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Abstract Man-made habitat fragmentation is a major
concern in river ecology and is expected to have particu-
larly detrimental effects on aquatic species with limited
dispersal abilities, like the bullhead (Cottus gobio). We
used ten microsatellite markers to investigate small-scale
patterns of gene flow, current dispersal and neutral genetic
diversity in a morphologically diverse river where frag-
mented and unfragmented sections could be compared. We
found high genetic differentiation between sampling sites
with a maximum Fgy of 0.32 between sites separated by
only 35 km. A significant increase of genetic differentiation
with geographical distance was observed in the continuous
river section as well as in the full dataset which included
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headwater populations isolated by anthropogenic barriers.
Several lines of evidence are consistent with the hypothesis
that such barriers completely block upstream movement
while downstream dispersal may be little affected. In the
unfragmented habitat, dispersal rates were also higher in
the direction of water flow than against it. The resulting
asymmetry in gene flow likely contributes to the decrease
of genetic variation observed from the lower reaches
towards the headwaters, which is particularly pronounced
in physically isolated populations. Our findings suggest
that headwater populations, due to their isolation and low
genetic variation, may be particularly vulnerable to
extinction.

Keywords Fragmentation - Microsatellites - Bullhead -
Cottus gobio - Population genetic structure - Conservation

Introduction

Humans often alter the environment for their own benefit, to
the detriment of other species sharing the same habitat. These
alterations often result in fragmentation and loss of habitable
area (Segelbacher et al. 2010) and an associated reduction in
connectivity among populations (Kindlmann and Burel
2008). Together, these factors may cause population declines
and, ultimately, species extinctions (Frankel and Soule 1981;
Sala et al. 2000; Rosenzweig 2001).

Human-caused fragmentation in rivers is of major eco-
logical concern (Raeymaekers et al. 2009). Rivers are
frequently altered by the construction of hydroelectric
dams, and by canalization for flood protection and control
over water velocity. In Switzerland, the number of artificial
barriers with a height of more than 0.5 m is estimated at
around 101,000, which amounts to 1.6 artificial barriers per
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kilometer of a river (Zeh et al. 2009). Such barriers likely
affect the migration behavior of many aquatic species.
Upstream migration is particularly likely to be affected,
which may lead to isolation of populations in the head
reaches of a river (Letcher et al. 2007).

The bullhead (Cottus gobio) is an ideal species to
investigate the effects of river fragmentation on aquatic
organisms. In contrast with many other fish species, it has
little economical value and its population structure should
be relatively unaffected by human activities, in particular
artificial stocking (Englbrecht et al. 2000). Behavioral
experiments showed a polygynous mating system where
females choose the males based on size, and the males tend
and guard the nest, which has eggs from several females
(Bisazza and Marconato 1988). Such a mating system
could lead to an effective population size (N.) which is
much smaller than the census population size. The species
has a reduced swim bladder and is morphologically adap-
ted to a benthic lifestyle (Gaudin and Caillere 1990;
Gidtgens 1989). Consistent with this potentially low dis-
persal ability, population genetic analyses have confirmed
that, at the scale of entire drainage systems, bullhead
populations are highly differentiated (Nolte et al. 2005a;
Hénfling and Weetman 2006; Vonlanthen et al. 2007).
Based on mark-recapture studies, the species has been
classified as largely resident, only moving from 10 to
several hundred meters a year (Smyly 1957; Andreasson
1971; Downhower et al. 1990; Knaepkens et al. 2004a),
and as unable to pass barriers with a height above 20 cm
(Utzinger et al. 1998). Detrimental effects of river frag-
mentation are therefore expected to be particularly pro-
nounced and easily detectable (Bless 1981, 1990; Barandun
1990; Hofer and Bucher 1991; Jungwirth 1996; Knaepkens
et al. 2002, 2004b; Tudorache et al. 2008).

An additional reason to investigate contemporary popu-
lation genetic structure in bullheads is provided by reports of
recent population declines in Switzerland. Bullhead popu-
lations have been negatively affected by environmental
pollution (Starmach 1965; Spih and Beisenherz 1984; Bu-
cher et al. 1992; Waterstraat 1992), and after local die-outs,
only fish species with economical value were reintroduced
(Barandun 1990; Hofer and Bucher 1991). In some instances,
bullheads were even actively eradicated as they were thought
to prey on the eggs and young of economically valuable
trouts (Adamicka 1979, 1984; Gaudin and Heland 1984,
Spih and Beisenherz 1984; Gaudin 1985). Together, these
factors have contributed to a postulated population decline in
Switzerland over the past 50 years, and led to the classifi-
cation of the species as potentially endangered in Switzer-
land in 2003 (Zaugg et al. 2003).

In this study, we use microsatellite markers to investi-
gate the genetic structure of bullhead populations at a
spatial scale encompassing a single river and its tributaries.
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Our study system, the Sense river and its tributaries, is
morphologically very diverse, and fragmented and un-
fragmented stretches can be directly compared. The head-
waters and the lower reaches are heavily fragmented by
bed drops and ramps while the mid-section is continuous
over ca. 25 km and represents one of the most natural river
habitats in Switzerland. Specifically, we investigate how
long-term rates of gene flow, current migration and neutral
genetic diversity are affected by dispersal barriers and how
these effects differ from those of geographical distance
alone.

Materials and methods
Study area and sampling

Our study river, the Sense, has a very diverse morphology
including natural but also canalized and fragmented stret-
ches. With one exception, all barriers within the system are
man-made drops in the river bed level in effort to reduce
the slope and water velocity, and thereby the impact of
flooding events. The height of these man-made barriers is
between 0.4 and 2 m. The only natural barrier is a single
waterfall, which lies at the confluence of a tributary and the
main channel. The two headwater arms, the Kalte and
Warme Sense, are fragmented by multiple barriers con-
structed from 1917 onwards (Fig. 1). The mid-section of
the main channel, in contrast, represents one of the longest
stretches of unfragmented river habitat in Switzerland. The
lower reaches down to the confluence with the Saane river
are heavily canalized and, again, fragmented by drops and
ramps. Since the ramps are probably passable by bullheads
they are not shown on the map.

We sampled a total of 15 sites within the main channel
of the Sense (including the Warme and Kalte Sense, see
Fig. 1), two sites in a large tributary, the Schwarzwasser,
and eight sites in smaller tributaries. Bullheads were absent
from all small tributaries that were separated from the main
river by barriers (indicated by black dots in Fig. 1). At all
other sites, we caught bullheads by sampling a 200 m
stretch using a backpack electroshocker (EFKO 1.5KW).
Fin clips were stored in 100% ethanol, and all animals were
released at their capture sites. Until processing, the tissue
samples were kept in a freezer at —21°C. The sample size
per site ranged between 12 and 37 individuals (Table 1).

Genotyping

DNA was extracted with a Qiagen® Bio Sprint 96 DNA
Blood Kit (384) extraction robot according to the manu-
facturer’s instructions and each fish was genotyped at 10
microsatellite loci selected from the literature: Cgo33ZIM,



Conserv Genet (2012) 13:545-556

547

Fig. 1 Sampling sites in the
Sense river and its tributaries,
and structure results for K = 3.
Black bars symbolize one or
several impassable barriers for
which the year of construction is
indicated if known. Black dots
indicate sites where we did not
find bullheads

Sense River two barriers

\

| ; o SE02
i / .
IRl :

SE03
! S— SSO01
SE04 /7
two barriers
SEoe\ e
] AL
- \ SE05
S001 a1 ‘
SE07 " ss0n
Sense River
Schwarzwasser

flow direction

r 4 seos
Duo'\

SE10

two barriers
built in 1988

=N

Warme Sense // WS02

SE09

flow direction

stof"

sixteen barriers,
first built in 1917

Kalte Sense

The Sense River and Main Tributaries 1

0 1 2 3 5
kilometers N

Cgol8ZIM, Cgol033PBBE, Cgo42ZIM, Cgo34ZIM,
Cgol1114PBBE, Cgo56MEHU (Englbrecht et al. 1999),
CottE10, Cott687, Cott179 (Nolte et al. 2005b). The for-
ward primers were labeled using three different fluorescent
dyes and the primers were divided into two multiplex
mixes (for details see Table S1). The PCR amplification
was accomplished in a reaction volume of 12.5 pl con-
taining 1.25 pl primer mix and 6.25 pl Qiagen® Multiplex
mastermix. The PCR was performed with a Techne TC-412
thermocycler. The PCR cycling protocol for the first

multiplex was composed of an initial denaturation for
15 min at 95°C, followed by 35 cycles with 30 s at 94°C,
90 s at 58°C, 60 s at 72°C and a final extension of 10 min
at 60°C. The same protocol was used for the second mul-
tiplex but with an annealing temperature of 55°C. The PCR
products were diluted 1:20 for multiplex 1 and 1:50 for
multiplex 2 and run on a Beckman Coulter® CEQ 8000
sequencer. We scored alleles with GeneMarker® Version
1.85 (Kellander et al. 2002), and checked each genotype by
eye to detect miscalled peaks.
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Table 1 Sampling sites,

number of individuals (n) and Sampling site " H, H. Ar Ax Fis HWD nLD
measures of genetic diversity SEO01 21 0.577 0.580 4.8514 5.8 0.030 Cgo56 -
SE02 29 0559 0561 44511 55 0.022 - -
SE03 12 0533 0542 43 43 0.060 Cgo56 -
S$S01 30 0500 0504 39469 47  0.024 Cgol8, Cgo33  —
SE04 18 0552 0538 47309 56  0.003 - -
SE05 27 0568 0573 43544 56  0.028 Cgo56 2
SE06 23 0571 0566 45134 54 0012 - -
SE07 23 0574 0565 47039 59  0.007 - -
H, mean observed
heterozygosity across loci, H, S001 26 0615 0590 48895 60  —0.023  Cgo56 -
mean expected heterozygosity SE08 37 0.575 0.548 4.5046 6.0 —0.037 Cgo56 -
%Cf;ss 100: Ar meaﬂallilic . SE09 30 0563 0553 44904 57  —0.001 - -
rCness, Ay mean number o DUOI 13 0569 0553 42975 44 0010 - -
alleles across loci, Fig
inbreeding coefficient, HWD SE10 37 0.516 0.512 4.1787 5.7 0.006 - -
loci showing a significant SE11 26 0.437 0.474 3.9027 50  0.097 Cgo33 -
deviation from HWE after KS01 26 0453 0484 39361 51 0084 Cgol8, Cgos6  —
Bonferroni correction within
populations (o = 0.005); nLD, WS01 28 0357 0376 29922 35  0.068 - -
pairs of loci showing significant WS02 30 0.407 0.393 2.7997 32 —0.018 - -
linkage disequilibrium at $S02 26 0466 0464  3.6003 45 0016 - -

P < 0.001

Statistical analyses

GENEALEX 6® was used to calculate the observed and
expected heterozygosities and to test for deviations from
Hardy—Weinberg equilibrium for all loci and samples
(Peakall and Smouse 2006). We tested for deviations from
linkage equilibrium between all pairs of loci in all samples
using ARLEQUIN 3.11 (Excoffier et al. 2005). The fixa-
tion indices, Fig and Fgr, were calculated in FSTAT ver-
sion 2.9.3.2 (Goudet 1995) and ARLEQUIN 3.11,
respectively.

We investigated spatial patterns of within-sample
genetic diversity based on allelic richness calculated in
FSTAT and expected heterozygosity calculated in Arle-
quin. We measured the distance of each sampling site from
the confluence between the Sense and Saane rivers in
Google Earth. With this data, we performed a linear
regression in SPSS Statistics 17.0. We conducted a second
analysis based only on the samples from the continuous
river section (SE02-KSO01) to exclude the effect of isolated
and potentially small populations.

To determine whether there are genetically distin-
guishable groups at this geographic scale, we analyzed the
data in STRUCTURE 2.3 using the admixture model with
correlated allele frequencies among populations (Pritchard
et al. 2000). We ran analyses for a number of groups (K) of
one to five, and performed ten independent runs per
K value. The burn-in was set at 100,000 and the number of
steps in the Monte Carlo Markov chain was 1,000,000. To
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select the optimal K, we plotted the posterior probability of
each run (LnP(D)) as a function of K, as recommended by
Pritchard et al. (2000). We then calculated pairwise Fgr
values between clusters identified through STRUCTURE
analyses using Weir and Cockerham’s (1984) estimator in
Genodive (Meirmans and Van Tienderen 2004), after
excluding individuals that were not assigned >50% to a
single cluster.

The global analysis revealed genetically distinct clusters
in two tributaries, the Warme Sense and Schwarzwasser,
and some evidence for demographic admixture at the sites
below the inflow into the Sense main channel (see below;
Fig. 1). To investigate these patterns in more detail, addi-
tional STRUCTURE analyses were carried out on reduced
datasets (settings as above except for K = 1-2, 5 runs/K).
For the Schwarzwasser, the analysis was based on the
sampling sites SE02, SE03, SSO1 and SS02, and the
analysis for the Warme Sense included sampling sites
SEO8 to SE11 and both WS samples.

We also investigated if the observed genetic structure
around these two confluences could potentially be caused
by the presence of closely related individuals (see e.g.,
Hansen et al. 1997; Anderson and Dunham 2008). We used
COLONY version 2.0.1.4 (Jones and Wang 2010) to test
for the presence of family groups in a subset of our sam-
ples, including all potentially isolated headwater sites. Two
replicate analyses were performed on each sample with
medium run length, assuming polygamy in both sexes and
no inbreeding. Individuals were considered to be closely
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related if they had a probability of being full-sibs >0.9 in
both replicates. We then reassessed the local genetic
structure around the two confluences (Schwarzwasser/
Sense, Kalte/Warme Sense) by repeating the structure
analyses on datasets containing only one randomly selected
member of each pair or group of full-sibs.

To visualize the genetic relationships among the sam-
ples, a neighbour-joining tree was constructed in NEIGH-
BOUR based on Cavalli-Sforza chord distances D,
(Cavalli-Sforza and Edwards 1967) calculated in GEN-
DIST in the PHYLIP 3.65 package (Felsenstein 1993).
Node support was assessed based on 1,000 bootstrap
replicates.

To test for isolation by distance (IBD), we used Mantel
tests (Mantel 1967) of pairwise Fgt values and pairwise
geographic distances, with distance measured along the
course of the river in Google Earth. In a second Mantel test,
we investigated the association between pairwise Fgr val-
ues and the number of barriers between all pairs of sites.
Finally, we conducted partial Mantel tests based on all
three matrices to assess the partial correlation between Fgr
and the number of barriers with geographic distance
accounted for and, secondly, between Fgr and geographic
distance with the number of barriers accounted for. All
tests were done with the ECODIST package in R (R
Development Core Team 2010), and significance was
assessed based on 10,000 permutations (Rousset 1997,
Goslee and Urban 2007).

Finally, we used the program BAYESASS 1.3 (Wilson
and Rannala 2003) to assess recent migration rates and the
direction of migration between sites. The analysis was
limited to population pairs showing significant genetic
differentiation. To increase sample sizes such that we could
use this method on a larger set of samples, we pooled
individuals from nearby sites that did not have pairwise
Fst values greater than 0.02. Using this approach, all
populations we assessed in BAYESASS consisted of more
than 20 individuals, a size that simulation studies show
give accurate estimates of migration parameters (Faubet
et al. 2007). The comparisons included sites from the
connected river stretch at different geographical scales
(17.0 km: SE06/SE07 vs SE11/KS01; 3.3 km: SE09/SE10
vs SE11/KS01; 0.5 km: SE02/SE03 vs SSO01) and sites
separated by barriers (SE10/SE11/KS01 vs WS01/WS02).
The following settings were chosen: 3,000,000 iterations,
of which 999,999 were burn-in. After the burn-in, every
2,000th iteration was sampled. The delta values, which
specify the maximum amount by which parameter values
are allowed to change between iterations, were 0.1 for the
allele frequencies, between 0.025 and 0.05 for the migra-
tion rate and 0.15 for the inbreeding value. These values
were selected based on pilot runs to produce acceptance
rates between 40 and 60%, as recommended in the manual.

Results

In total, there were 10 cases where loci deviated signifi-
cantly from Hardy—Weinberg equilibrium. These cases
were distributed over eight samples and six times involved
the locus Cgo56. Two pairs of loci showed significant
linkage disequilibrium in sample SEO05 (Table 1). We
found elevated Fig values (>0.06) in samples SE03 and
SE11, which were collected below the confluences of
Sense/Schwarzwasser and Kalte/Warme Sense, respec-
tively, and also in samples WSO01 and KSO1. None of these
values remained significant after Bonferroni correction.

In the full dataset, we observed a significant decrease in
allelic richness (R2 =0.435, P = 0.003) and a significant
decrease in expected heterozygosity (R* = 0.434,
P = 0.002) from downstream to upstream sites (Fig. 2a,
b). The same trends were observed in the 28 km long un-
fragmented stretch but the association was no longer sig-
nificant for allelic richness (R2 =0.198, P =0.111) and
borderline significant for expected heterozygosity
(R*> = 0.284, P = 0.05).

The STRUCTURE analysis strongly supported the pres-
ence of three distinct genetic clusters whose distribution
showed a clear geographical pattern (Fig. 1). One cluster
(green in Fig. 1) was dominant in the Warme Sense, and a
second (yellow in Fig. 1) was associated with the Schwarz-
wasser. Both of these clusters were also observed in the
Sense main channel where their frequency gradually
decreased with distance from the respective tributary. A third
cluster was observed at variable frequencies in the main
channel and other smaller tributaries (orange in Fig. 1). The
genetic distances between the three clusters are
Fst = 0.088, 0.089 and 0.254 for comparisons of groups
orange-yellow, orange-green, and yellow-green, respec-
tively (all P < 0.001), with 65 individuals that did not have
>50% assignment to a single genetic group excluded from
calculations.

In both analyses based on reduced datasets spanning two
large tributaries and their inflow into the Sense main
channel, STRUCTURE results indicated the presence of
two distinct genetic clusters. In general, individuals from
tributary sites had high percentages of inferred ancestry to
one of these genetic groups, while the individuals from
main channel sites were assigned with high percentages to
both genetic groups. Specifically, in the two samples from
the Warme Sense, WS01 and WS02, 51 out of 58 indi-
viduals were assigned to the same cluster with inferred
ancestry >75% (Fig. 3a). The genotype distribution in
sample SE11 (directly below the confluence of the two
headwaters) appeared bimodal: individuals were either
assigned to cluster 1 or cluster 2 and few were intermediate
(Fig. 3a). The genetic transition between Schwarzwasser
and Sense main channel was less clear-cut (Fig. 3b) but,
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Fig. 2 a Mean allelic richness and b expected heterozygosity as a
function of distance from the confluence of the Sense and Saane
rivers. Sites without intervening barriers are indicated in black.
Separate regression lines are shown for the full dataset (dashed line)
and based on the sites from the unfragmented river section (solid
line). Both heterozygosity and allelic richness decrease towards the
river headwaters, consistent with a scenario of greater downstream
than upstream migration. Panels ¢ and d show genetic distance (as

again, the populations downstream of the confluence con-
tained a number of individuals with a high percentage of
their inferred ancestry (>75%) in the cluster more common
in the tributary (25% in SEO03; 10% in SEO02). After
excluding closely related individuals (0-3 individuals/site),
STRUCTURE analyses still supported the presence of two
genetic clusters around the two confluences (Fig. S1).

The neighbour-joining tree showed genetic substructure
that was fully consistent with the STRUCTURE results
(Fig. 4). One highly-supported clade contained the samples
from the Warme Sense together with two nearby sites (KSO1
and SE11, see Fig. 1). A second clade with 97% bootstrap
support included the two Schwarzwasser samples and two
Sense samples from directly below the inflow of this tribu-
tary (SE02, SE03). All remaining samples from the Sense
main channel and smaller tributaries grouped together.

The level of pairwise genetic differentiation as measured
by Fst ranged from non-significant to a maximum of 0.32
between two sites separated by about 35 km (Table 2). The
Mantel tests showed a highly significant pattern of isolation
by river distance (r = 0.71, P = 0.0001; Fig. 2c) and a
highly significant positive association between genetic
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distance and the number of barriers between sites
(r = 0.56, P = 0.001; Fig. 2d). Two approaches were used
to disentangle the effects of these two explanatory vari-
ables, geographic distance and number of barriers, which
were themselves significantly positively correlated (Mantel
test, r = 0.38, P = 0.0001). First, we excluded the influ-
ence of barriers by restricting the analysis to samples from
the unfragmented river section (SE02 to KS01), which still
resulted in a highly significant pattern of isolation by dis-
tance (r = 0.63, P = 0.0001; Fig. 2c). Second, results of a
partial Mantel test, including all sites, indicated a signifi-
cant effect of barriers on divergence even when geographic
distance was accounted for (Fgp~barriers + distance:
mantel » = 0.50, mantel P = 0.0046). Likewise, when we
controlled for the effect of barriers in a partial Mantel test,
geographic distance remained a significant predictor of
population divergence (Fsr~ distance + barriers: mantel
r = 0.61, mantel P = 0.0001). These results indicate that
there is significant genetic IBD among sites, even over
short geographic distances, and that man-made barriers
additionally contribute to the magnitude of isolation
observed between samples.
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the inflow of the Schwarzwasser (sites SE02, SE03, SSO1, SS02). In
both cases, STRUCTURE supported the presence of two genetic

The results from BayesAss suggested considerably
stronger downstream than upstream migration (Table 3).
The lowest rate of upstream movement was between the sites
SE10/SE11/KS01 and WS01/WS02, which are separated by
barriers, while the downstream migration rate was compa-
rable to that observed between sites with no barriers between
them. Within the continuous river stretch, the rate of
downstream migration seemed independent of distance,
whereas upstream migration was highest between the two
close sites (distance 0.5 km) and considerably lower in the
other two comparisons (distances 3.3 and 17.0 km). It should
be noted, however, that we could not include all possible
source populations in the analyses, and it is unclear how this
could affect the estimates (Wilson and Rannala 2003).

Discussion

High genetic differentiation at a small geographical
scale

Tagging experiments with C. gobio and other Cottus
species have shown that bullheads are often fairly
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groups. In a we show the number of individuals with a given inferred
ancestry in the genetic cluster dominant in the Warme Sense (roughly
corresponding to green cluster in Fig. 1), and in b the number of
individuals with a given inferred ancestry in the genetic cluster
dominant in the Schwarzwasser (roughly corresponding to yellow
cluster in Fig. 1)

resident, moving only up to a few 100 m per year
(Downhower et al. 1990; Knaepkens et al. 2004a).
However, movements of 5 km per year over several
years in a row have been documented during range
expansions (Nolte et al. 2005a). Consistent with these
observations, previous population genetic studies on
larger geographic scales detected either very strong
genetic differentiation between populations, with Fgr
values of up to 0.7 (Nolte et al. 2005a; Hinfling and
Weetman 2006; Vonlanthen et al. 2007), or rather little
differentiation even over very large distances after a
recent invasion (Nolte et al. 2005a). Our data for C.
gobio in an Alpine river system reveal that strong pop-
ulation genetic differentiation exists at small geograph-
ical scales. Between our two genetically most distinct
samples, WSO01 and SS02, separated by 34.8 km, we
observe an Fgr of 0.32. These two sites are almost
certainly not connected by current gene flow because
migration between them would involve the crossing of
barriers in an upstream direction. However, even if we
consider only the samples from our longest unfrag-
mented river stretch, we still observe Fgr values as high
as 0.08 at a scale of 30.5 km (Fig. 1; Table 2).
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Strongly asymmetric dispersal along the river
continuum

The observed genetic differentiation suggests that gene flow
between these sites is often low. We further find that

é
o
p=3

Fig. 4 Unrooted neighbour-joining tree based on Cavalli-Sforza
chord distances (D¢). Bootstrap values above 60% are indicated. Site
identifiers correspond to Fig. 1

downstream dispersal is typically greater than upstream
dispersal, although the extent of this asymmetry may depend
on spatial scale. Estimates of downstream movement rates
are consistently high between all examined sites, while the
frequency of upstream migrants appears to increase with
geographical proximity (Table 3). In fact, the asymmetry
disappears completely at the smallest geographical scale:
BAYESASS shows similar movement rates in both direc-
tions between the Schwarzwasser (sample SSO1) and the
Sense River (samples SE02/03; Table 3). However, it is
unclear how reliable these estimates are in this particular
comparison because it involves samples that appear demo-
graphically admixed (see below). Our results support evi-
dence from other studies investigating the symmetry of
movements within rivers which have generally found dis-
persal to be higher in the direction of water flow than against
it. Such a pattern has been shown for bullheads (Hénfling
et al. 2002; Hianfling and Weetman 2006) but also for other
fishes and aquatic organisms (e.g., Miiller 1954; Waters
1972; Caldera and Bolnick 2008). It seems likely that some
individuals are passively transported downstream by the
current. Such a scenario seems particularly probable for
bullhead eggs and larvae which are commonly found in
samples from the water column (Peterka et al. 2004).

Barriers amplify gene flow asymmetry and accentuate
the loss of genetic diversity in headwaters

Barriers appear to further amplify the dispersal asymmetry:
while upstream dispersal may be completely prevented, the

Table 2 Pairwise Fgr values between bullhead samples (below diagonal)

SEOI SE02 SEO03 SSO01 SE04 SEO05 SE06 SE07 SO01 SE08 SE09 DUO1I SE10 SEIl KSO01I WS01 WS02 SS02

SEO1 - - + - - - - - + - + + + + + + +
SE02 0 - + + - + - + + + + + + + + + +
SE03 0.01 O - + - + - + + + + + + + + + +
SS01  0.03 0.01 0.02 + + + + + + + + + + + + + -
SE04 0.01 0.02 0.03 0.07 - - - - + + + + + + + + +
SE0S 0 0 001 005 O - - - + + + + + + + + +
SE06 0 0.02 0.03 007 O 0 - - - - - - + + + + +
SE07 O 0.01 001 005 O 0 0 - + + + + + + + + +
SO01 0 0.02 0.03 007 O 0 0 0 + + + + + + + + +
SE08 0.01 0.03 005 009 0.02 0 0 0.01  0.01 - + - + + + + +
SE09 0.01 0.02 005 008 0.01 O 0 001 001 O - - + + + + +
puor 0.03 004 006 0.12 0.03 002 001 003 002 0.02 0.01 + - + + + +
SE10 0.03 0.06 007 0.2 002 002 001 002 002 001 O 0.02 - + + + +
SEIl  0.05 0.08 008 0.15 0.04 0.04 003 004 004 002 001 002 0 - + + +
KS01 0.05 008 009 0.5 006 0.05 005 006 006 002 002 004 001 O + + +
wsor 0.14 0.18 021 027 013 0.14 012 015 0.2 0.08 0.07 0.1 0.04 003 0.04 - +
wso2 0.12 015 019 024 0.11 0.12 009 0.11 0.1 006 005 0.09 003 0.02 004 O +
SS02  0.08 0.04 0.06 001 0.12 0.1 0.12 0.09 0.2 014 013 0.17 018 021 02 032 03

(+) Indicate values significantly different from zero (P < 0.05; above diagonal)
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Table 3 Proportion of residents (in italic) and recent immigrants (regular font) between four population pairs inferred in BayesAss
Migration into
pop SSO01 pops SE02/03 Genetic Geographic Physical
distance (Fst) distance (km) barriers
Migration from
pop SSO1 0.69 (0.67, 0.7) 10.22 (0.11, 0.29) 0.01 0.5 No
pops SE02/03 10.31 (0.26, 0.33) 0.78 (0.71, 0.8)
pop SE11/KS01 pop SE09/10
pop SE11/KS01 0.96 (0.91 , 1) 10.33 (0.31, 0.33) 0.01 33 No
pop SE09/10 10.04 (0.00, 0.09) 0.67 (0.67, 0.6)
pops SE11/KS01 pops SE06/SE07
pops SE11/KS01 0.98 (0.94, 1) 10.31 (0.24, 0.33) 0.04 17.0 No
pops SE06/SE07 10.02 (0.00, 0.06) 0.70 (0.67, 0.75)
pops WS01/02 pops SE10/11/KS01
pops WS01/02 0.99 (0.98, 1) 10.31 (0.28, 0.33) 0.03 2.5 Yes

pops SE10/11/KS01

10.01 (0.00, 0.02)

0.68 (0.67, 0.72)

The 95% confidence intervals for all estimates are given in parentheses. Genetic and geographic distances between the sites or pools of sites are
indicated. |Proportion of immigrants from upstream population. TProportion of immigrants from downstream population

Note: geographic distance between pools of samples is measured as the distance between the closest sampling sites of two different pools. All Fg;

values were significantly different from zero (P < 0.05)

frequency of downstream movements seems very little
affected. The BayesAss analysis suggests the absence of
upstream migrants between sites WS01/02 and SE10/11/
KSO01 (95% c.i. 0-0.02), while potential downstream
migrants are observed at a rate similar to that in the con-
tinuous river stretch (Table 3). Consistent with a very
strong reduction in upstream gene flow, distinct genetic
clusters are detected in the Schwarzwasser and the Warme
Sense (Fig. 1), two large tributaries separated by multiple
river bed drops from the main channel. In both cases, the
sites directly below the barriers contain a high proportion
of individuals that could be recent immigrants from above
(Figs. 1, 3a, b). Finally, the partial Mantel test supports an
effect of the number of barriers on genetic differentiation
between sites in addition to the effect of geographical
distance (Fig. 2d). Similarly, Meldgaard et al. (2003)
detected a statistically significant increase of Fgt with the
number of weirs between grayling populations.

In the Warme Sense, where the age of the barriers is
known, the observed level of genetic differentiation seems
largely consistent with expectations. The first bed drops in
the Warme Sense were built ca. 90 years ago, which cor-
responds to a minimum of 30 generations if we assume a
generation time of 2-3 years at this altitude (Elliot 1981).
This is the temporal scale investigated by Keller et al.
(2004) in computer simulations of genetic divergence
between two completely isolated populations of unequal
effective size, one large (N, = 10,000) and one small (N,
varied between 50 and 1'000). Under this scenario, Fgr
values consistent with that observed between SEI1 and

WS01 (mean = 0.033, 95% c.i. = 0.007-0.062) were
observed in simulations with an effective size for the
smaller population of 200-1,000 individuals. Quantitative
samples from four stretches in the Warme Sense resulted in
estimates of bullhead density of 0.0375 individuals/m?
(Goldmann, 1993). The water surface of the Warme Sense
is about 37,800 m* which leads to an estimated population
size of around 1,400 bullheads. This value almost certainly
underestimates the real population size since bullheads are
difficult to catch. Still, an effective population size in the
order of 200-1,000 does not seem unrealistic for the
Warme Sense in view of the fact that N, can be consider-
ably smaller than the census population size (Frankham
1995), especially in species, like the bullhead, with
polygynous mating systems (Bisazza and Marconato
1988).

Populations from the isolated tributaries/headwaters are
not only genetically differentiated but also have reduced
genetic diversity. While a trend towards reduced allelic
richness and heterozygosity at more upstream sites is
observed also in the unfragmented habitat, the effect is
much more pronounced when the isolated populations from
the Warme Sense and Schwarzwasser are included
(Fig. 2a, b). This pattern is consistent with a scenario
where barriers further amplify the asymmetry of gene flow
from upstream towards downstream sites. Additionally,
colonisation history may have contributed to the observed
decrease of genetic diversity. Genetic diversity may be lost
in the course of range expansions (e.g. Excoffier et al.
2009) and, hence, should be lowest in the headwaters if

@ Springer



554

Conserv Genet (2012) 13:545-556

these were colonized last. Similar decreases of genetic
diversity from downstream towards upstream populations
have been observed in other bullhead populations (Hianfling
and Weetman 2006) and other fish species (e.g. Yamamoto
et al. 2004; Caldera and Bolnick 2008; Raeymackers et al.
2009).

Together, our results are consistent with a scenario
where dispersal barriers interrupt upstream gene flow and
lead to the genetic divergence and depletion of isolated
populations. However, without samples from unfragmented
headwater populations we cannot confidently exclude the
possibility that such populations would show different
genetic patterns. For example, it seems possible that the
bias against upstream dispersal increases with river slope,
which could increase isolation of headwater populations
even in the absence of man-made barriers.

Headwater populations may be particularly valuable
and vulnerable

Irrespective of whether their isolation is mainly due to
natural or anthropogenic causes, we can conclude that the
Sense tributaries/headwaters harbour bullhead populations
that are genetically distinct from those in the main channel.
More detailed genetic and ecological analyses of these
populations would be of great interest both from an evo-
lutionary and from a conservation perspective. Provided
that the genetic depletion in these populations is not too
extreme, their isolation could actually have facilitated local
adaptation (e.g., Williams et al. 2003). Such populations
would then harbor an important component of bullhead
adaptive genetic diversity and would potentially need to be
treated as independent evolutionarily significant units
(ESU) in conservation.

In fact, one observation may be of particular interest in
this context: The samples collected directly below the
inflows of the large tributaries, SE11 and to a lesser extent
SEO03, appear to contain two distinct groups of genotypes
with few intermediates suggesting demographic admixture
between two distinct subpopulations (Fig. 3a, b, see also
the respective STRUCTURE bar plots in Fig. 1). Both
samples exhibited elevated although statistically not sig-
nificant Fig values (Table 1). A pattern of demographic
admixture could result if the site directly below the inflow
of a tributary (i.e., SE11, SE03) receives many downstream
migrants from both river branches. It is currently difficult
to judge if immigration rates are indeed high enough to be
consistent with such an interpretation, which would also
leave the presence of several Warme Sense-like genotypes
in site KSO1 (green in Fig. 1) unexplained. Alternatively, it
is possible that the majority of individuals originate from
local reproduction, in which case the observed bimodality
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in the genotype distribution would suggest assortative
mating between tributary and main stream populations.

Tributaries and headwaters may be particularly affected
by habitat fragmentation. Isolation and small population
size may decrease long-term population viability and
adaptive potential and, if local extinctions do occur, a
particular habitat may not be recolonized because barriers
make upstream migration impossible. Indeed, we found
that in the Sense system bullheads were absent from sev-
eral sampling sites in small tributaries separated from the
main channel by impassable barriers (Fig. 1). If indeed
many tributaries and headwaters contain bullhead popula-
tions with unique genotype composition and, quite possi-
bly, local adaptations, we may currently be experiencing
the successive loss of ecological and evolutionary diversity
in bullheads as these populations disappear.
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