake
with muddy bottom, rich submerged vegetation,
and reed beds should be a suitable habitat for this
species.

In most parts of the upper lake hard substrates
in the form of coarse to medium gravel or boulders
are dominant in the littoral zone. Here D. villosus
occurs in high densities, whereas the other gam-
marideans are mostly missing. G. roeselii, which
until 2002 also inhabited these sections of the littoral
zone, is now restricted to submerged vegetation
(Miirle et al. 2004; Rey et al. 2005). C. pseudogracilis
was first recorded in Lake Constance in 2007 near
Hard, Austria on a section of the littoral zone with
coarse and medium gravel at a depth of about 0.5 m
(Hanselmann & Gergs 2007). This habitat does not
meet the requirements of C. pseudogracilis as they are
described in literature (see above). Possibly C. pseudo-
gracilis migrated via the groundwater from the
adjacent inland basin or pools into Lake Constance.
Such subterraneous migrations between waters are
reported for C. pseudogracilis in literature (Harris et
al. 2002).

There are diverse types of substrate and veg-
etation in Lake Constance. Hence, it offers suitable
habitats for all of the four gammaridean species so
that coexistence is possible. Although D. villosus
occupied parts of the habitat of G. roeselii and dis-
placed it from hard substrates the competition for
habitat seems to be tolerable, because submersed
vegetation is an alternative habitat for G. roeselii
(Hesselschwerdt et al. 2008). G. lacustris as well as
G. roeselii have affinities to macrophytes, but they
occur at different water depths. Since substrate
preferences of G. lacustris and C. pseudogracilis do
not meet those of D. villosus, there is no concurrence
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for habitat between these species. A similar situation
was described by Kley & Maier (2005) from a natural
tributary of the Rhine, with diverse substrates and
food resources, where D. villosus coexists with two
other gammarideans.
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