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SUMMARY

1. Species-genetic diversity correlations (SGDCs) have been investigated over a large spectra of
organisms, which has greatly improved our understanding of parallel processes potentially driving
both species and genetic diversity. However, there are still few studies comparing SGDCs (and
underlying processes) for multiple species sampled over a single landscape.

2. Here, focusing on freshwater fish sampled across a large river basin (the Garonne-Dordogne river
basin, France), we combined a multi-species approach and causal analyses to (i) assess and compare
both 0-SGDCs and B-SGDCs among species, and (ii) infer processes underlying a-SGDCs and
B-SGDCs. Genetic, intraspecific diversity was assessed for four sympatric fish (Barbatula barbatula,
Gobio occitaniae, Phoxinus phoxinus and Squalius cephalus) using microsatellite markers. Species
diversity was quantified as species richness using electric fishing, and environmental conditions
were thoroughly described for 81 sites.

3. We found significant and moderate positive o-SGDCs for all four fish species, whereas B-SGDCs
were weaker in strength and positively significant for two of the four species. Causal analyses
identified two common variables (geographical isolation and area of available habitats) underlying
the o-SGDC relationships. Although weak, we found that B-SGDC correlations related to a direct
relationship between taxonomic and genomic differentiation, and to the common influence of the
abiotic environment acting as a filter on both species and alleles.

4. Our study shows that similar ecological and evolutionary processes related to environmental
filtering, migration, drift and colonisation history act for explaining both species and genetic
diversity of fish communities.
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1976). However, until recently, empirical studies focus-

Introduction . L. . . - .
ing on co-variation in species and intraspecific genetic

It has long been theoretically acknowledged that parallel
processes (i.e. speciation/mutation, ecological/genetic
drift, dispersal/gene flow, environmental filtering/natu-
ral selection) can shape spatial patterns of species diver-
sity and intraspecific genetic diversity (Antonovics,

diversity were rare, which left unanswered the question
of whether or not parallel processes can actually shape
spatial patterns of species and genetic diversity. To
empirically address this issue, Vellend (2003) introduced
the Species-Genetic Diversity ~Correlation concept
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(8GDC), which quantifies the congruency in the distribu-
tions of species and genetic diversity. Since then, the
empirical assessment of SGDCs has flourished (reviewed
in Vellend et al., 2014). These studies are of critical inter-
est as they (i) test the theoretical statement that similar
processes drive patterns of biodiversity at different
levels, and (ii) indirectly test for the practical possibility
of using one level of diversity as a surrogate for the
other for setting conservation plans (He ef al., 2008). The
general expectation is that species and genetic diversity
should co-vary positively, hence producing positive
SGDCs (Vellend, 2005). Although many SGDC studies
confirm this expectation (Vellend ef al., 2014), there are
still strong discrepancies in the strength and interpreta-
tion of SGDCs. Vellend ef al. (2014) emphasise that
understanding the bases of these variations should now
be a research priority.

SGDC implies a correlative approach, which makes
difficult explaining why SGDCs are positive, negative or
null, given that ‘correlation does not imply causation’.
Several factors can lead to negative or null SGDCs
between species and genetic diversity patterns, including
opposing evolutionary forces (Derry et al., 2009), factors
acting at different temporal or spatial scales (Taberlet
et al., 2012), or different responses to static or changing
environmental conditions (Puscas, Taberlet & Choler,
2008). Moreover, under the niche variation hypothesis
(Van Valen, 1965), an increase in species diversity within
a community may reduce the genetic diversity of some
species through increased interspecific competition or
reduction of the average intraspecific niche breadth (Xu
et al., 2016). Contrastingly, three non-exclusive hypothe-
ses have been proposed to explain positive SGDCs (Vel-
lend & Geber, 2005). First, species and genetic diversity
responding similarly to environmental drivers could
show a positive SGDC, such as geographical isolation
acting on dispersal and gene flow or habitat area influ-
encing ecological and genetic drift. Second, genetic
diversity of one species may directly increase surround-
ing community species diversity (Vellend & Geber,
2005), by promoting community-level stability and
reducing extinction risk (Saccheri et al., 1998; Frankham,
2015). Third, genetic diversity might increase due to spe-
cies diversity if increased species diversity generates
diversifying selection on non-neutral genetic diversity
(Vellend & Geber, 2005). Deciphering the relative (or
combined) role of each three hypotheses from empirical
data is still extremely challenging (Vellend et al., 2014).

All hypotheses described above have been develo-
ped by considering correlations between the o compo-
nent of diversity (Loreau, 2000), i.e. between indices of
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within-sites diversity such as species richness and allelic
richness (a-SGDC). However, recent studies also indicate
that quantifying between-site diversity (i.e. p-diversity)
is important in assessing SGDCs (e.g. Odat, Jetschke &
Hellwig, 2004; Sei, Lang & Berg, 2009; Struebig et al.,
2011; Blum et al., 2012). p-diversity measures differences
among communities or populations across spatial or
temporal scales, thus providing a complementary
description of diversity and a more complete under-
standing of the ecological and evolutionary processes
shaping it (Sei et al., 2009; Sexton, Hangartner &
Hoffmann, 2014).

Vellend (2005) theoretically demonstrated that SGDCs
are strongly affected by the abundance of the species
from which intraspecific genetic diversity is measured
(hereafter, the ‘target species’), with rarer species pro-
ducing weaker SGDCs and vice versa. In the same vein,
Laroche et al. (2015) demonstrated that the mutation-
to-gene flow ratio of the target species also strongly
affects SGDCs. More specifically, positive SGDCs were
theoretically obtained when mutation rate was weak rel-
ative to gene flow, whereas SGDCs can be both positive
and negative when mutation rate is not negligible
(Laroche et al., 2015). Although theoretical works suggest
that the strength and sign of SGDCs may vary depend-
ing on the target species, most studies assess SGDCs by
quantifying genetic diversity from a single species (e.g.
Puscas et al., 2008; Evanno et al., 2009; Blum et al., 2012).
However, the peculiarities of each species can provide
useful information on the evolutionary and ecological
processes shaping diversity, given that life-history traits
of species are partaking in shaping spatial patterns of
genetic diversity and differentiation (e.g. Duminil et al.,
2007; Kelly & Palumbi, 2010; Mazé-Guilmo ef al., 2016).
Studies focusing on comparisons of SGDCs between sev-
eral species remain scarce (but see Struebig et al., 2011;
Taberlet ef al.,, 2012; Lamy et al., 2013; Mdurria et al.,
2015), although they generally provide key information
on the processes underlying SGDCs.

Understanding the processes underlying SGDCs might
be particularly tricky in spatially structured ecosystems
(Blum et al., 2012; Altermatt, 2013). This is the case for
dendritic river networks (DRNs) in which the dispersal
of individuals is highly constrained by the network spa-
tial arrangement (Campbell Grant, Lowe & Fagan, 2007;
Paz-Vinas & Blanchet, 2015). This is especially true for
highly water-dependent organisms such as freshwater
fish (Paz-Vinas et al., 2015). Moreover, DRNs are highly
heterogeneous landscapes, environmentally structured
along upstream-downstream gradients (Vannote et al.,
1980). Critical environmental components, such as river
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width and oxygen concentration, vary along stream
gradients and are expected to impact the dynamics of
species adaptation and selection, thereby having signifi-
cant impact on SGDCs. These characteristics make the
analysis of SGDCs in DRNs challenging, but also highly
exciting.

Here, we measured freshwater fish species diversity
and intraspecific genetic diversity for four freshwater
fish species across the entirety of a river drainage to test
(i) if, as expected, the strength and sign of SGDCs vary
among the four target species, and (ii) if processes
underlying SGDCs are similar among the four target
species in a complex DRN. We focused on a set of four
contrasting species (Barbatula barbatula, Gobio occitaniae,
Phoxinus phoxinus and Squalius cephalus) varying in key
biological traits, including rarity and dispersal ability.
We predict that SGDCs should be weaker in the less
abundant and more vagile species (S. cephalus), whereas
SGDCs should be stronger for the more abundant and
less vagile species (G. occitaniae) (see Fig. 1 for specific
predictions). Regarding processes underlying SGDCs,

SGDC values
- & .
J g High
Gobio occitaniae
Low/
negative

Phoxinus phoxinus

Abundance (inverse rarity)

Barbatula barbatula

Squalius cephalus

Dispersal ability/gene flow

Fig. 1 Theoretical biplot showing how the strength of Species-
genetic diversity correlations (SGDCs) is expected to vary accord-
ing to the rarity (y-axis) and the gene flow (x-axis) of the target spe-
cies (i.e. the one used to quantify genetic diversity) and following
theoretical works by Vellend (2005) and Laroche et al. (2015). We
placed on the biplot a picture of each species, which corresponds
(based on scientific and our own field knowledge) to their respec-
tive level of rarity and dispersal ability (see the main text for
details). This allows us to predict that the strength of SGDCs
should be different among these four species, and should follow
this ranking (from high to low SGDCs): SGDCscpio occita-

niae = SGDCSPhoxinus phoxinus > SGDCSBquatuIﬂ barbatula = SGDCSSqualius

cephalus-

we expect processes related to the colonisation history of
species and populations to have strong and common
influences on both genetic and species diversity (Blan-
chet et al., 2014; Paz-Vinas et al., 2015), and hence on
SGDCs. On the contrary, local abiotic parameters such
as the level of oxygen concentration or water tempera-
ture may have stronger effects on species richness than
on genetic diversity, since these parameters have been
shown to strongly drive the spatial distribution of fresh-
water species (Buisson, Blanc & Grenouillet, 2008; Blan-
chet et al,, 2014). To test these predictions, we first
assessed and compared a-SGDCs and B-SGDCs among
the four species at 81 sites covering an entire river drai-
nage. Then, to disentangle the hypotheses proposed by
Vellend & Geber (2005), we compiled a detailed environ-
mental and geographical database describing each sam-
pling site, and we applied path analyses (Tenenhaus
et al., 2005) for all four target species on both a-SGDCs
and B-SGDCs. Path analysis is to our knowledge the
most appropriate statistical tool to unravel complex rela-
tionships within a set of variables derived from empiri-
cal data (Wright, 1921). In a companion article, Seymour
et al. (2016) provides complementary findings of patterns
and processes of SGDC in DRNs, but focusing on a taxo-
nomic group (invertebrates) whose dispersal is not
restricted to water corridors.

Methods
Study area

We focused on the Garonne-Dordogne river drainage
(South-Western  France) that
79 800 km?. We selected 81 sampling sites evenly scat-
tered across the whole river basin according to the fol-
lowing criteria: (i) sites should be accessible for electric
fishing, (ii) they should host as much of the four target
species used for genetic analyses as possible, (iii) taxo-
nomic data should be available and (iv) sites should
cover most of the area of the river basin, and hence most

covers an area of

of the environmental variability existing along the
upstream-downstream river gradient (see Fig. 2a and
Table S1 in Supporting Information).

Species diversity

We collected data on the occurrence of freshwater fish
species for all 81 sampling sites using a database pro-
vided by the ‘Office National de I'Eau et des Milieux
Aquatiques’ (ONEMA; French freshwater agency). The
ONEMA yearly monitors fish assemblages in more than
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Fig. 2 Maps representing the spatial distribution of interpolated species richness (a) and allelic richness of Barbatula barbatula (b), Gobio occi-
taniae (c), Phoxinus phoxinus (d) and Squalius cephalus (e). Red colour represents high richness and blue colour represents low richness. Each
grey dot is a sampling site in which the data (species or allelic richness) were available. Interpolated values of B-diversity indices (i.e. true
diversity and Jost’s D) could not be computed because B-diversity indices take the form of pairwise matrices.
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1500 sampling sites in the Garonne-Dordogne river
catchment (Poulet, Beaulaton & Dembski, 2011), feeding
a database gathering presence/absence data for all fish
species found in the river basin. These data were col-
lected during electric-fishing campaigns from 1975 to
2011. To describe the taxonomic diversity of each sam-
pling site, we considered data from every yearly sample
by site to make the species list as exhaustive as possible.
This led to a regional pool of 51 species (see Table S2 for
details). It is noteworthy that this species list included
both native and non-native species (17 non-native spe-
cies). We ran additional analyses without the non-native
species, which led to very similar results (see Table S3
for results without the non-native species).

Species a-diversity was quantified as the species rich-
ness (i.e. number of species per site), and B-diversity
was quantified as the pairwise community dissimilarity
using the Jost’s index of ‘true diversity’ (Jost, 2006), so
as to make it directly comparable to genetic B-diversity
(see below). This metric measures the community varia-
tion among pairs of sites and ranges from 1 (identical
communities) to 2 (completely distinct communities)
(Jost, 2006). The values were computed using the R
package ‘simba’ (Jurasinski & Retzer, 2012).

Genetic diversity

Intraspecific genetic diversity was estimated from four
cypriniform fish: Gobio occitaniae, Phoxinus phoxinus and
Squalius cephalus (Cyprinidae) and Barbatula barbatula
(Nemacheilidae). We chose species that are of limited
interest for anglers, so as to limit the possibility for past
stocking events and uninformed translocations between
river drainages. We performed preliminary ‘outlier pop-
ulation” analyses in our genetic datasets through Facto-
rial Correspondence Analysis using the GENETIX
software (Belkhir et al., 1996) and ensured the absence of
recent stocking events by asking local angling associa-
tions, hence further reducing this risk. Although all
these species are mainly insectivorous, they strongly dif-
fer in their foraging mode, with S. cephalus and P. phoxi-
nus feeding in the water column, whereas B. barbatula
and G. occitaniae feed preferentially on the bottom.
Moreover, these species vary in their level of habitat
specialisation, with G. occitaniae being the most general-
ist (i.e. it is found almost everywhere in the river basin
and in many habitat types) and abundant species,
whereas B. barbatula is a specialist species living in very
specific habitats (mainly riffles in the midstream sections
of rivers) at relatively low abundance. S. cephalus and
P. phoxinus are intermediate species; the former is

primarily found in downstream sections at relatively
low densities, whereas the latter is found in upstream
sections at relatively high densities (Keith et al., 2011).
Additionally, all four fish species strikingly vary in their
mean body length, which is often related to dispersal
ability in fish (Radinger & Wolter, 2014): the largest is
S. cephalus  (300-500 mm) followed by G. occitaniae
(120-150 mm), B. barbatula (100-120 mm) and P. phoxi-
nus (80-90 mm) (Keith et al., 2011). Due to its body
shape, B. barbatula is considered a poor swimmer, and
thus disperser, whereas S. cephalus is expected to have
the higher dispersal ability because of its large stream-
line body length. Gobio occitaniae and P. phoxinus have
intermediate dispersal ability. Variability observed for
dispersal ability and rarity in these four species covered
a non-negligible (although not complete) part of the trait
space of the 51 species found in the basin. We sum-
marised in Fig. 1 the rarity (based on abundance and
level of habitat specialisation) and dispersal ability of
each species, which led to theoretical predictions regard-
ing the strength of SGDCs expected for each species.
Specimens were sampled once across each of the 81
sites using electric fishing between the summer of 2010
and 2011. Average site area was 500-1000 m” to ensure
the sampling included the full range of local habitat
heterogeneity. We sought to capture up to 25 individu-
als per species per site, although (i) not all species were
found in all sites and (ii) not all sites provided 25 indi-
viduals due to low-site abundances. Sites in which less
than 10 individuals were successfully genotyped were
removed from the database, leading to 42 sites for
B. barbatula, 74 sites for G. occitaniae, 54 sites for P. phoxi-
nus and 60 sites for S. cephalus (Fig. 2), with a total of
5405 individual genotypes (see Table 1 for details). For
each individual, a small piece of pelvic fin was collected
and preserved in 70% ethanol. DNA was extracted using
a salt extraction protocol (Aljanabi & Martinez, 1997)
and individuals were genotyped for eight to ten
microsatellite loci [B. barbatula (n =9); G. occitaniae
(n =8); P. phoxinus (n=10); S. cephalus (n =10)]. We
used 5-20 ng of genomic DNA and QIAGEN® Multiplex
PCR Kits (Qiagen, Valencia) to perform PCR amplifica-
tions. We provide more details on loci, primer concen-
trations, PCR conditions and multiplex recipes in
Table S4. The genotyping was conducted on an ABI
PRISM™ 3730 Automated Capillary Sequencer (Applied
Biosystems, Foster City), and the scoring of allele
sizes was done using GENEMAPPER® v.4.0 (Applied

Biosystems).
We determined the occurrence of null alleles and
potential ~ scoring  errors  with the  program

© 2016 John Wiley & Sons Ltd, Freshwater Biology, 61, 18301845



Species-genetic diversity correlation in fishes 1835

Table 1 (a) Number of sites sampled, total number of species over all sites and mean and range of species richness and true diversity; (b)
number of sites and individuals sampled for all four species and mean and range of allelic richness and Jost’s D.

(a) Species diversity Number of sites

Total number of species

Species richness True diversity

Freshwater fish 81 51

15.100 [4; 31] 1.302 [1; 2]

(b) Genetic diversity Number of sites

Number of individuals

Allelic richness Jost’'s D

Barbatula barbatula 42 911
Gobio occitaniae 74 1770
Phoxinus phoxinus 54 1324
Squalius cephalus 60 1400

4.427 [2.639; 5.595]
5.288 [4.047; 6.240]
5.830 [4.258; 6.631]
3.821 [2.477; 5.638]

0.383 [—0.010; 0.880]
0.200 [-0.031; 0.627]
0.267 [-0.016; 0.781]
0.164 [—0.023; 0.526]

MICROCHECKER 2.3 (Van Oosterhout et al., 2004). We
tested for departures from Hardy-Weinberg (HW) equi-
librium among loci within sites using the R package
‘adegenet’ v1.4-2 (Jombart, 2008). The program GENE-
POP v4.0 (Rousset, 2008) was used to assess linkage dis-
equilibrium (LD) among loci within sites.

Genetic a-diversity was measured as mean allelic rich-
ness using ADZE v1.0 (Szpiech, Jakobsson & Rosenberg,
2008). Beta-diversity was quantified as the pairwise
genetic differentiation (between sites) using Jost’s D (Jost,
2008) using the R package ‘mmod’ (Winter, 2012). Jost’s
D values range from 0 (or a slightly negative value) when
there is all alleles present in both populations (no differ-
entiation) to 1 when there is no alleles in common
between populations (strong differentiation). Compared
to classical Fsr or Ggr estimates, Jost's D is preferred as it
is independent from the number of alleles sampled in the
population, which allows for a better comparison of inter-
specific genetic differentiation (Jost, 2008).

Finally, spatial distributions of species and genetic
a-diversity across the Garonne-Dordogne were described
using krigged maps of species and allelic richness using
the R package ‘fields” (Nychka, Furrer & Sain, 2015).

Environmental and geographical data

Environmental variables were collected for each sam-
pling site, including elevation and river width obtained
from the French Theoretical Hydrological Network
(‘Réseau Hydrologique Théorique frangais’, RHT; Pella
et al., 2012), along with water temperature (°C), oxygen
concentration (mg L™") and saturation (%), suspended
matter (mg L"), pH and conductivity (mS cm ')
obtained from the database of the Water Information
System of the Adour Garonne basin (SIEAG, ‘Systeme
d’Information sur 1’'Eau du Bassin Adour Garonne’;
http:/ /adour-garonne.eaufrance.fr). We selected envi-
ronmental variables that were related to key life-history
traits of fish species or integrative of many ecosystemic

© 2016 John Wiley & Sons Ltd, Freshwater Biology, 61, 18301845

processes. The SIEAG database gathers chemical charac-
teristics of surface water measured several times a year
at numerous sites in the river catchment. Only sites
where data were available for March, May, July, Septem-
ber and November of 2011 were selected from the
SIEAG database. The mean of these five values was cal-
culated to inform the chemical quality of the sites. When
sampling location did not overlap perfectly with SIEAG
data, the nearest SIEAG site, along the same river and
within a 5 km radius, was used. Three sampling sites
did not have proximal SIEAG sites to gather reliable
information and were hence removed from subsequent
analyses. The betweenness centrality value of the first
node (i.e. river confluence) upstream of each site was
estimated using NetworkX (Hagberg, Schult & Swart,
2008). Betweenness centrality is an index of river con-
nectivity that quantifies the positional importance of a
node within a network (Freeman, 1977; Estrada & Bodin,
2008). Topological distance from the outlet (i.e. distance
along the river network between a site and the basin
outlet) and topological distance between each pair of
sites (i.e. distance along the river network between two
sites) were computed using QuantumGIS software
(QGIS; Quantum GIS Development Team 2015).

Statistical analysis

To quantify and compare the relationships between species
o-SGDCs), we
computed Spearman’s rank correlations for each species

and genetic a-diversity indices (i.e.

independently. To quantify and compare the relationships
between species and genetic B-diversity indices (i.e.
B-SGDCs), and because these data are pairwise matrices,
we used Mantel tests with 10 000 permutations.

Partial least squares path modelling (PLS-PM; Tenen-
haus et al., 2005) was used to unravel the relationships
between environmental and geographical variables and
a-diversity indices. This method allows simultaneously
testing the significance, sign and strength of multiple
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paths (i.e. relationships, see Tenenhaus et al., 2005)
defined within a dataset. For each path, a coefficient is
computed to provide the strength and sign of the rela-
tionship, as well as a confidence interval using a boot-
strap method. We designed a model containing the
paths needed to test the hypotheses formulated by Vel-
lend & Geber (2005). As stated above, the first hypothe-
sis stipulates that genetic and species diversity are
correlated because of similar effects of environment fea-
tures. To test this hypothesis, environmental variables
were grouped into five latent variables (i.e. variables
representing concepts that cannot be measured but are
built from several measured variables, see Tenenhaus
et al., 2005). Each latent variable corresponded to local
characteristics that might influence both levels of
a-diversity: Isolation (altitude and distance from the
outlet), Connectivity (betweenness), Area (river width),
Oxygen (oxygen concentration and saturation) and
Water composition (suspended matter, pH, water tem-
perature and conductivity) (see Table 2 for general
expectations and processes linking these variables to
genetic and species diversity). We constructed a model
in which these five environmental variables were
directly linked to both levels of a-diversity (see Fig. 5
for an illustration). As some of these variables are
expected to covary spatially, we included paths between
them when needed (see Table S5 for the values of corre-
lation between environmental latent variables). The sec-
ond and third hypotheses stipulate that one level of
diversity influences the other. We tested these two
hypotheses by adding a path between allelic richness
and species richness. Because of PL5-PM methodological

limitations, we could not determine the direction of the
path (ie. from allelic richness to species richness,
hypothesis 2; or from species richness to allelic richness,
hypothesis 3), it was thus impossible to statistically deci-
pher between these two hypotheses and they were hence
grouped into a single hypothesis linking genetic and
species diversity, irrespectively of the direction of the
link. We used the allelic richness of the four species as a
response variable in four independent models.

We conducted a similar analysis on species and genetic
B-diversity data. The design of the models was the same,
but species and allelic richness were replaced by Jost's D
and true diversity, respectively. Environmental data were
converted into pairwise environmental differences
between sites, with the exception of the difference in alti-
tude which was computed as the cumulative difference
in altitude between sites along the river network (e.g. the
total vertical drop to cover from one site to another). The
definitions of the latent variables were unchanged with
the exception of Isolation, which was defined as the
cumulative difference in altitude and the topological dis-
tance between sites. The values of correlation between the
environmental latent variables are given in Table S5. As
the PLS-PM approach does not account for the non-
independence of pairwise data, we implemented a
specific bootstrap procedure, which corrects for the non-
independence of pairwise data, as executed in traditional
Mantel tests (Legendre & Fortin, 2010). Jost's D of the
four species was implemented in four independent mod-
els to detect similarity and contrast between species.
These analyses were conducted using the R package
‘plspm’ (Sanchez, Trinchera & Russolillo, 2015).

Table 2 General predictions (and underlying processes) regarding the relationships between each latent variable and genetic and species
diversity, respectively. These predictions arise from general and local knowledge on the influence of each variable on genetic (Paz-Vinas
et al., 2015) and species (Buisson ef al., 2008; Blanchet et al., 2014) diversity.

Latent variables Expected influence on genetic diversity

Expected influence on species diversity

Isolation Isolated populations should have been colonised
later and should harbour lower genetic diversity

Connectivity Connectivity should increase gene flow and
hence genetic diversity (while reducing genetic
differentiation)

Area Larger areas could translate into higher effective
population size and hence genetic diversity

Oxygen Oxygen is a strong limiting factors for many fish

species, low oxygen concentrations could

Isolated communities should have been colonised
later and should be taxonomically depauperated

Connectivity should increase dispersal among
communities, which should lead to richer
communities with less differentiation

Due to the species-area relationship, higher
species diversity is expected in sites with larger
areas

Oxygen is strongly driving the spatial
distribution of fish species

translate into low effective population sizes and

hence low levels of genetic diversity
Water composition

Phoxinus phoxinus

Pollution can have strong effects on the effective
population size (and hence genetic diversity),
most notably in poorly tolerant species such as

Pollution can have strong effects on the
persistence of some species, polluted sites have
generally lower species richness

© 2016 John Wiley & Sons Ltd, Freshwater Biology, 61, 18301845



Using the values of path coefficients computed from
each of these models, we investigated how the magni-
tudes of the mechanisms driving a-SGDCs and B-SGDCs
(i.e. the effect sizes, ES; Nakagawa & Cuthill, 2007) dif-
fered between species. We then used a meta-analytic
approach to test which of the mechanisms stood out as
common for all species. Path coefficients values were
treated as correlation coefficients from which we com-
puted the Fisher’'s Z effect size (and its associated vari-
ance) for each coefficient and each species (see
Rosenberg, Adams & Gurevitch, 2000; Nakagawa & Cut-
hill, 2007 for formulas). For each path of the models
shown in Figs 5 and 6 and for each SGDC type indepen-
dently (a-SGDC and B-SGDC), we then computed the
cumulative effect size (E) and the 95% confidence inter-
val for all pooled species. This procedure allows
accounting for the differences in sampling sizes between
species when estimating a mean effect size (see Rosen-
berg et al., 2000), and to test if a path was significant
over all species. Finally, we evaluated if the set of effect
sizes used to calculate E for each path was homoge-
neous among species or not. The total heterogeneity of a
sample (Qp was calculated (Rosenberg et al., 2000), and
its significance was tested using chi-square statistics.

Results
Genetic diversity

We found significant deviations from HW, after Bonfer-
roni corrections, for a few locus/population pairs for
each species. However, these departures were not con-
sistently clustered among loci or populations for any
species (Table S6). We also detected significant LD
between a few pairs of loci after Bonferroni corrections
for some populations for each species, but no clear pat-
terns appeared for any species across populations
(Table S6). We did not find evidence for scoring errors
due to stuttering or large allele dropouts in our datasets.
Given the small extent and random nature of these devi-
ations (HW and LD), and given the size of the data-
bases, we retained all loci for the subsequent analyses.

Species-genetic diversity correlations

Mean allelic richness ranged from 3.82 £ 0.77 SD
(S. cephalus) to 5.83 £ 0.48 SD (P. phoxinus). The spatial
distribution of allelic richness strikingly varied among
species (Fig. 2). For instance, in G. occitaniae, allelic rich-
ness was higher downstream, whereas in S. cephalus, the
highest values of allelic richness were found on main
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river stretches, near confluence zones. No clear pattern
was detected for B. barbatula and P. phoxinus (Fig. 2).
The mean pairwise Jost’s D ranged from 0.16 + 0.09 SD
(S. cephalus) to 0.38 £ 0.17 SD (B. barbatula). Additional
genetic a-diversity and B-diversity indices for each spe-
cies are provided in Table 1. Mean species richness was
12.77 + 491 SD species and mean true diversity was
1.28 £+ 0.12 SD (Table 1).

We found significant and positive a-SGDCs for each
species (Fig. 3). However, correlation coefficients were
relatively weak, and contrary to our expectations
(Fig. 1), similar among species, ranging from 0.29 to 0.38
(Fig. 3). Similar trends were detected for B-diversity
since correlation coefficients between true diversity and
Jost's D (B-SGDCs) were weak and of similar stren-
gth for all species, although significant and positive
B-SGDCs were observed for B. barbatula and G. occitaniae
but not for P. phoxinus and S. cephalus (Fig. 4).

Meta-analytic approach on partial least squares path
modelling

For all species, two variables significantly affected spe-
cies and genetic a-diversity. First, the isolation of a site
(i.e. altitude and distance from the outlet) was nega-
tively related to both levels of o-diversity (Fig. 5;
Table 3). The magnitudes of isolation effects on species
a-diversity and genetic o-diversity were significantly dif-
ferent from zero (Table 3). The effect of isolation on
genetic o-diversity was significantly heterogeneous
among species (Q; = 19.86, d.f. =3, P =0.001), mainly
because the effect of isolation on genetic a-diversity was
stronger in G. occitaniae (ES = —0.91) than in any other
species (ESs < —0.29, see Table S7 for details). Second,
the cumulative effect of available area on species
o-diversity and genetic a-diversity species was signifi-
cantly positive for all species (Table 3) and homoge-
neous among species (Q; =293, d.f. =3, P =040 and
Qi=6.67, df.=3, P=0.08, respectively). We found
neither evidence for additional environmental effects on
a-diversity, nor significant relationships between species
richness and allelic richness (Table 3, Fig. 5).
Considering p-diversity, we found significant effect
sizes between Jost’s D and true diversity for all species
(Table 3). However, we were not able to determine the
direction of the arrow (i.e. from Jost’s D to true diversity
or from true diversity to Jost's D) because of PLS-PM
methodological limitations. This effect was heteroge-
neous among species (Q; = 10.25, d.f. = 3, P = 0.02), with
higher values for B. barbatula and G. occitaniae
(ESs = 0.11 and 0.12, respectively) than for P. phoxinus
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Fig. 3 Allelic richness (genetic a-diversity) of Barbatula barbatula (a), Gobio occitaniae (b), Phoxinus phoxinus (c) and Squalius cephalus (d) plot-
ted against species richness (species o-diversity) with Spearman’s rho and associated P-values. Colour figure can be viewed at

wileyonlinelibrary.com.

and S. cephalus (ESs = 0.02 and 0.05, respectively). Fur-
ther, the difference in water composition between sites
was significantly and positively related to both levels of
B-diversity for all species (Table 3, Fig. 6). The isolation
and area of sites were drivers of genetic PB-diversity
(Table 3), although their effects were heterogeneous
among species (both P < 0.001). Finally, difference in
water oxygenation had a negative effect on species B-
diversity (Table 3); however, this effect was heteroge-
neous among species (Q; = 15.15, d.f. = 3, P = 0.002).

Discussion
0-SGDCs in riverine fish species

Contrary to our theoretical expectations (Fig. 1), a-SGDCs
were significantly positive and similar in statistical
strength for all four target species. Most previous

empirical studies involving multi-species approaches
have highlighted the importance of high inter-specific
variability in sign and strength of o-SGDCs among spe-
cies (Struebig et al., 2011; Taberlet ef al., 2012 but see
Lamy et al., 2013). Additionally, high inter-specific vari-
ability in o-SGDCs has recently been theoretically
explained (Laroche et al., 2015). However, our results
are consistent with previous findings showing that simi-
lar positive a-SGDCs are detected when species and
genetic o-diversity are extracted from ecologically simi-
lar taxonomic groups (He & Lamont, 2010; Seymour
et al., 2016). For instance, in a companion paper involv-
ing invertebrates across a large river basin, Seymour
et al. (2016) found that o-SGDC was stronger when
intraspecific genetic o-diversity of Gammarus sp. was
compared to species a-diversity of Amphipoda than to
other invertebrate taxa, such as Ephemeroptera, Ple-
coptera or Trichoptera. This suggests that the four

© 2016 John Wiley & Sons Ltd, Freshwater Biology, 61, 18301845
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target species we used to estimate genetic a-diversity
may not be different enough to generate o-SGDCs of
different strength or sign. This is rather surprising
given that these species occupy very different ecological
niches and strongly vary in abundance and for many
biological traits (Keith ef al., 2011), with some of these
traits having previously been shown to affect the
strength and sign of SGDCs (Vellend, 2005; Laroche
et al., 2015). Nonetheless, the use of path analysis in
our study, combined with a meta-analytic approach,
demonstrated that such similar o-SGDCs arose from
common mechanisms involving geographical isolation
and the area of the sampled habitat.

We demonstrated that hypotheses linking species and
genetic richness through a causal relationship were dis-
carded for all species. On the contrary, we found that
similar effects of environmental variables on both levels

© 2016 John Wiley & Sons Ltd, Freshwater Biology, 61, 1830-1845

of a-diversity (hypothesis 1 of Vellend & Geber, 2005)
were the main drivers of positive a-SGDCs. First, the
geographical isolation of sites negatively impacted both
levels of o-diversity, such that species and allelic rich-
ness tended to be lower in high altitude sites, located far
away from the outlet. These negative effects of isolation
on o-diversity are consistent with previous findings
(Buisson et al., 2008; Paz-Vinas et al., 2015), and may be
explained with two non-mutually exclusive mechanisms.
First, sites at low altitude and geographically close to
river outlets are expected to experience greater immigra-
tion (i.e. sink populations; Gotelli & Taylor, 1999;
Cadotte, 2006; Paz-Vinas et al., 2015), which might pro-
vide both new species and novel alleles to these sites,
thus counteracting the effect of drift and increasing
a-diversity (Vellend & Geber, 2005). Second, high alti-
tude and increased distance from river outlets can reflect
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Fig. 5 Graphical representation of the meta-analysis results
obtained from partial least square path modelling on o-diversity
indices over all species. Hatched arrows correspond to significant
negative mean effect sizes and plain arrows correspond to signifi-
cant positive mean effect sizes; their size is proportional to the
absolute value of their mean effect sizes. Thin dotted arrows repre-
sent non-significant mean effect sizes. Variable names enclosed in
squares depict observed variables while variable names enclosed in
circles depict latent variables. For the sake of clarity, the paths link-
ing environmental variables are not shown.

colonisation gradients, resulting from historical glacial
refugia (Costedoat & Gilles, 2009; Blanchet et al., 2014;
Paz-Vinas et al., 2015), which likely contributes to spe-
cies and genetic a-diversity gradients. For instance, Paz-
Vinas et al. (2015) demonstrated that the downstream
increase in genetic o-diversity generally observed in riv-
ers was mainly due to past colonisation pathways from
downstream to upstream in many freshwater organisms.
Additionally, we found that site area (i.e. the river
width) positively impacted both levels of a-diversity.
Sites of higher river width are expected to sustain high
fish density, thus increasing (i) the effective population
size of a species, which is known to correlate positively
with genetic o-diversity (Frankham, 1996; Raeymaekers
et al., 2008) and (ii) the number of species that can coha-
bit a site (Jackson, Peres-Neto & Olden, 2001). Further-
more, large stretches of rivers are expected to display
greater environmental heterogeneity, which might
increase species and genetic a-diversity through diversi-
fying selection (Vellend & Geber, 2005).

p-SGDCs in riverine fish species

B-SGDCs were weaker in strength than o-SGDCs,
although positive and within the same order of magni-
tude among species. This result was unexpected since
most SGDCs studies investigating both o- and p-diver-
sity found, in average, stronger B-SGDCs than o-SGDCs
(see, for example, Odat et al., 2004; Sei et al., 2009).

We provided strong evidence that mechanisms driving
B-SGDCs differ to some extent from those driving o-
SGDCs. We found evidence that hypotheses linking
genetic differentiation to species differentiation could not
be discarded. Although we were not able to tease apart
the direction (genetic to taxonomy or taxonomy to
genetic) of the relationship between species and genetic -
diversity, two non-exclusive mechanisms can be consid-
ered. Species B-diversity may influence genetic B-diversity
if taxonomically distinct communities generate differen-
tial selective pressures acting on local populations, hence
favouring different genotypes (Vellend & Geber, 2005).
Given that we focused on neutral genetic markers, therein
observing evidence of neutral population divergence, this
first explanation is unlikely to explain our results. It is
now well acknowledged that genetically differentiated
populations, even at small spatial scales, can influence dif-
ferential structure among communities and ecosystems
(e.g. Harmon et al., 2009; Bassar et al., 2010). Therefore, a
second explanation is that genetic drift led to morphologi-
cal, physiological or behavioural divergences among pop-
ulations, thereby influencing the structure of the local
ecosystems and communities. Either way, our work sug-
gests that population and community differentiation are
interrelated. An important next step will be to further
unravel the exact mechanisms underlying the relation-
ships between different levels of diversity.

We further showed that hypothesis 1 from Vellend &
Geber (2005) was also likely to explain observed patterns,
since differences in water composition had a positive
influence on both genetic and species p-diversity. This res-
ult might reflect a mechanism of isolation-by-environment
(Sexton et al., 2014; Wang & Bradburd, 2014), by which
gene flow between environmentally different sites is lim-
ited by the maladaptation of immigrants. Although this
mechanism strongly relies on the effects of local selective
pressures, it can also affect neutral genetic diversity when
gene flow is reduced between sites differing in their local
environments (Sexton et al., 2014). Similarly, the structure
and composition of a community is expected to vary
with environmental features, here water composition,
when species show strong habitat preferences. At the
community level, environmental filtering may strongly

© 2016 John Wiley & Sons Ltd, Freshwater Biology, 61, 18301845



Species-genetic diversity correlation in fishes 1841

Table 3 Mean effect size (E), 95% confidence
interval (95% CI), total heterogeneity of a sample

E 95% CI Q. p

(Qp and corresponding P-value (P) computed

(a) o-diversity

from the path coefficients obtained from partial Isolation — Allelic richness —0.464 [-0.684; —0.244] 19.863 <0.001
least-square path modelling applied to (a) a-diver- Area — Allelic richness 0.238  [0.017; 0.458] 6.647  0.084
sity indices and (b) p-diversity indices. Values in Connectivity — Allelic richness 0.079 [-0.141; 0.299] 1.767  0.622
bold are significant mean effect sizes and the cor- Water composition — Allelic richness ~ 0.121 [-0.099; 0.341] 3245  0.355
responding 95% confidence intervals. Oxygen — Allelic richness 0.175 [-0.045; 0.395] 3.628  0.304
Isolation — Species richness —0.322 [-0.542; —0.102] 0.352  0.950
Area — Species richness 0.405 [0.185; 0.625] 3.354  0.340
Connectivity — Species richness —0.089 [-0.309; 0.131] 0.850 0.837
Water composition — Species richness ~ 0.238  [0.018; 0.458] 3.822 0.281
Oxygen — Species richness 0.175 [-0.395; 0.045] 0382  0.944
Allelic richness — Species richness —0.012  [-0.232; 0.208] 0.755  0.862
(b) B-diversity
Isolation — Jost’'s D 0.316 [0.276; 0.356] 344.950 <0.001
Area — Jost's D —0.025 [-0.065; 0.015] 15381  0.001
Connectivity — Jost’s D 0.019 [-0.021; 0.059] 63.807 <0.001
Water composition — Jost’s D 0.175  [0.136; 0.215]  240.067 <0.001

Oxygen — Jost's D

—0.018 [—0.058; 0.022] 38.508 <0.001

Isolation — True diversity —0.011 [-0.051; 0.029] 34910 <0.001
Area — True diversity —0.035 [-0.075; 0.004] 6.416  0.093
Connectivity — True diversity 0.053  [0.013; 0.092] 6.319  0.097
Water composition — True diversity 0.235  [0.195; 0.275] 47.929 <0.001
Oxygen — True diversity —0.107 [-0.147; —0.067] 5621 0.132

Jost's D — True diversity 0.086

[0.046; 0.126] 12.639  0.005

True
diversity

composition

Fig. 6 Graphical representation of the meta-analysis results
obtained from partial least square path modelling on B-diversity
indices over all species. See legend in Fig. 5 for details.

drive community composition, which has been demon-
strated in diverse freshwater organisms, including fish
(Blanchet et al., 2014; Heino, Melo & Bini, 2015).

© 2016 John Wiley & Sons Ltd, Freshwater Biology, 61, 1830-1845

Environmental filtering might, thus, occur both at the
population and community levels to drive co-variation
between community and population compositions.

In addition to observing a common influence of envi-
ronmental filtering on species and genetic diversity, we
also found that genetic and species B-diversity was dri-
ven by independent processes. For instance, our results
suggest that genetic B-diversity was also driven by isola-
tion-by-distance for all four species, which was not the
case for species B-diversity. This shows that the equilib-
rium between genetic drift and gene flow in these four
species is affected by geographical isolation, although
not similarly as the effect size of isolation on genetic dif-
ferentiation was heterogeneous among species. Because
species B-diversity was not impacted by isolation, com-
munity and population differentiations may be partly
driven by independent evolutionary and ecological pro-
cesses, which may explain why B-SGDCs tended to be
weaker than o-SGDCs. Similarly, the heterogeneity in
the effects of geographical isolation on genetic differenti-
ation among species may explain why B-SGDCs vary
among species (in terms of strength and significance).

The role of spatial extent in quantifying SGDCs

It is noteworthy that we observed heterogeneous effect
sizes among the four species for several pathways
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explaining species o- and PB-diversity. This is a rather
unexpected outcome as the species lists were extracted
from a unique database, and we expected species o- and
B-diversity indices to be related to the same variables,
irrespectively of the target species. This heterogeneity
could result from spatial-scale effects. Indeed, although
the target populations showed a relatively high degree
of spatial congruence, there were noticeable differences
in spatial extents and environmental variabilities for the
datasets used for each target species. These differences
in spatial extents may explain the heterogeneity in effect
sizes of several environmental variables on species o-
and B-diversity between target species (Lira-Noriega
et al., 2007; Cushman & Landguth, 2010). However,
these spatial extent effects seemed to be of minor conse-
quences and did not prevent the identification of the
main mechanisms driving SGDCs as significant mean
effect sizes were identified.

We demonstrated that combined effects of isolation
and habitat area at the population and community levels
are likely to be responsible for the positive 0-SGDCs
observed in the four freshwater fish species. We further
showed that positive B-SGDCs are likely to be generated
by two co-occurring mechanisms, although additional
mechanisms uniquely affecting one of the two levels of
B-diversity probably contribute B-SGDCs
weaker than o-SGDCs. To sum up, while species and
genetic a-diversity were likely to be driven by similar
landscape features, it appeared that species and genetic
B-diversity were underlined by a combination of com-
mon and unique eco-evolutionary processes.

Alpha and B-SGDCs often vary strongly among stud-
ied organisms, even in a single landscape (e.g. Struebig
et al., 2011; Taberlet et al., 2012), which was unexpect-
edly not verified in our study. We believe that the next

to make

important challenge of SGDC studies will be to better
quantify the level of variation in life-history traits
needed to generate different (or similar) o- and B-SGDCs
among species. To solve this issue empirically, it seems
relevant to focus on several target species, although
researchers will need to carefully design the study to
encompass large ranges of life-history strategies (as in
Taberlet et al., 2012). The meta-analytic approach we
used allowed highlighting both common and unique
mechanisms driving o- and B-diversity in these four spe-
cies. All four fish species we considered here are from a
similar trophic level (secondary consumers), but they
varied strikingly in many traits. From our results, we
can conclude that dissimilarities in species traits have no
or little impact on the two mechanisms driving o-
SGDCs, namely the effects of isolation and habitat area,

whereas they may generate slight dissimilarities in the
mechanisms driving genetic B-diversity.
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Additional Supporting Information may be found in the
online version of this article:

Table S1. Minimum, mean, maximum and standard
deviation of environmental variables.

Table S2. List of the 51 species of the regional pool,
their family and percentage of occurrence over the 81
sites. Species in bold are the four target species of the
study.

Table S3. Mean effect size (E), 95% confidence interval
(95% CI), total heterogeneity of a sample (Q) and corre-
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sponding P-value (P) computed from the path coeffi-
cients obtained from partial least-square path modelling
applied to (a) o-diversity indices and (b) B-diversity
indices computed after the removal of non-native spe-
cies. Values in bold are significant mean effect sizes and
the corresponding 95% confidence intervals.

Table S4. Sampling information on microsatellite loci
and multiplexed PCR used in this study for the four
species.

Table S5. Correlation values between the latent vari-
ables of the eight models.

Table S6. Tables for Hardy-Weinberg and linkage dise-
quilibrium tests for all species.
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