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Abstract

Estimating species ability to adapt to environmental changes is crucial to understand

their past and future response to climate change. The Mediterranean Basin has

experienced remarkable climatic changes since the Miocene, which have greatly

influenced the evolution of the Mediterranean flora. Here, we examine the evolu-

tionary history and biogeographic patterns of two sedge sister species (Carex,

Cyperaceae) restricted to the western Mediterranean Basin, but with Pliocene fossil

record in central Europe. In particular, we estimated the evolution of climatic niches

through time and its influence in lineage differentiation. We carried out a dated

phylogenetic–phylogeographic study based on seven DNA regions (nDNA and

ptDNA) and fingerprinting data (AFLPs), and modelled ecological niches and species

distributions for the Pliocene, Pleistocene and present. Phylogenetic and divergence

time analyses revealed that both species form a monophyletic lineage originated in

the late Pliocene–early Pleistocene. We detected clear genetic differentiation

between both species with distinct genetic clusters in disjunct areas, indicating the

predominant role of geographic barriers limiting gene flow. We found a remarkable

shift in the climatic requirements between Pliocene and extant populations,

although the niche seems to have been relatively conserved since the Pleistocene

split of both species. This study highlights how an integrative approach combining

different data sources and analyses, including fossils, allows solid and robust infer-

ences about the evolutionary history of a plant group since the Pliocene.
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1 | INTRODUCTION

The interplay of ecological and evolutionary processes shapes the dis-

tribution of species and the dynamics of speciation, dispersal, adapta-

tion and extinction, which results from geological and climatic changes

(Lavergne, Mouquet, Thuiller, & Ronce, 2010; Webb, Ackerly, McPeek,

& Donoghue, 2002). Therefore, to explain biogeographic and

speciation patterns, it is crucial to understand how ecological require-

ments evolve through time. An increasing number of studies on the

evolution of species climatic niches show that, although negligible

niche change may happen since the split of sister lineages (phyloge-

netic niche conservatism, PNC; Ackerly, 2003; Harvey & Pagel, 1991;

Wiens & Graham, 2005), there are also examples of ecological innova-

tion (niche shift) since the species’ divergence (Ackerly, 2003).

One of the most recognized signatures of niche conservatism is

the similarity of ecological preferences among closely related species†Both authors contributed equally to the senior authorship.
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(Losos, 2008; Wiens & Graham, 2005), hypothesis previously identi-

fied by Darwin (1859) as a consequence of their relatively recent

common ancestry. In addition to shared ancestry, Grafen (1989) pro-

posed that niche similarity is also due to shared environmental con-

straints and biogeographic history (Crisp & Cook, 2012; Losos, 2008;

Wiens & Graham, 2005). The niche conservatism idea has played an

important role particularly in relation to climate change impacts

(Thuiller, 2003), as climatic tolerance limits the ranges of species

(Wiens & Graham, 2005), even at very large geographical and evolu-

tionary scales (Crisp et al., 2009; Mairal, Sanmart�ın, & Pellissier,

2017). Holt (1996) related the absence of evolutionary change with

the difficulty for adaptive traits to evolve and stabilize in novel eco-

logical conditions. However, niches are rarely considered completely

conserved due to processes of local adaptation (Thompson, 2005;

Wiens & Graham, 2005). In particular, the presence of barriers that

limit expansion (e.g., mountain ranges; Taberlet, Fumagalli, Wust-

Saucy, & Cosson, 1998) may play a key role for niche evolution in

allopatric speciation (Wiens, 2004a), as the adaptation to ecological

conditions could be associated with the constraints imposed in dif-

ferent microhabitat preferences (Thompson, 2005). Moreover, recent

studies have demonstrated that niche differences could not always

be related to phylogenetic distances, as in some cases sister species

have not conserved the ancestral niche (M€unkem€uller, Boucher,

Thuiller, & Lavergne, 2015; Revell, Harmon, & Collar, 2008).

The assumption of niche conservatism has recently been further

challenged based on examples of rapid niche shifts during species

diversification (Evans, Smith, Flynn, & Donoghue, 2009). Only niche

shift allows species to colonize and adapt to new habitats ecologi-

cally dissimilar from those on their ancestral areas (Spalink et al.,

2016), or persist in the same area after an environmental change.

There is also evidence of niche shifts derived from biological inva-

sions (Broennimann et al., 2007; Stiels, Gaißer, Schidelko, Engler, &

R€odder, 2015). Large-scale shifts in plant species across biomes have

also been revealed (e.g., Jara-Arancio et al., 2014; Koecke, Muellner-

Riehl, Pennington, Schorr, & Schnitzler, 2013). The divergence of

ecologically relevant traits may have initially evolved sympatrically in

the past; however, range shifts resulting in small range overlap can

promote high trait divergence (Anacker & Strauss, 2014) associated

with the evolutionary specialization of species to a particular climatic

regime (Thompson, 2005).

The Mediterranean Basin is considered one of the Earth’s hot

spots of plant biodiversity regarding species richness and ende-

mism (M�edail & Qu�ezel, 1997; Myers, Mittermeier, Mittermeier, da

Fonseca, & Kent, 2000). Plant distribution patterns around the

Mediterranean Basin have been of particular biogeographic interest

due to the influence of complex historical geological–climatic pro-

cesses and extant heterogeneous environmental conditions in this

region (M�edail & Diadema, 2009; M�edail & Qu�ezel, 1997; Thomp-

son, 2005). The origin of the Mediterranean-type climate and its

flora is particularly interesting from an evolutionary perspective.

The Messinian Salinity Crisis (5.96–5.3 million years ago (Ma)) was

a significant period of subtropical flora extinction and adaptation

to aridity, triggering diversification of Mediterranean lineages

(Fiz-Palacios & Valc�arcel, 2013; Rodr�ıguez-S�anchez, P�erez-Barrales,

Ojeda, Vargas, & Arroyo, 2008). The progressive global cooling and

local aridification already initiated during the late Miocene (Milne

& Abbott, 2002; Suc et al., 1995; Thompson, 2005) culminated

with the onset of the Mediterranean climatic regime during the

late Pliocene (3.4–2.8 Ma). This climatic progression modified the

composition and structure of the Mediterranean forests, which lost

elements from the pre-existing subtropical lauroid flora and began

to resemble contemporary vegetation (Thompson, 2005). Remnants

of such subtropical vegetation persisted in the form of relict ele-

ments mostly at the eastern or western parts of the basin (Fern�an-

dez-Mazuecos et al., 2016; M�edail & Diadema, 2009; M�ıguez,

Gehrke, Maguilla, Jim�enez-Mej�ıas, & Mart�ın-Bravo, 2017), as well

as in Mediterranean islands and Macaronesia (M�edail & Diadema,

2009; M�edail & Qu�ezel, 1997). The later Quaternary climatic oscil-

lations (starting c. 2.5 Ma), characterized by the alternation of

colder (glacial) and warmer (interglacial) periods, strongly affected

the distribution and genetic structure of species due to the recur-

rent range shifts (e.g., Gentili et al., 2015; Mansion et al., 2008). In

this case, the Mediterranean Basin and Macaronesia served as gla-

cial refugial areas (Gentili et al., 2015; Mairal et al., 2017; M�edail

& Diadema, 2009; Vargas, 2007), where the long-term persistence

of isolated sets of populations from ancestral species frequently

resulted in the formation of new allopatric lineages (Wiens,

2004b). The role of niche evolution in the biogeographic and

diversification patterns of the Mediterranean Basin is crucial but

still poorly understood.

Our study group is a complex of two closely related sister

species, Carex reuteriana Boiss. and Carex panormitana Guss.

(Cyperaceae), allopatrically distributed in the western Mediterra-

nean Basin (Figure 1), where they inhabit creeks and river shores

at low and medium altitudes (20–1,900 m; Luce~no & Jim�enez-

Mej�ıas, 2008). C. reuteriana is endemic to the Iberian Peninsula

and northwestern Africa (Luce~no & Jim�enez-Mej�ıas, 2008), and

C. panormitana has a restricted distribution in Sardinia and in a

few isolated populations in Sicily and Tunisia (Jim�enez-Mej�ıas,

Mart�ın-Bravo, Amini-Rad, & Luce~no, 2013; Pignatti, 1982; Urbani,

Gianguzzi, & Ilardi, 1995). A close phylogenetic relationship

between both disjunct taxa has been recently found (Global Carex

Group, 2016). Currently, two subspecies are accepted for

C. reuteriana (Jim�enez-Mej�ıas, Escudero, Guerra-C�ardenas, Lye, &

Luce~no, 2011): (i) C. reuteriana ssp. reuteriana, which shows a pat-

chy and disjunct distribution in the central and western Iberian

Peninsula; and (ii) C. reuteriana ssp. mauritanica (Boiss. & Reut.)

Jim.-Mej�ıas & Luce~no, in the southwestern Iberian Peninsula and

northwestern Africa. Geographic isolation has been previously pro-

posed as the main factor driving the diversification of C. reuteriana

(Jim�enez-Mej�ıas et al., 2011). In contrast, the phylogeography of

C. panormitana has not been previously studied. Interestingly, the

recent study of fossil evidences has shown that the putative

ancestor of C. reuteriana–C. panormitana was widely distributed

throughout central Europe and western Asia during the Pliocene

(Jim�enez-Mej�ıas & Martinetto, 2013; Jim�enez-Mej�ıas et al., 2016),

BEN�ITEZ-BEN�ITEZ ET AL. | 1697



indicating the former presence of species of this group in areas

where it is now absent.

Phylogenetic niche conservatism is the most common pattern in

phylogenetic studies of species diversification (Ackerly, 2003; Crisp

et al., 2009; Wiens, 2004a; Wiens et al., 2010). However, several

case studies in the Mediterranean Basin suggested little niche con-

servatism (Donoghue, 2008; Rundel et al., 2016). We investigate the

evolutionary history of the C. reuteriana–C. panormitana complex

using an integrated approach comprising phylogenetic, phylogeo-

graphic and dating analyses, combined with species distribution mod-

elling (SDM). In this study, we aimed to evaluate the amount of

niche conservatism that occurred along the diversification of the

C. reuteriana–C. panormitana group in the context of climate changes

in the Mediterranean through the Plio–Pleistocene. In addition, we

assess the phylogeographic structure to infer the main drivers of

differentiation among both species and subspecies and their

populations.

2 | MATERIALS AND METHODS

2.1 | Estimation of divergence times

2.1.1 | DNA amplification and matrix construction

Two nuclear (ITS and ETS-1f) and three plastid (psbA-trnH, rpl32-

trnLUAG and ycf6-psbM) regions were selected to assess the phylo-

genetic relationships within the Eurasian group of Carex sect. Phaco-

cystis according to previous results by Jim�enez-Mej�ıas (2011).

Fifteen samples of 12 species were obtained from silica-dried field-

collected material and herbarium samples (Appendix S1). DNA

extraction was performed as in Jim�enez-Mej�ıas (2011). The primers

and amplification procedures for the nuclear and plastid regions fol-

lowed those in Dragon and Barrington (2009), Shaw et al. (2005)

and Shaw, Lickey, Schilling, and Small (2007), respectively. Sequence

chromatograms were edited using GENEIOUS version 6.1.8 (Biomatters

F IGURE 1 Populations used in the genetic study. Extant sampled populations are displayed with circles. Carex reuteriana ssp. mauritanica is
shown in two different green tones according to the two detected subgroups (see Figure 2): (a) Sierra Morena populations and (b) South of
Guadalquivir valley plus Moroccan populations. Shaded striped areas depict the approximate known distribution range of the two species
according to Jim�enez-Mej�ıas et al. (2011). The unshaded populations in Sicily and Tunisia correspond to the only populations known there.
Occurrences of the Pliocene fossils are displayed using squares [Colour figure can be viewed at wileyonlinelibrary.com]
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Ltd., Auckland, New Zealand) and automatically aligned with MUSCLE

(Edgar, 2004). Newly obtained edited sequences were included in a

matrix with a representative sampling of the genus Carex as com-

piled by M�ıguez et al. (2017) and in Global Carex Group (2016). To

this matrix, we added ITS, ETS1f, psbA-trnH and rpl32-trnLUAG

sequences from GenBank (Appendix S1). A final combined matrix

consisting of 134 concatenated sequences was constructed with an

aligned length of 5,211 sites. Two samples of C. reuteriana (one sam-

ple per C. reuteriana subspecies) and two samples of Carex panormi-

tana (one from Sardinia and another from Sicily) were included.

2.1.2 | Dating analysis

We used a Bayesian approach to infer divergence times within Carex

sect. Phacocystis and related Carex lineages with BEAST version 1.8.3

(Drummond & Rambaut, 2007). The availability of carefully assessed

fossils is of great importance for their use as calibration points in

dating analyses to obtain reliable time estimates (Tripp & McDade,

2014). Five achene fossils with an age ranging from the Late Eocene

to the latest Early Pliocene (Jim�enez-Mej�ıas & Martinetto, 2013;

Jim�enez-Mej�ıas et al., 2016) were applied as calibration points for

the analysis (Table S1, Appendix S2). We placed all fossils on the

stem nodes of the correspondent calibrated clade as their diagnostic

characters could have appeared before the radiation of their respec-

tive crown groups. The only exception was C. colwellensis, which was

placed on the deeper crown node as its associated fossil achene and

utricle display synapomorphies considered currently only of Carex

(M�ıguez et al., 2017). Priors for ages of fossils (see Table S1) were

implemented as a lognormal distribution. We obtained the evolution-

ary models for each DNA region with the program JMODELTEST version

2.1.4 (Darriba, Taboada, Doallo, & Posada, 2012), and each of the

five regions was treated as different subpartitions with its corre-

spondent model: ETS and ITS under GTR + I + G model, psbA-trnH

with F81, rpl32-trnLUAG with GTR + I and ycf6-psbM under HKY

model, respectively. The analysis was performed using an uncorre-

lated lognormal relaxed clock. We chose this clock following the

comparison of its marginal likelihood against a strict clock, using

Bayes factor as implemented in TRACER version 1.6 (Rambaut &

Drummond, 2014), and explained in Fern�andez-Mazuecos, Blanco-

Pastor, and Vargas (2013). Three independent MCMC runs with 150

million generations each were performed, with the parameters sam-

pled every 10,000 generations, using a Yule speciation process as

tree prior inasmuch as runs with birth–death as tree prior could not

converge. Run convergence, effective sample size (ESS; values con-

sidered reliable when greater than 100) and burn-in (10%) were

examined with TRACER. Trees and parameters from the three indepen-

dent runs were combined using LOGCOMBINER version 1.8.3 (Drum-

mond, Suchard, Xie, & Rambaut, 2012). A summary of the trees

(maximum clade credibility, MCC tree) was calculated with TREEANNO-

TATOR version 1.8.3 (Drummond et al., 2012) with a posterior proba-

bility threshold above 0.5 and the mean node heights option. The

resulting MCC tree was edited in FIGTREE version 1.4.0 (Rambaut,

2012).

2.2 | Population genetics

2.2.1 | Sampling

A total of 130 samples from 18 Carex reuteriana–C. panormitana popu-

lations (see Table 1; Figure 1), collected in the field and immediately

stored and dried in silica gel, were used for the AFLPs (Table 1) and

DNA sequence studies (Table 1). The sampling representatively cov-

ered the entire known distribution range of C. reuteriana (12 popula-

tions) and C. panormitana (six populations) with a sample size in each

population ranging from three to 14 individuals. Voucher specimens

were deposited in UPOS and SS herbaria. An additional Tunisian pop-

ulation of C. panormitana (Figure 1) from a herbarium voucher (M

herbarium; Table 1) was included only for the DNA sequence study.

2.2.2 | AFLP study

For the AFLP procedure, we followed the protocol and selected the

same primer combinations (6-FAM-EcoRI + AGT/MseI + AGC, NED-

EcoRI + ACC/MseI + ACC and VIC-EcoRI + AGG/MseI + CA) used

by Jim�enez-Mej�ıas et al. (2011). Products were run on a capillary

sequencer (ABI Prism 3700; Applied Biosystems, Foster City, CA,

USA) with the internal size standard GeneScan ROX 500 (Applied

Biosystems). Data collection and fragment sizing were performed

using GENEMAPPER 3.7 (Applied Biosystems). Fragments in the range

50–500 bp were automatically scored and manually revised. The

results were exported as a presence/absence (1/0) matrix (see

Appendix S3). Reproducibility was estimated based on 12 replicated

samples as the average proportion of correctly replicated bands

(Bonin et al., 2004). Markers for which low reproducibility was

obtained were excluded from the study.

The genetic structure of the C. reuteriana–C. panormitana com-

plex was studied through principal coordinates analysis (PCoA) of

AFLP data, with GENALEX version 6.5 as implemented in Excel (Peakall

& Smouse, 2012). The complete data set and three different subpar-

titions were analysed separately, according to the currently accepted

taxonomic entities (Jim�enez-Mej�ıas & Luce~no, 2011), to explore sub-

jacent genetic structure: (i) C. reuteriana s.l.; (ii) C. reuteriana ssp.

reuteriana; (iii) C. reuteriana ssp. mauritanica; and (iv) C. panormitana

s.l. We used STRUCTURE version 2.3.4 (Pritchard, Stephens, & Donnelly,

2000) to estimate the number of genetic clusters (K) by assigning

individuals and populations in undefined mixture clusters under a

Bayesian framework. We conducted 10 independent runs of

1,000,000 iterations each one, with a burn-in period of 100,000 for

each value of K from 1 to 10. The best K was chosen comparing the

probabilities for the K values inferred given the number of genetic

clusters. We obtained results with both Ln Pr (X/K) and DK criteria

(Janes et al., 2017) with STRUCTURE HARVESTER (Earl & VonHoldt, 2012).

The admixture graphic was obtained with STRUCTURE PLOT (Ramasamy,

Ramasamy, Bindroo, & Naik, 2014), as implemented in R (R Develop-

ment Core Team, 2017).

We inferred species trees from AFLP data, with branch lengths

relative to time, using a multispecies coalescent approach in SNAPP

BEN�ITEZ-BEN�ITEZ ET AL. | 1699



TABLE 1 Geographic location of each sampled population of the Carex reuteriana– Carex panormitana complex, number of individuals
included in each molecular study (AFLPs and DNA sequences), haplotype number (ptDNA and nDNA), indicating the number of individuals
included in each one, voucher and herbarium (acronyms according to Index Herbariorum; Thiers, 2015) where specimens are deposited

Taxon/Population Locality
Longitude/
Latitude

Ni AFLPs/Ni
DNA
sequences

Haplotype
(ptDNA)
(individuals)

Haplotype
(nDNA)
(individuals) Voucher/Herbarium

C. reuteriana s.l.

C. reuteriana ssp. reuteriana

REU_POR-TM Portugal, Tras os Montes,

Lamego, Bigorne, Petrarouca

�7.88/41.03 6/5 H2(4) H1(5) M. Escudero et al., 37ME07

(UPOS-7374)

REU_POR-BL Portugal, Beira Litoral,

Coimbra, Lous~a

�8.23/40.10 7/5 H2(5) H1(4)/H8(1) M. Escudero et al., 60ME07

(UPOS-7373)

REU_SPA-Av Spain, �Avila, Sierra de Gredos,

Las Chorreras del Tormes

�5.16/40.34 5/5 H2(5) H5(2)/H6(2)/

H7(1)

J.M. Mar�ın, 5504JMM

(UPOS-1004)

REU_SPA-CcN Spain, C�aceres, Valley of Jerte �5.75/40.22 4/4 H2(3) H1(3)/H7(1) P. Jim�enez-Mej�ıas & I. Pulgar,

57PJM07 (UPOS-6957)

REU_SPA-CcS Spain, C�aceres, Ibor river �5.44/39.62 4/5 H2(5) H1(3)/H3(2) P. Jim�enez-Mej�ıas & G.E. Rodr�ıguez,
24PJM13 (UPOS-5449)

REU_SPA-To Spain, Toledo, Navalucillos �4.66/39.64 3/5 H2(3) H1(3)/H3(2) P. Jim�enez-Mej�ıas & G.E. Rodr�ıguez,
60PJM13 (UPOS-5479)

C. reuteriana ssp. mauritanica

MAU_SPA-Se Spain, Sevilla, El Ronquillo,

Rivera de Huelva

�6.17/37.67 7/5 H3(4) H3(5) P. Jim�enez-Mej�ıas, 35PJM07

(UPOS-7372)

MAU_SPA-CaGu Spain, C�adiz, El Gastor,

Guadalete river

�5.45/36.88 5/5 H1(5) H4(5) P. Jim�enez-Mej�ıas, 34PJM07

(UPOS-7371)

MAU_SPA-CaAl Spain, C�adiz, Alcornocales

Natural Park

�5.59/36.55 8/5 H1(5) H3(5) P. Jim�enez-Mej�ıas & I. Pulgar,

17PJM07 (UPOS s.n.)

MAU_SPA-J Spain, Ja�en, Despe~naperros �3.06/38.39 8/5 H3(5) H3(5) P. Jim�enez-Mej�ıas & L. Reina,

67PJM09 (UPOS s.n.)

MAU_MOR-Lao Morocco, Tanger,

Rif, Oued Laou

�5.30/35.14 5/5 H3(5) H1(1)/H2(3)

/H3(1)

A.J. Chaparro et al., 8AJC05

(UPOS-1637)

MAU_MOR-Lou Morocco, Tanger, Rif,

Oued Loukos

�5.44/35.03 7/5 H3(5) H1(1)/H2(3)

/H5(1)

A.J. Chaparro et al., 3AJC05

(UPOS-1630)

C. panormitana

Tunisia–Sicily

PAN_TUN Tunisia, Jendouba,

El Feija National Park

8.31/36.49 9/6 H3(5) H9(6) P. Jim�enez-Mej�ıas & G.E.

Rodr�ıguez, 132PJM13 (UPOS-6636)

PAN_TUN-Tub Tunisia, Tubarka 9.00/37.00 —/1 H3(1) H9(1) J. H€oller (M-0223053)

PAN_SIC Italy, Sicily, Fiume Oreto 13.34/38.09 14/14 H3(14) H9(10)/

H10(4)

D. Cusimano s.n. (SS)

Sardinia

PAN_SAR-Bau Italy, Sardinia, Bau

Mela river, Villagrande

9.42/39.98 9/5 H3(5) H9(5) M. Urbani s.n., 2013 (SS)

PAN_SAR-Pira Italy, Sardinia, Cantoniera,

Pirae0onni, Villagrande
9.40/40.02 10/5 H3(5) H9(5) M. Urbani s.n., 2013 (SS)

PAN_SAR-Ber Italy, Sardinia, Ramacaso

river, Berchidda

9.24/40.82 8/5 H3(4) H9(5) M. Urbani s.n., 2013 (SS)

PAN_SAR-Cal Italy, Sardinia, Miriacheddu

river, Calangianus

9.26/40.89 11/5 H3(5) H9(5) M. Urbani s.n., 2013 (SS)

Labelling of the populations specifies the taxa (REU = Carex reuteriana ssp. reuteriana; MAU = Carex reuteriana ssp. mauritanica; PAN = Carex panormi-

tana), and the country following TDWG botanical countries nomenclature (Brummitt, 2001) [MOR = Morocco, POR = Portugal, SAR = Sardinia,

SIC = Sicily, SPA = Spain, TUN = Tunisia]. One of the Tunisian populations (PAN_TUN-Tub) has only been included in the DNA sequence study. Haplo-

type numbers are represented in the Figure S2a,b.
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(Bryant, Bouckaert, Felsenstein, Rosenberg, & Roy Choudhury,

2012), a Bayesian MCMC sampler implemented in BEAST version

2.4.1 (Bouckaert et al., 2014). First, a Bayesian full coalescent model

was used to estimate rate parameters and integrate over all possible

gene trees. Then, a pure birth (Yule) model rate prior was imple-

mented to estimate the species tree topology and species divergence

times. We ran three Markov chain Monte Carlo (MCMC) chains with

5 million states and 10% burn-in. Trees and parameter values were

sampled every 1,000 states. A combined tree was constructed sam-

pling every 3,000 states each run. A summary of the tree (node rela-

tive age, posterior probability) was visualized with TREEANNOTATOR.

Evaluation of the sampled tree from the coalescent approach to spe-

cies tree reconstruction revealed an effective sample size

(ESS > 200) with relative ages at each node resolved, which are

directly proportional to the diversification time. The age of the tree

root, corresponding to the common ancestor of the C. reuteriana–

C. panormitana complex, was obtained by transforming relative to

absolute divergence times using the previously crown node age of

the complex previously estimated with BEAST (see above). The 95%

highest posterior density (HPD) intervals were calculated both using

the mean value of the crown node, and the 95% HPD interval from

BEAST analysis as reference (see Table S2). The mutation rate for each

lineage was estimated based on t = T l, where the relative (t), and

absolute (T) divergence times were known. Effective population sizes

were estimated based on h = 4Nel from the known h value for each

branch and the mutation rate previously calculated.

2.2.3 | Sequence study

For the plastid DNA sequence polymorphism study, we selected the

most variable plastid region (rpl32-trnLUAG), as previously detected

for C. reuteriana in Jim�enez-Mej�ıas et al. (2011). In addition, we also

amplified and tested two nuclear regions (G3PDH, CATP), which

were already found to be highly variable in other Carex groups

(Maguilla, Escudero, Waterway, Hipp, & Luce~no, 2015). Primers and

PCR conditions followed the two above-cited publications. Products

were purified using ExoSAP (USB Corporation, Ohio, USA) and

sequenced by GATC Biotech (Constance, Germany). Sequence edit-

ing was performed as explained above.

A statistical parsimony analysis was conducted with TCS version

1.2.1 (Clement, Posada, & Crandall, 2000), to calculate the most par-

simonious plastid and nuclear haplotype networks with a 95% parsi-

mony connection limit for the minimum number of mutations

differentiating the obtained haplotypes. This analysis also considered

extinct or not sampled haplotypes. Gaps and additivities in

sequences were treated as missing data. Nuclear CATP-G3PDH

regions were combined into the same matrix due to no significant

incongruences found between both individual matrices after con-

ducting a Hompart test (1,000 replicates) as implemented in PAUP*

version 4.0b10 (Swofford, 2002) in a Phylocluster (California Acad-

emy of Sciences).

We estimated population parameters using a coalescent model

based on the isolation-with-migration model implemented in IMA2

(Hey, 2010). We followed indications according to Qiu et al. (2009),

Pettengill and Moeller (2012) and Jim�enez-Mej�ıas, Fern�andez-Mazue-

cos, Amat, and Vargas (2015). We estimated divergence times, popu-

lation sizes and migration rates between the four main lineages of

C. reuteriana–C. panormitana complex according to AFLP results (see

ALFP population genetic analyses in Section 3). The analysis explic-

itly accounts for the sequence divergence among lineages caused by

ancestral polymorphism, so controls population size shifts at the time

of divergence and postdivergence gene flow (Won & Hey, 2005).

We analysed three regions as independent loci: the two nDNA

(G3PDH and CATP) and the ptDNA (rpl32-trnLUAG). The rpl32-

trnLUAG region best fitted the HKY nucleotide substitution model,

and G3PDH and CATP the infinite sites model (I). A fourth locus

was considered with the information from coded indels in the three

DNA regions using also an infinite site model. The topology used for

this analysis was obtained from the SNAPP analyses of AFLP data

and the date of origin of the complex resulting from BEAST (see Mul-

tispecies coalescent AFLP analysis in Section 3). The inheritance sca-

lar considered more appropriate was 1 for autosomal nDNA and

indels and 0.5 for ptDNA to reflect the expected effective popula-

tion size of an inherited locus (Pettengill & Moeller, 2012; Qiu et al.,

2009). A range of mutation rates was calculated for each locus (ex-

cluding indels) based on the 95% highest posterior density interval

for the crown node age of the complex. This range was estimated

using DNASP version 5.1 (Librado & Rozas, 2009) to calculate the

average number of nucleotide differences between populations per

each locus. These ranges were included in the model to estimate

parameters related to species. Population model was constrained to

allow only migration between current and ancestral sister lineages.

Multiple trial runs were performed in IMA2 to establish an adequate

set of priors in the final analyses. We performed two different runs

with the selected combination of a priori maximum values for the

parameters migration (m = 200), population size (q = 50) and time

(t = 3) using 150 chains and five millions of generations, with a

burn-in of one million generations. In each run, 5,000 trees were

stored, adding up 10,000 genealogies which were used to calculate

the final parameters in demographic scales using the mean mutation

rates of the three DNA regions. We used a generation time of

2 years (which is the minimum for the vast majority of Carex species;

Ball & Reznicek, 2002), as well as 5 and 10 years.

2.3 | Species distribution modelling

Information on the geographic distribution of C. reuteriana–C. panor-

mitana and their putative fossil ancestor (C. panormitana-type;

Table S1) was used to assess the present ecological niche and its

evolution from the Pliocene to present times. The current distribu-

tion range of the complex was collected mainly from GBIF (https://

www.gbif.org/) and corrected and complemented with our own field

sampling (Appendix S4), bibliographic references (Gianguzzi, Cusi-

mano, Ilardi, & Salvatore, 2013; Jim�enez-Mej�ıas, Escudero, Chaparro,

& Luce~no, 2007; Urbani, Calvia, & Pisanu, 2013) and herbarium

specimens (COFC, SEV, and SS herbaria; Thiers, 2015). Unreliable
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points due to incorrect georeferencing (e.g., populations falling in the

sea or outside the known distribution range) or taxonomic issues

(e.g., known misidentifications) were removed. The final data set for

extant species, accurately and comprehensively representing their

current distribution, was composed of 462 point localities, 433

belonging to C. reuteriana (315 for ssp. reuteriana and 118 for ssp.

mauritanica) and 29 belonging to C. panormitana (which included all

known populations: six close subpopulations of the only population

from Sicily, two populations from Tunisia and 21 located in Sardinia).

The final data set for the fossil ancestor was composed of 17 Plio-

cene fossil records identified as C. panormitana-type (Figure 1;

Jim�enez-Mej�ıas et al., 2016), which were used to validate the Plioce-

nic palaeodistribution projection.

We retrieved 19 bioclimatic variables (resolution of 2.5 min) from

WORLDCLIM (http://www.worldclim.org/; Hijmans, Cameron, Parra,

Jones, & Jarvis, 2005) for current conditions and projections to the

Late Quaternary; and from ECOCLIMATE (resolution of 0.5°; http://ecocli

mate.org/; Lima-Ribeiro et al., 2015), for projections to the Pliocene.

We also used soil pH (15 cm depth) from ISRIC (http://www.isric.org/)

as environmental predictor, as C. reuteriana ssp. reuteriana is aci-

dophilus, thus not indifferent to the substrate. We selected environ-

mental variables based on ecological knowledge of our species and

statistical criteria (Mod, Scherrer, Luoto, & Guisan, 2016). Thus, to

avoid using highly correlated variables for the modelling, we calculated

the absolute value of the correlation matrix converting it into a matrix

of distances in the form of a dendrogram. We only selected one vari-

able per clade when the branch was below 0.5. Furthermore, we also

used the variance inflation factor (VIF), a measure of how much

collinearity increases variance in a model, using HH package (Heiberger,

2017) in R (R Core Development Team, 2017). We selected variables

with VIF <5, which had sound biological interpretation for our species.

In the end, in addition to soil pH, we used four bioclimatic variables,

two representing temperatures (bio2: mean diurnal range and bio4:

temperature seasonality) and two representing precipitation (bio15:

precipitation seasonality and bio16: precipitation of wettest quarter).

The maximum entropy algorithm, as implemented in MAXENT ver-

sion 3.3.3 (Elith et al., 2011), was used to evaluate the potential dis-

tribution of our species complex for: (1) present times; (2) the Late

Quaternary, including (2a) the last glacial maximum (LGM, c. 21ka)

and (2b) the last interglacial (LIG, 120–140 ka)); and (3) the middle

Pliocene (3 Ma). For model calibration, C. reuteriana was subdivided

into two subspecies (Jim�enez-Mej�ıas et al., 2011), to account for the

retrieved genetic structure (see Section 3). On the contrary,

C. panormitana was considered as a single group. For the projection

of the suitable range at the middle Pliocene, we used a model based

on all extant occurrences since in that period the species most likely

did not display phylogeographic structure yet, according to estimated

divergence times (see Section 3). We used the same background

area for all present and past projections (Figures 4 and S3). Finally,

for comparison we also fitted models to the Pliocene fossil records

using all 17 occurrences of C. panormitana-type.

For each model, we ran 100 replicates, using a random partition

of 20% of the occurrences data set to test the model. We used the

software default parameters, but excluding threshold and hinge fea-

tures which may lead to overfitting (Merow, Smith, & Silander, 2013;

Phillips, Anderson, Dud�ık, Schapire, & Blair, 2017). We evaluated the

calibrated models by comparing response curves, area under the

curve (AUC) scores and jackknife tests to select those uncorrelated

variables with the highest relative contributions to the model. The

retained variables were subsequently used to repeat the modelling

analyses for present, Late Pleistocene and Pliocene.

In addition, the environmental niche occupied by extant taxa and

Pliocene fossil records was visualized through a principal compo-

nents analysis (PCA) of the retained variables using the “prcomp”

function in R. We also used the function “ggbiplot” in GGPLOT2 pack-

age (Wickham, 2009) for mapping individual climatic variables into

the multivariate climate space. We compared the fitted response

curves for the retained variables between extant taxa and Pliocene

fossils. We calculated values of Schoener’s index (D) statistic for

niche overlap (Schoener, 1968; Warren, Glor, & Turelly, 2008). Niche

overlap between genetic groups (see Section 3) was evaluated using

the niche similarity test, which assesses whether the niches of both

groups are more similar than expected by chance (Warren et al.,

2008). We also calculated the niche equivalency that tests whether

the niches occupied by two taxa are identical (Broennimann et al.,

2012; Warren et al., 2008). Schoener’s D and niche similarity and

equivalency tests were calculated in ECOSPAT package (Di Cola et al.,

2017).

3 | RESULTS

3.1 | Estimation of divergence times from DNA
sequences

Diversification of the core Phacocystis was estimated to have

occurred during the Late Miocene (mean 7.97 Ma, 95% HPD: 4.93–

10.37 Ma; Table 2a; see Figure S1). The split of the two main lin-

eages (lineages 1 and 2, see Figure 3a) could have taken place

around 6.2 Ma (95% HPD: 4.29–9.02 Ma; Figure 3a), also coinciding

with Late Miocene. The stem node of Carex panormitana–C. reuteri-

ana complex was dated at around 4.79 Ma (95% HPD: 3.8–6.43 Ma;

Table 2a; Figure 3a) during the late Miocene–early Pliocene, while

the crown node fell in the Upper–Middle Pleistocene (mean

0.95 Ma; 95% HPD: 0.19–2.48 Ma; Table 2a; Figure 3a).

3.2 | AFLP population genetic analyses

The final AFLP matrix was composed of 182 polymorphic loci for

the 130 sampled individuals from 18 populations (Figure 1). The

PCoA of the whole AFLP data set (Figure 2c) revealed three well-

defined clusters: (i) C. reuteriana, comprising individuals of subspecies

reuteriana and mauritanica segregated at different sides of the cluster

(Figure 2d); (ii) Sardinian populations of C. panormitana; and (iii) Sicil-

ian and Tunisian populations of C. panormitana, with a slight separa-

tion between the samples coming from each of the two areas

(Figure 2e). The three first factors of the PCoA including all samples
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and taxa accounted for 23.69%, 10.94% and 8.48% of the variation,

respectively. The PCoA scatter plot for C. reuteriana ssp. reuteriana

did not show geographical structure, whereas the PCoA performed

for C. reuteriana ssp. mauritanica revealed a clear subdivision into

three subclusters with geographic congruence (Jim�enez-Mej�ıas et al.,

2011): (i) Iberian populations from Sierra Morena (north of Guadal-

quivir river valley), (ii) Iberian populations from Betic ranges (south

of Guadalquivir river valley) and (iii) the northern African (Moroccan)

populations. No clear geographical pattern was detected among the

samples of Sardinian populations.

The STRUCTURE analysis of the whole data set using DK method

yielded four optimal genetic clusters (K = 4) with taxonomic/geo-

graphic correspondence (Figure 2a). The first cluster comprised Sar-

dinian populations of C. panormitana, the second one included

Sicilian–Tunisian populations of C. panormitana, the third comprised

all populations of C. reuteriana ssp. mauritanica and the last cluster

incorporated the populations of the subspecies reuteriana. In this

STRUCTURE analysis, the admixture found between groups was

incidental (Figure 2a). On the other hand, the results from Ln Pr (X/

K) tool displayed six optimal genetic clusters (K = 6; Figure 2b). Sub-

species from C. reuteriana were subdivided into two clusters each

one: (i) subspecies mauritanica into north and south of Guadalquivir

valley, (ii) and subspecies reuteriana into one cluster constituted by

two populations from CW Spain and the other one with the other

populations (Figure 2b).

SNAPP analyses yielded a well-resolved topology in which both

the two species (C. reuteriana, C. panormitana) and the two sub-

species of C. reuteriana were well supported (>0.95 PP; Figure 3).

The two main lineages within C. panormitana (Sardinia, Sicily–Tunisia)

received slightly lower support (>0.85 PP; Figure 3b). The complex

C. reuteriana–C. panormitana first differentiated c. 0.95 Ma at the

Upper–Middle Pleistocene (95% HPD: 0.663–1.280 Ma; Figure 3b).

The split between the two C. reuteriana subspecies took place

around 0.576 Ma ago (95% HPD: 0.428–0.734 Ma; Table 2b; Fig-

ure 3b). Subspecies mauritanica diversified into two lineages

(0.436 Ma; 95% HPD: 0.313–0.562 Ma; Table 2b; Figure 3b): (i) Ibe-

rian populations from Sierra Morena and (ii) Iberian populations from

the south of Guadalquivir river valley plus the Moroccan populations.

The crown node of ssp. reuteriana was dated back to 0.313 Ma

(95% HPD: 0.205–0.436 Ma; Table 2b; Figure 3b). Divergence of

the Sicilian–Tunisian lineage from the Sardinian lineage of C. panor-

mitana was estimated at 0.785 Ma (86% HPD: 0.471–1.045 Ma;

Table 2b; Figure 3b). The split between Sicilian and Tunisian popula-

tions was dated at 0.529 Ma ago (95% HPD: 0.313–0.755 Ma;

Table 2b; Figure 3b). Finally, Sardinian populations were those that

diversified most recently (0.144 Ma; 95% HPD: 0.085–0.212 Ma;

Table 2b; Figure 3b). Effective population sizes from SNAPP analysis

were higher for C. reuteriana than for C. panormitana; in turn, Sar-

dinian populations belonging to the latter species were estimated to

have a smaller effective size than Sicilian–Tunisian populations. How-

ever, both subspecies from C. reuteriana showed a similar effective

population size. In addition, the common ancestor of the lineages

had larger population size than subsequently divergent groups (see

Table S3). As we are aware of the limitations derived from the

SNAPP analysis, a detailed section about methodological concerns

has been included (see Appendix S7).

3.3 | nDNA–ptDNA haplotype analyses

Statistical parsimony analysis of plastid data set revealed three hap-

lotypes (H1-H3; Table 1; Figure S2a). The most common haplotype

(H3) was shared between C. reuteriana ssp. mauritanica and C. panor-

mitana (Table 1; Figure S2a). The other haplotypes were exclusive of

C. reuteriana ssp. reuteriana (H2) and C. reuteriana ssp. mauritanica

(H1) respectively; Table 1; Figure S2a). The nDNA network displayed

ten haplotypes (H1-H10; Table 1; Figure S2b). No haplotypes were

shared between C. panormitana and C. reuteriana. Carex panormitana

displayed two haplotypes, the most common (H9) present in all sam-

pled populations, while H10 was found in a few individuals from

Sicily (Table 1; Figure S2b). Carex reuteriana ssp. reuteriana displayed

six haplotypes (H1, H3 and H5-H8) and C. reuteriana ssp. mauritanica

TABLE 2 (a) Divergence dates of the most important clades
resolved in the divergence time estimation analysis of Carex under
an uncorrelated log-normal clock model using the combined matrix
of ETS1f, ITS, psbA-trnH, rpl32-trnLUAG and ycf6-psbM regions in
BEAST (see Figures 3a and S1). Posterior probabilities, mean time to
the most common recent ancestor in Ma and 95% highest posterior
density (HDP) intervals are shown (see also Figure S1). (b)
Divergence dates of the most important clades resolved in the
divergence time estimation from AFLP data using a multispecies
coalescent approach implemented in SNAPP (see Figure 3b).
Posterior probabilities, mean time to the most common recent
ancestor in Ma and 95% HPD intervals are shown

Clade
Posterior
probability

Median
(Ma)

95% HPD
interval (Ma)

Max. Min.

(a)

Core Phacocystis 0.62 7.97 4.93 11.28

(2) Lineage A+ Lineage B 0.84 4.79 3.8 6.43

Lineage A: Carex

panormitana–Carex

reuteriana (Stem node)

1 0.95 0.19 2.48

Lineage B: C. trinervis,

C. nigra, C. appendiculata,

C. cespitosa, C. omskiana

(Stem node)

1 3.71 3.51 4.29

(b)

C. reuteriana 1 0.576 0.428 0.734

Iberian lineage

(ssp. reuteriana)

1 0.313 0.205 0.436

Afro-Iberian lineage

(ssp. mauritanica)

0.97 0.436 0.313 0.562

C. panormitana 0.86 0.785 — —

Sardinian lineage 1 0.144 0.085 0.212

Sicilian–Tunisian lineage 0.95 0.529 0.313 0.755
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five haplotypes (H1-H5), the two subspecies sharing three haplo-

types.

3.4 | Isolation-with-migration model

Mean divergence times estimated for the two ancestors of C. reuteri-

ana–C. panormitana with the IMA2 analysis (Figure S2c) were more

recent than those obtained from the SNAPP analysis based on

AFLPs (see below; Figure 3b). However, taking into account 95%

confidence intervals, ages from IMA2 (Figure S2c) were mostly con-

gruent with those from SNAPP (Figure 3b, see Appendix S5). Addi-

tional results about estimated values of effective population size and

detailed methodological caveats about IMA2 have been included in

Appendix S6 and S7, respectively.

3.5 | Species distribution modelling

The four bioclimatic variables that most contributed to the models, in

addition to soil pH, were as follows: (bio2) Mean Diurnal Temperature

Range (mean of monthly differences between maximum and minimum

temperature), (bio4) Temperature Seasonality (standard deviation of

monthly mean temperature*100), (bio15) Precipitation Seasonality

(coefficient of variation of monthly precipitation), and (bio16) Precipi-

tation of the Wettest Quarter (see Table S4). AUC values were above

0.9 for all models, which indicate good predictive ability (Swets,

1988). The potential distribution inferred by MAXENT at present for the

different taxa partitions considered within the C. reuteriana–C. panor-

mitana complex (Figure 4) closely matched the current populations

distribution in each case (Figure 1). Projections to the LGM (21ka;

Figure S3a) and LIG (120–140 ka; Figure S3b) revealed potential dis-

tributions similar to the current ones, although with a more restricted

distribution for the LIG. Our two independent approaches for infer-

ring middle Pliocene (3 Ma) distributions (i.e., projecting models cali-

brated with either current occurrences or Pliocene fossils) revealed

similar results. In both cases, the potential distribution expanded into

higher latitudes (central Europe) (Figure 4b).

Pliocene populations occupied significantly less seasonal climates

(both for temperature and precipitation) than extant populations

(Figure 5a). On the other hand, all three extant taxa overlapped

strongly in their climatic spaces (Figure 5b): only C. panormitana dif-

fered in occupying climates with lower temperature oscillations and

intermediate precipitation seasonality, than C. reuteriana subspecies

(Figure 5b). The PCA revealed that Pliocene C. panormitana-type fos-

sils appeared well differentiated in environmental space from

F IGURE 2 Clustering of individuals by STRUCTURE (see Section 3): each individual is represented by a vertical bar, and same colour in
different individuals indicates that they belong to the same genetic cluster. The four genetic clusters (K = 4) retrieved in (a) correspond from
left to right to: (i) Sardinian populations and (ii) Sicilian–Tunisian populations belonging to Carex panormitana, (iii) Carex reuteriana ssp. reuteriana
and (iv) C. reuteriana ssp. mauritanica. In (b) is shown another STRUCTURE analysis result with six genetic clusters (K = 6) due to the subspecies
mauritanica splitting into two subgroups (South of Guadalquivir valley plus Moroccan populations and Sierra Morena populations) and
subspecies reuteriana splitting in other two (two CW Spain populations distinct from the rest). Principal coordinate analysis scatter plots of
AFLP data from: (c) the whole data set, (d) C. reuteriana s.l. and (e) C. panormitana. Populations from C. panormitana are split in three different
groups corresponding to each geographic area (see Figure 1) [Colour figure can be viewed at wileyonlinelibrary.com]
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populations of extant species (Figure 6). With respect to extant taxa,

the PCA revealed an overlap between C. reuteriana and C. panormi-

tana (Figures 5b and 6). However, all niche similarity tests failed to

show niche similarity higher than expected by chance (Table 3). Pair-

wise statistical comparisons of ecological niches suggested that they

are not significantly more similar than expected by chance (Table 3).

However, values were far closer to significance (especially for the

comparison between ssp. reuteriana and ssp. mauritanica) than for

the comparison between fossils and extant taxa.

4 | DISCUSSION

4.1 | A vicariant genetic structure shaped by
Pleistocene glaciations

We have assessed the evolutionary history, ecological niche shifts

and biogeographic relationships in the Carex reuteriana-C. panormi-

tana complex constituted by two sister species disjunctly distributed

in the western Mediterranean. Both species form a strongly sup-

ported monophyletic group (Global Carex Group, 2016), which

seems to have diverged from its closest relatives during the Pliocene

(Table 2a; Figure 3a). The estimated times of diversification within

this group were straitened within the Pleistocene (Table 2a; Fig-

ure 6), suggesting a role of the Pleistocene glacial–interglacial cycles,

as has been inferred for other western Mediterranean plant groups

(Gonz�alez-Mart�ınez et al., 2010; Terrab, Sch€onswetter, Talavera,

Vela, & Stuessy, 2008; Tremetsberger et al., 2016; among many

others). The genetic structure and estimated divergence ages point

to range contraction followed by isolation in different western

Mediterranean glacial refugia (Iberian and Italian peninsulas, north-

western Africa, and Tyrrhenian islands; M�edail & Diadema, 2009) as

the most likely scenario for the speciation and population differenti-

ation within the C. reuteriana–C. panormitana complex (Figures 2 and

3b). The harsher climatic conditions during the glacial periods seem

to have resulted in the extinction of the group’s ancestor from cen-

tral and northwestern Europe (North Italy, Germany, Poland,

F IGURE 3 (a) Maximum-credibility-
clade chronogram from the Bayesian
divergence time analysis of the combined
nuclear-plastid data set showing the study
group and related lineages within Carex
sect. Phacocystis. Branch lengths
correspond to the time scale (Ma). Node
ages are given above branches and
posterior probability values (>0.80) below
branches. Node bars represent the 95%
highest posterior density (HPD) intervals
for the divergence time estimates of the
nodes (see Figure S1 in supporting
information for the full tree). (b) Densitree
of the Carex reuteriana–Carex panormitana
complex showing the complete
genealogical tree set (thin lines) and
consensus tree (thick lines) from SNAPP
analysis of AFLP data. Node ages are given
above branches (Ma) and the posterior
probability below branches. Both values
are shown only for nodes with supports
equal or greater than 0.8 [Colour figure
can be viewed at wileyonlinelibrary.com]
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Netherlands), where the fossil record supports its presence during

the Pliocene (Jim�enez-Mej�ıas et al., 2016).

The genetic pattern from AFLP variation (Figure 2) and genealog-

ical relationships of nuclear haplotypes (Figure S2b) revealed a clear

genetic differentiation between both species. The formation of

genetic clusters of populations within each taxon according to dis-

junct areas, together with the almost complete absence of genetic

admixture between them (Figure 2), points to lack of gene flow

between them due to geographical barriers and thus to allopatric dif-

ferentiation (Figures 2 and 3b). Furthermore, C. panormitana shows a

strong differentiation between the Sardinian and the Sicilian–Tuni-

sian populations (Figure 2; but see haplotype network, Figure S2a,b).

The closer relationships between North African-Sicilian populations

than between Sicilian–Sardinian ones was previously suggested in

other Mediterranean endemic plant groups (De Castro, V�ela, Ven-

dramin, Gargiulo, & Caputo, 2015; Zitari et al., 2011).

Therefore, our results support vicariance as the more plausible

explanation for the current distribution range of C. reuteriana–

C. panormitana. The current patchy distribution would be the result

of the split of a more continuous past range in Europe into at least

two putative refugial areas during the Middle Pleistocene. One of

them was probably situated in the western Mediterranean and

another in the central Mediterranean (Table 2b; Figure 3b). The pop-

ulations of each of these refugia derived into the two extant species,

respectively, C. reuteriana and C. panormitana. In addition, the split

between these two species as sisters, together with the fossil record

supporting the presence of its putative ancestor (C. panormitana-like

plants) in the Tyrrhenian (now mainland Italy) during the early Plio-

cene (Figure 1), also excludes the possibility of a west–east migration

in the Mediterranean Basin.

4.2 | Historical niche evolution from Pliocene to
present

Although diversification in the Mediterranean is often associated

with frequent niche shifts (Donoghue, 2008; Rundel et al., 2016),

our study presents a case of a group diversified in the Mediter-

ranean with more complex niche dynamics. The ecological history of

the group is characterized by an initial niche shift from the milder,

less seasonal, Pliocenic conditions to the harsher Pleistocene ones

F IGURE 4 Climatic suitability and potential distributions (a) at present as predicted by MAXENT (Phillips, Anderson, & Schapire, 2006) for,
from left to right: Carex reuteriana ssp. reuteriana, ssp. mauritanica and Carex panormitana. (b) The left plot shows the distribution projected for
the species complex (C. reuteriana–C. panormitana) at the middle Pliocene (3 Ma) with a model calibrated with present occurrences, and the
right plot displays the potential distribution of the species complex at the middle Pliocene according to the model calibrated with fossil records
[Colour figure can be viewed at wileyonlinelibrary.com]
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(Figures 5a and 6). Afterwards, however, the bioclimatic niche

appears more conserved during the diversification of the group

through the Pleistocene to the present, with only minor local adapta-

tions (Table 3; Figures 5b and 6).

The broad suitable areas projected in central Europe for the

Pliocene (both based on extant and fossil occurrences; Figure 4)

contrast strongly with the current distribution restricted to the

western Mediterranean Basin (Figure 1). This historical southwards

range shift, parallel to the deterioration of climatic conditions

between the Pliocene and the present (cooler and more seasonal

climates), can explain the significantly different niches found for the

Pliocene ancestor and current taxa (Table 3; Figure 6). This niche

F IGURE 5 Comparison of fitted responses to the four bioclimatic variables of (a) extant species complex (continuous line) vs. Pliocene
Carex panormitana-type fossils (dashed line), and (b) extant taxa only (dashed line represents Carex reuteriana ssp. mauritanica, continuous line
ssp. reuteriana, and dotted line C. panormitana). Colours are as in Figure 1, except for all populations of C. panormitana which are displayed in
red [Colour figure can be viewed at wileyonlinelibrary.com]
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shift might be associated with the Plio–Pleistocene transition and

the onset of the Mediterranean climate (c. 3.2 Ma, Suc et al.,

1995), which would promote adaptation to the seasonally drier

new climate (e.g., Mairal et al., 2017). In contrast, niche differentia-

tion of disjunctive species after the speciation event (i.e., Late Pleis-

tocene) seems to have been much weaker (Table 3; Figure 5b).

Whereas the relatively similar environmental niches after the speci-

ation event (Wiens & Graham, 2005; Wiens et al., 2010) would

support the PNC hypothesis (Crisp & Cook, 2012; Donoghue,

2008; Mairal et al., 2017), there is also some differentiation in the

occupied environments among extant species, which could be

related to local adaptation processes.

F IGURE 6 Differences in the environmental niche of extant and fossil populations of Carex reuteriana–Carex panormitana species complex.
Both plots depict the population values in an environmental space defined by the first two axes from a principal components analysis (PCA) of
the four bioclimatic variables (see Figure 5) and soil pH. (a) Comparison of C. reuteriana–C. panormitana extant complex (orange) and their
Pliocene fossil ancestor; (b) comparison of populations of the extant species complex; coloured dots represent the different taxa/population
groups according to the retrieved genetic structure [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 3 Pairwise statistical test for comparison of ecological niche overlap between the different genetic and taxonomic groups that
compose the current complex, so as with its fossil ancestor

Hypotheses: “The niche overlap
is more similar/equivalent than at random”

Numbers of
populations (N)

Schoener’s
D

Niche similarity
(1->2)

Niche similarity
(2->1)

Niche
equivalency

p p p

Among groups

Complex vs. fossils 462/17 0 1 1 -

Carex reuteriana vs. C. panormitana 433/29 0.193 0.129 0.139 0.525

C. reuteriana ssp. reuteriana vs. ssp. mauritanica 315/118 0.095 0.04 0.04 1

C. panormitana Sicilian–Tunisian vs. Sardinian populations 8/21 0.169 0.14 0.158 0.604

Their statistical significance is represented by p-values (Warren et al., 2008).
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A certain degree of ecological divergence seems to have taken

place at a finer evolutionary level at least within C. reuteriana, as the

ecological niche obtained for both subspecies was mostly different

in their allopatric ranges (Figures 1 and 6). While ssp. reuteriana is

associated with a more oceanic climate, ssp. mauritanica inhabits

more Mediterranean conditions (Figure 5b). This suggests that eco-

logical constraints acting upon populations do not depend so much

on the species intrinsic characteristics, but on the local conditions of

the geographic region where they are distributed (Boucher-Lalonde,

Morin, & Currie, 2016), which in turn promote the geographic isola-

tion and the subsequent genetic structure (Cavender-Bares & Pah-

lich, 2009; Hosseinian Yousefkhani, Rastegar-Pouyani, & Aliabadian,

2016). The presence of geographical barriers that limited expansion

(Wiens, 2004a), as well as microhabitat preferences (Thompson,

2005) may have also played a role.

The PNC is usually associated with the concept of ecological

vicariance (Crisp & Cook, 2012; Wiens & Graham, 2005) resulting

in different lineages that present similar ecological traits in different

parts of a same geographical region. The disjunct distribution pat-

tern of C. reuteriana–C. panormitana could be in agreement with a

scenario of ecological vicariance if the hypothetical Mediterranean

common ancestor of the two species already had ecological

requirements similar to those of the lineages resulting after the

Pleistocene speciation process. This is supported by the results

from the SDM and comparison of ecological niche analyses

(Table 3; Figures 4 and S3). Evidence for ecological vicariance in

this area has been reported in previous studies (cf. Mairal et al.,

2017; Mart�ın-Bravo & Escudero, 2012). During the Pleistocene, the

more continuous range of their last common ancestor was frag-

mented by the changing climatic conditions, and the resulting pop-

ulations were confined to areas which harboured suitable habitats

during the Pleistocene glaciation cycles (at least from the LIG;

Figure S3).

4.3 | Concluding remarks

Our results establish a clear geography-based genetic differentiation

between C. reuteriana and C. panormitana. The ecological niche

dynamics of this species complex could be linked to the current

distribution range in isolated patches in the Mediterranean. Thus,

two different strategies through time were inferred: (i) a first niche

shift from the milder central European Pliocene climate to the sea-

sonally dry Mediterranean, potentially involving an adaptive

response to the changing environmental conditions; and (ii) much

weaker niche differentiation during the Pleistocene, probably asso-

ciated with local adaptation processes (i.e., ecological differentiation

at the intraspecific level). This stronger niche conservatism could

have produced range shifts during glaciation cycles to accommodate

to climatically suitable areas (ecological vicariance). This study thus

rejects the hypothesis of diversification involving frequent niche

shifts in the Mediterranean Basin, and displays a more complex

scenario where both niche shift and conservatism may have had a

relevant role in the evolutionary and biogeographic history of

Mediterranean plants.

The integrative approach followed in this study, combining phy-

logenetics, phylogeography, ecological niche comparison, distribution

modelling, and considering the known fossil record of the group,

allows innovative and robust inferences regarding species’ response

to climatic changes in a dynamic geological–environmental setting.

The synergy of integrating alternative data sources may be the key

to face similar challenging evolutionary questions in other taxonomic

groups or geographical regions.
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