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Abstract

Taxonomy has traditionally relied on morphological and ecological traits to interpret
and classify biological diversity. Over the last decade, technological advances and
conceptual developments in the field of molecular ecology and systematics have
eased the generation of genomic data and changed the paradigm of biodiversity
analysis. Here we illustrate how traditional taxonomy has led to species designations
that are supported neither by high throughput sequencing data nor by the quantita-
tive integration of genomic information with other sources of evidence. Specifically,
we focus on Omocestus antigai and Omocestus navasi, two montane grasshoppers
from the Pyrenean region that were originally described based on quantitative phe-
notypic differences and distinct habitat associations (alpine vs. Mediterranean-mon-
tane habitats). To validate current taxonomic designations, test species boundaries,
and understand the factors that have contributed to genetic divergence, we obtained
phenotypic (geometric morphometrics) and genome-wide SNP data (ddRADSeq)
from populations covering the entire known distribution of the two taxa. Coalescent-
based phylogenetic reconstructions, integrative Bayesian model-based species de-
limitation, and landscape genetic analyses revealed that populations assigned to
the two taxa show a spatial distribution of genetic variation that do not match with
current taxonomic designations and is incompatible with ecological/environmental
speciation. Our results support little phenotypic variation among populations and a
marked genetic structure that is mostly explained by geographic distances and lim-
ited population connectivity across the abrupt landscapes characterizing the study
region. Overall, this study highlights the importance of integrative approaches to

identify taxonomic units and elucidate the evolutionary history of species.

KEYWORDS
ddRADseq, geometric morphometrics, integrative species delimitation, landscape genetics,

phylogenomic inference, species delimitation

Molecular Ecology. 2019;28:3869-3886.

wileyonlinelibrary.com/journal/mec © 2019 John Wiley & Sons Ltd | 3869


www.wileyonlinelibrary.com/journal/mec
mailto:﻿
https://orcid.org/0000-0002-5062-1070
mailto:vaninatonzo@gmail.com

TONZO ET AL.

3870
A48 ey MOLECULAR ECOLOGY.
1 | INTRODUCTION

Describing biological diversity and understanding the ecological and
evolutionary processes that generate it is at the core of molecular
ecology and allied disciplines (Avise et al., 1987; Dobzhansky, 1937;
Simpson, 1944). In the last decade, this field has experienced a revo-
lution as a result of new technological and conceptual advances that
allow biologists to discover new taxa at an unprecedented resolution
and gain new insights into the processes leading to species forma-
tion (Jackson, Carstens, Morales, & O'Meara, 2017; Sites & Marshall,
2003; Wiens, 2007). These advances are timely, as the current bio-
diversity crisis—i.e., the accelerated loss of species and the rapid
degradation of ecosystems—requires the establishment of efficient
conservation policies that often put the focus on red lists of formally
described taxa (Agapow et al., 2004; Mace, 2004). Yet, the definition
of the fundamental biological unit that conforms a species remains
controversial due to many alternative species concepts and the
different properties/criteria used to define them (see de Queiroz,
2007). Given the inherent difficulties to test for reproductive iso-
lation (i.e., the biological species concept; Dobzhansky, 1970; Mayr,
1942), especially in allopatric populations, most species descriptions
have been traditionally based on qualitative or quantitative phe-
notypic differences (diagnosable or phenetic species concept; e.g.,
Nelson & Platnick, 1981; Sokal & Crovello, 1970) or distinct eco-
logical traits (e.g., Jones & Weisrock, 2018 and references therein).
However, speciation may not necessarily involve shifts in niche
preferences or diagnosable morphological changes and adhering to
these two sources of evidence could result in an underestimation of
the number of biological species.

The wide use of DNA sequence data in taxonomy (e.g., Hebert,
Cywinska, Ball, & DeWaard, 2003; Tautz, Arctander, Minelli, Thomas,
& Vogler, 2003) and the application of phylogenetic/coalescent-
based species delimitation approaches (e.g., Fujita, Leaché, Burbrink,
McGuire, & Moritz, 2012; Pons et al., 2006; Yang & Rannala, 2010)
have allowed the discovery of cryptic species and the resolution of
many taxonomic uncertainties (e.g., Blair et al., 2019; Burbrink et al.,
2011; Leavitt, Johnson, Goward, & St Clair, 2011; Niemiller, Near,
& Fitzpatrick, 2012). In particular, the incorporation of coalescent
theory under an integrative taxonomic framework has increased
the statistical rigor of species delimitation and has helped to move
away from subjective decisions on the degree of differentiation (e.g.,
phenotypic, genetic, ecological, etc) that is needed for considering
different lineages or populations as distinct taxa (Fujita et al., 2012;
Jones & Weisrock, 2018; Wiens & Servedio, 2000). In recent years,
the advent of high throughput DNA sequencing technology has ex-
ponentially increased our capability to obtain large scale genomic
data from non-model organisms, removing previous data-related
constraints, while promoting further development of new phylo-
genetic inference methods and model-based approaches of species
delimitation (van Dijk, Auger, Jaszczyszyn, & Thermes, 2014; Ekblom
& Galindo, 2011; Fujita et al., 2012). In particular, the multispecies
coalescent model (MCM) is considered an excellent approach to test
alternative hypotheses of lineage divergence (Knowles & Carstens,

2007; Yang & Rannala, 2010) and identify boundaries among re-
cently diverged species using multilocus data (Domingos, Colli,
Lemmon, Lemmon, & Beheregaray, 2017; Rannala & Yang, 2013;
Yang, 2015). More recent developments have incorporated the
possibility of combining diverse sources of information (quantita-
tive traits and genomic data) to objectively identify independently
evolving lineages into an integrative analytical framework (Edwards
& Knowles, 2014; Fujita et al., 2012; Solis-Lemus, Knowles, & Ane,
2015). However, integrative species delimitation approaches are not
exempt of limitations (Huang, 2018; Sukumaran & Knowles, 2017).
One of these limitations is the challenge to deal with sexually di-
morphic traits (Solis-Lemus et al., 2015), which can have a consid-
erable impact on species delimitation inferences (Chan et al., 2017;
Noguerales, Cordero, & Ortego, 2018). More importantly, the finest
detection of genetic differentiation brought by the highest resolu-
tion of genomic data can lead to a potential confusion of population
genetic structure with species boundaries (Carstens, Pelletier, Reid,
& Satler, 2013; O'Meara, 2010; Sukumaran & Knowles, 2017). That
is, in some situations, the higher power of genomic data to detect
population structuring may drive to an artefactual increase in the
number of inferred species (Fujita et al., 2012; Huang, 2018; Isaac,
Mallet, & Mace, 2004). Taxonomic inflation, in turn, can have a neg-
ative impact on subsequent ecological and evolutionary studies,
compromise our ability to reach solid conclusions on the origin and
dynamics of biodiversity and, ultimately, lead to misguided conser-
vation policies and inadequate management practices (Carstens et
al., 2013; O'Meara, 2010; Sukumaran & Knowles, 2017).

As mentioned above, a common source of taxonomic contro-
versy is the historical description of species based on the concur-
rence of ecological and phenotypic distinctiveness (e.g., Dowle,
Morgan-Richards, & Trewick, 2014; Jones & Weisrock, 2018). These
are often presumed to represent cases of ecological speciation,
i.e., the formation of new species when divergent natural selection
under contrasting environmental conditions (e.g., elevation, salinity,
etc) leads to reproductive isolation (Rundle & Nosil, 2005; Schluter,
2001). Genetic data have often supported classic taxonomic stud-
ies separating species based on ecological and phenotypic differ-
ences (e.g., Lamichhaney et al., 2015). However, in many other cases
the recognized taxonomic units are not consistent with patterns
of genome-wide differentiation (e.g., Dowle et al., 2014; Jones &
Weisrock, 2018), suggesting that the link between environmental
and phenotypic divergence is a consequence of plasticity or diver-
gent selection at a few genes or genomic islands involved in local
adaptation processes that have not led to the reduction of gene
flow (e.g., Mason & Taylor, 2015; Soria-Carrasco et al., 2014). An
intermediate situation along the speciation continuum is the fre-
quently reported association between environmental dissimilarity
and phenotypic and genetic differentiation found in many stud-
ies (Sexton, Hangartner, & Hoffmann, 2014; Shafer & Wolf, 2013;
Wang & Bradburd, 2014). This pattern of progressive genetic and
phenotypic differentiation among populations experiencing con-
trasting environmental conditions has been termed isolation-by-
ecology (IBE) and is generally interpreted as a signal of ongoing local
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adaptation processes and incipient speciation (Shafer & Wolf, 2013).
Thus, the study of these evolutionary phenomena is not only rele-
vant in the context of resolving taxonomic uncertainties, but it also
allows to identify important ecological and evolutionary processes
along the speciation continuum that might deserve to be protected
(Moritz, 2002).

The grasshopper subgenus Dreuxius Defaut, 1988 (genus
Omocestus, Bolivar, 1878) is a complex of nine recently diversified
species distributed in the Iberian Peninsula (six species) and north-
western Africa (three species; Cigliano, Braun, Eades, & Otte,
2019; Garcia-Navas, Noguerales, Cordero, & Ortego, 2017). Most
taxa have allopatric distributions and are often isolated at high
elevations in different mountain systems (Cigliano et al., 2019).
The putative sister species pair Omocestus antigai (Bolivar, 1897)
and Omocestus navasi (Bolivar, 1908) are distributed through the
Pyrenees, including some populations in the pre-Pyrenees and
Catalan Pre-Coastal ranges (Poniatowski, Defaut, Llucia-Pomares,
& Fartmann, 2009). These two species were originally described
based on distinct habitat associations and certain quantitative
phenotypic traits such as body size and forewing shape (Clemente,
Garcia, Arnaldos, Romera, & Presa, 1999; Olmo-Vidal, 2002;
Puissant, 2008). The current known ranges of both species follow
the west to east orientation of the Pyrenees, but their popula-
tions are mostly allopatric. Omocestus antigai is distributed at high
elevations (1,450-2,350 m) associated with alpine or subalpine
grasslands above the tree line, whereas O. navasi is circumscribed
to Mediterranean scrubby habitats at lower elevations (700-
1,600 m; Llucia-Pomares, 2002; Olmo-Vidal, 2002; Poniatowski et
al., 2009). These strong ecological differences and subtle morpho-
logical variation have motivated different authors to synonymize
the two taxa (Ragge & Reynolds, 1998; Reynolds, 1986), revali-
date their distinct species status (Clemente et al., 1999) and even
describe a new subspecific taxon (O. navasi bellmanni; Puissant,
2008) in the last decades (Cigliano et al., 2019). Resolving the tax-
onomy of the complex also has important implications for conser-
vation and management, as the two putative species are included
in the IUCN red list of threatened species but with different as-
sessment categories (Braud, Hochkirch, Fartmann, et al., 2016;
Braud, Hochkirch, Presa, et al., 2016). Omocestus navasi is classi-
fied as “endangered” due to its extremely small estimated area of
occupancy (60-200 km?) and the continuous decline in the extend
and quality of habitats (Braud, Hochkirch, Fartmann, et al., 2016).
In contrast, the high-elevation grasslands occupied by O. antigai
are supposed to be less affected by direct human impacts and this
taxon was assessed as “vulnerable”, with the main threats identi-
fied being the small size and high degree of fragmentation of its
populations, overgrazing in some areas, and the decline of the
quality of its specific alpine and subalpine habitats due to the pro-
gressive abandonment of traditional grassland management prac-
tices (Braud, Hochkirch, Presa, et al., 2016). Overall, this makes
this complex an excellent model system to test species boundar-
ies and understand the factors that have contributed to genomic,
phenotypic and ecological divergence, which will in turn provide
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the necessary baseline information to determine the conservation
status of the different taxonomic units within the complex and
design proper on-ground management practices.

In this study, we generated genomic data using restriction-site-
associated DNA sequencing (ddRADseq; Peterson, Weber, Kay,
Fisher, & Hoekstra, 2012) and obtained phenotypic information
through geometric morphometric analyses (Bookstein, 1992) to
shed light on the taxonomy and evolutionary history of O. antigai and
O. navasi. First, we tested the hypothesis that the current taxonomic
designation of the complex is supported by genomic and phenotypic
data. In particular, we used genome-wide single nucleotide polymor-
phisms (SNP) data and alternative coalescent-based methods to infer
the phylogenetic relationships among all sampled populations of the
two taxa. Then, we compared the taxonomic status of the studied
populations with phylogenomic reconstructions and inferred pat-
terns of spatial genetic structure (Dayrat, 2005; Jones & Weisrock,
2018), while we employed a suite of Bayesian model-based species
delimitation approaches, one of them integrating genomic data
and quantitative traits, to identify independently-evolving lineages
(Leaché, Fujita, Minin, & Bouckaert, 2014; Solis-Lemus et al., 2015;
Yang & Rannala, 2010). Second, we tested the hypothesis that eco-
logical-driven divergence is the main process underlying spatial pat-
terns of genomic and phenotypic variation in the study system. In
particular, we analyzed whether environmental dissimilarity among
populations and processes of local adaptation to different eleva-
tional and climatic gradients are the main factors shaping genetic
differentiation and phenotypic trait variation in the study system
or if, on the contrary, genetic and phenotypic structure is mostly
explained by the geographical distance among populations and re-
sistance distances defined by the complex topography of the study

area.

2 | MATERIALS AND METHODS

2.1 | Population sampling

Between 2012 and 2015, we collected specimens of Omocestus
antigai (seven populations), O. navasi navasi (eight populations) and
O. navasi bellmanni (one population) from 16 sampling localities
(hereafter referred to as populations; Table 1 and Figure 1). Samples
represent populations across the entire known distribution range
of the three taxa based on the literature (Clemente et al., 1999;
Llucia-Pomares, 2002; Poniatowski et al., 2009; Puissant, 2008). We
stored specimens in 2 ml vials with 96% ethanol and preserved them
at —20°C until needed for geometric morphometric and genomic

analyses.

2.2 | Geometric morphometric analyses

We selected a maximum of 10 adult individuals from each popu-
lation (five males and five females if available) and used land-
mark-based geometric morphometric analyses to characterize
phenotypic variation in the complex. We excluded from geometric
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Species Locality Code Latitude Longitude
O. antigai Boi Tadll BOI 42.47945 0.86732
O. antigai Llessui LLE 42.44554 1.03668
O. antigai Coll de la CRE 42.30131 1.99350
Creueta
O. antigai Err ERR 42.38830 2.08812
O. antigai Queralbs QUE 42.36627 2.14902
O. antigai Turé de I'Home TUR 41.77167 2.44335
O. antigai Setcases SET 42.42756 2.26630
O. navasinavasi  Borau BOR 42.67388  -0.57932
O. navasinavasi ~ Puerto de MON 42.35067  -0.39762
Monrepéds
O. navasinavasi ~ Nerin NER 42.59047 0.01062
O. navasi navasi  Saravillo SAR 42.56089 0.23046
O. navasinavasi ~ Chia CHI 42.55418 0.43703
O. navasi navasi Espés ESP 42.44307 0.58389
O. navasi navasi ~ Perves PER 42.35250 0.83709
O. navasinavasi ~ Montan de Tost ~ TOS 42.23790 1.38052
O. navasi Tour de Batere BAT 42.50785 2.57641
bellmanni
O. femoralis Sierra de ESP 37.86515  -1.57115

Espuna

morphometric analyses five populations (MON, SAR, ERR, QUE,
and TUR) for which only a few individuals for one or the two sexes
(<3) could be sampled due to low population densities and/or be-
cause most specimens presented damaged structures (e.g., broken
forewings or ovipositor valves). Populations with available geomet-
ric morphometric data included all taxa within the complex (i.e., all
species/subspecies) and were representative of all genetic clusters
inferred by Bayesian clustering analyses (see Section 3). We took
digital images of head, pronotum, forewing and ovipositor valves
(in females) with a ZEISS stereomicroscope (STEREO DISCOVERY version
8; Carl Zeiss Microscopy GmbH). These traits correspond to those
originally used to distinguish the two putative species (Clemente
et al.,, 1999). The coordinates of landmarks (9-14 landmarks per
trait) were mapped on the images using Tpspic version 2.2 (Rohlf,
2015) and analyzed as implemented in the r version 3.3.2 (R Core
Team, 2018) package Geomorph (Adams & Otarola-Castillo, 2013).
Specifically, we performed generalized Procrustes analyses (GPA)
separately for each sex to remove the effects of location, size, and
rotation of the relative positions of landmarks among specimens
using the function gpagen. This superimposition method minimizes
the sum-of-squared distances between landmarks across samples
(Rohlf & Slice, 1990). To examine shape differences between taxa
and among populations, we performed principal component analy-
ses (PCA) on the covariance matrix of aligned Procrustes shape
coordinates using the function plotTangentSpace. We retained the
scores from the two first principal components (PC1 and PC2) for
each trait and used multivariate analyses of variance (MANOVA) to
investigate if trait shapes were significantly different between taxa

TABLE 1 Geographical location,
elevation and number of genotyped
individuals (n) for each sampled population
(locality) of the three putative taxa and
the outgroup

Elevation (m) n
2,046 5
1,979 6
1,928

o

2,150
2,070
1,622
2,145
1,357
1,267

U N NN oW

1,623
1,313
1,691
1,361
1,370
1,182
1,430

N N O NN N

1,514 6

and among sampled populations (e.g., Adams & Otarola-Castillo,
2013; Friedline et al., 2019). Statistical significance of MANOVA
models was determined using Wilk's 1 as the test statistic and
a = 0.05 as a significance threshold. Then, we used one-way analy-
ses of variance (ANOVA) to assess differences between taxa and
among sampled populations separately for each phenotypic trait
(e.g., Friedline et al., 2019). The first two PCs for each trait were
also used for integrative species delimitation analyses using ispp
(Solis-Lemus et al., 2015) and to build matrices of phenotypic dif-
ferentiation (Pgy; see below for details).

2.3 | Genomic library preparation and processing

We obtained genomic data for a subset of 94 specimens representa-
tive from the 16 sampled populations of O. antigai, O. navasi navasi,
and O. navasi bellmanni (~six individuals per population, three males
and three females when available; Table 1). Additionally, we geno-
typed six individuals of O. femoralis Bolivar, 1908 (Table 1), a spe-
cies also belonging to the subgenus Dreuxius (Cigliano et al., 2019)
and that was used as an outgroup in some phylogenetic and species
delimitation analyses (see below for details). Details on the prepara-
tion of ddRADseq libraries (Peterson et al., 2012) are presented in
Methods S1. Raw sequences were demultiplexed and preprocessed
using stacks version 1.35 (Catchen, Amores, Hohenlohe, Cresko,
& Postlethwait, 2011; Catchen, Hohenlohe, Bassham, Amores, &
Cresko, 2013) and assembled using pyraD version 3.0.66 (Eaton,
2014). Methods S2 provides all details on sequence assembling and
data filtering.
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FIGURE 1 (a) Bayesian phylogenetic
tree reconstructed with snapp (node
support presented in Figure 5) and (b) (a)
map showing the distribution of the
sampled populations of Omocestus antigai
(triangles) and Omocestus navasi (dots)

in the Pyrenees. Colours of triangles

and dots on the map indicate the main
genetic cluster at which populations

were assigned according to STRUCTURE
analyses for K = 6. Population codes as in
Table 1 [Colour figure can be viewed at
wileyonlinelibrary.com]

A
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2.4 | Population genetic structure

We employed four complementary approaches to exhaustively
explore spatial patterns of genetic structure in our study system,
including: (a) classic sTrRucTure analyses (Pritchard, Stephens, &
Donnelly, 2000); (b) FastsTrRuCTURE (Raj, Stephens, & Pritchard, 2014);
(c) the recently developed spatial method implemented in the r pro-
gram CONSTRUCT to infer patterns of genetic structure after control-
ling for the geographic distance separating the sampled populations
(Bradburd, Coop, & Ralph, 2018), given the strong signal of isolation
by distance in our study system (see Section 3.6); and (d) a principal
component analysis (PCA; Jombart, 2008). Further details on these
analyses are presented in Methods S3.

2.5 | Phylogenetic inference

We estimated species trees using two coalescent-based meth-
ods, snapp version 1.3 (Bryant, Bouckaert, Felsenstein, Rosenberg,
& RoyChoudhury, 2012) as implemented in BeasT2 version 2.4.3
(Bouckaert et al., 2014) and svbquarTeTs (Chifman & Kubatko, 2014)
as implemented in paup* v. 4.0a152 (Swofford, 2002). snapp analyses
are computationally highly demanding and, for this reason, we only

selected one individual (the one with the highest number of retained
reads; Figure S1) from each of the 16 sampled populations. The
resulting data set contained 16 individuals and retained 858 poly-
morphic sites. We ran snapp analyses for 1,000,000 Markov chain
Monte Carlo (MCMC) generations, sampling every 1,000 steps, and
using different gamma prior distributions for alpha and beta (2, 200;
2, 2,000; 2, 20,000). The forward (u) and reverse (v) mutation rates
were set to be calculated by snapp and we left the remaining param-
eters at default values. We conducted two independent runs and
evaluated convergence with TrRAcER version 1.6. We removed 10% of
trees as burnin and merged tree and log files from the different runs
using LOGCOMBINER version 2.4.1. We used TREEANNOTATOR version 1.8.3
to obtain maximum credibility trees, TREESETANALYSER version 2.4.1 to
identify species trees that were contained in the 95% highest poste-
rior density (HPD), and pensiTrRee version 2.2.1 (Bouckaert, 2010) to
visualize the posterior distribution of trees.

SVDQUARTETs uses SNP data to infer phylogenetic relation-
ships between quartets of taxa under the multispecies coalescent
(MSC) model and then assembles these quartets into a species tree
(Chifman & Kubatko, 2014). We performed svDQUARTETs analyses in-
cluding all individuals and populations and setting O. femoralis as an
outgroup. We constructed species trees by exhaustively evaluating
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Species delimitation hypothesis (H,) Species MLE

H,: (BAT + PER + SAR + CHI+TOS + N 1 -4,794.85
ER+ESP + MON+BOR + CRE + ERR

+ BOI+LLE + QUE + TUR + SET)

Hy: (BOI + LLE + CRE + ERR + QUE + 2
TUR+SET) (PER + SAR + CHI + NER
+ ESP + MON + BOR + BAT + TOS)

Hy: (BAT) (PER + SAR + CHI + TOS + 3
NER + ESP + MON + BOR) (CRE + E
RR + BOI + LLE + QUE + TUR + SET)

H,: (BAT + TOS + CRE + ERR + QUE + 2
TUR + SET) (PER + SAR + CHI + NE
R + ESP + MON + BOR + BOI + LLE)

Ha: (BAT + SET) (TOS) 6
(CRE + ERR + QUE + TUR)
(PER + SAR + CHI + NER + ESP)
(MON + BOR) (BOI + LLE)

-5,601.22

-5,384.07

-5,221.06

-4,384.48

all possible quartets (i.e., every combination of four tips was exam-
ined) from the entire genomic data set (63,860 unlinked SNPs) and
used 100 nonparametric bootstrapping replicates to assess branch
support (Chifman & Kubatko, 2014).

2.6 | Species delimitation

We applied three Bayesian coalescent-based species delimitation
approaches to determine the number of independently evolving
lineages, two of them based only on molecular data (spp; Yang &
Rannala, 2010; BrD*; Leaché et al., 2014) and the third one integrat-
ing molecular and phenotypic data (iepp; Solis-Lemus et al., 2015).
We used the Brd* method implemented in snapp (Leaché et al.,
2014) to contrast five competing species delimitation hypotheses,
including a single-species model and four alternative multi-species
models informed by the current taxonomy as well as the phylo-
genetic and Bayesian clustering analyses (Table 2). This method
allows the comparison of alternative species delimitation scenar-
jos in an explicit MSC framework by calculating and comparing
marginal likelihood estimates (MLE) for each model. Specifically,
our species delimitation hypotheses included: (a) the hypothesis
of a single species (H,); (b) the current taxonomy of two species
(H,: O. antigai and O. navasi); (c) the current taxonomy but consid-
ering the subspecies O. navasi bellmanni as a separate species (H;:
three species); (d) a model considering as distinct species the two
main genetic clusters (east-west split) revealed by phylogenetic
and Bayesian clustering analyses (H,) and (e) a model considering
six species, corresponding to the six genetic clusters inferred by
Bayesian clustering analyses in sTrucTure (H5; Table 2). We con-
ducted a path sampling analysis of eight steps each consisting of
100,000 MCMC iterations (after a preburnin of 10,000 iterations),
sampling each 100 steps, and using an a value of 0.3. These set-
tings were sufficient to ensure convergence and obtain ESS > 200.
The Bayes factor (BF) test statistic (2 x In BF) was calculated,
where BF is the difference in MLE between two competing models

TABLE 2 Results of Brp* analyses

L3 Rank testing the support of competing species
8.21 x 10? 2 delimitation hypotheses. The table shows
the clustering scheme defining each
alternative species delimitation hypothesis
2.43 x 10° 5 (H,). For each hypothesis, we show
marginal likelihood estimates (MLE), their
Bayes factors (calculated as 2 x In BF) and
200 x 103 4 their rank. Population codes as in Table 1
1.67 x 10° 3

(base scenario-alternative scenario). These analyses were per-
formed using a matrix with no missing data (393 SNPs; see Leaché,
McElroy, & Trinh, 2018 for a similar approach) and including two
individuals from each sampled population plus two individuals
from the outgroup O. femoralis, to be able to test for the single-
species model.

BPP version 3.3 can perform species delimitation analyses using
a fixed input guide tree specified by the user (option A10, guided
analysis) or estimating a species tree (option A11, unguided analysis;
Yang, 2015; Yang & Rannala, 2014). We used both options and for
guided analyses we fitted as input trees the topologies yielded by
sNAPP and sVDQUARTETS (see Section 3). This allowed us to assess the
potential impact that alternative tree topologies had on our species
delimitation inferences (Leaché & Fujita, 2010). To make spp anal-
yses computationally tractable, we only included two individuals
from each sampled population (same as used for srp* analyses) and
used a subset of loci from our total genomic data set (e.g., Huang,
2018; Noguerales et al., 2018; Rancilhac et al., 2019). Specifically,
we selected loci with five or more variable sites, as these provide
more power in species delimitation analyses than less variable loci
(Huang, 2018). To evaluate the impact that the number of employed
loci had on our species delimitation inferences, we used three ran-
dom subsets of loci (200, 500 and 1,000 loci). According to previ-
ous studies, these numbers of loci provide considerable power for
species delimitation analyses (e.g., Huang, 2018; Noguerales et al.,
2018). We created spp input files from the.loci output file from pyraD
and randomly selected the different subsets of loci with the speci-
fied minimum number of variable sites (25) using two r scripts (bpp_
convert_Ama_sp.r and numvarfrombppfile.r, respectively) written by
Huang (2018). We analyzed the impact of different demographic
scenarios corresponding to different prior combinations of gamma
distribution as in Huang and Knowles (2016). We considered four
parameter settings: = G(1, 10) and 7 = G(1, 10), 4 = G(1, 10) and
7=G(2,2,000), 9 = G(2, 2,000) and = = G(1, 10), and 9 = G(2, 2,000)
and 7 = G(2, 2,000), where 6 and 7 refer to the ancestral population
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sizes and divergence times, respectively. We ran four replicates for
each combination. We used an automatic adjustment of the fine-
tune parameters, allowing swapping rates to range between 0.30
and 0.70 (Yang, 2015). We ran each analysis for 100,000 gener-
ations, sampling every 10 generations (10,000 samples), after a
burnin of 100,000 generations.

The integrative 1Bpp approach was built upon the architecture
of the early version of spp version 2.1.2 (Rannala & Yang, 2013;
Yang & Rannala, 2010) and incorporates models of evolution for
continuous quantitative traits under a Brownian motion process
(Solis-Lemus et al., 2015). We ran i8pp analyses separately for each
sex, incorporating genetic data as well as geometric morphometric
data (PC1 and PC2) of three traits for males and four traits for
females (see Section 2.2). As in Bpp, we ran three independent anal-
yses using as guide trees the topologies yielded by spp (obtained
using option AO1; Yang, 2015), snapp and svDQUARTETS, used four
prior combinations for gamma distribution and same settings for
all other parameter values, and ran four independent replicates
for each scenario. These analyses were performed only for popu-
lations with available phenotypic data (i.e., excluding MON, SAR,
ERR, QUE, and TUR), using a random subset of 500 loci with at
least five variable sites, and including five individuals/population
(rather than two individuals/population as in BPP analyses) in order
to increase the accuracy of estimates of the phenotypic variation
of populations. We ran iBpp analyses for 250,000 generations,
sampling every 10 generations (25,000 samples), after a conser-
vative burnin of 300,000 generations. Finally, we repeated these
analyses considering only phenotypic data for each sex. Posterior
probability (PP) of both spp and i1Bpp models was considered well
supported when PP > 0.95.

2.7 | Landscape genetic and phenotypic analyses

We analyzed three potential factors that could have shaped ge-
netic (F¢;) and phenotypic (Pg;) differentiation among populations:
(a) geographical distance; (b) environmental heterogeneity; (c) and
isolation-by-resistance defined by topographic complexity. We
estimated genetic differentiation between each pair of sampled
populations calculating pairwise F¢; values in ARLEQUIN version 3.5
(Excoffier, Laval, & Schneider, 2005). Similarly, we estimated pheno-
typic differentiation between each pair of sampled populations cal-
culating pairwise P¢; values for the first two PCs of each trait using
the r package Pstat (da Silva & da Silva, 2018). We calculated the ge-
ographical distance between sampled populations using GEOGRAPHIC
DISTANCE MATRIX GENERATOR version 1.2.3 (http://biodiversityinformat
ics.amnh.org/open_source/gdmg). To estimate environmental dis-
similarity between each pair of sampled populations, we extracted
for each one the values of the 19 present-day bioclimatic variables
available in worLDcLIM, downloaded at 30 arc-s (c. 1 km) resolution.
Then, we used the “rda” function in the r package vegan version
2.4-4 (Oksanen et al., 2017) to perform a principal component analy-
sis (PCA) and obtain for each population the PC scores of the first
two PCs, which explained the 80% and 16% of the environmental
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variance, respectively. Afterward, we calculated environmental
dissimilarity between each pair of populations using Euclidean dis-
tances for the obtained PC scores using the “dist” function inr. To in-
vestigate the role of topographic complexity, we calculated the slope
for each cell from a 90 m resolution digital elevation model from
NASA Shuttle Radar Topographic Mission (SRTM Digital Elevation
Data) and the final raster layer was transformed to 30 arc-s (c. 1 km)
resolution using qais version 2.8. Then, based on this layer, we used
cIrcuITscAPE version 4.0 (McRae, 2006; McRae & Beier, 2007) to cal-
culate a matrix of resistance distances between all pairs of popula-
tions considering an eight-neighbour cell connection scheme.

We used multiple matrix regressions with randomization
(MMRR) as implemented in r (Wang, 2013) to analyze: (a) pairwise
population genetic differentiation (F¢7) in relation with geographical,
resistance and environmental distances, and (b) pairwise population
phenotypic differentiation (PST) in relation with genetic differentia-
tion (F¢7) and geographical, resistance and environmental distances.
Models for all dependent variables were initially constructed with
all explanatory terms fitted (i.e., full models) and final models were
selected using a backward-stepwise procedure, by progressively re-
moving nonsignificant variables (starting with the least significant
ones) until all retained terms within the model were significant.
Then, we tested the significance of the rejected terms against this
model to ensure that no additional variable reached significance.
The result was the minimal most adequate model for explaining
the variability in the response variable, where only the significant
explanatory terms were retained. As we tested a high number of
phenotypic traits (eight traits for females and six for males) against
the same subset of independent variables, we applied a Benjamini-
Hochberg false discovery rate correction to adjust p-values for mul-
tiple statistical tests and calculate the corresponding g-values using

the p.adjust function in r.

3 | RESULTS

3.1 | Geometric morphometric analyses

The two first principal component scores, PC1 and PC2, for each
trait explained most variation in shapes for pronotum (9: 87%; 3:
76%), head (9: 90%; 3: 91%), forewing (Q: 65%; 3: 77%) and oviposi-
tor valves (Q: 95%). Principal component plots for each trait and sex
are shown in Figures S2 and S3. MANOVAs based on PC scores for
all traits showed significant differences among sampled populations
(@: Wilk's 2 = 0.035, Fgy 19550 = 1.674, p = .002; 3: Wilk's 1 = 0.047,
F54, 14227 = 2.16, p < .001) but not between the two taxa (9: Wilk's
4 =0.940, Fg 34 = 0.305, p = .959; 3: Wilk's 2 = 0.745, F, 55 = 2.00,
p = .092). One-way ANOVAs revealed that multivariate differentia-
tion among populations was driven by shape variation of forewing
(PC2: F1o,4o =4.86; p <.001) and ovipositor valves (PC1: F10,42 =2.25;
p =.03) in females and head (PC2: Fy, 5, = 2.22; p =.039), pronotum
(PC1: Fyg 40 = 3.08; p = .005; PC2: Fy 4o = 2.47; p = .021) and fore-
wing (PC1: FlO, 36 = 2.75; p = .013; PC2: F1o, 36 = 2.33; p=.031) in
males.
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3.2 | Genomic data

Illumina sequencing returned an average of 2.19 x 10° reads per
sample. After quality control, an average of 2.11 x 10° reads were
retained per sample (Figure S1). The total number of unlinked SNPs
retained in the final data set obtained with pyraD for all individuals
and minCov = 25% was 64,365 SNPs (63,860 SNPs when the out-
group O. femoralis was included).

3.3 | Population genetic structure

STRUCTURE analyses yielded an “optimal” clustering value for K = 2 accord-
ing to the AK criterion, but log probabilities of the data (LnPr(X|K)) stead-
ily increased up to K = 6 (Figure S4a). The inferred genetic groups were
consistent with the geographic distribution of the populations but not
with their taxonomic assignment (Figure 2 and Figure S5). STRUCTURE anal-
yses showed a hierarchical genetic structure, with a first split between
eastern and western populations for K = 2 and subsequent subdivision of
these two main population groups into other genetic clusters at smaller
geographical scales from K = 3 to K = 6. Most individuals and populations
were assigned to a single genetic cluster, with admixture limited to popu-

lations in putative contact zones between genetic clusters.

FIGURE 2 Genetic assignment of
individuals based on the results of (a)
STRUCTURE (from K = 2 to K = 6) and (b)
CcONSTRUCT (from K = 2 to K = 4). Individuals
are partitioned into K coloured segments
representing the probability of belonging
to the cluster with that colour. Thin
vertical black lines separate individuals
from different populations. Population
codes as in Table 1 [Colour figure can be
viewed at wileyonlinelibrary.com]

Maximum-likelihood scores from FASTSTRUCTURE analyses

peaked for K = 3 and, according to the AK criterion the “optimal”
clustering solution was K = 2 (Figure S4b). Model complexity that
maximizes marginal likelihood was equal to three in 22 replicates,
equal to four in two replicates and equal to five in one replicate,
and the number of model components used to explain structure
in the data was equal to four in 18 replicates and equal to seven
in five replicates. FASTSTRUCTURE results mostly mirrored those ob-
tained with sTRuUCTURE, but they also presented some differences
(Figure S6): (a) For K = 3, sTrucTURE included in the same genetic
cluster the populations BOR-MON and BOI-LLE. However, these
two pairs of populations were assigned to different genetic clus-
ters by FAasTSTRUCTURE, which makes more geographical sense; (b)
FASTSTRUCTURE analyses for K > 5 did not split populations CRE-
ERR-QUE from TUR-SET-BAT as done by sTrucTure for K = 6;
(c) With the exception of TOS, no other population showed any
signature of genetic admixture in FASTSTRUCTURE analyses (Figure
S6). Assignment values to additional genetic clusters in FasT-
STRUCTURE for analyses with K > 5 were extremely low in all cases
(g < 0.0001) and, thus, their respective bar plots were virtually
identical to those obtained for K = 5 (for a similar result, see Baiz,
Tucker, & Cortés-Ortiz, 2019).
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The spatial model of consTRuCT showed better model fit at every
value of K than the non-spatial model (Figure S7a). Spatial models
had strong statistical support up to K = 3-5 (Figure S7a), but layers
beyond K = 3 contributed relatively little to total covariance (Figure
S7b). consTruCT analyses showed strong genetic admixture for all K
values (e.g., Whelan et al., 2019) and only genetic assignments for
K = 3-4 were partially compatible with the presence of the two main
genetic clusters revealed by sTRUCTURE and FASTSTRUCTURE (Figure 2
and Figure S8).

In agreement with previous analyses, PCA grouped populations
according to their geographic location and main genetic clusters
rather than by described species (Figure 3). PC1 separated the west-
ernmost populations BOR-MON from the rest of the populations,
whereas PC2 separated the rest of western populations from east-
ern populations and placed the admixed population of TOS at an in-

termediate position.

3.4 | Phylogenetic inference

Population trees reconstructed in Bpp, SNAPP, and sVDQUARTETS yielded
similar topologies that only differed in the inferred relationships
among some nearby populations belonging to the same genetic clus-
ters (Figures 1a and 4). For the west genetic group the three methods
inferred different relationships for the populations NER-SAR-CHI-
ESP-PER (Figure 4), which were grouped within the same genetic
cluster at the lower hierarchical level by sTRUCTURE and FASTSTRUCTURE
analyses (Figure 2) and clumped together in PCA (Figure 3). For the
east genetic group, sNApp and Bpp analyses produced the same to-
pology and placed TUR as a sister clade of CRE-ERR-QUE, whereas
svDQUARTETS placed TUR as external group with respect to the five
easternmost populations CRE-ERR-QUE-SET-BAT. As expected, the

40

PC2 (3.47%)
o

® O. navasi (BOR)
® O. navasi (MON) .
® O. navasi (NER) O. navasi (TOS)
® O. navasi (SAR) A O. antigai (CRE)
© 0. navasi (CHI) A O. antigai (ERR)
® 0. navasi (ESP) A O. antigai (QUE)
® 0. navasi (PER) A O. antigai (TUR)
O. antigai (BOI) A O. antigai (SET)
(

|
I
I
|
A
&
|
A
-40 !
I
I
|
' O. antigai (LLE) @ O. navasi (BAT)

—40 0 40 80 120
PC1 (3.82%)

FIGURE 3 Principal component analysis (PCAs) of genetic
variation for Omocestus antigai (triangles) and Omocestus navasi
(dots). Colours of triangles and dots indicate the main genetic
cluster at which individuals were assigned according to STRUCTURE
analyses for K = 6. Population codes as in Table 1 [Colour figure can
be viewed at wileyonlinelibrary.com]
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relationship among these populations also showed considerable un-
certainty in terms of low node support (i.e. posterior probabilities
for snapp and bootstrapping values for svbQuarTeTs; Figure 4). This
is also evidenced by the snapp analyses, which showed consider-
able fuzziness in some parts of the tree probably due to gene flow
among nearby populations belonging to the same genetic clusters
(Figure 1a). In general, the relationships among populations inferred
by all phylogenetic analyses are in good agreement with the hierar-
chical genetic structure yielded by sTRUCTURE, FASTSTRUCTURE, and PCA
and indicate no support (i.e., polyphyly) for the separation of the
named taxa (Figure 1).

3.5 | Species delimitation

Species delimitation analyses with the srp* method strongly sup-
ported a six species model (H;), which considered populations as-
signed to each genetic cluster identified by Bayesian clustering
analyses in STRUCTURE as a distinct species (Table 2). The second
most-supported scenario (H;) was the one considering one spe-
cies, but received much lower support (Table 2). spp analyses fully
supported the presence of 13 species across all tested topologies
(BPP, SNAPP and SVDQUARTETS), prior combinations for gamma distribu-
tion, and number of loci (Figure 4). All sampled populations were
consistently supported as distinct species when using the subset of
1,000 loci and only some nearby populations belonging to the same
genetic clusters (CHI-ESP and CRE-ERR-QUE) were not supported
as distinct taxa under a few prior combinations and specific guide
trees for the subsets of 200 and 500 loci (Figure 4). i8Pp analyses
supported all populations as different species using either female
or male phenotypic data (Figure 5). i18pp analyses based only on mor-
phological data showed inconsistent results depending on sex and
the tested demographic scenario, but tended to support the split
into different species for the 3-4 most external nodes (Figure 5).
A validation test randomizing phenotypic data across individuals
yielded almost an identical result (Figure S9), indicating that the in-
fluence of phenotypic traits in 18pp analyses is probably overridden
by the high amount of genomic data. Remarkably, 18pp analyses only
based on randomized morphological data sets (i.e., without genomic
data) also tended to support the split into different species for some
external nodes, although the results strongly varied between sexes
and across tested topologies and demographic priors (Figure S9).

3.6 | Landscape genetic and phenotypic analyses

MMRR analyses indicated that genetic differentiation (F¢) was sig-
nificantly correlated with both geographic distances (p = .001) and
resistance distances defined by topographic complexity (p = .004;
Table 3). However, environmental dissimilarity did not show a sig-
nificant relationship with genetic differentiation and this vari-
able was excluded from the final model (p = .374; Table 3). MMRR
analyses for phenotypic differentiation (Ps;) showed that no
trait was significantly correlated in any sex with geographical dis-
tances, resistance distances defined by topographic complexity,
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FIGURE 4 Results of species delimitation analyses in Bpp. Analyses were performed using three alternative topologies (a: Bpp; b: snapP;
C: sVDQUARTETS), three different subsets of loci (200, 500, and 1,000 loci; two individuals/population), and four gamma prior combinations
(gamma, a, B) for ancestral population size (¢) and root age (7). Colored boxes at each node represent the mean posterior probability (PP)
for different combinations of demographic priors (legend at bottom). Node support in terms of posterior probabilities (for snapp tree) and
bootstrapping values (for svbQuARTETs tree) is indicated in parentheses for each node. Population codes as in Table 1 [Colour figure can be

viewed at wileyonlinelibrary.com]

environmental dissimilarity or genetic differentiation after applying
Benjamini-Hochberg false discovery rate corrections for multiple
testing (all g-values > 0.05; Table 4).

4 | DISCUSSION

Collectively, our analyses rejected the current hypothesis of two
species and indicated that populations assigned to O. antigai and
O. navasi show a distribution of genetic variation that (a) does not
match with their respective taxonomic designation and (b) is in-
compatible with ecological/environmental speciation. Our results
show the presence of two main genetic groups corresponding to an
east-west split analogous to that found in many other Pyrenean taxa
(Wallis, Waters, Upton, & Craw, 2016) and a marked genetic differ-
entiation at local spatial scales reflecting limited population connec-
tivity across the abrupt landscapes characterizing the study region
(e.g., Noguerales, Cordero, & Ortego, 2016).

4.1 | Integrative species delimitation

As in many other species complexes (e.g., Leaché et al., 2018) the
taxonomy of O. antigai and O. navasi has changed through time in
conjunction with the discussion about the validity of the different
criteria considered to establish the boundaries between the two
putative taxa (Clemente et al., 1999; Ragge & Reynolds, 1998).
After the two species were described by Bolivar in the transi-
tion between the XIX and XX centuries (Bolivar, 1897, 1908) and

Clemente, Garcia, and Presa (1990) confirmed their taxonomic dis-
tinction, Reynolds (1986) and Ragge and Reynolds (1998) attributed
their subtle morphological diversity to the effect of population ge-
ographic isolation, denied differences in acoustic communication
(i.e., courtship songs), and recommended the synonymy of O. navasi
to O. antigai. However, new acoustic and biometrical analyses by
Clemente et al. (1999) resurrected the species O. navasi and the
two taxa are now considered valid species (Cigliano et al., 2019)
and treated as such in conservation assessment programs (Braud,
Hochkirch, Fartmann, et al., 2016; Braud, Hochkirch, Fartmann, et
al., 2016; Hochkirch et al., 2016). Up to now, no molecular-based
analysis had been performed to test the monophyly of the two
taxa and determine whether their specific habitat associations and
slight phenotypic differences have a genetic basis in line with a
scenario of ecological speciation. Using genomic and phenotypic
data and a comprehensive suite of phylogenomic and Bayesian
clustering analyses, our results indicate no support for the cur-
rent taxonomy. Phylogenomic and genetic structure analyses indi-
cate that populations split in two main genetic groups (east/west)
that do not match current taxonomic designations and, accord-
ingly, populations sampled in the two distinct habitats (alpine vs.
Mediterranean/montane) supposedly occupied by the two putative
species are phylogenetically interspersed (Figure 1).

Despite phylogenomic reconstructions not recovering the mono-
phyly of the two nominated taxa, molecular-based species delimitation
analyses using spp and BrD* identified the presence of several plausi-
ble species. Independently of the number of loci used, Brp analyses
fully supported the presence of 13 species across all tested topologies
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FIGURE 5 Results of species delimitation analyses in i8pp. Analyses were performed separately for each sex both combining genomic
(500 loci and five individuals/population) and phenotypic data (trees on the left) and only using phenotypic data (trees on the right). All
analyses were performed using three alternative topologies (a: Bpp; b: sNAPP; c: svDQUARTETS) and four gamma prior combinations (gamma,
a, p) for ancestral population size (9) and root age (z). Coloured boxes at each node represent the mean posterior probability (PP) for
different combinations of demographic priors (legend at bottom right). Population codes as in Table 1 [Colour figure can be viewed at
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and prior combinations for gamma distribution. In most cases, each
of the 17 sampled populations was supported as a distinct species
and only some nearby populations separated by less than 20 km and
belonging to the same genetic clusters (CHI-ESP and CRE-ERR-QUE)
were not supported as distinct taxa under a few prior combinations
and specific topologies. It is also remarkable that many nearby pop-
ulations (BOR-MON, NER-SAR, BOI-LLE and SET-BAT) assigned to
the same genetic groups by PCA and Bayesian clustering analyses

(STRUCTURE, FASTSTRUCTURE and CONSTRUCT) were consistently delimited as

TABLE 3 Multiple matrix regression with randomization
(MMRR) for pairwise population genetic differentiation (F¢;) in
relation with geographical, resistance and environmental distances

Variable Coefficient t p-Value
Retained terms
Intercept -0.108 -3.079 991
Geographical distance 0.255 6.841 .001
Resistance distance (slope) 0.007 5.278 .004
Rejected term
Environmental distance = -1.061 .374

distinct species (Figure 4). Accordingly, the species delimitation model
most supported by Bro* analyses was the one considering the highest
number of species, one per genetic cluster inferred by STRUCTURE (see
also figure 2b in Leaché et al., 2018). Recent empirical and theoreti-
cal studies have shown the limitations of Bayesian species delimita-
tion approaches based on the multi-species coalescent (MSC) model
(Rannala & Yang, 2013; Yang & Rannala, 2010), pointing out that such
methods are not able to statistically distinguish genetic structure
due to population isolation from true species boundaries and tend to
over-split genetically differentiated populations rather than capturing
species divergence (Huang, 2018; Leaché et al., 2018; Leaché, Zhu,
Rannala, & Yang, 2019; Sukumaran & Knowles, 2017). The problem
of species overestimation can be particularly exacerbated when using
vast genome-wide data due to the high power of a large number of
markers (hundreds to tens of thousands) to detect fine-grain popula-
tion structure (Hime et al., 2016; Noguerales et al., 2018; Sukumaran
& Knowles, 2017). In this line, recent empirical studies have found
that geographically continuous intraspecific populations presenting
genotypic differences simply resulted from isolation by distance can
be delimited as distinct species when using hundreds of loci (Huang,
2018; Pyron, Hsieh, Lemmon, Lemmon, & Hendry, 2016).
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TABLE 4 Multiple matrix regressions

with randomization (MMRR) for pairwise

t q t q population phenotypic differentiation
(Ps7) in relation with genetic

Females Males

Head—PC1 differentiation (F4;) and geographical,
Geographical distance 0.448 0.919 -0.048 0.980 resistance and environmental distances
Resistance distance (slope) 0.989 0.791 -1.106 0.853
Environmental distance -1.699 0.791 -2.993 0.288
Fsr 0.125 0.950 -0.052 0.980

Head—PC2
Geographical distance 1.882 0.686 1.223 0.864
Resistance distance (slope) -1.047 0.791 -0.429 0.973
Environmental distance -1.423 0.791 0.135 0.980
Fer 2.781 0.400 1.735 0.840

Pronotum—PC1
Geographical distance -1.264 0.791 -0.858 0.973
Resistance distance (slope) -0.416 0.919 0.376 0.973
Environmental distance 0.963 0.791 1.713 0.853
Fsr -0.960 0.791 0.587 0.973

Pronotum—PC2
Geographical distance 0.868 0.919 0.715 0.973
Resistance distance (slope) -0.267 0.919 0.318 0.973
Environmental distance -1.240 0.791 -0.054 0.980
P -0.735 0.919 1.152 0.853

Forewing—PC1

Geographical distance 2.775 0.405 0.695 0.973

Resistance distance (slope) -0.190 0.919 -0.386 0.973

Environmental distance -2.197 0.686 -2.455 0.288

Fsr 2.695 0.520 -0.031 0.980
Forewing—PC2

Geographical distance -0.222 0.919 -1.471 0.840

Resistance distance (slope) 0.388 0.919 2.185 0.496

Environmental distance 3.159 0.400 0.782 0.973

P 1.110 0.791 2.045 0.720
Ovopositor valve—PC1

Geographical distance -0.282 0.919 - -

Resistance distance (slope) 0.210 0.919 - -

Environmental distance 1.614 0.686 = =

Fsr -0.408 0.919 - -
Ovopositor valve—PC2

Geographical distance -0.257 0.919 - -

Resistance distance (slope) 0.637 0.919 - -

Environmental distance 1.401 0.791 - -

Far 0.617 0.919 = =

Note: No independent variable was significant and retained into final models. Table shows g-values
after applying Benjamini-Hochberg false discovery rate corrections of p-values to adjust for multi-
ple statistical tests.

Recent studies have suggested that species delimitation ap- the problem of confounding population structure with species limits
proaches integrating genomic data with other sources of information (Pyron et al., 2016; Sukumaran & Knowles, 2017). Although most

(ecological, morphological, ethological, etc) could help to mitigate phenotypic traits analyzed only presented very subtle differences
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among some pairs of populations and did not differ between cur-
rently recognized taxa (see Figures S2 and S3), our iepp analyses
supported most populations as distinct species and a validation test
randomizing phenotypic data across individuals yielded an almost
identical result. Thus, incorporating morphological traits has no or
very little influence on the outcome of iBpp analyses and the impact
of phenotypic traits seems to be overridden by the high amount of
genetic data. Our analyses suggest that the species delimitation ap-
proach implemented in i1Bpp does not really help to reduce the num-
ber of delineated species, indicating that integrating phenotypic and
genetic data into this framework cannot prevent species overesti-
mation (Noguerales et al., 2018; Sukumaran & Knowles, 2017). In
sum, the strong genetic structure in our study system and the high
number of loci employed are likely to have extraordinarily inflated
the number of species identified by srp and Brp* and integrative anal-
yses implemented in 1BPp does not seem to help to ameliorate this
problem.

Beyond the taxonomic inflation issue linked with the fact that
the multispecies coalescent model frequently diagnoses genetic
structure rather than species, different intersecting lines of ev-
idence suggest that the multiple delineated entities do not meet
the requirements to be considered distinct taxa according to alter-
native contemporary species concepts (see table 1 in de Queiroz,
2007). These lines of evidence include: (a) The presence of largerly
overlapping phenotypes across populations, taxa, and genetic
clusters for all studied traits (Figure S2 and S3; phenetic species
concept); (b) No evidence for environmental-driven divergence and
the presence of phylogenetically interspersed high and low eleva-
tion populations (ecological + phylogenetic species concepts) and
(c) Genetic clusters are always allopatric and admixture at contact
zones happens even between the two most diverging eastern and
western genetic groups (genotypic cluster species concept), which
is indicative of lack of intrinsic reproductive isolation (biological
species concept; de Queiroz, 2007). Although the strong signal for
isolation-by-distance might be potentially compatible with a rapid
stepping-stone speciation process (e.g., VanderWerf, Young, Yeung,
& Carlon, 2010), such pattern most plausibly reflects population
connectivity (Hutchison & Templeton, 1999; Slatkin, 1993). Thus, in
our opinion, the studied populations should be treated—at least by
now—as a single species taxon with strong genetic structure, which
is not incompatible with the possibility of designating the main ge-
netic clusters (e.g., east-west genetic groups) as intraspecific evolu-
tionary significant units (Moritz, 2002) that should be considered in
future conservation and management strategies (Braud, Hochkirch,
Fartmann, et al., 2016; Braud, Hochkirch, Fartmann, et al., 2016).

4.2 | Factors structuring genomic and
phenotypic variation

Phylogenomic reconstructions and spatial patterns of genetic
structure inferred from classic Bayesian clustering analyses sup-
ported that genetic variation within the complex is hierarchically
structured in congruence with the geographical distribution of the
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sampled populations. However, the strong signal of isolation-by-dis-
tance (r = .71, p < .0001; Table 3) probably explains why the spatial
analyses in consTrucT blur most genetic structure and do not even
clearly recover the west/east split revealed by phylogenetic recon-
structions and all other analyses. Our study system presents a high
degree of genetic differentiation (mean F¢; = 0.35) and extraordi-
narily high estimates of genetic drift after divergence for all genetic
clusters inferred by sTrucTurE analyses (F-value > 0.5; Pritchard et
al., 2000). Also, there is a remarkable congruence between the hi-
erarchical genetic structure inferred by nonspatial clustering analy-
ses (STRUCTURE, FASTSTRUCTURE) and both phylogenetic reconstructions
(sNnAPP, svDQUARTETS, and Bpp) and PCA, the latter being a method free
of the assumptions made by classic clustering analyses (Jombart,
Devillard, & Balloux, 2010). All these lines of evidence suggest that
results from consTrucT make little biological sense in our specific
study system and indicate that the strong genetic structure revealed
by all other analyses is genuine and resulted from historical pro-
cesses (i.e., strong isolation) rather than being an artefactual conse-
quence of gradual genetic differentiation (i.e., migration and genetic
drift equilibrium) merely driven by geographical distance (Bradburd
et al., 2018).

In agreement with sTRUCTURE and FASTSTRUCTURE results for K = 2,
all phylogenetic analyses showed a basal split in two clades corre-
sponding to populations located east and west of an imaginary line
located around the Segre river (~1°E). Similar east-west genetic splits
have been reported for many other plant and animal species from
the Pyrenean region (e.g., Alvarez-Presas, Mateos, Vila-Farre, Sluys,
& Riutort, 2012; Bidegaray-Batista et al., 2016; Charrier, Dupont,
Pornon, & Escaravage, 2014; Mila, Carranza, Guillaume, & Clobert,
2010; Valbuena-Urena et al., 2018). This east-west split might be well
explained by detailed geological reconstructions documenting heav-
ily glaciated areas in the central part of the range and the likely pres-
ence of ice-free refugia at its longitudinal extremes (Ehlers, Gibbard,
& Hugues, 2011) that might have allowed montane/alpine species to
survive glaciations and recolonize high elevations during interglacial
periods (Charrier et al., 2014; Valbuena-Urena et al., 2018). Overall,
these results are consistent with the transverse breaks proposed by
Wallis et al. (2016) for numerous alpine taxa and support the idea
that the fragmentation of ancestral distributions during glacial peri-
ods and the presence of Pleistocene refugia along mountain ranges
has played a key role on the diversification not only of lowland spe-
cies but also of montane and alpine organisms.

Genomic data also revealed strong genetic differentiation and a
deep genetic structure at fine spatial scales, with up to three genetic
clusters comprised within each of the two main west and east ge-
netic groups (Figure 2). The fact that almost all sampled populations
have been assigned to a unique genetic cluster, with only a few cases
of genetic admixture between nearby populations, suggest a strong
effect of geographic isolation (Wang, 2013). Only populations TOS
and PER (and into a lesser extent SAR), located in the contact zone
between the west and east genetic groups presented signatures of
genetic admixture, evidencing ongoing gene flow between them
(Figures 1 and 2). It is noteworthy that other populations located at a
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similar longitude but at higher elevations showed no evidence of ge-
netic admixture (e.g., BOI, LLE), which suggests a higher isolation of
alpine populations and increased gene flow through the less abrupt
landscapes characterizing the Pyrenean foothills. Accordingly, land-
scape genetic analyses indicated that genetic differentiation was
explained by both the geographical distance among populations and
resistance distances defined by topographic roughness (Table 3).
These results might reflect the low dispersal capability of the studied
taxon, males being brachypterous and females micropterous, and are
comparable to those obtained by previous studies showing the im-
pact of steep slopes and complex landscapes on structuring genetic
variation in montane/alpine grasshoppers (Noguerales, Cordero, et
al., 2016). Genetic structure analyses showed that the split of the
different populations at local/regional scales followed a longitudinal
cline rather than a segregation of alpine and Mediterranean-mon-
tane populations (e.g., SET and BAT), indicating no support for either
ecologically driven divergence or the taxonomic separation between
the supposedly Mediterranean O. navasi and the alpine O. antigai.
This was corroborated by our landscape genetic analyses, which
revealed no effect of environmental dissimilarity on structuring ge-
netic variation in the complex (i.e., isolation-by-environment; Shafer
& Wolf, 2013).

Our geometric morphometric analyses showed that the sub-
tle phenotypic differences found among populations were not
explained by genetic differentiation, geographical distances or
environmental dissimilarity. Overall, this suggests that the weak
phenotypic differences found among populations are not a conse-
quence of genetic drift or environmental-driven selection (Keller,
Alexander, Holderegger, & Edwards, 2013; Leinonen, Cano,
Makinen, & Merila, 2006; Leinonen, O'Hara, Cano, & Merila, 2008)
and might be explained by ecological and evolutionary aspects
not considered in this study such as sexual selection, predation
risk, microhabitat structure or adaptations to different feeding re-
sources (e.g., Ingley, Billman, Belk, & Johnson, 2014; Laiolo, lllera,
& Obeso, 2013; Noguerales, Garcia-Navas, Cordero, & Ortego,
2016).

5 | CONCLUSIONS

This study exemplifies the problems associated with species valida-
tion tests involving recently diverged allopatric taxa and highlights
the importance of integrating different sources of information to de-
limit species that have been described solely by morphology or eco-
logical distinctiveness (e.g., Jones & Weisrock, 2018). Phylogenetic
inferences, Bayesian species delimitation analyses, and phenotypic
and ecological data did not support the current taxonomic status of
the complex and indicate that O. navasi and O. antigai must be syn-
onymized into a unique taxon: O. antigai (Bolivar, 1897; for a list of
synonyms, see Table S1). Our study also illustrates the implications
that incorrect taxonomic designations can have for species conser-
vation and management. The recent assessment of the conserva-

tion status of European grasshoppers has assigned the two taxa to

different IUCN Red List categories (Hochkirch et al., 2016), consider-
ing O. navasi as a “endangered” species (Braud, Hochkirch, Fartmann,
et al., 2016) and O. antigai as “vulnerable” (Braud, Hochkirch,
Fartmann, et al., 2016). In the view of our results, the conservation
status of the complex requires total reconsideration in future IUCN
Red List assessments. Given that the range and population sizes of
O. antigai are larger and the ecological and habitat requirements
much wider than previously thought, the conservation status of the
taxon should be probably downlisted to “near threatened” (Braud,
Hochkirch, Fartmann, et al., 2016; Braud, Hochkirch, Fartmann, et
al., 2016). However, the presence of two marked genetic groups and
many genetically substructured populations should be also consid-
ered in future conservation plans as potential evolutionary significant
units that probably deserve to be protected and managed indepen-
dently (Moritz, 2002). Overall, our analyses point to the presence
of a single species characterized by a strong genetic structure, little
phenotypic variation, and a wide environmental niche. Future stud-
ies performing demographic reconstructions and spatiotemporally
explicit landscape genetic analyses that integrate available informa-
tion on past glacier extent (Ehlers et al., 2011) and inferred distribu-
tional shifts of the species linked to Pleistocene glacial cycles could
greatly help to further understand the historical processes that have
shaped the spatial distribution of genetic variation within and among
the current populations (e.g., Massatti & Knowles, 2016).
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