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Abstract
From their origin in the Jurassic (ca. 140 Ma), flowering plants have experienced a
remarkable radiation and, nowadays, it is estimated that there are more than 250.000
angiosperms’ species. Understanding the mechanisms that explain such incredible
biodiversity, has been the goal of multiple studies by naturalists. Within the
angiosperms, genus Carex is one of the most diversified genera in temperate regions.
We have chosen the section Glareosae, a sedge lineage comprising 26 species, as a
model to study diversification in flowering plants. This group presents a remarkable
morphological, cytogenetic, geographical and ecological variability. Combination of
morphological studies and molecular tools allowed us to deeply understand how
evolution is acting to originate such diversity in a quite recent lineage. First, we
clarified section boundaries, species limits and phylogenetic relationships among
species, through the sequencing and analysis of four DNA regions. Secondly, times of
divergence, biogeographical and diversification analyses were performed using a
phylogenetic reconstruction from the analysis of 14 DNA regions, in order to
understand current species distribution and diversity patterns. Later, a new Glareosae
species, Carex lucennoiberica, from the Iberian Peninsula was described based on the
combination of morphological and molecular evidences. This species was cryptic until
now because of gene flow, and consequent intermediate morphotypes, with its most
closely related species, C. furva, Finally, a phylogeographic study of the complex C.
lucennoiberica – C. furva using Sanger sequencing of plastid haplotypes and highthroughput sequencing of RADseq markers, allowed us to infer secondary contacts
during the Pleistocene after allopatric speciation. RADseq was crucial to disentangle
this complex phylogeographic history. We highlight geographic and ecological
processes, as well as hybridization, as shapers of the current biodiversity of Carex
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section Glareosae in particular, and the angiosperms in general. All these drivers of
evolution are far from acting independently. Contrarily, they operate together,
sometimes in synergy, sometimes in discordance.
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Resumen
Desde su origen en el Jurásico (ca. 140 Ma) las plantas con flores han experimentado
una remarcable radiación y, hoy en día, se estima que hay más de 250.000 especies de
angiospermas. Comprender los mecanismos que explican tan increíble biodiversidad ha
sido el objetivo de múltiples estudios por parte de naturalistas. Entre las angiospermas,
el género Carex es uno de los géneros más diversificados en las regiones templadas.
Hemos elegido la sección Glareosae, un linaje dentro del género formado por 26
especies, como modelo para el estudio de la diversificación en las plantas con flores.
Este grupo presenta una remarcable variabilidad morfológica, citogenética, geográfica y
ecológica. La combinación de estudios morfológicos y herramientas moleculares nos
han permitido comprender en profundidad cómo la evolución está actuando para
originar tal diversidad en un linaje tan reciente. Primero, hemos aclarado los límites de
la sección y sus especies, así como las relaciones filogenéticas entre ellas, a través de la
secuenciación y análisis de cuatro regiones de ADN. En segundo lugar, se llevaron a
cabo análisis de tiempos de divergencia, biogeográficos y de diversificación, usando
una reconstrucción filogenética analizando 14 regiones de ADN, con objeto de entender
la distribución actual de las especies y sus patrones de diversificación. Posteriormente,
una nueva especie de la sección Glareosae, Carex lucennoiberica, endémica de la
Península Ibérica, fue descrita basándonos en la combinación de evidencias
morfológicas y moleculares. Esta especie fue críptica hasta ahora a causa del flujo
génico, y la consecuente presencia de morfotipos intermedios, con la especie más
cercana, C. furva. Finalmente, el estudio filogeográfico del complejo C. lucennoiberica
– C. furva usando secuenciación de Sanger de haplotipos plastidiales y secuenciación de
alto rendimiento (RADseq), nos han permitido inferir contactos secundarios durante el
Pleistoceno tras la especiación alopátrica ocurrida en dicho complejo. La secuenciación
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mediante RADseq ha sido crucial para desenmarañar esta complicada historia
filogeográfica. Destacamos los procesos geográficos y ecológicos, así como la
hibridación, como generadores de la actual biodiversidad de la sección Glareosae del
género Carex en particular, y de las angiospermas en general. Todos estos motores
evolutivos están lejos de actuar independientemente. Por el contrario, operan juntos, a
veces en sinergia, a veces en discordancia.
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Chapter 1. Introduction

INTRODUCTION
Motivation
The origin of flowering plants (angiosperms) in the Jurassic (ca. 140 Ma; Judd et al.,
2007) seems to be the main cause of the abrupt appearance of huge quantities of plant
fossils during the lower cretaceous (ca. 130 Ma), which was a topic of intense
discussions during the nineteen century (Friedman, 2009). This fact was called by
Darwin an “abominable mystery” (Darwin’s letter to Hooker, July 22nd 1879, published
in Darwin and Seward (1903); Friedman, 2009), and multiple hypotheses were given to
explain the origin and early evolution of flowering plants in the Cretaceous. For
Darwin, the heterogeneous distribution in time of the fossil record could be
consequence of the refuge and diversification of organisms in a remote landmass,
probably placed in the Southern Hemisphere (Darwin and Seward, 1903). This should
explain the scarce fossil records until the lower-Cretaceous, when organisms started to
expand to northern latitudes. Another remarkable hypothesis was postulated by Saporta
(1873), who found the explanation in the co-evolutive history between plants and
animals. This hypothesis accepts a fast radiation as a consequence of the origin of new
insect species that led to a joint evolution of the angiosperms. The enormous radiation
of the angiosperms has led to a current richness of more than 250.000 species in ca.
13.000 genera (Vargas, 2014). Furthermore, multiple studies have demonstrated that
angiosperms

experienced

extraordinary

high

morphological

and

ecological

diversification rates from the Cretaceous until beginning of the Tertiary (Niklas et al.,
1983; Friis et al., 1987, 2006; Lidgard and Crane, 1988; Crane and Herendeen, 1996;
Crepet, 1996, 2000; Richard Lupia Scott Lidgard, 1999; Magallón and Sanderson, 2001;
among others).
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In this sense, the Cyperaceae Juss. is the seventh most diversified family (ca. 5.500
species), and the third among the monocotyledons, preceded by the Orchidaceae Juss.
(ca. 26.600 species) and the Poaceae Barn. (ca. 11.000 species; Govaerts et al., 2007).
Furthermore, genus Carex L. in the Cyperaceae family is one of the most diversified
genera among flowering plants with ca. 2.000 species (Govaerts et al., 2007; Judd et al.,
2007; Global Carex Group, 2015), and the most diversified in the Northern Hemisphere
(Judd et al., 2007; Simpson, 2010). Thus, the study of the biodiversity and evolution of
this genus would shed light on the comprehension of biodiversity and diversification of
the angiosperms. Nowadays, studies over genus Carex are frequent and focused on
different aspects and objectives. Even recent articles reviewed the taxonomy and
classification of the genus as a whole from a phylogenetic point of view (Global Carex
Group, 2015, 2016). In this framework, several morphological, ecological,
biogeographic and cytogenetic studies have highlighted the great diversity of the section
Glareosae G. Don. (e.g. Kükenthal, 1909; Egorova, 1999; Toivonen, 2002; Vollan et
al., 2006; Escudero et al., 2010; Villaverde et al., 2016) and phylogenetically closely
related sections (e.g. Hendrichs et al., 2004; Ford et al., 2006; Hipp, 2008). These
studies drive us to the consideration of Carex section Glareosae as a good model for the
study of the origin of the biodiversity among the angiosperms.
Distribution of species in Carex section Glareosae is mainly circumpolar, occurring in
temperate areas of North and South America, Europe, Asia and Oceania (Australia and
New Zealand; Egorova, 1999; Toivonen, 2002), including countries where human
development and industrialization are causing important environmental pressures.
Moreover, climate change can play a devastating role in groups of plants adapted to
cold environments, as is the case of the section Glareosae (Toivonen, 2002; Luceño,
2008). It is then important to develop research projects that contribute to a better
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knowledge of the origin of the diversification of species in a changing environment. The
knowledge of evolutionary processes could contribute not only to the classification and
comprehension of natural mechanisms but also to the preservation of organisms against
human pressures and climate change.

Taxonomic and phylogenetic background of Carex section Glareosae
Genus Carex is placed in tribe Cariceae Kunth ex Dumort., which belongs to subfamily
Cyperoideae (family Cyperaceae; Muasya et al., 2009). Members of the Cariceae are
characterized by having unisexual flowers, the female ones limited to an ovary
surrounded by a profilar structure named utricle (Jiménez-Mejías et al., 2016). Based on
morphological data, five genera were considered traditionally within Cariceae: Carex,
Cymophyllus Mack. ex Britton & A.Br., Kobresia Willd., Schoenoxiphium Ness and
Uncinia Pers. (Kükenthal, 1909; Goetghebeur, 1998; Waterway and Starr, 2007).
Genus Carex has been traditionally divided into four subgenera: Carex, Psyllophora
(Degl.) Peterm [= Primocarex Kük.], Vignea (P.Beauv. ex Lestib. f.) Peterm., and
Vigneastra (Tuk.) Kük. [= Indocarex Kük.] (Fig. 1). Later, Egorova (1999) defined
subgenus Kreczetoviczia, including ca. 140 distigmatic species included in subgenus
Carex by Kükenthal (1909). Nevertheless, this fifth subgenus was not generally
accepted (Ball and Reznicek, 2002). Molecular studies revealed three major clades
within the Cariceae, not in concordance with the traditional generic and subgeneric
classification (Waterway and Starr, 2007): the core Carex clade, including most species
in subgenus Carex and Vigneastra and few representatives of subgenus Psyllophora; the
Vignea clade, which corresponds to subgenus Vignea, although also includes some
species from Psyllophora; and the caricoid clade, which is at the same time subdivided
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Figure 1. Subgeneric classification of genus Carex (Cyperaceae) based on morphological traits
following Kükenthal (1909). Subgenus Vigneastra presents peduncled bisexual spikelets, with
cladoprophylls and prophylls; subgenus Carex has also peduncled and predominately unisexual
spikes with cladoprophylls; subgenus Vignea has usually sessile and bisexual spikelets without
cladoprophyll, and two stigmas; Psyllophora presents unispicate inflorescences. Figure from
Starr and Ford (2008).
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into the “core unispicate clade”, including most unispicate Carex species plus genera
Cymophyllus, Kobresia, and Uncinia, and the “Schoenoxiphium clade”, gathering the
genus Schoenoxiphium and few representatives of Carex subg. Carex and Psyllophora
(Waterway and Starr, 2007; Global Carex Group, 2015). Finally, Carex sections
Siderostictae Franch. ex Ohwi, Hemiscaposae C.B.Clarke and Surculosae Raymond,
constitute a monophyletic clade sister to all previously described clades within tribe
Cariceae (Waterway et al., 2009). In view of the paraphyletic feature of traditional
subgenera, the Global Carex Group (2015) decided to unify all genera in the Cariceae
to constitute a single genus, Carex, that reflects a more natural classification (Fig. 2).

Figure 2. Generalized phylogenetic tree of tribe Cariceae (Cyperaceae) based on phylogenetic
studies to date. Solid lines show relationships that are supported by all or most studies; dotted
branches for relationships that are frequently supported, but more inconsistent among different
studies. Red circle for clades with consistently high bootstrap support among studies. Figure
from Global Carex Group (2015)
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Carex section Glareosae belongs to subgenus Vignea, placed in the core Vignea Clade
(Global Carex Group, 2015; Fig. 2). Subgenus Vignea is composed by ca. 320
(Egorova, 1999) monoecious species (rarely dioecious), with spiciform or capitate
inflorescences (rarely paniculate or spiciform-paniculate) constituted by (1)2–12
spikelets, sessile, usually bisexuals (androgynous or gynecandrous), rarely unisexual,
lower bracts of the inflorescence usually glumaceous, sometimes setaceous, and rarely
leaf-like, not sheathing. Utricle plano-convex, rarely biconvex or inflated, generally
glabrous, with two stigmas and achene biconvex without rachilla at the base (Egorova,
1999; Starr and Ford, 2008; Starr et al., 2008; Fig. 1). Within Vignea, Carex section
Glareosae traditionally comprises around 20 to 25 species constituting a monophyletic
clade in most phylogenetic studies (e.g. Ford et al., 2006, 2012; Waterway and Starr,
2007; Waterway et al., 2009; Global Carex Group, 2016). Nevertheless, the mentioned
studies leave the circumscription of the section not completely resolved (Ford et al.,
2006, 2012; but see also Hendrichs et al., 2004). Morphologically, species in Glareosae
present inflorescences spiciform, oblong or rarely capitate, constituted by 1–8(12)
spikelets, gynecandrous (rarely the lateral ones completely female), from separated to
aggregated constituting a dense inflorescence. Lowest bracts of the inflorescence
usually glumaceous and utricle plano-convex, of 1.5–4(4.5) mm length, slightly
coriaceous to membranaceous, covered by small papillae or minimally tuberculate,
appressed at maturity, rarely patent, with visible veins, usually the utricle beak with
entire margin or slightly emarginated, sometimes with an abaxial suture (Egorova,
1999). Moreover, all species present two stigmas and small papillae in culms and leaves
(Chater, 1980). Presence of creeping rhizomes is extremely infrequent on these species
(Egorova, 1999).

24

Chapter 1. Introduction

Due to the lack of enough specific synapomorphies and high phenotypic plasticity, the
number of species within the section as well as its taxonomic treatment have been
confuse and highly variable across different floras (e.g. Kükenthal, 1909; Kreczetovich,
1935; Chater, 1980; Egorova, 1999; Toivonen, 2002). The first and most comprehensive
global monography of Carex (Kükenthal, 1909) included 11 species belonging to Carex
section Glareosae (= section Canescentes Fries). The consideration of a great number of
varieties in this flora is remarkable, as is the case of C. lagopina Wahlenb. (= C.
lachenalii Schkuhr) with four accepted varieties, or the extreme case of C. canescens L.
with eight varieties considered by Kükenthal. This reflects the problematic taxonomy of
the section, leading to the description of varieties based most cases in local
morphologies resulting from different environmental conditions. Another evidence of
the problematic taxonomy of the section is the variation in the number of species
included in the section by different authors. Thus, whereas Kükenthal included 11
species (Kükenthal, 1909), more recent studies considered between 20 and 25 species in
the section (Kreczetovich, 1935; Egorova, 1999; Toivonen, 2002). Even nowadays, an
important amount of local subspecies and varieties are considered in the section by most
recent treatments (Egorova, 1999; Toivonen, 2002; Govaerts et al., 2007). For example,
C. canescens var. robustior Blytt ex Anders. from south America, C. glareosa subsp.
priblovensis (Macoun) G. Halliday & Chater from the Aleutian Islands (Alaska, USA),
or C. lachenalii subsp. parkeri (Petrie) Toivonen from New Zealand (Egorova, 1999;
Toivonen, 2002; Govaerts et al., 2007). Although in some other species, subordinate
taxa co-occur with the type species. For example, C. brunnescens subsp.
sphaerostachya (Tuck.) Kalela, C. canescens subsp. disjuncta (Fernald) Toivonen or C.
trisperma var. billingsii O. W. Knight from eastern North America were also cooccurring with C. brunnescens (Pers.) Poir. subsp. brunnescens, C. canescens subsp.
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canescens and C. trisperma subsp. trisperma, respectively (Toivonen, 2002; Govaerts et
al., 2007).
All previously mentioned examples reflect how variable could be a single species in
Glareosae from a morphological point of view. Nevertheless, variability within the
section is not shown only from a morphological, but also from a cytogenetic and
ecological point of view among other characters. Carex is considered the non-polyploid
angiosperm genus with higher chromosome variability, ranging from 2n=12 to 2n=124
(Hipp et al., 2008; Roalson, 2008). This is mainly due to the presence of holocentric
chromosomes in the genus Carex (chromosomes that lack localized centromeres; see
Luceño and Castroviejo, 1991). Cytogenetically, chromosome number in section
Glareosae ranged from 2n=44 to 2n=74 (Wahl, 1940; Chater, 1980; Luceño, 1986,
2008; Egorova, 1999; Toivonen, 2002). This variation is not only at inter-specific level
but also we can find single species with a considerable range of variation (e.g. C.
brunnescens [2n=44-56], C. canescens [2n=52-62], C. bonanzensis Britton [2n=50-60];
Egorova, 1999). From an ecological point of view, different patterns of distribution and
ecological preferences can be found in the section (Egorova, 1999; Toivonen, 2002;
Govaerts et al., 2007), which are described below.

Distribution and ecology of Carex section Glareosae
Global patterns reflect a latitudinal gradient in species richness on Earth: more species
are found near the Ecuador, whereas the species richness decreases in polar regions
(Kaufman and Willig, 1998; Hillebrand, 2004; Kraft and Jetz, 2007; Kerkhoff et al.,
2014). While this pattern is also applicable to the angiosperms (Francis and Currie,
2003; Davies et al., 2004; Kraft and Jetz, 2007; Kerkhoff et al., 2014), genus Carex

26

Chapter 1. Introduction

shows an inverse pattern in species richness: more diversity at higher latitudes of the
temperate northern hemisphere, and low biodiversity in tropical latitudes (Reznicek,
1990; Escudero et al., 2010; among others). Carex section Glareosae presents a mainly
circumboreal distribution (mainly temperate and cold regions of Asia, Europe, North
America), but also temperate and cold areas in the Southern Hemisphere (Southern
South America, south of Australia and New Zealand; Toivonen, 2002; Fig. 3).
Surprisingly, an important variability in distribution patterns is also found within
species in the section Glareosae: from species widely distributed (including cases of
amphitropical and bipolar distributions) to narrow endemics (Fig. 4).

Figure 3. Species richness of Carex section Glareosae G. Don (Cyperaceae) based on
occurrence data by Govaerts et al. (2007), and represented by “botanical countries” following
Brummitt (2001). Adapted from Maguilla et al. (2015).
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Carex canescens is the species with a broader distribution not only in sect. Glareosae
but also in the whole genus, which includes the whole temperate northern hemisphere,
as well as Papua New Guinea, South-eastern Australia, and Southern South America
(Govaerts et al., 2007; Fig. 4E). The second widest distribution in the section is shown
by C. brunnescens or C. lachenalii (this latter species also with populations in the
southern hemisphere, New Zealand; Govaerts et al., 2007; Figs. 4D and 4L). On the
other hand, we also found narrow endemic species (e.g. C. diastena and C. furva s.l.,
occurring only in Kamchatka and the Iberian peninsulas respectively; Govaerts et al.,
2007; Figs. 4F and 4H).
It is interesting to highlight the case of bipolar species, or those with populations at very
high latitudes of both hemispheres (Moore and Chater, 1971). This pattern of
distribution attracted numerous researchers, from Humboldt and Darwin to
contemporary authors (Humboldt, 1817; Darwin, 1859; Du Rietz, 1940; Moore and
Chater, 1971; Escudero et al., 2010; Donoghue, 2011). Under Moore & Chater (1971)
criteria —species populations must reach at least the 53˚ N and 52˚ S parallels—,
around 30 vascular plant species could be considered as bipolar. 20% (six) of these
species belongs to genus Carex (Moore and Chater, 1971; Escudero et al., 2010), one of
them within section Glareosae (C. canescens; Fig. 4E). Later, Vollan et al. (2006)
suggested two new Carex species to the list of bipolar species (considered previously as
having amphitropical distribution by other authors; Moore & Chater (1971): C. echinata
Murray and C. lachenalii. Thus, a new representative of Carex section Glareosae (C.
lachenalii), occurring in New Zealand (Moore and Edgar, 1970; Govaerts et al., 2007;
Fig. 4L) was considered bipolar. Nevertheless, C. lachenalii does not reach the latitude
of the Magallan Strait in the Southern Hemisphere (>52˚ S) to be considered bipolar
under Moore & Chater’s (1971) criteria. Different hypotheses have been proposed to
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Figure 4. Distribution map of species in Carex section Glareosae G. Don (Cyperaceae) based on
occurrence data by Govaerts et al. (2007), and represented by “botanical countries” following
Brummitt (2001). A. Carex arcta, B. C. arctiformis, C. C. bonanzensis, D. C. brunnescens (red
stripped for C. brunnescens subsp. sphaerostachya), E. C. canescens (red stripped = C.
canescens subsp. disjuncta, blue = C. canescens var. robustior), F. C. diastena, G. C. elongata,
H. C. furva.
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I
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Figure 4 (continued). I. Carex glareosa (red stripped = C. glareosa subsp. pribylovensis), J. C.
heleonastes (red stripped = C. heleonastes subsp. neurochalena), K. C. kreczetoviczii, L. C.
lachenalii (blue = C. lachenalii subsp. parkeri), M. C. lapponica, N. C. loliacea, O. C.
mackenziei, P. C. marina (red stripped = C. marina subsp. pseudolagopina).
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Q
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S

T

U

V

W
Figure 4 (continued). Q. C. nemurensis, R. C. praeceptorum, S. C. pseudololiacea, T. C.
tenuiflora, U. C. traiziscana, V. C. trisperma (red stripped = C. trisperma var. billingsii), W. C.
ursina.

explain the origin of bipolar distributions in plants: (1) parallel evolution (Humboldt,
1817), or adaptation in the same way of different species to similar ecological
conditions; (2) vicariance (Du Rietz, 1940), which implies a previous continuous
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distribution followed by a disruptive process separating populations of both
hemispheres; (3) mountain hopping or dispersal through mountain ranges, which
present optimal climatic conditions for the establishment of cold-tolerant species
(Guppy, 1918; Moore and Chater, 1971; Moore, 1972; Ball, 1990; Vollan et al., 2006);
(4) direct long-distance dispersal (Raven, 1963), which implies a direct jump mediated
by any dispersal vector like a bird (e.g. Villaverde, Escudero, Luceño, et al., 2015;
Villaverde, Escudero, Martín-Bravo, et al., 2015). Mountain hopping and direct longdistance dispersal are the most accepted hypotheses to explain the bipolar disjunctions
in Carex (Vollan et al., 2006; Escudero et al., 2010; Villaverde et al., 2015; Villaverde
et al., 2015; including C. canescens, the only broadly accepted bipolar species in
Glareosae, Villaverde et al., 2016).
Another interesting distribution pattern in Glareosae is the arctic-alpine distribution of
most of the species in the section (Egorova, 1999; Toivonen, 2002; Govaerts et al.,
2007; Figs. 3 and 4). The evolution of arctic-alpine species in the section has been
clearly influenced by the alternation of glacial and interglacial periods. To explain
current distribution and biodiversity patters of these species, two main hypotheses were
given: (1) the “tabula rasa” theory (Darwin, 1859; Hooker, 1861) which maintains that
the advance of ice sheets during glaciations destroyed most part of the biodiversity of
these regions covered by ice, whereas some other species migrated to southern latitudes.
Supporting this hypothesis, the Iberian, Italic and Balkan peninsulas have been
described as refugia (Taberlet et al., 1998; Petit et al., 2003; Hewitt, 2004). After
glaciations, species started to recolonize northern latitudes from these refugia (Nathorst,
1892; Nordal, 1987); (2) the “glacial survival” hypothesis (Kornerup, 1881; Lindroth,
1931; Gelting, 1934; Hultén, 1937) maintains that species survived to Pleistocene
glaciations into ice-free refugia in the northern hemisphere (e.g. Kornerup, 1881;
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Hultén, 1937; Löve and Löve, 1963; Abbott and Brochmann, 2003). The main ice-free
refugium in northern latitudes of the Northern Hemisphere was named the Beringia
region by Hultén (1937), encompassing north-western North America (Alaska and
Yukon Territoty), and north-western Asia. Within the Beringia region, multiple studies
have demonstrated the role of the Beringia land bridge shaping the current distribution
of arctic species of plants and animals (e.g. Yurtsev, 2001; Cook et al., 2004; Simonsen
et al., 2010; Hosner et al., 2015). The Beringia land bridge was formed during
glaciations thanks to the drop of sea level (Hopkins, 1972), joining western North
America and eastern Asia. This land bridge facilitated intercontinental dispersal route of
plants and animals (e.g. Yurtsev, 2001; Mullen, 2006; Harris, 2007; Hoffecker and
Elias, 2007; DeChaine et al., 2013; Krasnov et al., 2015) and then, could be crucial for
the understanding of the current distribution of Glareosae.
Regarding the ecological requirements of the species, we also found different
preferences in Glareosae (Table 1). Species inhabit meadows, moist forests, peatlands,
shores, and wet tundra (Toivonen, 2002; Table 1). Moreover, the same species can be
found at different altitudes depending on the latitude of populations (Kreczetovich,
1935; Chater, 1980; Luceño, 1986, 2008; Toivonen, 2002).
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Table 1. Habitat of species in Carex section Glareosae G. Don (Cyperaceae). Data from
Kreczetovich (1935), Chater (1980), Luceño (1986) and Toivonen (2002).
Species

Habitat

Carex arcta

Swampy woods, thickets, wet meadows

C. arctiformis

Sphagnum bogs and other wet places, mostly lowlands

C. bonanzensis

Wet, boggy tundra, mostly lowlands

C. brunnescens

Damp, temporarily dry areas, thin-peated mires, thickets, woodlands,
heaths, rocky slopes

C. canescens

Wet, usually base-poor habitats (sphagnum bogs, moist coniferous forests,
meadows…), lowland to near the timberline in mountains

C. diastema

Peatbogs

C. elongata

Damp woods and marshy places

C. furva

Wet meadows, bogs, snowbeds, streams and lake borders

C. glareosa

Salt marshes, gravelly seashores

C. heleonastes

Mires, damp meadows, lowlands

C. kreczetoviczii

Alpine meadows

C. lachenalii

Arctic and alpine meadows, peatlands, mossy banks of brooks

C. lapponica

Sphagnum bogs, wet, nutrient-poor areas, mostly lowlands

C. loliacea

Mires, wet forests, mossy stream banks, lowlands

C. mackenziei

Coastal and estuarine marshes, mostly brackish soils, seashores

C. marina

Boggy tundra, gravelly shores

C. nemurensis

Peat marshes

C. praeceptorum

Boggy places, wet soil around montane ponds and lakes

C. pseudololiacea

Peat bogs and forests

C. tenuiflora

Mires, especially sphagnum bogs, wet woodlands, lowlands

C. traiziscana

Peat marshes

C. trisperma

Mires, especially sphagnum bogs, wet woods, lowlands

C. ursina

Sandy, gravelly seashores in Arctic
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Structure and objectives by chapters
Based on the mentioned morphological, cytogenetic and ecological variability found in
Carex section Glareosae, we decided to study some of previously cited hypotheses to
explain the origins of the current plant biodiversity on Earth, using this group of species
as a model. Nevertheless, due to the problematic taxonomy of the section, the first
purpose of the present PhD project is to clarify the species relationships and taxonomic
issues in our study group. Specific objectives of each chapter are described below.

1. The main objective in Chapter 2 is to establish the boundaries of Carex section
Glareosae and clarify species delimitation. We also tried to understand the
evolution through the ancestral reconstruction of morphological traits, selecting
those that are important for the delimitation of species in the section. The study
is based on the integration of molecular and morphological data including full
sampling of all extant species, subspecies and varieties accepted by most recent
floras.

2. Chapter 3 aims to date the origin of Carex section Glareosae and investigate the
role of the Beringian land bridges during the Pliocene and Quaternary
glaciations to explain the current distribution of circumpolar species. We
included one sample per accepted taxa after chapter 2, and tested vicariance vs.
long-distance dispersal hypotheses. We also studied the evolutionary
relationships between distribution dynamics and diversification patterns on these
species.
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3. Based on the historical problematic taxonomy of C. furva s.l., the objective in
chapter 4 is to quantify the biodiversity in furva s.l. (how many species or
subspecies there are and how they are delimited and related). We decided to
combine previous phylogenetic data and newly obtained morphological data.
We included sampling from the full range of distribution of the species to assess
this question.

4. Once clarified the taxonomy of the C. furva complex, chapter 5 studies the
origin and diversification of C. furva s.l. Additionally, we investigated how gene
flow is shaping the evolution of the complex by increasing, decreasing or
maintaining the levels of differentiation.

5. Chapter 6 is a general discussion which gathers all findings in previous chapters
to summarize and discuss the main drivers of biodiversity in view of our
findings in Glareosae, understanding current patterns and processes through the
evolutionary history of organisms on Earth.
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RESEARCH ARTICLE
A M E R I C A N J O U R N A L O F B O TA N Y

Phylogeny, systematics, and trait evolution of Carex
section Glareosae1
Enrique Maguilla2,8, Marcial Escudero3,4, Marcia J. Waterway5, Andrew L. Hipp6,7, and Modesto Luceño2

PREMISE OF THE STUDY: The circumboreal Carex section Glareosae comprises 20–25 currently accepted species. High variability in geographic distribution,
ecology, cytogenetics, and morphology has led to historical problems both in species delimitation and in circumscribing the limits of the section, which is
one of the major tasks facing caricologists today.
METHODS: We performed phylogenetic reconstructions based on ETS, ITS, G3PDH, and matK DNA sequences from 204 samples. Concatenation of gene
regions in a supermatrix approach to phylogenetic reconstruction was compared to coalescent-based species-tree estimation. Ancestral state reconstructions were performed for eight morphological characters to evaluate correspondence between phylogeny and traits used in traditional classification
within the section.
KEY RESULTS: The results confirm the existence of a core Glareosae comprising 23–25 species. Most species constitute exclusive lineages, and relationships
among species are highly resolved with both the supermatrix and coalescent-based species-tree approaches. We used ancestral state reconstruction to
investigate sources of homoplasy underlying traditional taxonomy and species circumscription. We found that even species apparently not constituting
exclusive lineages are morphologically homogeneous, raising the question of whether paraphyly of species is a phylogenetic artifact in our study or evidence of widespread homoplasy in characters used to define species.
CONCLUSIONS: This study demonstrates the monophyly of Carex section Glareosae and establishes a phylogenetic framework for the section. Homoplasy
makes many of morphological characters difficult to apply for taxon delimitation. The strong concordance between supermatrix and species-tree approaches to phylogenetic reconstructions suggests that even in the face of incongruence among molecular markers, section-level or species-level phylogenies in Carex are tractable.
KEY WORDS Ancestral state reconstruction; ETS; G3PDH; ITS; lineage sorting; matK; species tree; supermatrix

Carex L., with ~2000 species, is one of the most diversified angiosperm genera (Judd et al., 2007) and the most species-rich by far in
temperate areas of the Northern Hemisphere (Escudero et al.,
2012). The most followed taxonomic treatments in Carex treat the
genus as having four or five subgenera (Kükenthal, 1909; Egorova,
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1999) and 69 to 130 sections (Kükenthal, 1909; Egorova, 1999). As
in other groups of vascular plants, Carex has undergone a taxonomic renaissance in the past 15 yr based on molecular phylogenetic data (Starr et al., 1999; Yen and Olmstead, 2000; Roalson et al.,
2001; Ford et al., 2006, 2012; Waterway and Starr, 2007; Waterway
et al., 2009). This body of work consistently demonstrates that there
are four main clades in Carex: (1) Siderostictae clade, comprising
the species traditionally included in Carex section Siderostictae
Franchet ex Ohwi from subgenus Carex, as well as species traditionally included in sections Hemiscaposae C.B.Clarke and Surculosae Raymond in subgenus Vigneastra (Tuck.) Kük. (Yano et al.,
2014); (2) Caricoid clade, with most of the unispicate species of
Carex and all species of the remaining genera included in tribe Cariceae Kunth ex Dumort.: Cymophyllus Mack. ex Britton & A.Br.,
Kobresia Willd., Uncinia Pers. and Schoenoxiphium Nees; (3) Vignea
clade, which includes the species traditionally included in subgenus
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Vignea (P.Beauv. ex T.Lestib.) Peterm., the only traditionally recognized subgenus that is monophyletic; and (4) core Carex clade,
which comprises most of the species traditionally included in subgenera Carex and Vigneastra.
One of the major tasks facing caricologists today is the enormous job of arranging species within these clades into clearly delineated sections. Sections are the primary organizing taxon below the
genus level in Carex (e.g., Reznicek, 2001), yet their taxonomy has
been confusing. Many are known to be polyphyletic, and the circumscriptions of relatively few have been revised using molecular phylogenetic data (e.g., Ceratocystis Dumort. [Jiménez-Mejías
et al., 2012b], Ovales Kunth [Hipp et al., 2006], Phyllostachyae
Tuck. ex Kük. [Starr and Ford, 2001] and Spirostachyae [Drejer]
L.H.Bailey [Escudero et al., 2008; Escudero and Luceño, 2009]).
These studies face two challenges: finding sufficient DNA variation
to provide species-level resolution and identifying morphological
characters to serve as synapomorphies for clades. Within subgenus
Vignea, for example, morphological circumscription of many
clades has been elusive, and the majority of traditional sections appears to be polyphyletic (Hendrichs et al., 2004; Ford et al., 2006,
2012; Hipp, 2008). Although Carex section Glareosae G.Don has
been demonstrated to be monophyletic in many studies (e.g., Ford
et al., 2006, 2012; Waterway and Starr, 2007; Waterway et al., 2009),
there remain unresolved questions about the taxonomy of several
species, circumscription with respect to a few morphologically intermediate taxa, and the history of trait evolution within the section. Here, we present a phylogenetic study of the section (including
all species assigned to the section) that integrates morphological
and DNA data to investigate the boundaries of the section and of its
constituent species and the evolutionary history of morphological
traits important to the taxonomy of the section and its species.
Background: Carex section Glareosae—Around 20 to 25 species
have traditionally been assigned to Carex section Glareosae
(Egorova, 1999; Toivonen, 2002a). The section has a predominantly
circumboreal distribution in cold and temperate regions of Europe,
Asia, and North America, but two species are also found in the
Southern Hemisphere (South America and New Zealand). Species
in this section are well-known denizens of wet meadows, peatlands,
seashores, tundra, and moist forests (Toivonen, 2002a). Geographic
distribution patterns in the section are also highly variable among
species. Some species are very widely distributed (e.g., C. brunnescens [Pers.] Poir., C. canescens L., C. glareosa Schkuhr ex Wahlenb.),
including two species with bipolar distributions: C. canescens and
C. lachenalii Schkuhr (Moore and Chater, 1971; Toivonen, 2002a;
Vollan et al., 2006; Escudero et al., 2010). Others are narrowly endemic (e.g., C. furva Webb, C. nemurensis Franch., C. pseudololiacea F.Schmidt). This variability in habitat and distribution, along
with its concentration in the circumboreal region, makes section
Glareosae particularly interesting for understanding floristic responses to climate change (Taberlet et al., 1998; Petit et al., 2003).
Taxonomy of Carex section Glareosae is complicated by the
plasticity of morphological characters, which makes it difficult to
draw clear distinctions between species and, in a very small number
of cases, even to determine whether species belong within the section (Kükenthal, 1909; Egorova, 1999; Toivonen, 2002a). For example, variation in morphological characters related to the habitat
was described in C. lachenalii, varying from longer perigynia body
and scales in Alaska to plants with short stems and longer perigynia
beaks in mountains of Colorado and Utah related to the type species.
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Also, many varieties and forms were described for C. canescens
based on morphological plasticity (Toivonen, 2002a). Moreover,
several morphological, biogeographic, ecological, and cytogenetic
studies have shown the extreme diversity of the section (Kükenthal,
1909; Egorova, 1999; Toivonen, 2002a; Vollan et al., 2006; Roalson,
2008; Escudero et al., 2010). This variability has led to discrepancies
not only in the number of species included in the section but also in
taxonomic interpretations of some of the taxa (Kükenthal, 1909;
Kreczetovich, 1935; Chater, 1980; Malyshev, 1990; Egorova, 1999;
Toivonen, 2002a). For example, Kükenthal (1909) included only 11
species in Carex section Glareosae (= Carex section Canescentes
Fries), but a large number of varieties: extreme cases are C. canescens with eight varieties fide Kükenthal (1909) and C. lagopina
Wahlenb. (synonym of C. lachenalii) with four varieties. At the
other extreme, Toivonen (2002a) in Flora of North America, circumscribed Carex section Glareosae as comprising 20–25 species
from four of the sections in Kükenthal’s (1909) monograph: sections Canescentes, Elongatae Kunth., Tenuiflorae Kunth., and
Ursinae Kük. No recent study has addressed the circumscription
of the section considering all accepted species (Egorova, 1999;
Toivonen, 2002a), and many discrepancies in sectional delimitation remain in the literature (e.g., Kükenthal, 1909; Egorova, 1999;
Toivonen, 2002a). Although the latest phylogenetic studies recognize the existence of a core Glareosae (Ford et al., 2006, 2012;
Waterway and Starr, 2007; Waterway et al., 2009), molecular evidence presented to date, primarily from nrDNA (Hendrichs et al.,
2004; Ford et al., 2006, 2012), leaves the circumscription of the
section open to question. Looking for a clear delimitation of
Carex section Glareosae, this is the first study with in-depth sampling of all species included in the section by recent authors
(Egorova, 1999; Toivonen, 2002a).

MATERIALS AND METHODS
Sampling—Sampling for molecular studies comprised 204 indi-

viduals (Appendix S1; see Supplemental Data with the online version of this article), including all but one species in Carex section
Glareosae according to the most recent treatment by Toivonen
(2002a), with modifications by Egorova (1999) for species that do
not occur in North America (Table 1). The exception was C. melanorrhyncha Nelmes, included in Carex section Glareosae by
Egorova (1999). Although this species was not included in the present study because we lacked material for DNA extraction, we agree
with Nilsson (1985) in considering this species as belonging to
Carex section Foetidae (Tuck. ex L.H.Bailey) Kük. because of the
presence of male flowers at the apices of terminal spikes, whereas
gynecandrous terminal spikes define Carex section Glareosae
(Toivonen, 2002a). Carex laeviculmis Meinsh., placed in Carex section Deweyanae (Tuck. ex Mack.) Mack. by Toivonen (2002a) but
in Carex section Glareosae by Egorova (1999), was included in our
sampling. We also included several species of questionable phylogenetic position in relation to Carex section Glareosae: C. disperma
Dewey (Carex section Dispermae Ohwi), C. elongata L. (Carex section Elongatae [Kunth] Kük.), C. illota L.H.Bailey (Carex section
Ovales), and some species of Carex section Deweyanae (C. bromoides
Willd., C. deweyana Schwein., and C. leptopoda Mack.) (Kükenthal,
1909; Kreczetovich, 1935; Malyshev, 1990; Egorova, 1999; Toivonen,
2002b; Hipp et al., 2006; Waterway et al., 2009; Ford et al., 2012). As
outgroups we included C. arenaria L. (Carex section Ammoglochin
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C. kreczetoviczii
T.V.Egor.

C. illota L.H.Bailey

C. heleonastes Ehrh.
ex L.f.

C. glareosa Schkuhr
ex Wahlenb.

C. furva Webb

C. diastena V.I.Krecz

C. canescens subsp.
disjuncta (Fernald)
Toivonen

C. canescens L.

C. heleonastes Ehrh.
C. canescens var. maxima Kük.
C. neurochalena Holm
(as species dubiae)
C. illota L.H.Bailey (sect.
Elongatae)

C. lagopina var. furva (Webb)
Christ.
C. glareosa Wahlenb.
C. cryptantha Holm
(as species dubiae)
C. lagopina var. pribylovensis
(Macoun) Kük.
C. aa Kom.
C. heleonastes Ehrh. ex L.f.

C. glareosa Wahlenb.
C. pribylovensis Macoun

C. diastena V.I.Krecz.

C. canescens L.
C. hylaea V.I.Krecz.

C. heleonastes
Ehrh. ex L.f.

C. glareosa Wahlenb.

C. curta Gooden

C. krekzetoviczii T.V.Egor.

C. heleonastes Ehrh. ex L.f.

C. glareosa Wahlenb.

C. krekzetoviczii T.V.Egor.

C. heleonastes Ehrh. ex L.f.

C. glareosa Wahlenb.
C. glareosa var. amphygena
Fernald
C. glareosa subsp pribylovensis
(Macoun) G.Halliday & Chater

C. diastena V.I.Krecz.
C. furva Webb

C. canescens subsp. disjuncta
(Fernald) Toivonen

continued

C. illota L.H.Bailey (sect.
Ovales Kunth)

C. glareosa Wahlenb.
C. glareosa var.
amphygena Fernald
C. glareosa subsp.
pribylovensis (Macoun)
G.Halliday & Chater
C. heleonastes Ehrh. ex L.f.

C. canescens subsp.
disjuncta (Fernald)
Toivonen

C. brunnescens (Pers.) Poir.
C. brunnescens subsp.
sphaerostachya (Tuck.)
Kalela
C. canescens L.
C. canescens var. robustior
Blytt ex Andersson

C. brunnescens (Pers.) Poir.
C. brunnescens subsp.
alaskana Kalela
subsp. pacifica Kalela
C. canescens L.

C. brunnescens
(Pers.) Poir.

C. brunnescens (Pers.) Poir.
C. vitilis Fr.

C. brunnescens (Pers.) Poir.
C. brunnescens subsp. alaskana
Kalela
subsp. pacifica Kalela
C. canescens L.

C. brunnescens
(Pers.) Poir.

C. bonanzensis Britton

C. bonanzensis Britton

C. bonanzensis Britton

C. bonanzensis Britton

C. arctiformis Mack.

C. arcta Boott

Toivonen (2002a) –
Sect. Glareosae G.Don

C. bonanzensis Britton

C. bonanzensis Britton
(as species dubiae)
C. cajanderi Kük.
C. brunnescens (Pers.) Poir.
C. brunnescens var.
sphaerostachya
(Dewey) Kük.
C. canescens L.
C. canescens var. congesta
Domin
var. subtenella Kük.
var. tenuis O.Lang
var. fallax Kurtz ex Kük.
var. robustior Blytt ex Andersson
C. canescens var.
disjuncta Fernald

C. arctiformis Mack.

C. arcta Boott

Egorova (1999) –
(=Sect. Canescentes
Fries ex. Kük.)

C. bonanzensis Britton

Malyshev (1990) –
(=Sect. Heleonastes
Kunth.)

C. trisperma var. billingsii
O.W.Knight (as
synonym of
C. trisperma Dewey)

Chater (1980) –
(=Sect. Canescentes
(Fries) Christ.)

C. billingsii (O.W.Knight)
C.D.Kirschb.

C. arctiformis Mack.

C. arcta Boott (sect.
Elongatae Kunth.)
C. heleonastes var.
scabriuscula Kük.
C. heleonastes var.
robustior Kük.

Carex arcta Boott

Kreczetovich (1935) –
(=Sect. Leptovignea
(Boern.) V.I.Krecz.)

•

Kükenthal (1909) –
(=Sect. Canescentes Fries)
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Sect. Glareosae (G.Don)
based on our results

TABLE 1. Current treatment of Carex section Glareosae G.Don (Cyperaceae) derived from our results, and corresponding synonyms in other treatments and floras.
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C. tenuiflora Wahlenb.

C. arrhyncha Franch.

Taxa excluded from
Carex section Glareosae

C. ursina Dewey

C. trisperma Dewey

C. traiziscana F.Schmidt

C. disperma Dewey
C. elongata L.

C. ursina Dewey

C. traiziscana F.Schmidt

C. tenuiflora Wahlenb.

C. ursina Dewey

C. tenuiflora Wahlenb.

C. elongata L.

C. ursina Dewey

C. tenuiflora Wahlenb.

C. melanorrhyncha Nelmes

C. ursina Dewey

C. trisperma Dewey

C. traiziscana F.Schmidt

C. praeceptorum Mack.

C. nemurensis Franch.

C. marina Dewey
C. marina subsp.
pseudolagopina
(T.J.Sørensen) Böcher

C. ursina Dewey

C. trisperma Dewey

C. tenuiflora Wahlenb.

C. praeceptorum Mack.

C. marina Dewey

C. mackenziei V.I.Krecz.

C. loliacea L.

C. lapponica O.Lang

C. laeviculmis Meinsh.
(sect. Deweyanae Tuck.
ex Mack.) Mack.

C. lachenalii subsp.
parkeri (Petrie)
Toivonen

C. lachenalii Schkuhr

Toivonen (2002a) –
Sect. Glareosae G.Don

J U LY 2 0 1 5 , V O L U M E 1 0 2

C. trisperma Dewey (sect.
Tenuiflorae)
C. ursina Dewey (sect.
Ursinae Kük.)

C. pseudololiacea F.Schmidt

C. pseudololiacea F.Schmidt

C. pseudololiacea F.Schmidt
(sect. Tenuiflorae)
C. tenuiflora Wahlenb. (sect.
Tenuiflorae)
C. tenuiflora var. setacea Kük.
(sect. Tenuiflorae)
var. arrhyncha (Franch.) Kük.
(sect. Tenuiflorae)
C. traiziscana F.Schmidt

C. marina Dewey

C. mackenziei V.I.Krecz.

C. loliacea L.

C. lapponica O.Lang

C. nemurensis Franch.

C. marina Dewey
C. marina subsp.
pseudolagopina
(T.J.Sørensen)
Böcher

C. marina Dewey

C. mackenziei V.I.Krecz.

C. loliacea L.

C. lapponica O.Lang

Synonym of C. traiziscana
F.Schmidt

C. mackenziei V.I.Krecz.

C. loliacea L.

C. mackenziei V.I.Krecz.

C. loliacea L.

C. lapponica O.Lang

C. nemurensis
Franch.
C. praeceptorum
Mack.
C. pseudololiacea
F.Schmidt
C. tenuiflora Wahlenb.

C. mackenziei
V.I.Krecz.
C. marina Dewey

C. loliacea L.

C. lapponica O.Lang

C. canescens var. subloliacea
Laest. ex Hartm.
C. loliacea L. (sect.
Tenuiflorae Kunth.)
C. norvegica Willd.
ex Schkuhr
Synonim of C. heleonastes
Ehrh. ex L.f.

C. lapponica O.Lang

C. lachenalii Schkuhr

C. laeviculmis Meinsh.

C. laeviculmis Meinsh.
(sect. Phyllothyrsa
V.I.Krecz.)

C. bipartita All. (as synonym
of C. lachenalii Schkuhr)

Egorova (1999) –
(=Sect. Canescentes
Fries ex. Kük.)

C. laeviculmis Meinsh.
(sect. Elongatae)

C. lachenalii
Schkuhr

Malyshev (1990) –
(=Sect. Heleonastes
Kunth.)

C. laeviculmis
Meinsh.

C. tripartita All.

Chater (1980) –
(=Sect. Canescentes
(Fries) Christ.)

C. lachenalii subsp. parkeri
(Petrie) Toivonen

C. lagopina Wahlenb.
C. lagopina var. debilis Lange
var. pleiostachya Drejer

C. lachenalii
Schkuhr

Kreczetovich (1935) –
(=Sect. Leptovignea
(Boern.) V.I.Krecz.)

C. lachenalii subsp.
parkeri (Petrie)
Toivonen

Kükenthal (1909) –
(=Sect. Canescentes Fries)

Sect. Glareosae (G.Don)
based on our results

TABLE 1, continued
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Dumort.), C. paniculata L. (Carex section Heleoglochin Dumort.),
C. spicata Huds. (Carex section Phaestoglochin Dumort.), and C. remota L. (Carex section Remotae [Asch.] C.B.Clarke) based on previous phylogenetic studies (Hipp et al., 2006; Waterway et al., 2009;
Ford et al., 2012) that described these taxa as close but clearly outside
Carex section Glareosae, and we also placed these outgroups in different clades than the species of questionable circumscription to
Carex section Glareosae that were included as ingroup.
Between 2 and 25 samples per species (in those with broader
geographic distribution and/or high morphological variability)
were included in an attempt to represent a wide geographic and
morphological range for all taxa. An exception was C. kreczetoviczii
T.V.Egor. Due to its scarcity in herbarium collections and uncertainty in identifications of much of the material, we found only one
specimen that fits the description of the species and its distribution
according to Egorova (1959) and Malyshev (1990). Although we
included all species in Carex section Glareosae (with the exception
of C. melanorrhyncha, whose inclusion in Carex section Foetidae
was justified before), we tried also to include all infraspecific accepted taxa (subspecies and varieties), including C. trisperma var.
billingsii O.W.Knight, which has a particularly controversial circumscription (Toivonen, 2002a; Govaerts et al., 2007; Kirschbaum,
2007). Between two and five samples per infraspecific taxa were included. Only C. glareosa subsp. pribylovensis (Macoun) G.Halliday
& Chater, which is found exclusively in Pribilof and Aleutian
Islands (USA), is missing from the sampling.
Finally, a species richness map was performed for all accepted
species names based on the phylogenetic results (Table 1), using
ArcGIS version 10.2 (ESRI, Redlands, California, USA). Regions
are based on “botanical countries” described in Brummitt (2001),
and species distributions are those listed in Govaerts et al. (2007) to
represent species diversity and the general pattern of distribution of
Carex section Glareosae.
DNA extraction, polymerase chain reaction, and sequencing—

DNA was extracted from silica-dried leaves or specimens from 18
herbaria (BABY, BM, C, CAN, CAS, CHR, DAO, E, H, M, MHA,
MO, MTMG, NY, RSA, UPOS, WTU, and Z; Index Herbariorum,
http://sweetgum.nybg.org/ih/), using the DNeasy Plant Mini Kit
(Qiagen, Valencia, California, USA) and using a modified CTAB
protocol following Waterway et al. (2009) for samples from MTMG
(Appendix S1). ETS region was PCR-amplified using ETS-1F (Starr
et al., 2003) and ETS-18S (Wright et al., 2001) in a reaction with a
final volume of 25 μL containing: 2.5 μL 10× PCR buffer, 3.2 μL
MgCl2 at 50 mM, 2 μL dNTPs at 10 mM, 1 μL of each primer at
10 μM, 1 μL of 1× BSA, 0.3 μL Taq DNA polymerase (5U/μL), and
1μL DNA. General PCR conditions were 1 min of initial denaturation at 97°C followed by 40 cycles with 10 s of DNA denaturation
at 97°C, primer annealing at 55°C for 30 s, and 20 s of extension at
72°C, increasing by 4 s the extension time in each cycle, and finishing with a final extension at 72°C for 8 min.
ITS region was amplified using primers ITSA (Blattner, 1999) and
ITS4 (White et al., 1990), except for samples from MTMG herbarium
(Appendix S1), which were amplified using primers ITS N18L18
(Yokota et al., 1989) and ITS4 (White et al., 1990). The 25-μL reactions contained: 2.5 μL 10× PCR buffer, 1.6 μL MgCl2 at 50 mM, 2 μL
dNTPs at 10 mM, 1 μL of each primer at 10 μM, 1 μL of 1× BSA, 1 μL
DMSO, 0.3 μL Taq DNA polymerase (5U/μL), and 1 μL template
DNA. PCR conditions were as described in Escudero et al. (2008).
Reagent concentration and PCR conditions followed Waterway and

Starr (2007) for samples from MTMG. The same reagent concentrations as for ITS were also used for the amplification of the partial
glyceraldehyde 3-phosphate dehydrogenase encoding gene (G3PDH)
with primers G3PDH11F (5′-GGATGACCTTGTTTCAACCGA) and
G3PDH12R (5′-ACCAGGACACAAGCTTAACA) (E. H. Roalson,
personal communication, Washington State University, Pullman,
Washington, USA). PCR conditions for G3PDH were an initial denaturation at 95°C for 2 min followed by 30 cycles with a DNA denaturation at 95°C for 1 min, primer annealing at 55°C for 1 min, and
extension at 72°C for 2 min, with a final extension at 72°C for 5 min.
The matK gene was amplified using primers matK 2.1F and
matK 5R following PCR conditions described by Ford et al. (2009).
Reactions were carried out in a final 25-μL reaction with 2.5 μL 10×
PCR buffer, 1.6 μL MgCl2 at 50 mM, 1.6 μL dNTPs at 10 mM, 0.5 μL
of each primer at 10 μM, 1 μL of 1× BSA, 0.3 μL Taq DNA polymerase (5U/μL), and 1μL DNA. All PCRs were conducted in a BioRad T100TM Thermal Cycler. Products were purified using
ExoSAP-IT (USB, Cleveland, Ohio, USA) and sequenced as in
Escudero and Luceño (2009).
Phylogenetic analysis—Raw sequences were assembled and edited using Geneious version 6.1.7 (Biomatters, Auckland, New Zealand) and automatically aligned with MUSCLE (Edgar, 2004); then
the alignment was checked visually in Geneious and manually
modified in case of ambiguity. The four regions were analyzed separately and in combination using Bayesian inference (BI), maximum
parsimony (MP), and maximum likelihood (ML). Bayesian inference was performed using Markov chain Monte Carlo (MCMC)
methods (Yang and Rannala, 1997) as implemented in MrBayes
version 3.2 (Ronquist et al., 2012) within Geneious. Substitution
models for each DNA region were selected on basis of highest
Akaike’s Information Criterion weights (AICw; Akaike, 1974) resulting from the analysis of each matrix in jModeltest version 2.1.3
(Darriba et al., 2012). The ITS region was split into ITS1, 5.8S, and
ITS2 regions based on region boundaries as illustrated in Starr et al.
(1999) for the calculation of the substitution model. Gaps present
in more than one ingroup sample were encoded following the “simple indel coding” criterion in Simmons and Ochoterena (2000) and
analyzed with the F81-like model following Jiménez-Mejías et al.
(2012b). Two independent analyses of four Metropolis-coupled
Markov chains were run for 5 million generations, with convergence
determined using Tracer version 1.6 (Rambaut and Drummond,
2013). After removing the first 20% of the trees as burn-in, the remaining trees were used to construct a majority-rule consensus tree
supporting each clade with posterior probability values (PP; Alfaro
et al., 2003), considering significant only clades with PP ≥ 0.95
(Murphy et al., 2001; Suzuki et al., 2002). PP values between 0.90
and 0.94 were considered marginally significant.
Unweighted MP analyses were carried out in TNT (Goloboff
et al., 2008). We performed 10 000 replicates of heuristic searches
with tree bisection–reconnection (TBR) branch swapping, retaining a maximum of two trees per replicate. We also performed a
second search using trees retained in memory during the first heuristic search. Then we calculated the strict consensus of all trees retained. Bootstrap supports where calculated by 10 000 resamplings
based on conditions of the first search. The ML analyses were conducted on the concatenated matrix using RAxML version 7.2.6
(Stamatakis, 2006) under an unpartitioned GTRGAMMA model. We
used rapid bootstrapping as implemented in RAxML (Stamatakis
et al., 2008). The rapid bootstrapping algorithm is one order of
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magnitude faster than the standard bootstrapping algorithm and
uses bootstraps as a starting place for the ML search, further reducing computation time (Stamatakis et al., 2008). Outputs from
10 000 rapid bootstrap searches and 2000 ML searches were used
to infer the best ML tree and bootstrap support values (BS). Bootstrap values resulting from MP and ML analyses were considered
nonsignificant if <70% (Hillis and Bull, 1993).
Although hybrid speciation has probably not played a role in the
evolution of Carex section Glareosae (Egorova, 1999; Toivonen,
2002a; Appendix S2; see Supplemental Data with the online version
of this article), we still expect incongruences in gene-trees caused
by incomplete lineage-sorting (Doyle, 1992; de Queiroz and Gatesy,
2007; Pelser et al., 2010; Záveská Drábková and Vlček, 2010). For
that reason, a coalescent-based species tree estimation approach
(Edwards, 2009; Knowles and Kubatko, 2010) was also performed
using the STAR program (Liu et al., 2009) implemented in STRAW
web server (Shaw et al., 2013), using posterior gene trees to take
into account uncertainty of gene trees when building the species
tree. Support values were calculated using the posterior gene trees
based on the multilocus bootstrap method described by Seo (2008).
Post-burn-in gene trees (ETS, ITS, G3PDH, and matK) from
MrBayes analyses were used, excluding terminals that were lacking
any of the four DNA regions. Support values ≥50% are shown, but
only those ≥70% were considered significant. The resulting species
tree was compared with the supermatrix tree estimated using concatenation of the datasets, as described above.
Test of incongruence using the data partition-homogeneity
test—Data partitions, defined as the ETS, ITS, G3PDH, and matK

regions (excluding positions in the matrices that codify the indels)
were evaluated for incongruence using the incongruence length difference (ILD) test (Farris et al., 1994; Farris and Källersjö, 1995) as
implemented in PAUP* version 4.0b10 (Swofford, 2002) under the
partition-homogeneity test. Note that although ITS was subpartitioned for Bayesian analysis, ITS1 and ITS2 regions are closely linked
and, thus, are not expected to track different evolutionary history;
thus, they were not separated out in our ILD analyses. Use of the ILD
test came under significant debate in the early 2000s (Dolphin et al.,
2000; Yoder et al., 2001; Barker and Lutzoni, 2002; Darlu and
Lecointre, 2002; Dowton and Austin, 2002), but when performed
properly it is typically a rather conservative test of character incongruence (Hipp et al., 2004). This is to say, data partitions that “pass”
the ILD test typically exhibit minimal character incongruence. We
performed the ILD test using 10 000 replicates with heuristic searches
of 10 random sequence-addition replicates each, holding 10 trees per
replicate, using tree bisection and reconnection branch-swapping.
Ancestral state reconstructions—We used a stochastic mapping

approach implemented in SIMMAP version 1.5 (Bollback, 2006) to
perform ancestral state reconstructions (ASR). We reconstructed
ancestral states for eight morphological characters considered useful in distinguishing among species in the section according to different floras (Kreczetovich, 1935; Chater, 1980; Egorova, 1999;
Toivonen, 2002a; Luceño, 2008): (1) presence of perigynium beak
(coded 0 if absent, 1 if clearly present); (2) sexuality of lateral spikes
(0 if pistillate, 1 if gynecandrous); (3) growth form (0 if loosely
cespitose, 1 if densely or loosely, 2 if always densely cespitose); (4)
separation of the spikes in the inflorescence (0 if separated, 1 if aggregated); (5) relative size of pistillate scales (0 if clearly shorter
than perigynium, 1 if equal or exceeding it); (6) location of the
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maximum width of perigynium (0 if maximum width is at the base,
1 if it in the middle); (7) relative size of the lower bract of the inflorescence (0 if always shorter than inflorescence, 1 if can be shorter
or longer, 2 if always longer); (8) mean number of spikes in the inflorescence in relation to the median (0 if lower than the median, 1
if higher) calculated as the mean between minimum and maximum
number of spikes of each species, excluding extreme values represented in parentheses in the floras and rounding to the nearest integer. This was done, after testing the unimodal distribution of the
character (Appendix S3e; see Supplemental Data with the online
version of this article), to characterize species with few or many
spikes. With these analyses we aim to evaluate how well morphological characters used in taxonomic treatments (Kreczetovich,
1935; Chater, 1980; Egorova, 1999; Toivonen, 2002a; Luceño, 2008)
delimit species in Carex section Glareosae and explain why this task
has been sometimes problematic (e.g., character homoplasy).
We assigned states for each character of each species, based
mainly on species descriptions in Flora of North America (Toivonen,
2002a). For species not occurring in North America, we followed
Flora of USSR (Kreczetovich, 1935) for C. diastena V.I.Krecz., C.
nemurensis, C. pseudololiacea, and C. traiziscana F.Schmidt; Flora
Sibiri (Malyshev, 1990) for C. kreczetoviczii; and Flora Iberica
(Luceño, 2008) for C. furva. We checked character states in herbarium materials studied (Appendix S2).
We used the consensus tree obtained by Bayesian inference using all four markers combined (ETS, ITS, G3PDH, and matK) for
each reconstruction. The tree was pruned to one sample per species
using the function “drop.tip” from the “ape” package (Paradis et al.,
2004) in R version 3.1.1 (R Core Team, 2014). To avoid undue influence on ancestral states of tip states terminating short branches,
we used an ultrametric transformation of the consensus tree. Nevertheless, reconstructions under a nonultrametric tree were also
performed to determine whether branch lengths influenced the ancestral nodes reconstructions. Outgroups were used only for rooting the tree and were subsequently excluded for the reconstruction
analyses. Overall substitution rate parameters (α and β) were estimated for each morphological character with categories (k) set to
60, as well as the bias parameter (α) with k = 31 for two-state characters, performing MCMC analyses implemented in SIMMAP following Meredith et al. (2011). Ancestral state reconstruction
analyses were conducted using rate and bias parameters that best fit
each character (Appendix S3a, b). Morphological characters with
more than two states (growth form and relative size of the lower
bract of the inflorescence) were analyzed under an equal-rate prior
parameter because this does not affect nonbinary characters
(Escudero et al., 2009). However, to test whether there are important changes in our results, we also implemented the ASR under an
empirical rate model. At the same time we set states as unordered
or with linear ordering for both equal and empirical models, assuming that state “1” of a character is intermediate between states “0”
and “2”, to evaluate the variance on our reconstructions. Stochastic
mutational mappings were performed in SIMMAP four times for
each character to test for incongruence among different runs.

RESULTS
Species richness, phylogenetic analyses, and test for homogeneity—

Carex section Glareosae exhibits a circumboreal distribution, occurring mainly in the Northern Hemisphere, with species diversity

Region
200
605–615
619
54
95.4
161
145
60.2
—
174
602–611
619
59.2
96.1
96
83
60
3
0.643
0.960
314
4433
2787.651

166
594–599
609
78.3
97.3
94
86
53.9
5
0.677
0.954
285
2048
2596.689

Whole ITS

193
596–604
609
38.1
95.9
167
152
53.9
GTR+I+G (0.528)

ETS

53
—

—
—
—
—

—
216–224
230
29.8
94.5
51
45
59.7
3

—
216–224
230
24.3
93.4
93
83
59.9
GTR+G (0.586)

ITS1

—

—
—
—
—

—
166
166
98.8
99.9
0
0
54.2
0

—
166
166
97
99.8
2
2
54.3
K80 (0.358)

5.8S

—

—
—
—
—

—
218–222
222
59.5
94.6
45
38
65.6
0

—
218–222
222
52.7
94
66
60
65.8
GTR+G (0.603)

ITS2

605.772

0.880
0.982
50
48

157
209–214
228
87.9
98.5
10
9
33
5

180
178–227
228
59.2
96.1
36
32
33
HKY (0.316)

G3PDH

1657.987

0.882
0.973
85
192

159
785–790
791
69.3
98.5
42
34
27.9
0

183
784–790
791
66.8
98.5
70
59
27.9
GTR+I (0.507)

matK

8404.427

0.646
0.948
796
918

177
214–2216
2247
45.9
96.1
242
212
45.1
13

204
214–2223
2247
33.8
95.4
434
388
45.1
—

Combined matrix

•

Whole matrices (including outgroups)
Number of sequences included
Length range (bp)
Aligned length (bp)
% identical sites
% pairwise identity
Number of variable characters
Number of parsimony-informative characters
% G+C
Substitution model (AIC weight)
Carex section Glareosae
Number of sequences included
Length range (bp)
Aligned length (bp)
% identical sites
% pairwise identity
Number of variable characters
Number of parsimony-informative characters
% G+C
Number of informative indels (coded)
Maximum parsimony analysis
CI
RI
Number of steps
Number of most parsimonious trees
Maximum likelihood analysis
−lnL of the tree with higher likelihood

1134

TABLE 2. Features of matrices obtained for phylogenetic analyses of Carex section Glareosae G.Don (Cyperaceae), including the selected single-substitution model for the Bayesian inference analyses;
maximum parsimony statistics including ensemble consistency index (CI), ensemble retention index (RI); and the −lnL of the tree with highest likelihood obtained in maximum likelihood analysis.
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FIGURE 1 Majority-rule consensus tree obtained in the Bayesian inference analysis of the combined matrix including ETS, ITS, G3PDH, and
matK regions. Posterior probabilities (only if PP >0.9) are shown above
branches, and maximum parsimony (MP)–maximum likelihood (ML)
bootstrap support (if BS >70%) below branches. Asterisks represent lack
of support in an analysis for a given clade that nevertheless is supported
in other analyses. Dashed line represents the boundaries of Carex section
Glareosae G.Don (Cyperaceae), and tip labels indicate species name and
code of the “botanical countries” where specimens were collected (in parenthesis), following Brummitt (2001) and including a number when
there is more than one sample from the same region. Scale bar indicates
substitutions per site.

increasing at high latitudes of the Northern Hemisphere, but with
two species (C. canescens and C. lachenalii) in temperate and alpine
areas of the Southern Hemisphere. The region of highest species
richness for the section is around the 60th parallel north, and especially northern North America (Appendix S4; see Supplemental
Data with the online version of this article).
A total of 193 ETS sequences (185 generated for this study plus 8
from NCBI GenBank), 200 ITS sequences (8 from NCBI GenBank),
180 G3PDH sequences, and 183 matK sequences were obtained.

The amplified G3PDH region ranged from 178 to 227 base pairs (bp)
and was relatively easy to amplify in Carex (Table 2). Moreover, the
number of variable characters was 10 (9 parsimony-informative)
within species of Carex section Glareosae, whereas in the whole
matrix the number of variable characters was 36 (32 parsimonyinformative; Table 2). This makes the G3PDH region useful for
delimiting sections and other groups of organisms over the species level, but not to delimit species in Carex. Matrices were adjusted to get a more parsimonious alignment in case of ambiguity,
especially when different gaps were placed among sequences
in poly A or poly T region of the DNA (Appendices S5–S8; see
Supplemental Data with the online version of this article). The evolutionary model chosen as the best fit for ETS by jModeltest
(Darriba et al., 2012) was GTR+I+G. Within ITS the best models
were GTR+G for ITS1 and ITS2, and K80 for the 5.8S region. In
G3PDH region the selected model was HKY and, in the case of
matK, the best model was GTR+I (Table 2; Appendix S9a; see Supplemental Data with the online version of this article).
Only G3PDH marker supported the existence of a unique core
Glareosae—that is, one that included most of the species traditionally included in Carex section Glareosae (Appendix S9d). Instead,
species belonging to distant sections based on previous studies
(Hipp et al., 2006; Waterway et al., 2009; Ford et al., 2012) appeared
to be embedded in core Glareosae when ETS, ITS, and matK regions were analyzed separately, making the section appear polyphyletic (Appendix S9b, c, e). Phylogenetic analyses conducted for
each molecular marker separately demonstrated incongruent topologies (Appendix S9b–e). The ILD test similarly suggested strong
character incongruence among markers except for ITS—matK (P =
0.393). This incongruence is strong in the case of ETS—ITS (P <
0.001), ETS—G3PDH (P < 0.001), ITS—G3PDH (P = 0.009), and
G3PDH—matK (P = 0.020). The combination ETS—matK (P =
0.046) is only weakly incongruent. The ILD test is notoriously sensitive to various sources of data-partition incongruence other than
genealogical discordance (as reviewed in Hipp et al., 2004). However, given the observed topological incongruence among our data
partitions, it is not clear that simple concatenation (supermatrix)
approaches will recover an accurate estimate of the species tree
(Knowles, 2009). As a consequence, we compare a coalescent-based
species-tree-estimation method (STAR) that is robust to the effects
of lineage sorting in generating genealogical discordance (Liu et al.,
2009) with a simple supermatrix (concatenation) approach. In our
case, most of the clades are strongly supported in the supermatrix
tree (Fig. 1) and are also supported by the STAR analysis (coalescent-based species tree; Fig. 2), which recovers essentially the same
topology, providing strong evidence for the tree topology based on
the combined DNA data presented here.
Bayesian inference and MP analyses of the combined matrix
(Fig. 1) and STAR analysis of the postburn-in MCMC trees (Fig. 2)
revealed marginally significant support for core Glareosae (94%
bootstrap support [BS] and posterior probability [PP] of 1.0), but
→

FIGURE 2 Species tree resulting from STAR analysis implemented in STRAW web server, using post-burn-in trees of each marker (ETS, ITS, G3PDH, and
matK) from the Bayesian inference analyses. Supports (only if >50%) calculated from the bootstrapped individual gene-trees are shown above
branches. Clades with <50% support were collapsed. Tree was proportionally transformed to facilitate the visualization of the topology. Dashed line
represents the boundaries of Carex section Glareosae G.Don (Cyperaceae), and tip labels indicates species name and code of the “botanical countries”
where specimens were collected (in parenthesis), following Brummitt (2001) and including a number when there is more than one sample from the
same region.
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not in the ML analysis. A total of 23 to 25 species comprise the core
Glareosae (Fig. 1). Carex illota is nested in this clade, confirming its
placement within Carex section Glareosae (Fig. 1). Our framework
of the section is summarized in Table 1.
Most of the species in the section constitute “exclusive lineages,”
defined as a group of organisms more closely related to other members of the group than to any other organisms outside the group
(Baum and Shaw, 1995; see also Freudenstein [1998] for additional
discussion about the term monophyly) with significant support
(Fig. 1): C. arcta Boott, C. bonanzensis Britton, C. diastena, C. furva,
C. heleonastes Ehrh. ex L.f., C. illota, C. laeviculmis, C. lapponica
O.Lang, C. loliacea L., C. mackenziei V.I.Krecz., C. marina Dewey,
C. nemurensis, C. praeceptorum Mack., C. pseudololiacea, C. tenuiflora Wahlenb., C. traiziscana, C. trisperma Dewey, and C. ursina
Dewey. Only two species constituted exclusive lineages without significant support (Fig. 1): C. glareosa (<70% MP–BS, 84% ML–BS,
and <0.9 PP) and C. lachenalii (<70% MP–BS, <70% ML–BS, and
<0.9 PP; but see coalescent-based species tree [STAR tree], Fig. 2).
Only three to four species were paraphyletic: C. arctiformis
Mack. and C. canescens were interleaved in the same clade
( Figs. 1 and 2; Appendix S9f, g). Carex kreczetoviczii was nested
in a clade with samples of C. brunnescens, but we could not
test whether C. kreczetoviczii was paraphyletic or polyphyletic
because we were able to obtain only one sample (Figs. 1 and 2;
Appendix S9f, g).
From an infraspecific point of view, neither C. brunnescens
subsp. sphaerostachya (Tuck.) Kalela nor C. marina subsp. pseudolagopina (T. J. Sørensen) Böcher was supported as infraspecific taxa
constituting exclusive lineages distinct from the typical subspecies
by the supermatrix tree or the species tree (Figs. 1 and 2, respectively). Within C. canescens, the two samples of subspecies disjuncta (Fernald) Toivonen formed a significantly supported clade
in ML (75% BS; Fig. 1), but the two samples of C. canescens variety
robustior Blytt ex Andersson did not even form a clade. Carex lachenalii subsp. parkeri (Petrie) Toivonen formed a significantly supported clade (95% ML–BS/0.98 PP) that was nested among samples
of C. lachenalii (Fig. 1). Carex trisperma comprised two significantly supported subclades (Fig. 1): one with all samples of C. trisperma s.s. (87% MP–BS and 91% ML–BS/1.0 PP), and the other
with all samples of C. trisperma var. billingsii (90% MP–BS and
100% ML–BS/1.0 PP).
The coalescent-based species tree estimated using STAR resolved most of the species in the section (Fig. 2) and was highly
congruent with the supermatrix (concatenated) tree (Fig. 1). Carex
section Glareosae is a significantly supported clade (BS 94%), agreeing with that obtained through the supermatrix method (Figs. 1
and 2). The most apparent difference in tree topology within the
Glareosae clade was the position of C. brunnescens: it was grouped
in a clade with C. arcta and C. laeviculmis in the STAR tree, but
without significant support (Fig. 2); and as sister to 11 other species
in the supermatrix tree (Fig. 1), which was significantly supported
by the Bayesian analysis but not by MP or ML. Although the overall
topology of the STAR tree was similar to the tree found using the

supermatrix, there were differences in the support values for individual species. Species not significantly supported in the STAR tree
were C. glareosa, C. furva, C. loliacea, and C. praeceptorum (Fig. 2).
Nevertheless, C. lachenalii constitutes an exclusive lineage in the
STAR tree (77% BS; Fig. 2) but not in the consensus tree obtained
by supermatrix approach (Fig. 1). Carex canescens subsp. disjuncta
is the only subspecies grouping that is even nonsignificantly
supported (65% BS; Fig. 2). Although C. trisperma var. trisperma
and C. trisperma var. billingsii form sister clades within C. trisperma
clade, these clades are not supported significantly in STAR tree
(Fig. 2) despite the significant support shown in the supermatrix
(concatenated) tree (Fig. 1).
Ancestral state reconstruction analysis—Presence of a perigynium beak (character 1) is ancestral in the genus and has apparently been lost twice, once in C. loliacea and once in C. tenuiflora
(Appendix S3f). Lateral spike sexuality (character 2) and perigynium shape (character 6) are nearly monomorphic, evolving novel
states in C. glareosa and C. arcta, respectively (Appendix S3f). The
scales of the pistillate flowers (character 5) were shorter in all species except for C. arctiformis, C. mackenziei, and C. nemurensis,
which are nested in separate clades, suggesting convergent evolution rather than inheritance from a common ancestor. Most species
in the section have scales shorter than the perigynia. Nevertheless,
this character could be quite variable at inter- and intra-specific
levels, giving confusing results because reconstructions depend on
the initial states set in each species (see herbarium studied material
in Appendix S2). We found two autopomorphies for the lowest
bract of the inflorescence (character 7). It was always longer than
inflorescence in C. trisperma, and sometimes longer in C. nemurensis (Appendix S3f).
Character 5 (length of the scales of pistillate flowers) and
growth form (character 3) are highly variable (Fig. 3), and states
for each species are not consistent among floras. For example, C.
lachenalii is described as loosely cespitose in Flora of North
America (Toivonen, 2002a) but loosely or densely cespitose in
Flora Europaea (Chater, 1980). Moreover, asymmetrical transition rates are difficult to distinguish from differential effects of
character states on diversification rates (Goldberg and Igić, 2008).
Accordingly, we cannot dismiss the possibility that character 3
could be under selection. Finally, characters 4 (separation of the
spikes in the inflorescence) and 8 (mean number of spikes in the
inflorescence in relation to the median) are highly homoplastic
(Fig. 3), suggesting that changes to these traits may be easy to
evolve and, consequently, could in some species be too variable to
be useful for species delimitation (e.g., in C. brunnescens or C.
canescens; Appendix S2).

DISCUSSION
Resolving incongruence—Topologically discordant gene trees are

a “potential headache” for any phylogenetic study. In our study,
→

Ancestral state reconstruction of morphological characters for Carex section Glareosae G.Don (Cyperaceae) implemented in SIMMAP. Nodes
represent posterior probabilities for each state of the character, indicating node number (for detailed probabilities and results for characters 1, 2, 6,
and 7, see Appendix S3c, d, and f; see Supplemental Data with the online version of this article). Tree topology corresponds with an ultrametric transformation of the consensus tree from the Bayesian inference analysis of the combined matrix pruned to one sample per species. Results for character
3 correspond with those obtained under equal rate model and treating states as unordered (Appendix S3h–i for additional results).
FIGURE 3
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we handled topological incongruence among four gene trees
(Appendix S9b–e) in two ways: first, by concatenating data, under
the expectation that congruent phylogenetic signal among data
partitions will swamp incongruence among individual gene trees
(Levasseur and Lapointe, 2001); and second, using an explicit
coalescent species-tree approach, modeling gene-tree incongruence as a lineage-sorting problem (Liu et al., 2009).
Arguments for combining data without modeling sources of incongruence are typically based on heuristic or statistical tests of
gene-tree congruence (Mickevich and Farris, 1981; Huelsenbeck
and Bull, 1996). In our study, the ILD test for data homogeneity
suggested incongruence among all markers except for the comparison between ITS and matK (see above). However, the ILD test is
not uniformly successful in detecting true topological discordance
(Hipp et al., 2004), and many previous studies have obtained plausible results combining data despite incongruence (e.g., Gehrke et al.,
2010). Analyzing combined data as a supermatrix can highlight
hidden support for some clades, and support for contradictory relationships among some taxa (Kluge, 1989; de Queiroz and Gatesy,
2007). Moreover, this approach can perform well in resolving phylogenies even in the presence of substantial percentages of missing
data (Hinchliff and Roalson, 2013). It is not surprising, then, that
supermatrix approaches are widely used to reconstruct phylogenies
(see also Barrett et al., 1991; Gatesy et al., 1999).
However, concatenating DNA regions that are genealogically
discordant does not guarantee finding a correct species tree, and
may result in false certainty about nonexistent clades or low phylogenetic support for true clades. Barring the conflation of paralogy
and orthology (Doyle, 1992; Álvarez and Wendel, 2003), gene-tree
incongruence is most commonly due to interspecific gene flow or
incomplete lineage sorting (Doyle, 1992; de Queiroz and Gatesy,
2007; Pelser et al., 2010; Záveská Drábková and Vlček, 2010), both
of which have been detected in Carex (Escudero and Luceño, 2009;
Jiménez-Mejías et al., 2012a; Escudero et al., 2013, 2014). However,
lineage sorting is perhaps the more prevalent source of gene-tree
incongruence generally (Edwards, 2009; Knowles, 2009; Lin et al.,
2012), and it is most likely the most common in Carex (King and
Roalson, 2008; Escudero et al., 2014) (but cf. Cayouette and Catling,
1992; Luceño, 1994; Dragon and Barrington, 2009; Gehrke et al.,
2010; Jiménez-Mejías et al., 2014). In addition to the fact that in
Carex section Glareosae hybridization occurs mainly in widespread
taxa and interspecific hybrids are mostly sterile (Kükenthal, 1909;
Kreczetovich, 1935; Malyshev, 1990; Egorova, 1999; Toivonen,
2002a; Appendix S2), hybrid speciation does not seem to play a role
in this species group (King and Roalson, 2008). Furthermore, our
molecular data show strong species coherence for almost all accessions across all loci, suggesting that hybridization is likely not a
strong concern in this study. In this case, where ancestral lineage
sorting is expected to be the dominant source of gene-tree incongruence, explicit coalescent species-tree inference methods are expected to complement the information obtained using concatenation
approaches (Knowles, 2009; Knowles and Kubatko, 2010), giving us
a better comprehension of the topology of the trees.
We used a coalescent-based species tree approach as implemented in STAR (Liu et al., 2009). Analysis of our data following
a supermatrix (or concatenation) approach resulted in a wellsupported phylogeny (Fig. 1) despite topological incongruence
among ETS, ITS, and matK trees and poor resolution in G3PDH
and matK (Appendix S9b–e). The coalescent-based approach reconstructed a highly supported phylogeny (Fig. 2), mostly congruent

with that obtained through the supermatrix (concatenation) approach (Fig. 1), but recovering a new significantly supported clade
with <50% support in the supermatrix tree (Fig. 1), comprising all
C. lachenalii samples.
Circumscribing Carex section Glareosae—We have established the

limits of Carex section Glareosae as a clade of 23 to 25 species (Table 1;
Figs. 1 and 2; Appendices S5 and S6). The section has a circumboreal distribution with high species richness around the 60th parallel
north (Appendix S4). Our results support Egorova’s (1999) placement of C. laeviculmis in Carex section Glareosae. We have also
confirmed the inclusion of C. illota in the section. This species
has been placed in Carex section Ovales (Mackenzie, 1931, 1935;
Mastrogiuseppe et al., 2002), although previous studies suggested
its exclusion to make Carex section Ovales monophyletic (Ford et al.,
2006; Hipp et al., 2006; Hipp, 2008) and pointed to the similarity of
this species to Carex section Glareosae (Hipp et al., 2006). The lack
of flat or winged margins on the perigynium in C. illota also supports inclusion in Carex section Glareosae rather than Carex section
Ovales, whose species are characterized by flat or winged perigynium margins (Kükenthal, 1909; Egorova, 1999; Mastrogiuseppe
et al., 2002). Kreczetovich (1935) included C. disperma and C. elongata in Carex section Glareosae; the latter species was also included
in Carex section Glareosae by Malyshev (1990). However, C. disperma has androgynous spikes (Toivonen, 2002b), whereas terminal spikes are always gynecandrous in Carex section Glareosae. Our
results are consistent with its placement in a different section (Figs. 1
and 2), as in more recent treatments that included it in the monotypic Carex section Dispermae (Ohwi, 1936; Chater, 1980; Egorova,
1999; Toivonen, 2002b; Ford et al., 2012). Carex elongata is also
clearly outside Carex section Glareosae (Figs. 1 and 2), which is consistent with previous taxonomic studies (Chater, 1980; Egorova,
1999; Hendrichs et al., 2004). Egorova (1999) placed this species
within Carex section Elongatae and not in Carex section Glareosae
based on the absence of papillae on its stems and leaves, and its
smooth and almost horizontally oriented utricle at maturity. It is
also noteworthy that C. elongata has a different ultrastructure of the
achene epidermis when compared with Carex section Glareosae
(Toivonen and Timonen, 1976).
The homoplasy found in character reconstructions presented
here (Fig. 3; Appendix S3f–i) helps to explain the historically confused taxonomy of the section (Kükenthal, 1909; Kreczetovich,
1935; Chater, 1980; Malyshev, 1990; Egorova, 1999; Toivonen,
2002a), and even of the genus as a whole (see also discussion in
Hipp et al., 2006). Character congruence is the hallmark of
morphological taxonomy, yet in our study, each morphological
character presents its own distinct pattern. Consequently, the establishment of groups and description of species based on the states
for a given character are unlikely to be congruent with the inferred
phylogeny or the true evolutionary history of the species, making it
difficult to establish a natural classification. This want of character
consistency will likely continue to be a problem in Carex systematics, as we strive to bring classification of the genus into line with
phylogenetic studies.
Species-level phylogeny within Carex section Glareosae—Within

Carex section Glareosae, almost all species appear to be exclusive
lineages in our phylogenetic trees (Figs. 1 and 2), barring a few exceptional paraphyletic species. Consideration of paraphyly is still
under debate in the recent literature (Schmidt-Lebuhn, 2012; Xiang
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et al., 2012). We do not consider that paraphyletic taxa are a problem in our phylogeny, given that this concept of species is broadly
accepted by many other authors (e.g., Rieseberg and Brouillet, 1994;
Crisp and Chandler, 1996; Brummitt, 2002, 2008; Hörandl, 2006;
Hörandl and Stuessy, 2010). Moreover, lineage sorting alone can
produce gene trees with polyphyletic and paraphyletic taxa, which
can be resolved only with large numbers of loci. All paraphyletic
taxa in Carex section Glareosae are characterized by a transition in
states of at least one of the morphological characters analyzed in
ancestral state reconstructions (Fig. 3; Appendix S3f–i), which suggests that they are valid taxa. Nevertheless, we must be cautious
considering paraphyletic taxa based on our reconstructions. Carex
kreczetoviczii, for example, differs from C. brunnescens in the median number of spikes (character 8, Fig. 3), but if we analyze the
range of variation in both species, there is overlap in the number of
spikes (5–10 spikes in C. brunnescens vs. 4–6 in C. kreczetoviczii;
Egorova, 1999), so it could be considered within the range of variation of C. brunnescens. Carex kreczetoviczii is still in need of more
exhaustive study to determine whether it should be considered a
different species or synonym of C. brunnescens. Similarly, the most
recent common ancestor of C. arctiformis is embedded within C.
canescens, but the former differs by having approximate spikes and
longer pistillate scales (Fig. 3). In this case, the fact that DNA sequences of C. arctiformis are very similar to those of C. canescens
(Figs. 1 and 2), yet floras show them to have unique morphological
features (Fig. 3), which suggests that the rate of morphological evolution could be higher than the rate of molecular change in the
DNA markers we used. This may indicate recent diversification between the two taxa and would require more informative DNA
markers to further explore this issue.
Infraspecific taxa have been controversial in Carex section
Glareosae and a large problem for the taxonomy of the group
(Kükenthal, 1909; Egorova, 1999). The widespread distribution of
some species is associated with a history of taxonomic splitting in
which ecologically divergent forms have been named at infraspecific or specific rank. For example, C. hylaea V.I.Krecz. is considered a shade-adapted form of C. canescens by Egorova (1999), and
she consequently placed it into synonymy. Similarly, the widespread C. brunnescens has had, at various times, five infraspecific
taxa (including the typical one), although only subsp. sphaerostachya of central and eastern North America (Govaerts et al.,
2007) is currently accepted. We do not find evidence for considering even this subspecies distinct (Figs. 1 and 2). This agrees with
Egorova (1999), who considered C. brunnescens subsp. sphaerostachya indistinguishable from the type of C. brunnescens. Carex
marina subsp. pseudolagopina also does not separate from C. marina s.s. in our phylogenetic trees, nor does C. canescens var. robustior from South America (Barros, 1969; Govaerts et al., 2007)
separate from C. canescens s.s. Carex canescens var. robustior is
among the most morphologically distinctive varieties in the section, well characterized by having spikes consistently aggregated.
Although Moore and Chater (1971) considered this variety despite
considerable overlap in measured morphological characters, our
results do not support molecular differentiation for this variety of
C. canescens (Figs. 1 and 2).
Some infraspecific taxa are supported as exclusive lineages in our
phylogenetic trees. The most notable of these are C. trisperma var.
trisperma and C. trisperma var. billingsii. Kirschbaum (2007), after
an exhaustive study, concluded that the two taxa could be recognized as different species based on geographic, ecological, morpho-
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logical, and genetic data using AFLP, treating var. billingsii as C.
billingsii (O.W.Knight) C.D.Kirschb. Our analyses strongly support
this genetic differentiation (Fig. 1). Carex canescens subsp. disjuncta
from eastern North America (Govaerts et al., 2007) also constitutes
a distinct clade well supported in ML analysis (Figs. 1 and 2). Carex
lachenalii subsp. parkeri constitutes a highly supported subclade in
BI and ML analyses. This subspecies was previously described as C.
parkeri Petrie and was later considered a synonym of C. lachenalii
(Kükenthal, 1909; Moore and Edgar, 1970). Currently, individuals
from New Zealand are considered a different subspecies of C. lachenalii (Toivonen, 1979, 2002a; Egorova, 1999; Govaerts et al., 2007),
which is consistent with our results (Figs. 1 and 2) and those obtained by Vollan et al. (2006) using AFLP. Notwithstanding these
findings, the section is still in need of a careful, species-level taxonomic revision, especially within the C. canescens and C. brunnescens complexes.

CONCLUSIONS
Our results establish a solid phylogenetic framework for Carex section Glareosae based on four DNA regions. The section comprises
23 to 25 species, but infraspecific taxonomy is still in need of revision. Further phylogenetic as well as taxonomic studies are needed
to clarify the specific identity of some taxa and better understand
drivers of evolution and speciation in the section. The group demonstrates a phenomenon that is likely general in Carex: patterns of
homoplasy vary across traits, making it difficult to come up with a
consistent morphology-based classification. However, as might be
expected in a group where hybridization is not a dominant force,
coalescent-based species-tree-inference methods perform extremely
well, even with modest numbers of loci. This suggests that our prospects for recovering a well-resolved phylogeny of the genus, perhaps section-by-section, are good.
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Abstract
Aim: To disentangle the importance of the Beringian land bridges during the Pliocene
and Quaternary periods in order to explain the current distribution of circumpolar plants
with high dispersal ability.
Location: Circumpolar (Arctic and Antarctic).
Methods: We sampled all extant species in Carex section Glareosae (26 species) and
analysed 14 DNA regions, including the nrDNA regions ETS and ITS, three nuclear
single copy genes (CATP, G3PDH and GZF), and nine cpDNA regions: 5’trnK intron,
atpIH, matK, ndhJ-trnF, psbA-trnH, rpl32-trnL, rps16, trnC-ycf6 and ycf6-psbM. We
used Bayesian inference and maximum likelihood to infer phylogenetic relationships
between species, and estimated divergence times using BEAST2. We then performed
biogeographical analyses using “BioGeoBEARS” to estimate ancestral areas, using
reticulate models. Finally, lineage through time (LTT) and diversification patterns
analyses were performed.
Results: Carex section Glareosae is a monophyletic group that diverged ca. 5.25 Ma
(3.63 – 6.84 Ma at 95% highest posterior density interval). Events of sympatry-narrow
and anagenetic dispersal (including also some vicariance-narrow events) have been
shown to play an important role in shaping distribution in high dispersal ability species.
Diversification patterns show a high initial diversification rate which decreases
gradually as density of species increases.
Main conclusions: The Bering Strait has been shown to play an important role in
shaping the current distribution of the species in the section, facilitating dispersal
between Asia and North America during glacial periods when the Beringian land
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bridges were open. Diversification rates were higher at the end of the Pliocene and
beginning of the Pleistocene as a result of niche differentiation in a scenario of adaptive
radiation, probably favoured by cold environments, followed by a decrease in
diversification as the carrying capacity was occupied by new species.

Keywords: Biogeography, bipolar, climate change, Cyperaceae, glaciations, longdistance dispersal
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Introduction
The last time all landmasses on Earth were unified was during the Permian period
(ca. 280 Ma; Scotese, 2004), constituting the so called supercontinent Pangea. Despite
the continuous landmass, different habitats and climatic conditions shaped the
biodiversity of the continent, due to the latitudinal abiotic gradient (Mao et al., 2012). In
the middle Jurassic (ca. 175 Ma), Pangea started to break up (ca. 138 Ma; Scotese,
2001; Rogers & Santosh, 2003) and in the lower Cretaceous, two main landmasses were
already established: Laurasia which includes current North America, Europe and most
parts of Asia, and Gondwana which includes South America, Africa, India, Australia
and Antarctica (Scotese, 2001; Rogers & Santosh, 2003). The breakup of Pangea is
commensurate with deep patterns of phylogenetic diversification detected in animals
(i.e. San Mauro et al., 2005; Wildman et al., 2007) and plants (Mao et al., 2010, 2012).
Jordan et al. (2016) highlighted the fact that the relationship between the breaking up of
Pangea and an increase in species richness is not only a consequence of geographic
isolation, but also of climate changes associated with the movements of the landmass.
The breakup of Laurasia and Gondwana into different continents, and their tectonic
movements until they reached their current configuration is coincident with the
diversification of different lineages (i.e. mammals, Wildman et al., 2007; or plants, Mao
et al., 2012), probably associated with geographic (i.e. vicariance) and climate changes.
Climatic oscillations caused changes in sea levels, promoting the appearance of
land bridges which connected continents (Brikiatis, 2014). Such land bridges acted as
dispersal routes for plants and animals (e.g. Hosner et al., 2015; Harris, 2007). From the
late Miocene to the present, multiple alternations of cold and warm periods caused the
alternate formation and disappearance of land bridges between continents in a relatively
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short period of time (Harris, 2005, 2007). Within the Northern Hemisphere, glacial
periods produced the closure of the Bering Strait and the appearance of the Beringian
land bridge which connected Asia and North America (Brikiatis, 2014) as a result of ice
formation and a drop in sea level (Hopkins, 1972). The connectivity of the Northern and
Southern Hemispheres was marked by the formation of the Isthmus of Panama in the
late Miocene (ca. 8-9 Ma, Montes et al., 2015), and its complete and final closure in the
early Pliocene (ca. 3-4 Ma, Weir et al., 2009; Leigh et al., 2014), connecting North and
South America. Nevertheless, remote areas were not only connected by land bridges
between continents. The Andean Cordillera acted as a connectivity bridge between
northern and southern South America for arctic flora during warm periods (Moore &
Chater, 1971; Ball, 1990; Vollan et al., 2006). In addition, climate changes increased the
probability of dispersal between both hemispheres due to the expansion of polar regions
during glaciations (Raven, 1963; Ball, 1990; Villaverde et al., 2015b).
Whereas the Isthmus of Panama acted as dispersal route for a considerable
number of tropical and temperate taxa during the Pliocene-Pleistocene ages (Marshall,
1985; Stehli & Webb, 1985), the Beringian land bridge and the expansion of the polar
regions played a crucial role in the dispersal of arctic biota during the Plio-Pleistocene,
especially during the Quaternary glaciations (Hultén, 1937, Raven, 1963; Ball, 1990).
As a consequence of the recurrent openings of the Beringian land bridge, the
biodiversity of the arctic regions of Eurasia and North America is quite similar (Elias &
Crocker, 2008). Both animals and plants used the Beringian land bridge to disperse,
mainly from Eurasia to North America (Waltari et al., 2007). Among animals, specific
studies have shown that the occurrence of the same species on both sides of the Bering
Strait is a consequence of the opening of the Beringian land bridge during glacial
periods, as in the case of some Coleoptera (Elias & Crocker, 2008), Lepidoptera
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(Kleckova et al., 2015; Simonsen et al., 2010), rodents (Cook et al., 2004) and their
parasite fleas (Krasnov et al., 2015), among other examples (see Waltari et al., 2007). It
has also been shown that the Beringian land bridge was used by humans to migrate from
Asia to America (Hoffecker & Elias, 2007). Among plants, some examples of species
which crossed the Beringian land bridge are Heracleum lanatum (Umbelliferae; Harris,
2007), some species of Saxifraga section Trachyphyllum (DeChaine et al., 2013),
Juniperus spp. (Mao et al., 2010, 2012) and sedges (Carex rupestris and C.
myosuroides; Yurtsev, 2001). These examples demonstrate the use of the Beringian land
bridge as a migration route to explain species disjunction across the Bering Strait as
result of vicariance. Nevertheless, the hypothesis of long-distance dispersal without land
bridges is still a plausible explanation for some disjunct distributions of taxa between
Eurasia and North America, for those species with a high capability of dispersal (e.g.
Moore & Chater, 1971; Milne, 2006; Escudero et al., 2010). Furthermore, long-distance
dispersal between both hemispheres could have been favoured by the expansion of the
polar regions during glaciations which could potentially ease the migration between
temperate and polar regions of both Hemispheres (Raven, 1963; Ball, 1990; Villaverde
et al., 2015b).
In the present study, we aim to disentangle the importance of the Beringian land
bridges during the Pliocene and Quaternary periods to explain the current distribution of
circumpolar plants with high dispersal ability. For this study, we have selected a group
of sedges (Carex section Glareosae G. Don, Cyperaceae). Species delimitations,
relationships and distributions are well known for this group. Specifically, we aim to
test vicariance vs. long-distance dispersal hypotheses to explain the circumpolar
distribution of plants with high dispersal ability. We also study the evolutionary
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relationship between distribution dynamics and diversification patterns in these
circumpolar species.

Material and methods
Study group
Carex section Glareosae, with 26 species (Maguilla et al., 2015, Maguilla &
Escudero, 2016) and a mainly circumboreal distribution (Egorova, 1999; Toivonen,
2002) is one of the best model groups for this study for many reasons. Within the
section we find widely distributed species and narrow endemics (Egorova, 1999;
Toivonen, 2002; Maguilla et al., 2015), as well as species with unusual distribution
patterns such as bipolar or amphitropical (C. canescens L. and C. lachenalii Schkuhr,
respectively; Moore & Chater, 1971; Vollan et al., 2006). Furthermore, the arctic
occurrence of these species makes the group highly sensitive to climate change
(Maguilla et al., 2015). Moreover, recent phylogenetic studies within genus Carex as a
whole (Global Carex Group, 2015, 2016) as well as focused on Glareosae (Maguilla et
al., 2015), provide enough molecular information to get a well-supported phylogeny
reflecting the true evolutionary history of our study group. Finally, the distribution of
this group of species, mainly centred in temperate and cold regions of the Northern
Hemisphere where multiple floras and other studies have been carried out, facilitates the
accurate and reliable knowledge of species distribution through modern flora treatments
(Egorova, 1999; Toivonen, 2002).
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Sampling, DNA extraction, polymerase chain reaction, and sequencing
Sampling comprises one sample from each of the currently recognized species
and subspecies within Glareosae (for details, see Table S1 in Appendix S1 in
Supporting Information).
DNA was extracted from herbarium specimens (BABY, BM, CAS, CHR, DAO,
E, F, H, M, MHA, MICH, MOR, NY, RSA, UPOS, WTU and Z herbaria; Thiers, 2015)
using the DNeasy Plant Mini Kit (Qiagen, California, USA). A total of 14 DNA regions
were analysed: nrDNA regions ETS and ITS plus three nuclear single copy genes
(CATP, G3PDH and GZF), and nine cpDNA regions: 5’trnK intron, atpIH, matK, ndhJtrnF, psbA-trnH, rpl32-trnL, rps16, trnC-ycf6 and ycf6-psbM. All regions were
previously amplified in Carex except the single copy genes CATP and GZF. Primers
CATP11F

(5’-TGGCCAAGGCTCGTCAGACTA)

CCAGAAGTGTCCCTCCTTCAT)

for

the

CATP

and

CATP13R

region,

GZF2F

(5’(5’-

AGCTGTTCTCTTGTTGCTTGG) and GZF4R (5’-GATGAAGTGAACTGTCCTCT)
were used for the GZF gene (E. H. Roalson, pers. com., Washington State University,
Pullman, Washington, USA). All other primers, PCR conditions and reagent
concentrations for all DNA regions are given in Appendix S2 of Supporting
Information. PCRs were performed in a BioRad T100TM Thermal Cycler, and products
were purified using ExoSAP-IT (USB, Cleveland, Ohio, USA), then sequenced as
described in Escudero & Luceño (2009).
Phylogenetic analysis and divergence time estimation
Sequences were assembled, revised and edited using GENEIOUS v.6.1.7
(Biomatters, Auckland, New Zealand), then automatically aligned using MUSCLE
(Edgar, 2004) and visually revised in GENEIOUS v.6.1.7. The supermatrix resulting
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from the concatenation of all DNA regions was analysed using Bayesian inference (BI)
and maximum likelihood (ML), as implemented in MRBAYES v.3.2 (Ronquist et al.,
2012) and RAxML v.7.2.6 (Stamatakis, 2006) respectively, following conditions
specified by Maguilla et al. (2015). Indels were not coded as additional characters, and
the most appropriate nucleotide substitution model for each region was selected based
on the Akaike Information Criterion weights (Akaike, 1974) as implemented in
jMODELTEST v.2.1.3 (Darriba et al., 2012).
Divergence time estimation was performed in BEAST v.2.4.0 (Bouckaert et al.,
2014) using an uncorrelated log-normal relaxed clock model (Drummond et al., 2006)
and three secondary calibration points based on the study by Maguilla et al.
(unpublished): the stem node, including all samples in the matrix (mean = 11.4 Ma and
SD = 1.8 Ma), crown node of Glareosae (mean = 7.7 Ma, SD = 1.5 Ma), and the node
within the section including all species in Glareosae but C. arcta, C. illota and C.
laeviculmis (mean = 5.7 Ma, SD = 1.2 Ma). Three independent Markov Chain Monte
Carlo (MCMC) analyses of ten million generations each were run. Trees and parameters
were sampled every 1000 generations. Selected nucleotide substitution models were
based on the maximum AIC weight resulting from the analysis of each DNA region in
jMODELTEST v.2.1.3 (Darriba et al., 2012): GTR+G in the case of ETS, GTR+I+G for
ITS, HKY+I for CATP, HKY for G3PDH, HKY+I for GZF, and GTR+I+G for the
plastid region. Indels were not encoded for the analysis. TREEANNOTATOR v.2.4.0
(Bouckaert et al., 2014) was used for the reconstruction of the maximum credibility tree,
after removing the first 20% of trees in each run as burn-in.
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Biogeographical analyses
We estimated ancestral areas using reticulate models (Ronquist & Sanmartín,
2011) as implemented in the R package “BioGeoBEARS” (Matzke, 2013).
“BioGeoBEARS” implements three different models: DIVA (Dispersal–Vicariance
Analysis, Ronquist, 1997), DEC (Dispersal-Extinction-Cladogenesis, Ree et al., 2005;
Ree & Smith, 2008) and BayArea (Landis et al., 2013) models (see Table 1 to compare
models). DEC and DIVA models are quite similar; while DEC only allows vicariancenarrow events (Table 1), DIVA allows all vicariance events (vicariance-narrow and
vicariance widespread) but does not include sympatric-subset speciation (Ronquist &
Sanmartín, 2011). BayArea is slightly different; it allows sympatry-narrow (also
implemented in DEC and DIVA) and sympatry-widespread (only in BayArea), but not
sympatry-subset (implemented only in DEC); nor does it allow any kind of vicariance.
These three models could be combined with the extra parameter founder (j), which
models a cladogenetic range shift from an ancestor distributed in “BC” to a descendent
distributed only in “A” and another descendent in “BC” (Table 1). We considered five
different areas in our analyses: Europe, Asia, North America, South America and
Oceania (see Table S2 in Appendix S1). The 28 taxa were coded as presence (1) or
absence (0) in these five areas. We then compared the likelihoods of our data given
these models (DEC, DIVA, BayArea, DEC+J, DIVA+J and BayArea+J) using AICw
and AICcw (Akaike, 1974).
In order to use more realistic models, we incorporated potential dispersal
connectivity to our models as implemented in Van Dam & Matzke (2016). The
dispersal constraints ranged from 1 (no constraint) for adjacent areas (i.e. Europe –
Asia), through 0.01 for intermediately connected, to 0.001 for very disjunct areas (i.e.
Europe – South America or Asia – South America) (see Table S3 in Appendix S1). We
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Table 1 Reticulate models and parameters for the estimation of ancestral areas.
Process

Type

Range

Range

before

after

DIVA

DEC

BayArea

Dispersal

Anagenetic

A

AB

d

d

d

Extinction

Anagenetic

AB

A

e

e

e

Sympatry

Cladogenetic

A

A/A

y

y

y

Cladogenetic

ABCD

ABCD

/ -

-

y

(narrow)
Sympatry
(widespread)
Sympatry

ABCD
Cladogenetic

ABC

A / ABC

-

s

-

Cladogenetic

ABC

A / BC

v

v

-

Cladogenetic

ABCD

AB / CD

v

-

-

Cladogenetic

BC

A / BC

j

j

j

(subset)
Vicariance
(narrow)
Vicariance
(widespread)
*Founder

*Only in DIVA+J, DEC+J and BayArea+J.

then compared the likelihoods of our data given these models (DECc, DIVAc,
BayAreac, DEC+Jc, DIVA+Jc and BayArea+Jc) using AICw and AICcw. Finally, we
incorporated potential temporal shifts in dispersal connectivity to our models as
implemented in Van Dam & Matzke (2016). The temporal shifts in dispersal connection
included eight Asia–North America connections through Beringian land bridges (Harris,
2005) with an increase in connection of Northern – Southern Hemispheres (in cold
periods, temperate areas of both hemispheres become closer, Raven, 1963; Ball, 1990;
Villaverde et al., 2015b) as well as the effect of the closure of the Isthmus of Panama
(Weir et al., 2009; Leigh et al., 2014) (see Table S3 in Appendix S1). We then
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compared the likelihoods of our data given these models (DECct, DIVAct, BayAreact,
DEC+Jct, DIVA+Jct and BayArea+Jct) using AICw and AICcw. Finally, we also
compared the likelihoods of our data given all models (18 models) using AICw and
AICcw.
For the inferred scenario from the selected model (DECct; see results and
extended discussion, Appendix S2), we tested the null hypothesis of constant migration
rate among landmasses with independence of the presence of land bridges against an
alternative hypothesis of high migration rate when land bridges are available and low
migration rate when these are not available, using the chi-square test.
Diversification pattern analyses
Lineages through time (LTT) analyses were performed using the BEAST
consensus tree and 1000 post-burn-in trees using the functions mltt.plot and ltt.lines
implanted in R package “ape” (Paradis et al., 2004). The gamma statistics (Pybus &
Harvey, 2000) were also calculated for the 1000 post-burn-in trees as implemented in
the ltt R function in “phytools” (Revell, 2012). The diversification pattern was studied
by fitting different models of diversification (Pure-Birth, Birth-Death, DDL, DDX,
yule2rate and yule3rate) on the consensus tree, as well as in the 1000 post-burn-in trees
using the function fitdAICrc implemented in the R package “laser” (Rabosky, 2006).

Results
Phylogenetic analyses and divergence time estimation
The concatenated matrix used for phylogenetic analyses was composed of 39 taxa
and 9316 sites (see more details in Appendices S2 and S3). Details for selected models
and DNA regions may also be found in the Supporting Information (Appendix S2).
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Bayesian inference and ML analyses reported almost the same topology (Fig S1 in
Appendix S1). Glareosae is shown as a monophyletic clade within Carex, strongly
supported by both the BI and ML analyses (1.0 PP and 91 % BS respectively; Fig S1 in
Appendix S1). Within Glareosae all species’ relationships were resolved, except in the
case of the clade gathering C. arcta, C. illota and C. laeviculmis which lacks significant
support (Fig S1 in Appendix S1). Analyses also lacked support (PP < 0.9 and BS <
70%) for the node of the clade including C. arctiformis, C. bonanzensis, C. canescens,
C. lapponica, C. praeceptorum, and C. traiziscana (Fig S1 in Appendix S1).
Divergence time analysis retrieved a late Miocene to Pliocene origin for the crown
node of Carex section Glareosae, with a mean age of 5.25 Ma (3.63 – 6.84 Ma at 95%
highest posterior density interval, HPD; Fig S2 in Appendix S1). The crown age for the
C. illota, C. arcta and C. laeviculmis clade, which is sister to the remaining species in
Glareosae, was estimated to have a mean of 4.31 Ma (2.78 – 6.09 Ma at 95% HPD; Fig
S2 in Appendix S1). This clade is constituted by three North American species with the
exception of C. laeviculmis, also occurring in the Kamchatka region (Asia).
Ancestral area reconstructions
The best model reported by the “BioGeoBEARS” was the BayArea+J (AICc
weight = 0.479; Table 2, Fig S3 in Appendix S1). This model had anagenetic (d) and
cladogenetic (j) dispersal rates of 0.014 and 0.009 respectively, with an 0.15 extinction
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Table 2 Fitted biogeographical models using “BioGeoBEARS” for Carex section Glareosae G. Don (Cyperaceae). DEC indicates a dispersal–extinction–
cladogenesis model, DIVA for dispersal–vicariance model, and BayArea for Bayesian area reconstruction. Each model was tested with and without founder
speciation event (+J). Log-likelihood (LnL), the number of free parameters included on each model (Free params), anagenetic and cladogenetic dispersal rates
(d and j respectively), extinction rate (e), Akaike’s information criterion (AIC) and Akaike’s information criterion weight (AICw) for each reconstruction
independently (with no constraints, dispersal multipliers and dispersal multipliers with shifts over time) and total AICw of all 18 analysed models (AICwt) are
indicated. We also present these three AIC values corrected for small sample size (AICc, AICcw and AICcwt respectively). Bold letters indicate the best
model without constraint, constrained with dispersal multipliers and constrained with dispersal multipliers that change over time.
LnL

Free
params

No constraints
DEC
-83.92 2
DEC+J
-83.36 3
DIVA
-86.26 2
DIVA+J
-86.2
3
BayArea
-76.87 2
BayArea+J
-71.74 3
Dispersal multipliers
DECc
-101.3 2
DEC+Jc
-92.29 3
DIVAc
-105.3 2
DIVA+Jc
-91.73 3
BayAreac
-83.32 2
BayArea+Jc
-73.31 3
Dispersal multipliers with shifts through time
DECct
-73.8
2
DEC+Jct
-73.31 3
DIVAct
-77.14 2
DIVA+Jct
-77.83 3
BayAreact
-81.1
2
BayArea+Jct
-73.49 3

d

e

j

AIC

AICw

AICwt

AICc

AICcw

AICcwt

0.094
0.091
0.11
0.10
0.015
0.014

1.0e-12
1.0e-12
1.0e-08
1.0e-12
0.17
0.15

0
0.017
0
0.005
0
0.009

171.8
172.7
176.5
178.4
157.7
149.5

1.4e-05
8.8e-06
1.3e-06
5.2e-07
0.016
0.98

7.26e-06
4.63e-06
6.93e-07
2.68e-07
8.37e-03
5.05e-01

172.3
173.7
177
179.4
158.2
150.5

1.8e-05
8.8e-06
1.7e-06
5.1e-07
0.020
0.98

8.84e-06
4.39e-06
8.43e-07
2.54e-07
1.02e-02
4.79e-01

0.93
2.67
1.02
4.02
0.067
0.28

0.030
0.20
0.032
0.17
0.17
0.16

0
1.86
0
0.19
0
0.18

206.6
190.6
214.6
189.5
170.6
152.6

1.9e-12
5.7e-09
3.5e-14
1.0e-08
1.0e-04
1.00

2.02e-13
6.01e-10
3.69e-15
1.04e-09
1.32e-05
1.07e-01

207.1
191.6
215.1
190.5
171.1
153.6

2.5e-12
5.7e-09
4.5e-14
1.0e-08
2.0e-04
1.00

2.45e-13
5.70e-10
4.49e-15
9.87e-10
1.61e-05
1.02e-01

0.75
1.34
0.80
1.27
0.098
0.15

0.027
0.095
0.004
0.092
0.22
0.13

0
1.13
0
1.54
0
0.12

151.6
152.6
158.3
161.7
166.2
153

0.46
0.28
0.016
0.003
3.0e-04
0.23

1.77e-01
1.07e-01
6.20e-03
1.13e-03
1.19e-04
8.78e-02

152.1
153.6
158.8
162.7
166.7
154

0.53
0.25
0.019
0.003
4.0e-04
0.21

2.15e-01
1.02e-01
7.55e-03
1.07e-03
1.45e-04
8.33e-02
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rate (e; Table 2). The second best model was the Dispersal-Extinction-Cladogenesis
model with dispersal multipliers that change over time (DECct, AICc weight = 0.215;
Table 2). This model had an anagenetic dispersal rate (d) of 0.75 and an extinction rate
(e) of 0.027 (Table 2).
Despite the fact that the best supported model was the BayArea+J, based on
biological and statistical criteria (see extended discussion; Appendix S2) we selected
DECct as the most suitable model to explain the biogeographic patterns in our study
group. In this reconstruction, the most recent common ancestor (mrca) of Glareosae
species was predicted to be from Asia and North America (Fig. 1a), or from Asia, North
America and Europe (Fig. S3.26 in Appendix S1). Two main clades are derived from
the mrca of Glareosae species: a first clade comprising C. arcta, C. illota and C.
laeviculmis, which diversified in North America, and a second clade comprising all
remaining species in Glareosae whose diversification centre was predicted to occur
mainly in Asia (Fig. 1a). Sympatry-narrow events (Table 1) seem to play an important
role in the diversification of Glareosae (Table 1, Fig. 1a). Vicariance-narrow events
were also inferred, but less frequently than sympatry-narrow (Fig. 1a). Multiple
anagenetic dispersal events were also found in the reconstruction, most represented by
species dispersed from Asia to North America (Fig. 1a), although some species were
dispersed in the opposite direction (e.g. C. laeviculmis or C. lapponica; Fig. 1a).
Vicariance-narrow events were predicted to be recent in the phylogeny (less than 1 Ma;
Fig. 1a), whereas sympatry-narrow events are associated with deeper nodes in the
phylogeny (Fig. 1a). We found some apparent range-switching events in the case of the
mrca of C. nemurensis, C. trisperma and C.billingsii, and the mrca of C. lapponica, C.
canescens, C. arctiformis and C. praeceptorum. However, what is really inferred is
uncertainty in both mrca nodes (similar probabilities) of being distributed either in Asia
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◄ Fig. 1 (a) Divergence time estimation in Carex section Glareosae G. Don (Cyperaceae),
showing maximum likelihood ancestral range reconstruction given under DECct model. Tip
labels indicate the areas where the species occur (AS = Asia, AU = Australia, EU = Europe,
NAM = North America and SA = South America) and species names. Vertical dotted lines
indicate biogeographical events favouring range expansions: establishments of Beringian land
bridge (coincident with an increase in connection Northern-Southern Hemisphere in cold
periods; Raven, 1963; Ball, 1990; Harris, 2005; Villaverde et al., 2015b), and final closure of
the Isthmus of Panama ca. 4 Ma (Weir et al., 2009; Leigh et al., 2014); (b) Lineage through time
(LTT) plot showing number of lineages inferred from the maximum clade credibility tree (black
line), and confidence interval estimated from 1000 randomly sampled post-burn-in trees from
the BEAST analysis (gray lines); (c) Diversification rate plot; (d) Benthic 18O isotope (δ18O)
concentration (‰; Lisiecki & Raymo, 2005), which is inversely proportional to the mean
temperature. The Y axis was inverted to facilitate interpretation of δ18O related to temperature.

or North America (Fig. S3.25 in Appendix S1). The low predicted anagenetic extinction
rate is based only on a couple of extinction events found in the ancestral area
reconstruction (Fig. 1a).
The analysis of the effect of land bridges on the occurrence of biogeographic
events through the chi-square test reported a significant chi-square value, which means
a statistically significant effect of land bridges over migration rates among land masses
(Table 3).
Table 3 Chi-square test results for Carex section Glareosae G. Don (Cyperaceae). Observed
biogeographic events in relation to land bridges from the “BioGeoBEARS” reconstruction using
the dispersal–extinction–cladogenesis model, including dispersal multipliers with shifts over
time (DECct) are quantified. Expected biogeographic events under a null hypothesis of
independence between biogeographic events and land bridges are indicated. Chi-square, degrees
of freedom and P-value are also indicated.
Biogeographic
event occurs

Land bridge Observed
present
(Obs)

YES

YES

20

10.55

8.465

YES

NO

3

12.45

7.173

NO

YES

30

39.45

2.264

NO

NO

56

46.55

1.918

Sum = 109
Degrees of freedom = 3. P-value = 0.000185.
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Diversification patterns
The best model of diversification rates for the consensus tree was the logistic
diversity-dependent speciation rate model (DDL); the second best model was yule2rate,
but it was significantly rejected (ΔAIC = 3.38). The DDL model predicts a high initial
speciation rate, decreasing to low speciation rate values to the present (net
diversification rate = r1 = 1.09 linear Myr-1, the extinction fraction speciation /
extinction = a = -34.69, and the parameter to model the logistic density dependence = k
= 29.85; Fig. 1b-d). When the 1000 post-burn-in trees were analysed, the best model of
diversification rates was DDL for 866 of 1000 post-burn-in trees (yule2rate for 99 postburn-in trees and yule3rate for 35 post-burn-in trees). The averaged DDL models from
the 1000 post-burn-in trees predict an initial high net speciation rate decreasing to a low
net diversification rate value at the present (r1 = 1.09 lin. Myr-1 (SD = 0.21), k = 30.55
(SD = 2.66); Fig. 1b-d). The gamma statistic inferred from the consensus tree (gamma =
-2.98, p-value = 0.003) indicates that cladogenesis tends to accumulate in deeper nodes
of the phylogeny. The gamma statistics inferred from the 1000 post-burn-in trees
(gamma = -2.88, SD = 0.38) indicate the same.

Discussion
Plio-Pleistocene land bridges shaping the distribution of circumpolar species
The Beringian land bridge has been broadly demonstrated to have shaped the
distribution of circumpolar animal and plant species (e.g. Yurtsev, 2001; Cook et al.,
2004; Simonsen et al., 2010; Hosner et al., 2015). Comparative studies of the floral
composition on both sides of the Bering Strait showed that species on both sides are
mostly coincident, thanks to the exchange of species facilitated by the formation of the
Beringian land bridge (e.g. Wickström et al., 2003; Cook et al., 2004). Not only plant
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species (e.g. Yurtsev, 2001; Harris, 2007; DeChaine et al., 2013), but also different
groups of animals (e.g. Mullen, 2006; Hoffecker & Elias, 2007; Krasnov et al., 2015)
have been shown to use the Beringian land bridge to cross from one continent to
another. Most of these studies focus on a single species, aiming to disentangle the origin
of the migration from one continent to another, e.g. in humans (Hoffecker & Elias,
2007). Some other studies focused on the occurrence of many phylogenetically related
species, e.g. genus Boloria (Lepidoptera; Simonsen et al., 2010), Oenis (Leidoptera;
Kleckova et al., 2015), subfamily Arvicolinae (Rodentia; Cook et al., 2004) in animals,
and Saxifraga section Trachyphyllum (DeChaine et al., 2013), genus Juniperus (Mao et
al., 2010, 2012) in plants. Finally, some other works focus on large groups of
phylogenetically unrelated species (e.g. Harris, 2007; Waltari et al., 2007; Elias &
Crocker, 2008). Our case study shows how the Bering Strait shaped the evolution of a
lineage of 28 (26 species and 2 subspecies) taxa of sedges in the circumpolar region.
The most plausible scenario is that the most recent common ancestor for the
whole section Glareosae was placed in Asia and North America (Fig. 1a), perhaps also
in Europe (Fig. S3.26 in Appendix S1), but most of the species in the section seem to
have originated and evolved in Asia to later colonize, in many cases, the rest of the
northern Hemisphere. Only the monophyletic clade gathering C. arcta, C. illota and C.
laeviculmis is of North American origin (Fig. 1a). Most taxa in the section are currently
found in North America (21 out of 28; Fig. 1a), whereas only about half of them occur
in Europe (12 out of 28). Again excluding the aforementioned first splitting clade sister
from the rest of the section, whose origin is placed in North America (C. arcta, C. illota
and C. laeviculmis clade; Fig. 1a), intercontinental dispersal via the Beringian land
bridge is shown to play an important role in Glareosae. Even the origin of the mrca of
the section falls in a period when Asia and North America were connected through the
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Beringian land bridge (Fig. 1a). The directionality of the dispersal from Asia to North
America is the most frequent in Glareosae (Fig. 1a), coincident with the general pattern
of species dispersal found in the Beringia region (Waltari et al., 2007). Only C.
laeviculmis, C. lapponica, and possibly C. canescens have been dispersed from North
America to Asia (Fig. 1a). Carex species have a great capacity for long-distance
dispersal (Vollan et al., 2006; Escudero et al., 2010) despite the lack of specific
mechanisms or structures for long-distance dispersal in the vast majority thereof
(Escudero et al., 2008). Extreme dispersal cases are those of long-distance dispersal
between high latitudes of the Northern Hemisphere and high latitudes in the Southern
Hemisphere (Vollan et al., 2006; Escudero et al., 2010; Villaverde et al., 2015a, 2015b).
In fact, two Carex species with bipolar and amphitropical distributions belong to section
Glareosae: C. canescens and C. lachenalii, respectively (Vollan et al., 2006). Examples
of long-distance dispersal through the Arctic without involving land bridges have
already been reported in angiosperms (e.g. Alsos et al., 2007; Hoffmann, 2012), and
specifically in Carex (Schönswetter et al., 2008). All of this evidence seems to support
long-distance dispersal non-mediated by land bridges as the mechanism by which
species dispersed from one continent to another in the Arctic. However, the selected
model (DECct, Table 3, Fig. 1a) and statistical significance of the effect of land bridges
over the dispersal of species found in the chi-square test, demonstrated that the
appearance of the Beringian land bridge could have facilitated the crossing of species
from one continent to another, and its disappearance could have made migrations
difficult. Thus, whereas we cannot completely reject the role of long-distance dispersal
non-mediated by land bridge, the closure of the Bering Strait by the Plio-Pleistocene
and Quaternary land bridges seems to have had a significant effect on current species
distribution.
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Slowdown of diversification rates: niche differentiation and vicariance
The DDL model of diversification shows a slowdown in the rate of diversification
from the origin of the group to the present (Fig. 1c). This is the most common and
generalised diversification pattern found both in animals (e.g. Weir, 2006; Rabosky &
Lovette, 2008) and plants (e.g. Kadereit et al., 2004; Mcpeek, 2008). Potential
explanations of this pattern are (i) methodological problems (i.e. insufficient sampling,
inaccurate estimation of phylogeny and branch lengths, or different methods for scaling
molecular branch lengths into units of time), (ii) protracted speciation (failure to
complete speciation only near the tips, leading to an underestimation of branching
events near the present in reconstructed history), (iii) time dependent explanations
(failure to keep pace with environmental change, environment-driven bursts of
speciation or peripatric speciation) and (iv) diversity dependent explanations (niche
differentiation, geographic factors —vicariance— or neutral model) (reviewed in Moen
& Morlon, 2014). Taking into account that we have done very careful phylogenetic
analyses including full sampling of all extant species (as well as two subspecies which
could be incipient species), methodological and sampling effects (including the
possibility of unsampled cryptic species or protracted species) should not be a major
issue in our analyses and the cause of the inferred slowdown in diversification rates
(Phillimore & Price, 2008; Cusimano & Renner, 2010; Etienne & Rosindell, 2012). In
fact, we have not detected such a slowdown in diversification rates near the tips of the
phylogeny, which is typical when there is a sampling bias, but rather from the root of
the phylogeny. The two alternative remaining hypotheses are time dependent or
diversity dependent explanations (Moen & Morlon, 2014). Our best fitted model of
diversification rates (DDL) clearly supports a species dependent model. The remaining
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question is: which mechanism, niche differentiation, geographic factors (vicariance) or
neutral model, explains the observed density dependent slowdown in diversification?
The origin of Glareosae coincides with a relatively warm period, but from its
origin overall temperatures descended gradually until the present (Fig. 1d; Lisiecki &
Raymo, 2005). This change in climatic regime matches the high early diversification
rates at the origin of Glareosae as a result of cladogenetic sympatry-narrow events,
probably due to the appearance of new ecological niches that were gradually occupied
by new cold-tolerant species (Fig. 1b-d). This cooling could generate new favourable
niches for arctic species, thus explaining the high diversification rates at the earlier
periods (r1 = 1.09 lin. Myr-1) until the carrying capacity of the system was occupied,
which explains the deceleration in diversification rates at later periods. The alternative
hypothesis of a neutral model without invoking niche differentiation could be also
rejected due to the fact that each species seems to show its own ecological niche space
(Maguilla et al., unpublished). All of this evidence seems to suggest niche
differentiation in a scenario of adaptive radiation, which could fit with the
diversification dynamics we observe in this group of species.
Interestingly, diversification dynamics in more recent times seem to be related to
cladogenetic events of vicariance-narrow in those temporal periods coinciding with the
opening and closure of the Beringian land bridge (Fig. 1b-c). This suggests that those
events could probably also have driven the slowdown in diversification rates in more
recent times. The Beringia region (Hultén, 1937) has acted not only as a dispersal route
for arctic species (see review in Waltari et al., 2007), but also as a refugium during
glaciations (Abbott & Brochmann, 2003). The alternation of glacial and interglacial
periods deriving into recurrent opening and closure of the Beringian land bridge during
the Plio-Pleistocene and Quaternary glaciations has been described as having
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consequences in species diversification and extinction rates (Andersen & Borns, 1994).
In the case of Glareosae, the inferred slowdown in diversification rates does not seem to
be significantly affected by the alternating of glacial and interglacial periods and thus by
the opening or closure of the Beringian land bridge (Fig. 1).
Final remarks
The evolutionary history of Glareosae seems closely linked to the Beringia
region. Its origin ca. 5.25 Ma either in Asia or North America, and subsequent crossing
of many species mainly from Asia to North America through the Beringian land bridge,
has shaped the current distribution patterns of the species. It has been shown that the
opening of the Beringian land bridge during glacial periods influenced the distribution
of the species by fomenting migration among continents. The diversification patterns
seem to be explained by, first, adaptive radiation as a consequence of niche
differentiation and sympatry speciation and, later, allopatric speciation as a result of
openings and closures of the Beringian land bridge. These two consecutive mechanisms
provoked a continuous process of slowdown in diversification rates as the carrying
capacity was occupied by new species.
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Disappearance of diagnostic morphological characters due to hybridization is considered to
be one of the causes of the complex taxonomy of the species-rich (ca. 2000 described species) genus Carex (Cyperaceae). Carex furva s.l. belongs to section Glareosae. It is an
endemic species from the high mountains of the Iberian Peninsula (Spain and Portugal).
Previous studies suggested the existence of two different, cryptic taxa within C. furva s.l.
Intermediate morphologies found in the southern Iberian Peninsula precluded the description of a new taxa. We aimed to determine whether C. furva s.l. should be split into two different species based on the combination of morphological and molecular data. We sampled
ten populations across its full range and performed a morphological study based on measurements on herbarium specimens and silica-dried inflorescences. Both morphological
and phylogenetic data support the existence of two different species within C. furva s.l. Nevertheless, intermediate morphologies and sterile specimens were found in one of the southern populations (Sierra Nevada) of C. furva s.l., suggesting the presence of hybrid
populations in areas where both supposed species coexist. Hybridization between these
two putative species has blurred morphological and genetic limits among them in this hybrid
zone. We have proved the utility of combining molecular and morphological data to discover
a new cryptic species in a scenario of hybridization. We now recognize a new species, C.
lucennoiberica, endemic to the Iberian Peninsula (Sierra Nevada, Central system and Cantabrian Mountains). On the other hand, C. furva s.s. is distributed only in Sierra Nevada,
where it may be threatened by hybridization with C. lucennoiberica. The restricted distribution of both species and their specific habitat requirements are the main limiting factors for
their conservation.
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within the paper and its Supporting Information
files.
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Introduction
Around 2000 species have been recognized in the genus Carex L. (Cyperaceae; [1–3]) which is
one of the largest genera among the angiosperms as the result of a relatively fast radiation
mainly in temperate areas of the Northern Hemisphere [4,5]. The study of the genus as a
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whole has derived in taxonomic rearrangements based on phylogenetic studies [2]. Incomplete
phylogenies of the genus Carex (e.g. [6,7]), or focusing on infrageneric taxa (subgenera or sections) (e.g. [8–10]), the restricted geographic coverage of the studies, mostly focused on Europe
and North America, and the historical non-natural classifications of the genus, are some of the
causes that have hampered an extensive revision of the genus [11]. Moreover, hybridization in
Carex has been proposed to limit taxonomic delimitation of species [12–14].
Using molecular tools and combinations of different approaches have been demonstrated
to be crucial to detect hybrid zones [15] and discover new cryptic species [16–18]. Hybridization and/or introgression cause reticulate evolution [18] which makes the establishment of
limits among species difficult.
Carex section Glareosae G. Don has a circumboreal distribution and constitutes a monophyletic clade comprising 25 currently recognized species [7,14,15]. Species in Carex section
Glareosae have experienced multiple taxonomic rearrangements (e.g. [8,19–21]) due to its
remarkable morphological, biogeographic and ecological variability [19–21]. The taxonomic
identity of some species within the section is still unclear as it occurs with C. kreczetoviczii T.V.
Egor. [8,19] and C. furva Webb [22]. The taxonomy of C. furva s.l., endemic to the Iberian Peninsula (Spain and Portugal), has been discussed in the past. This species was considered either
a synonym of C. lachenalii Schkuhr, a subspecies or a variety of this species (see discussion in
[22]). Nowadays, it has been broadly demonstrated from a morphological, phylogenetic and
cytogenetic point of view, that C. furva s.l. and C. lachenalii are different species [8,22].
Within C. furva s.l., different morphogroups were detected by Gay [23] and later by Luceño
[22]: one from the southern Iberian Peninsula, and another group constituted by central and
northern populations of the species in the Iberian Peninsula. While Gay [23] considered central and northern morphotype of C. furva s.l. to be a subspecies of C. lachenalii [23], Luceño
[22] did not. Intermediate morphologies in the southern Iberian Peninsula as well as the continuum of variation of diagnostic characters prevented him the consideration of this taxon.
Nowadays, both morphotypes are considered a single species, C. furva [3,22]. Maguilla et al.
[8] suggested the existence of an incipient speciation event involving these populations.
Morphological data supports the presence of intermediate morphologies in the southern
Iberian Peninsula [22] which could reflect hybridization processes between different taxa.
Hybridization can act as a homogenization force of both genetic and morphological traits
among species [24,25], and consequently C. furva s.l. could be hiding a cryptic taxon. Hybrids
in Carex section Glareosae have been described to be mostly sterile. In fact, hybrid speciation
seems not to be a major evolutionary force for Carex in general [12–14] or specifically for this
section [8,19,20,26,27]. Previous studies by Maguilla et al. [8] and Luceño [22] suggest that
hybridization could be avoiding the detection of a cryptic species within C. furva s.l.
The aim of this study is to delimitate the morphological variability of both previously
detected genetic entities within C. furva s.l. and to decide whether to consider a new species,
subspecies or variety. We have performed a combined approach based on statistical analyses of
morphological and phylogenetic data to discriminate taxa that could have remained cryptic
due to the existence of morphologically intermediate individuals.

Materials and Methods
Study species
Carex furva s.l. is a species endemic to the Iberian Peninsula that belongs to Carex section Glareosae. Previous phylogenetic studies have shown this species to be monophyletic [8]. The
highly specific ecological requirements of soils on acid bedrocks and very cool environments
[28] explain the distribution of the species in the highest mountains of the Iberian Peninsula,
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Fig 1. Distribution map of C. furva s.s. and C. lucennoiberica based on examined specimens on
herbaria collections and field trip records. Codes indicate sampled populations as follows: C1 = Serra da
Estrela; C2 = Sierra de Béjar; C3 = Sierra del Barco; C4 = Picos de Gredos; C5 = Sierra de Guadarrama;
N1 = Sierra Segundera; N2 = Sierra del Cornón; N3 = Fuentes Carrionas (Curavacas); S1 (C. furva s.s.) and
S2 (hybrid) = Sierra Nevada. Created using country borders from Brummitt et al. [62] and elevation data from
CGIAR [63] under a CC BY license, with permission from CGIAR, original copyright 2008.
doi:10.1371/journal.pone.0166949.g001

never occurring below 1800 m.a.s.l. [28]. Currently, C. furva s.l. has been found only in seven
mountain ranges in the Iberian Peninsula (Sierra Segundera, Sierra del Cornón, Fuentes Carrionas, Sierra de Gredos, Sierra de Guadarrama and Sierra Nevada in Spain, plus Serra da
Estrela in Portugal; [28,29]). Our sampling exhaustively covered the full range of the species
(Fig 1). Field collecting permits were provided by Instituto de Conservação da Naturaleza e da
Biodiversidade (ICNB, Portugal), Junta de Andalucı́a (Department of Environment, Spain)
and Community of Madrid (Department of Environment, Local Government and Territorial
Planning, Spain). Destructive sampling for DNA extraction was provided by UPOS
herbarium.

Morphometric study
Sampling for morphological study included 43 herbarium specimens (M, SEV and UPOS herbaria [30]) and samples of inflorescences of 60 specimens collected in field trips and preserved
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in silica-gel. Thus, a total of 103 individual specimens were measured including six to 21 individuals per population (ten sampled populations) to reflect the full range of morphological variation in the species. The exceptions were populations in Fuentes Carrionas (N3; Fig 1) where
only one specimen was available at UPOS herbarium, and population from Serra da Estrela
(C1; Fig 1), with only one surviving individual [29]. Type specimen of C. furva s.s. [31] was
visually inspected but not included in any of the analyses. Twenty-seven morphological variables were selected and measured based on characters used for the description of species in
Carex sect. Glareosae in different flora ([19–22]; Table 1 and Fig 2). Only one measurement
per variable and specimen was taken (avoiding redundancy) from each specimen. We randomly selected a mature shoot per specimen. However, minimum and maximum values for
each variable and individual were obtained measuring all mature shoots of each specimen. An
ocular micrometer was used for characters shorter than 10 mm, and a 30-cm ruler when larger
than 10 mm. Angles were measured with a standard angular encoder. Moreover, three new
variables were calculated to represent the shape of the inflorescence and utricles: the ratio
inflorescence length: inflorescence width (INFL/INFW), the ratio utricle length: utricle width
(PERL/PERW) and the ratio utricle length: distance from the utricle base to its maximum
width (PERL/PERMWD; Table 1). Minimum and maximum ranges of culm, leaf, inflorescence and spike lengths and widths were also measured. For the statistical analyses, culm
length (CLML), ligule length (LIGL) and leaf characters (ILEAFL, ILEAFW, SLEAFL and
SLEAFW; Table 1 and Fig 2) were excluded due to the lack of data in most of the samples from
silica-preserved specimens. To avoid redundancy in statistical analyses, ratios (INFL/INFW,
PERL/PERW and PERL/PERMWD; Table 1) were used only for species descriptions and not
for statistical analyses. Accordingly, a total of 21 variables were included in statistical analyses.
Principal component analyses (PCA) were performed in IBM SPSS Statistics v.20 (IBM
Inc., Chicago, IL, USA) rescaling variables to unit variance. We followed an analytical procedure based on Jiménez-Mejı́as et al. [32]. Characters reaching more than 0.6 of weigh in principal components as well as eigenvalues greater than 1 were used to perform a second PCA.
Kaiser-Meyer-Olkin’s measure of sampling adequacy (KMO) and Bartlett’s test of sphericity
were also estimated to evaluate the suitability of the data for finding structure in both
approaches. PCAs were performed twice, including and excluding putative hybrids. Discriminant function analysis (DFA) was then performed in IBM SPSS Statistic v.20, using all variables included in the first PCA approach, to evaluate for taxonomic significance of two
morphogroups as described in Valcárcel & Vargas [33], considering as potentially significant
those groups correctly classified in 80% of excluded cases as established in Jiménez-Mejı́as
et al. [32]. We randomly selected 70% of all samples to perform the DFA using a cross-validation of the model over these samples. Then, the remaining 30% was used for an additional validation. Based on the finding of intermediate individuals in Sierra Nevada by Luceño [22],
populations S1 and S2 from Sierra Nevada (Fig 1) were studied very carefully. According to
our own results (see below) we removed the population S2 from Sierra Nevada (Fig 1) from
the subsequent analyses. Thus, we classified population S2 entirely as hybrid based on the consideration by Luceño [22] as intermediate morphology and the presence of sterile individuals
detected (pers. obs.). All individuals from the hybrid population (S2; Fig 1) were unselected for
the DFA and used only for the validation of the model using unselected cases, to test the placement of each individual from this population in any of the two groups. Additionally, univariate
analyses were performed based on groups detected in the PCA to evaluate the characters that
best allow the discrimination between the two species/taxa/morphologies. The Shapiro Wilk
normality test showed non-normal distribution for most of the variables. The violation of the
normality criteria in PCA and DFA analyses can be assumed when considering results as
indicative and not a final evidence for taxonomic decisions [33], as these analyses are almost
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Table 1. Morphological variables and descriptions
Variable

Description (units)

CLML

Distance from the base of the culm to the start of the inflorescence (mm)

CLML-max

Maximum culm length in a specimen when more than one fertile and mature culm is
present (mm)

CLML-min

Minimum culm length in a specimen when more than one fertile and mature culm is
present (mm)

CLMW

Width of the culm in the medial region (mm)

CLMW-max

Maximum culm width in a specimen when more than one fertile and mature culm is
present (mm)

CLMW-min

Minimum culm width in a specimen when more than one fertile and mature culm is
present (mm)

ILEAFL

Distance from the base to the tip of the inferior leaf (mm)

ILEAFW

Width of the inferior leaf in the medial portion (mm)

SLEAFL

Distance from the base to the tip of the superior leaf (mm)

SLEAFW

Width of the superior leaf in the medial portion (mm)

LEAFL-max

Maximum leaf length in a specimen (mm)

LEAFL-min

Minimum leaf length in a specimen (mm)

LEAFW-max

Maximum leaf width in a specimen (mm)

LEAFW-min

Minimum leaf width in a specimen (mm)

LIGL

Maximum ligule length (mm)

INFL

Distance from the base of the inflorescence to the bottom of the uppermost utricle beak
(mm)

INFL-max

Maximum inflorescence length in a specimen when more than one fertile and mature
culm is present (mm)

INFL-min

Minimum inflorescence length in a specimen when more than one fertile and mature culm
is present (mm)

INFW

Maximum width of the inflorescence in horizontal, from the bases of the utricle beaks
(mm)

INFW-max

Maximum inflorescence width in a specimen when more than one fertile and mature culm
is present (mm)

INFW-min

Minimum inflorescence width in a specimen when more than one fertile and mature culm
is present (mm)

INFL/INFW

Ratio inflorescence length: inflorescence width (mm)

SPKN

Number of spikes in the inflorescence (entire number)

SPIKL

Distance from the base of the apical spike to the bottom of the uppermost utricle beak
(mm)

SPIKL-max

Maximum spike length in a specimen (mm)

SPIKL-min

Minimum spike length in a specimen (mm)

SPIKW

Maximum width of the apical spike excluding utricle beaks (mm)

SPIKW-max

Maximum spike width in a specimen (mm)

SPIKW-min

Minimum spike width in a specimen (mm)

LSPIKA

Angle of the lowermost spike of the inflorescence relative to the culm (degrees)

SLSPIKA

Angle of the second lower spike–from the bottom–of the inflorescence relative to the culm
(degrees)

USPIKA

Angle of the uppermost spike of the inflorescence relative to the culm (degrees)

PSCLL

Maximum glume length of the medial point of the spike (mm)

PSCLW

Maximum glume width of the medial point of the spike (mm)

MAXHYAL

Length of the widest hyaline margin in female glumes (mm)

MINHYAL

Length of the narrowest hyaline margin in female glumes (mm)

PERL

Maximum length of the utricle from the base, including the beak (mm)

PERW

Maximum width of the utricle (mm)
(Continued )
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Table 1. (Continued)
Variable

Description (units)

PERL/PERW

Ratio utricle length: utricle width

PERMWD

Distance from the maximum width to the base of the utricle (mm)

PERL/
PERMWD

Ratio utricle length: distance from the base to the maximum width distance of the utricle

PERBKL

Distance from distal point of the utricle to the distal point of the achene (mm)

PERSTL

Distance from the distal point of the utricle beak to the end of the abaxial suture (mm)

PERIGTHN

Number of teeth in the utricle beak (entire number)

ACHL

Maximum achene length (mm)

ACHW

Maximum achene width (mm)

doi:10.1371/journal.pone.0166949.t001

insensitive to such violation [34]. Then, variation between groups was evaluated through a
Kruskal-Wallis one-way ANOVA and a post-hoc Mann-Whitney U pairwise test to assess for
significant differences between morphogroups for each character.

Phylogenetic analyses
Eight of our already published [8] sequences of the ITS, ETS and G3PDH nrDNA regions of C.
furva s.l. as well as the matK cpDNA region were used for this study including two samples
from southern Iberian Peninsula and six samples from central-northern populations (S1 File).
Given that we aim to test for phylogenetic significance for the two detected morphogroups
(see results), the population considered hybrid (S2; Fig 1) was excluded because we could not
assign it to any of the two morphogroups. Additionally, sequences of these four markers were
downloaded for species in Carex section Glareosae. According to the phylogeny in Maguilla
et al. [8], the following outgroup species were included: Carex arctiformis Mack., C. billingsii
(O.W.Knight) C.D.Kirschb., C. bonanzensis Britton, C. brunnescens, C. canescens L., C. diastena
V.I.Krecz., C. glareosa Schkuhr ex Wahlenb., C. heleonastes Ehrh. ex L.f., C. kreczetoviczii T.V.
Egor., C. lachenalii, C. lapponica O.Lang, C. loliacea L., C. mackenziei V.I.Krecz., C. marina
Dewey, C. nemurensis Franch., C. praeceptorum Mack., C. pseudololiacea F.Schmidt, C. tenuiflora Wahlenb., C. traiziscana F.Schmidt. C. trisperma Dewey and C. ursina Dewey (S1 File).
Sequences were automatically aligned using MUSCLE [35] and concatenated to be analyzed
using Bayesian inference (BI) and maximum likelihood (ML) as performed in Maguilla et al.
[8]. Substitution models were calculated for each DNA region in jModelTest v.2.1.3 [36] and
selected based on the Akaike’s Information Criterion weights (AICw [37]). Gaps were encoded
based on the “simple indel coding” criterion described by Simmons and Ochoterena [38] and
analyzed using a F81-like substitution model as suggested by MrBayes manual [39].

Nomenclature
The electronic version of this article in Portable Document Format (PDF) in a work with an
ISSN or ISBN will represent a published work according to the International Code of Nomenclature for algae, fungi, and plants, and hence the new names contained in the electronic publication of a PLOS article are effectively published under that Code from the electronic edition
alone, so there is no longer any need to provide printed copies.
In addition, new names contained in this work have been submitted to IPNI, from where
they will be made available to the Global Names Index. The IPNI LSIDs can be resolved and
the associated information viewed through any standard web browser by appending the LSID
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Fig 2. Representation of measured morphological variables in a specimen. (A) General aspect; (B) ligule; (C) inflorescence; (D) female
glume; (E) utricle; (F) achene. Photographs A, B and D correspond to C. furva s.s. and C, E and F to C. lucennoiberica. Meaning of the variables
as described in Table 1.
doi:10.1371/journal.pone.0166949.g002
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contained in this publication to the prefix http://ipni.org/. The online version of this work is
archived and available from the following digital repositories: PubMed Central, LOCKSS.

Results
Morphometric study
The scatter plot of the two main principal components from the analysis using all variables (S2
File), as well as the analysis performed using only nine and 11 variables (including and excluding the intermediate population respectively; Fig 3 and S2 File), show two clearly differentiated
morphogroups (PC1; 34.35% variance explained using selected variables when including the
intermediate population; 30.68% when excluding the intermediate) and two (PC2; 19.86% variance explained using selected variables including intermediates; 20.21% when excluded). The
first group was formed by central and northern populations of C. furva s.l. whereas the second
was constituted by population S1 from the southern Iberian Peninsula (Figs 1 and 3), which
definitely fits with the morphology of the type specimen of C. furva s.s. [31]. Individuals
belonging to the population considered as hybrid were dispersed in the scatterplot of the principal components one and two (PC1 and PC2), with individuals nested in both morphogroups
(Fig 3A and S2 File). Once delimited both morphogroups, DFA analysis correctly classified
100% of the original selected cases and 92.2% in the cross validation (S3 File). The analysis of
unselected cases retrieved a 92% of cases correctly classified. Hybrid individuals are considered
to belong to the central-northern morphogroup in 72.7% of cases, whereas the remaining
27.3% are considered morphologically similar to the southern group (S3 File).
When compared with the type specimen of C. furva Webb [31], every sampled individual in
population S1 fits definitively with this type material, whereas individuals from population S2
(Fig 1) look intermediate between Webb’s C. furva and northern morphology of C. furva s.l.
Despite some overlap in the range of many characters in both morphogroups, the ANOVA
and Mann-Whitney U test retrieved significant differences (P-value <0.01) in ten out of 21
characters: ACHL, INFL, INFW, LSPIKA, PERL, PERBKL, PERSTL, SLSPIKA, SPIKW and
SPKN (Table 1, Fig 2 and S4 File).

Phylogenetic analyses
Concatenated and aligned matrix of the ETS, ITS, G3PDH and matK DNA regions consisted of
29 sequences (S1 File) and 2212 sites which include the codification of four indels. The nucleotide substitution model that best fits each DNA region based on jModelTest results were: GTR+I
(AICw = 0.4309) for ETS, GTR+G (AICw = 0.7193) for ITS, HKY (AICw = 0.4217) for G3PDH
and GTR+I (AICw = 0.3015) in the case of the matK cpDNA region.
Bayesian inference and ML analyses supported the monophyly of C. furva s.l. with 1.0 posterior probability (PP) and 88% bootstrap support (BS) respectively (Fig 4). Within C. furva s.l.
two main clades were significantly supported: one grouping southern individuals (0.95 PP /
72% BS) and the other formed by central-northern individuals (1.0 PP). The central-northern
clade comprised also a subclade (0.95 PP / 96% BS; Fig 4) represented by one individual from
Spain (Sierra de Béjar, population C2; Fig 1) and one individual from Portugal (Serra da
Estrela, population C1; Fig 1).

Discussion
A new species hidden within C. furva s.l.
Consideration of two different species within C. furva s.l. was precluded based only on more
traditional morphological studies because of the existence of morphologically intermediate

PLOS ONE | DOI:10.1371/journal.pone.0166949 December 14, 2016

110

8 / 24

Chapter 4. Cryptic species due to hybridization:
a combined approach to describe a new species (Carex: Cyperaceae)
Cryptic Species Due to Hybridization

PLOS ONE | DOI:10.1371/journal.pone.0166949 December 14, 2016

111

9 / 24

Chapter 4. Cryptic species due to hybridization:
a combined approach to describe a new species (Carex: Cyperaceae)
Cryptic Species Due to Hybridization

Fig 3. Principal Component Analysis (PCA) scatter plot of the first two principal components: A.
including hybrid population; B. excluding hybrids. Only selected variables were used (nine when
including hybrid populations, and 11 when excluded). Circles represent Carex furva s.s., triangles for C.
lucennoiberica, and squares for specimens of the hybrid population. Colors indicate the mountain range
where the specimens were collected, where C1 = Serra da Estrela; C2 = Sierra de Béjar; C3 = Sierra del
Barco; C4 = Picos de Gredos; C5 = Sierra de Guadarrama; N1 = Sierra Segundera; N2 = Sierra del Cornón;
N3 = Fuentes Carrionas (Curavacas); S1 (C. furva s.s.) and S2 (hybrid) = Sierra Nevada.
doi:10.1371/journal.pone.0166949.g003

individuals in the southern Iberian Peninsula [22]. In a molecular approach excluding the
inferred hybrid population (Fig 4), two out of the three monophyletic clades significantly supported within C. furva s.l. have both geographical (Fig 1) and morphological (Fig 3) significance. Moreover, DFA analyses correctly classified 92% of unselected cases (S3 File), and ten
out of the 21 measured characters presented significant differences between groups based on
Mann-Whitney U test (S4 File). These evidences are enough for the consideration of two different species: C. furva s.s. (Fig 5) and a new species, C. lucennoiberica (Figs 6 and 7). This clear
morphological and genetic differentiation between C. furva s.s. and C. lucennoiberica (Figs 3
and 4; S2–S4 Files) when excluding hybrid individuals from the analyses is in congruence with
the observations by Luceño [22]. The new species fits the criteria of taxonomic [40] and phylogenetic [41,42] species. Moreover, the finding of sterile specimens occurring in the hybrid population (S2; Fig 1) suggests incipient reproductive isolation between C. furva s.s. and C.

Fig 4. Majority-rule consensus tree from Bayesian inference analysis of the concatenated matrix of nrDNA regions ETS,
ITS, G3PDH and cpDNA region matK. Posterior probabilities (PP, only if higher than 0.9) from the Bayesian analysis and
bootstrap values (if > 70%) from the maximum likelihood analysis are shown above and below branches, respectively. Lack of
support in only one analysis is represented by asterisks. Tip labels indicate species name. In the case of C. furva s.s. and C.
lucennoiberica, we have also included sampling locality. Red square represents the boundaries of C. furva s.l. Scale bar indicates
substitutions per site.
doi:10.1371/journal.pone.0166949.g004
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Fig 5. Botanical illustration of Carex furva Webb. SPAIN: Granada, Sierra Nevada, Capileira, Sierra Nevada National
Park. 08 August 2013. E. Maguilla (31EMS13(15)) & J. M. G. Cobos. UPOS-5132. (A) General aspect; (B) culm base; (C)
ligule; (D) leaf appex; (E) inflorescence; (F) male glume; (G) female glume; (H) utricle, abaxial view; (I) utricle, adaxial
face; (J) utricle, cross-section; (K) achene.
doi:10.1371/journal.pone.0166949.g005
PLOS ONE | DOI:10.1371/journal.pone.0166949 December 14, 2016
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Fig 6. Botanical illustration of Carex lucennoiberica Maguilla & M. Escudero. Paratype. SPAIN: Madrid, Sierra
de Guadarrama, Rascafrı́a, Sierra de Guadarrama Nacional Park. 22 August 2013. E. Maguilla (35EMS13(5)) & T.
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Villaverde. UPOS-5141. (A) General aspect; (B) culm base; (C) ligule; (D) leaf appex; (E) inflorescence; (F) male
glume; (G) female glume; (H) utricle, abaxial view; (I) utricle, adaxial face; (J) utricle, cross-section; (K) achene.
doi:10.1371/journal.pone.0166949.g006

lucennoiberica. Therefore, the two species might also fulfill the criteria to be biological species
[43,44]. A third significantly supported clade is found within C. furva s.l. (0.95 PP / 96% BS;
Fig 4) gathering a sample from Serra da Estrela (C1; Fig 1) and another from Sierra de Béjar
(C2; Fig 1). The absence of morphological and/or geographic significance of this group (Fig 3)
leads us to suggest the existence of a simple genetic structure within C. lucennoiberica.
Individuals in the intermediate population share morphological similarities with both species (Fig 3A), although most of them seems to be closer to C. lucennoiberica (most individuals
fall within C. lucennoiberica morphospace in the PCA (Fig 3A) and 72.7% of individuals were
assigned to C. lucennoiberica morphogroup in the DFA (S3 File)). In addition, the finding of
sterile specimens and the classification of less than 80% of cases in one or another group (S3
File), justify the consideration of population S2 (Fig 1) in the southern Iberian Peninsula as
hybrid population with morphological affinities to both species. When there is a hybrid zone
—as it occurs in C. furva s.s. and C. lucennoiberica—, studies only based on morphology might
fail in finding clear limits among the species involved. Luceño [22], in a morphology-based
study without statistical methods behind it, highlighted that C. furva s.l. could constitute two
independent biological entities. However, individuals with intermediate morphology found in
the south of the Iberian Peninsula (Sierra Nevada) prevented him describing a new species.
Descriptions of new Carex species based exclusively on morphology have been published
recently (e.g. [45,46]). New animal species has even been described based only on molecular
data, with neither morphological nor ecological traits differentiating each taxon (e.g. [47];
although similar cases have not been found in plants). Describing new species on the unique
base of molecular data has been considered as something to avoid since molecular data should
be used as an additional evidence for species delimitation [48,49]. Combined approaches of
both morphological and molecular data and statistical analyses of those data are currently the
most frequent practice for species delimitation and new species descriptions in botany as well
as in zoology (e.g. [50–56]). The combination of morphological and molecular data has been
previously shown to be a powerful tool to resolve the taxonomy in Carex (e.g. [10,57]). This
highlights the utility of combined approaches in the detection and description of cryptic species even in countries or regions where the flora is very well studied and known.

Occurrence of C. lucennoiberica in the southern Iberian Peninsula
Whereas C. furva s.s is restricted to Sierra Nevada in the southern Iberian Peninsula (Fig 1),
additional studied specimens (see paratypes) revealed that C. lucennoiberica is restricted to
mountains in center-northern Iberian Peninsula (Sierra Segundera, Sierra del Cornón, Fuentes
Carrionas, Serra da Estrela, Sierra de Gredos and Sierra de Guadarrama), but also present in
the southern Iberian Peninsula (Sierra Nevada, Fig 1). One herbarium specimen in the southern Iberian Peninsula fits morphologically with C. lucennoiberica (see paratypes), whereas several studied materials from different herbaria present intermediate morphology. The observed
intermediate morphologies (Fig 3A) and the existence of sterile specimens (pers. obs.) point to
the coexistence of C. lucennoiberica and C. furva s.s. in the southern Iberian Peninsula, suffering active hybridization. Moreover, the reinterpretation of cytogenetic studies in C. furva s.l.
[22] shows that C. lucennoiberica and C. furva s.s. have the same diploid chromosome number
(2n = 60) with the only exception of an individual of C. furva s.s. which displays an irregular
chromosome number of 2n = 61.
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Fig 7. Carex lucennoiberica Maguilla & M. Escudero. Holotype. SPAIN: Ávila, Sierra de Béjar, arroyo Malillo. 07-August-2010. M. Luceño (21ML10),
P. Jiménez-Mejı́as & M. González. UPOS-4319. (A) General aspect; (B) leaf apex; (C) ligule; (D) inflorescence; (E) male glume; (F) female glume; (G)
utricle, abaxial view; (H) utricle, adaxial view; (I) achene. Scale bars: A = 1 mm; B = 0.5 mm; C = 1 mm; D = 2 mm; E-I = 0.5 mm.
doi:10.1371/journal.pone.0166949.g007

Threats and conservation of the species
The highly specific niche requirements of both species (C. furva s.s. and C. lucennoiberica)
are the most limiting factors for their conservation, making them sensitive to climate change
and habitat destruction (i.e. soil nitrification). Carex lucennoiberica is much endangered in
Portugal, where only one individual occurs in Serra da Estrela (population C1; Fig 1), the only
population in this country. In Spain, the most threatened population occurs in Sierra de Guadarrama (C5; Fig 1), where only seven individuals have been detected after several recent
intensive searches. Carex furva s.s. seems to be also threatened by hybridization with its most
closely related congener, C. lucennoiberica. Hybridization implies a serious threat for endangered species [58] and can affect the fitness of the species by genetic assimilation or outbreeding depression [59] as has been demonstrated in plants and animals [59–61]. In our study case,
four out of 15 sampled individuals from the hybrid population in Sierra Nevada (population
S2; Fig 1) showed aborted utricles (pers. obs.) which suggest outbreeding depression as the
consequence of hybridization between C. lucennoiberica and C. furva s.s., which is an additional potential threat for the future conservation of C. furva s.s. Only the populations of C.
lucennoiberica in Sierra de Guadarrama (C5; Fig 1), and C. furva s.s. in the southern Iberian
Peninsula (Fig 1) are legally protected by the Spanish government, considered as “sensitive to
habitat alteration” in the case of population from Sierra de Guadarrama (C5; Fig 1) and “Vulnerable” in Sierra Nevada. Nevertheless, all existing populations of C. furva s.l. occur in protected natural places, which is indirectly contributing to the conservation of both species.

Taxonomic treatment
Carex lucennoiberica Maguilla & M. Escudero sp. nov. [urn:lsid:ipni.org:names:77158477–1]
(Figs 6 and 7, S1 Fig)
Heterotypic synonyms:
= Carex lagopina var. baetica J. Gay in Ann. Sci. Nat., Bot. ser. 2 11: 181 (1839) (Lectotype:
SPAIN: Ulila Lacon mons Sierrae Nevadae altissimus, August 1837. Boissier (s.n.).
K000960366, K!, designated here)
Carex lagopina subsp. baetica (J. Gay) K. Richt., Pl. Eur. 1: 151 (1890)
Carex lachenalii subsp. baetica (J. Gay) Luceño & Muñoz Garm. in Fontqueria 11: 3
(1986)
Carex bipartita subsp. baetica (J. Gay) Luceño & Muñoz Garm. in Anales Jard. Bot.
Madrid 44: 439 (1987)
Diagnosis–Previously considered within the range of morphological variability of C. furva
Webb. Differs from C. furva s.s. by the usually ovoid or shortly oblong, light brown inflorescence (instead of capitate—aggregated and rounded shape—and dark brown), its utricle beaks
nearly appressed to the spike (instead spreading and prominent beaks in the outline of the
inflorescence), utricles prominently veined (instead faintly veined), longer culms usually procumbent at maturity (instead shorter and erect), glumaceous or foliose lowest bract of the
inflorescence (instead always glumaceous), glumes equal or slightly shorter than utricles
(instead shorter than utricles), and utricles slightly smaller, usually the lower ones erect, rarely
spreading (instead always spreading). See Table 2 for a detailed comparison of both species.
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Table 2. Diagnosis characters distinguishing C. lucennoiberica from its relative C. furva s.s.
C. furva s.s.

C. lucennoiberica

Culm

2.1–8.6 (10.9) cm

3.7–23.8 (29.2) cm

Lower bract of the
inflorescence

Glumaceous

Linear or setaceous, sometimes glumaceous

Inflorescence

Usually capitate——aggregated and rounded shape—, with
utricle beaks clearly prominent in the outline, dark brown

Ovoid or shortly oblong, rarely capitate, with utricle beaks
appressed to the spike, not prominent in the outline, light brown

Female glume

Much shorter than utricles

As long as or shorter than utricles

Utricle

(1.94) 2.15–2.66 mm length, faintly veined, erect to erectspreading, the lower usually spreading

1.48–2.37 mm length, prominently veined, the lower rarely
spreading

doi:10.1371/journal.pone.0166949.t002

Type–SPAIN: Ávila, Sierra de Béjar, arroyo Malillo. 2300 m.a.s.l. Chionophylous speciesrich Nardus grasslands, with Nardus stricta. 07 August 2010. M. Luceño (21ML10), P. Jiménez-Mejı́as & M. Guzmán. (Holotype, UPOS-4319; isotypes, K, MA, MOR, UPOS).
Description–Rhizome lax or densely cespitose. Culms 3.7–23.8 (29.2) cm × 0.48–1.18 (1.42)
mm, trigonous, with acute angles, smooth or slightly scabrid in the upper part, usually procumbent at maturity. Leaves 1.6–7.9 (13.8) cm × 0.64–2.57 mm, shorter than the culms, the
longest ones reaching the inflorescences, rarely surpassing it, flat except at the apex, where it
becomes trigonous, amphistomatic, smooth, antrorsely scabrid at the apex; ligule 0.26–1.28
(3.1) mm, usually as wide as the leaf blade, obtuse, rounded or emarginated; basal sheaths with
blade absent, from entire to fibrous, brown. Lowest bract often linear or setaceous, with widened base having scarious margins, sometimes glumaceous, shorter than inflorescence, up to
half its length, antrorsely scabrid on margins. Inflorescence 5.1–15 × 3–9.3 (9.7) mm, ovoid or
shortly oblong, rarely capitate—aggregated and rounded shape—, usually light brown, consisting of 3–8 gynecandrous spikes 2.1–7.1 × 1.2–4.1 mm, ovoid to elliptic, erect to erect-spreading, overlapping, sometimes the lowermost distant, erect-spreading. Male glumes ovoidoblong, often with nerve prolonged in a mucro, sometimes the nerve scabrid; female glumes
(0.92) 1.08–2 × 0.64–1.56 mm, as long as or shorter than the utricles, ovoid, with apex variable,
often acute or subacute, 1-nerved, reddish-brown, sometimes with scarious-hyaline margins
up to 1.52 mm wide. Utricles 1.48–2.37 mm × (0.56) 0.74–1.16 (1.26) mm, plano-convex to
slightly biconvex, usually ellipsoid, prominently veined, erect to erect-spreading, the lower
rarely spreading, greenish to brown at maturity, gradually attenuated into a beak (0.12) 0.2–
0.58 (0.62) mm, truncate to slightly and irregularly bidentate, sometimes with a suture prolonging up to 0.6 (0.7) mm on the abaxial side, sometimes slightly curved at maturity, smooth
or rarely with 1 (2) prickles. Achenes (0.98) 1.08–1.48 mm × 0.62–1.04 mm, biconvex or
plano-convex, ± elliptical, with a persistent style base shortly cylindrical. 2n = 60 [22].
Distribution and habitat–Endemic to high mountains of the Iberian Peninsula: Sierra
Segundera, Sierra del Cornón, Fuentes Carrionas (Curavacas), Sierra de Gredos, Sierra de
Guadarrama and Sierra Nevada in Spain, and Serra da Estrela in Portugal. Provinces of Ávila,
Cáceres, Granada, León, Madrid, Oviedo, Orense, Palencia, Salamanca, Santander, and
Zamora in Spain, Beira Alta in Portugal. Inhabiting wet meadows, bogs, snowbeds, streams
and lakes border of siliceous mountains. 1800–3200 m.a.s.l. Associates include Calluna vulgaris
(L.) Hull, Carex nigra (L.) Reichard, Erica tetralix L., Mucizonia sedoides (DC.) D.A.Webb,
Nardus stricta L., Omalotheca supina (L.) DC., Oreochloa elegans Sennen, Plantago alpina L.,
Sedum candollei Boreau, Spergularia capillacea (Kindb. & Lange) Willk. and Trichophorum
cespitosum (L.) Hartm.
Phenology–Flowering and fructification occur from June to September.
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Etymology–The specific epithet—lucennoiberica—is an acronym of two words: “lucennoi”
and “iberica”. The first word—“lucennoi”—honors prof. Dr. Modesto Luceño (born in 1955).
He is a Spanish caricologist who leads a research group at the Universidad Pablo de Olavide
(Seville, Spain), focusing on the study of the evolution and systematic of the genus Carex
(Cyperaceae). He is one of the authors of the most comprehensive taxonomic treatment for
the whole Cyperaceae family for the Iberian Peninsula. He was the first who detected and published the presence of morphological variability within C. furva s.l. although the presence of
intermediate individuals in Sierra Nevada prevented him to describe a new species. The second
word—“iberica”—describes the distribution of the species endemic to the Iberian Peninsula
(Spain and Portugal).
Nomenclatural note–Carex lagopina Wahlenb. var. baetica J.Gay was described in 1839
[23]. Because Carex baetica Auersw. ex Willk. was also already described in 1948, we cannot
just combine the previously described variety at the rank of species.
Additional specimens examined (Paratypes)–PORTUGAL: Beira Alta. Serra da Estrela,
Alto das Salgadeiras. 1850–1900 m.a.s.l. 07-September-1986. M. Luceño (1604bis PV) et al.
MA-314898, MA-342288; Serra da Estrela, Alto das Salgadeiras. 17-July-2012. A. Silva (s.n.).
UPOS-5015; SPAIN: Ávila. Sierra de Béjar, entre La Covatilla y Cuerda del Calvitero. 2250 m.
a.s.l. 20-July-2011. M. Luceño (11ML11). UPOS-5052; Sierra de Béjar, Ceja del Calvitero. 2300
m.a.s.l. 07-July-2010. M. Luceño (26ML10) et al. UPOS-4324; Sierra de Béjar, Ceja del Calvitero. 2300 m.a.s.l. 28-July-1982. E. Rico (s.n.). MA-248644; Sierra de Béjar, Ceja del Calvitero.
2300 m.a.s.l. 28-July-1982. E. Rico (300). SEV-92694; Sierra de Béjar, Lagunas del Trampal.
27-September-1979. Amich (s.n.) et al. MA-236946; Sierra de Candelario, La Ceja. 26-July1989. S. Rivas-Martı́nez (217) et al. MA-616279; Sierra del Barco, Alto de Castilfrı́o. 2184 m.a.
s.l. 15-July-2012. E. Maguilla (23EMS12) et al. UPOS-5039; Sierra del Barco, cresta de la Covacha del Lósar. 2300 m.a.s.l. 8-July-1984. M. Luceño (s.n.). MA-267018; Sierra del Barco, cresta
de la Covacha del Lósar, 2325 m.a.s.l. 08-July-1984. M. Luceño (s.n.). MA-342292; Sierra del
Barco, cresta de la Covacha del Lósar. 08-July-1984. M. Luceño (s.n.). MA-283921; Sierra de
Gredos, base de la portilla de Los Cobardes. 2435 m.a.s.l. 26-September-2004. M. Luceño
(1804ML) & L. E. Vendrell. UPOS-5050; Sierra de Gredos, base del Ameal de Pablo. 2410 m.a.
s.l. 29-July-1985. M. Luceño (s.n.) et al. MA-293877; Sierra de Gredos, entre la portilla del
Crampón y elAlmanzor. 2400 m.a.s.l. 31-August-1984. M. Luceño (s.n.). MA-292878; Sierra
de Gredos, entre El Venteadero y La Galana. 2476 m.a.s.l. 14-July-2012. E. Maguilla
(15EMS12) & M. Luceño. UPOS-5037; Sierra de Gredos, circo de Cinco Lagunas. 28-July1985. M. Luceño (s.n.) et al. MA-342291, MA-406377; Sierra de Gredos, circo de Cinco Lagunas. 2115 m.a.s.l. 29-July-1985. M. Luceño (s.n.) et al. MA-291852; Sierra de Gredos, circo de
Cinco Lagunas. 2120 m.a.s.l. July-1985. M. Luceño (s.n.) et al. MA-292876; Sierra de Gredos,
circo de Cinco Lagunas. 2120 m.a.s.l. 29-July-1985. M. Luceño (s.n.) et al. MA-292875; Sierra
de Gredos, portilla del Ameal. 2400 m.a.s.l. 8-July-1989. S. Castroviejo (10794SC) et al. MA480018; Sierra de Gredos, laguna del Gutre lagoon. 2310 m.a.s.l. 17-August-2014. M. Luceño
(206ML14BIS). UPOS-6231; Sierra de Gredos, El Venteadero. 2500 m.a.s.l. 29-July-1985. M.
Luceño (s.n.) et al. MA-292881; Sierra de Gredos, El Venteadero. 2500 m.a.s.l. 31-August1984. M. Luceño (s.n.). MA-292880, MA-342294; Sierra de Gredos, El Venteadero. 2518 m.a.s.
l. 14-July-2012. E. Maguilla (16EMS12) & M. Luceño UPOS-5038; Sierra de Gredos, La Mira,
cara norte. 2221 m.a.s.l. 28-June-2015. M. Luceño (473ML15) & S. Guerra-Cárdenas. UPOS6575; Sierra de Gredos, laguna Grande. 1900 m.a.s.l. 28-June-1987. Gómez-Manzaneque
(PV2319) et al. MA-406542; Sierra de Gredos, garganta de Los Conventos. 2000 m.a.s.l.
19-August-2014. M. Luceño (243ML14). UPOS-6230; Sierra de Gredos, fuente Los Serranos.
2350 m.a.s.l. 31-August-1984. M. Luceño (s.n.). MA-292879, MA-406378; Sierra de Gredos,
Puerto Castilla. 1-July-1999. P. Vargas (178PV99). MA-757012; Sierra de Gredos, Puerto
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Castilla, laguna del Barco. 28-July-1984. E. Rico (s.n.) & J. Sánchez-Rodrı́guez. MA-317737;
Cáceres. Tornavacas, portilla de Jaranda. 27-July-1985. X. Giráldez (s.n.) & E. Rico. MA317738; Cantabria. Vega de Liébana, cerca de Peña Prieta. 2100 m.a.s.l. 14-August-1987. C.
Aedo (s.n.). MA-622677; Granada. Sierra Nevada, Lagunillos de la Virgen. 2960 m.a.s.l.
25-August-1985. M. Luceño (s.n.) et al. MA-292870; Sierra Nevada, Mulhacén septentrional.
2400–2900 m.a.s.l. August-1834. Boissier (s.n.). K-s.n; Madrid. Sierra de Guadarrama, Risco
de los Pájaros. 2323 m.a.s.l. 22-August-2013. E. Maguilla (35EMS13) & T. Villaverde. UPOS5141; Orense. Sierra Segundera, entre Peña Trevinca y el pico Jancional. 2085 m.a.s.l.
24-August-2013. E. Maguilla (39EMS13). UPOS-5117; Oviedo. Concejo de Somiedo, El Cornón. 2000 m.a.s.l. 26-August-1985. I. Aizpuru (7237). MA-292886, MA-342295; Concejo de
Somiedo, El Cornón. 2012 m.a.s.l. 23-August-2013. E. Maguilla (36EMS13) & T. Villaverde.
UPOS-5136; Concejo de Somiedo, El Cornón. 2100 m.a.s.l. 26-August-1985. I. Aizpuru
(3408.85). MA-823941; Concejo de Somiedo, El Cornón, cerca de Villar de Vildas. 2000 m.a.s.
l. 26-August-1985. C. Aedo (s.n.). MA-622678; Palencia. Curavacas, lagunas de Fuentes Carrionas. 2200 m.a.s.l. 11-August-2005. C. Aedo (12234). MA-732663; Curavacas, cara norte.
1800–2300 m.a.s.l. 24-August-1986. Argüelles (s.n.) et al. MA-308707, MA-342289; Curavacas,
cara norte. 2000 m.a.s.l. 30-August-2007. S. Martı́n-Bravo (172SMB07) & P. Jiménez-Mejı́as.
UPOS-5054; Curavacas, sender desde lo alto del Curavacas a El Pozo. 2400 m.a.s.l. 15-August1985. M. Luceño (s.n.) et al. MA-292874, MA-342296; Salamanca. Sierra de Candelario, El
Calvitero. 2300 m.a.s.l. 30-June-1985. M. Luceño (s.n.). MA-342293; Sierra de Candelario, El
Calvitero, cara noroeste. 2300 m.a.s.l. 18-July-1980. E. Valdés-Bermejo (5809EV) et al. MA292887; Zamora. Porto, Moncalvo. 1980 m.a.s.l. 27-July-2002. P. Bariego (PB-2363) & E. Rico.
MA-793227; Porto, Moncalvo. 2000 m.a.s.l. 30-July-2002. P. Bariego (PB-841) & E. Rico. MA793228.
Carex furva Webb, Iter Hispan.: 5 (1838). (Fig 5 and S2 Fig)
Homotypic synonyms:
 Carex lagopina var. furva (Webb) Webb, Otia Hispan.: 46 (1839).
Carex lachenalii var. furva (Webb) C.Vicioso, Bol. Inst. Forest. Invest. Exp. 30(79):
67 (1959).
Carex lachenalii subsp. furva (Webb) Malag., Sin. Fl. Ibér. 7: 142 (1980), comb. inval.
Type–SPAIN: Granada, Sierra Nevada, in Baeticae montibus altioribus. April 1838. Webb
(s.n). (Lectotype designated by H. Toivonen in Ann. Bot. Fenn. 16:16 (1979), K000960368, K!;
Isolectotype, FI012265, FI image!).
Description–Rhizome lax or densely cespitose. Culms 2.1–8.6 (10.9) cm × 0.5–1.26 (1.62)
mm, trigonous, with acute angles, smooth or slightly scabrid in the upper part, erect at maturity. Leaves 0.8–5.6 cm × 0.64–2.3 mm, usually shorter than the culms, sometimes lightly longer, flat except at the apex, where it becomes trigonous, amphistomatic, smooth, antrorsely
scabrid at the apex; ligule 0.32–0.98 mm, usually as wide as the leaf blade, obtuse, rounded or
emarginated; basal sheaths with blade absent, entire or fibrous, brown. Lowest bract glumaceous, shorter than inflorescence, with scarious and scabrid margin at the apex. Inflorescence
(4.3) 4.8–9.4 (11) × 3.7–9.4 (11) mm, usually capitate——aggregated and rounded shape—,
sometimes ovoid to shortly oblong, dark brown, consisting of 3–5 gynecandrous spikes of
3–6.1 (6.9) × 1.5–5.1 mm, ovoid to elliptic, erect to erect-spreading, overlapping, the lowermost spreading or, more rarely, erect-spreading. Male glumes ovoid-oblong, with short nerve;
female glumes (1.16) 1.34–2 × 0.92–1.28 (1.32) mm, much shorter than the utricles, usually
ovate, with apex variable, 1-nerved, with the nerve sometimes prolonged in a short mucro, reddish-brown, sometimes with scarious-hyaline margins up to 0.98 mm wide. Utricles (1.94)
2.15–2.66 mm × 0.68–1.08 mm, plano-convex to slightly biconvex, usually ellipsoid, faintly
veined, erect to erect-spreading, the lower usually spreading, brown to dark brown at maturity
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in areas protruding from the glumes, rarely greenish at maturity, gradually attenuated into a
beak of (0.4) 0.48–0.72 (0.82) mm, truncate to slightly and irregularly bidentate, sometimes
with a suture prolongued up to 0.74 mm on the abaxial side, sometimes slightly curved at
maturity, smooth. Achenes (1.1) 1.38–1.58 (1.66) mm × (0.64) 0.76–0.92 (0.98) mm, biconvex
or plano-convex, ellipsoid, with a persistent style base shortly cylindrical. 2n = 60, 61 [22].
Distribution and habitat–Endemic to Sierra Nevada, Granada province, Spain. Occurring
in wet meadows, bogs, snowbeds, streams and lakes border of siliceous mountains. 2700–3200
m.a.s.l. Associates include Agrostis canina subsp. granatensis Romero Garcia, Blanca & Morales, Agrostis nevadensis Boiss., Carex lepidocarpa subsp. nevadensis (Boiss. & Reut.) Luceño,
Carex nigra (L.) Reichard., Euphrasia willkommii Freyn, Festuca frigida Grossh., Gentiana
boryi Boiss., Gentiana pneumonanthe subsp. depressa (Boiss.) Malag., Asensi, Molero Mesa &
F. Valle, Leontodon microcephalus Boiss., Nardus stricta L., Ranunculus angustifolius subsp.
alismoides (Bory) Malag., Sagina nevadensis Boiss. & Reut., Veronica nevadensis (Pau) Pau, and
Viola palustris L.
Phenology–Flowering and fructification from (June) July to August (October).
Additional specimens examined–Granada. Sierra Nevada, Barranco de Trevélez. S. de R.
Clemente (s.n.). MA-18516; Sierra Nevada, Borreguiles. 2800 m.a.s.l. 18-July-1976. A. Barra
et al. (854bis EV). MA-437957; Sierra Nevada, Borreguiles. 3142.5 m.a.s.l. 12-August-2011. A.
Jiménez-Bonilla (1AJB11). UPOS-5053; Sierra Nevada, corral del Veleta. 3120 m.a.s.l.
23-August-1985. M. Luceño et al. (s.n.). MA-292884, MA-342298; Sierra Nevada, corral de
Valdeinfiernos. 2860 m.a.s.l. 31-August-1985. R. Vogt (s.n.). MA-292871; Sierra Nevada, Hoya
de la Mora. 27-July-1967. A. Segura-Zubizarreta (8749). MA-293261; Sierra Nevada, in Baeticae montibus altioribus. April 1838. Webb (s.n) K-s.n., FI-s.n. (TYPE); Sierra Nevada, laguna
de Aguas Verdes. 3085 m.a.s.l. 19-August-2006. P. Jiménez-Mejı́as & M. Escudero
(158PJM06). UPOS-3832; Sierra Nevada, laguna de Aguas Verdes. 3098–3126 m.a.s.l.
08-August-2013. E. Maguilla & J. M. G. Cobos (31EMS13). UPOS-5132; Sierra Nevada, laguna
de la Mosca. 3000 m.a.s.l. 02-October-1975. F. Casas & Garcı́a-Guardia (975). MA-394000;
Sierra Nevada, laguna de la Mosca. 3000 m.a.s.l. 31-August-1985. R. Vogt (s.n.). MA-292873;
Sierra Nevada, laguna de las Yeguas. 26-August-1969. B. Lippert & W. Lippert (10035). Sierra
Nevada, laguna de las Yeguas. 2750 m.a.s.l. 22-August-1985. M. Luceño et al. (691PV). MA342299, M-0177641; Sierra Nevada, laguna de las Yeguas. 2830 m.a.s.l. 27-June-1980. J. A.
Devesa et al. (1708/80). SEV-161471; Sierra Nevada, laguna de las Yeguas. 2900 m.a.s.l.
02-July-1986. C. Aedo (s.n.). MA-622680; Sierra Nevada, laguna de las Yeguas. 2985 m.a.s.l.
22-August-1985. M. Luceño et al. (s.n.). MA-292883; Sierra Nevada, lagunas y arroyos tributarios al embalse de las Yeguas. 2860 m.a.s.l. 19-August-2006. P. Jiménez-Mejı́as & M. Escudero (161PJM06). UPOS-3833; Sierra Nevada, laguna de Rı́o Seco. 3040 m.a.s.l. 22-August1985. M. Luceño et al. (s.n.). MA-342300, MA-292882; Sierra Nevada, Lagunillos de la Virgen.
2960 m.a.s.l. 25-August-1985. M. Luceño et al. (s.n.). MA-292872, MA-292870, MA-292869,
MA-342290, MA-342297, MA-292885; Sierra Nevada, Siete Lagunas. 2940 m.a.s.l. 30-July1997. J. M. López-Nieto (s.n.). MA-873097; Sierra Nevada, valle de Lanjarón, 07-August-1930.
L. Ceballos & C. Vicioso (s.n.). MA-17094; Sierra Nevada, Veleta. 02-July-1965. D. M. Moore
(1201). BM-s.n; Sierra Nevada, Veleta. 31-July-1876. M. Minkler (s.n.). M-0177640; Sierra
Nevada, Veleta. 29-August-1966. R. M. Harley & A. M. Harley (1055). BM-s.n.

Conclusions
The taxonomy of the genus Carex has been defined to be sometimes problematic due to
hybridization of species [13,14] preventing the finding of morphological discontinuities
between taxa that remain cryptic. Even in a group—Carex section Glareosae—where hybrid
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specimens are in most cases sterile [20,26,27] and hybrid speciation seems to be not relevant
from an evolutionary point of view [19,20], hybridization can hinder the detection and characterization of incipient species. Combination of morphological and molecular data with differential treatment of hybrid populations has allowed the description of a new cryptic species
endemic to the Iberian Peninsula, C. lucennoiberica.
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D = 1 mm.
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S4 File. Test of normality, ANOVA and Mann-Whitney U test results. Results derived from
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Ciperáceas en la Penı́nsula Ibérica. Acta Bot Malacit. 2015; 40: 217–221.

PLOS ONE | DOI:10.1371/journal.pone.0166949 December 14, 2016

124

22 / 24

Chapter 4. Cryptic species due to hybridization:
a combined approach to describe a new species (Carex: Cyperaceae)
Cryptic Species Due to Hybridization

30.

Thiers B. Index Herbariorum: A global directory of public herbaria and associated staff; 2015. New York
Botanical Garden’s Virtual Herbarium. http://sweetgum.nybg.org/ih/

31.

Webb PB. Iter Hispaniense. 5. Paris. 1838.

32.
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Leaché AD, Fujita MK. Bayesian species delimitation in West African forest geckos (Hemidactylus fasciatus). Proc Biol Sci. 2010; 277: 3071–3077. doi: 10.1098/rspb.2010.0662 PMID: 20519219

48.

Bauer AM, Parham JF, Brown RM, Stuart BL, Grismer L, Papenfuss TJ, et al. Availability of new Bayesian-delimited gecko names and the importance of character-based species descriptions. Proc R Soc
Lond B Biol Sci. 2011; 278: 490–492.

49.

Edwards DL, Knowles LL. Species detection and individual assignment in species delimitation: can integrative data increase efficacy? Proc R Soc Lond B Biol Sci. 2014; 281: 20132765.

50.

Marino IAM, Riginella E, Cariani A, Tinti F, Farrell ED, Mazzoldi C, et al. New molecular tools for the
identification of 2 endangered smooth-hound sharks, Mustelus mustelus and Mustelus punctulatus. J
Hered. 2015; 106: 123–130. doi: 10.1093/jhered/esu064 PMID: 25425673

51.

Watanabe MT, Hensold N, Sano PT. Syngonanthus androgynus, a striking new species from South
America, its phylogenetic placement and implications for evolution of bisexuality in Eriocaulaceae.
PLoS One. 2015; 10: 1–15.

52.

Howlader MSA, Nair A, Gopalan S V., Meril?? J. A new species of Microhyla (Anura: Microhylidae) from
Nilphamari, Bangladesh. PLoS One. 2015; 10: 1–18.

53.
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Abstract
Gene flow among populations of incipient species can act as a creative or destructive
force in the speciation process. The flowering plant genus Carex exhibits a rapid and
relatively recent radiation with many species limits still unclear. This is the case with
the Iberian Peninsula (Spain and Portugal) endemic C. furva, which appears to be
undergoing speciation. In the present study, we test how a young or incipient species is
impacted by gene flow with its more widespread counterpart. We sampled the full range
of distribution of C. furva and performed a morphological study, sequencing of two
plastid DNA regions and genomic sequencing using restriction-site associated DNA
sequencing (RADseq). We utilized divergence time analysis to date the divergence and
a set of partitioned D-statistic tests to study the degree and direction of introgression.
Morphological, plastid and nuclear genomic data all support the existence of two
species, but intermediate morphology of some individuals in the south seem to be
hybrids between the two species. This hybridization may be a result of a north-to-south
long distance dispersal event or, more probably, expansions and contractions in the
distribution during Quaternary glaciations. We conclude that secondary contacts are
short-circuiting the speciation process of two incipient species.
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Introduction
Gene flow is generally considered to work against population divergence, limiting
speciation (Runemark et al. 2012). Increased rates of gene flow are expected on average
to increase genetic and phenotypic similarities among diverged populations (e.g.
Felsenstein 1976; Hendry et al. 2001; Hendry & Taylor 2004). Gene flow may even
counteract the effects of local selection, decreasing the fitness of divergent populations
by migration of alleles beyond the area under which they are adaptive (García-Ramos &
Kirkpatrick 1997; Bolnick & Nosil 2007). These facts notwithstanding, interspecific
gene flow probably very rarely disrupts divergence among lineages (Räsänen & Hendry
2008), and it can in fact act as a creative force promoting speciation (Soltis & Soltis
2009; Abbott et al. 2013; Marques et al. 2014; Fitzpatrick et al. 2015; Stankowski &
Streisfeld 2015). Hybridization among lineages is common (e.g. Mallet 2005; Hipp et
al. 2014) and is usually presumed to have neutral ecological and morphological effects
(Van Valen 1976; Räsänen & Hendry 2008).
Hybrid speciation has been demonstrated to be quite rapid (Abbott et al. 2013; Soltis
2013). Alleles that allow specific adaptations to certain conditions or ecological niches
can be transferred from one species to other (Lewontin & Birch 1966; Whitney et al.
2010; Hedrick 2013). This is more common in incipient or recently radiated species,
providing new well adapted alleles by gene flow among taxa that cause rapid
divergence as has been widely demonstrated (e.g. Pardo-Diaz et al. 2012; Lamichhaney
et al. 2015). In the case of Heliconius butterflies, hybridization has enabled local
adaptations by increasing the probability of avoiding predators, but is also driving
divergence by pre-mating isolation (Pardo-Diaz et al. 2012; The Heliconius Genome
Consortium 2012).
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Conversely, hybridization can homogenize genetic—and consequently ecological and
morphological—differences among species (Latch et al. 2006; Oliveira et al. 2008).
Thus, although hybridization can increase genetic diversity and thus reduce extinction
risk in endangered species—e.g. in a population suffering a bottleneck (Hedrick &
Fredrickson 2010)—hybridization is more commonly considered a risk to species of
conservation concern due to the risk of genetic swamping and consequent extinction of
the species. Moreover, outbreeding depression may lower the fitness of hybrids in
specialized environments and decrease their reproductive output (Fitzpatrick et al.
2015).
The genus Carex L. (Cyperaceae), with more than 2000 species (Judd et al. 2007;
Global Carex Group 2015), is one of the largest genera of angiosperms and one which
has experienced a relatively fast radiation (Escudero et al. 2012; Escudero & Hipp
2013). The sheer size of the genus and its perceived morphological homogeneity has
made it a botanical challenge. Moreover, the genus appears to harbor incipient or very
young species whose morphological limits are sometimes unclear (e.g. Whitkus 1988,
1992; Gehrke et al. 2010; Jiménez-Mejías et al. 2014) which has led to erroneous
consideration of cryptic morphological variation as the result of historical hybridization
(Cayouette & Catling 1992; Escudero et al. 2014). One such case appears to be within
the species Carex furva Webb, in which two previously discovered “morphogroups”
(Luceño 1986) are suggestive of incipient, recent, or merely cryptic speciation. This
speciation seems to be influenced by gene flow among morphotypes, as evidenced by
the presence of individuals with intermediate morphology and unclear limits for the
ranges of measured characters among morphological groups which precluded in the past
the consideration of two different species (Luceño 1986).
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The present study investigates the origin and diversification of C. furva and the two
morphotypes within it. We address how gene flow is shaping these recently-diverged or
still diverging populations, whether by increasing, decreasing or even maintaining
levels of differentiation.

Materials and Methods
Study species
Carex furva (Cyperaceae) constitutes an exclusive lineage (Baum & Shaw 1995) within
Carex section Glareosae G. Don (Maguilla et al. 2015). The species is endemic to the
Iberian Peninsula, where it inhabits high siliceous mountains from 1800 to 3100 m
above sea level (Luceño 2008). The species favors cool environments, growing only in
those microclimates within its range where snow persists longest throughout the year.
These specific habitat requirements have led to a narrow and discontinuous distribution
(Fig. 1) that we would expect to render the species highly sensitive to environmental or
climatic changes.
Morphological study
A total of 30 morphological variables (Table S1, Supporting information) were
measured in 40 herbarium specimens from M, SEV and UPOS herbaria (Index
Herbariorum; Thiers 2015), representing the entire geographic distribution of the
species (Table S2, Supporting information). An ocular micrometer was used for
measurements shorter than 10 mm, a standard 30-cm ruler for measurements larger than
10 mm, and an angular encoder for angles.
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Fig. 1. Map showing the 13 sampled populations across the full distribution of Carex furva. N1
to N3 indicate northern populations, C1 to C5 central populations and, S1 and S2 southern
populations. Pie charts indicate haplotypes (blue for H1, pink for H2, yellow for H3, light blue
for H4, red for H5, white for H6 and green for H7). The haplotype network in the right side of
the map was reconstructed in TCS using atpIH and psbA-trnH cpDNA sequences (the same
colors than in the map are shown). Numbers in parenthesis indicate how many individuals (out
of the 119 sampled) display each haplotype. Black dots represent unsampled or extinct
haplotypes and lines refer to single mutational steps.

Multivariate analyses were conducted using principal component analysis (PCA) on all
measured characters rescaled to unit variance using IBM SPSS Statistics v.20 (IBM
Inc., Chicago, IL, USA). Suitability of the data for finding structure was evaluated using
Kaiser-Meyer-Olkin’s measure of sampling adequacy (KMO) and Bartlett’s test of
sphericity in IBM SPSS Statistics v.20. Principal components with eigenvalues greater
than 1 and characters with more than 0.6 of weight in those principal components were
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retained, and KMO and Bartlett’s tests were repeated obtaining better KMO values, so
that the final PCA presented uses only 15 characters (Table S3).
DNA sampling and sequencing
A total of 119 individuals of C. furva were sampled including 12 to 16 individuals per
population across the range of the species (Fig. 1, Table 1). The exceptions were two
critically endangered populations in Portugal (Covilhã, Serra da Estrela, C1) and Spain
(Madrid, Sierra de Guadarrama, C5), comprising only one and seven individuals,
respectively (Table 1, but see also Fig. 1 to see the distribution of the populations). One
to two individuals of each of several other species in Carex section Glareosae were
sampled as outgroup (Table 1): C. billingsii (O.W.Knight) C.D.Kirschb., C.
brunnescens (Pers.) Poir., C. canescens L., C. diastena V.I.Krecz., C. glareosa Schkuhr
ex Wahlenb., C. heleonastes Ehrh. ex L.f., C. kreczetoviczii T.V.Egor., C. lachenalii
Schkuhr, C. loliacea L., C. mackenziei V.I.Krecz., C. marina Dewey, C. nemurensis
Franch., C. tenuiflora Wahlenb., C. trisperma Dewey, and C. ursina Dewey.
DNA was extracted from silica-dried leaves of individuals collected in the field and
leaves of specimens from 9 herbaria (BABY, BM, DAO, H, M, MHA, RSA, UPOS and
WTU; Index Herbariorum [Thiers 2015]) using the DNeasy Plant Mini Kit (Qiagen,
Valencia, CA, USA). Two cpDNA regions were PCR-amplified and sequenced: atpIH
and psbA-trnH. The atpIH region was amplified using atpI and atpH primers (Shaw et
al. 2007) following PCR conditions described by the authors in Shaw et al. (2007).
Reactions with a final volume of 25 µl contained: 2.5 µl 10x PCR buffer, 1.6 µl MgCl 2
at 50 mM, 2 µl dNTPs at 10 mM, 1 µl of each primer at 10 µM, 1 µl of 1x BSA, 0.3 µl
of Taq DNA polymerase at 5U/µl, and 1 µl of DNA. For the psbA-trnH region, primers
psbAF (Sang et al. 1997) and trnH2 (Tate & Simpson 2003) were used, and PCR was
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Table 1. Studied material from Carex section Glareosae. The “botanical country” where the species was collected following Brummitt (2001) and population
names for Carex furva (in parenthesis) are indicated. Locality, date and altitude of collection, voucher (including herbarium acronym and code of the
specimen as in Index Herbariorum [Thiers 2015] when available), NCBI Genbank accession number for each amplified cpDNA region (atpIH and psbAtrnH), and accession number of the RADseq data are also shown.

Population

Number
of
samples

NCBI accession number
Locality (long, lat). Collection date.
Altitude.

Voucher (herbarium
code)

Haplotypes

atpI-atpH

psbA-trnH

KU997970

KU998104

Carex billingsii (O.W.Knight) C.D.Kirschb.
ONT

1

Canada: Ontario, Perth County, Ellice A. A. Reznicek et al.,
Township, ca. 13 km E-NE of Stratford, 9715 (DAO-685014)
“Ellice Huckleberry Marsh”. (43.470263, 80.958874). 01/IX/1993.

C. brunnescens (Pers.) Poir.
SWE

1

Sweden: Jämtland, Enafors, along path. H. Smith, 3887 (BM)
13/VIII/1960. 550 m.s.m.

KU997978

KU998112

1

Spain: Lérida, central Pyrenees, Arán M. Luceño, 17ML11
valley, Tredós, Noguera de Ruda, silted up (UPOS-5304)
lagoon below Lago Mayor de Saboredo.
(0.967956, 42.617800). VIII/2011.

KU997977

KU998111

C. canescens L.
SPA 1
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SPA 2

1

Spain: Lérida, central Pyrenees, Tredós, E. Maguilla et al.,
Aguamoix river valley, path from Tredós’ 34EMS12 (UPOSSpa to Colomers’ lakes, besides first lake. 5045)
(0.924778, 42.629444). 16/VIII/2012. 2040
m.s.m.

SAMN04884654

C. diastena V.I.Krecz.
SAK

1

Russian Federation: Sakhalin región, NW S. Joneson, 3259
tip of Sakhalin Island, Sakhalinsky Bay, (WTU-391498)
Environs of Lake Uspenskoye. (53.457850,
141.972800). 11/VIII/2001.

POR (C1)

1

Portugal: Guarda, Serra da Estrela, Alto das E. Maguilla et al.,
Salgadeiras, near Pico Torre, below the 28EMS12 (UPOS)
reservoir.
(-7.607519,
40.327047).
02/VIII/2012.

SPA (C2)

11

Spain: Ávila, Sierra de Béjar, between La M. Luceño, 11ML11
Covatilla ski resort and Collado Bonal. (- (UPOS-5052)
5.695783, 40.339886). 20/VII/2011. 2250
m.s.m.

KU997972

KU998106

1 ind. H1

KU998084

KU998218

SAMN04884659

9 ind. H1

KU997989,
KU997996,
KU998003,
KU998010,
KU998017,
KU998024,
KU998034,
KU998042,
KU998050,
KU998056,
KU998064

KU998123,
KU998130,
KU998137,
KU998144,
KU998151,
KU998158,
KU998168,
KU998176,
KU998184,
KU998190,
KU998198

SAMN04884667

C. furva Webb
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SPA (C2)

1

Spain: Ávila, Sierra de Béjar, Hoyo Malillo M. Luceño et al.,
1 ind. H1
cirque.
(-5.734550,
40.295008). 21ML10 (UPOS-4319)
07/VIII/2010. 2300 m.s.m.

KU998046

KU998180

SPA (C3)

12

Spain: Ávila, Sierra del Barco, Alto de E. Maguilla et al.,
Castilfrío.
(-5.616602,
40.225602). 23EMS12 (UPOS15/VII/2012. 2210 m.s.m.
5039)

12 ind. H2

KU997983,
KU997990,
KU997997,
KU998004,
KU998011,
KU998018,
KU998025,
KU998035,
KU998072,
KU998080,
KU998088,
KU998095

KU998117,
KU998124,
KU998131,
KU998138,
KU998145,
KU998152,
KU998159,
KU998169,
KU998206,
KU998214,
KU998222,
KU998229

SAMN04884658

SPA (C4)

13

Spain: Ávila, Sierra de
Venteadero.
(-5.299869,
14/VII/2012. 2476 m.s.m.

11 ind. H2

KU997984,
KU997991,
KU997998,
KU998005,
KU998043,
KU998051,
KU998057,
KU998065,
KU998068,
KU998073,
KU998081,
KU998089,
KU998096

KU998118,
KU998125,
KU998132,
KU998139,
KU998177,
KU998185,
KU998191,
KU998199,
KU998202,
KU998207,
KU998215,
KU998223,
KU998230

SAMN04884656,
SAMN04884657

Gredos, El E. Maguilla and
40.253713). M.Luceño, 15EMS12
(UPOS-5037)
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SPA (C5)

7

Spain: Madrid, Sierra de Guadarrama, E. Maguilla and T.
Risco de los Pájaros. (-3.951164, Villaverde, 35EMS13
40.858708). 22/VIII/2013. 2323 m.s.m.
(UPOS-5141)

7 ind. H2

KU998012,
KU998019,
KU998026,
KU998030,
KU998036,
KU998044,
KU998058

KU998146,
KU998153,
KU998160,
KU998164,
KU998170,
KU998178,
KU998192

SAMN04884664

SPA (N1)

15

Spain: Orense, Sierra Segundera, between E. Maguilla, 39EMS13
Peña Trevinca and Jancional mountains. (- (UPOS-5117)
6.803569, 42.237971). 2085 m.s.m.
24/VIII/2013.

15 ind. H1

KU997982,
KU997995,
KU998002,
KU998009,
KU998016,
KU998023,
KU998033,
KU998041,
KU998049,
KU998055,
KU998063,
KU998071,
KU998079,
KU998087,
KU998094

KU998116,
KU998129,
KU998136,
KU998143,
KU998150,
KU998157,
KU998167,
KU998175,
KU998183,
KU998189,
KU998197,
KU998205,
KU998213,
KU998221,
KU998228

SAMN04884666
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SPA (N2)

15

Spain: Oviedo, Sierra de Somiedo, Natural E. Maguilla and T.
Park of Somiedo, base of Cornón mountain. Villaverde, 36EMS13
(-6.303181, 43.031189). 23/VIII/2013. (UPOS-5136)
2012 m.s.m.

15 ind. H1

KU997980,
KU997987,
KU997994,
KU998001,
KU998008,
KU998031,
KU998039,
KU998047,
KU998053,
KU998060,
KU998061,
KU998069,
KU998077,
KU998085,
KU998092

KU998114,
KU998121,
KU998128,
KU998135,
KU998142,
KU998165,
KU998173,
KU998181,
KU998187,
KU998194,
KU998195,
KU998203,
KU998211,
KU998219,
KU998226

SAMN04884665

SPA (N3)

13

Spain: Palencia, Curavacas mountain. (- S. Martín-Bravo and P. 13 ind. H1
4.683888, 42.983333). 30/VIII/2007. 2000 Jiménez-Mejías,
m.s.m.
172SMB07 (UPOS5054)

KU997981,
KU997988,
KU998015,
KU998022,
KU998032,
KU998040,
KU998048,
KU998054,
KU998062,
KU998070,
KU998078,
KU998086,
KU998093

KU998115,
KU998122,
KU998149,
KU998156,
KU998166,
KU998174,
KU998182,
KU998188,
KU998196,
KU998204,
KU998212,
KU998220,
KU998227

SAMN04884668
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SPA (S1)

15

Spain: Granada, Sierra Nevada, near Veleta E. Maguilla and J. M.
mountain, along the stream to Laguna de G. Cobos, 31EMS13
Los Vasares. (-3.368902, 37.049531). (UPOS-5132)
08/VIII/2013. 3098-3126 m.s.m.

15 ind. H3

KU997985,
KU997992,
KU997999,
KU998006,
KU998013,
KU998020,
KU998027,
KU998037,
KU998045,
KU998066,
KU998074,
KU998076,
KU998082,
KU998090,
KU998097

KU998119,
KU998126,
KU998133,
KU998140,
KU998147,
KU998154,
KU998161,
KU998171,
KU998179,
KU998200,
KU998208,
KU998210,
KU998216,
KU998224,
KU998231

SPA (S1)

1

Spain: Granada, Sierra Nevada, Lakes and
streams near to reservoir of Yeguas. (3.379389, 37.055042). 19/VIII/2006. 2860
m.s.m.

1 ind. H3

KU998038

KU998172

P. Jiménez-Mejías and
M. Escudero,
161PJM06 (UPOS3833)
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SPA (S2)

15

Spain: Granada, Sierra Nevada, from Peñón E. Maguilla and J. M.
negro to Siete Lagunas. (-3.294219, G. Cobos, 34EMS13
37.036703). 09/VIII/2013. 2952 m.s.m.
(UPOS-5135)

5 ind. H3
9 ind. H4
1 ind. H7

KU997986,
KU997993,
KU998000,
KU998007,
KU998014,
KU998021,
KU998028,
KU998029,
KU998052,
KU998059,
KU998067,
KU998075,
KU998083,
KU998091,
KU998098

KU998120,
KU998127,
KU998134,
KU998141,
KU998148,
KU998155,
KU998162,
KU998163,
KU998186,
KU998193,
KU998201,
KU998209,
KU998217,
KU998225,
KU998232

KU997975

KU998109

KU997971

KU998105

C. glareosa Schkuhr ex Wahlenb.
FIN

1

Finland: Central Ostrobothnia, Kälviä, R. Alho and K. Alho,
Ruotsalo, Pirskeri, seashore meadow at s.n. (H-690032)
Kipponkari.
(63.850000,
23.300000).
14/VII/1985.

C. heleonastes Ehrh. ex L.f.
YUK

1

Canada: Yukon Territory, 2 km S of B. A. Bennett and R.
Halfway Lakes, NW of the road. S. Mulder, 06-052
(63.794410, -135.815610). 01/VII/2006.
(BABY-05693)

C. kreczetoviczii T.V.Egor.

142

SAMN04884661,
SAMN04884662,
SAMN04884663

Chapter 5. Secondary contacts short-circuit allopatric speciation

KAM

1

Russian Federation: Kamchatka Krai, A. E. Kozhevnikov,
Yelizovsky
district,
Zavoyco
Bay. s.n. (MHA)
(52.948286, 158.674637). 02/VIII/1979.

KU997966

KU998100

KU997979

KU998113

C. lachenalii Schkuhr
SPA 1

1

Spain: Lérida, Tredós, Arán Valley, Cirque M. Luceño, 13ML11
of Colomers. (0.920722, 42.599889). (UPOS-5051)
VIII/2011.

SPA 2

1

Spain: Lérida, Tredós, superior lake of E. Maguilla et al.
Colomers, lake Port de Colomers. 37EMS12 (UPOS(0.920722, 42.599889). 17/VIII/2012. 2409 5046)
m.s.m.

1

Finland: Oulun Pohjanmaa, Kiiminki, P. Paasovaara, s.n. (Mjuuvansydänmaa, E part of Joutenojanpalo 0177502)
just W of Karsikkosuo. (65.113300,
25.968600). 15/VI/1983.

KU997967

KU998101

Russian Federation: Leningrad district, P. Alanko, 72774 (HLavansaari, near sea shore on the place of 1671648)
former
village
site.
(60.019997,
27.826192). 14/VII/1992.

KU997976

KU998110

SAMN04884655

C. loliacea L.
FIN

C. mackenziei V.I.Krecz.
RUW

1

C. marina Dewey
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NWT

1

Canada: Northwest Territories, Mackenzie A. Cairns, 1136
District, Nahanni National Park, confluence (DAO-159303)
of Flat and Nahanni rivers. (61.535256, 125.361333). 10/VIII/1977.

KU997968

KU998102

Russian Federation: Sakhalin Oblast, V. Y. Baryualov, s.n.
Korsakov district, Ozersky. (46.606591, (MHA)
143.111949). 15/VII/1982.

KU997973

KU998107

Canada: Yukon Territory, Aishihik Road, B. A. Bennett and P.
ca. km 105. (61.482076, -137.126337). Seccombe-Hett, 0423/VI/2004.
0180 (DAO-798358)

KU997965

KU998099

1

USA: Pennsylvania, Jefferson County, D. E. Boufford and E.
Eldred Township, Pennsylvania route 949 W. Wood, 21103
at Mill Creek -union Township line-, S of (RSA-292625)
the town of Sigel. (41.271374, -79.116061).
18/VI/1979.

KU997969

KU998103

1

Canada: Yukon Territory, Ivvavik National B. A. Bennett, 05Park, Clarence Lagoon. (69.618713, - 1088 (DAO-806136)
140.767175). 07/VIII/2007.

KU997974

KU998108

C. nemurensis Franch.
SAK

1

C. tenuiflora Wahlenb.
YUK

1

C. trisperma Dewey
PEN

C. ursina Dewey
YUK
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conducted using the same reagent concentrations as for the atpIH region, with thermal
cycling conditions as follows: 5 min of initial DNA denaturation at 80ºC followed by 35
cycles with 30 s of denaturation at 94ºC, 30 s of primer annealing at 53ºC, and
extension at 72ºC for 1 min, finishing with 10 min of final extension at 72ºC. All
reactions were conducted in a Bio-Rad T100TM Thermal Cycler and products were
purified using ExoSAP-IT (USB, Cleveland, OH, USA). Sequencing followed Escudero
& Luceño (2009).
Phylogenetic analyses of cpDNA sequences
All 119 C. furva samples (Table 1) were included in phylogenetic analyses, as well as
one sample each of C. brunnescens (SWE), C. canescens (SPA 1) and C. lachenalii
(SPA 1; Table 1), used as outgroup based on previous phylogenetic study of Carex
section Glareosae (Maguilla et al. 2015). Sequences for atpIH and psbA-trnH were
assembled and edited separately using Geneious v.6.1.7 (Biomatters, Auckland, New
Zealand), and then aligned with MUSCLE (Edgar 2004) before being concatenated in
Geneious v.6.1.7. Indels were coded manually as presence or absence at the end of the
data matrix following the “simple indel coding” (Simmons & Ochoterena 2000).
Bayesian inference (BI) was performed using MrBayes 3.2 (Ronquist et al. 2012)
within Geneious v.6.1.7. Substitution models were selected for each of the two cpDNA
regions separately, based on the highest Akaike Information Criterion weights (AICw;
Akaike 1974) calculated in jModelTest 2.1.3 (Darriba et al. 2012). Indels were analyzed
as a different data partition using a F81-like model following Jiménez-Mejías et al.
(2012). Posterior probabilities (PP) were calculated as clade support. Unweighted
Maximum Parsimony (MP) analyses were conducted on the concatenated matrix using
TNT 1.1 software (Goloboff et al. 2008), and Maximum Likelihood (ML) analysis in
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RAxML 7.2.6 (Stamatakis et al. 2008) using bootstrap calculation (BS) as clades
support, using the GTRGAMMA model, with 10000 fast bootstraps followed by slow
ML optimization (default –f a search). Details of phylogenetic reconstruction follow
Maguilla et al. (2015).
Analysis of DNA haplotypes
The cpDNA haplotype network was reconstructed for the 119 ingroup samples (C.
furva; Table 1) using the concatenated matrix of atpIH and psbA-trnH sequences,
following the statistical parsimony method (Templeton et al. 1992) as implemented in
TCS 1.21 (Clement et al. 2000). Indels were coded following “simple indel coding” in
(Simmons & Ochoterena 2000), and gaps were treated as missing data in the TCS
analysis.
We repeated the analysis in TCS with species in the sister clade to C. furva (viz., C.
billingsii, C. brunnescens, C. diastena, C. glareosa, C. heleonastes, C. kreczetoviczii, C.
lachenalii, C. loliacea, C. mackenziei, C. marina, C. nemurensis, C. tenuiflora, C.
trisperma and C. ursina; Table 1) following Maguilla et al. (2015), to compare the
number of mutational steps between sister species versus non-sister species in this
clade. We then compared the number of mutational steps among C. furva individuals
with the same morphotype (based on morphology PCA analyses) to the number of steps
among individuals that differed in morphotype.
Divergence time analysis
Divergence times were estimated for C. furva in BEAST v.1.8.1 (Drummond et al.
2012) implemented in CIPRES Science Gateway (Miller et al. 2010), using an
uncorrelated log normal relaxed-clock model. The matrix analyzed in BEAST was a
modification of the whole matrix used to estimate diversification times in the entire
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genus Carex in a previous study by Escudero et al. (2012), including ITS1 and ITS2,
ETS and trnL-trnF sequences (see Table S4 in Supporting information, for details about
the sampling and full methods of the analysis). The final matrix included 178 taxa and
an aligned length of 2878 sites (Data S1, Supporting information).
We included six calibration points to get convergence of the divergence time analysis:
(1) the stem node of the Cyperaceae family was estimated in Escudero & Hipp (2013)
as mean = 88 Ma and s.d. = 2.5 Ma. Furthermore, we used two other secondary
calibration points corresponding to (2) the crown node of Carex section Ovales (mean =
4.79 Ma, s.d. = 3.59) and (3) Carex section Spirostachyae (mean = 13.8 Ma, s.d. = 9.85
Ma; Escudero et al. 2010). Additionally, we included three calibration points from the
fossil record: (4) Crown node of the genus Carex dated in Smith et al. (2010) in the
Late Eocene (mean 37.2 Ma, s.d. = 1.25 Ma; Mai, 1999), (5) the origin of genus Scirpus
(mean = 28.4 Ma, s.d. = 1.25 Ma; Mai 1997, 1999, 2000; Smith et al. 2010), and (6), the
age of the earliest fossil found for Carex section Phacocystis (mean = 3.25 Ma, s.d. =
0.75 Ma; Jimenez-Mejias & Martinetto 2013).
We ran 20 independent Markov Chain Monte Carlo (MCMC) analyses of 100 million
generations each, sampling every 20000 generations. Evolutionary models were
selected based on the maximum AIC weight from the analysis of each DNA region in
jModelTest 2.1.3 (Darriba et al. 2012): GTR+G for ETS (AICw = 0.9597), GTR+I+G
(AICw = 0.7705) for ITS and GTR+G (AICw = 0.7315) for trnL-F. Indels were treated
as missing data. The maximum credibility tree was calculated in TreeAnnotator v. 1.8.0
(Drummond & Rambaut 2007) using 50000 trees selected at random using R v.3.2.2 (R
Core Team 2015), after excluding the first 30% of trees as burn-in.
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Restriction site-associated DNA sequencing (RADseq) analyses
From all C. furva samples included in phylogenetic studies (Table 1), we selected a
subsample of 13 individuals including one sample per population except for two
populations in Spain: Ávila, Sierra de Gredos (C4, Table 1; included two samples) and
Granada, Sierra Nevada (population S2; three samples included), which were
oversampled to represent each of the detected haplotypes. In the population in Spain,
Ávila, Sierra de Béjar (C2), we were able to include only one out of the two detected
haplotypes due to lack of material (Table 1). We included one sample of C. canescens
(SPA 2) and one of C. lachenalii (SPA 2) as outgroup (Table 1).
DNA was extracted from silica-dried specimens as specified above. Preparation of
RADseq libraries using restriction enzyme PstI from genomic DNA followed by
sonication and barcoding was performed by Floragenex Inc. (Eugene, Oregon, USA)
following Baird et al. (2008) using barcodes specific to each sample. We used pyRAD
v.2.13 (Eaton 2014) for demultiplexing and clustering, following methods in Hipp et al.
(2014), using a clustering threshold of 90% similarity and minimum sequencing depth
of 10 sequences per locus for within-sample clustering; 90% similarity and a minimum
of four individuals per locus for among-individual clustering. We investigated the
effects of clustering threshold and minimum number of individuals per locus (as
recommended in Ree & Hipp 2015) but found essentially no effect on topology, and
very little effect on support values; consequently, we do not report on these alternative
analyses in this paper.
Loci were concatenated to make a supermatrix using the package RADami 1.0-3 (Hipp
2014) in R v.3.2.2 (R Core Team 2015), which was analyzed using maximum likelihood
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in RAxML 7.2.6 (Stamatakis et al. 2008) under an unpartitioned GTRCAT model and
bootstrap supports for clades calculated using 200 nonparametric bootstrap replicates.
Patterson’s D-statistic test for introgression
To detect historical introgression between main lineages of the resulting phylogeny
from RADseq analyses, we used the four taxon D-statistic (Green et al. 2010; Durand et
al. 2011) as implemented in pyRAD v.2.13 (Eaton 2014). The D-statistic test is based
on the expectation that introgression from an population P3 into either of two
populations P1 or P2 can be distinguished from the effects of lineage sorting if the
species tree topology is known to be asymmetrical, with this form: (((P1,P2),P3),O),
where O is the outgroup. We performed the D-statistic analysis with every possible
combination of the populations from Portugal (Covilhã, Serra da Estrela, population C1;
Table 1) and from Spain such as Ávila, Sierra del Barco (C3), Ávila, Sierra de Béjar
(C2) or specimens from Granada, Sierra Nevada (S2) with haplotypes H4 or H7 (as P1);
Oviedo, Sierra de Somiedo (N2), Madrid, Sierra de Guadarrama (C5), Palencia,
Curavacas Mountain (N3), Orense, Sierra Segundera (N1) or Ávila, Sierra de Gredos
(C4) (as P2); specimens with haplotype H3 from Granada, Sierra Nevada (S1 and S2)
(as P3); and the clade formed by C. canescens and C. lachenalii (as O). We included
heterozygous sites in the analyses and ran 1000 bootstrap iterations for each replicate to
get the standard deviation of the D-statistic.
We performed a partitioned D-statistic test (Eaton & Ree 2013; Eaton et al. 2015) to
investigate the directionality of introgression. This test is based on the asymmetry of
occurrence of derived alleles present in two P3 sub-lineages or only one of these, and
present in lineage P2 or P1 but not both, given the topology (((P1,P2),(P31,P32)),O). We
selected the same samples of typical C. furva to represent lineages P1, P2 and O as we
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had used in the four-taxa D-tests. For P3, we selected P31 to be the C. furva morphotype
from Granada, Sierra Nevada, population S1; Table 1) and P32 to be population S2 also
from Granada, Sierra Nevada (Table 1). With this sampling, if the dominant
introgression were from one of the Sierra Nevada populations of C. furva (P31 or P32) to
the typical populations P1 or P2, we would expect on average (across the many loci
tested) to find introgressed alleles also in the other P3 population due to shared ancestry,
because the split of P1 or P2 from P3 preceded divergence between the P3 populations,
so P31 and P32 should share these alleles from a common ancestor. Conversely, if the
direction of introgression is from P1 or P2 to one of the P3 populations, the other
populations of P3 will not exhibit these alleles because is not inherited from a common
ancestor of P31 and P32 but the result of an introgression event (Eaton & Ree 2013;
Eaton et al. 2015). Thus, the 5-taxon D-statistic tests complements the 4-taxon test in
our study by allowing us to evaluate first whether gene flow is present between
morphotypes, then whether gene flow from the dominant morphotype may be
swamping the more restricted morphotype.

Results
Morphological study
Two distinct groups were detected in the PCA constructed with all 30 measured
variables (Table S3, Supporting information) as well as in the PCA performed with
selected variables (Fig. 2; Table S3 in Supporting information): one composed of
populations from the south and the other of populations from the north and central
Iberian Peninsula (Fig. 3). Although we lack the H7 haplotype in the morphological
study, individuals from S2 population with haplotype H4 are more similar to the
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northern-central morphotype than from the southern one, which seems to be represented
only by individuals with H3 haplotype, confirming intermediate morphologies in one of
the sampled populations in the south (Figs. 1 and 2).

Fig. 2. Principal Component Analysis
(PCA) scatter plot of the first two principal
components using 15 morphological
variables selected based on the higher
weight in component matrix in preliminary
principal component analysis. Squares are
used to represent northern populations,
triangles for central populations, and
circles for southern populations. Colors
indicate haplotypes (see haplotype list:
blue for H1, pink for H2, yellow for H3,
light blue for H4, red for H5, white for H6
and grey for unknown). Percentages in the
X and Y axes show the amount of variance
explained per each principal component.

Phylogenetic analyses of cpDNA sequences and origin of Carex furva
We sequenced atpIH and psbA-trnH regions for all 136 sampled individuals (see
matrices in Data S2 and S3, Supporting information). Based on results by jModelTest
(Darriba et al. 2012) including all C. furva samples and C. brunnescens (SWE), C.
canescens (SPA 1) and C. lachenalii (SPA 1) as outgroup (Table 1), the evolutionary
model that best fits for atpIH was GTR (AICw = 0.3182 [AICw for GTR+I = 0.2913,
for GTR+G = 0.2784, for GTR+I+G = 0.1073]), whereas for psbA-trnH the selected
model was HKY (AICw = 0.2350 [AICw for F81 = 0.1917, for GTR = 0.1094, for
HKY+I = 0.0864]).

151

Chapter 5. Secondary contacts short-circuit allopatric speciation

Carex furva constitutes an exclusive lineage significantly supported in BI and ML
analysis of the combined matrix (1.0 PP / 99 % ML-BS; Fig. S1, Supporting
information). Although the southern populations (S1 and S2) are paraphyletic with
respect to all other populations, the central and northern populations together form an
exclusive lineage with significant support (0.98 PP and 99 % BS; Fig. S1, Supporting
information).
Finally, the crown age of C. furva was dated to be 1.98 Ma (95% highest posterior
density interval, HPD of 0.74-3.42 Ma), falling in the Pleistocene to early Pliocene (Fig.
S2, Supporting information).

Fig. 3. Examples of general aspect and inflorescence detail of both morphotypes found in Carex
furva: A. Individual from central population in Spain, Sierra de Béjar (population C2, Table 1);
B. Southern population in Spain, Sierra Nevada (S1, Table 1).
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Analysis of DNA haplotypes
The cpDNA haplotype network shows seven sampled and six missing haplotypes (Fig.
1, but see Table S5, Supporting information for a full list of haplotypes per individuals).
Three major haplotypes are geographically segregated: one from the northern and
central-western populations (H1), one from the central-eastern populations (H2), and
one (H3) exclusive to the south. Seven mutational steps differentiate H1 from H3, while
only two steps separate H1 from H2 (Fig. 1). Haplotypes intermediate between H1 and
H3 were found in the south (haplotypes H4 and H7), and also two minor haplotypes in
the central populations (H5 and H6) differing only by one mutational step from H2 and
H1 respectively (Fig. 1).
Considering two different groups based on the haplotype similarity (specimens with
haplotypes H1, H2 and H4 to H6 versus individuals with H3 and H7 haplotypes), only
one to four mutational steps differentiate individuals of C. furva within the same
haplogroup (Fig. 4). Comparing among these two haplogroups of C. furva, we found
four to 11 mutational steps, which overlaps with the range in sister and non-sister
species comparisons in Carex sect. Glareosae following topology in Maguilla et al.
(2015) in the sister clade to C. furva with five to nine, and one to 19 steps of differences
respectively (Fig. 4).
Restriction site-associated DNA sequencing (RADseq) analyses
Individuals in this study are represented by an average of 7.64E05 sequencing reads
(5.66E05–2.68E06) after quality filtering in pyRAD v.2.13 (Eaton 2014). After
clustering we recovered 2.02E04 loci per individual that passed paralog filtering
(1.56E04–3.21E04). The concatenated matrix of aligned loci including gaps had a total
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3.12E06 sites and 4.51E04 variable sites (of which 1.13E04 were potentially parsimony
informative), with 55.28 % missing data.

Fig. 4. Boxplots showing mutational steps among haplotypes obtained using atpIH and psbAtrnH cpDNA sequences. Comparisons have been made: 1. among non-sister species in Carex
section Glareosae in the clade sister to C. furva (see Maguilla et al. 2015), 2. among sister
species in the clade sister to C. furva (see Maguilla et al. 2015), 3. among haplogroups
representing C. furva morphotypes, and 4. within haplogroups representing C. furva
morphotypes.

The ML phylogeny of the RADseq matrix shows three major clades within species (Fig.
5): clade A (100 % BS support) containing all northern populations (N1 to N3) and the
easternmost central populations (C4 and C5) in a different clade, both clades with 100
% BS support; clade B (98 % BS), including the westernmost-central populations (C1 to
C3) and two individuals from S2 population from the south with haplotypes H4 and H7
(Figs. 1 and 5); and clade C (100 % BS) containing individuals with haplotype H3 from
both sampled populations in the south of the Iberian Peninsula (S1 and S2; Figs. 1 and
5).
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Fig. 5. Maximum Likelihood (ML) phylogram obtained from RAxML analysis of the RADseq
sequences. Analyzed matrix was obtained using clustering at 90% of similarity, a minimum of
10 sequences per locus as depth coverage per individual, and a minimum of at least 4
individuals having a given locus to maintain it in the final matrix. Values above branches
indicate ML bootstrap support. Tip labels indicate population names as in Table 1 using squares
to represent northern populations, triangles for central populations and circles for southern
populations. Haplotypes are shown using colors as legend (blue for H1, pink for H2, yellow for
H3, light blue for H4, red for H5, white for H6 and green for H7). Scale bar corresponds to
substitutions per site. Grey arrows indicate the direction of introgression detected using the Dstatistic test at 0.01 significance level showing the percentage of each of the 50 analyses
performed that support each scenario of introgression.
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D-statistic test for introgression
Four-taxa D-statistic test detected introgression mostly between clades B and C,
supported by 88.33% of the 60 test performed (Table S6, Supporting information). This
is congruent with the best-supported pattern of introgression showed by partitioned Dstatistic test (five-taxa), from central to southern populations, in particular from clade B
to clade C (Fig. 5; Table S6 in Supporting information), which is supported at 0.01
significance level in 52% of the 50 tests we performed. Two other patterns of
introgression were detected from clade C, which consists of southern populations S1
and S2 with haplotype H3, to clade A (12% of tests) and clade B (36% of tests; Fig. 5;
Table S6 in Supporting information).

Discussion
Origin and diversification of Carex furva
Alpine plants of the Mediterranean Basin have mostly followed a common
biogeographic pathway in response to climate changes during the Quaternary: migration
to lowlands during glaciations and to higher altitudes during warmer periods (Van
Andel & Tzedakis 1996; Hewitt 2000; Vargas 2003). The evolutionary history of C.
furva is, in part, one more such example. The origin of C. furva in the Pleistocene to
early Pliocene (ca. 1.98 Ma; Fig. S2, Supporting information) suggests a broader
distribution of the species during glacial periods, followed by relative isolation in high
mountain refugia during interglacial periods such as the present (Fig. 1). This pattern of
range contraction at higher elevations is well documented in other alpine plant species
(Pauli et al. 1996; Walther 2003; Walther et al. 2005).
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The Iberian, Italic and Balkan Peninsulas as well as the Caucasus region all acted as
floristic refugia in Europe during glacial periods (Taberlet et al. 1998; Petit et al. 2003;
Hewitt 2004), while the highest altitudes of mountains serve as refugia for alpine
species during interglacial periods (Bennett et al. 1991; Brochmann et al. 2003; Tribsch
& Schönswetter 2003). The resulting disjunct distribution we find in C. furva (Fig. 1) is
found in other montane Carex species such as C. reuteriana —profound enough that it
has led to the definition of different taxonomic entities— (Jiménez-Mejías et al. 2011),
and a number of other species endemic to Iberian alpine habitats such as Campanula
herminii (Sáez & Aldasoro 2001), Gentiana bryi (Renobales 2012), Linaria elegans
(Fernández-Mazuecos & Vargas 2013) or Senecio boissieri (Peredo et al. 2009). With
restriction of gene flow among mountain refugia following isolation of populations, we
would expect speciation to be almost inevitable. Carex furva may be thought of as
either in the midst of speciation or as two very young species, diagnosable
morphologically (Figs. 2 and 3) and genetically (Figs. 1, 4 and 5).
The success of speciation process
When should we consider reproductively isolated populations to be separate species?
As alluded to in the previous paragraph, the decision to consider C. furva two species
actively differentiating versus two recently-differentiated species is somewhat arbitrary,
based on the point at which one is willing to recognize two populations as distinct at the
species level (cf. Mayden 1997). Carex furva falls within a clade—Carex section
Glareosae—that harbors several good examples of discordance among nuclear genetic
data, organellar genetic data, and morphology in our understanding of species limits
(Maguilla et al. 2015). Many morphologically well-defined species in Carex section
Glareosae exhibit limited plastid genetic differentiation (Fig. 4). Yet between the
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morphotypes of C. furva (Figs. 2 and 3) we find greater genetic differentiation than we
find among non-sister species in Carex section Glareosae (Fig. 4). This is presumably
due in part to the small population sizes of the C. furva morphotypes in comparison to
most Glareosae species, which tend to have relatively large—often intercontinental—
distributions. Thus, the genetic and morphological differentiation among C. furva
morphotypes belies a relatively recent divergence.
Secondary contacts and speciation during the Quaternary
Climatic oscillations during the Quaternary shaped the biodiversity of Europe by
migrations of species to lower and higher altitudes and latitudes during glacial and
interglacial periods respectively, allowing diversification and genetic differentiation of
these species in glacial refugia (Hewitt 2004). Although climatic changes during the
Pleistocene have been shown to decrease speciation rates in some organisms (e.g.
Turgeon et al. 2005), the effect of glaciation in isolating populations within species had
a positive effect on speciation rates in many groups of organisms (e.g. Bennett 2004;
Zink et al. 2004; Good-Avila et al. 2006). Alternating cycles of population
fragmentation and expansion during the Pleistocene provided opportunities for
demographic fluctuations and population divergence as well as episodes of secondary
contact or hybridization (Avise 2000). The origin of C. furva, ca. 1.98 Ma (Fig. S2,
Supporting information), suggests that a broader distribution of the species during
colder periods was followed by refuge and isolation in high mountains after glaciations
of the Pleistocene. Differentiation between morphotypes identified in this study (Figs. 1
and 2) was thus most likely a consequence of allopatry. A widespread continuous
ancestral distribution would explain the finding of intermediate haplotypes between
southern and central-northern populations that were found in our haplotype network
(Fig. 1). Moreover, based on RADseq analyses (Fig. 5), the individuals with
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intermediate haplotypes are more closely related to central and even northern
populations than southern populations. This provides additional support for secondary
contacts and introgressions among these populations, potentially counteracting the
relatively recent divergence among populations.
Based on partitioned D-statistic tests (Fig. 5; Table S6, Supporting information), the
most plausible pattern of secondary contact is from central populations to the south.
These secondary contact events might be due to long distance dispersal (LDD), which is
not uncommon in the Cyperaceae (Viljoen et al. 2013), including Carex (e.g. Villaverde
et al. 2015a; b). However, the lack of any haplotype typical from northern and central
populations (H1, H2, H5 and H6) and the presence of intermediates haplotypes (H4 and
H7) make the hypothesis of recent long distance dispersal very unlikely (Fig. 1). In
addition, the finding of secondary patterns of introgression from northern populations to
the south and south-to-north introgression (Fig. 5; Table S6, Supporting information)
fits better with multiple events of secondary contact during range expansions, an
expected consequence of alternating glacial and interglacial cycles during the
Pleistocene (Ikeda et al. 2012), and admixture among populations in lower altitudes
during colder periods. This is also supported by other studies describing this common
behavior of alpine plant species in the Iberian Peninsula (Robledo-Arnuncio et al. 2005;
Fernández-Mazuecos & Vargas 2013).
Speciation with gene flow vs speciation in reversal
Given the most likely hypothesis that C. furva is undergoing or has recently undergone
an allopatric speciation by vicariance, followed by secondary contact and gene flow
between the diverged populations, should C. furva best be thought of as an example of
short-circuited or reversed speciation (Turner 2002)? While moderate levels of gene
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flow can prevent speciation or divergence among populations (Bolnick & Nosil 2007;
Räsänen & Hendry 2008), speciation is possible even in the face of limited dispersal
and gene flow between populations (Runemark et al. 2012). Gene flow or historical
hybridization is not uncommon among species during Quaternary (Cronn et al. 2003;
Pelser et al. 2010), and it can occur in both endemic and widespread species (Ikeda et
al. 2012) without eroding species boundaries. Speciation reversal has been
demonstrated in animals (e.g. Taylor et al. 2005; Seehausen 2006; Webb et al. 2011;
Vonlanthen et al. 2012; Bhat et al. 2014) and typically is shown to erode incipient
species boundaries in few generations (Taylor et al. 2005). Speciation reversal requires
an increase in the rate of gene flow that cross a threshold in which species boundaries
are broken, a change in ecological conditions that favors contact among species, or a
combination of both (Seehausen 2006). The young, morphologically and genetically
distinctive divergent populations within C. furva appear to have maintained
distinctiveness in spite of historical gene flow among the central-northern and southern
populations but also despite climatic and ecological oscillations during the Quaternary.
Thus, we interpret these populations as young, novel species, even more restricted in
distribution than C. furva in the broad sense has been thought to be. We expect these
species to remain distinct despite occasional events of gene flow between vicariant
populations.
We concluded that allopatric differentiation we detect in C. furva has been shortcircuited apparently more than once by secondary contacts during glacial periods of the
Quaternary. Our evidence provides reason to believe that divergence among
morphogroups will persist in the future as it has in the past, and that speciation will
therefore continue despite occasional hybridization or gene flow events. Nevertheless,
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drastic changes in climatic or any other environmental factor could affect the speciation
process in a different way or even interrupt or reverse it.
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DISCUSSION
Carex section Glareosae at the present
Phylogenetic circumscription and placement within Carex
The existence of a core Glareosae clade with most of the species traditionally included
in section Glareaosae was proved twice over the present dissertation. First, in a
phylogeny constructed using supermatrix approaches with four DNA regions (the
nrDNA markers ETS, ITS and G3PDH, plus the cpDNA matK), and again in a
phylogeny using 14 DNA regions (nrDNA ETS, ITS, CATP, G3PDH and GZF, and
cpDNA regions 5’trnK intron, atpIH, matK, ndhJ-trnF, psbA-trnH, rpl32-trnL, rps16,
trnC-ycf6 and ycf6-psbM; Fig. 1). However, core Glareosae clade lacks monophyly
when analysing individual markers by separate (see chapter 2 Supporting Information).
In this case, species from other sections (e.g. sect. Deweyanae) appear embedded within
Glareosae. Despite the considerable increase in the number of DNA regions of the
phylogeny in chapter 3 comparing to the one in chapter 2, topology of the inferred
phylogeny was mostly congruent in both cases, as well as with other recent studies
based on three to four DNA regions (e.g. Global Carex Group, 2016). Our results shed
light on a new systematic framework for a monophyletic Carex section Glareosae,
which better reflects a natural classification. Although further studies are needed to
clarify the taxonomic status of few taxa, we currently consider 26 species within Carex
section Glareosae, based on phylogenetic and morphological evidences (Fig. 1; but see
Table 1 in chapter 2 plus chapter 4). Carex illota, traditionally included within Carex
sect. Ovales (Mackenziei, 1935; Mastrogiuseppe et al., 2002), is now included into
Glareosae. The absence of winged utricle margins —as in the other species in section
Ovales (Kükenthal, 1909; Egorova, 1999; Mastrogiuseppe et al., 2002)— and
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phylogenetic data (Ford et al., 2006; Hipp et al., 2006; Hipp, 2008) already suggested its
exclusion from Ovales in previous studies. This species appears in our phylogenies with
C. arcta and C. laeviculmis, in a sister clade to the remaining species in Glareosae
(chapter 2).
Related to the whole genus Carex, section Glareosae is placed within the Vignea clade
(Global Carex Group, 2015), which includes most species in the traditionally recognised
subgenus Vignea. Carex section Chordorrhizeae (Heuff.) Meinsh. seems to be the most
closely related section, sister to the whole Glareosae (Fig. 1; chapter 3 Supporting
Information). This is in congruence with previous phylogenetic reconstructions
(Hendrichs et al., 2004).

Species delimitation within Carex section Glareosae
Cryptic taxa within the section have remained hidden as a single species or as a
subspecies within other species. Thus, we have confirmed C. billingsii to be a single
species as described in Kirschbaum (2007), and not a subspecies within its sister
species, C. trisperma (as in Egorova, 1999; Toivonen, 2002). Additionally, C. furva s.l.
has been split into two different species based on phylogenetic and morphological data
(chapter 4). We have described a new species, C. lucennoiberica, from the Iberian
Peninsula (Sierra Segundera, Sierra del Cornón, Fuentes Carrionas, Sierra de Gredos,
Sierra de Guadarrama and Sierra Nevada in Spain, and Serra da Estrela in Portugal).
The description of part of the morphological variability of C. furva s.l. under C.
lucennoiberica has restricted the distribution of C. furva s.s. to Sierra Nevada (Granada,
Spain). Nowadays, this species could be one of the most endangered in the section,
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which is known to be affected by climate change due to its specific ecological

Sect. Ovales

Sect. Deweyanae

requirements of extremely cold areas (Luceño, 1986, 2008).

Sect. Elongatae
Sect. Remotae
Sect. Heleoglochin
Sect. Phaestoglochin
Sect. Chordorrhizae

Figure 1. Majority-rule consensus tree obtained in the Bayesian inference analysis of the
combined matrix including ETS, ITS, CATP, G3PDH, GZF, 5’trnK intron, atpIH, matK, ndhJtabE, psbA-trnH, rpl32-trnL, rps16, trnC-ycf6 and ycf6-psbM regions. Posterior probabilities
are shown above branches (only when PP >0.9), and maximum likelihood (ML) bootstrap
support (when BS >70%) below branches. The red line represents the boundaries of Carex
section Glareosae G. Don (Cyperaceae), and tip labels the species names. The scale bar
indicates substitutions per site.
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At infraspecific level, only two subspecies present phylogenetic significance and
morphological synapomorphies to be considered after our study: C. canescens subsp.
disjuncta and C. lachenalii subsp. parkeri. The first one is differentiated from its type
species by having the lower spikelets separated, the lowermost by 2-5 cm (approximate
to slightly remote in C. canescens s.s.; Toivonen, 2002). Carex lachenalii subsp.
parkeri, occurring in New Zealand, is differentiated from its type species from the
Northern Hemisphere by having smaller utricles than C. lachenalii s.s., with more
distinct papillae and shorter beak, as well as female glumes equalling utricle (instead of
shorter as in C. lachenalii s.s.; Toivonen, 1979). Both subspecies constitute
monophyletic clades in our phylogeny. Despite the presence of synapomorphies, the
absence of clear morphological cuts with the variability of their type species, made us to
maintain their consideration as subspecies until more exhaustive studies are performed.
Detailed studies are also needed to clarify whether to accept the species C. arctiformis
and C. kreczetoviczii. Carex arctiformis is considered at species level by Toivonen
(2002) and is closely related to C. canescens in our phylogeny (Fig. 1). Despite the
absence of enough phylogenetic differentiation (variable position in different
phylogenetic approaches; see chapter 2 and 3 phylogenies), we decided to still maintain
this species based on homoplasic characters (more approximate spikelets in C.
arctiformis and longer pistillate scales than C. canescens; Toivonen, 2002; but see also
ancestral state reconstruction in chapter 2). The phylogenetic significance of C.
kreczetoviczii could not be tested due to the availability of only one sample. As in C.
arctiformis, homoplasic characters described by Egorova (1959, 1999) differentiate this
species from its closely related species, C. brunnescens. In this case, the range of
morphological variability of C. brunnescens could include the morphotype described as
C. kreczetoviczii by Egorova (1959). We need additional studies to establish whether or
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not C. kreczetoviczii is an independent biological entity and the best taxonomical
category (species, subspecies or none).

Species relationships within section Glareosae
Three major monophyletic clades can be differentiated within the section: a basal clade
constituted by C. arcta, C. illota and C. laeviculmis, sister to the remaining species in
the section; a second clade including C. arctiformis, C. bonanzensis, C. canescens, C.
lapponica, C. praeceptorum, C. pseudololiacea and C. traiziscana; and a third clade
with the remaining species (C. billingsii, C. brunnescens, C. diastema, C. furva, C.
glareosa, C. heleonastes, C. kreczetoviczii, C. lachenalii, C. loliacea, C. lucennoiberica,
C. mackenziei, C. marina, C. nemurensis, C. tenuiflora, C. trisperma and C. ursina; Fig
1). Main characters used for species delimitation in Glareosae in different floras
(Kreczetovich, 1935; Chater, 1980; Egorova, 1999; Toivonen, 2002) are not
synapomorphic for all members on each of the main clades (see ancestral states
reconstructions in chapter 2). Comparing different phylogenetic reconstructions in
chapter 2 and 3, as well as the obtained by the Global Carex Group (2016), main
topological discordance is found in the position of the C. brunnescens-C. kreczetoviczii
clade. In previous phylogenies, this clade was sister to the one comprising C. billingsii,
C. diastema, C. glareosa, C. heleonastes, C. lachenalii, C. loliacea, C. mackenziei, C.
marina, C. nemurensis, C. tenuiflora, C. trisperma and C. ursina clade (chapter 2;
Global Carex Group, 2016). Carex brunnescens-C. kreczetoviczii clade is in chapter 3
sister to the remaining species of the section, except for the clade containing C. arcta,
C. illota and C. laeviculmis, which constitutes the first splitting clade. Some minor
changes are found in the position of C. nemurensis or C. canescens as examples, when
comparing with those previous works. Moreover, although previous phylogenetic works
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pointed out to the monophyly of the section (Ford et al., 2006, 2012; Waterway and
Starr, 2007; Waterway et al., 2009), the Global Carex Group (2016) shows the section,
as defined after our results, divided into two different clades: one comprising C. illota
plus C. laeviculmis, and another clade including the remaining species in the section. As
demonstrated in chapter 2, ETS, ITS and matK are incongruent to each other. Thus,
increasing the number of sequenced DNA regions can help to the finding of the true
species tree.

Drivers of diversification in Carex through the study of Glareosae
Hybridization vs lineage sorting
Hybridization (with cladogenesis) and incomplete lineage sorting have been described
to cause tree discordances (Doyle, 1992; de Queiroz and Gatesy, 2007; Drábková and
Vlček, 2010; Pelser et al., 2010). Both processes, hybridization and incomplete lineage
sorting, have been detected in genus Carex in previous studies (e.g. Escudero and
Luceño, 2009; Jiménez-Mejías et al., 2012; Escudero et al., 2013, 2014). Looking for
the most natural tree topology, we addressed the problem of incomplete lineage sorting
using coalescence based methods (specifically a species tree approach using software
STAR; Edwards, 2009; Liu et al., 2009; Knowles and Kubatko, 2010) for phylogenetic
reconstructions. These methods are only appropriate when hybrid speciation is absent or
nearly so, and incomplete lineage sorting is the main force causing tree topological
incongruences (Knowles, 2009; Knowles and Kubatko, 2010). Hybrid (homoploid and
heteroploid) and introgressive speciation have been proposed to be important
evolutionary forces in plants and animals (Coyne and Orr, 2004). New species can
originate by hybrid speciation (Mallet, 2007) through different mechanisms: (1)
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Allopolyploid hybridization, in which species doubled their chromosome number,
inheriting one whole genome from each parent species; (2) homoploid hybridization, in
which the genome remains diploid thanks to recombination of both parental genomes;
(3) introgressive hybridization (Anderson, 1949), implying gene flow and speciation
without the formation of a distinct hybrid species (Mallet, 2007; Knowles, 2009). 40 to
70 % of plant species descended from polyploid ancestors (Otto and Whitton, 2000).
Nevertheless, whereas speciation by allopolyploid hybridization represents a 30 % of
speciation events in ferns, and a 15 % in angiosperms (Wood et al., 2009), this is
insignificant in animals (Otto and Whitton, 2000). In Carex, polyploidy and
allopolyploid speciation seems to be especially rare when comparing with other
angiosperms (Hipp et al., 2008), with only one case of allopolyploid speciation
described so far (Carex roraimensis Steyerm.; Hipp et al., 2006). Homoploid hybrid
speciation seems to be very rare in Carex, with only a few suggested cases (C. aquatilisC. lenticularis lineages; Dragon and Barrington, 2009; C. rostrata var. borealis and C.
stenolepis; Pedersen et al., 2016). Homoploid hybrids are difficult to detect, and only
ca. 25 plant species have been shown to be of homoploid hybrid origin (Rieseberg,
1997; Gross and Rieseberg, 2005; Dragon and Barrington, 2009; Pedersen et al., 2016),
although new cases could be discovered in the coming years thanks to the use of new
molecular tools. Introgressive speciation is the most common process of hybrid
speciation in Carex (Cayouette and Catling, 1992; Korpelainen et al., 2010; Escudero et
al., 2014; Pedersen et al., 2016). Although hybridization is common in some Carex
groups (e.g. the C. flava complex; Więcław and Wilhelm, 2014; or C. bonplandii
complex; Hipp et al., 2006), this is not a major evolutionary force in the genus (King
and Roalson, 2008). In Carex section Glareosae, hybridization is infrequent and
restricted to widespread taxa (Kükenthal, 1909; Kreczetovich, 1935; Malyshev, 1990;
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Egorova, 1999; Toivonen, 2002). Although we have detected to occurs between C.
furva and C. lucennoiberica (chapters 4 and 5), the finding of sterile individuals in the
hybrid population (chapter 4) is in congruence with the major trend in the section,
where most hybrids seem to be sterile (Kükenthal, 1909; Egorova, 1999; Toivonen,
2002). These evidence made appropriate the use of coalescence based methods to infer a
phylogeny which was mostly congruent with both obtained using a supermatrix
approach (chapter 2 and 3). We can state then, that our phylogenetic results are
reflecting an evolutionary history of the section which is probably reflecting the true
history. Further analyses to test the role of introgression and incomplete lineage sorting
causing incongruent topologies could be performed using the 14 DNA regions
sequenced in chapter 3.

Geographic and ecological speciation in Glareosae
Macroevolutionary patterns
Geographic or allopatric speciation has been proposed as one of the main factors
determining diversification in plants and animals (Vamosi and Vamosi, 2011).
Geographic isolation has been considered as the major driver of speciation, at least in
animals (Coyne and Orr, 2004). Speciation rate increases as bigger is the geographical
extent of the species, due to the increase of reproductive isolation in larger populations
(Owens et al., 1999; Losos and Schluter, 2000). Multiple studies have demonstrated the
relationship between geographical extent and other important traits for speciation (e.g.
morphological features, niche preferences, etc; Allen et al., 2006; Vamosi and Vamosi,
2011). The origin of the most recent common ancestor (mrca) of Carex section
Glareosae was estimated to be 5.25 Ma (3.63 – 6.09 Ma at 95% highest posterior
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density interval, HPD) in Asia and North America, maybe also in Europe (chapter 3).
This falls in the late Miocene to the Pliocene periods. From their origin, species in
section Glareosae have experienced multiple climate changes until the present. As a
consequence, different “footprints” of climate changes were detected through the study
of the evolutionary history of the section. In general, the Beringia region (Fig. 2;
Hultén, 1937) and the Beringian land bridge (Fig. 2; Brikiatis, 2014) have been
demonstrated to be, for circumpolar plants and animals, an important refugium and
dispersal pathway respectively (Hultén, 1937; Raven, 1963; Ball, 1990; Waltari et al.,
2007). High dispersal capacity of Carex species, even extreme in the case of bipolar
species (Vollan et al., 2006; Escudero et al., 2010b), leaded us to think that longdistance dispersal of species from Asia to North America could be the origin of the
current disjunct distribution. Nevertheless, our results demonstrated that intercontinental
dispersal of species in Glareosae was facilitated by the formation of the Beringian land
bridge during glacial periods. Same pattern of rapid diversification driven by the
expansion to new areas, facilitated or influenced by climate changes, was found in other
plant species (e.g. genus Aquilegia, Bastida et al., 2010; Fior et al., 2013).

Figure 2. The Beringia region by Hultén
(1937). Dotted line indicates continental
extent during the last glacial maximum,
showing how Asia and North America
were joined by the Beringian land bridge.
Ice cover during the last glacial maximum
is shown in white and tundra ecosystem in
dark grey. Map after Abbott and
Brochmann (2003).
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Microevolutionary patterns
Another interesting effect of subsequent climate changes is the expansion and
contraction of distribution ranges in alpine-arctic plants. This is an additional example
of the strength relationship between the species ranges and climatic conditions
influencing diversification rates. Different studies have demonstrated that distribution
ranges in alpine species from the Mediterranean Basin have expanded during glaciations
and contracted during interglacial periods, when species migrated to higher altitudes in
mountain ranges (Van Andel and Tzedakis, 1996; Hewitt, 2000; Vargas, 2003). Refuge
of C. furva s.l. (C. furva plus C. lucennoiberica) in the mountains of the Iberian
Peninsula during interglacial periods (Fig. 3) has promoted allopatric speciation.
Nowadays, there were enough evidences for the consideration of C. lucennoiberica a
different species from C. furva s.s. Prolonged isolation has led to the accumulation of
morphological and genetic differences between both taxa. Nevertheless, we
demonstrated that allopatric speciation process has been short circuited by gene flow
events and introgression between both species. The expansion of the distribution area
during glaciations seems to facilitated the occurrence of secondary contacts between C.
furva s.s. and C. lucennoiberica (Fig. 3). We have shown that although speciation was
affected and maybe slowed down by gene flow, allopatric speciation process has been
maintained.
Thus, climatic oscillations influenced the current distribution and species composition
of Carex section Glareosae by different ways: (1) facilitating intercontinental dispersal.
For example, in the case of the opening of the Beringian land bridge (Fig. 2), which
facilitated the dispersal of species between Asia and North America, or the long
distance dispersal in bipolar species, which could be facilitated by the expansion of
polar region; (2) range expansions and contractions. C. furva and C.lucennoiberica, as
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well as multiple examples of alpine plant species, expanded and contracted their extent
during glacial and interglacial periods respectively, due to the availability of favourable
climatic conditions (Fig. 3); (3) introgression between species. Consequence of the
range expansion during glaciations, species became closer and thus, more likely to
introgress among them.

A

B

Figure 3. Maps of predicted environmental suitability (green color) for Carex lucennoiberica
obtained through MAXENT analysis. A. Last interglacial (LIG; ca. 120-140 ka); B. Last glacial
maximum (LGM under CCSM4 model; 18-21 ka). Scale bar = 600 km.

Chromosome evolution as diversification driver in Carex
Among the features that made the Cyperaceae and, specifically the genus Carex, a good
model for evolutionary studies is its special cytogenetic behaviour (Luceño and
Castroviejo, 1991): (1) abortion of three out of four nuclei of pollen grains (Juel, 1900;
Hoshino and Shimizu, 1986; Brown and Lemmon, 2000); (2) post-reductional meiosis
—chromosome number is reduced to the half in the second meiotic division—
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(Heilborn, 1928; Wahl, 1940), and (3) presence of holocentric chromosomes —those
with diffuse centromere— (Håkansson, 1954; Battaglia and Boyes, 1955; Luceño and
Castroviejo, 1991). Holocentric chromosomes are not exclusive from the Cyperaceae,
but also present in other groups of organisms; i.e. the Juncaceae Juss. family (De
Castro, 1950; La Cour, 1952), genus Drosera L. (Droseraceae; Sheikh et al., 1995), or
Cuscuta L. subgenus Cuscuta (Pazy and Plitmann, 1994) among plants, and animals
like insects’ order Lepidoptera, Heteroptera and Odonata (Pérez et al., 2000; Nokkala
et al., 2002; Wang and Porter, 2004), or some Onycophora and Nematoda (Buchwitz et
al., 1999), among others. Studies in the genus Carex (Hipp, 2007; Escudero et al.,
2010a; Hipp et al., 2010) and insects order Lepidoptera (Lukhtanov et al., 2005, 2011;
Kandul et al., 2007; Joron et al., 2011), demonstrated that high diversification rates in
organisms with holocentric chromosomes could be related to fast chromosome
evolution. Genus Carex exhibits a high range of chromosome variability, from 2n = 12
to 2n = 124 (Roalson, 2008). This variability has been shown to correlate with
morphological, geographical and bioclimatic traits (Luceño and Castroviejo, 1991;
Escudero et al., 2012a; 2012b; 2013). Thus, presence of holocentric chromosomes in
Carex is also an important driver of evolution in the genus. This chromosome number
variation may be found even at within species level (Roalson, 2008). Carex section
Glareosae shows a chromosome number variation of 2n = 44 to 2n = 74 (Wahl, 1940;
Chater, 1980; Luceño, 1986, 2008; Egorova, 1999; Toivonen, 2002). This variation, as
specified in chapter 1, is not only at inter-specific level but also within single species
(Egorova, 1999). Unfortunately, at present, chromosome numbers are still unknown for
almost half of the species in section Glareosae (Table 1). Nevertheless, current
knowledge already demonstrated that Glareosae is not an exception in genus Carex, as
suggested by its high chromosome variation at different levels (population, subspecies,
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species, etc). Moreover, high chromosome variation in species like C. canescens (Table
1) has been proposed to be the result of adaptation to different climatic environments
and at different latitudes (Villaverde et al., 2017). This suggests an important role of
chromosome number variation shaping diversification in Carex section Glareosae.

Table 1. Known chromosome counts for Carex section Glareosae G. Don. From Chater (1980),
Luceño (1986; 2008), Egorova (1999), and Toivonen (2002).
Taxon

Nº de Cromosomas (2n)

Carex arcta
Carex arctiformis

60
56

Carex bonanzensis

50, 60

Carex brunnescens

44, 50-52, 56
52-54, 56-58, 60, 62

Carex canescens
Carex diastena

-

Carex elongata

56, 60

Carex furva

60,61
62, 64, 66

Carex glareosa

56

Carex heleonastes

-

Carex kreczetoviczii
Carex lachenalii

58, 60-62, 64

Carex lapponica

56

Carex loliacea

54

Carex lucennoiberica

60

Carex mackenziei

64
58, 60, 62, 64

Carex marina
Carex nemurensis

-

Carex praeceptorum

-

Carex pseudololiacea

-

Carex tenuiflora

58-60, 62-64

Carex traiziscana

-

Carex trisperma

60

Carex ursina

64
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Understanding plant diversity through Glareosae
Different diversification drivers have been discussed on this dissertation: hybridization,
chromosome evolution, geography and ecology. Hybridization is considered a major
evolutionary force for some plant and animal species (Barton, 2001; Futuyma, 2005).
Nevertheless, although hybridization processes occur in Glareosae, they seem to be
infrequent (Egorova, 1999; Toivonen, 2002) and they do not seem to lead to speciation.
We detected gene-flow between C. furva and C. lucennoiberica, which in this case
acted slowing down the speciation process between both species, which otherwise
seems to be allopatric. On the other hand, cytogenetic features through the presence of
holocentric chromosomes in Carex, have been proposed to be another relevant
evolutionary force. Due to the lack of chromosome counts in many species in
Glareosae, we were not able to test the influence of cytogenetic processes to
diversification rates in the section. Nevertheless, multiple studies have shown that high
diversification and speciation rates were derived from processes associated with
holocentric chromosomes (Lukhtanov et al., 2005, 2011; Hipp, 2007; Escudero et al.,
2010a, 2012a, 2012b; Joron et al., 2011). Finally, geographic and ecological traits are
shown to be important drivers of evolution in Glareosae. Climate change seems to have
played a crucial role on the speciation of this group of angiosperms. The origin of the
section during the Miocene to Pleistocene coincides with a decrease in overall
temperatures on Earth (Lisiecki and Raymo, 2005). As discussed in chapter 3, the most
plausible scenario is that this cooling could produce new available and favourable
niches to be occupied by new species, explaining initial high diversification rates. At the
time that carrying capacity is being reached, diversification rate decreases. This speciesdependent hypothesis is supported by the best diversification rate model obtained in our
analyses in chapter 3 (DDL). In addition, the high variability in habitats occupied by
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species (see niche variability in Fig. 4) is congruent with the hypothesis of high
diversification as result to niche differentiation, in a scenario of colonisation of new
different and available habitats. The diversification pattern found in Glareosae, high
diversification rates at the origin of the group followed by a generalised slow down to
the present, is the most common in plants and animals (e.g. Kadereit et al., 2004; Weir,
2006; Mcpeek, 2008; Rabosky and Lovette, 2008).
As in Glareosae and other groups of angiosperms (e.g. the Asteraceae family; Barreda
et al., 2015), an increase in diversification rates was caused by a change in climatic
conditions. A warm climate predominated in the Cretaceous and early Cenozoic, as a
consequence of an increase of the greenhouse effect by an elevated volcanic activity,
which produced high amounts of CO2 (Larson, 1991; Tajika, 1998; Wignall, 2001).
This temperature or even the high amount of atmospheric CO2 could favour the
diversification of angiosperms. However, isolated traits cannot explain the current
diversification of the angiosperms, given the dependent relationships among different
diversification drivers. Regarding the chromosome evolution of holocentric organisms,
multiple studies found a relationship between chromosome numbers (recombination
rates) and morphological and bioclimatic traits. For example, in C. laevigata Sm. (sect.
Spirostachyae (Drejer) Bailey) a latitudinal gradient of the chromosome number was
found (Luceño and Castroviejo, 1991; Escudero et al., 2008). This species presents high
chromosome number at lower latitudes, decreasing its chromosome number as the
latitude increases. This gradient has been demonstrated to be consequence of the range
expansion of the species but also the result of the adaptation to new climatic conditions
during this expansion of the species (Escudero et al., 2013).
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A

B

Figure 4. Density plots of bioclimatic variables from worldclim (www.worldclim.org), using
occurrence data of most species in Carex section Glareosae G. Don, from GBIF database
(www.gbig.org) A. Annual mean temperature (bio 1); B. Annual precipitation (bio 12).
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Despite availability of an increasingly number of new techniques of analysis (e.g. next
generation techniques of DNA sequencing; see Soltis et al., 2013), it is nowadays
almost impossible to assess the analysis of the origin and diversification of the
angiosperms with a full sampling of the species or groups of species. For this reason,
researches in evolutionary biology are focused on groups of species, usually closely
related species from an evolutionary point of view. Moreover, statistical analyses are
usually sensitive to the percentage of sampling within the group (e.g. estimating
diversification rates; Moen and Morlon, 2014), given wrong results when the sampling
is not complete. In our case, the full sampling of Carex section Glareosae have allowed
to deeply study different evolutionary processes in the section. Studies over Glareosae
will contribute to the knowledge of the current biodiversity on Earth and main
evolutionary forces.

Further studies
Further studies are planned to be performed over section Glareosae, some of them
already started. First, the development of a new phylogenetic reconstruction using next
generation sequencing (specifically Restriction site-Associated DNA sequencing,
RADseq; Miller et al., 2007; Baird et al., 2008). This phylogeny will tell us how far we
really are from the true species tree. Even with RADseq, we could not always obtain a
true species tree. Introgression events have been proposed as the main cause of false
topologies using RADseq (Eaton and Ree, 2013). Nevertheless, this reconstruction will
allow us to test how informative are the next generation techniques, or if they are given
more information at deeper levels of the phylogeny or near the tips. Additionally, we
can compare this technique with traditional Sanger sequencing, to know the effects of a
significant increase in the percentage of the DNA sequenced to reconstruct phylogenies.
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On the other hand, after the description of part of the variability of C. furva s.l. as a new
species (C. lucennoiberica), C. furva s.s. is nowadays one of the most endangered
species in Glareosae, restricted to a single mountain range (Sierra Nevada, Granada,
Spain). Thus, a conservation-focussed study is needed to evaluate the current status of
its population and predict its evolution in a climate change scenario. This study will be
performed through the population analyses of C. furva s.s. and its sister species C.
lucennoiberica, mainly through the analysis of Amplified Fragment Length
Polimorfism (AFLP; Vos et al., 1995), but including ecological niche reconstructions
with projections to the future, genome size measurements, etc.
In order to contribute to the understanding of the high flowering plants biodiversity,
multiple analyses could be performed using Carex section Glareosae as a model for
studies on diversification and evolution. For example, studies of niche differentiation,
reproductive potential of species or mapping of different traits over the phylogeny,
would shed light on the complex evolutionary history of the group in particular, and the
angiosperms in general.

CONCLUSIONS
1. Carex section Glareosae is constituted by a monophyletic clade of 26 currently
recognised species.
2. A new species within the section, Carex lucennoiberica, was described thanks to
the combination of molecular and morphological data.
3. Patterns of homoplasy vary across morphological traits, making difficult to
perform a morphology-only based taxonomy.
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4. Coalescence-based species tree methods are demonstrated to be a useful tool to
complement supermatrix approaches of phylogenetic reconstruction.
5. The origin of Glareosae is estimated to be 5.25 Ma (3.63 – 6.84 Ma at 95%
HPD), falling in the late Miocene to Pliocene in Asia and North America, but
maybe also in Europe.
6. The opening of the Beringian land bridge during glaciations facilitated migration
of species in Glareosae among Asia and North America.
7. Adaptive radiation by niche differentiation and sympatry speciation, but also
allopatric speciation seems to be the main mechanisms of diversification in
Glareosae.
8. High diversification rates predominated in the origin of the section, followed by
a generalised slowdown as the carrying capacity was being occupied by new
species.
9. Hybridization can hinder de detection and characterization of cryptic taxa even
when hybrid speciation seems to be not a relevant evolutionary force in
Glareosae.
10. Allopatric speciation was maintained in C. furva and C. lucennoiberica despite
the occurrence of secondary contacts or hybridization among two taxa,
facilitated by range expansions during climate changes.
11. Climate change and geographic shifts are demonstrated to shape the
evolutionary history of species in Glareosae, being probably ones of the main
evolutionary forces.
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a b s t r a c t
The holocentric structure promotes chromosome rearrangements by ﬁssion, fusion, translocation, and
inversion, which have been thought to promote differentiation and speciation. The Carex laevigata group
(Cyperaceae) comprises four species: two restricted endemics from the western Mediterranean (Carex
camposii, 2n = 72, and Carex paulo-vargasii, 2n = 74–75), and two more widespread species, found mostly
in Western Europe (C. laevigata, 2n = 69–84, and Carex binervis, 2n = 72–74). We tested the selection for
chromosome number by climatic variables by controlling for the non-independence of the data using
generalized linear mixed model (GLMM). We obtained chromosome counts as well as DNA sequences for
the 5 trnK intron and the trnV-ndhC intergenic spacer in the chloroplast genome from 181 individuals
from 53 populations representing these four species. We also climatically characterized the sites where
the 53 populations were found using the WorldClim database. Our results show that the best predictor
of chromosome number variation is the climatic environment rather than neutral evolutionary processes
like founder events and migration patterns. These results support the adaptive value of the holocentric
chromosomes and their role in promoting differentiation and eventually speciation.
© 2013 Elsevier GmbH. All rights reserved.

Introduction
Chromosome rearrangements have an important role in eukaryote evolution as chromosome rearrangement polymorphisms are
correlated with phenotypic differences and are thought to confer varying levels of ﬁtness in different habitats (Coghlan et al.,
2005). Two types of chromosomes, based on the kinetochore
localization, have been described in eukaryotes: monocentric and
holocentric chromosomes. Holocentric chromosomes are characterized by having diffuse centromeres, meaning that kinetochore
activity is distributed along the whole chromosome rather than
concentrated in a single point (monocentric chromosomes) (Mola
and Papeschi, 2006; Hipp et al., in press). Holocentric chromosomes are found in a wide variety of organisms in three of the
six eukaryotic kingdoms: Archaeplastida (in some angiosperms,
mosses and algae); Opisthokonta (numerous arthropod clades, velvet worms, and nematodes); and Rhizaria (Mola and Papeschi,
2006; Hipp et al., in press). However, the implications of holocentric
chromosomes in eukaryote evolution and biodiversity have been

∗ Corresponding author. Present address: The Morton Arboretum, 4100 Illinois
Route 53, Lisle, IL 60532, USA. Tel.: +1 630 373 1979; fax: +1 630 719 2433.
E-mail addresses: amesclir@gmail.com, amesclir@upo.es (M. Escudero).

little studied. Holocentric structure may promote chromosome
number variation via ﬁssion, fusion, translocation, and inversion
since these mutations are not underdominant in holocentric organisms (Faulkner, 1972; Luceño, 1993; Mola and Papeschi, 2006; Hipp
et al., 2009, in press). Two holocentric groups show extraordinary
chromosome number variation: (1) the insect order Lepidoptera,
i.e., the families Lycaenidae (Agrodiaetus butterﬂies, 2n = 20–268)
or Nymphalidae (tribe Ithomiini, 2n = 10–240); and (2) sedges,
the angiosperm family Cyperaceae (2n = 4–226, and especially the
genus Carex, 2n = 12–124). Members of these holocentric groups are
becoming model organisms for the study of these peculiar chromosomes. Chromosomal rearrangements appear to have a direct role
in species diversiﬁcation in Carex (Hipp, 2007; Hipp et al., 2010;
Escudero et al., 2010a,b, 2012) and Lepidoptera (Lukhtanov et al.,
2005, 2011; Kandul et al., 2007; Dincǎ et al., 2011; Joron et al., 2011).
Chromosome number variation in holocentric organisms can
affect (1) the total recombination rates (Bell, 1982; Nokkala et al.,
2004; Escudero et al., 2012) and (2) the rate of gene ﬂow among
populations or closely related species (Whitkus, 1988; Hipp et al.,
2010).
Recombination rate is dictated by chiasma number during
meiosis, which is likely to be in direct proportion to the chromosome number in organisms with holocentric chromosomes
(Nijalingappa, 1975; Bell, 1982; Nokkala et al., 2004; Escudero et al.,
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2012; Luceño pers. obs. for Rhynchospora species). Although there
are many additional possibilities to fully account for evolution
of sex and recombination (see Koella, 1993), Burt (2000) stated
that Weismann’s hypothesis must be considered the leading candidate for the function of sex and recombination. In Weismannian
models, high recombination rates are most advantageous in less
rapidly ﬂuctuating environments, with high serial autocorrelation
between environments (Charlesworth, 1993) or when heritability
of ﬁtness is high (Burt, 1995). Interestingly, Koella (1993), in a study
including 194 species representing 46 genera and 15 families of
ﬂowering plants, concluded that sibling-competition and temporally predictable environments select for high recombination rates.
Koella’s (1993) conclusions suggest that the Weismannian model
is also the leading candidate to explain the function of recombination rates in plants. Accordingly, high recombination rates should
be positively selected in high competition communities where
species’ niche is occupied, making it advantageous to gamble with
genes to obtain a more successful gene combination (evolutionary innovation). Conversely, low rates of recombination should be
positively selected in unstable and low competition communities
(available niche) where a pioneering strategy could be successful,
and advantageous to have the highest reproductive output possible rather than gambling with genes (Stebbins, 1958; Grant, 1958;
Bell, 1982; Koella, 1993). Bell (1982) tested this hypothesis in Carex
with the following expectations: low recombination rates will be
found in insolated, xeric, montane, novel, and northerly habitats
(unstable and low competitive communities where species’ niche
is not occupied) and in species that produce very high numbers of
small propagules (pioneering strategy to colonize available niche
as quick as possible). Bell found several signiﬁcant correlations
between chromosome number and habitat, and chromosome number and reproductive output; nevertheless, he concluded that these
correlations were difﬁcult to interpret with respect to his original
expectations. Escudero et al. (2012) revisited this question using a
phylogenetic comparative analysis in a phylogenetic tree of genus
Carex: (1) they concluded that there is a strong phylogenetic signal in chromosome number evolution; and (2) their results with
respect to climatic and life history traits agree with the hypothesis
of stable environments selecting for high recombination rates.
Chromosome divergence in the genus Carex has been demonstrated to limit the rate of hybridization between species and the
gene ﬂow among populations (Whitkus, 1988; Hipp et al., 2010),
suggesting a link between karyotype evolution and diversiﬁcation in a genus with high species richness. The limitation of gene
ﬂow from chromosome rearrangements can be due to hybrid dysfunction or recombination suppression (Butlin, 2005; Faria and
Navarro, 2010). While evidence of hybrid dysfunction has already
been found for Carex when there are more than a few chromosome differences (Whitkus, 1988; Hipp et al., 2009), recombination
suppression and selection of locally adapted genes has never been
tested in Carex. Nevertheless, it has been successfully demonstrated
for other holocentric organisms (Joron et al., 2011).
Carex species, although wind pollinated, show high selﬁng
rates based on hand-pollinations and isozyme work (Whitkus,
1988; Friedman and Barrett, 2009) as well as microsatellite data
(Escudero et al., 2010b; Arens et al., 2005). Nevertheless, the potential for long-range dispersal by seed and successful establishment
of populations have been repeatedly inferred (Schönswetter et al.,
2008; Escudero et al., 2010b,c; Jiménez-Mejías et al., 2011, 2012).
The Carex laevigata group (sect. Spirostachyae) is a clade which comprises four acidophilus species: C. laevigata Sm., Carex binervis Sm.,
Carex camposii Boiss. and Reut., and Carex paulo-vargasii Luceño
and J.M. Marín (Escudero et al., 2008; Escudero and Luceño, 2009).
Differences in the species’ mating system, dispersal ability or vegetative reproduction have not been detected for these species.
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C. laevigata is found in wet meadows and the edges of streams
in shady areas (usually alder forests) across Western Europe
(including one population in northern Morocco; Table 1) and shows
chromosome numbers ranging from 2n = 69 to 2n = 84 (Luceño
and Castroviejo, 1991; Escudero et al., 2008;Table 1). Luceño and
Castroviejo (1991) described a latitudinal gradient of chromosome numbers for this species from 2n = 69–72 on the northern
Iberian Peninsula and in the rest of Europe to 2n = 78–80 on the
southern Iberian Peninsula. Escudero et al. (2008) obtained more
chromosome counts for this species and largely conﬁrmed the
results of Luceño and Castroviejo (1991). Nevertheless, the chromosome number range was increased up to 2n = 84, and several
populations with low chromosome numbers were detected on the
southern Iberian Peninsula. C. binervis grows in heathlands, edges
of streams, bogs, and wet meadows in open areas across Western
Europe (Table 1) and shows limited chromosome number variation (2n = 72–74; Table 1). C. laevigata and C. binervis, although
ecologically differentiated, are sympatric in some areas of their distributions. The hybrid between these species, C. × deserta Merino,
has been formally described and cytogenetically studied, suggesting hybrid dysfunction between these closely related species (F1
was unfertile, Luceño and Castroviejo, 1991). From a phylogenetic point of view, these species are polyphyletic within the C.
gr. laevigata clade (using plastid and nuclear markers, Escudero
et al., 2008; Escudero and Luceño, 2009). C. camposii is a restricted
allopatric species that grows in the edges of streams in open areas
of high ranges on the southeastern Iberian Peninsula. This species
shows no variation in chromosome number (2n = 72; Luceño and
Castroviejo, 1993; Escudero et al., 2010; Table 1) and is a monophyletic species (Escudero et al., 2008; Escudero and Luceño, 2009).
Finally, C. paulo-vargasii is also a restricted allopatric species that
grows in the edges of streams, bogs and wet meadows in open
areas of Morocco and shows no variation in chromosome number
(2n = 74; Escudero et al., 2008, 2010a; but see summary of chromosome results in Table 1) and is monophyletic (Escudero et al., 2008;
Escudero and Luceño, 2009). The phylogenetic relationships among
these four species are not clear (Escudero et al., 2008; Escudero and
Luceño, 2009).
The goal of this study is to evaluate the hypothesis of selection
of chromosome number by climatic environments. Using population comparative methods (Stone et al., 2011) we test which one
is the best predictor of chromosome number distribution: climatic
environment or neutral evolutionary processes like founder events
and migration patterns. Speciﬁcally, we evaluate if the selection
of recombination rates in C. gr. laevigata follows a Weismannian
model. If the climatic regime is the best predictor of chromosome
number evolution, are high recombination rates most advantageous in less rapidly ﬂuctuating environments, with high serial
autocorrelation between environments?

Materials and methods
Sampling
The sampling strategy aims to include (1) the distribution of
the four species and (2) the cytogenetic variability of this group.
Accordingly, C. laevigata, which is cytogenetically much more variable than the other three species under study, was more intensely
sampled (34 of 53 populations; Table S1 and Fig. S1). In addition,
we focused on the areas where C. laevigata shows more chromosome number variation (southern Iberian Peninsula; Escudero
et al., 2008). One hundred eighty-one individuals from 53 populations were gathered: 27 individuals from eight populations for
C. binervis (1–7 individuals per population), eight individuals from
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Table 1
Chromosome numbers and ecological characteristics in C. gr. laevigata.
Diploid chromosome
number

Distribution

Altitude (m)

Habitat

References

C. binervis Sm.

72–74

Western Europe

0–2300

C. camposii Boiss. and Reut.

72

Southeastern Iberian
Peninsula

(1100–)
1500–3000

Heathlands, edges of
streams, bogs and wet
meadows in open areas
Edges of streams in open
areas

C. laevigata Sm.

69–80, 82, 84

0–1200

C. paulo-vargasii Luceño
and J.M. Marín

74–75

Western Europe (plus
one population in
northern Morocco)
Morocco

Luceño and Castroviejo
(1993) and Escudero et al.
(2010)
Luceño and Castroviejo
(1993) and Escudero et al.
(2010)
Luceño and Castroviejo
(1991) and Escudero et al.
(2008, 2010)
Escudero et al. (2008, 2010)

four populations for C. camposii (1–4 individuals per population),
25 individuals from seven populations for C. paulo-vargasii (1–10
individuals per population), and 121 individuals from 34 populations from C. laevigata (1–9 individuals per population).
Unfortunately, only one individual per population was included
for nine of the 53 populations (44 populations with more than one
count), as we were not able to obtain more than one chromosome
count for these nine populations. Nevertheless, the results indicate
limited variation in chromosome number within populations (only
13 of 44 populations showed some chromosome number variation)
which leads us to believe that the limited sampling for nine of 53
does not signiﬁcantly bias the results.
Chromosome counts and DNA sequences
Chromosome pairing was studied at Metaphase I for 123 individuals using the method published by Luceño (1988; see also
Escudero et al., 2008), and diploid chromosome number was
inferred as described by Hipp (2007). In addition, nine chromosome
counts of C. binervis (Escudero et al., 2008, 2010a), 38 of C. laevigata
(Escudero et al., 2008), and 11 of C. paulo-vargasii (Escudero et al.,
2008) were taken from previous cytogenetic studies (Table S1).
Genomic DNA was extracted using a DNeasy Plant Mini Kit (Qiagen, California). For the sequencing study, the 5 trnK intron and
the intergenic trnV-ndhC spacer were sequenced for the 181 previously chromosome counted individuals (123 in this study and
58 in Escudero et al., 2008, 2010a). These regions were chosen
because they showed the highest levels of reliable variation in this
group in comparison with other cpDNA regions that we have tested
(see regions in Shaw et al., 2005; Starr et al., 2009; Le Clerc-Blain
et al., 2010). The 5 trnK intron region was ampliﬁed and sequenced
as described by Escudero and Luceño (2009). The trnV-ndhC was
ampliﬁed and sequenced as described by Shaw et al. (2005).
Data analysis for network reconstructions, genetic structure and
isolation by distance
The 181 combined 5 trnK intron and trnV-ndhC spacer accessions were manually aligned in a matrix. Gaps were coded as
“absence” or “presence”. The resulting plastid haplotype matrix
was analyzed under statistical parsimony (TCS 1.20 software,
Templeton et al., 1992; Clement et al., 2000) in order to disentangle
the genetic structure in C. gr. laevigata.
Stone et al. (2011) suggest two approaches using a coalescence
framework to estimate the migration patterns of the populations,
IMa (Hey, 2010) and Migrate (Beerli and Felsenstein, 1999). However, both these approaches are designed for a low number of
populations. In the ﬁrst method, the maximum number of allowed
populations is 10 and the topology of population tree is required.

300–2100

Wet meadows and edges of
streams in shady areas
(usually alder forests)
Edges of streams, bogs and
wet meadows in open
areas

In the second method, high numbers of populations are not
recommended as the number of parameters becomes increasingly high (for our study with 53 populations, it would require
to estimate 2809 parameters). Instead, following other alternatives suggested by Stone et al. (2011), pairwise genetic distances
between the 53 populations were calculated using FST distances
and corrected Nei’s average number of differences between populations (DA , Nei and Li, 1979) as implemented in Arlequin suite ver
3.5 (Excofﬁer and Lischer, 2010). Other alternative genetic distance
or migration rate estimates implemented in Arlequin suite ver 3.5
(Excofﬁer and Lischer, 2010) are based on these two genetic distance estimators. Pairwise FST can be used to measure short term
genetic distances between populations and provide a measure of
the genetic isolation among populations. Pairwise FST distances are
inversely proportional to rates of migration between populations
(see M = (1 − FST )/2FST in Excofﬁer and Lischer, 2010); we calculate a homologous measure of migration, directly proportional to
M, by subtracting pairwise FST distances from 1. This alternative
approach has the advantage that it does not infer inﬁnite migration rates between populations when pairwise FST is 0. DA between
two populations is computed as the average number of substitutions between the two populations and corrected by the average
number of substitutions within each population (see Excofﬁer and
Lischer, 2010). Thus, DA is proportional to the mutation rates of
the 5 trnK intron and trnV-ndhC, which are assumed to be constant. DA is also expected to be directly proportional to divergence
times between the populations and inversely proportional to gene
ﬂow between populations (Excofﬁer and Lischer, 2010). The calculated genetic distances were transformed in a similarity index.
First, genetic distances were standardized from 0 to 1 by dividing
by the maximum average number of substitutions between the two
populations, and the resulting values were subtracted from 1.
We also calculated a geographic and cytogenetic (differences
in mean chromosome number between populations) distance
matrices. Chromosome isolation by geographic or genetic distance
hypotheses were tested using a Mantel test (Mantel, 1967) as
implemented in GenAlex v. 6 (Peakall and Smouse, 2006). 1000
permutations were performed. The hypothesis of genetic isolation
by distance was also tested using the same methodology. These
analyses were done using the whole data set (53 populations from
four species) and also using the C. laevigata data set (34 populations
from C. laevigata).
Climatic environment
For each geographical population, we obtained values for 19
climatic variables (see supplementary material 1 (SM1) for more
detail) from the WorldClim dataset with 2.5 arc-minutes resolution
(Hijamns et al., 2005) using Raster (Hijmans and van Etten, 2010)
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and Dismo (Hijmans et al., 2010) packages for R (R Development
Core Team, 2011). To characterize the climatic niche space occupied
by each population, we performed principal components analyses
(PCA) on the correlation matrix of the 19 environmental variables.
Geographical latitude was also used as a potential predictor of chromosome number variation (longitude was discarded based on its
minimal importance in explaining chromosome number in preliminary analysis). For PCA analyses, we use the “prcomp” function
(retx, center and scale, options were set as TRUE) implemented in
R (R Development Core Team, 2011).
Population comparative method
Comparative methods test for correlated evolutionary changes
in two or more species traits. These methods need to control for the
common evolutionary history and consequent non-independence
of species data (Felsenstein, 1985; Harvey and Pagel, 1991). Many
different approaches based on different methods and evolutionary
models have been proposed to correct for the non-independence
of species data (Ives and Zhu, 2006; Hadﬁeld and Nakagawa,
2010; Stone et al., 2011). Analyses across populations within
species have to deal with both shared common ancestry and gene
ﬂow among populations. Accordingly, phylogenetic comparative
methods based on bifurcating trees are incorrect approaches for
this purpose. Four different approaches (intraspeciﬁc contrasts,
generalized least squares, generalized linear mixed models and
autoregression) to deal with the non-independence of population
data have recently been reviewed (Stone et al., 2011). We analyzed our data set using one of the four approaches suggested by
Stone et al. (2011). Speciﬁcally we selected the generalized linear mixed model (GLMM) approach because Stone et al. (2011)
highlight the power of mixed models where problems of nonindependence arise which could be potentially our case. A mixed
model is a statistical model containing both ﬁxed effects (or nonrandom) and random effects. A major strength of the mixed model
approach is its ability to incorporate non-normally distributed
data. However, the reticulate nature of between-population migration limit development of efﬁcient computational methods, as has
been done for pedigree and phylogenetic matrices (Hadﬁeld and
Nakagawa, 2010; Stone et al., 2011). Deviance Information Criterion (DIC) is used for model selection which is recommended for
Bayesian model selection problems (Claeskens and Hjort, 2008).
We performed GLMM analyses using chromosome number (or a
model including climatic environment and/or latitude as predictors
of chromosome number) as ﬁxed effects and between-population
covariance matrix (from population genetic or geographic similarity matrices) as random effects (see Model 1 in Appendix A
by Stone et al., 2011). The geographic similarity matrix was calculated by dividing geographic distance matrix by the highest
distance and then subtracting from 1. We do not include a phylogenetic term in any of our analyses (see Model 2 in Appendix A
by Stone et al., 2011) as we consider that correcting for the nonindependence of populations using bifurcating trees is incorrect in
our case study: the phylogenetic relationships among the species
included in this study are not clear (Escudero et al., 2008; Escudero
and Luceño, 2009) and there is ongoing gene ﬂow (or very recent
split) among most of the populations included in this study (see
results). The MCMCglmm package (Hadﬁeld, 2010) implemented
in R (R Development Core Team, 2011) was used for the analyses.
These analyses were done using the whole data set (53 populations from four species) and also using only C. laevigata data set (34
populations from C. laevigata).
In order to correct for isolation by distance in the potential correlation between chromosome number distribution and climatic
environment, we simulated 53 (for whole dataset) and 34 (for the
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partial data set) markers under isolation by distances; each of them
originated in one of 53 or 34 populations with frequency of 0 and
it increases directly proportional to the distance (the maximum
frequency, 1, will be reached in the furthest population). We performed 53 and 34 GLMM analyses using the between-population
covariance matrix from geographic or genetic similarity matrices
as random effects and as ﬁxed effects: (1) simulated markers under
isolation by distance as response and climatic environment as predictor, (2) diploid chromosome number as response and simulated
markers under isolation by distance as predictor, and (3) diploid
chromosome number as response and simulated markers under
isolation by distance and climatic environment as predictors. The
distributions of the P values of the correlations were illustrated
using histograms. By performing these analyses we can infer (1)
whether or not our between-population covariance matrices can
fully correct for the expected correlation between the distribution of simulated markers under isolation by distance and climatic
environment, (2) whether or not chromosome number distribution
can be explained by neutral evolutionary processes like isolation
by distance and (3) which one is the best predictor of chromosome number distribution: simulated markers under isolation by
distance or climatic environment.
Results
Chromosome counts and DNA sequences
The chromosome counts agreed with chromosome numbers
already published for this group (Luceño and Castroviejo, 1991;
Escudero et al., 2008, 2010a). Two unknown chromosome numbers
were reported in this study: 2n = 75 for C. paulo-vargasii and 2n = 79
for C. laevigata. Chromosome data were summarized in Table 1 (see
also Fig. 1 for distribution of mean chromosome numbers).
DNA sequences are deposited in GenBank (GenBank accession
numbers: KC508124–KC508485; Table S1). The 181 aligned combined 5 trnK intron and trnV-ndhC spacer accessions resulted in a
matrix with 1194 bp (644 for 5 trnK intron and 550 for trnV-ndhC).
Twenty-two haplotypes were detected based on 14 substitutions
(eight for 5 trnK intron and six for trnV-ndhC) and six indels (four
for 5 trnK intron and two for trnV-ndhC). A single haplotype from
C. camposii (haplotype R) and four from C. paulo-vargasii (E, F, G,
and H) were found. The remaining 17 haplotypes were from C.
binervis and C. laevigata. The second (B) and third haplotype (A),
ordered from more to less frequent, were shared between these
two species. In addition, seven (C, I, J, L, N, O, and Q) and eight
(D, S, K, M, P, T, U, and V) exclusive haplotypes were found for C.
binervis and C. laevigata, respectively. One of the C. laevigata haplotypes (haplotype D, in 54 samples) was extraordinarily frequent
(Table S1). It is important to point out that the origin of shared
haplotypes between C. laevigata and C. binervis is believed to be
incomplete lineage sorting rather than hybridization as the hybrid
between these species is sterile (Luceño and Castroviejo, 1991).
Other alternative hypotheses, such as horizontal transfer through
vegetative tissues (Stegemann et al., 2012), are less plausible since
those species, although they may grow close to each other, are not
in direct contact.
Data analysis for network reconstructions, genetic structure and
isolation by distance
In the haplotype network (Fig. S2), C. camposii and C. paulovargasii haplotypes showed a single connection of three and two
mutation steps, respectively, with the remainder of the haplotype
network in congruence with their inferred monophyly (Escudero
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Fig. 1. Distribution of mean diploid chromosome number in the 53 populations of C. gr. laevigata sampled for this study (see Table 2). Four populations of C. camposii
(squares), seven populations of C. paulo-vargasii (stars), eight populations of C. binervis (triangles), and 34 populations of C. laevigata (circles).
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et al., 2008; Escudero and Luceño, 2009). On the contrary, C. binevis
and C. laevigata shared two haplotypes, as mentioned above, and
the remaining 15 haplotypes (seven for C. binervis and eight for C.
laevigata) were shown as a complex network with several loops in
congruence with the already reported polyphyletic status of these
species (Escudero et al., 2008; Escudero and Luceño, 2009). The
geographic patterns of the haplotypes are illustrated in Fig. S3.
For the whole data set (53 populations), pairwise FST distances
reveal the maximum isolation (1.0) between 459 population pairs
(33.3% of 1379 population pairs), and the minimum (0.0) between
200 population pairs (14.5% of 1378 population pairs). The maximum average number of substitutions (DA) was 10 (between C.
laevigata pop6 and C. paulo-vargasii pop1) and the minimum was 0
(16.5% of 1378 population pairs). The maximum mean chromosome
number differences between two populations was 12.5 (between C.
laevigata pop16 and pop20) and the minimum was 0 (27.6% of 1378
population pairs). For the partial data set (34 populations), pairwise FST distances indicate the maximum isolation (1.0) between
220 population pairs (39.2% of 561 population pairs) and the minimum (0.0) between 146 population pairs (26.0% of 561 population
pairs). The maximum average number of substitutions (DA) was
5 (between four populations) and the minimum was 0 (29.9% of
561 population pairs). The maximum mean chromosome number
differences between two populations was 12.5 (between C. laevigata pop16 and pop20) and the minimum was 0 (19.6% of 561
population pairs).
Chromosome isolation by distance analyses suggest that neither
geographic (N = 53 pop, r = −0.011, P = 0.549; N = 34 pop, r = 0.023,
P = 0.256), nor genetic (FST : N = 53 pop, r = 0.018, P = 0.392; N = 34
pop, r = −0.087, P = 0.301; DA: N = 53 pop, r = −0.008, P = 0.508;
N = 34 pop, r = −0.082, P = 0.520) distances can explain chromosome number differences between populations. Genetic isolation
by geographic distance (FST : N = 53 pop, r = 0.122, P = 0.043; N = 34
pop, r = 0.176, P = 0.028; DA: N = 53 pop, r = 0.035, P = 0.317; N = 34
pop, r = 0.131, P = 0.115) was signiﬁcantly supported for the whole
data set (only for FST distances) and more strongly supported for
the partial data set including (marginally supported for DA and
signiﬁcantly supported for FST distances).
Climatic environment
In the whole data set (53 populations), for the PCA analysis, only PC1 (45.0% of explained variance), PC2 (27.5%), and PC3
(16.8%) showed standard deviations of the principal components
(the square roots of the eigenvalues of the covariance/correlation
matrix) higher than one (Table S2). The three PC’s together
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accounted for >89% of climatic variation among populations
(Table S2). The most important variables in PC1 were (in order
from more to less important): (1) BIO10; (2) and (3) BIO1 or
BIO9; (4) BIO11; and (5) BIO5 for temperatures; and (1) and
(2) BIO17 or BIO18; (3) BIO14; and (4) BIO15 for precipitation
(Table S2).
In the partial data set (34 populations), for the PCA analysis, only PC1 (53.3%), PC2 (19.2%), PC3 (16.6%) and PC4 showed
standard deviations of the principal components higher than one
(Table S3). Nevertheless, PC4 was excluded from the analyses as
it explains a low percentage of the climatic variation (ca. 5%).
The three PC’s together accounted for >89% of climatic variation
among populations (Table S3). The most important variables in PC1
were very similar to those important in PC1 of the whole dataset
(Tables S2 and S3).

Population comparative methods
For the whole data set (53 populations) and FST similarity
matrix as between-population covariance matrix, the GLMM population analyses demonstrated that the models with the best
ﬁts were (1) 2n ∼ latitude (LAT) (DIC = 238.1764) and (2) 2n ∼ PC1
(DIC = 238.3006). The best predictor of chromosome number variation was the climatic environment (see model 2n ∼ PC1 + LAT;
Table 2). For DA or geographic similarity matrix as betweenpopulation covariance matrix, the GLMM population analyses
revealed the same pattern (Tables S4 and S5). For the partial
data set (34 populations) and FST similarity matrix as betweenpopulation covariance matrix, the population GLMM analyses
demonstrated that the models with the best ﬁts were (1) 2n ∼ PC1
(DIC = 163.9019) and (2) 2n ∼ LAT (DIC = 165.3664). Again, climatic
environment is a better predictor of chromosome number variation than latitude (see model 2n ∼ PC1 + LAT; Table 3). For DA
or geographic similarity matrix as between-population covariance
matrix, the GLMM population analyses revealed the same pattern
(Tables S6 and S7).
Based on the clear relationship between diploid chromosome
number and PC1, we found that sedge populations with higher
chromosome numbers inhabited places with (1) lower latitudes, (2)
higher annual mean temperatures (BIO1), higher minimum temperatures during the coldest month (BIO5), higher mean temperatures during the driest quarter (BIO9), higher mean temperatures
during the warmest quarter (BIO10), and higher mean temperatures during the coldest quarter (BIO11), and (3) places with lower
precipitation during the driest quarter (BIO17), lower precipitation
during the warmest quarter (BIO18), lower precipitation during the

Table 2
Results from generalized linear mixed model for population comparative analysis for the whole data set (53 populations) using the FST similarity matrix as the betweenpopulation covariance matrix.
Model

Intercept (95%)

Slope (95%)

DIC

2n ∼ 1

74.02 (72.41, 75.29)
P < 0.001
74.5682 (73.8471, 75.3316)
P < 0.001
73.99449 (72.57825, 75.65959)
P < 0.001
74.04190 (72.40444, 75.39987)
P < 0.001
84.0857 (76.8669, 90.8728)
P < 0.001
72.67954 (62.98297, 83.95582)
P < 0.001

–

244.0931

0.4912 (0.2557, 0.6995)
P < 0.001
0.01504 (−0.33229, 0.30612)
P = 0.912
0.02972 (−0.39227, 0.47545)
P = 0.912
−0.2605 (−0.4747, −0.1025)
P = 0.006
PC1 = 0.52459 (0.13296, 0.88706)
P = 0.010
LAT = 0.04708 (−0.23614, 0.31136)
P = 0.750

238.3006

2n ∼ PC1 (19 BIO)
2n ∼ PC2 (19 BIO)
2n ∼ PC3 (19 BIO)
2n ∼ LAT
2n ∼ PC1 (19 BIO) + LAT

Signiﬁcant P and DIC values are in bold.
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245.8275
246.0809
238.1764
239.6925
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Table 3
Results from generalized linear mixed model for population comparative analysis for C. laevigata data set (34 populations) using the FST similarity matrix as the betweenpopulation covariance matrix.
Model

Intercept (95%)

Slope (95%)

DIC

2n ∼ 1

75.18 (73.89, 76.46)
P < 0.001
75.2203 (74.2745, 76.2491)
P < 0.001
75.1738 (73.9986, 76.5339)
P < 0.001
74.94238 (72.71988, 76.34827)
P < 0.001
91.4958 (82.4374, 101.0769)
P < 0.001
79.8155 (58.3932, 102.2651)
P < 0.001

–

175.5377

0.5550 (0.2601, 0.8205)
P < 0.001
0.1276 (−0.4675, 0.6753)
P = 0.622
0.07609 (−0.53117, 0.66259)
P = 0.828
−0.4239 (−0.6578, −0.1908)
P < 0.001
PC1 = 0.4357 (−0.2100, 1.0727)
P = 0.178
LAT = −0.1181 (−0.7016, 0.4328)
P = 0.644

163.9019

2n ∼ PC1 (19 BIO)
2n ∼ PC2 (19 BIO)
2n ∼ PC3 (19 BIO)
2n ∼ LAT
2n ∼ PC1 (19 BIO) + LAT

177.2135
176.5262
165.3664
165.9327

Signiﬁcant P and DIC values are in bold.

Fig. 2. Distribution of P values from GLMM analyses using simulated markers under isolation by distance in the whole data set (53 populations). (A) P value distribution
from model “IBD Markers ∼ Climatic environment”. (B) P value distribution from model “Diploid chromosome number ∼ IBD Markers”. (C) P value distribution for simulated
markers under isolation by distance from model “Diploid chromosome number ∼ IBD Markers + Climatic environment”. (D) P value distribution for climatic environment
from model “Diploid chromosome number ∼ IBD Markers + Climatic environment”.
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Fig. 3. Distribution of P values from GLMM analyses using simulated markers under isolation by distance in the partial data set (34 populations). (A) P value distribution
from model “IBD Markers ∼ Climatic environment”. (B) P value distribution from model “Diploid chromosome number ∼ IBD Markers”. (C) P value distribution for simulated
markers under isolation by distance from model “Diploid chromosome number ∼ IBD Markers + Climatic environment”. (D) P value distribution for climatic environment
from model “Diploid chromosome number ∼ IBD Markers + Climatic environment”.

driest month (BIO14), and higher precipitation seasonality (BIO15)
(Tables S2 and S3).
For the whole data set (53 populations), using the FST similarity
matrix as the between-population covariance matrix, the GLMM
population analyses reveal a signiﬁcant relationship between our
simulated markers under isolation by distance and climatic environment for 47 of 53 simulated markers (Fig. 2A). This suggests that
cytogenetic or genetic markers under isolation by distance could
have a signiﬁcant relationship with climatic environment even
after correcting with our between-population covariance matrix.
GLMM population analyses illustrate that there is a signiﬁcant
relationship between mean diploid chromosome number and our
simulated markers under isolation by distance (for 42 of 53 simulated markers; Fig. 2B). This suggests that the distribution of
diploid chromosome numbers can be explained by simulate markers under isolation by distance. Finally, GLMM population analyses
with multiple predictors also indicate that the best predictor of
chromosome number distribution is the climatic environment (signiﬁcant in 35 of 53 and marginally signiﬁcant in 5 of 53 simulated
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markers; Fig. 2D) rather than simulated markers (only signiﬁcant in 2 of 53 simulated markers; Fig. 2C). This suggests that
the distribution of diploid chromosome number ﬁts better with
climatic environment than with neutral evolutionary processes
as isolation by distance. When the DA or geographic similarity
matrix was used as the between-population covariance matrix, the
GLMM population analyses resulted in the same pattern (results
not shown). For the partial data set (34 populations) and using the
FST similarity matrix (Fig. 3), P value distribution reveals also the
same pattern. Cytogenetic or genetic markers under isolation by
distance can show a signiﬁcant relationship with climatic environment (Fig. 3A) and the distribution of diploid chromosome
numbers can be explained by markers under isolation by distance
(Fig. 3B). Nevertheless, the best predictor of chromosome number distribution is the climatic environment (signiﬁcant in 16 of 34
and marginally signiﬁcant in 1 of 34 simulated markers; Fig. 3D)
rather than simulated markers (only signiﬁcant in 1 of 34 simulated
markers; Fig. 3C). When the DA or geographic similarity matrix
was used as the between-population covariance matrix, the GLMM
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population analyses resulted in the same pattern (results not
shown).
Discussion

expectation of covariance in the data. This does not seem to be
our case: although we have detected quite high haplotype variation (22), many populations share some or all haplotypes and the
estimated relative age of split or genetic distance is low.

Methodological concerns

Neutral evolutionary processes vs. selection

Molecular markers
Markers from the plastid genome cannot be used to represent
the whole population history as they are uniparentally inherited.
Nevertheless, they may more properly be used to infer neutral
evolutionary processes like founder events and migration patterns
than biparentally inherited markers (i.e., south to north colonization after Pleistocene glaciations; Petit et al., 1997). Another source
of criticism for plastid markers is their low evolution rate (Wolfe
et al., 1987). Nevertheless, the purpose of our molecular study
is not to infer the whole population history of C. gr. laevigata,
but to correct our chromosome number – climatic environment
correlations for the non-independence of populations (which are
linked by neutral evolutionary processes like founder events and
migration patterns) and, indeed, the numbers of detected haplotypes (22) is quite high (although unevenly distributed). We
expect that migration among populations is accurately approximated from cpDNA inheritance patterns and that it inﬂuences
the distribution of both chromosome numbers and genes that
confer adaptation to the climatic niche. Whether our genetic distances estimations reﬂect actual rates of gene ﬂow or noise in the
data bears some additional study, using 1) new methods based
on coalescence framework that could deal with large number of
populations and 2) more molecular markers. Nevertheless, our
approach using between-population covariance matrix from geographic distances reveals assuming strong isolation-by-distance
among populations reveals identical results and conclusions.

Associations between environmental variables and molecular
(or cytogenetic) marker variation are commonly considered as
strong support for the hypothesis that natural selection maintains
single locus clinal variation (Eanes, 1999; Baines et al., 2004). However, such a clinal distribution per se is not direct evidence for
adaption or natural selection as they can also be the result of various
neutral evolutionary processes like founder events and migration
patterns (Manly, 1985; Storz, 2002). In particular, a statistically signiﬁcant association between a single-locus clinal variation and an
environmental variable (or its surrogate, such as latitude) based on
ordinary regression analysis alone is clearly not enough to imply
that a particular locus has experienced divergent natural selection
since genetic drift and isolation by distance can create such a cline
(Vasemägi, 2006). However, our GLMM results suggest that our
signiﬁcant correlations are the result of equilibrium between local
adaptation to climatic regime and neutral evolutionary processes as
isolation-by-distance and migration patterns. Our results indicate
that high chromosome numbers are typical in places with higher
temperatures and higher seasonality in the precipitations (more
Mediterranean climate), and low chromosome numbers are typical
in places with lower temperatures and lower seasonality of precipitation (more Oceanic or Mountain climate). Also our results clearly
indicate that chromosome number variation is also dependent on
latitude, as high chromosome numbers are more frequent in lower
latitudes (Quaternary refugia), and low chromosomes number are
more common in higher latitudes, which were probably colonized
following the last glacial maximum (Schmitt, 2007; Médail and
Diadema, 2009) (Tables 2 and 3, S4, S5, S6, S7 and Figs. 1–3).
What mechanisms could explain this systematic relationship
between chromosome number and the climatic variables? Two
possibilities have previously been suggested: (1) the selection of
optimal recombination rates (Mather, 1943; Stebbins, 1958; Grant,
1958; Lawrence, 1985; Bell, 1992; Forni-Martins and da Cruz, 1996;
Escudero et al., 2012); and (2) the suppression of recombination
from chromosome rearrangements and selection of locally adapted
genes (Butlin, 2005; Hoffmann and Rieseberg, 2008; Faria and
Navarro, 2010).

Population comparative method
In our GLMM approach we assume that the covariances between
population residuals are proportional to the amount of gene ﬂow
between them. The comparative method we are using is designed
to account for non-independence among the data points based on
the between-population covariance matrix (Rohlf, 2006; Revell,
2010). However, we should have translated the genetic exchange
between our populations into a model of residual variances and
covariances that depends on the trait evolution. If our hypothesis
is that the different populations have different chromosome numbers because there are different demands for their local adaptability
and there is selection to maintain these states, covariances between
population residuals are also proportional to selection toward similar local optima. Our hypothesis implies that historical effects are
gradually eroded which is incompatible with Brownian-motion
type of evolution (Hansen, 1997; Hansen et al., 2008). Accordingly,
mixed models based on Brownian-motion are not correctly suited
for our case study. Nevertheless, there is not yet any approach with
explicit derivation of residual variances and covariances based on
a model of balancing gene ﬂow and local adaptation. In our study
we are modeling covariances between population residuals from
selection toward the similar local optima like they are consequence
of gene ﬂow between them which could lead us to underestimate
the magnitude of the selection.
Molecular marker and population comparative method
Stone et al. (2011) suggest the possibility of calculating migration patterns of animals from mitochondrial sequences, which is
an analogous marker of chloroplast sequences for plants. Nevertheless, they showed the concern that sequence data can overestimate
the age of splits between populations, leading to an inappropriate

Selection for optimal recombination rates
Although the total recombination rate is an important parameter in evolution, its selection process has been little studied. In
a theoretical model, reductions in recombination rates are selectively favored when alleles with high ﬁtness are linked on the
same chromosome (Felsenstein, 1965; Barton, 1995). Increases
in recombination rates are selectively favored in domesticated
organisms, which may ameliorate negative effects from inbreeding and reductions in population size during the domestication
process (Felsenstein, 1974; Burt and Bell, 1987; Otto and Barton,
2001; Ross-Ibarra, 2004). Recent comparative phylogenetic studies
indicate that average genomic recombination rates are phylogenetically distributed (Brownian motion model) across mammals
(Dumont and Payseur, 2008) but not at lower evolutionary scales
where recombination rates have evolved at variable rates (Dumont
and Payseur, 2011). Nevertheless, little has been concluded about
the selection for optimal total recombination rates by climatic environments in non-theoretical approaches. Under a Weismannian
model, the leading candidate for the function of recombination
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rates, high recombination rates are most advantageous in less
rapidly ﬂuctuating environments, with high serial autocorrelation
between environments (Burt, 2000). In stable and high competitive communities, already-established species have little to lose
through recombination because rare allelic combinations may have
extreme ﬁtness and the loss of gametes is outweighed by those
with increased ﬁtness. In contrast, unstable and low competitive
environments may select for lower recombination rates, as those
individuals that survive necessarily carry successful allelic combinations and selection favors high reproductive potential to build up
a population as quickly as possible (Stebbins, 1958; Grant, 1958;
Bell, 1982; Koella, 1993; Lawrence, 1985; Forni-Martins and da
Cruz, 1996; Burt, 2000). Moreover, Koella (1993) in a study including 194 species representing 46 genera and 15 families of ﬂowering
plant concluded that sibling-competition and spatially predictable
environments select for high recombination rates which suggest
Weismannian models as the leading candidate to study the function of recombination rates for plants.
In C. gr. laevigata and also in section Spirostachyae, the most
common chromosome number is 2n = 74 (Escudero et al., 2010a).
In addition, probabilistic models of chromosome number evolution (Mayrose et al., 2010) in section Spirostachyae predict that
the most probable chromosome number at the cladogenesis of C.
gr. laevigata is a diploid number of 74 (2n = 74, P = 0.79; 2n = 76,
P = 0.11; results not shown). Under Bell’s (1982) expectations for
chromosome evolution in Carex (see Introduction), we would also
expect chromosome numbers from 2n = 69 to 73 in insolated, xeric,
mountain, novel, and northerly habitats (unstable and low competitive communities with species’ niche available) and chromosome
numbers from 2n = 75 to 84 in shady, humid, lowlands, ancestral,
and southerly habitats (stable and high-competition communities
with species’ niche occupied). Our results are not accurate enough
to evaluate the insolated/shady habitat variable, and little conclusive evidence was found regarding xeric/humid habitat variables
(mean annual precipitation does not seem to be a good predictor of
chromosome number variation). Nevertheless, our results strongly
support the conclusion that high chromosome numbers are more
typical in lowland, ancestral (Schmitt, 2007; Médail and Diadema,
2009), and southerly habitats, and that low chromosome numbers are more common in mountain, novel, and northerly habitats.
Accordingly, in C. gr. laevigata, low recombination rates could have
been positively selected in unstable and low competitive communities, while high recombination rates could have been positively
selected in stable and high competition communities. In conclusion, selection of recombination rate optima could be a reliable
explanation of the distribution of the chromosome number in C. gr.
laevigata.
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Lukhtanov et al. (2011) suggested a clinal speciation process for
butterﬂies (holocentric organisms), as neighbor populations with
relatively low differences in chromosome number are reproductively compatible (only recombination suppression is expected;
Joron et al., 2011) and populations geographically distant and chromosomally divergent would show reduced fertility if they were
crossed (hybrid dysfunction; Lukhtanov et al., 2005; Kandul et al.,
2007). Chromosomal speciation models in Carex spp. could be similar, with limited gene ﬂow by recombination suppression when a
few chromosome rearrangements and by hybrid dysfunction when
more than a few chromosome rearrangements (review in Hipp
et al., 2009).
Final remarks
Cytogenetic mutations have an important role in the evolution of eukaryotic organisms as chromosome rearrangement
polymorphisms are correlated with phenotypic differences and are
thought to confer varying levels of ﬁtness in different habitats
(Coghlan et al., 2005). Environment selection and phylogenetic
inertia explain the macroevolution of holocentric chromosomes in
genus Carex (Escudero et al., 2012). In this study we demonstrate
that environment selection and neutral evolutionary processes like
founder events and migration patterns explain the microevolution
of chromosomes. The high species richness of genus Carex may thus
depend on its chromosome evolution.
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GENOME SIZE STABILITY DESPITE HIGH CHROMOSOME NUMBER
VARIATION IN CAREX GR. LAEVIGATA1
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• Premise of the study: In organisms with holocentric chromosomes like Carex species, chromosome number evolution has been
hypothesized to be a result of fission, fusion, and/or translocation events. Negative, positive, or the absence of correlations have
been found between chromosome number and genome size in Carex.
• Methods: Using the inferred diploid chromosome number and 80 genome size measurements from 26 individuals and 20 populations of Carex gr. laevigata, we tested the null hypothesis of chromosome number evolution by duplication and deletion of
whole chromosomes.
• Key results: Our results show a significant positive correlation between genome size and chromosome number, but the slope of
such correlation supports the hypothesis of proliferation and removal of repetitive DNA fragments to explain genome size
variation rather than duplication and deletion of whole chromosomes.
• Conclusions: Our results refine the theory of the holokinetic drive: this mechanism is proposed to facilitate repetitive DNA
removal (or any segmental deletion) when smaller homologous chromosomes are preferentially inherited, or repetitive DNA
proliferation (or any segmental duplication) when larger homologs are preferred. This study sheds light on how karyotype
evolution plays an important role in the diversification of the species of the genus Carex.
Key words:

aneuploidy; Cyperaceae; cytogenetics; genome evolution; holocentric chromosome; holokinetic drive.

Chromosome rearrangements have an important role in
eukaryote evolution, as chromosome rearrangement polymorphisms are correlated with phenotypic differences being
considered to confer varying levels of fitness in different habitats (Coghlan et al., 2005). Chromosome number variation in
Eukaryotes result from a number of sources: the duplication
or deletion of entire chromosomes, polyploidy, fission, fusion,
and/or the translocation of chromosomes (Malheiros Gardé
and Gardé, 1950; Greilhuber, 1995; Luceño and Guerra, 1996;
Coghlan et al., 2005). In species with monocentric chromosomes, chromosome fragments without centromeres are unable
to segregate normally, resulting in a loss of genetic material,
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and probably in the production of unviable gametes. These species also have segregation problems when chromosome fusion
occurs because of the production of dicentric chromosomes that
are also unable to segregate correctly. In contrast, holocentric
chromosomes are characterized by having diffuse centromeres,
meaning that the kinetochore activity is distributed along the
whole chromosome instead of being concentrated in a single
point, as in centromeric chromosomes (reviewed in Hipp et al.,
2013). As a consequence, all fragments from chromosome fission or fused chromosomes may segregate normally during
meiosis. This could stabilize changes in chromosome number
through backcrossing or selfing, or even through crossing between different individuals that have undergone convergent rearrangements (Luceño, 1994). Holocentric chromosomes may
have arisen at least 13 independent times (4 times in plants and
at least 9 times in animals; Melters et al., 2012). In plants,
this type of chromosome occurs predominantly in the clade
Cyperaceae-Juncaceae (Greilhuber,1995; Melters et al., 2012),
but also punctually in specific genera of Melanthiaceae (genus
Chionographis), Droseraceae (genus Drosera) and Convolvulaceae (genus Cuscuta) (reviewed in Melters et al., 2012).
The genus Carex L. (Cyperaceae), with approximately 2000
species worldwide, is one of the most species-rich angiosperm
genera (Judd et al., 2007). Moreover, Carex is the most diversified flowering plant genus in the temperate areas of the Northern
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Hemisphere (Escudero et al., 2012a). Somatic chromosome
numbers in Carex range from 2n = 12 to 124 (Hipp et al., 2009)
with almost continuous variation (Roalson, 2008). Many
authors have been interested in Carex chromosome number
variation and its evolutionary consequences as a driver of
diversification (Heilborn, 1924; Stebbins, 1971; Bell, 1982;
Luceño and Castroviejo, 1991; Hipp, 2007; Hipp et al., 2010;
Escudero et al., 2010, 2012a, b, 2013a, b). This variation in
chromosome number has been suggested to result primarily
from fission, fusion, and the translocation of holocentric chromosomes rather than from duplications and/or deletions of
whole chromosomes (Heilborn, 1924; Wahl, 1940; Faulkner,
1972; Luceño and Castroviejo, 1991). Chromosome number
variation in organisms with holocentric chromosomes can affect the recombination rates (Bell, 1982; Escudero et al., 2012b;
2013a) and the rate of gene flow among populations or closely
related species (Hipp et al., 2010; Escudero et al., 2013b).
During the last years, there has been an increasing number
of studies focused in genome size evolution in Carex. First,
Nishikawa et al. (1984) found a negative correlation between
chromosome number and genome size in a study including 26
Carex species (of approximately 2000), which suggests that
DNA content is lost when chromosome number increases. By
contrast, Chung et al. (2011) did not find any relationship between chromosome number and genome size in C. scoparia, in
a study including 43 individuals from 20 populations. Later,
Chung et al. (2012) in a phylogenetic approach including 87 of
approximately 300 species of Carex subgenus Vignea, it was
reported that the correlation between chromosome number and
genome size grades from flat or weakly positive at fine phylogenetic scales, to weakly negative at deeper phylogenetic
scales. In another phylogenetic approach including 96 species
of Carex, Lipnerová et al. (2013) documented a strong negative
correlation between genome size and chromosome number.
More recently, in parallel with the centromere drive in monocentrics, Bureš and Zedek (2014) described the existence of a
holokinetic drive mainly based on this strong negative correlation between genome size and chromosome number in organisms with holocentric chromosomes. These authors proposed
that a holokinetic drive facilitates chromosomal fission and/or
removal of repetitive DNA (or any segmental deletion) when
smaller homologous chromosomes are preferentially inherited,
or chromosomal fusion and/or repetitive DNA proliferation (or
any segmental duplication) when larger homologs are favored.
Repetitive DNA sequences are a major component of eukaryotic genomes and may account for up to 90% of the genome
size. Therefore, knowledge of repetitive sequences assists our
understanding of the organization, evolution, and behavior of
eukaryotic genomes (reviewed in Mehrotra and Goyal, 2014).
For example, in the grass family the D-genome of wheat has
over 91% of repetitive DNA; 68% of which are transposable
elements (87% of retrotransposons and 13% of DNA transposons), compared to 50% in maize (98% vs. 2%) or 14% in rice
(88% vs. 12%) (Li et al., 2004).
The Carex laevigata group is a monophyletic clade in the
phylogeny of sect. Spirostachyae, which comprises four species: C. laevigata Sm., C. binervis Sm., C. camposii Boiss. and
Reut., and C. paulo-vargasii Luceño and J. M. Marín (Escudero
et al., 2008; Escudero and Luceño, 2009). C. laevigata is found
in Western Europe (including one population in northern Morocco) and shows chromosome numbers ranging from 2n = 69
to 2n = 84 (Luceño and Castroviejo, 1991; Escudero et al.,
2008; Escudero et al., 2013a). C. binervis grows also in Western

Europe and shows limited chromosome number variation (2n =
72–74). C. laevigata and C. binervis, although ecologically differentiated, are sympatric in some areas of their distributions.
From a phylogenetic point of view, these two species are polyphyletic within the C. gr. laevigata clade (Escudero et al., 2008;
Escudero and Luceño, 2009; Escudero et al., 2013a). Carex
camposii grows in high ranges on the southeastern Iberian Peninsula. This species shows no variation in chromosome number
(2n = 72; Luceño and Castroviejo, 1993; Escudero et al., 2010;
Escudero et al., 2013a). Finally, C. paulo-vargasii is also a
restricted allopatric species that grows in Morocco and shows
some variation in chromosome number (2n = 74-75; Escudero
et al., 2008, 2010, 2013a). The phylogenetic relationships
among these four species are not clear and they seem to have a
recent origin (Escudero et al., 2008, 2013a; Escudero and
Luceño, 2009). Chromosome variation in this group has been
explained by climate regime selection and neutral evolutionary
processes like genetic drift (Escudero et al., 2013a).
Considering all this, the main goal of this study was to confirm, using genome size measurements, that chromosome number variation in C. gr. laevigata results from fission, fusion,
and/or translocation events. The null hypothesis is that chromosome number variation is by duplication and deletion of whole
chromosomes, and the alternative hypothesis is that chromosome number variation is by fission and/or fusion, and possible
variation in DNA content resulting from amplification or elimination of repetitive DNA. The second goal was to evaluate the
theory of the holokinetic drive in the light of the results
obtained.

MATERIALS AND METHODS
Sampling—This study comprises 26 individuals with known chromosome
number, from 20 populations collected in the field and maintained in pots in the
greenhouse. Of these, 2 individuals were from 2 populations of C. camposii
(2n = 72), 2 individuals from 2 populations of C. paulo-vargasii (2n = 74), 4
individuals from 4 populations of C. binervis (2n = 74), and 18 individuals from
14 populations of C. laevigata (3 individuals 2n = 72, 1 individual 2n = 78, 1
individual 2n = 80, 12 individuals 2n = 74, and 2 individuals 2n = 82) (Appendix S1; see Supplemental Data with the online version of this article). Chromosome number information was obtained from Escudero et al. (2013a).
Genome size measurements—The genome size was assessed using flow
cytometry following the procedure of Galbraith et al. (1983). Nuclei were isolated by chopping simultaneously with a sharp razor blade, 1 cm2 of leaf tissue
of Carex and 1 cm2 of leaf tissue of Solanum lycopersicum ‘Stupické’, the internal reference standard (2C = 1.96 pg DNA, Doležel et al., 1992), in 1 mL of
WPB buffer (0.2 M Tris.HCl, 4 mM MgCl20.6H2O, 1% Triton X-100, 2 mM
EDTA Na20.2H2O, 86 mM NaCl, 10 mM metabissulfite, 1% PVP-10, pH adjusted to 7.5, and stored at 4°C; Loureiro et al., 2007). The suspension was filtered with a 50-µm nylon filter, and DNA was stained with 50 µg mL−1 of
propidium iodide. Additionally, 50 µg mL−1 of RNAse was added to degrade
double stranded RNA. The samples were analyzed in a Partec CyFlow Space
flow cytometer (Partec GmbH, Görlitz, Germany) equipped with a 532 nm
green solid-state laser, operating at 30 mW. Results were acquired using the
Partec FloMax software (v. 2.5). A minimum number of 1300 nuclei per G1
peak was analyzed (Suda et al., 2007). As a quality standard, only histograms
with a coefficient of variation (CV) lower than 5% for G1 peaks of both the
sample and the standard species were accepted. Samples with CV values higher
than 5% were discarded and a new sample was prepared and analyzed. Three
replicates of each of the 26 individuals in two different days were performed
(exceptionally, two or four replicates; Appendix S1), totaling 80 genome size
measurements. The holoploid genome size in picograms (2C; sensu Greilhuber
et al., 2005) was estimated for each sample by multiplying the DNA index (ratio between the mean fluorescence of the sample’s and standard’s G1 nuclei) by
the nuclear DNA content of the reference standard.
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Analysis of variance and linear models—The variance of genome size was
analyzed using the following approaches: (1) among replicates within individuals vs. between individuals, (2) within vs. among species, (3) within vs. among
species for 2n = 74 (the most common diploid chromosome number in Carex
gr. laevigata; Escudero et al., 2013a), and (4) within the same vs. different
chromosome number.
Because of the small differences in genome size among individuals when
compared with the amount of variation detected between replicates of the same
individual, we decided to perform a subsampling linear model. One thousand
linear models were performed with genome size as the response variable and
chromosome number as the predictor variable. In each linear model, a value of
the different replicates of each individual was sampled. The values of each parameter for the 1000 linear models were displayed in histograms. The observed
models were compared to theoretical models of duplication and deletion of
whole chromosomes. For each of the 80 genome size measurements, the mean
size of a chromosome in a genome was calculated by dividing the 2C values by
the diploid chromosome number. The minimum, mean, and maximum values
obtained were considered as the slopes of the theoretical models of duplication
and deletion of chromosomes, and compared to the observed slopes. A conservative theoretical model was also compared with the observed slopes, by considering half of the calculated minimum theoretical value. The same
methodology was applied to populations instead of individuals.
All statistical analyses, including the ANOVA analyses and the subsampling linear models, were performed using R (R Development Core Team,
2014).

RESULTS
Genome size (2C) ranged from 0.854 pg in a measurement of
C. binervis [41ME06(2), 2n = 74, (Fig. 1), Appendix S1 (see
Supplemental Data with the online version of this article)] to
0.941 pg in two measurements of C. laevigata from two different individuals [6701JMM(2) with 2n = 80 and 9ME05 with
2n = 74, Appendix S1]. Therefore, the maximum difference in
genome size was only of 0.087 pg. The genome size variation
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within individuals from different replicates was an important
component of the total variance. For example, the genome size
for the individual of C. binervis 41ME06(2) varied from 0.854–
0.873 pg (a difference of 0.019 pg), for the individual of C.
laevigata 67JMM(2) from 0.887–0.941 pg (a difference of
0.054 pg) and for the individual of C. laevigata 9ME05 from
0.870–0.941 pg (a difference of 0.071 pg). This pattern of variation lead us to perform a subsampling linear model analysis
rather than a standard linear model using the mean genome size
for each individual.
The ANOVA displayed significant differences among individuals (F25,75 = 1.871, P = 0.02749), but no significant differences were found among species (F3,76 = 2.295, P = 0.0845) nor
between individuals with 2n = 74 chromosomes (F2,46 = 2.616,
P = 0.08391). Finally, the ANOVA displayed significant differences among individuals with different chromosome numbers (F4,75 = 2.856, P = 0.028557).
Our subsampling linear model displayed a mean slope equal
to 0.002263 (SD = 0.001023) and mean intercept equal to
0.715850 (SD = 0.076403). The mean P value and R2 were
0.018729 (SD = 0.002254) and 0.124430 (SD = 0.089781), respectively (Figs. 2 and 3).
The mean ratio of genome size 2C and diploid chromosome
number was 0.0118 pg per chromosome, while the minimum
and maximum ratios were of 0.0107 pg and 0.0127 pg per chromosome, respectively. Also, the distribution of the slopes in the
histogram did not overlap with the three theoretical slopes
(minimum, mean, and maximum). Moreover, although the
most conservative theoretical scenario (half of the minimum
slope) overlaps with the distribution of the observed slopes, it is
outside of the 95% of the distribution of the observed slopes
(Fig. 3).
The analysis at population level displayed very similar results (see Appendices S2 and S3).

DISCUSSION
Our results clearly reject the null hypothesis of duplications
or losses of whole chromosomes. Thus, the alternative hypothesis of chromosome evolution by fissions, fusions, and translocations is significantly supported. The significant correlation

Fig. 1. Relative fluorescence histogram of propidium iodide-stained nuclei
isolated from fresh leaf tissues of Carex binervis [individual 41ME06(2) with
2 n = 74, as an example] and of the internal reference standard, Solanum
lycopersicum ‘Stupické’ (2C = 1.96 pg DNA).
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Fig. 2. Mean genome size (2C) against diploid chromosome number from
the 26 individuals is plotted. The observed subsampling linear model (in blackish line) and three theoretical models (minimum, maximum, and mean; dashed
lines) are also represented.
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Fig. 3. Histograms of the parameters from the subsampling linear model. A, The intercept. B, The slope also including four vertical lines with four theoretical
models (minimum, maximum, mean, and half of the minimum). C, The R2. D, The P values.

between genome size and diploid chromosome number could
be explained by the removal or proliferation of repetitive DNA.
Chromosome number evolution by fission, fusion, and
translocation despite significant correlation between genome
size and diploid chromosome number— While chromosome
number variation in Carex has been well studied (Hipp et al.,
2009), the variation in genome size has been seldom explored,
with only a few studies having been performed during the last
years. The first study was 30 years ago, a negative correlation
was found between chromosome number and genome size in 26
Carex species (Nishikawa et al., 1984). This study not only rejected the hypothesis of duplication and losses of whole chromosomes, but also suggested that nuclear DNA content is lost
when chromosome number increases. Similarly, a recent phylogenetic approach that included 96 species of Carex also documented a strong negative correlation between genome size and
chromosome number (Lipnerová et al., 2013). However, other
recent studies revealed different correlations from the ones reported above (Chung et al., 2011, 2012). Our results are congruent with the observations of Chung et al. (2012) as we have
found a significant positive correlation between genome size
and diploid chromosome number in a group of four closely related species, i.e., at a fine phylogenetic scale. This significant
correlation clearly rejects the hypothesis of duplications and
losses of entire chromosomes because the supported slopes are
much smaller than we would expect in a scenario of quantitative aneuploidy. In fact, genome size variation could be easily
explained by the removal or proliferation of repetitive DNA
fragments.
In conclusion, although chromosome evolution in Carex has
a small effect in gene subfunctionalization or neofunctionalization because of the absence of gene duplications in most of the
cases (Chung et al., 2011), chromosome divergence has a demonstrated effect on the rate of hybridization and gene flow
within species (Hipp et al., 2010; Escudero et al., 2013b). In
addition to the effect in the rates of gene flow among populations
or lineages, chromosome number variation in Carex affects the

arrangement and constitution of linkage groups (Faulkner,
1972) and the recombination rates within species (Bell, 1982;
Escudero et al., 2012b, 2013a). Finally, although homoploid
hybrid speciation may have not played a major role in Carex
diversification (Cayouette and Catling, 1992), the consequences of the high rate of rearrangements in holocentric chromosomes in the context of genome adaptation might be also
important for the formation of new species (see a case of homoploid hybrid in Dragon and Barrington, 2009). Therefore,
karyotype evolution through fission, fusion, and/or translocation plays an important role in species diversification within
Carex despite the absence of duplications and losses of
chromosomes.
The holokinetic drive: the selfish chromosome— The centromere drive is the theory of the selfish centromere, which
exploits the asymmetric meiosis in which only one of the
four meiotic products survives and the other three degenerate. The probability of being segregated depends on the size
of the centromere because larger centromeres attract more
microtubules (Burrack et al., 2011). A bigger centromere
promotes its transmission to the surviving meiotic product at
the expense of the smaller centromere in the homologous
chromosome (Henikoff et al., 2001; Malik and Henikoff,
2009).
Bureš and Zedek (2014)—based on the theory of the centromere drive—proposed a parallel approach to holocentric chromosomes, the holokinetic drive. In holocentrics, the kinetochoric
activity is distributed along the whole chromosome instead of
concentrating in a single point, the centromere. The probability
of being segregated depends on the size of the chromosome
because larger chromosomes will attract more microtubules
(Bureš and Zedek, 2014). In some organisms with holocentric
chromosomes, like most of the species of the Cyperaceae, male
meiosis can be asymmetric in addition to female meiosis (see
Hipp et al., 2009).
The theory of the holokinetic drive was mainly based on
the strong negative correlation between genome size and
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chromosome number in organisms with holocentric chromosomes. This theory was proposed as a mechanism that facilitates chromosomal fission and/or repetitive DNA removal (or any
segmental deletion) when smaller homologous chromosomes are
preferentially inherited or chromosomal fusion and/or repetitive DNA proliferation (or any segmental duplication) when
larger homologs are preferred. Our results revealed a significant
direct correlation between genome size and chromosome number, which contribute to further refine the theory of the holokinetic drive. We believe that any significant correlation
between 2n and 2C, negative or positive, despite the absence
of quantitative aneuploidy, could be interpreted as a support
for the holokinetric drive. For example, in a natural scenario
that selects for higher recombination rates, chromosome fission could be positively selected (Escudero et al., 2012b,
2013a), but also the proliferation of repetitive DNA in broken
chromosomes because they could be preferentially segregated
later during meiosis. This would result in a positive correlation between chromosome number and genome size. In fact,
in this group of species, high recombination rates are being
positively selected (Escudero et al., 2013a), which could explain the significant direct correlation between chromosome
number and genome size.
Conclusions— Cytogenetic mutations have an important
role in the evolution of eukaryotic organisms because chromosome rearrangement polymorphisms are correlated with phenotypic differences and are thought to confer varying levels of
fitness in different habitats (Coghlan et al., 2005). Selection
(environment selection) and neutral evolutionary processes
(phylogenetic inertia, founder effect or migration patterns)
have been demonstrated to explain the macro- and microevolution of holocentric chromosomes (Escudero et al., 2012b,
2013a). This study refines the theory of the holokinetic drive:
this mechanism is proposed to facilitate repetitive DNA removal (or any segmental deletion) when smaller homologous
chromosomes are preferentially inherited, or repetitive DNA
proliferation (or any segmental duplication) when larger homologs are preferred.
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