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River fragmentation and fish population structure:
a comparison of three Swiss midland rivers
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Abstract: Anthropogenic river fragmentation has the potential to alter fish population structure and diversity, but
it can be difficult to infer whether observed effects reflect the obstruction of fish movement or population responses
to altered flow regimes or habitat structure concomitant with fragmentation. We addressed the influence of habitat
fragmentation on the European Chub (Squalius cephalus), a large-bodied fish with strong swimming ability that is a
ubiquitous habitat generalist that occurs at high densities in lentic and lotic habitats. European Chub populations
have never been stocked and are little affected by habitat alterations. Thus, they are good sentinels for the effects
of fragmentation per se. We used microsatellite genotyping of 1726 fish from 38 sites to compare the genetic
structure and diversity of European Chub populations from 3 Swiss midland rivers that are unequally affected by
man-made fragmentation. The Thur is unfragmented, the adjacent Glatt is strongly fragmented by tall barriers, and
the Broye is fragmented by a large number of low barriers that are individually traversable. European Chub from the
Thur possessed the highest allelic diversity overall and showed no significant isolation-by-distance and only a weak
nonsignificant upstream decline in genetic diversity. European Chub from the Glatt were less genetically diverse
and showed significant isolation-by-distance that was explicable by existing barriers and the presence of a lake in
the system and a steep upstream decline of allelic diversity. European Chub from the Broye showed no genetic
substructure, suggesting that barriers of low height, even when numerous, had little effect on population connectiv-
ity. The detectable effects of anthropogenic fragmentation of rivers on a highly mobile fish like the European Chub
suggests that less mobile species, such as habitat specialists or small benthic species, are potentially more vulnerable
to isolation.
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Pressure on river landscapes is enormous in areas with
high human population density. Demand for agricultural
land or building grounds and their protection from flood-
ing have necessitated river corrections with a concomitant
loss of floodplains, and regulated rivers are frequently in-
terrupted by hydroelectric power stations, dams, and weirs.
Switzerland is a case in point: 95% of floodplains have been
lost (Tockner and Stanford 2002), and Swiss streams and
rivers are fragmented by >100,000 artificial barriers (Zeh
Weissmann et al. 2009).

Habitat fragmentation is considered a key threat to fish
populations worldwide (V6rosmarty et al. 2010). The most
obvious reason is that barriers interrupt migratory life cy-
cles, and most globally and locally threatened species have
diadromous life histories (Penczak et al. 1998, Kirchhofer
et al. 2007, Limburg and Waldman 2009, Liermann et al.
2012). In Switzerland, for example, the Atlantic salmon

has been considered extinct since the 1950s because its mi-
gration route along the Rhine is obstructed by numerous
barriers (Gerster 1991). Barriers also affect the distribution
of nonmigratory fish species in rivers (McLaughlin et al.
2006), and they may diminish river restoration potential by
hampering recolonization (Stoll et al. 2013). Even without
migration to or from the sea, some fish species require
up to 100 km of river to complete their entire life history
(Fausch et al. 2002).

The genetic effects of habitat fragmentation on river-
ine fish are another important concern. Reduced gene flow
among populations is expected to result in reduced within-
population genetic diversity, which may eventually affect the
ability of populations to respond to environmental change
(Stockwell et al. 2003). Construction of migration barriers
tends to be accompanied by changes in flow regime and
habitat characteristics. Thus, inferring whether reduced pop-
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ulation connectivity and loss of genetic variation are a con-
sequence of physical obstruction to dispersal or of the cre-
ation of inhospitable habitat can be difficult. For example,
construction of reservoirs may isolate fish populations
among streams that feed into the reservoirs even without
physical barriers because the lentic habitat represents a bar-
rier to dispersal by fishes adapted to lotic conditions (Hud-
man and Gido 2013, Fluker et al. 2014). Impoundments also
may degrade or reduce access to specific habitats required
by specialists. Man-made structures affect population dif-
ferentiation and genetic diversity of the endangered Mac-
quarie Perch (Macquaria australasica) in southeastern Aus-
tralia (Faulks et al. 2011), but whether the structures acted
by obstructing dispersal or by reducing availability and ac-
cess to riffle habitat required by this species was not clear.
Isolation by habitat alteration is a lesser issue for habitat gen-
eralists, like the European Chub (Squalius cephalus), which
therefore, is a suitable sentinel for the effects of physical ob-
struction to dispersal per se. The European Chub has coped
well with the massive alteration of river habitats taking place
in the densely populated areas of Switzerland and is highly
abundant in virtually all lotic and lentic waters of the Swiss
midland. However, like any other fish, it is likely to be af-
fected by physical barriers to migration. The European Chub
is of no commercial interest. Its population and genetic
structure are likely to be affected by habitat fragmentation,
but any effects are unconfounded by stocking. We used this
situation as an opportunity to investigate how man-made
obstacles to migration affect the genetic population struc-
ture and diversity of fish populations. We sampled Euro-
pean Chub along 3 rivers in the Swiss midlands that differ
in their level of anthropogenic fragmentation, and we geno-
typed them based on microsatellites to compare population
connectivity and genetic diversity among the 3 rivers.

METHODS
Study species

The European Chub is distributed across Europe from
the Pyrenees to the Urals, excluding the Iberian, Italian,
and Greek peninsulas. Its northern distribution extends to
~56°N (Kottelat and Freyhof 2007). It occurs at relatively
low altitudes (typically <800 m asl), where it is a habitat
generalist that occupies lotic and lentic habitats (Zaugg
et al. 2003). European Chub grow to an average maximum
length of 50 cm and reach maturity after 2 to 3 y. Spawn-
ing takes place in spring on gravel substrate. As fractional
spawners, European Chub spawn more than once during a
season (Kottelat and Freyhof 2007). In a radio-tagging study
at the River Spree in Germany, females spawned twice af-
ter spawning migrations of up to 16 km, and some females
changed spawning grounds between the 1°* and 2™ spawn-
ing event (Fredrich et al. 2003). In the French River Meuse,
rapid spawning migrations of up to 25 km were observed,
suggesting that European Chub are powerful swimmers (de
Leeuw and Winter 2008).
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Study rivers

We investigated European Chub populations in 3 rivers
of the Swiss midlands. The Broye is in the western part of
Switzerland, and the Glatt and Thur are in the eastern part
(Fig. 1A, B). All 3 rivers are channelized over much of their
length, but they differ in the degree of anthropogenic frag-
mentation. The Glatt and Thur are adjacent tributaries to
the Rhine. Their confluences with the Rhine are 14 km
apart (riparian distance). Our choice of these 2 rivers en-
abled us to make the most direct comparison to assess frag-
mentation effects because the Thur is unfragmented by
any migration barriers along the ~80 km we investigated,
whereas the Glatt is heavily fragmented by a total of 35 bar-
riers (Fig. 1C). European Chub cannot transverse most of
these barriers in the upstream direction except for twelve
50- to 100-cm barriers that may be traversable when water
levels are high. The Broye differs from both the Thur and
the Glatt in that it is heavily fragmented by 35 weirs of
low height (40-50 cm) and one small natural drop. Euro-
pean Chub can pass each of these barriers, but the barriers
may exert a cumulative effect on population connectivity
(Fig. 1B). The Thur is the largest of the 3 rivers (average
discharge = 47 m?/s), followed by the Broye (11.50 m®/s)
and the Glatt (8.42 m>/s). For comparison, the Rhine has
an average discharge of 441 m®/s where it is entered by the
Thur and the Glatt.

The upper part of the heavily fragmented Glatt drain-
age is somewhat complex in structure (Fig. 1C). It includes
Lake Greifen (8.45 km?), which feeds the Glatt and 2 main
tributaries named Aabach-U (1.60 m®/s) and Aabach-M
(1.04 m>/s) (U and M stand for the towns Uster and Mén-
chaltorf, which the 2 streams traverse). The smaller Lake
Pfiffikon (3.3 km?) east of Lake Greifen drains into Aabach-
U and, thus, also is connected to the Glatt. Anthropogenic
fragmentation of the Glatt system began in 1822 with the
construction of the most downstream barrier (Fig. 1C), and
increased gradually with the construction of mills and sev-
eral flood-protection projects, including numerous weirs,
during the 19™ and 20™ centuries (Vischer 2003). The only
natural barrier (age unknown) is the uppermost, just below
Lake Pfiffikon (Fig. 1C).

Sampling procedure

We used European Chub from 38 collection sites, in-
cluding 23 from the Glatt system, 9 from the Thur and
Rhine, and 6 from the Broye (Table 1). We caught Euro-
pean Chub from spring to autumn in 2010 and 2011 by
electrofishing (FEG 1700; EFKO, Leutkirch, Germany), ex-
cept for sites G9 and G21 (Fig. 1C), where rod and line
were used. We anaesthetized fish lightly with clove oil be-
fore cutting ~1 mm? of the caudal fin as a tissue sample.
After recovery, we released all fish at the place of catch.
We stored fin clips in 99% EtOH until use. Sample sizes
ranged from 19 to 53 individuals with an average of 45 fish/
site.
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Figure 1. Map of Switzerland indicating the locations of the river systems studied (A) and details of sampling sites in the Broye
(B) and the Thur and Glatt systems (C). In panel B, the thin bars represent fragmentation by a series of barriers of low height
(40-50 cm) with the exact number indicated to the right. The only natural barrier is indicated by the wider black bar. In panel C,
the thin bars represent single barriers or multiple adjacent barriers when accompanied by a figure indicating their number. The only
natural barrier is between sites G21 and G22, a natural drop in terrain that is also obstructed by a hydroelectric power station. Col-
ored sectors in pie charts represent the average assignment probability of European Chub from a given sampling site to each of the
3 genetic clusters inferred with a Bayesian clustering analysis done with the software TESS (see Results). Labeling of sampling
locations corresponds to Table 1.
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Table 1. Collection information and measures of genetic diversity for 38 samples of European Chub (Squalius cephalus) from the
Broye (B), Glatt (G), and Thur (T) systems, including 3 sites from the Rhine (R) already reported by Gouskov et al. (2016). N =
sample size, H, = expected heterozygosity, H, = observed heterozygosity, AR = allelic richness standardized for the smallest sample
size (19), Fjs = inbreeding coefficient, N, = effective population size. The tests for deviations from Hardy-Weinberg equilibrium
(HWE) used the randomization approach implemented in FSTAT (version 2.9.3.2). The p-value reported represents the proportion of
randomizations producing a smaller F;s value than observed when Fis < 0 (heterozygote excess) and the proportion of randomizations
producing a larger Fg value than observed when Fis > 0 (heterozygote deficit).

Site Coordinates WGS84 N H, H, AR Fis HWE test N, estimate
G1 47°31'51.25 N, 8°31'15.24 E 50 0.683 0.707 6.648 -0.036 0.103 115 (69-275)
G2 47°30'45.67 N, 8°30'48.33 E 47 0.676 0.682 6.370 -0.009 0.378 o0 (314~00)
G3 47°29'58.65 N, 8°29'34.61 E 30 0.649 0.659 5.829 -0.016 0.370 41.6 (21-171)
G4 47°26 35.40 N, 8°33'03.70 E 49 0.636 0.632 5.752 0.007 0.407 147 (58-w0)
G5 47°24'55.33 N, 8°34'25.38 E 50 0.624 0.612 5.435 0.019 0.250 o0 (179—0)
G6 47°24'12.00 N, 8°36'09.54 E 50 0.623 0.622 5.523 0.001 0.505 236 (88—x)
G7 47°24'30.04 N, 8°37'41.37 E 45 0.623 0.615 5.357 0.014 0.335 o0 (184~0)
G8 47°23'42.60 N, 8°37'28.77 E 46 0.638 0.652 5.408 -0.023 0.251 338 (83—x)
G9 47°23'15.32 N, 8°37'09.42 E 24 0.637 0.638 5.081 -0.001 0.498 359 (43—x)
G10 47°22'47.66 N, 8°38'42.78 E 49 0.652 0.652 6.083 0.000 0.478 148 (65—x)
Gl11 47°18'57.06 N, 8°42'49.33 E 48 0.677 0.670 6.041 0.010 0.380 296 (96—x)
G12 47°18'35.19 N, 8°43'34.09 E 50 0.674 0.678 6.111 -0.005 0.466 599 (114—x)
G13 47°21'00.76 N, 8°41'32.62 E 48 0.665 0.655 5.766 0.015 0.319 115 (53-2375)
G14 47°20'41.81 N, 8°42'14.48 E 50 0.632 0.650 5.137 -0.030 0.170 87 (36—x0)
G15 47°20'52.43 N, 8°42'59.48 E 48 0.637 0.619 5.107 0.028 0.181 499 (70—o)
G16 47°20'42.78 N, 8°44'11.29 E 31 0.630 0.660 5.223 -0.047 0.119 543 (72—o)
G17 47°20'36.51 N, 8°44'42.48 E 48 0.633 0.615 5.108 0.030 0.160 72 (36—327)
G18 47°20'25.58 N, 8°45'23.14 E 47 0.627 0.623 5.011 0.006 0414 44 (24-116)
G19 47°20'14.06 N, 8°45'53.44 E 46 0.633 0.638 5.069 -0.007 0.442 451 (52-)
G20 47°19'54.49 N, 8°46'25.35 E 49 0.633 0.659 5.293 -0.040 0.094 137 (46—)
G21 47°21'08.78 N, 8°46'50.51 E 19 0.667 0.678 6.000 -0.018 0.391 152 (27-)
G22 47°19'26.78 N, 8°47'06.52 E 45 0.639 0.625 5.208 0.022 0.228 29 (20-44)
G23 47°18'45.03 N, 8°48'15.89 E 50 0.592 0.585 4.536 0.013 0.317 32 (17-81)
T24 47°36'15.24 N, 8°39'34.38 E 44 0.719 0.686 7.559 0.046 0.041 340 (112—x)
T25 47°35'24.65 N, 8°46'29.27 E 50 0.750 0.738 7.071 0.016 0.271 o0 (467—00)
T26 47°34'53.36 N, 8°48'31.72 E 49 0.730 0.740 7.402 -0.014 0.294 0 (413-0)
T27 47°35'04.79 N, 8°54'48.78 E 49 0.728 0.719 7.062 0.013 0.322 00 (392—00)
T28 47°35'19.78 N, 8°56'42.84 E 45 0.745 0.714 6.869 0.042 0.061 235 (85—o)
T29 47°33'19.05 N, 9°06'15.47 E 26 0.732 0.714 7.132 0.025 0.261 94 (35-m)
R37 47°33'59.08 N, 8°25'43.14 E 49 0.713 0.712 7.165 0.001 0.505 1106 (198—x)
R38 47°34'42.14 N, 8°30'20.53 E 53 0.725 0.714 7.127 0.014 0.277 700 (154~c0)
R39 47°35'49.36 N, 8°35'44.49 E 49 0.669 0.655 7.390 0.021 0.205 416 (142-0)
Bl 46°52'38.94 N, 6°59'40.96 E 50 0.685 0.658 6.390 0.040 0.073 77 (52-135)
B2 46°51'24.14 N, 6°57'26.66 E 47 0.661 0.662 5.955 -0.001 0.478 00 (198—00)
B3 46°50'02.50 N, 6°56'05.61 E 50 0.685 0.655 6.390 0.044 0.050 447 (121-0)
B4 46°48'33.56 N, 6°55'39.13 E 49 0.673 0.696 5.878 -0.033 0.110 147 (77-x)
B5 46°51'23.08 N, 6°59'03.35 E 48 0.680 0.680 6.163 0.000 0.502 03 (66—x0)
B6 46°50'44.43 N, 6°54'58.48 E 49 0.653 0.628 5.965 0.039 0.098 o0 (351—00)
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Microsatellite genotyping

We followed the salting-out protocol of Sunnucks and
Hales (1996) adapted to a 96-deep-well format (Gouskov
et al. 2016) to extract DNA from fin clips. We used 10
microsatellites amplified in 2 multiplex reactions to ge-
notype individuals: LC128, LC27, LC290, LC32, LC93
(Vyskocilova et al. 2007), LceA149, LceCl, LeeCb (Larno
et al. 2005), N7G5, and N7K4 (Mesquita et al. 2003). De-
tailed protocols were published by Gouskov et al. (2016).
We visualized the polymerase chain reaction (PCR) prod-
ucts on an ABI 3730 capillary sequencer (Applied Biosys-
tems, Foster City, California), and we used GeneMapper®
software (version 4.0; Applied Biosystems) to score them.
We used Micro-Checker (van Oosterhout et al. 2004) to
test for the possible occurrence of null alleles. Locus LceCb
showed evidence of null alleles at the 4 most downstream
sites of Thur and Rhine. Therefore, we excluded this locus
from all analyses. For the final data set, we considered only
individuals with missing data at <1 of the remaining 9 loci
(1726 genotypes, 32 with 1 missing locus). The numbers of
individuals fulfilling this criterion at each site are provided
in Table 1.

Descriptive population genetic analyses

We used the software FSTAT (version 2.9.3.2; Goudet
2002) to calculate expected (H,) and observed (H,) hetero-
zygosities and to test for deviations from linkage and
Hardy-Weinberg equilibria. We also used FSTAT to cal-
culate allelic richness (AR) standardized for the smallest
sample size (1) and F-statistics (Weir and Cockerham
1984). The size of the rivers and their permeability to fish
migration are expected to affect the effective population
size N.. We used the point-estimation method based on
linkage disequilibrium (NeEstimator, version 2.0.1; Do
et al. 2014) restricted to alleles with frequencies >0.02 as
recommended by Do et al. (2014) to compare rough
estimates of N, without having temporal samples. We ob-
tained confidence intervals with the jackknife method of
Waples and Do (2008).

We used the Bayesian clustering approach implemented
in TESS (version 2.3.1; Chen et al. 2007) to obtain a general
overview of the genetic structure of European Chub popu-
lations. We used this analysis independently for the sam-
ples from the Broye and for all samples from the Glatt and
the Thur together because these rivers are connected by
the Rhine (3 Rhine samples also were included; Fig. 1C).
TESS offers the possibility to include the network position
of individuals as a spatial prior on cluster membership on
the basis of hidden Markov random fields (HMRF) (Fran-
cois et al. 2006). This approach can account for the fact
that in a dendritic system, individuals are restricted to move
along the waterway to the next population. The spatial re-
lationships among individuals are represented in TESS by
a neighborhood system, which requires geographic coordi-
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nates for each genotype. We obtained these by using the
coordinate creator implemented in the software and sam-
pled randomly from a normal distribution around the ini-
tial coordinate of the population sample with a standard
deviation (SD) of 15 m. The initial neighborhood system
was generated automatically with Voronoi tessellation (Guil-
lot et al. 2009) and had to be modified manually with the
neighborhood modifying option to reflect the actual river
networks. We set the spatial interaction parameter y to the
default value of y = 0.6 for all analyses. We ran the no-
admixture model 20 times for each potential number of
clusters (K,,,,) with K, = 2 to 6 for the Broye and K,,,,, =
2 to 9 for the Thur—Glatt system, with 250,000 sweeps
after a burn-in of 50,000 sweeps for each run. The best-
supported number of clusters was determined by plotting
the mean deviance information criterion (DIC) of the 20
runs against K,,,,, and choosing the value at which the DIC
curve reached a plateau (TESS manual). We processed
TESS outputs with CLUMPP (version 1.1.2; Jakobsson and
Rosenberg 2007) to account for label switching, and we vi-
sualized cluster membership of individuals thereafter with
DiSTRUCT (Rosenberg 2004).

Effects of fragmentation on genetic differentiation

Reduced population connectivity caused by fragmenta-
tion should result in a steeper increase of genetic differen-
tiation with distance along the river (isolation-by-distance
[IBD]). Therefore, for each river, we calculated the matrices
of pairwise Fs7 among sampled subpopulations in FSTAT.
As recommended for populations along linear habitats, we
regressed Fs7/(1 — Fs7) on untransformed riparian distance
(Rousset 1997) and used Mantel tests to assess whether
isolation-by-distance (IBD) was significant for each river.
For the 2 barrier-interrupted rivers (Broye and Glatt) we
also carried out partial Mantel tests to assess whether the
number of barriers between sites had a significant effect on
pairwise differentiation after controlling for riparian dis-
tance. Last, we used an Akaike Information Criterion for
small sample size (AICc)-based model-selection approach
(Burnham and Anderson 1998) to identify the most parsi-
monious models explaining the genetic structure along the
2 fragmented rivers. We constructed linear models con-
taining all additive combinations of the predictors, distance,
and barriers, on linearized Fs7 (i.e., Fs7/[1 — Fg7]), includ-
ing an intercept-only model, and compared their AICc
values. We used the number of sampled populations rather
than the number of pairwise combinations as N in the cal-
culation of AICc to account for the nonindependence of
pairwise data (Koizumi et al. 2006). The Bayesian cluster-
ing in TESS suggested a possible effect of Lake Greifen on
genetic structure, so we included the presence or absence
of the lake between 2 sampling sites as an additional fac-
tor in the set of models predicting pairwise differentiation
along the Glatt system.
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Effects of fragmentation on genetic diversity

Some upstream decline of genetic diversity is a general
trend in dendritic landscapes (Morrissey and de Kerckhove
2009), but severe fragmentation is expected to exacerbate
this decline by cutting oft more upstream populations from
the supply of new alleles by immigration. We quantified ge-
netic diversity as AR in FSTAT and analyzed its upstream
trend in all 3 river systems. For the Thur—Rhine, this anal-
ysis extended from sampling site R38 to T29 (n = 8)
(Fig. 1C), and for the Glatt it extended from site R37 to G23
(n = 24). For the Broye, the analysis included sites G1 to
G6, but because they are spread over 3 arms of the river, we
arbitrarily selected the lowest confluence as the point from
which upstream distances were measured. To compare ge-
netic diversity and its upstream trend among rivers, we ran
a linear model on AR that included river as a factor and
riparian distance upstream as a covariate, and we used the
river-by-distance interaction as a test of whether the up-
stream trend of AR differed among rivers. For the most
densely sampled and most strongly fragmented Glatt sys-
tem, we used AICc-based model selection to identify the
most parsimonious model predicting AR in a set of candi-
date models comprising all additive combinations of the pre-
dictors’ upstream distance, barriers, and lake. In this case,
the factor, lake, expressed whether or not a sample was from
or directly connected to 1 of the 2 lakes in the Glatt sys-
tem; i.e., distinguishing samples G10, G11, and G13 (Lake
Greifen, outflow of Glatt, inflows of Aabach-M and Aabach-
U), and G21 (Lake Pfaffikon) from all other samples.

RESULTS
Microsatellite variation and effective
population size estimates

The 9 microsatellite loci analyzed were highly variable
and comprised 148 alleles, ranging from 3 to 40 alleles/
locus. We found no strong evidence for linkage among
loci. Global linkage disequilibrium (LD) was significant for
2 pairs of loci after Bonferroni correction, but the patterns
across populations were very inconsistent, and the vast ma-
jority of populations showed no evidence of LD at these
locus pairs. Therefore, we considered the loci as unlinked
in all analyses. Deviations of observed from expected hetero-
zygosities were small in all populations (Fs; Table 1), such
that Hardy—Weinberg conditions were largely met. Only 1
comparison was marginally significant at p < 0.05 (hetero-
zygote deficit at site T24), and none were significant after
Bonferroni correction (Table 1).

Estimates of N, were variable but generally high with
very wide confidence intervals (Table 1). For 8 population
samples, N, was estimated as infinite and the upper bound
of the 95% confidence interval (CI) reached infinity in most
cases. Under these circumstances, the lower bound of the
CI may be the most informative parameter estimated, pro-
viding plausible limits of N, (Waples and Do 2010). Exclud-
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ing the Rhine, where only 3 sites were sampled, these lower
bounds differed significantly among rivers (Kruskal-Wallis
test, p = 0.028), following the order Thur (median lower
bound = 252) > Broye (99) > Glatt (58).

Genetic clustering

For European Chub from the Broye, Bayesian cluster-
ing analysis using TESS did not provide any evidence for
distinct genetic clusters. Mean DIC declined from K = 2
toward higher values of K, but at K = 2, most individuals
could not be assigned to one of the clusters with high con-
fidence. This result indicates a lack of detectable substruc-
ture.

In contrast, for European Chub from the Thur and Glatt
river system, Bayesian clustering analysis indicated K = 3
as the most likely number of genetic clusters, and these
clusters had relatively distinct geographic distributions
(Fig. 1C). The 1** cluster (yellow) essentially represented
the fish from the Thur and Rhine, the 2™ cluster (red) com-
prised the fish from the Glatt below Lake Greifen and most
of the fish from the 2 sampling sites in Aabach-M above the
lake, and the 3" cluster (blue) comprised the fish from
Aabach-U above Lake Greifen and the single sample from
Lake Pfiffikon, although that sample appeared to show some
admixture (Fig. 1C). The distinct genetic clusters present
in the Glatt and Aabach-U suggest a role of Lake Greifen
in restricting gene flow.

Effects of fragmentation on genetic differentiation

A significant IBD pattern was observed only in the
strongly fragmented Glatt system (Mantel r = 0.460, 1-tailed
p < 0.001; Fig. 2). The Glatt system comprised 2 genetic
clusters, so we also tested separately for IBD along the Glatt
below Lake Greifen and along Aabach-U. Both showed sig-
nificant IBD (Glatt: » = 0.441, p = 0.006; Aabach-U: r =
0.446, p = 0.026). Along the unfragmented Thur—Rhine
sites, genetic differentiation was lower overall (Fig. 2) and
IBD was nonsignificant (r = 0.115, p = 0.293). In fish from
the spatially less extensive Broye system with low-height
barriers, pairwise differentiation was extremely low. A trend
toward increased differentiation with distance was not sig-
nificant (r = 0.505, p = 0.059).

Further support for an association of genetic differenti-
ation with anthropogenic fragmentation in the Glatt sys-
tem was provided by the fact that we observed an even
stronger correlation of Fg7/(1 — Fsy) with the number of
barriers between sites (r = 0.641, p < 0.001), and the fact
that partial Mantel tests revealed a significant effect of bar-
riers after accounting for distance (r = 0.510, p < 0.001),
but not for distance corrected for barriers (r = 0.101, p <
0.116). In the Broye, no significant correlation between
pairwise differentiation and barriers was observed (r =
0.297, p = 0.192), and this correlation remained nonsignifi-
cant after correction for distance (r = 0.309, p = 0.213).

This content downloaded from 152.088.192.031 on June 16, 2016 01:35:38 AM
All use subject to University of Chicago Press Terms and Conditions (http://www .journals.uchicago.edu/t-and-c).



008 4
- ® Gt
@ Thur
O Broye

-Fsr)

Fq./l(1

Distance (km)

Figure 2. Isolation-by-distance plot depicting the relation-
ship between genetic differentiation of European Chub (Fs7/[1 —
Fs7]) and distance between pairs of sampling sites for the 3 river
systems. Isolation-by-distance was significant only in the Glatt
system, as indicated by the continuous line.

The lack of genetic structure in European Chub from
the Broye was corroborated by AICc-based model selec-
tion, in which the null model fitting an intercept only was
identified as the most parsimonious (Table 2). For the Glatt
system, the model-selection procedure supported the im-
portance of barriers and Lake Greifen in structuring Euro-
pean Chub populations. The most parsimonious model by
far (AICc weight = 0.831; Table 2) was the model contain-
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ing these 2 effects, and the only other model receiving at
least some, but considerably less, support from the data
(AAICc = 3.187) included these 2 effects and distance
(Table 2).

Effects of fragmentation on genetic diversity

Genetic diversity expressed as AR was highest in Euro-
pean Chub from the large and unfragmented Thur—Rhine
system and did not decline significantly upstream (B =
-0.003, R* = 0.132, F; ¢ = 0911, p = 0.377; Fig. 3). In the
Broye, the upstream decline of AR also was not significant
(B = —0.038, R* = 0.316, F, , = 1.848, p = 0.246), but the low
number of samples collected over relatively short distances
precluded any strong inference (Fig. 3). In the strongly
fragmented Glatt system, a significant upstream decline of
AR was observed (p = -0.029, R? = 0503, F15,=22231,p<
0.001). When data from the 3 rivers were analyzed jointly,
there was a significant effect of river (Fy3, = 53.754, p <
0.001) as well as distance (F; 3, = 18.830, p < 0.001), and the
significant river x distance interaction indicated that the
slopes of the upstream decline in AR differed among rivers
(Fa3p = 5.491, p = 0.009). The 3 samples directly connected
to Lake Greifen (outflow of Glatt G10, inflows of Aabach-
M G11 and Aabach-U G13) and the only sample from Lake
Pfiffikon (G21) in the Glatt system lay substantially above
the regression line (Fig. 3), suggestive of an elevated AR in
lakes.

The model-selection approach used to evaluate the dif-
ferent influences on AR in the Glatt system is summarized
in more detail in Table 3. The best-supported model con-

Table 2. Results of the model-selection procedure assessing the relative support for candidate models pre-
dicting the genetic structure (linearized Fs7) in the 2 rivers affected by anthropogenic fragmentation. The
best-supported models are in bold typeface. AICc = Akaike’s Information Criterion for small sample sizes,
predictors: ¢ = constant, dist = riparian distance between 2 sampling sites, barr = number of barriers be-
tween 2 sampling sites, lake = presence or absence of Lake Greifen between 2 sampling sites.

Effects in model Log likelihood AICc AAICc Akaike weight
Broye
c 68.164 -128.328 0.000 0.931
c + dist 70.369 -122.738 5.590 0.057
¢ + barr 68.854 -119.709 8.620 0.013
¢ + dist + barr 71.123 -94.246 34.082 0.000
Glatt system
c 676.478 -1348.384 205.006 0.000
c + dist 709.339 -1411.479 141911 0.000
c + barr 749.576 -1491.953 61.438 0.000
c + lake 743.187 -1479.174 74.216 0.000
¢ + dist + barr 750.998 -1491.891 61.499 0.000
¢ + dist + lake 751.553 -1493.001 60.389 0.000
c + barr + lake 781.748 -1553.390 0.000 0.831
¢ + dist + barr + lake 781.768 -1550.203 3.187 0.169
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Figure 3. Upstream decline of allelic richness (AR) in the
3 river systems. Black symbols represent the Glatt system, gray
symbols the Thur, and open symbols the Broye. The dashed
regression lines represent nonsignificant relationships. The
solid regression line is significant (see text). The black triangle
represents the sample from Lake Pfiffikon, and the black stars
represent the most upstream sample from the Glatt River and
the most downstream samples from Aabach-M and Aabach U,
which are not separated by any barriers from Lake Greifen.

tained the effects of distance and lake (Akaike weight =
0.823), and the only other model receiving any support
contained the same effects and barriers. All other models
containing the effect of barriers received no support. Over-
all, these results indicate elevated AR in lakes and suggest
that for European Chub in the Glatt system, upstream dis-
tance from the most downstream site is a better predictor

A. Gouskov and C. Vorburger

of genetic diversity than the number of barriers along this
distance, but these variables are correlated (r = 0.836).

DISCUSSION

Our analysis of European Chub populations in 3 Swiss
midland rivers with variable levels of anthropogenic frag-
mentation revealed marked differences in genetic structure
and diversity. Most instructive was the comparison be-
tween the adjacent Thur and Glatt, which could be investi-
gated over a similar length and drain into the same river
(Rhine) in close proximity. European Chub from the un-
fragmented Thur possessed higher allelic diversity overall,
showed no significant IBD and only a weak and nonsignifi-
cant upstream decline in AR. Fish from the strongly frag-
mented Glatt were less genetically diverse overall, exhib-
ited significant IBD and a steep upstream decline of AR.
Similar patterns were observed in European Chub from the
fragmented Durance River in France (Dehais et al. 2010).
However, the comparison between the Thur and Glatt was
not entirely fair because the unfragmented Thur is con-
siderably larger than the Glatt (~5% discharge; see Meth-
ods). Assuming similar habitat suitability for the European
Chub, lower population sizes and, thus, a more important
influence of genetic drift in the Glatt also would be ex-
pected in the absence of any differences in fragmentation.
Two lines of evidence indicate that the large numbers of
man-made barriers in the Glatt do indeed contribute to
the observed differences. First, the partial Mantel tests and
the most parsimonious predictive model (Table 2) indicate
that the IBD pattern in the Glatt system largely reflects
‘isolation-by-barriers’. Second, the Broye is very similar in
size to the Glatt but fragmented only by low-height bar-
riers that are traversable by European Chub. There, the
fish show much lower genetic differentiation over similar
distances than in the Glatt (Fig. 2), where barriers are
mostly impermeable to European Chub migration. We are

Table 3. Results of the model-selection procedure assessing the relative support for candidate models predicting ge-
netic diversity (allelic richness = AR) in the Glatt system. The best-supported model is in bold type. AICc = Akaike’s
Information Criterion for small sample sizes; predictors: ¢ = constant, dist = riparian distance from most downstream
site, barr = number of barriers between sampling sites and most downstream site, lake = factor indicating if the sam-
pling site was in a lake or directly connected to a lake (sites G10, G11, G13, and G21) or not (all other sites).

Effects in model Log likelihood AlICc AAICc Akaike weight
(¢ -21.373 47.317 25.576 0.000
¢ + dist -12.992 33.184 11.443 0.003
¢ + barr -15.233 37.666 15.925 0.000
¢ + lake -20.34 47.880 26.139 0.000
¢ + dist + barr -12.86 35.825 14.084 0.001
c + dist + lake -5.818 21.741 0.000 0.823
¢ + barr + lake -12.65 35.405 13.664 0.001
¢ + dist + barr + lake -5.769 24.871 3.130 0.172
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convinced that the fragmentation-associated genetic struc-
ture in the Glatt system comes about by physical obstruc-
tion to dispersal rather than any unsuitable habitat created
by impoundments, because the European Chub is a habitat
generalist that thrives in lentic and lotic conditions. Ac-
cordingly, it is highly abundant along the entire Glatt sys-
tem. A recent study by Roberts et al. (2013) on the endan-
gered Roanoke Logperch (Percina rex) in the eastern USA
also found virtually free gene flow along unimpounded river
distances comparable to those along the Thur and Glatt
in the present study, but strong differentiation across bar-
riers, which were hydroelectric dams unequipped with fish
passes.

N, could not be estimated with high precision, but at
least the lower bounds seem to be higher in the Broye
than in the similar-sized Glatt, consistent with a positive
effect of connectivity on N, (Palstra and Ruzzante 2008).
Thus, low-height drops <~0.5 m, even when very numer-
ous such as those found in the Broye, do not appear to
present important barriers to gene flow for the European
Chub. We acknowledge that the spatial extent of the Broye
system is smaller than that of the Glatt system, and this
difference may have affected the opportunity to detect ge-
netic structure. On the other hand, AR in the Broye is
comparable to that in the similar-sized Glatt below Lake
Greifen (Fig. 3), but the average level of genetic differentia-
tion over the 0 to 25 km range is lower than in the Glatt
and more similar to that in the large and unfragmented
Thur (Fig. 2). This result suggests that population connec-
tivity is little affected by the low-head barriers in the Broye.
However, the same types of barriers may have a much stron-
ger effect on other species, e.g., fishes with small body size
like Sticklebacks (Raeymaekers et al. 2009) or ground-
dwelling species with poor swimming ability like Bullhead
(Cottus gobio) (Junker et al. 2012).

The Bayesian clustering analyses revealed an interesting
role of the 2 lakes for the genetic structure and diversity of
European Chub in the highly fragmented Glatt system.
That European Chub from the Glatt and from Aabach-U
are mostly assigned to 2 distinct genetic clusters (Fig. 1C)
is suggestive of Lake Greifen acting as an obstacle to dis-
persal, even though European Chub clearly thrive in the
lake and in the river habitat. On the other hand, the inflow
of Aabach-M is even further away from the outflow of the
Glatt, and European Chub from Aabach-M are genetically
very similar to those from the Glatt. This result does not
support reduced gene flow across the lake. An alternative
explanation would be that lakes serve as important source
populations that supply large numbers of recruits, which—
at least in a highly fragmented system like the Glatt drain-
age—predominantly pass obstacles in the direction of flow
and, thus, influence the genetic composition at down-
stream locations. This explanation is consistent with the
observation that the distinct genetic composition of Euro-
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pean Chub from Aabach-U is very similar to that of Lake
Pfiffikon, which drains into Aabach-U (Fig. 1C). This lake
is well separated from the rest of the Glatt system by a
barrier that was originally natural and now is further ob-
structed by a hydroelectric power station exploiting the
natural drop in terrain, but movement downstream from
the lake by drifting European Chub larvae is still possible.
Lake Pfiffikon seems to show some admixture from the
genetic cluster associated with the Glatt further down-
stream (Fig. 1C). A feasible reason could be the occasional
movement from Lake Greifen of small European Chub
used as live bait by recreational fisherman. Both lakes can
be fished with the same license.

Both lakes appear to act as reservoirs of genetic diver-
sity because the sample from Lake Pféffikon and the sam-
ples from sites directly connected to Lake Greifen showed
elevated AR compared to river sites. This finding proba-
bly reflects that because of their size, the lakes can sup-
port very large populations of European Chub, although
the N, estimates obtained do not substantiate this claim
(Table 1). However, these estimates come with such wide
ClIs that they cannot be taken as evidence against higher
N, in lakes.

In contrast to genetic differentiation, genetic diversity
(expressed as AR) was not clearly associated with fragmen-
tation by barriers in the Glatt system. That distance up-
stream was a better predictor of AR than the number of
barriers along this distance was largely a result of the situa-
tion in Aabach-U below Lake Pfaffikon. There, many sam-
ples collected over a short distance had very similar AR
(sites G14—G22, the dense cloud of black circles in Fig. 3),
even though they are separated by a large number of bar-
riers along this short distance (Fig. 1C). The comparisons
with the unfragmented Thur, in which the upstream de-
cline in AR was very shallow and nonsignificant, suggest
that fragmentation may at least contribute to the signifi-
cant upstream decline in the Glatt.

Implications for river management

Effects of anthropogenic fragmentation on fish popula-
tion connectivity have been reported in a number of cases
(e.g., Bessert and Orti 2008, Faulks et al. 2011, Junge et al.
2014). That anthropogenic fragmentation has detectable
effects on the genetic structure and diversity of European
Chub populations is significant because in many respects,
the European Chub represents the best-case scenario of a
fish that should be resilient to fragmentation effects. It oc-
curs at high population densities, it is a strong swimmer
able to migrate long distances and to traverse at least low
barriers (Broye), and it is very tolerant of habitat alter-
ations that typically accompany river fragmentation (e.g.,
altered flow regime and substrate). Accordingly, the over-
all population structure is very shallow in this fish. The
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global Fs7value over all sampling sites across Thur, Rhine,
and the Glatt system was only 0.036 + 0.003 (SE). Thus,
improving population connectivity across man-made obsta-
cles in the European Chub would appear to be relatively
straightforward, e.g., by installment of fish bypasses, which
European Chub accept readily (Guthruf 2008). However,
the effects of river fragmentation are species-specific (Blan-
chet et al. 2010), and small ground-dwelling fish like bull-
heads, loaches, or gudgeons could be more strongly af-
fected by the same level of fragmentation. Thus, the goal of
re-establishing free fish migration in the course of river
restorations, explicitly requested in the Swiss legislation by
the revised Water Protection Act (Konitzer et al. 2012) and
in the European Water Framework Directive (EU WFD
2000), must be pursued. However, such restorations also
may ease access to previously uninvaded rivers by invasive
fish or aquatic invertebrates (Rahel 2013), which are a grow-
ing problem worldwide (Strayer 2010). This possibility will
require some difficult choices by river managers and calls
for informed pragmatism in the face of conflicting con-
servation goals in river restoration.
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