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Abstract
Aim: Evaluating the similarity of diversity patterns across micro- to macroevolutionary 
scales in natural communities, such as species–genetic diversity correlations (SGDCs), 
may inform on processes shaping community assembly. However, whether SGDCs 
not only hold across communities but also across lineages has never been explored 
so far. Here we investigated SGDCs across co-distributed taxa for different spatial 
components (α, β, γ), and formally tested the influence of dispersal traits on β-SGDCs.
Location: Western Indian Ocean.
Time period: 2016–2017.
Major taxa studied: Tropical reef fish species with contrasting dispersal traits.
Methods: Using double-digest restriction-site associated DNA sequencing (ddRAD-
seq) Single Nucleotide Polymorphism data for 20 tropical reef fishes and distribution 
data of 2,446 species belonging to 12 families, we analysed the correlations between 
within-species genetic diversity and within-family species diversity (i.e., lineage diver-
sity) for the three spatial components (α, β, γ-SGDCs). We then related the strength of 
β-SGDCs per species to proxies of larval dispersal abilities.
Results: We detected positive and significant lineage-based SGDC only for the β com-
ponent, that is, the families showing the greatest level of species turnover among sites 
contain the species with the greatest levels of genetic differentiation. We showed 
that the Monsoon Drift mainly explained the β-diversity patterns at both intraspecific 
and interspecific levels. Higher β-SGDCs were found for species with short pelagic 
larval duration and weak larval swimming capacity.
Main conclusions: Our study reveals a strong correlation between genetic and spe-
cies β-diversity, a result explained by the presence of a ‘soft’ barrier and mediated by 
larval dispersal processes. This suggests that vicariance and dispersal limitation are 
major processes shaping β-diversity patterns from microevolutionary to macroevolu-
tionary scales in tropical reef fishes.
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1  |  INTRODUCTION

Understanding how genetic diversity is related to species diver-
sity has puzzled evolutionary ecologists for over four decades (e.g., 
Antonovics, 1976; Lino et al., 2021; Vellend, 2002). It has been the 
focus of numerous studies exploring species–genetic diversity cor-
relations (SGDCs) in both marine and terrestrial ecosystems (Fourtune 
et al.,  2016; Manel et al.,  2020; Messmer et al.,  2012; Robuchon 
et al., 2019; Vellend, 2003). According to Antonovics (1976), genetic 
and species diversity are maintained by parallel processes (i.e., mu-
tation/speciation, genetic drift/ecological drift, gene flow/dispersal, 
natural selection/environmental and biotic filtering, respectively), 
which have been conceptually formalized by Vellend (2010) to better 
understand how natural communities are assembled (Hubbell, 2001; 
Vellend, 2003, 2005; Vellend & Geber, 2005). Despite this vast bulk 
of research, whether spatial patterns of diversity are correlated at 
interspecific and intraspecific levels remains a controversial ques-
tion (Laroche et al.,  2015) and appears to be context dependent 
(Lamy et al.,  2017). In addition, the correlation between species 
and genetic diversity has been commonly explored across spatially 
structured communities (SGDC hereafter) but never across different 
lineages (lineage-based SGDC hereafter). The commonly used SGDC 
asks whether communities of high species richness are composed of 
species with high genetic diversity, while the lineage-based SGDC 
asks whether lineages of high species richness are composed of spe-
cies with high genetic diversity.

In community ecology and biogeography, species diversity (SD) 
is partitioned into three main spatial components (α, β and γ), which 
describe diversity patterns at different spatial scales. (a) α-SD rep-
resents the number of species in a given locality, (b) γ-SD the number 
of species in the total defined region, and (c) β-SD corresponds to 
differences in species composition among localities (Ellison, 2010; 
Supporting Information Table  S1). Even though often rarely con-
sidered in population genetics, the same three components can be 
used when exploring intraspecific genetic diversity (GD) patterns 
(Gaggiotti et al., 2018; Tuomisto, 2010): (a) α-GD as the genetic di-
versity within a single local group of individuals, (b) γ-GD as the ge-
netic diversity across all individuals of the defined region, and (c) 
β-GD as the genetic differentiation among local groups of individuals 
that are geographically separated and consequently reflecting the 
degree of spatial genetic structure (Donati et al., 2021; Supporting 
Information Table S1). Overall, this diversity partitioning framework 
allows characterization of complex spatial patterns and thus pro-
vides a better understanding of the processes shaping the diversity 
at both intra- and interspecific levels (Donati et al., 2021; Gaggiotti 
et al., 2018; Tuomisto, 2010). SGDCs studies generally focus on di-
versity sensu stricto (α or γ components; e.g., Manel et al.,  2020; 
Vellend, 2005) or differentiation only (β component; e.g., Robuchon 

et al.,  2019), but rarely consider the three spatial components to-
gether (but see Fourtune et al., 2016 and Papadopoulou et al., 2011 
considering both α and β components).

If neutral processes such as drift and migration exclu-
sively determine diversity patterns across evolutionary scales 
(Antonovics, 1976), they would similarly influence GD and SD lead-
ing to positive SGDCs. The influence of these neutral processes 
manifest through the well-known correlations between α-diversity 
and habitat area or isolation at both interspecific and intraspecific 
levels (Fourtune et al., 2016; Messmer et al., 2012; Papadopoulou 
et al.,  2011; Vellend & Geber,  2005). Similarly, positive β-SGDCs 
have been demonstrated to occur as a result of differential con-
nectivity among habitats associated with dispersal processes for 
freshwater fishes (Fourtune et al., 2016; Robuchon et al., 2019). In a 
pioneer study using haplotype data for multiple species of tenebri-
onid beetles of the Aegean archipelago, Papadopoulou et al. (2011) 
also identified a positive β-SGDC, caused by stochastic disper-
sal processes as expected by neutral theories (Antonovics,  1976; 
Hubbell, 2001). In the literature, however, the strength and even the 
sign of SGDCs vary from study to study (Lamy et al., 2017), and such 
deviation from neutral expectations may be caused by environmen-
tal constraints affecting GD and SD in opposite ways. In this context, 
Baselga et al. (2022) have recently provided a theoretical framework 
to quantify the role of dispersal and environmental constraints in 
shaping β-diversity patterns across genealogical scales. Using simu-
lations and empirical data, they showed similar spatial turnover rates 
at both haplotype and species levels if dispersal limitation processes 
dominated, while different spatial turnover rates were found if both 
environmental constraints and dispersal limitation influenced spe-
cies distribution. However, as pointed out by Robuchon et al. (2019), 
the observed variations of SGDCs among species has never been 
formally tested and the role of species traits in shaping the strength 
of the correlation remains understudied.

Tropical reef fishes belong to one of the most species-rich and 
morphologically diverse vertebrate groups, with large differences in 
dispersal ability among species (Claverie & Wainwright,  2014; Luiz 
et al., 2013; Price et al., 2011), which make it an ideal taxonomic group to 
explore the role of dispersal processes in shaping SGDCs. Furthermore, 
SGDCs and the underlying processes have been largely unexplored 
in the marine environment (but see Manel et al.,  2020; Messmer 
et al., 2012). We focused on tropical reef fishes of the Western Indian 
Ocean (WIO), selected to maximize the representation of trait variabil-
ity across species (dispersal potential, reproductive strategy and body 
size; see Donati et al., 2021). We capitalized on a unique genomic data 
set derived from an extensive sampling of 20 species and 833 indi-
viduals over four sites of the WIO (Mafia Island, Seychelles, Mayotte, 
Maldives), which are separated by hundreds or even thousands of ki-
lometres (Donati et al., 2021). This sampling design is ideal to evaluate 

K E Y WO RD S
ddRADseq, dispersal, genetic diversity, Indian Ocean, macrogenetics, marine barrier, species 
diversity, tropical reef fishes, β-diversity
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    | 537VILCOT et al.

the role of ‘soft’ barriers (Cowman & Bellwood, 2013) in shaping bio-
geographical patterns in the marine realm since the Maldives, in addi-
tion to being the most distant studied locality, is also separated from 
the other sampled localities by a potential ‘soft’ marine barrier created 
by the Monsoon Drift. This seasonally varying marine current of the 
northern Indian Ocean (Schott & McCreary, 2001) is composed of an 
equatorial counter current north of the Seychelles, that is, an east-
ward flowing, wind-driven current extending to depths of 100–150 m. 
’Soft’ barriers such as marine currents or large oceanic distance may 
impede the movement of adults and/or dispersal of pelagic larvae, but 
in contrast to ‘hard’ barriers, ‘soft’ barriers are considered as permeable 
(Cowman & Bellwood, 2013).

Based on this large genomic data set of 20 tropical reef fishes, we 
explore lineage-based SGDCs, namely the correlation between the 
genetic diversity of a given species (within-species GD) and the spe-
cies diversity within their respective lineage (within-family SD), at the 
α, β and γ scales. By doing so, we ask the following questions: (a) Are 
lineages with high local species richness (α-SD) composed of species 
with high local genetic diversity (α-GD)? If parallel processes such as 
speciation/mutation and ecological/genetic drift act at both intra- and 
interspecific levels of diversity (Antonovics, 1976; Hubbell, 2001), we 
would expect species with higher α-GD to belong to families with 
higher α-SD. (b) Are lineages with great levels of species dissimilarity 
between sites (i.e., species beta diversity, β-SD) composed of spe-
cies with great levels of genetic differentiation (β-GD)? Under neutral 
theories (Hubbell, 2001), if limited gene flow resulting from dispersal 
limitation is pivotal in driving β-diversity at intra- and interspecific 
levels, we expect positive β-SGDCs and greater levels of β-diversity 
for the families to which species with the lowest larval dispersal abili-
ties belong. (c) Are lineages with high regional species richness (γ-SD) 
composed of species with high regional genetic diversity (γ-GD)? We 
expect neutral processes shaping both α- and β-diversity to cause 
positive γ-SGDCs. We further explored β-SGDCs for each species 
independently (see Robuchon et al., 2019), which allows comparison 
of the strength of β-SGDCs among species with contrasting biological 
and ecological characteristics, and more particularly those related to 
dispersal capacity. We predict greater genetic differentiation (β-GD) 
between the Maldives and the other localities for species with the 
lowest larval dispersal abilities, the Monsoon Drift being potentially 
less permeable for those species. Overall, we hypothesize that limited 
gene flow, resulting from the interplay between the presence of a ‘soft’ 
geographical barrier and larval dispersal abilities, is the major process 
shaping β-diversity patterns from micro- to macroevolutionary scales 
in tropical reef fishes of the WIO.

2  | METHODS

2.1  | Multi-­species data set

We used a data set of 20 reef fish species co-occurring in four popu-
lations of the WIO. Species were chosen to maximize the represen-
tation of the ecological traits spectrum, so that this multi-species 

framework is particularly suitable to compare SGDC  patterns in 
species with different life history traits, and thus understand why 
SGDC studies come up with such different results (Lamy et al., 2017). 
We used double-digest restriction-site associated DNA sequencing 
(ddRADseq) data on 20 tropical reef fish species. To expand the data 
set of Donati et al. (2021), we added ddRADseq data for Parapercis 
hexophtalma and Naso brevirostris. We removed Zanclus cornutus from 
the analysis as there are no other species in its family (Zanclidae), 
which precludes the possibility to estimate within-family SD. The 
resulting data set contains Single Nucleotide Polymorphism (SNP) 
data for 833 individuals of 20 tropical reef fish species (Supporting 
Information Table  S2) sampled from four sites in the WIO: Mafia 
Island (Tanzania), Mayotte Island (Comoros Archipelago), Seychelles, 
and Maldives (Figure 1a). For more details on sampling strategy and 
SNP data set preparation, see Donati et al.  (2021) or Supporting 
Information (Supplementary methods). As genomic diversity is di-
rectly related to the number of SNPs (Moragues et al.,  2010), we 
randomly down-sampled 999 times the SNPs to the lowest com-
mon number of SNPs found across all species (i.e., n = 4,479 SNPs in 
Pseudanthias squamipinnis; Supporting Information Table S2). To best 
account for differences in site sampling success across species, we 
standardized the number of individuals per sampling site to a maxi-
mum of 10 (median value of the overall sampling), randomly selected 
999 times.

2.2  | Genetic structure at individual level

To investigate the genetic structure at individual level, we applied a 
discriminant analysis of principal components (DAPC), a multivariate 
statistical approach for which variance in the sample is partitioned 
into between-group and within-group components to maximize dis-
crimination between groups (Jombart et al., 2010). We performed 
the DAPC for each species in the SNP data set by using the dapc 
function implemented in the R package ‘adegenet’ (Jombart, 2008; 
Jombart & Ahmed, 2011), with sampling sites of each individual used 
as prior information (Supporting Information Figure S1). Individuals' 
membership probability to each cluster was computed and repre-
sented as bar plots. In order to perform a multi-species comparison, 
we retained the same number of principal components analysis 
(PCA) axes per species in the DAPC. As Caranx melampygus is only 
represented by 15 individuals, we decided to retain five PCA axes to 
avoid overfitting.

2.3  | Genetic diversity

We estimated the within-species α-GD with the expected heterozygo-
sity HS (Supporting Information Table S3; Nei, 1987). For the four sam-
pling sites, HS was calculated using the basic.stats function from the 
‘hierfstat’ R package (Goudet & Jombart, 2015). Next, we obtained a 
measure of the ᾱ-GD as a mean of α-GD across the four sites. Similarly, 
we estimated the within-species γ-GD over all sampled individuals of 
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the WIO, using the total heterozygosity HT estimation of the basic.
stats function of the ‘hierfstat’ R package (Supporting Information 
Table S3; Goudet & Jombart, 2015). For each species, both pairwise 
(among each pairs of sites) and multiple-site (over the four sites) β-GD 
were quantified with estimates of Hedrick's G"ST, implemented re-
spectively using Gst_Hedrick and pairwise_Gst_Hedrick functions of the 
‘mmod’ R package (Supporting Information Table S4; Winter, 2012). 
GST is defined as HT −HS

HT

 (Nei, 1987); it represents the genetic distance 
between populations, analogous to the common FST based on biallelic 
markers but generalized for multiple alleles. G"ST is a corrected ver-
sion of the standardized Hedrick's G'ST = GST

GST(max)

 (Hedrick, 2005) that 
includes a correction term to account for when the number of sampled 
populations is small (Meirmans & Hedrick, 2011). All genetic diversity 
measures were averaged across the 999 × 4,479 SNP data sets.

2.4  |  Species diversity

We obtained the fish species occurrence data from Albouy 
et al. (2019) that merged data extracted from the Ocean Biogeographic 
Information System (OBIS, http://www.obis.org) with the GASPAR 
database (Kulbicki et al.,  2013; Parravicini et al.,  2013; Pellissier 
et al., 2014). This database provides information on the occurrences 
of 14,204 fish species assigned to a spatial location in a grid system 
covering all oceans at 1° × 1° resolution. From this global database, 
we extracted the occurrences of species belonging to the 12 families 
studied, representing 2,446 species worldwide. We restricted the 
data set to a distance of 1° (111 km at the equator) from the reefs 
of the four sampling areas by using the function gbuffer from the R 
package ‘rgeos’ (Bivand & Rundel,  2019) and st_intersects from the 

F IGURE  1 Genetic structure in Western Indian Ocean for 20 tropical reef fishes. (a) Map of the four sampling sites; see Donati 
et al. (2021) for more details. (b–d) Discriminant analyses of principal components (DAPC) on the complete SNP data set (see Supporting 
Information Table S2 for number of SNPs per species). (Top) Scatter plot of the first and second discriminant functions of DAPC with 
sampling location priors. Individuals are colour-coded by sampling site. Discriminant analysis (DA) eigenvalues are displayed. (Bottom) Bar 
plot showing individuals' membership probabilities to the different clusters (i.e., sampling sites). To illustrate different levels of genetic 
structure among sites, we selected three contrasted example species. From the least to the most differentiated: (b) Myripristis violacea 
(Holocentridae) G"ST = 0.007, (c) Pseudanthias squamipinnis (Serranidae) G"ST = 0.027, and (d) Parapercis hexophtalma (Pinguipedidae) 
G"ST = 0.27.
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package ‘sf’ (Pebesma, 2018) to produce a species presence/absence 
matrix by site.

For each family, we assessed α-SD as the number of spe-
cies present at each site, that is, within-family local species rich-
ness (Supporting Information Table  S5). The calculation of SD 
within a family rather than over the entire community allows on 
the one hand lineage-based SGDCs to be computed, and on the 
other hand similarity in species past history to be controlled for. 
ᾱ-SD was obtained by averaging the α-SD obtained for the four 
sites. Similarly, for each family we computed γ-SD as the number 
of species from the four sites, that is, within-family regional species 
richness (Supporting Information Table S5). To quantify the β-SD, 
we calculated the Jaccard's dissimilarity index (βjac-SD) as well as 
its turnover component (βjtu-SD; Supporting Information Table S6), 
which is independent from differences in species richness between 
assemblages (Baselga,  2010). Both of these two β-diversity indi-
ces were computed as pairwise and multiple-site values using the 
‘betapart’ package (Baselga et al.,  2018). Both βjac-SD and βjtu-SD 
are used for the following analysis to compare results obtained with 
both indices.

2.5  | Drivers of β -­diversity patterns

To evaluate whether the Monsoon Drift and geographical distance 
are factors driving both genetic differentiation and species turno-
ver in tropical reef fishes of the WIO region, we used multiple re-
gression on distance matrices (MRM; Legendre & Legendre, 1998) 
implemented in the MRM function from the R package ‘ecodist’ 
(Goslee & Urban, 2007). MRM is similar to linear regression, except 
that the dependent and independent variables are square distance 
matrices instead of single vectors (Legendre & Legendre, 1998). For 
a given explanatory variable, calculation of the standardized partial 
regression coefficient enabled us to compare their per-unit effects 
on compositional similarity, while controlling for the effects of the 
other variables. To overcome the problem of lack of independence 
between site pairs, we assessed the significance of the standard-
ized partial regression coefficients and the coefficients of multiple 
determination (R2) by using a permutation test (n  =  999). Overall, 
we related both pairwise β-GD and pairwise β-SD to (a) geographical 
distance between sites and a (b) binary distance metric reflecting 
whether the studied sites are separated or not from the Maldives 
by the Monsoon Drift (Table 1). (a) Geographical distances between 
sites were computed as in-water distances, that is, the length of 
the shortest path within water between two sites with the lc.dist 
function of the ‘marmap’ R package (Pante & Simon-Bouhet, 2013). 
(b) The binary distance metric consists of assigning a value of 1 for 
two sites separated by the assumed ‘soft’ barrier (i.e., between the 
Maldives and the three other localities of the WIO), and a value of 
0 for two sites that are not separated by this barrier (i.e., within the 
three south-west sites). This MRM method was performed consider-
ing all of the six pairwise distance values of each of the 20 species, 
that is, 120 non-independent observations.

2.6  |  Species–­genetic diversity correlations 
(SGDCs)

To explore the lineage-based SGDCs for each of the three spatial 
components of diversity (α, β, γ), we assessed the relationship be-
tween within-species GD and their respective within-family SD using 
a linear regression model (LM). For the lineage-based β-SGDC, esti-
mates of β-GD were log-transformed to fit normality required in lin-
ear models. This relationship was tested with either βjtu-SD (Figure 2) 
or βjac-SD (Supporting Information Figure S2). To further assess the 
robustness of the lineage-based β-SGDC, we also computed the LM 
excluding the values for Parapercis hexophtalma (Pinguipedidae), as 
this species stands as an outlier in terms of β-GD compared to the 
other species of the study (Supporting Information Figure S3).

To quantify β-SGDCs for each species separately, we calculated 
the correlation coefficient r associated with Mantel tests between 
β-GD distance matrix and β-SD distance matrix of the four sites 
(Supporting Information Figure  S4, Table  S7). Because the use of 
Mantel tests has been debated (Legendre et al., 2015; Peres-Neto 
& Jackson, 2001; Raufaste & Rousset, 2001), we also conducted a 
Procrustes analysis that allows the detection of matrix association 
under a variety of possible scenarios (protest R function ‘vegan’ 
package; Oksanen et al.,  2019). Only Mantel test results are pre-
sented in the main text as the Procrustes analysis provided similar 
results. To test the overall significance of β-SGDCs over the 20 spe-
cies, we compared the observed mean p-value of the 20 β-SGDCs 
(Mantel test or Procrustes analysis) to a null distribution of mean 
p-values obtained by sampling randomly 99,999 times 20 p-values in 
a uniform distribution in [0, 1] (see Robuchon et al., 2019). We calcu-
lated the p-value associated with the combined test as the frequency 
at which null mean p-values were below the observed mean p-value 
(Supporting Information Figure S5, Table S7).

Given the low number of studied localities (n = 4) and because our 
aim was initially to collect genomic information for the largest number 
of species covering different ecological strategies and life histories, 

TA B L E  1  Results of multiple regression on distance matrices 
(MRM) assessing the effects of geographical distance and a marine 
‘soft’ barrier on genetic differentiation (log β-GD) and species 
turnover (βjtu-SD) from the six pairwise distance values of each of 
the 20 species (i.e., 120 non-independent observations). Response 
variable, explanatory variables, and R² of each model are reported 
in the first column.

Variables Coefficient p-­value

Genetic differentiation (log β-­GD), 
R² = .2688

Geographical distance .0809 .5673

Marine barrier .8948 .0021

Species turnover (βjtu -­SD),  
R² = .3617

Geographical distance .2182 .1099

Marine barrier .8122 .0026

Note: Significant p-values (< .05) are indicated in bold.
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we did not assess the statistical significance of SGDCs for the α com-
ponent (i.e., for each species separately, the relationship between the 
local within-species α-GD and the local within-family α-SD).

2.7  |  Influence of dispersal on β -­SGDCs

To explore the link between larval dispersal ability and the strength 
of β-SGDCs, we extracted pelagic larval duration (PLD) for the 20 
reef fish species from Fishbase and the literature (Luiz et al., 2013). 
The PLD is one of the most widely used indicators of larval disper-
sal potential (Nanninga & Manica, 2018). It has been shown to con-
tribute to gene flow between geographically isolated populations 
and thus genetic structure, but often with only weak relationships 
(Nanninga & Manica, 2018; Riginos et al., 2011). The passive aspect 
of larval dispersal is now challenged by findings on larval swimming 

capacities (Fisher et al., 2005). The idea of active dispersal implies 
that larvae are able to influence their spatial and temporal pat-
terns of dispersal. Critical swimming speed (U-crit) measures the 
maximum larval swimming speed, which reflects such active larval 
dispersal potential (Hogan et al.,  2007). U-crit has been shown to 
have stronger relationships with genetic differentiation and range 
size than PLD and is a powerful predictor of long-distance dispersal 
potential (Nanninga & Manica, 2018). Therefore, we gathered larvae 
critical swimming speed values (U-crit) at the scale of the family for 
10 of the 12 families from Fisher et al. (2005). Here, we refer to the 
PLD as a proxy for passive larval dispersal and U-crit as a proxy for 
active larval dispersal (Hogan et al., 2007).

We applied a linear model between the 20 Mantel test's correla-
tion coefficients and estimates of active (U-crit) and log-transformed 
passive (PLD) dispersal abilities (Figure 3). To test whether signifi-
cant relationships were robust to phylogenetic relatedness, we used 

F IGURE  2 Lineage-based species–genetic diversity correlations (SGDCs) in 20 coral reef fish species of the Western Indian Ocean. (a) 
Lineage-based β-SGDC: linear model (LM) between log-transformed multiple-site β genetic diversity (β-GD) and multiple-site turnover 
component of Jaccard's dissimilarity index (βjtu-SD). β-GD was log-transformed to fit normality required in linear models. (b) Lineage-based 
α-SGDC: linear model between mean Hs (ᾱ-GD) and mean local species richness (ᾱ species richness). (c) Lineage-based γ-SGDC: linear model 
between HT (γ-GD) and regional species richness (γ-SD). Each dot corresponds to genetic diversity of one species, and the species diversity 
of its family. Species are indicated by a four-letter code (see Supporting Information Table S2).

Can_v

Car_m Cha_t

Chr_a

Chr_tChr_w

Cte_s

Das_a

Das_c

Das_t

Gom_c

Hal_h

Hem_f

Lut_k
Myr_v

Nas_b

Oxy_l

Par_h

Par_m Pse_s

LM adjusted R² = .404, p = .002

−6

−5

−4

−3

−2

−1

0.1 0.2 0.3 0.4 0.5

βjtu species diversity

lo
g 

(β
 g

en
et

ic
 d

iv
er

si
ty

)

Family
Acanthuridae
Carangidae
Chaetodontidae
Holocentridae
Labridae
Lutjanidae
Monacanthidae
Mullidae
Pinguipedidae
Pomacentridae
Serranidae
Tetraodontidae

(a)

Can_v

Car_m

Cha_t
Chr_a

Chr_t

Chr_w

Cte_s

Das_a

Das_c
Das_t

Gom_c

Hal_h

Hem_fLut_k

Myr_v

Nas_b

Oxy_l

Par_h

Par_m

Pse_s

LM adjusted R² = −.056
p = .994

0.250

0.275

0.300

0.325

25 50 75 100 125

α species diversity

α 
ge

ne
tic

 d
iv

er
si

ty

(b)

Can_v

Car_m

Cha_t

Chr_a

Chr_t

Chr_w

Cte_s

Das_a

Das_c

Das_t
Gom_c

Hal_h

Hem_f

Lut_k

Myr_v

Nas_b

Oxy_l

Par_h

Par_m

Pse_s

LM adjusted R² = −.006
p = .358

0.24

0.26

0.28

0.30

0.32

40 80 120 160

γ species diversity

γ 
ge

ne
tic

 d
iv

er
si

ty

(c)

 14668238, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/geb.13637 by Ifrem

er - C
entre A

tlantique, W
iley O

nline L
ibrary on [13/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



    | 541VILCOT et al.

phylogenetic generalized least squares (PGLS) methods (Freckleton 
et al., 2002) implemented in the gls function of the ‘nlme’ package 
(Pinheiro et al.,  2021). PGLS is a modification of generalized least 
squares that accounts for the non-independence of trait values 
across related taxa (Symonds & Blomberg,  2014). For the PGLS, 
we pruned the 20 species from the most comprehensive available 
time-calibrated phylogeny of fishes (Rabosky et al.,  2018). The 
same approach was applied with the Procrustes analysis instead of 
the Mantel test (Supporting Information Figure  S6). All the analy-
ses were performed in R version 4.1.2 (R Core Team, 2021). Figures 
were made using the ‘ggplot2’ package (Wickham, 2016).

3  |  RESULTS

3.1  | Genetic structure at individual level

By running the DAPC on the SNP data, we identified three different 
patterns of genetic structure among species. First, for five species 
such as the lattice soldierfish (Myripristis violacea) and the bluefin 
trevally (Caranx melampygus), we did not detect genetic clustering 
(Figure 1b, Supporting Information Figure S1). Second, for most spe-
cies (n  =  13) such as the sea goldie (Pseudanthias squamipinnis) or 
the Valentin's sharpnose puffer (Canthigaster valentini), the Maldives 

F IGURE  3 Negative correlation 
between β-species–genetic diversity 
correlations (β-SGDCs) and larval dispersal 
ability. Phylogenetic generalized least 
squares (PGLS) between the correlation 
coefficient (r) of the β-SGDC Mantel 
test and (a) the log-transformed pelagic 
larval duration (PLD) used as a proxy of 
passive larval dispersal abilities, or (b) 
critical swimming speed (U-crit), a proxy of 
active larval dispersal abilities. The slopes 
correspond to the regression coefficient 
estimated by a linear model (LM). The 20 
species of the study are represented in 
(a), while only 16 are present in (b) due to 
the few values of U-crit available in the 
literature. Species are indicated by a four-
letter code (see Supporting Information 
Table S2).
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constitutes one separate cluster, while the other three sampling sites 
form one homogeneous genetic cluster (Figure 1c). For the 13 spe-
cies with reduced gene flow, individuals of the Maldivian popula-
tion are distributed along the first DAPC axis reflecting a gradual 
and species-specific geographical isolation (Supporting Information 
Figure  S1). We identified three genetic clusters for the speck-
led sandperch (Parapercis hexophtalma) and the harlequin filefish 
(Oxymonacanthus longirostris): (a) Seychelles, (b) Maldives, and (c) 
Mayotte Island and Mafia Island (Figure 1d).

3.2  |  Species and genetic diversities

Both γ-GD (min: Pseudanthias squamipinnis 0.239 – max: Parapercis 
hexophtalma 0.323; Supporting Information Table  S3) and ᾱ-GD 
(min: Pseudanthias squamipinnis 0.237 – max: Caranx melampygus 
0.322; Supporting Information Table  S3) were not found to vary 
much among species, while γ-SD (min: Pinguipedidae 11 – max: 
Labridae 162; Supporting Information Table  S5) and ᾱ-SD (min: 
Pinguipedidae 6.75 – max: Labridae 122.5; Supporting Information 
Table  S5) spanned over one order of magnitude among families. 
Multiple-site β-GD spanned two orders of magnitude (min: 0.007 – 
max: 0.270; Supporting Information Table S4). The species with the 
lowest multiple-site β-GD (0.007 for Myripristis violacea; Supporting 
Information Table S4) was found in the family with the lowest βjtu-SD 
(0.048 for Holocentridae; Supporting Information Table  S6), while 
Parapercis hexophtalma had the highest β-GD (0.268) and belongs to 
the family with the highest βjtu-SD (0.556 for Pinguipedidae).

3.3  | Drivers of β -­diversity patterns

To evaluate the processes acting on both β-GD and β-SD, we im-
plemented a multiple regression on distance matrices (MRM) with 
two explanatory variables: the Monsoon Drift and geographical dis-
tance (Table 1). We observed that β-diversity patterns were associ-
ated with this marine ‘soft’ barrier at both micro- (β-GD, coef = .895, 
p-value = .002) and macroevolutionary scales (βjtu-SD, coef = .812, 
p-value = .003), but not with geographical distance.

3.4  |  Species–­genetic diversity correlations 
(SGDCs)

We find no evidence of lineage-based α- or γ-SGDCs, that is, the 
correlation between within-family SD and within-species GD for 
both α (LM: adjusted R2 = −.056, p = .99; Figure 2b) and γ (LM: ad-
justed R2  = −.006, p  = .36; Figure  2c). In contrast, for the lineage-
based β-SGDCs, we detected a significant positive linear relationship 
between the log-transformed multiple-site β-GD and multiple-site 
βjac-SD (LM: slope = 6.889, p = .003, adjusted R2 = .366; Supporting 
Information Figure S2). This relationship was also found when con-
sidering only the turnover component of Jaccard's dissimilarity index, 

namely βjtu-SD (LM: adjusted R2  = .404, slope  =  4.897, p  = .002; 
Figure 2a). We also noted that removing the highly structured spe-
cies from the analysis (Parapercis hexophtalma) reduced by half the 
R2 of the lineage-based β-SGDC but the relationship was still sig-
nificant (LM: slope = 3.195, p = .030, adjusted R2 = .205; Supporting 
Information Figure S3).

We also detected an overall positive β-SGDC per species 
(p  < .001; Supporting Information Table  S7, Figure  S5). Mantel 
test correlations between the β-GD distance matrix and the cor-
responding βjtu-SD distance matrix were positive for most species 
(Mantel rmean±SD  = .526 ± .513, Supporting Information Table  S7, 
Figure  S4). This result applies equally to the Procrustes analysis 
(rmean±SD = .875 ± .117, Supporting Information Table S7).

3.5  |  Influence of dispersal abilities on β -­SGDCs

In order to explain the differences in β-SGDCs observed across 
species, we examined the influence of dispersal abilities on the 
strength of β-SGDCs. We found a significant relationship be-
tween the correlation coefficient (r) of β-SGDC Mantel tests and 
the log-transformed PLD (LM: adjusted R2 = .303, slope = −0.749, 
p = .007; PGLS: slope = −0.614, p = .043; Figure 3a). Species with 
lower larval dispersal abilities show higher correlation between 
genetic (β-GD) and species (β-SD) spatial structure. Furthermore, 
using the U-crit values instead of PLD over 16 species almost 
doubled the value of the correlation (LM: adjusted R2  = .682, 
slope  =  −0.034, p  < .001; PGLS: slope  =  −0.033, p  = .001; 
Figure 3b).

4  | DISCUSSION

This investigation of the lineage-based β-SGDC highlights a strong 
association between within-species genetic differentiation (β-GD) 
and within-family species turnover (β-SD) in tropical reef fishes. 
By contrast, no significant correlation was found between within-
species genetic diversity and within-family species diversity at the 
α and γ scales. Furthermore, our multi-species analysis reveals that 
the strength of β-SGDCs can be explained by differences in larval 
dispersal ability among species. Our results suggest that dispersal 
processes, acting across micro- and macroevolutionary scales, are 
important drivers of large-scale β-diversity patterns in tropical reef 
fishes.

4.1  |  Isolation as a parallel determinant of genetic 
differentiation and species beta diversity

Using a lineage-based approach, we found a marked association be-
tween β-GD and β-SD in tropical reef fishes of the WIO (Figure 2). 
This contrasts with what is expected for marine organisms given 
that they have high dispersal potential and there are few barriers 
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to dispersal. Indeed, marine organisms tend to have large effective 
population size (Ne) and very low β-GD among populations due 
to high levels of gene flow (Nielsen & Kenchington, 2001; Waples 
et al., 2008), even sometimes across oceans (Crandall et al., 2019). 
Consequently, one might expect weak β-SGDCs for marine or-
ganisms. Our results parallel those observed for North American 
freshwater fishes that are strongly limited in their dispersal across 
drainage basins (Fourtune et al., 2016; Robuchon et al., 2019) as well 
as for tenebrionid beetles in the Aegean Archipelago (Papadopoulou 
et al.,  2011). In a marine context, the Monsoon Drift can be con-
sidered as a ‘soft’ barrier separating the Maldives from the south-
ern part of the WIO region, since we identified the Maldives to be 
more genetically distant from the other southern locations in most 
of the studied species. In addition, we showed that both β-GD and 
β-SD patterns were mainly explained by this marine barrier effect, 
and not by isolation by distance. This suggests that the Monsoon 
Drift may restrict the long dispersal of individuals among reefs of 
the WIO, hence promoting both dissimilarity in allelic composition 
(β-GD) by limiting gene flow and dissimilarity in species composi-
tion (β-SD) by favouring allopatric (or parapatric) speciation (Riginos 
et al., 2014; Riginos & Nachman, 2001; Selkoe & Toonen, 2011). It is 
also worth noting that divergence times for most species belonging 
to the studied families (e.g., Gaboriau et al., 2018; Hodge et al., 2014) 
pre-date the period of establishment of the Monsoon Drift (circa 13 
million years ago) in response to the onset of the Indian Monsoon 
(see Betzler et al., 2013). Overall, these findings add weight to previ-
ous results derived from neutral process-based models, which show 
that dispersal processes, by mediating vicariance, accurately predict 
α- and β-diversity patterns (Leprieur et al., 2016) as well as range size 
variation (Alzate et al., 2019) in tropical reef fishes. More generally, 
our results highlight the importance of dispersal barriers and neutral 
processes in the maintenance of both genetic and community struc-
ture, as expected by recent theoretical developments (see Baselga 
et al., 2022).

4.2  |  Larval dispersal ability influences β -­SGDCs

Our comparative approach allowed us to investigate differences in β-
SGDCs across species. We highlight that the strength of β-SGDCs is 
inversely related to larval dispersal abilities, which means that spe-
cies with low dispersal abilities showed the strongest correlation 
between β-GD and β-SD. This result is consistent with the fact that 
the β-GD is linked to PLD in this data set of WIO tropical fish species 
(Donati et al., 2021) as well as in the Hawaiian archipelago (Selkoe 
& Toonen, 2011). With the few U-crit values available in the litera-
ture (mainly at the family level), we found an even more marked re-
lationship between the strength of β-SGDCs and dispersal abilities, 
which adds weight to recent findings that challenge the predominant 
role of passive dispersal in shaping population genetic structure and 
geographical range size in marine fishes (Nanninga & Manica, 2018). 
However, better addressing the question would require quantifica-
tion of active dispersal for more species in future studies. Species 

with shorter PLD and/or low larval swimming capacity are thus more 
affected by the ‘soft’ barrier acting on both genetic and species lev-
els, which leads to stronger β-SGDCs. If we were to consider only 
species with dispersal abilities that are strong enough to overcome 
this ‘soft’ barrier, or if there were no barrier, it would be very unlikely 
that such effects of dispersal traits over β-SGDCs would be found. 
Therefore, results of comparative SGDCs studies highly depend on 
the pool of species chosen.

Here, the detection of positive β-SGDCs relies on the presence 
of a ‘soft’ marine barrier, which causes the emergence of strong ge-
netic and species spatial structure. This highlights that capturing the 
signal of spatial patterns of diversity requires sampling to be done at 
the appropriate (large enough) spatial scale, especially when study-
ing species with long-distance dispersal (Dalongeville et al.,  2018; 
Manel et al., 2019). The lack of spatial barrier might also explain why 
other studies do not always find the influence of PLD over genetic 
structure (Riginos et al., 2011; Riginos & Nachman, 2001; Weersing 
& Toonen, 2009).

4.3  |  Contrasting lineage-­based SGDCs among the 
three spatial components of diversity

Our lineage-based approach to studying SGDCs revealed contrast-
ing results for the three components considered (α, β, γ). We found 
a positive and marked lineage-based association between β-GD 
and β-SD, while we found no evidence of this relationship when 
considering the α and γ components. This means that species with 
high levels of α- or γ-GD do not necessarily belong to species-rich 
families. This contrasting finding can be explained by the fact that 
both α- and γ-GD were found to be negatively associated with re-
gional species abundance (a proxy of population size) for the 20 
studied tropical reef fishes (Donati et al.,  2021), which is not ex-
pected by the neutral theory of molecular evolution (see Romiguier 
et al., 2014). Such a deviation from neutral expectations implies that 
processes other than drift, mutation and migration influence the 
levels of α- and γ-GD differently than those of SD in tropical reef 
fishes. Adaptation, hybridization and reproductive success could be 
one of these processes (Donati et al., 2021). Another explanation 
is that the α- and γ-GD metric used in this study, namely the ex-
pected heterozygosity, does not reflect the whole genome diversity 
and more especially rates of molecular evolution. The use of met-
rics reflecting chromosomal rearrangement rates, such as the kar-
yotype diversity, based on multiple species for each lineage would 
likely better uncover the link between genomic diversity, species 
diversification and ultimately lineage species richness (Martinez 
et al., 2017; Olmo, 2005).

4.4  |  Limitations and perspectives

Our results highlight the importance of ‘soft’ barriers and neu-
tral dispersal processes in shaping both β-GD and β-SD patterns 
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in tropical reef fishes of the WIO regions. In the future, a more 
explicit assessment of the influence of the North Monsoon Drift 
would require including other sampling sites within and across each 
side of this marine current. We could then test more specifically 
the influence of geographical barriers with statistical analyses such 
as spatial analysis of molecular variance (SAMOVA; Dupanloup 
et al., 2002), which has been extensively used in population genet-
ics studies (e.g., Ma et al., 2018). Wider biogeographical gradients 
and other ‘soft’ barriers (see Cowman & Bellwood, 2013) could also 
be considered with data from the Red Sea, the Coral Triangle and 
the Central Pacific. This would permit our results to be general-
ized to the whole Indo-Pacific region, linking micro- and macro-
evolutionary processes to help explain the longitudinal gradient of 
species turnover in the tropical reef fish fauna of this region (see 
Cowman & Bellwood, 2013; Mouillot et al., 2013). To go beyond 
the role of neutral dispersal processes in shaping SGDCs, a larger 
sampling design would allow evaluation of whether ecological or 
adaptive drivers such as temperature, salinity, habitat heteroge-
neity and pH could also shape both GD and SD and in turn the 
strength of the SGDC. This would require the use of both neutral 
and non-neutral genetic markers (see Matala et al., 2014).

In this study, we explored SGDCs not only across communities 
as initially proposed by Vellend (2003) but also across lineages. This 
approach should be extended to other taxonomic groups in both 
terrestrial and marine environments in order to test the generality 
of our findings. This research objective is now possible with the 
development of large-scale databases of genetic diversity, which 
is the starting point of the emerging field of macrogenetics (Leigh 
et al., 2021).

5  |  CONCLUSIONS

Our results reveal a strong association between genetic and spe-
cies β-diversity patterns in tropical reef fishes of the Western 
Indian Ocean region, a result largely explained by the presence of 
a ‘soft’ barrier and mediated by larval dispersal processes. These 
findings suggest that dispersal limitation is a major process shap-
ing β-diversity patterns from micro- to macroevolutionary scales 
in tropical reef fishes. Overall, this study emphasizes that account-
ing for the full complexity of spatial components (α, β, γ) and levels 
(intra-, interspecific) of diversity can substantially improve our un-
derstanding of underlying processes spanning from micro- to mac-
roevolutionary scales.
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