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To conquer and persist: colonization and
population development of the Ponto-Caspian
amphipods Dikerogammarus villosus and
Chelicorophium curvispinum on bare stone
substrate in the main channel of the River Rhine

M. C. van Riel" 3, G. van der Velde' 2 and A. bij de Vaate® 3

With 7 figures and 2 tables

Abstract: Macroinvertebrate communities on the stones in the Rhine are dominated by
the Ponto-Caspian amphipods Chelicorophium curvispinum (since 1987) and Dikero-
gammarus villosus (since 1995), which have invaded the Rhine through canals con-
necting the large rivers of Europe. Colonization of bare stones suspended in the water
of the Rhine main channel was studied. At the same time the macroinvertebrates drift-
ing in the water layer were sampled. Macroinvertebrate populations on the newly colo-
nized stones were followed for two months (June — August 2002). Bare stones were
colonized from the water layer, with D. villosus and C. curvispinum most numerous
from the start. Species richness was highest after one month. D. villosus and C. curvi-
spinum continued to dominate the macroinvertebrate community on the stones
throughout the experiment, representing 70—95 % of the total number of macroinverte-
brates. In the first period week of colonization, especially juveniles of both amphipod
species settled on the bare stones. After one week, the number of adults of D. villosus
increased. After one month, ovigerous females of D. villosus became abundant on the
newly colonized substrate. The numbers of adult C. curvispinum increased after one
month and ovigerous females were present after two months. Newly settled popula-
tions resembled the amphipod populations present in the water layer, but started to de-
viate as colonization time increased, indicating that development of populations on
stones became increasingly autonomous and less dependent on new colonization by
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amphipods from the water layer. Ovigerous females of both amphipods were much
more abundant on the stones than in the water layer. Juvenile C. curvispinum were
smaller on the stones than in the water layer, indicating that the stone substrate is im-
portant for reproduction of at least C. curvispinum. Most juveniles of this species first
grow to a certain body length on the stones before they start drifting off and swimming
in the water layer. C. curvispinum and D. villosus densities were positively correlated
in the early stages of colonization, but showed an inverse relationship after longer co-
lonisation time. As both dominant amphipods colonize new stone substrate from the
water layer where they drift or swim, they may not depend on extra vectors, such as
shipping, for dispersal through the connecting canals and within the river.

Key words: Amphipods, invaders, colonization, drift, population development.

Introduction

The increased connectivity between rivers that is created as canal systems re-
moving former geographic barriers, combined with extensive shipping traffic,
expose lotic freshwater ecosystems to invasions by non-indigenous species, al-
lowing species from different watersheds to mix. The River Rhine is a good
example of a heavily invaded river, which is being colonized mostly by Ponto-
Caspian species reaching the Rhine through the canal network connecting the
large rivers of Europe. Bu DE VAATE et al. (2002) distinguished three main
pathways by which Ponto-Caspian species have reached Western Europe, viz.,
a northern, a central and a southern corridor. When the River Rhine became
connected to the River Danube by the Main-Danube canal (southern corridor),
which was opened in 1992, this led to a major increase in the invasion rate of
Ponto-Caspian species colonizing the Rhine (Biy DE VAATE et al. 2002, VAN
DER VELDE et al. 2000, VAN DER VELDE et al. 2002).

Most successful Ponto-Caspian invaders are amphipods that prefer a hard
stone substrate. Chelicorophium curvispinum entered the Rhine via the Mittel-
land Canal (central corridor) in 1987 (VAN DEN BRINK et al. 1989), followed
by Echinogammarus ischnus in 1989 (VAN DEN BRINK et al. 1993). Dikero-
gammarus villosus reached the Rhine via the Main-Danube canal in 1995 (Bu
DE VAATE & Klink 1995). After colonization, C. curvispinum reached densities
of hundreds of thousands of individuals per m* in 1990 (RAJAGOPAL et al.
1999, VAN DEN BRINK et al. 1991, VAN DER VELDE et al. 1994). This tube
building, filter-feeding amphipod covered the stone substrate with mud tubes,
making colonization and development difficult for other hard substrate spe-
cies. Since 1995, the omnivorous, predatory gammarid D. villosus (DIcK et al.
2002, VAN DER VELDE et al. 2000) has increased in numbers, reaching densi-
ties of ten thousand individuals per m?, while populations of C. curvispinum
decreased to densities of several tens of thousands of individuals per m* (VAN
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DER VELDE et al. 2000). Nowadays, D. villosus and C. curvispinum both domi-
nate the hard substrates in the River Rhine.

As amphipods show a very active migration pattern, migrating both up-
stream and downstream (BRITTAIN & EIKELAND 1988, RAWER-JOST et al.
1999), but mainly disperse by drifting downstream (BRITTAIN & EIKELAND
1988, ELL1OoT 2002), the increased connectivity between large European rivers
and the intensive shipping on these rivers can be assumed to facilitate Ponto-
Caspian amphipods entering the main channel of the Rhine by swimming in
the water layer or attaching to floating pieces of substrate or ship hulls. Earlier
studies found that 41-82 % of the colonizing macroinvertebrate species in
streams entered new habitats by drift (TowNSEND & HILDREw 1976, WIL-
L1AMS & HYNES 1976) and that gammarids are capable of deliberately swimm-
ing down to a substrate from the water column (CIBOROWSKI & CORKUM
1980). Drifting macroinvertebrates are known to be the earliest arrivals on
bare substrates. Most of them merely inspect the substrate, but the more se-
dentary macroinvertebrates are true colonizers, characterized by frequent,
asynchronous reproduction, high growth rates, high, often age-restricted, dis-
persal, and long activity periods. Early colonizers profit from an initial period
of enemy-free space. Filter feeders tend to be successful early immigrants, as
they collect their food from the water layer rather than from the substrate it-
self. Whether newly colonized individuals are able to successfully build up
stable populations depends not only on the colonization rate but also on re-
sources, life cycles and interspecific interactions (MACKAY 1992).

The present study focused on the colonization of a bare stone substrate by
D. villosus and C. curvispinum from the water layer in the River Rhine, and
the development of their populations after settlement, answering the following
questions:

A) Do Ponto-Caspian amphipod species colonize bare substrate from the wa-
ter layer?

B) How do newly colonized species develop populations?

C) How important are the developed amphipod populations on the stones for
further dispersal of the species?

D) Are amphipod populations determined by both colonization from the water
layer and reproduction on the newly colonized substrate?

E) Is there an interaction between the dominant amphipods that influences the
process of colonization by these species?

Material and methods

Study site

The River Rhine is a large river fed by glaciers and rainfall, and has been highly regu-
lated by anthropogenic changes to its geomorphology and hydrology. In the Nether-
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Table 1. Physico-chemical characteristics of the River Rhine during sampling.

Month June July August
Chloride (mg/1) 98.0 96.0 92.0
Conductivity (mS/m) 62.7 62.1 61.4
Temperature ("C) 20.0 20.5 22.8
Turbidity (FTU) 34.7 29.2 27.9
pH 8.0 7.6 7.5
Oxygen content (mg/1) 10.7 7.8 7.6
Current velocity (m/s) 1.0 1.0 0.99
Water depth (m) 5.7 54 5.1

lands, the Rhine becomes a delta river in which groynes, made of basalt stones, have
been constructed to consolidate the sandy riverbed, and the riverbanks are protected
against erosion by stones. These stones and groynes are continuously being colonized
by macroinvertebrates. Colonization of stones in the River Rhine was studied near Lo-
bith, The Netherlands (5°75’E, 52° 33’ N). For physico-chemical habitat characteristics
of the Rhine during this study, see Table 1.

Field methods and analysis

Nets (0.45m x 0.70 m, mesh size 0.8 cm) were filled with 15 lava stones each (to a total
stony surface of 0.23 m?). A series of 10 nets with stones were tied to a pontoon and
suspended at a depth of approx. 2—3 m in the main channel of the river Rhine at 6 June
2002, approx. 4—3 m above the sediment, to make sure that the stones were only colo-
nized by macroinvertebrates from the water layer. Macroinvertebrates were collected
during the daytime after a colonization period of one night (8 hours, 6 June 2002), one
day (24 hours), one week (168 hours), one month (720 hours, 7 July 2002) and two
months (1464 hours, 7 August 2002). Two nets with stones were collected per time in-
terval. During this colonization experiment, drifting macroinvertebrates were collected
monthly from the water layer in the main channel of the Rhine by suspending a net
(0.5m x 0.5m aluminium frame, mesh size 0.5 mm) in the main channel for 30 minu-
tes at night at different depths: bottom (5.7-5.1m), intermediate depth (3—2.5m) and
surface (0—0.5m). A weight of 20kg was attached to the net to keep it drifting steadily
in the main channel. An extra pair of nets with stones was added to the experiment at
12 June 2002 and sampled after three weeks. As these nets with stones were put into
the water one week later, results from these nets are used only in density dependant re-
search (Fig.6) and not in the figures describing the colonization process and popula-
tion development.

Macroinvertebrates sampled from both the water layer and the stone substrate in
the nets were preserved in 70 % ethanol immediately after collection. The collected
fauna was sorted, identified and counted. For amphipods, body length (rostrum to tel-
son), life stage and sex (juvenile, male, female and ovigerous female) were deter-
mined. If a sample of amphipods contained more than 200 adults and/or juveniles,
body length was determined for a sub-sample of 200 juveniles and/or 200 adults. Ash-
free dry weight (AFDW) was calculated from body length (BL) using the following
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formulas: for C. curvispinum AFDW(ug) = 11.99*BL(mm) + 48.4 (RAJAGOPAL et al.
1999) and for D. villosus AFDW (g) = 0.0035*BL(mm) — 0.0331 (BruUSs et al. 2001).

Statistical analysis

The species richness of macroinvertebrate populations on the stones in the nets
sampled after more than one month of colonization was compared to that of popula-
tions sampled after a shorter colonization time using a Mann-Whitney test (Fig. 1). Dif-
ferences within the groups were tested using a Kruskal-Wallis test as homogeneity of
variances was significant (p <0.000, Levene’s test). Differences in biomass between
the dominant amphipods were tested using a repeated measures ANOVA (RM-
ANOVA) considering colonization time the between subject factor and species the
within subject factor. Differences in mean body length between the populations pre-
sent on the stones and in the water layer in June, July and August were tested using a
t-test comparing the body length of each life stage on the substrate to that of the com-
parable life stage in the water layer for each species (Table 2). Linear regression analy-
sis was used to test the relation between the densities of the dominant amphipods at
low densities on substrate, whereas the relation between dominant amphipods at high
densities was analysed using power regression. Mentioned statistical tests were carried
out using SPSS 11.5 for Windows. Principal Component Analysis (PCA) was carried
out on square-root transformed macroinvertebrate densities in the water layer and on
the stones, using the ordination program CANOCO 4.0 (TER BrRAAK & SMILAUER
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Fig. 1. Species richness (mean number of species £ SD) in relation to colonization time
on the colonized bare stone substrate. Horizontal lines above the bars indicate clusters
of short colonization periods and longer colonization periods. Species richness of the
clusters is tested using a Kruskal-Wallis test. Significance levels: ** p <0.01
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1998). Scaling was focused on inter-species distances, species scores were divided by
standard deviation, and the data were centred by species.

Results

After one night in the water layer, macroinvertebrates had already colonized
the bare stones. Species richness on the newly colonized substrate increased in
the first month after settlement (Fig. 1), leading to a higher number of species
for longer periods of colonization than that in macroinvertebrate populations
after shorter colonization periods. Although differences in species richness
within the various colonization periods were not found to be significant (p =
0.11, Kruskall-Wallis test), comparing pooled data of species richness after
longer colonization periods (1 month to 2 months) to those after short coloni-
zation periods (1 night — 1 week) showed significantly higher species richness
for the longer periods of colonization (p = 0.01, Mann-Withney test). After the
first month, the number of species did not increase any further, and most pop-
ulations of macroinvertebrates, except C. curvispinum, had reached their max-
imum densities. D. villosus and C. curvispinum dominated the macrofauna
population on the colonized substrate from the start, representing 75—-95 % of
the total number of specimens (Fig.2). Echinogammarus ischnus was less
abundant in the samples than the other two Ponto-Caspian amphipods: only 56
individuals were caught in the water layer and 3 juveniles actually colonized
the stone substrate. During the first period of colonization, D. villosus domi-
nated the system in both numbers and biomass. In July, numbers of C. curvi-
spinum increased quickly, representing 95 % of the macrofauna population on
the colonized stones in August. D. villosus, however, continued to dominate
the colonized substrate in terms of biomass (p = 0.001, within subject effect
RM-ANOVA). Colonization time affected the differences in biomass between
the species (p = 0.027, interaction RM-ANOVA) and total biomass (p = 0.022,
between subject effect RM-ANOVA) (Fig. 3).

During the first hours of colonization, it was mainly juvenile amphipods
that settled on the stone substrate. After one week for D. villosus and one
month for C. curvispinum, adult amphipods became numerous, and ovigerous
females increased in number (Fig.4). Mean body length altered with coloniza-
tion time: males and females of D. villosus were significantly larger in August
(p <0.0001, t-test) than in July, while the numbers of adults on the substrate in
June were too small to test for significant differences. Juvenile D. villosus
were smallest during the reproduction peak in July (p <0.0001, t-test). Adults
of C. curvispinum on the substrate in July were larger (p <0.008, t-test) than
adults in August. In June, adults were only present in small numbers and ap-
peared to be smaller than adults in July. Juveniles grew significantly (p
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Fig. 2. Numbers (A) and percentages (B) of macroinvertebrate species on the colo-
nized substrate.
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Fig. 3. Biomass of C. curvispinum and D. villosus on the colonized substrate.

<0.0001, t-test) larger with every month (Table 2). In the first week after set-
tlement, the composition of the amphipod populations (in terms of life stage
and sex) on the newly colonized stones resembled that of the amphipods in the
water layer, with juveniles dominating the populations in both habitats
(Fig.5). From this stage, populations on the stones showed a more independ-
ent development, less similar to that of the amphipod populations in the water
layer (Fig.5), and mean body length per life stage differed significantly be-
tween the amphipods on the substrate and those in the water layer (Table 2).
Amphipods drifting in the water layer did not develop into populations with
large numbers of adults (Fig.5). After one week of colonization, adult D. villo-
sus became more abundant on the substrate than in the water layer, whereas C.
curvispinum showed a much greater increase in the numbers of juveniles on
the substrate after one month of colonization (Fig. 5).

In the first weeks of colonization, the numbers of D. villosus and C. curvi-
spinum on the substrate increased simultaneously, and showed a positive rela-
tionship (Fig. 6 a, R? = 0.63). After three weeks, however, when the densities
of D. villosus had risen above 4,000 individuals per square metre, or the densi-
ties of C. curvispinum had risen above 20,000 individuals per square metre,
the two species showed a strong inverse relationship (Fig. 6b, R? = 0.92).

The PCA ordination diagram in Fig.7 showed a clear difference in commu-
nity structure considering D. villosus and C. curvispinum populations in the
water layer and on the stones, based on different life stages and sexes of both
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Fig.4. Development of the populations of D. villosus (left panels) and C. curvispinum
(right panels) on the colonized stones.

species on the stones and in the water layer during the same period. Commu-
nities in the water layer were more similar to each other than to communities
on the colonized substrate, indicating a clear succession. Amphipod popula-
tions on newly colonized substrate resembled the populations in the water
layer during the same period. D. villosus was most abundant on the substrate
in July, whereas C. curvispinum peaked in August. Both amphipod popula-
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tions started developing mainly from the juveniles that first settled on the sto-
nes. Adults developed after some time and ovigerous females were observed
last.

Discussion

The species richness of macroinvertebrate populations on stone substrate in-
creased during the first month of colonization and stabilized afterwards, re-
sembling the results found in studies on macroinvertebrates colonizing dis-
turbed streams (e. g. FOWLER 2004, Korsu 2004, MATTAEI et al. 1997, QUINN
1998) and artificial substrate (e.g. MAsON 1978, MEIER et al. 1979). Colonized
macroinvertebrate populations were established and had developed within one
month, after which macroinvertebrate species richness did not increase any
further. This supports SHAW & MINSHALL’S (1980) finding that colonization
much beyond two months does not greatly add to the community.

Although species richness on the colonized stones increased with coloniza-
tion time, the Ponto-Caspian amphipods D. villosus and C. curvispinum re-
mained dominant, contributing 70—95 % of the total number of macroinverte-
brates present. D. villosus proved to be a successful pioneer, as it quickly colo-
nized the bare stones and became the dominant amphipod in both biomass and
number during the first period of colonization. Although during a later stage of
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colonization, viz. after one month, the numbers of C. curvispinum increased to
a much higher level than those of D. villosus, D. villosus remained dominant
on the stone substrate in terms of biomass.
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and in the water layer (@) of the River Rhine.

At low densities, the dominant amphipod species coexisted without lim-
iting each other, but started to influence each other’s densities when numbers
of D. villosus rose above 4,000 or numbers of C. curvispinum rose above
20,000 individuals per square metre. A similar density-related competition has
been found for the invasive Ponto-Caspian amphipod Echinogammarus isch-
nus and the native Gammarus fasciatus in the Canadian Great Lakes (VAN
OvVERDUK et al. 2003). Competition for space between D. villosus and C. cur-
vispinum is presumably influenced by life stage, population development and
total abundance, factors which are determined by seasonal succession. The
predation by D. villosus on C. curvispinum could also influence densities of C.
curvispinum on the stones (VAN RIEL et al. 2006), while high densities of C.
curvispinum could smother and narrow the spaces between stones as they
build layers of muddy tubes (VAN DEN BRINK et al. 1991, 1993, VAN DER
VELDE et al. 1994, 1998, 2002).

Populations of the two dominant amphipods developed in a similar pro-
cess, but not equally fast. For both amphipod species, it was mainly juveniles
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that colonized the bare stone substrate from the water layer. The data indicate
that these juveniles grew into adults on the substrate. The adults reproduced as
the number of ovigerous females on the substrate increased after some time,
whereas ovigerous females of both species were not abundant in the water
layer. The mean body length of juveniles of C. curvispinum on the substrate
during the reproductive period was smaller for juveniles on the substrate than
for those in the water layer. These observations indicate that stone substrate is
essential for the reproduction of the amphipods studied, and that most juveni-
les of C. curvispinum first grow on stones to a length at which they start to
drift off into the water layer.

Populations of D. villosus developed faster than those of C. curvispinum,
as ovigerous females were present within one week, whereas ovigerous fema-
les of C. curvispinum were not abundant until one month after colonization.
Populations of D. villosus decreased in numbers after two months, when pop-
ulations of C. curvispinum were still increasing. These developmental differ-
ences in time could also be due to seasonal succession, as the same decline of
D. villosus was also found in the water layer at the same time, while the num-
bers of C. curvispinum in the water layer remained more or less constant after
a month.

Settlement of amphipod juveniles from the water layer seems to be the
most decisive process for the colonization of the stones. The amphipod pop-
ulation structure on the colonized stones closely resembled the population
structure in the water layer for only short periods of the colonization process
(approximately a few days). For longer periods of time after colonization, the
development of the amphipods on the stones themselves appeared to be more
important to these populations than new input of amphipods from the water
layer. Still, seasonal influences on the reproductive cycles of D. villosus and
C. curvispinum have a major effect on populations in the water layer as well as
those on stones, as densities of D. villosus on stones have been found to de-
cline after their reproduction peak in June — July, whereas C. curvispinum
populations do not increase until the reproduction peak in July — August (DE-
VIN et al. 2004, RAJAGOPAL et al. 1999).

From the present study the following conclusions can be drawn: (A) The
Ponto-Caspian amphipod species D. villosus and C. curvispinum successfully
colonize bare stone substrates in the Rhine from the water layer and dominate
the macroinvertebrate community on stones. (B) Juveniles of these species are
most abundant in the water layer, and are the first to colonize bare stones.
These juvenile colonizers mature and reproduce on the stones. (C) New prog-
eny is assumed to drift off into the water layer. Most juveniles of C. curvispi-
num first have to grow to a certain size on the stones before they start drifting
off and swimming in the water layer. (D) For most of the time after coloniza-
tion, the development of populations of D. villosus and C. curvispinum that
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have settled on the stones is autonomous, rather than being influenced by new
colonization from the water layer. Seasonal succession, however, does affect
the populations on stones. (E) When amphipod populations on stones grow to
high densities, competition for space and possibly predation by D. villosus on
C. curvispinum determines the dominance of the colonists.

C. curvispinum and D. villosus successfully colonized the bare stone sub-
strate from the water layer where they drifted or swam, indicating that connec-
tivity of large rivers allows dispersal towards and colonization of the River
Rhine by both species, and that these amphipods do not depend on vectors
such as shipping. The presence of stones favours population development for
both species, although species profit from and use the stones in different ways.
Such stones could therefore function as stepping-stones for further coloniza-
tion of the river and lakes.

Acknowledgements

The authors would like to thank M. J. E. ORBONS, R. SCHEEPER, M. G. VERSTEEG and
the staff of the field station (RIZA) at Lobith for their assistance and support. This pro-
ject was partly financed by the Institute for Inland Water Management and Waste Wa-
ter Treatment. This is CWE publication nr. 399

References

BIJ DE VAATE, A., JAZDZEWSKI, K., KETELAARS, H. A. M., GOLLASCH, S. & VAN DER
VELDE, G. (2002): Geographical patterns in range extension of Ponto-Caspian
macroinvertebrate species in Europe. — Can. J. Fish. Aquat. Sci. 59: 1159-1174.

BIJ DE VAATE, A. & KLINK, A. (1995): Dikerogammarus villosus Sowinsky (Crustacea:
Gammaridae), a new immigrant in the Dutch part of the Lower Rhine. — Lauter-
bornia 20: 51-54.

BRITTAIN, J. E. & EIKELAND, T. J. (1988): Invertebrate drift — a review. — Hydrobiolo-
gia 166: 77— 93.

Bruus, M. C. M., KELLEHER, B., VAN DER VELDE, G. & BIJ DE VAATE, A. (2001):
Oxygen consumption, temperature and salinity tolerance of the invasive amphipod
Dikerogammarus villosus: indicators of further dispersal via ballast water trans-
port. — Arch. Hydrobiol. 152: 633-646.

CiBorowskl, J. J. H. & Corkuwm, L. D. (1980): Importance of behaviour to the re-
establishment of drifting Ephemeroptera, — In: FLANAGAN, J. F. & MARSHALL, K.
E. (eds): Advances in Ephemeroptera biology. — Plenum press, New York,
pp- 321-330.

DEVIN, S., PISCART, C., BEISEL, J.-N. & MORETEAU, J.-C. (2004): Life history traits of
the invader Dikerogammarus villosus (Crustacea: Amphipoda) in the Moselle
River, France. — Internat. Rev. Hydrobiol. 89: 21-34.

Dick, J. T. A., PLATVOET, D. & KELLY, D. W. (2002): Predatory impact of the fresh-
water invader Dikerogammarus villosus (Crustacea: Amphipoda). — Can. J. Fish.
Aquat. Sci. 59: 1078—-1084.



http://www.ingentaconnect.com/content/external-references?article=0018-8158()166L.77[aid=5636874]
http://www.ingentaconnect.com/content/external-references?article=0018-8158()166L.77[aid=5636874]
http://www.ingentaconnect.com/content/external-references?article=0706-652X()59L.1159[aid=7374456]
http://www.ingentaconnect.com/content/external-references?article=0706-652x()59L.1078[aid=4979193]
http://www.ingentaconnect.com/content/external-references?article=0706-652x()59L.1078[aid=4979193]
http://www.ingentaconnect.com/content/external-references?article=1434-2944()89L.21[aid=5750613]

38 M. C.vanRiel etal.

ELLioT, J. M. (2002): The drift distances and time spent in the drift by freshwater
shrimps, Gammarus pulex, in a small stony stream, and their implications for the
interpretation of downstream dispersal. — Freshwat. Biol. 47: 1403-1417.

FowLER, R. T. (2004): The recovery of benthic invertebrate communities following
dewatering in two braided rivers. — Hydrobiologia 523: 17-28.

Korsu, K. (2004): Response of benthic invertebrates to disturbance from stream resto-
ration: the importance of bryophytes. — Hydrobiologia 523: 37-45.

MackAay, R. J. (1992): Colonization by lotic macroinvertebrates: a review of processes
and patterns. — Can. J. Fish. Aquat. Sci. 49: 617-628.

Mason, C. F. (1978): Artificial oases in a lacustrine desert. — Oecologia 36: 93—102.

MATTHAEL, C. D., UEHLINGER, U. & FRUTIGER, A. (1997): Response of benthic inver-
tebrates to natural versus experimental disturbance in a Swiss prealpine river. —
Freshwat. Biol. 37: 61-77.

MEIER, P. G., PENROSE, D. L. & PoLAK, L. (1979): The rate of colonization by macro-
invertebrates on artificial substrate samplers. — Freshwat. Biol. 9: 381-392.

QuINN, G. P, LAKE, P. S. & SCHREIBER, S. G. (1998): A comparative study of coloni-
zation by benthos in a lake and its outflowing stream. — Freshwat. Biol. 39: 623 —
635.

RAJAGOPAL, S., VAN DER VELDE, G., PAFFEN, B. G. P, VAN DEN BRrINK, F. W. B. & BJ
DE VAATE, A. (1999): Life history and reproductive biology of the invasive amphi-
pod Corophium curvispinum (Crustacea: Amphipoda) in the Lower Rhine. — Arch.
Hydrobiol. 144: 305-325.

RAwER-JosT, C., KAPPUS, B., BOHMER, J., JANSEN, W. & RAHMANN, H. (1999): Up-
stream movements of benthic macroinvertebrates in two different types of fish-
ways in southwestern Germany. — Hydrobiologia 391: 47-61.

SHAW, D. W. & MINSHALL, G. W. (1980): Colonization of an introduced substrate by
stream macroinvertebrates. — Oikos 34: 259-271.

TownNsEND, C. R. & HILDREW, A. G. (1976): Field experiments on the drifting, coloni-
zation and continuous redistribution of stream benthos. — J. Anim. Ecol. 45: 759—
772.

VAN DEN BRINK, F. W. B., PAFreN, B. G. P., O0OSTERBROEK, F. M. J. & VAN DER
VELDE, G. (1993): Immigration of Echinogammarus (Stebbing, 1899) (Crustacea:
Amphipoda) into the Netherlands via the Lower Rhine. — Bull. Zool. Mus. Univ.
Amsterdam 13: 167-169.

VAN DEN BRrINK, F. W. B., VAN DER VELDE, G. & BUJ DE VAATE, A. (1989): A note on
the immigration of Corophium curvispinum Sars, 1895 (Crustacea: Amphipoda)
into the Netherlands via the River Rhine. — Bull. Zool. Mus. Univ. Amsterdam 11:
211-213.

— — — (1991): Amphipod invasion on the Rhine. — Nature 352: 576.

— — — (1993): Ecological aspects, explosive range extension and impact of a mass
invader, Corophium curvispinum Sars, 1895 (Crustacea: Amphipoda), in the
Lower Rhine (The Netherlands). — Oecologia 93: 224 -232.

VAN DER VELDE, G., NAGELKERKEN, I., RAJAGOPAL, S. & BIJ DE VAATE, A. (2002): In-
vasions by alien species in inland freshwater bodies in Western Europe: The Rhine
Delta. — In: LEPPAKOSKI, E., GOLLASCH, S. & OLENIN, S. (eds): Invasive aquatic
species of Europe: distribution, impacts and management. — Kluwer Academic
Publishers, Dordrecht, The Netherlands, pp. 360—372.



http://www.ingentaconnect.com/content/external-references?article=0028-0836()352L.576[aid=5750624]
http://www.ingentaconnect.com/content/external-references?article=0046-5070()39L.623[aid=7374450]
http://www.ingentaconnect.com/content/external-references?article=0003-9136()144L.305[aid=4930563]
http://www.ingentaconnect.com/content/external-references?article=0003-9136()144L.305[aid=4930563]
http://www.ingentaconnect.com/content/external-references?article=0018-8158()391L.47[aid=7374449]
http://www.ingentaconnect.com/content/external-references?article=0018-8158()523L.37[aid=6719289]
http://www.ingentaconnect.com/content/external-references?article=0046-5070()47L.1403[aid=7374455]
http://www.ingentaconnect.com/content/external-references?article=0029-8549()36L.93[aid=7374453]
http://www.ingentaconnect.com/content/external-references?article=0046-5070()37L.61[aid=7374452]
http://www.ingentaconnect.com/content/external-references?article=0018-8158()523L.17[aid=7374454]
http://www.ingentaconnect.com/content/external-references?article=0029-8549()93L.224[aid=4930560]

Development of amphipod invaders 39

VAN DER VELDE, G., PAFFEN, B. G. P, VAN DEN BRINK, F. W. B., BIJ DE VAATE, A. &
JENNER H. A. (1994): Decline of zebra mussel populations in the Rhine, competi-
tion between two mass invaders (Dreissena polymorpha and Corophium curvispi-
num). — Naturwiss. 81: 32-34.

VAN DER VELDE, G., RAJAGOPAL, S., KELLEHER, B., MUSKO, 1. B. & BIJ DE VAATE, A.
(2000): Ecological impact of crustacean invaders: general considerations and ex-
amples from the Rhine River. — Crustacean Issues 12: 3—33.

VAN DER VELDE, G., RAJAGOPAL, S., VAN DEN BRINK, F. W. B., KELLEHER, B., PAF-
FEN, B. G. P, KEMPERSs, A. J. & BUJ DE VAATE, A. (1998): Ecological impact of an
exotic amphipod invasion in the River Rhine. — In: NIENHUIS, P. H., LEUVEN, R.
S. E. W. & Ragas, A. M. J. (eds): New concepts for sustainable management of
river basins. — Backhuys Publishers, Oegstgeest, The Netherlands, pp. 159-169.

VAN OVERDIIK, C. D. A., GRIGOROVICH, 1. A., MABEE, T., Ray, W. J., CIBOROWSKI, J.
J. H. & Maclsaac, H. J. (2003): Microhabitat selection by the invasive amphipod
Echinogammarus ischnus and native Gammarus fasciatus in laboratory experi-
ments and in Lake Erie. — Freshwat. Biol. 48: 567—-578.

VAN RIEL, M. C., VAN DER VELDE, G., RAJAGOPAL, S., MARGUILLIER, S., DEHAIRS, F.
& BIJ DE VAATE, A. (2006): Trophic relationships in the Rhine food web during in-
vasion and after establishment of the Ponto-Caspian invader Dikerogammarus vil-
losus. — Hydrobiologia 565: 39-59.

WiLLiaMs, D. D. & HyNEs, H. B. N. (1976): The recolonization mechanisms of stream
benthos. — Oikos 27: 265-272.

Submitted: 23 December 2004; accepted: 13 September 2005.


http://www.ingentaconnect.com/content/external-references?article=0028-1042()81L.32[aid=7374445]
http://www.ingentaconnect.com/content/external-references?article=0018-8158()565L.39[aid=7374443]
http://www.ingentaconnect.com/content/external-references?article=0046-5070()48L.567[aid=7374444]

