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Abstract

During the last 200 years, the riparian ecosystem along major rivers has been reduced to a few scattered remnants.
Important elements of the riparian ecosystem are water bodies which were originally connected to the main river
channel by annual floodings. Due to river regulations many of these remnants are now virtually isolated. In an
allozyme analysis using roach, Rutilus rutilus, as a study species we demonstrate that the genetic diversity (number
of alleles per locus, expected heterozygosity) of populations living within floodplain water bodies is not severely
impoverished compared to the genetic diversity within the main river channel. However, we found slight differences
in the allele frequencies of flood plain water bodies and the main river channel. Nevertheless, fish populations in
floodplain water bodies may serve as reservoirs of autochthonous genetic material for restoration of fish populations
in the main river channel after population extinction due to catastrophic accidents (e.g. industrial pollution).

Introduction

Rivers are complex ecological systems because of the
diversity of aquatic habitats within the river itself and
adjacent wetlands (Petts 1990; Mitsch and Gosselink
2000). These associated riparian ecosystems consist
of a diverse mosaic of habitats and are considered
hotspots of biodiversity (Toner and Keddy 1997;
Bornette et al. 1998). Riparian ecosystems are charac-
terised by floodplain water bodies of different size,
age and isolation which are connected to the main
river by seasonal floodings. Throughout the world,
riparian ecosystems are under pressure from human
activities (Bravard et al. 1986). In Europe riparian
ecosystems have vanished completely or shrunk to a
few scattered remnants along the Danube, Elbe, Rhine,
Rhone and Oder (Brookes 1988; Weigers et al. 1990).
Recently, programs were launched to investigate the
biodiversity and ecological function of these remnants
and to develop action plans for long-term conserva-

tion of these endangered ecosystems (Maitland and
Morgan 1997; Trockner and Schiemer 1997).

Extraordinary industrial accidents such as the
Sandoz incident in the river Rhine in 1986 and the
rivers Tisza and Szamos in 1999 can lead to the extinc-
tion of the autochtonous fish populations in the main
river channels (Brauckmann et al. 1987; Salyi et al.
2000). After such accidents fishery authorities often
release commercially important fish species (Maitland
and Lyle 1990). In most cases these stocking programs
use fish from allochtonous populations (Laikre and
Ryman 1996), a strategy that may have many
negative genetic and ecological side-effects (Hindar
et al. 1991). Furthermore, efforts are rarely made to
re-establish populations of less commercially impor-
tant species. Hence natural or artificial flooding may
facilitate the movement of individuals from flood-
plain water populations into the river channel, forming
propagules for the regeneration of the fish fauna
(Tockner and Schiemer 1997). However, before this
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possibility is accepted, two issues require clarification.
First, in a natural state many floodplain water bodies
were regularly connected to the main river by annual
flooding, providing the opportunity for gene flow. In
Europe the riparian water bodies are now more or less
isolated from the river channel due to river regulations,
which may lead to a decrease of genetic diversity of
fish populations due to bottlenecks and genetic drift
(Hänfling and Brandl 1998c). Second, this isolation
may have facilitated special adaptations to the lentic
environment of the floodplain water bodies and thus
fish therein may be poorly adapted to river habitats.

The middle Elbe in Germany is one of the few
remaining rivers in Central Europe with an extensive
riparian ecosystem, even if influenced by river regu-
lations. At present this ecosystem includes a variety
of floodplain water bodies differing in size and degree
of connectivity to the main river. One of the most
common species in floodplain water bodies as well
as in the river itself is the roach (Rutilus rutilus
L., Wolter et al. 1999). The roach is an eurytopic,
omnivorous and opportunistic small cyprinid with an
average size of 20 cm (Ladiges and Vogt 1979). The
aim of the present study was to investigate the genetic
diversity of roach populations using polymorphisms
at enzyme loci (allozymes). More specifically, we
wanted to test whether (i) a significant reduction
in levels of allozyme polymorphism has occurred
in isolated floodplain water populations and (ii) the
allelic composition of such floodplain populations
is different from river populations. Multi-locus esti-
mates of neutral genetic variation such as allozymes
are rather easy to obtain and may indicate genomic
diversity. They provide information about stochastic
processes such as drift, genetic bottleneck effects or
inbreeding which also have consequences for fitness
(Carvalho et al. 2003). A recent meta-analysis showed
a clear link between genetic variability estimated with
neutral genetic markers and fitness estimates (Reed
and Frankham 2003).

Methods

Samples of R. rutilus were taken from 12 sites
within the main river channel of the Elbe (eastern
Germany) and from 10 adjacent floodplain water
bodies using electro-fishing and in a few cases fish
traps (25 individuals per sample, Figure 1, Table
1). The maximum river distance between sites within
the Elbe drainage was 151 km. For comparative

reasons we also included one sample each from the
Rhine and Danube drainage. In total, we investigated
415 individuals from 24 populations using horizontal
starch gel electrophoresis of 24 allozyme loci (Table
2). Electrophoresis followed standard protocols as
described in Hillis et al. (1996).

We characterised the floodplain water bodies
according to their size, age and isolation (Table 1).
Size was measured from digitised maps and ranged
between 0.02 km2 and 0.29 km2 which is typical for
the existing remnants of riparian ecosystems in Europe
(Tockner and Schiemer 1997). To determine the age of
each sampled water body we consulted maps, which
show the area during the years 1950, 1902 and 1852
respectively. All sampled water bodies were already
shown on the map of 1902. Consequently water bodies
were assigned to two categories, those present on
the map of 1852 of >150 years and all others of
100–150 years (Table 1). According to their degree
of isolation we assigned the floodplain water bodies
into three categories using information on water levels
and the presence or absence of a direct connection
to the main river. Oxbow lakes directly connected to
the main river during most of the year were scored
as rank 1, water bodies not directly connected to the
main river but regularly flooded as rank 2, and water
bodies isolated by flood defence dams and flooded
only during exceptional high water levels as rank 3
(Table 1).

The allozyme data were analysed in the following
way. GENEPOP (Raymond and Rousset 1995) was
used to test for deviations of genotype frequen-
cies from Hardy-Weinberg-equilibrium. Tests were
combined across loci and across sites using Fisher’s
combination of probabilities. As a measure of genetic
variability within samples we calculated the average
number of alleles per locus (A) and the mean
expected heterozygosity across all loci (He, Nei’s
unbiased estimate; Nei 1978). These two measures of
genetic variability were tested for possible differences
between the river channel and the floodplain water
bodies as well as between floodplain water bodies of
different isolation and age by ANOVA. The loss of
genetic variability (Ht /H0) can be approximated as:
(Ht /H0) ≈ e

−t
2Ne (Frankham et al. 2002). Hence the loss

increases with time (measured in number of gener-
ations t) and is greater at a small effective popula-
tion size Ne. This formula was used to calculate the
expected loss of genetic diversity in waterbodies for
different effective population sizes (50, 100, 250, 500
Individuals). All waterbodies are isolated for at least
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Figure 1. Sampling locations of R. rutilus in the drainage system of the river Elbe. See also Table 1.

100 years (see above). The generation time of roach is
about 3 to 4 years. Hence, we calculated the expected
loss of heterozygosity for up to 35 generations. Differ-
entiation between sites was evaluated by FST (Weir
and Cockerham 1984), genetic distance (Nei 1978;
Belkhir et al. 2000) and hierarchical AMOVA (using
ARLEQUIN; Schneider et al. 2000). To visualise
the genetic relationship among samples we used
UPGMA cluster-analyses of genetic distances (Nei,
1978; using PHYLIP; Felsenstein 1993) and prin-
cipal component analysis (PCA-GEN v. 1.2; author:
Goudet; http://www.unil.ch/izea/research.html). An
analysis of isolation by distance was performed for
all sites from the main river. Following Slatkin (1993)
we regressed FST /(1 − FST ) on the logarithm of
geographical distance between sample sites. As a
measure of geographical distance between sites in
the main river channel we used the distance along
the river channel. For distances between floodplain
water bodies we used the nearest distances of the two
water bodies to the river plus the distance along the
river. Reduction of gene flow between the river and
the floodplain water bodies should lead to increased
differentiation between river and floodplain popula-
tions. Thus, we included a dummy variable, which
coded whether two water bodies are from the same

type (either river or floodplain water body) or from
different types. Pairwise distances are not mutually
independent and therefore we used matrix permuta-
tions to test significance of partial regression coeffi-
cients (Manly 1997).

Results

Twelve of the 24 allozyme loci screened were poly-
morphic. Within the Elbe drainage we found 11
polymorphic loci, and across all the sampled flood-
plain water bodies 10 loci were polymorphic (Table 2).
Nine alleles were rare with frequencies between 0.002
and 0.056 (Table 2; Elbe drainage only). Of these, only
one rare allele found in the river (ADH, frequency:
0.002) was not detected in the floodplain water bodies.
Distribution of alleles allowed for 107 tests for devi-
ations from Hardy-Weinberg-equilibrium. Only one of
the individual tests and none of the combined tests
across loci and populations proved to be significant.

The average number of alleles per locus (A,
including non-polymorphic loci) ranged from 1.25 to
1.42 and expected heterozygosities (He) from 0.048
to 0.099 (Figure 2). When we excluded monomorphic
loci, A range from 1.38 to 1.77 and He from 0.089
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Table 1. Sampling locations of all roach samples used in the present study. For the floodplain waters we also give area,
age and isolation. N = number of sampled individuals

Code Date Sampling locations Size Isolation∗ Age N

(km2) (years)

D12/4 16.12.96 Roter Main at Bayreuth 5

R31/4 15.07.97 Danube at Straubing 5

20/1 19.03.97 Elbe at Stendal 25

20/2 14.10.97 Elbe at Rogätz 25

20/3 26.04.97 Elbe at Magdeburg 25

20/4 14.10.97 Elbe at Schönbeck 25

20/5 20.10.97 Elbe at Barby 25

20/7 10.09.97 Elbe at Steckby (km 281) 25

20/8 20.08.97 Elbe at Aken (km 275) 24

20/9 20.08.97 Elbe at Brambach (km 268) 25

20/10 20.08.97 Elbe at Dessau (km 262) 25

20/11 21.08.97 Elbe east of Roßlau (km 253) 25

20/12 21.08.97 Elbe at Vockerode (km 245) 25

23/1 22.09.97 Mulde at Dessau 25

20/13 03.11.97 Alte Elbe Breitenhagen 0.200 1 100–150 25

20/14 03.11.97 Alte Saale Breitenhagen 0.124 2 100–150 25

20/15 03.11.97 Krügersee (Luisenhof) 0.087 3 >150 25

20/16 03.11.97 Goldberger See 0.074 3 >150 25

20/18 22.09.97 Unter and Obersee Aken 0.039 2 >150 25

20/19 22.09.97 Diestelsee 0.017 2 >150 25

20/20 23.09.97 Pelze 0.086 1 >150 25

20/21 23.09.97 Löbben-Leiner See 0.164 3 >150 25

20/22 29.09.97 Alte Elbe Matzwerder 0.270 1 100–150 25

20/23 29.09.97 Alte Elbe Klieken 0.285 3 >150 25

∗Definition of isolation: rank 1 = oxbow lakes directly connected to the main river during most of the year. 2 = not directly
connected to the main river, but regularly flooded. 3 = Isolated by flood defence dams and flooded only during exceptional
high water levels.

to 0.183. Although sample size was much lower for
the Rhine and Danube, mean number of alleles was
similar to the Elbe drainage and expected hetero-
zygosity exceeded the mean value across the Elbe
(Figure 2). Within the Elbe drainage, there were no
differences in the average number of alleles between
samples from the river channel and the floodplain
water bodies (Table 3). However, we found a very
small, but marginally significant, difference in the
mean heterozygosity calculated across the populations
of the river and floodplain water bodies (Table 3).
A pairwise comparison of the heterozygosities of all
river populations with those of all floodplain water
populations revealed that the ratio (Hfloodplain/Hriver)
varied from 0.7 to 1.3 (mean ± standard deviation
= 0.93 ± 0.14; Figure 3). This ratio measures the
relative loss of heterozygosity. We compared this ratio
with the expected loss of heterozygosity for a range
of effective population sizes using computer simula-

tions (Frankham et al. 2002, Figure 3). Assuming a
population size of 50 the expected ratio after about 35
generations was much lower than the observed ratio
we obtained. For effective population sizes of 100 and
more the expected ratio is within the range of those
observed. We also tested for differences in the average
number of alleles (A) and heterozygosity (He) among
flood plain water bodies according to their isolation
and age. None of the tests were significant (Table 3).
There was no relationship between size of the water
body and A (r = 0.05, P > 0.3) or He (r = 0.03, P >

0.3).
When samples from the Rhine and Danube were

included we found considerable differentiation in
allozymes across populations (overall FST = 0.036).
A permutation test across individuals showed that this
differentiation was highly significant (all 999 values
from permutations were smaller than the original
value). However, a hierarchical AMOVA revealed that
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Table 2. Enzyme systems used to investigate genetic variation in Rutilus populations. Atotal gives the number of alleles detected
for each locus across all populations, including Rhine and Danube; AElbe for all sites from the main river channel of the Elbe
and Aflood for floodplain waterbodies. The last column gives the average frequency of the rarest allele

Enzyme system EC no. Locusa Buffer Atotal AElbe Aflood Rarest

systemb allele

Aspartate aminotransferase 2.6.1.1 AAT-1∗ S4 2 2 2 0.265

Alcohol dehydrogenase 1.1.1.1 ADH∗ EBT 2 2 1 0.002

Creatine kinase 2.7.3.2. CK-1∗ EBT 1 1 1

Esterase 3.1.1.x EST-3∗ S1 2 2 2 0.168

EST-4∗ S1 1 1 1

EST-5∗ S1 1 1 1

Fumarate hydratase 4.2.1.2 FH-1∗ EBT 1 1 1

FH-2∗ EBT 1 1 1

Glucose-3-phosphate dehydrogenase 1.1.1.8 G3PDH∗ TCE 2 2 2 0.010

Glucose-6-phosphate dehydrogenase 1.1.1.49 G6PDH∗ EBT 1 1 1

General protein GP-1 EBT 1 1 1

GP-2 EBT 1 1 1

GP-4 EBT 1 1 1

Glucose-6-phosphate isomerase 5.3.1.9 GPI-1∗ S1 2 1 1

GPI-2∗ S1 2 2 2 0.030

L-Iditol dehydrogenase 1.1.1.14 IDDH∗ TCE 3 2 2 0.006

Isocitrate dehydrogenase 1.1.1.42 IDHP-1∗ TCE 2 2 2 0.002

Lactate dehydrogenase 1.1.1.27 LDH∗ TCE 1 1 1

Malate dehydrogenase 1.1.1.37 MDH-1∗ EBT 2 1 1

MDH-2∗ EBT 1 1 1

Mannose-6-phosphate isomerase 5.3.1.8 MPI∗ S4 2 2 2 0.003

6-Phosphogluconate dehydrogenase 1.1.1.44 PGDH∗ TCE 4 4 4 0.016

Phosphoglucomutase 5.4.2.2 PGM∗ S4 2 2 2 0.056

Superoxide dismutase 1.15.1.1 SOD∗ EBT 2 2 2 0.046

aS1: Tris-hydrochloric acid. Electrode pH 8.2/ gel 8.5. S4: Tris-citrate. Electrode pH 6.0/ gel pH 6.3. EBT: Tris-borate EDTA.
Electrode/gel pH 8.6. TCE: Tris-citrate-EDTA. Electrode/gel pH 7.0. Buffer recipes were modified from (Selander et al. 1971);
S1 and S4) or from Hillis et al. (1996; EBT and TCE). All staining procedures were performed according to Hillis et al. (1996).
bEnzyme nomenclature and locus designation follow (Shaklee et al. 1990).

the majority of these differences among populations
were among, rather than within drainages (Table 4).
Analysing the Elbe populations separately only 1.8%
(FST = 0.018) of the variation was found among
populations. The pair-wise FST values ranged from
slightly negative values up to 0.15. Only 61 out of
231 possible values were significant at a 5% level
(GENETIX; Belkhir et al. 2000; 999 permutations of
individuals across populations).

Average Nei-distance was highest between the
Rhine and Elbe populations (mean ± standard devi-
ation; 0.043 ± 0.004) and between Danube and Elbe
populations (0.021 ± 0.005). The distance between
the sample from the Rhine and the sample from the
Danube was considerably lower (0.003). UPGMA
cluster-analysis visualised the large differences among
drainages quite clearly but showed no convincing

geographic structure within the Elbe drainage (Figure
4a). Hierarchical clustering may not be appropriate to
analyse the genetic relationship between geographic
samples, thus we also used principal component
analyses (Figure 4b). The first three axes explained
85% of the total variation (axis 1 – 48%, axis 2 –
29%, axis 3 – 10%). We performed three ANOVAs
testing for differences in the mean scores between
samples from the main river and the floodplain water
bodies. Along the first and third axes the scores
differed significantly (Figure 4b; Table 3). Analysing
the scores along the three principal components for
the floodplain water bodies, we found a significant
difference between the three categories of isolation
along the second principal component (Table 3).
This suggests that the degree of isolation influences
genetic differentiation. After a Bonferroni correc-
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Figure 2. Genetic variability within the 24 samples of R. rutilus. Two measures of genetic variability (mean number of alleles, A, and expected
heterozygosity, He) were calculated using all data including the monomorphic loci. Samples are coded according to Table 1.

Table 3. Differences in means of genetic variability (A, He) and genetic differentiation (PC1 to PC3; see Figure 4b) between populations
sampled in the main river channel and floodplain water bodies. For all the floodplain water bodies we also give the mean for the three isolation
levels and the age of the water bodies (for definitions see material and methods and Table 1)

A He PC1 PC2 PC3

River 1.28 ± 0.062 0.060 ± 0.0039 0.065 ± 0.171 0.030 ± 0.097 0.032 ± 0.071
Floodplain 1.32 ± 0.046 0.056 ± 0.0052 −0.077 ± 0.111 −0.036 ± 0.147 −0.036 ± 0.057
F1,20 (P)∗ 0.6 (>0.3) 3.4 (0.08) 5.1 (0.04) 1.6 (0.22) 5.7 (0.03)

Ffloodplain water bodies only:

Isolation 1 1.30 ± 0.064 0.054 ± 0.0029 −0.066 ± 0.141 −0.159 ± 0.009 −0.025 ± 0.025

Isolation 2 1.28 ± 0.024 0.054 ± 0.0060 −0.084 ± 0.088 −0.090 ± 0.069 −0.020 ± 0.092

Isolation 3 1.30 ± 0.052 0.060 ± 0.0050 −0.080 ± 0.086 0.097 ± 0.142 −0.057 ± 0.051

F2,7 (P)∗ 0.28 (>0.3) 1.77 (0.24) 0.02 (>0.3) 6.2 (0.03) 0.39 (>0.3)

Floodplain water bodies only:

Young 1.31 ± 0.063 0.056 ± 0.0046 −0.169 ± 0.075 −0.115 ± 0.085 −0.000 ± 0.062

Old 1.29 ± 0.042 0.057 ± 0.0058 −0.037 ± 0.103 −0.002 ± 0.160 −0.052 ± 0.051

F1,8 (P)∗ 0.17 (>0.3) 0.08 (>0.3) 3.8 (0.09) 1.3 (0.29) 1.9 (0.20)

∗Differences in means between categories were tested using an ANOVA. Results, which are significant on a 5% level, are in bold.
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Figure 3. (a) Expected loss of heterozygosity (as a proportion of
initial heterozygosity, Ht /H0) with an increasing number of gener-
ations for scenarios with effective population sizes between 50
to 500. (b) Detected change in heterozygosity. Histogram of all
possible ratios of heterozygosity between floodplain water bodies
and samples from the main river (Hfloodplain/Hriver) as well as the
mean and the standard deviation. Note that the expected loss after
30 to 35 generations and Ne of 50 is much lower than the mean.
Hence our data should have had sufficient power to detect severe
bottlenecks for populations within the floodplain water bodies.

tion for multiple testing, however, these differences
remained only marginally significant (P < 0.1).

A matrix correlation between FST /(1 − FST ) and
geographic distance and the dummy variable coding
for the type of comparison revealed no correlation
between geographic distance and genetic differenti-
ation (P = 0.07; 999 randomisations; after fitting
the dummy variable). The regression coefficient even
had a positive sign, which is contrary to expecta-
tion. However, we found a clear influence of the
dummy variable (P = 0.01; after fitting distance), with
a positive regression coefficient indicating that flood-
plain water populations are genetically different from
the main river population Separate matrix plots for the
main river as well as the floodplain water bodies (not
shown) also provided no indication of a correlation of
genetic differentiation with distance. The scatter was
rather similar (mean FST ± standard deviation: main
river 0.014 ± 0.026; floodplain waterbodies 0.015 ±
0.019.

Discussion

From our analyses three main results appear. First,
there is considerable genetic differentiation among
drainages. Second, the degree of differentiation in
allozymes between populations in the main river

Table 4. Results of the AMOVA using drainages as a hierarchical
level

Source of d.f. Variance Percentage

variation components∗ of variation

Among drainages 2 0.36 33.12

Among populations 21 0.01 1.18

within drainages

Within populations 1094 0.70 65.71

Total 1117 1.07

∗Judged from 999 permutations, all variance components are
highly significant (P = 0.01).

channel and the floodplain water bodies is low, but
nevertheless significant. Third, we found little differ-
ence in the level of genetic variability between popula-
tions sampled in the main river channel and in the
floodplain water bodies.

Marked genetic differentiation among drainages

The level of differentiation among drainages is of a
similar order of magnitude to that found for other
opportunistic, mobile and common cyprinids such as
Leuciscus cephalus across the same three drainages
(Hänfling and Brandl 1998a). For fish species it is
well known that historical processes influence genetic
structure across drainages (Carvalho 1993). Thus, the
difference between populations living in the Rhine and
Danube versus the Elbe may reflect the biogeographic
history. The Danube is considered as one of the main
refuges of fish populations during the Pleistocene
(Banarescu 1991). The higher level of heterozygosity
in the Danube populations is consistent with this view,
although our sample size is too small for any firm
conclusions.

Low levels of differentiation within drainages

Compared to other freshwater fish (Ward et al. 1994;
Hänfling and Brandl 1998b) the differentiation among
roach populations within the Elbe drainage (FST =
0.02) is low. This is consistent with previous studies
on this species (Bouvet et al. 1995; Wolter 1999).
Although the roach is a mobile species with a wide
range habitat between 75 and 3820 meters within a
river and long-distance migrations of up to 10 km
(Baade and Fredrich 1998) it was still unexpected to
find spatial genetic structure to be that low.

Although quite small, we found some indication
for genetic differentiation between river and flood-



254

Figure 4. Geographic patterns of genetic differentiation between roach populations (a) UPGMA tree of unbiased Nei-distances among popula-
tions of the Elbe as well as samples from the Danube and Rhine drainage (Nei-distance based on allele frequencies of all allozyme loci). (b)
Ordination of sampling locations along the first and third principal component of populations from the Elbe drainage based on distribution of
genotypes from 10 polymorphic allozyme loci. In (a) and (b) grey symbols mark samples from floodplain water bodies, white symbols samples
from the main river channel (for statistical tests see Table 3).

plain habitats. All our tests showed the same trend:
independent of geographical distance, populations
from floodplain water bodies were genetically closer
to each other than to samples from the main river. It
remains to be seen if these alloyzme polymorphisms
are neutral (Hillis et al. 1996), as there is evidence for
the adaptive value of certain alleles (Mitton and Koehn
1975; Place and Powers 1979; Gillespie and Guttmann
1989; Heithaus and Laushman 1997), and it is possible
that our findings are indicative of adaptive differences
among allozyme genotypes to lentic or lotic habitats,
respectively. However, further experimental work is
needed to test this possibility.

High levels of genetic variability within populations

Compared to other fish species, the roach populations
we sampled showed a fairly high level of average
heterozygosity. The value of 0.06 found during our
study is above the average for fresh water fish of 0.046
(Ward et al. 1994). Other studies of roach popula-
tions report similar or even higher levels (Wolter
1999; Bouvet et al. 1991). Widespread and common
animals often show higher levels of heterozygosity
than animals with restricted distribution (Frankham
1996; Hänfling and Brandl 1998a). It is therefore
not surprising that the genetic variation in a wide-
spread and common animal such as roach is high
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in the main river channel (Frankham 1996; Hänfling
and Brandl 1998a). Nevertheless, the genetic vari-
ability is also high in small and isolated floodplain
waters. Theory predicts a decrease of genetic vari-
ability with a positive correlation between genetic
variability and effective population size (Frankham
2002). In a previous study we found such a correla-
tion for natural populations of Cottus gobio (Hänfling
and Brandl 1998c). However, neither habitat size nor
degree of isolation of roach populations had an impact
on genetic variability. Furthermore the comparison
between the expected decrease in heterozygosity in
an isolated population after 100 years (≈30 gener-
ations) and the decrease inferred from our samples
suggests that floodplain populations must have main-
tained average effective population sizes over 100
(note that Figure 3 shows that our data should have
been sufficient to detect severe bottlenecks). This is
further supported by the fact that nine out of ten
rare alleles present in the main river population were
also found in the populations of the floodplain water
bodies. Rare alleles are more sensitive to genetic drift
than heterozygosity. For example simulations using
re-sampling techniques (data not shown) indicate that
an allele with an initial frequency of 0.01 has an 86%
chance to be lost after 35 generations at a popula-
tion size of 100. This fact can also be used to infer
bottlenecks from population genetic data (for details
see Cornuet and Luikart 1996), and using the program
BOTTLENECK we did not detect a significant excess
of heterozygosity in any population (Cornuet and
Luikart 1996). There are at least two processes that
may explain high genetic variation within populations
and low differentiation between populations. Firstly,
as noted above, population sizes within small flood-
plain water bodies are sufficiently large to counter the
action of genetic drift. Secondly, high levels of gene
flow are maintained by rare flooding events and in
some cases by small ditches which connect floodplain
waters with the main river.

Implication for conservation

Despite the increasing awareness about the impor-
tance of quantitative genetics in conservation, neutral
markers remain an important approach (Carvalho
et al. 2003). Although genetic variation estimated
from neutral markers is not always well correlated
with quantitative variation (Reed and Frankham 2001)
both approaches can provide independently valuable
information about fitness. In the absence of direct

and often unobtainable estimates of fitness, vari-
ation at neutral loci provide a valuable proxy (Reed
and Frankham 2003). The analyses of genetic vari-
ability within, and differentiation among, populations
showed that roach populations from floodplain water
bodies are genetically similar to populations from the
main river channel. We cannot exclude the possi-
bility that populations have developed local adaptation
to lotic and lentic habitats respectively. Neverthe-
less, the fragmentation and isolation of these water
bodies during the last 200 years had little influence
on genetic variability. The large population sizes of
roach as well as rare flooding events have buffered
the populations within the floodplain water bodies
against the loss of variation. Thus, in the case of a
catastrophic event causing the local extinction of fish
populations in the main river, the floodplain water
bodies may form a reservoir for re-colonisation. As the
populations within the floodplain water bodies showed
similar genetic variability and had the same alleles,
floodplain waterbodies provide a chance to restore
the genetic diversity of fish populations in the main
river, at least for the roach and probably also other
abundant fish species. Note that we found considerable
differentiation between drainages indicating that these
populations have evolved in allopatric isolation and
represent independent evolutionary significant units
(ESUs). In contrast our results show that popula-
tions from the same drainage have a longer shared
evolutionary history and possible contemporary gene
flow. The importance of maintaining high levels of
within species diversity is now widely excepted and
consequently it has become an important goal in
conservation programmes to protect ESUs (Ryman et
al. 1995; Vrijenhoek 1998; Frankham et al. 2002).
It is therefore likely that the floodplain population
will provide the primary source for any reintroduction
project following a severe pollution event.
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