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Summary

SUMMARY
The Mediterranean basin is a biodiversity hotspot for plants and is characterized by its high
richness and endemism. Species distribution patterns are often complex and disjunct due to
the geological patchwork and climatic history. Thus, it represents a place of prime interest to
test robustness of biogeographical hypotheses, which may in the end bring insights on
mechanisms that drive plant diversity. Among them, the centre-periphery hypothesis (CPH)
is a corner stone of biogeography and has stimulated an important amount of work through
the past 50 years. Here we show that empirical evidences have brought little support to it as
a general rule, suggesting that complex eco-evolutionary mechanisms shape range wide
variation of genetic and demographic characteristics. While the CPH relies on the
assumption of a concordance between geographic periphery and ecological marginality, this
PhD thesis proposes a new framework that supports the need of a precise evaluation of
species history, geography and ecology in order to investigate genetic and demographic
variation.
In this perspective, we set up a comparative study of 11 Mediterranean vasculat plants to
investigate changes in the micro-ecological niche between central and peripheral
populations of species reaching their northern limit in southern France. Despite growing in
similar broad habitat, we showed that several shifts appeared when analyzing fine scale
ecological characteristics, which emphasized the ecological originality of peripheral
population. Those peripheral populations subsist in cooler and wetter climate compared to
their mean central relatives, but cannot be considered marginal regarding the global climatic
niche of each species. Several species presented similar distribution patterns on restricted
areas in France, and we discuss ecological and historical drivers of their distribution, in
particular their persistence at the periphery of their range during Pleistocene glaciations.
This historical perspective was also fundamental to explain range wide patterns of floral
polymorphism observed in more widely distributed species (i.e. Narcissus dubius).
Due to their spatial isolation and ecological originality, peripheral isolates have a high
evolutionary potential, which emphasizes their conservation value. Here we show that
understanding fine scale ecological characteristics and distribution history is essential to
shed light on processes driving plant diversity in the Mediterranean.
KEY WORDS: Mediterranean plant, ecological niche, centre-periphery hypothesis, range
limit, ecological marginality, glacial refugia, rear leading edge, climatic transition, floral

polymorphism
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Riassunto

RIASSUNTO

Il Bacino Mediterraneo & un hotspot di biodiversita vegetale ed & caratterizzato da elevata
ricchezza specifica e alto tasso di endemismi. | pattern distributivi sono spesso complessi e
presentano areali disgiunti, a causa della complessa storia geologica e climatica del bacino.
Percio, esso rappresenta un’area di primario interesse per testare ipotesi biogeografiche,
che potrebbero in ultima analisi fare luce sui meccanismi che condizionano la diversita ed
evoluzione delle piante mediterranee. Tra queste, la cosiddetta “centre-periphery
hypothesis” (CPH) e una pietra angolare della biogeografia ed ha stimolato un’enorme
quantita di lavori scientifici negli ultimi 50 anni. In questo lavoro dimostriamo come le
evidenze empiriche hanno supportato solo debolmente questa ipotesi come regola generale,
suggerendo che complessi meccanismi eco-evolutivi plasmano la variazione delle
caratteristiche demografiche e genetiche all'interno delle aree distributive delle specie.
Mentre la CPH si basa sull’assunto di una concordanza tra la periferia biogeografica e la
marginalita ecologica, questa tesi dottorale propone un nuovo punto di vista che si basa
sulla necessita di una precisa valutazione della storia, geografia ed ecologia delle specie per
investigare in maniera appropriata le variazioni genetiche e demografiche.

In questa prospettiva, & stato impostato uno studio comparativo di 11 piante vascolari
mediterranee per verificare differenze nella nicchia micro-ecologica tra le popolazioni
centrali e periferiche di specie che hanno il loro limite distributivo settentrionale nella
Francia meridionale (popolazioni periferiche) e il centro della loro distribuzione nelle
penisole iberica e/o italiana (popolazioni centrali). Sebbene crescano negli stessi habitat,
sono state evidenziate diverse variazioni grazie alle analisi di dettaglio delle caratteristiche
ecologiche, che hanno enfatizzato I'originalita ecologica delle popolazioni periferiche.
Queste persistono in climi piu freschi e umidi rispetto alle popolazioni conspecifiche
localizzate al centro dell’areale, ma non possono essere considerate marginali riguardo alla
nicchia climatica globale di ciascuna specie in studio. Diverse specie presentano una
distribuzione simile su piccole aree in Francia, e pertanto in questa sede si & ritenuto
interessante discutere e approfondire i fattori storici ed ecologici che determinano questi
pattern distributivi assai simili tra specie diverse, in particolare la loro persistenza alla
periferia del loro areale durante le glaciazioni pleistoceniche. Anche questa prospettiva
storica & stata fondamentale per spiegare variazioni del polimorfismo fiorale osservate in
tutto I'areale di specie a distribuzione pil ampia come il Narcissus dubius.

Grazie al loro isolamento spaziale e originalita ecologica, le popolazioni periferiche hanno un
alto potenziale evolutivo, che incrementa il loro valore conservazionistico. In questa ricerca
dimostriamo che la comprensione delle caratteristiche ecologiche a scala di dettaglio e della
storia distributiva & essenziale per fare luce sui processi che determinano la diversita
vegetale nel Mediterraneo.

PAROLE CHIAVE: centre-periphery hypothesis, limite di areale, limite distributivo
meridionale, marginalita ecologica, nicchia ecologica, piante vascolari mediterranee,
polimorfismo fiorale, rifugi glaciali, transizione climatica.
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Introduction

The existence of range limits - geographical boundaries where populations of a species
cannot (or have not) establish further - is the outcome of an interactive range of processes
that have fascinated ecologists for a long time. Such range limits provide the opportunity to
explore questions on processes existing between organisms, their life history traits, and their
interactions with their surrounding environment.

Individual fitness and population demographic parameters can vary across the range, from
places where they perform best to boundaries where populations may struggle to survive.
This idea of a gradual decline in fitness gave birth to the so-called “centre — periphery
hypothesis” (CPH), early in the 1980’s (Hengeveld & Haeck 1982; Brown 1984). This general
framework has been declined into several hypotheses that relate to three main patterns of
trait variation across a species range: 1) changes in the spatial genetic structure of
populations, 2) variation in demographic parameters, and 3) variation in abundance and
occurrence of populations. Trait variations are related to differences in the ecological
characteristics of the habitat occupied by a species that are supposed to delimit species’
range.

As empirical data have accumulated on geographical patterns, the CPH has appeared to be
rather more complex than first predicted. The interplay between metapopulation dynamics,
ecological constraints and historical processes of range contraction and expansion have
played a major role in shaping trait variation as species reach their range limits. Moreover,
ecological and evolutionary processes may act differently regarding traits that are
considered. Therefore, the need to disentangle those processes is important to better

understand the mechanisms that drive population variation across a species range.
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Also, there has been rather an amalgam between ecological marginality and geographical
periphery in attempts to explain mechanisms driving CPH patterns. Indeed, this issue has
received much criticism (Soulé 1973; Hardie & Hutchings 2010), and it remains unclear about
whether ecological niche differences occur as species reach their range limits. This
constitutes a major issue for our understanding of spatial patterns of trait variation in
peripheral populations.

The CPH has been subject to much empirical investigation, although there is much bias
towards studies that have focused on the northern edge of temperate taxa distributions in
the northern hemisphere (Eckert, Samis & Lougheed 2008). This restriction to a particular
case where temperate species face colder climates, and places that they have recolonized
quite recently limits our comprehension of the underlying processes. Therefore, there is a
need to diversify empirical studies to get clearer insights on the hypothesis. In this context,
the Mediterranean climate region represents a setting of prime importance to understand
the underlying mechanisms, as most of them were less impacted by ice sheet during
Pleistocene glaciations, which strongly influenced range contraction and extension (Blondel
et al. 2010). The Mediterranean basin provides a large number of potential study species
due to the high richness and endemism of its flora, with distribution ranging from rare to
widespread taxa (Thompson 2005). Its complex spatial configuration, with several
geographical and ecological barriers, induces disjunct distributions with the persistence of
isolates throughout and beyond the principal range (Comes 2004). The relative stability of
climatic conditions during last glaciations and the absence of a large permanent ice sheet
have allowed the persistence of a wide variety of taxa, both Mediterranean and non-

Mediterranean, in locally restricted areas across a large part of the region, making the
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Mediterranean Basin the third most important biodiversity hot-spot for vascular plants in
the world (Myers et al. 2000).

In this context, this thesis attempts to obtain insights on the CPH, in particular in respect to
possible ecological niche variation among central and peripheral populations, of

Mediterranean plant species. The objectives here relate to five main questions.

Question 1. What can we learn from the empirical literature dealing with the centre-
periphery hypothesis, and what does it tell us regarding the importance of ecological niche
in large-scale processes? The first aim of this work was thus to make a global review on
what is known about the CPH. Despite an important amount of empirical tests realized in the
last two decades all around the world, no synthesis of this work had been undertaken to
provide a broad view of the degree to which the above hypothesis has been confirmed or
refuted and the contemporary challenges and issues related to the central peripheral
hypothesis. Through a wide analysis of the literature we made an update of what has been
published on the topic until now, and attempted to clarify various aspects of the CPH, in
particular any biases which may influence global patterns of genetics, ecology and
demography in central and peripheral populations. We paid particular attention to the need
to disentangle ecological, geographical and historical processes that shape species traits

across their range.

Question 2. How do history, ecology and range structure interact to shape current patterns
of ecological and genetic variation? How does such variation relate to possible reproductive

traits variation? To answer these questions we studied variation in the expression of a floral
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polymorphism and the ecological niche of Narcissus dubius, a western Mediterranean
endemic geophyte, in regards to its contemporary and historical distribution in potential
refugia in the Mediterranean area. We investigated how past distribution and ecological
conditions may have contributed to contemporary patterns of floral variations among

central and peripheral populations.

Question 3. Do species in a given region show similar patterns of ecological niche variation
among central and peripheral populations? In particular: do micro-ecological features show
repeated variation at the distribution limits? To answer these questions, we conducted a
comparative analysis of variation in the ecological niche in central and peripheral
populations of 11 Mediterranean plant species. This study represents a completely original
cross taxa analysis of 11 species in their southern more central populations and their
peripheral populations at the northern limits of their distribution in the Mediterranean
climate region of France. Our emphasis here was on detecting any potential patterns of

ecological originality where species persist at their northern distribution limit.

Question 4. How does the climatic niche vary across species range in a Mediterranean
context? In particular, are peripheral populations climatically marginal regarding their entire
climatic niche? To answer those questions we compared the climatic niche of 11 species
previously studied in chapter 3 at their northern range limit in France, with populations
located in the central part of their range. We also investigated whether other species shared
a similar distribution pattern, and discuss the ecological drivers that limit species

distribution.
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Question 5. How do ecological factors interact across species range to shape local
abundance? To answer this question we used data collected in chapter 3 and 4 and
performed a global analysis to disentangle the impact of climatic variables, micro-ecological
factors and position across the range on local abundance. We also proposed a new

framework to investigate mechanisms that shape plant abundance.

Finally, we discuss those five questions together to bring insights on niche variation in a
centre-periphery context. We conclude this thesis with a discussion on the place of

peripheral isolates in conservation.
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CHAPTER 1: Geographic variation in
genetic and demographic performance:
new insights from an old biogeographical
paradigm

indigo Bunting
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Distribution of abundance of the Indigo Bunting, extracted from Brown 1984

To be cited as:
Pironon S.*, Papuga G.*, Villellas J., Angert A.L., Garcia M.B., Thompson J.D. (submitted)
Geographic variation in genetic and demographic performance: new insights from an old

biogeographical paradigm. Biological review. [*Both authors contributed equally to this work]
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1. Geographic variation in genetic and demographic performance

Setting the scene

Introduction

Biogeography is a science that seeks to understand patterns in the distribution of traits,
species, communities and ecosystems in space and time (Brown & Lomolino 1998). It aspires
to identify where species occur, how they perform at distinct locations and the spatial,
ecological, historical factors that explain such variation in occurrence and performance. The
discipline of biogeography thus provides a basis for the investigation of the processes that
generate, maintain, and threaten biodiversity (Gaston 2000, 2003).

The “centre-periphery hypothesis” (hereafter the CPH) is a major biogeographical paradigm
that aims to explain the variation in demographic, genetic and ecological characteristics of
species across their distribution ranges, and ultimately, the causes of their range limits
(Gaston 2009a; Sexton et al. 2009). Based on the assumption that the range of a species is a
geographical representation of its ecological niche, the CPH postulates that environmental
conditions are optimal near the center of the range and harsher at the periphery (Brown
1984). It also holds as a major tenet that populations are more isolated and less abundant
near the range limits of a species (Hengeveld & Haeck 1982; Brown 1984). Ecological
marginality, lower demographic performance and higher isolation are in turn predicted to
cause a decrease in genetic diversity within populations (Soulé 1973; Lawton 1993) and an
increase in genetic differentiation among populations (Da Cunha, Burla & Dobzhansky 1950;
Mayr 1963; Eckert et al. 2008).

Many biogeographic studies have produced results that adhere to the predictions of the
CPH, which has become a sort of “general principle” for several authors (Hengeveld & Haeck

1982; Guo et al. 2005; Eckert et al. 2008; de Oliveira et al. 2009) and has frequently been
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used to test ecological and evolutionary hypotheses (Holt & Keitt 2005; Sagarin, Gaines &
Gaylord 2006). Conservation scientists have also used ideas of the CPH to assess the
pertinence of conservation priorities (Lesica & Allendorf 1995; Gibson, Van Der Marel &
Starzomski 2009; Thompson, Gaudeul & Debussche 2010; Rehm et al. 2015). In the last 15
years, there has been a series of attempts to assess the validity of the CPH for genetic and
demographic features (Sagarin & Gaines 2002; Eckert et al. 2008; Sexton et al. 2009; Abeli et
al. 2014). Although genetic diversity and differentiation appear to frequently follow
predictions of the CPH (Eckert et al. 2008), abundance and other demographic vital rates
(e.g. survival, fecundity) do not generally follow the expected pattern (Channell & Lomolino
2000; Sagarin & Gaines 2002; Sexton et al. 2009; Abeli et al. 2014). However, whether there
actually is deterioration in environmental conditions towards the periphery of species ranges
is frequently overlooked. This is despite the fact that the CPH could not stand if
geographically peripheral populations were proven not to be ecologically marginal (Soulé
1973; Chardon et al. 2014). In addition, given that environmental conditions and species
ranges change over time, populations currently considered to be ecologically or
geographically central may have been marginal in the past, and vice-versa. For this reason,
historical centre-periphery gradients, considering stable refuge areas (rear edge) as the
“center” and recently colonized areas (leading edge) as the “periphery”, may provide a more
accurate context in which to analyze patterns of genetic variation (Cain 1944; Hampe & Petit
2005; Carnaval et al. 2009) and/or demographic performance (Adams 1902; Hampe & Petit
2005).

The concepts of geographic centrality, ecological marginality, and center of origin have all

been used in the CPH literature (Brown 1984; Hampe & Petit 2005; Kawecki 2008), but the
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interactions between geographical, ecological, and historical gradients have been rarely
studied. At the same time, lumping different gradients into the general category of centre-
periphery gradients might lead to misconceptions of the factors affecting the distribution of
genetic variation and demographic performance (Pironon et al. 2015). Furthermore, the CPH
assumes that genetic and demographic features are interdependent, and thus that they
show the same centre-periphery pattern of variation (Carson 1959; Brussard 1984; Eckert et
al. 2008). However, this assumption is contradicted by the fact that the CPH has been
validated previously for genetic variation (Eckert et al. 2008) but not for spatial patterns of
demographic rates (Sagarin & Gaines 2002; Sexton et al. 2009; Abeli et al. 2014). Merging
species’ information for the different components of the CPH would help clarify such
incoherence. Finally, it has been proposed that the CPH might only be valid for some
particular organisms, or in a subset of biogeographical regions, or at certain spatial scales,
but very few studies have attempted to address this issue (Sagarin et al. 2006; Eckert et al.

2008).
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Despite the common framework shared by the studies we review here, the naming of
the hypothesis is variable. For the 248 papers that we selected, 168 (67%) did not
explicitly name the hypothesis, although their aim was in fact to test some of its
predictions. In the remaining 33%, three names were most commonly used: the
abundant-centre (47%), the central-marginal (24%), and the centre-periphery
(15%) hypotheses. In addition, several authors used various other terms to name the
hypothesis (e.g. core-periphery, Carson’s, Brown’s hypothesis, etc.).

In a seminal publication, Brown (1984) introduced the “abundant-centre”
hypothesis. Although it refers explicitly to abundance patterns, it has been invoked to
underlie variation in other parameters in a centre-periphery context. In our study,
we restrict usage of this term to the specific domain of abundance. The word «
margin » has been used to refer to both ecological marginality (Soule, 1973; Farris &
Schaal, 1983) and geographical marginality (Arana et al, 2010; Doudova-
Kochankova et al.,, 2012). The latter is confusing because geographical and ecological
gradients are not necessarily concordant (Soule, 1973; Pironon et al., 2015, see
further discussion in IV.1.). For clarity, we prescribe the use of the term “centre-
periphery hypothesis” when studying the geographical distribution of genetic and
demographic performance, and restrict the use of “central-marginal” gradients to
strictly ecological considerations (Shreeve, Dennis, & Pullin, 1996; Hardie &

Hutchings, 2010).

Box 1-1. The centre-periphery hypothesis, a polymorphic concept.

In this paper, we first trace the long and complex history of the CPH by reviewing pioneer

theoretical and empirical studies. Second, we test the validity of the CPH by updating the
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results of previous partial reviews, and linking the genetic and demographic patterns into a
single overall analysis. This analysis aims to tackle a range of taxonomic, biogeographic, and
methodological issues that had been raised in previous reviews. In addition, our study also
differs from previous reviews in that 1) we evaluate whether the first assumption of the
hypothesis is always checked and verified (i.e. environmental conditions become more
marginal towards the range periphery), and 2) we attempt to disentangle the relative effects
of geographical, ecological and historical centre-periphery gradients on the distribution of
genetic variation and demographic performance. This critical assessment of the CPH allows
us to better understand geographic patterns and the causes of species range limits, as well

as the relative conservation value and vulnerability of central and peripheral populations.

History of the “centre-periphery hypothesis”

The pioneers (1900-1950)

The analysis of variation in species’ properties across the geographical range has a long
history. Right from the early days of such work, there has been a marked dichotomy
between two lines of inquiry, one concerning the general performance of populations or
individuals, and the other concerning genetic variation.

The idea that species become rarer and perform worse at their range margins due to less
optimal environmental conditions can be found in the scientific literature since at least the
19th century. For instance, (Darwin, 1859, pp. 69-78) discussed “the rigour of the climate
[...] on the confines of the geographical range” of taxa, and noted that “some species [were]
gradually getting rarer and rarer, and finally disappearing” along geographical gradients. The

basis for the study of geographic distribution limits was also being laid at that time (Wallace
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1876). Specific interest in the issue of geographic variation in species’ demographic
performance across regions arose in the early 20th century. (Adams 1902) first proposed
that species’ abundance would be highest in their historical centers of origin.
Simultaneously, other authors suggested that the centers of species’ abundance could be
defined by optimum ecological conditions, mainly climate (Cowles 1901; Transeau 1903,
1905; Shelford 1911). For example, (Cowles, 1901, p. 83) claimed that “each species varies
in habitat in different regions, and [...] in general a species can grow in the largest number of
plant societies at its center of distribution, since there the climatic conditions favor it most
highly”. Similarly, (Transeau, 1905, p. 877) stated that species were most abundant in the
centers of distributions, where “the complex of climatic factors most favorable to the
development of this type of vegetation is [...] localized and that as we depart from such
centers we find conditions more and more unfavorable”. Additionally, it was acknowledged
that species had great difficulties in establishing beyond their required environmental

IH

conditions, with only “accidental” occurrences outside of a species’ range (Grinnell 1922).
Beyond abundance, some studies also found a lower individual performance in marginal
populations of both animal and plant taxa, especially in terms of reproductive output
(Salisbury 1926; Filipjev 1929). However, these pioneer studies were, not surprisingly,
plagued with difficulties that hampered the production of meaningful conclusions, such as a
frequent focus on vegetation units or communities rather than single species (but see
Gleason, 1926) and scarce or, at best incomplete, data across the range of a given species
(Griggs 1914; Salisbury 1926).

The interest in variation of species’ genetic characteristics across their ranges also arose

early in the 20th century, albeit slightly later and rather independently of demographic
16

Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



1. Geographic variation in genetic and demographic performance

studies. The investigation of genetic patterns was first framed in a historical context of
species’ migrations and dispersal rather than in a static geographical perspective. Before
intraspecific studies emerged, Adams (1902) had predicted higher species richness in the
historical centers of origin of taxonomic clades. Later, several authors noted differences
across species ranges in the abundance of varieties and genetic polymorphism. (Vavilov,
1926, p. 175) stated that “the basic centers of origin of cultivated plants appear, as a rule, to
be found where a striking diversity of types is accumulated”, and (Turrill, 1939, p. 230)
observed that “towards the margins of their migrations species are less polymorphic”
referring to wild plants. Notably, both authors acknowledged the existence of exceptions
due to disturbing factors like geographical barriers.

To explain these patterns, it was proposed that species would suffer random losses in allele
diversity in the course of colonization events or range expansion (Reinig 1938). At this time,
the historical centers of species origin, associated with increased polymorphism, were
explicitly differentiated from the centers of highest abundance (and highest individual size),
which were in turn related to climatic favorability (Cain 1944). There were also early
mentions of the existence of “marked variational forms” (i.e., greater genetic differentiation)
in the geographic periphery of species’ distributions, especially at the rear edge due to
environmental stress (Good 1931). Of course these pioneer studies were based on
observations of phenotypic variation, due to the lack of appropriate genetic tools at that

time.

Towards the formulation of hypotheses (1950-1990)

e Demography
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Ordination studies of vegetation in the 1950’s and 1960’s provided the first detailed data on
intraspecific variation in abundance (Curtis & MclIntosh 1951; Whittaker 1956, 1960; Monk
1965). With exceptions, these studies revealed that bell-shaped curves of abundance were
very common along environmental gradients (Austin, 1976). This discipline, however, was
frequently focused on the relative abundance of individuals of each species within the
communities, and analyzed environmental or geographical gradients of local extent rather
than across whole distribution ranges.

In the early 1980’s, data on species’ distribution and abundance were increasingly available
in the form of atlases, flora and more conventional studies, which allowed the first general
assessments of the CPH in different taxonomic groups. Two influential papers (Hengeveld &
Haeck 1982; Brown 1984) proposed that patterns of higher abundance of individuals in
range centers could be a general phenomenon. Haeck & Hengeveld (1981) attributed this
pattern to an optimum-response surface, in which environmental conditions approach
physiological optimum in the range centre. Brown (1984) proposed a more mathematical
explanation in which the effects of multiple, independently varying environmental factors
define the ecological niche with a bell-shaped curve. Although these authors acknowledged
the underlying influence of the environment, they clearly emphasized the existence of a
geographical pattern, unlike previous studies. Since then, much research has been carried
out on animal and plant species to test what has become known as the “abundant-center
hypothesis” (Carter & Prince, 1985; Caughley et al., 1988; Carey, Watkinson, & Gerard,
1995; Curnutt, Pimm, & Maurer, 1996; Blackburn, Kevin. J. Gaston, et al., 1999).

In addition to changes in abundance, many authors began reporting, mostly on insect taxa,

higher extinction risk and demographic variability in populations at range edges due to poor
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environmental conditions (Birch, 1957; Nicholson, 1958; Richards, 1961; Whittaker, 1971;
but see Grant & Antonovics, 1978). This could be explained by a higher susceptibility of
peripheral populations to density-independent factors (Gaston 1990). However, higher
demographic variability was also predicted for central (larger) populations (May 1981).
Despite a growing consensus for central populations to have higher abundance and
population growth rates (Mayr 1963; Soulé 1973), some authors showed that not all vital
rates decline towards range margins, even when abundance is greatest at the center
(Maurer & Brown 1989). Hence, the expected CPH pattern was demonstrated for some but

not all demographic properties even within a given species.

* Genetic variation

Advances in genetics stimulated the analysis of patterns in genetic variation across species
ranges in the 1950’s, especially on Drosophila species. Interestingly, although geographical
peripherality and ecological marginality were commonly associated, at that time authors
emphasized the ecological status of populations rather than their geographical location to
explain genetic patterns. A general pattern of a reduced chromosomal polymorphism in
marginal populations began to emerge (Da Cunha et al. 1950; Townsend Jr 1952; Carson
1955; Goldschmidt 1956; Stalker 1964). Cunha et al. (1950) highlighted the role of habitat
diversity in promoting genetic variation, whereas Carson (1955, 1959) argued that selection
in more fluctuating peripheral populations would favor chromosomal monomorphism, which
allows higher flexibility for recombination. Likewise, most early studies on allelic diversity in
animals suggested higher polymorphism in central populations (reviewed in Mayr, 1963;

Soule, 1973). These authors discussed the relative influence of stochastic processes, induced
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by spatial isolation and reduced gene flow, and strong selection, in marginal locations.
However, some animals, such as Drosophila species, showed no reduction in allelic diversity
in marginal populations (Soulé 1973), a result that was attributed to a homogenizing effect
of high connectivity among populations of vagile taxa. In addition, some authors highlighted
the potential differences in centre-periphery patterns between the commonly measured
neutral markers, more affected by stochastic processes, and traits that better reflect the
action of natural selection (Brussard 1984). Finally, besides trends in within-population
genetic diversity, evolutionary biologists began to exhibit more interest in the possibility of
greater genetic differentiation among peripheral populations (in more isolated areas with
less gene flow) (Mayr et al. 1954; Brown 1957; Mayr 1963).

Thus, unlike pioneer studies prior to the 1950’s, later papers primarily stressed
contemporary rather than historical factors as drivers of genetic variation in different parts
of a species range. In addition, the second half of the 20th century witnessed initial attempts
to link genetic and demographic patterns by proposing that higher abundance in central
populations would determine differences in inbreeding coefficients, isolation by distance,
and the influence of density-dependence on selection (e.g. Haldane, 1956; Carson, 1959;
Mayr, 1963). However, the generality of such postulates was limited; detailed information
on both demographic and genetic patterns was only collected for Drosophila species, in
which range-wide genetic variation could be explained by the potential roles of differences
in selective regimes, abundance patterns and historical events (Brussard 1984).

Many studies were carried out across the distribution ranges of different animals and plants
from the end of the 1960’s, most of them showing higher genetic diversity in the center of

the distribution, although some studies showed no pattern or indeed the opposite to that
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predicted by the CPH (e.g. Prakash, 1973; Tigerstedt, 1973; Yeh & Layton, 1979). In
addition, an interest emerged in analyzing the genetic consequences of pole-ward
migrations since the last glaciation, with most studies illustrating a decline in genetic
variation in northern range-limit populations in the northern hemisphere (e.g. Dessauer &

Nevo, 1969; Highton & Webster, 1976; Schwaegerle & Schaal, 1979).

Evaluation and refinement of hypotheses (into the 21st century)

From the 1990’s onwards, an ever-increasing number of CPH tests have been conducted on
a wide array of organisms, traits and continents, at different spatial scales, and using a high
diversity of methodological approaches (Fig. 1, Appendix S1). A large number of studies have
examined patterns of demographic performance across species ranges. Contrary to
expectations, several initial reviews found no general support for the CPH for demographic
parameters such as abundance, individual vital rates or population growth rates (Sagarin &
Gaines 2002; Sexton et al. 2009; Abeli et al. 2014), although a tendency for higher
demographic variability in peripheral situations was detected (Sexton et al. 2009). Several
recent studies have also challenged the view that species’ geographical range limits match
their ecological niche boundaries (Chardon et al. 2014; Hargreaves, Samis & Eckert 2014).
Such observations therefore stress the need to disentangle centre-periphery gradients
associated with either geographic peripherality or ecological marginality.

In addition, the last 20 years have been marked by the arguments of several authors for a
less static view of the CPH by considering that the distribution of species’ demographic
performance may reflect their temporal range dynamics, from post-glacial recolonization
events to contemporary extinction/colonization dynamics after environmental change
(Hampe & Petit 2005). For instance, species have been found to be more resilient to range
21
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contractions in the periphery of their distribution than in the centre, due to lower
anthropogenic effects (Channell & Lomolino 2000). However, very few studies have
compared demographic rates of rear and leading edge populations (Hampe & Petit, 2005;
but see Purves, 2009; Pironon et al., 2015).

The most comprehensive reviews of the CPH in relation to patterns of genetic variation in
plants and animals have shown a general trend for lower genetic diversity within
populations and higher differentiation among populations in the periphery (Johannesson &
Andre 2006; Eckert et al. 2008). However, these patterns are far from being universal, and
the authors have pointed out strong taxonomical, biogeographical and sampling-related
biases in the available studies. Also, strong selection pressure in marginal areas due to
stressful and fluctuating conditions could lead to the appearance of novel adaptations and
confer greater evolutionary potential, and thus conservation interest, especially in the
context of global warming (Safriel, Volis & Karr 1994; Lesica & Allendorf 1995). Moreover, as
for demographic patterns, recent studies call for independent analyses of the roles of
geography and ecology in shaping range-wide patterns of genetic variation (Lira-Noriega &
Manthey 2014; Sexton, Hangartner & Hoffmann 2014).

Historical effects on genetic variation have also received much recent attention, with
numerous studies focusing on peripheral populations that represent recent colonization
events. In general, such leading-edge populations show lower genetic variation than central
populations (Hewitt 1996, 2000). On the other hand, some authors have pinpointed the
relevance of frequently overlooked rear-edge populations, which might show unique genetic
properties due to their persistence in stressful or exceptional conditions, or due to their

older history (Hewitt 1996; Hampe & Petit 2005). Guo (2012) emphasized the importance of
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evaluating central-peripheral and latitudinal gradients together, considering both historical

and contemporary events, to understand biological patterns across ranges, as highlighted

several decades ago by Cain (1943).

Global survey and meta-analyses

Paper selection

To compile a representative dataset of articles that have tested the CPH, we selected
publications according to a standardized sampling method. First, we extracted all studies
cited in the main text and supplementary information of four comprehensive literature
reviews of the CPH: Sagarin & Gaines (2002) for abundant-centre patterns, Sexton et al.
(2009) for demographic vital rates; Abeli et al. (2014) for plant populations’ performance
and abundance; and Eckert et al. (2008) for genetic diversity and differentiation. We then
used the ISI Web of Knowledge database to select all papers that have since cited at least
one of these reviews. Finally, we made a search on the ISI Web of Knowledge browser using
as keywords the centre (“cent*” or “core”) with periphery (“marg*” or “peripher*” or
“edge” or “limit*” or “satellite”) and link word “AND"”. We restricted our research to the first
250 articles in the field “ecology”. This search was performed on June 30, 2014; papers
published after this date have not been included in our study. We obtained a total list of
1260 papers that we filtered to retain original articles that explicitly compared central and
peripheral populations based on empirical data and in which we could extract species-level
results supported by statistical tests. This resulted in a final pool of 248 papers (Fig. 1A,
Appendix S1), 131 of which had been analyzed in one or more of the four previous reviews,

and 117 of which are novel to our review.
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Data collection

Results of the 248 studies were sorted into several broad categories (abundance, population
performance, size, ecological niche, and genetic variation), that each contains a set of
parameters.

“Abundance” patterns were studied at two scales: population occupancy at a regional scale
(or population frequency in a given area) and abundance of individuals (number or density)
in a population. “Population performance” was assessed in relation to the demography of
the populations: survival, growth, fecundity, recruitment, and the overall population growth
rate. “Size” covered morphometric measures of individuals. Size was often considered as
proxy for growth, hence, we examined the results for size and performance together. We
also extracted results concerning the spatial or temporal variability of all the parameters of
the categories “Abundance”, “Population performance”, and “Size”. Population occupancy
was the only parameter for which we found no study on variability. The “Genetic variation”
category included measures of three parameters: within-population diversity, among-
population differentiation, and inbreeding.

Finally, in addition to these categories, we regrouped all articles that focused on the
“ecological niche”. Two parameters were considered: the mean ecological niche that
captured variation in mean conditions between central and peripheral populations and
differences in the ecological niche breadth (variability among sites within central and
peripheral groups of populations). Results for this category are presented separately in

section IV.1.
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In each article, we extracted results at a species level and assessed whether a given
parameter was significantly higher in central (C) or peripheral (P) populations or not
significantly different between the two geographic groups of populations (N). A wide variety
of indexes have been used to describe each parameter; therefore, when several indexes
were used for a single parameter (e.g. genetic diversity estimated by the number of alleles
per locus and heterozygosity), we discarded non-significant indexes, and assigned one value
of C or P per parameter only if indexes associated with significant statistical tests were all
higher in central or peripheral populations. If no difference was statistically significant or if
significant trends were detected in opposite directions, we considered the result as being
null (N). Thus, the total number of tests of the CPH represents the number of parameter
comparisons for all species in the 248 articles.

The CPH has been tested on a large panel of organisms, with a wide variety of sampling
protocols. Therefore, we also extracted methodological information from studied
publications. We first aimed to quantify spatial aspects of sampling schemes to assess their
impact on the validation of the CPH. We examined three main sampling characteristics. The
first was the relative position of peripheral populations within the species range or “Degree
of isolation” between peripheral populations and the central part of the distribution. Here,
tests were allocated to one of three classes: intermediate (peripheral populations located
between the centre and the edge of the range), absolute (peripheral populations at the edge
of the range) and beyond (peripheral populations isolated beyond the edge of a continuous
range). A second sampling effect involves the “Spatial extent” of the study area (i.e. the
largest distance between two studied populations). Again, we allocated studies to one of

three classes: small-scale studies (< 200km between the two most distant populations),
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regional-scale studies (200 - 2000km) and continental-scale studies (> 2000km). These
classes were adapted from Pearson & Dawson (2003). The third sampling characteristic is
“Range cover” which assesses the proportion of a species distribution that has been sampled
in the study using four percentage classes (0-10% / 10-25% / 25-50% / 50-100%). When not
provided directly by the authors in the main text, the extent of species’ distributions was
extracted from external sources (supplementary information, atlases, internet). Finally,
study species were classified by kingdom (plant or animal), and by the biogeographical

regions they inhabit (following USDA http://www.nrcs.usda.gov).

Statistical analyses

Our analysis is based on frequency comparisons using Chi-square tests of homogeneity. We
also conducted binomial tests on the numbers of tests that validated the CPH for each
parameter. First, we tested whether the hypothesis was validated for more than half of the
tests (hypothesized probability of success of 0.5; i.e. C>P+N for comparisons of mean
parameters, P>C+N for comparisons of genetic differentiation and parameters’ variability). If
this deviation was not significant, we investigated whether the hypothesis was validated for
more than one third of the tests (hypothesized probability of success of 0.33; i.e. C>P or C>N
for comparisons of mean parameters, and P>C or P>N for comparisons of genetic
differentiation and parameters’ variability).

We used a Principal Component Analysis (PCA) to investigate correlations among the three
main sampling characteristics and limit potential redundancy. Given that these variables are
semi-quantitative, we recoded them on an ordinal scale before performing the analysis.

“Spatial extent” and “Range cover” were highly correlated and well summarized by the first
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axis of the PCA (54% of variability explained; later named “Scale”) while the second axis was
driven by the “Degree of isolation” (32% of variation explained; later named “Isolation”). We
therefore used coordinates of each study on these axes as synthetic variables. Then, we
fitted a Generalized Linear Model (GLM) for binomial data with validation of the hypothesis
(yes or no) as a response variable and “Scale” and “Isolation” as explanatory variables.

All analyses were performed using the software R (R development Core Team 2010) and the

ade4 package for multivariate analysis (Dray & Dufour 2007).

The “centre-periphery hypothesis”: an overview

Multiple approaches

Our database contained 248 papers published between 1968 and 2014 in 89 different
journals representing a wide range of current impact factors (from <1 to 31) (Fig. 1A,
Appendix S1). Genetic variation was the most studied category with 135 papers representing
301 tests (Fig. 1B). Abundance and population performance were examined in 76 papers
(176 tests), and 82 papers (262 tests) respectively. Differences in size and environmental
conditions have been the least often investigated in 54 papers (95 tests) and 42 papers (96
tests) respectively. No study conjointly analyzed genetic variation, population performance
and abundance patterns. Most of these empirical studies have been conducted in North
America and Europe (83% of the articles, Fig. 1C). This over-representation of temperate
areas may strongly impact results and limit any global interpretation of trends, which
highlights the necessity of analyzing its potential bias.

Most papers studying the “centre-periphery hypothesis” (CPH) considered a geographical

centre-periphery gradient. However, other non-geographical interpretations of central-
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peripheral gradients were commonly used (Fig. 1D) including ecological gradients with
peripheral populations in different (or marginal) conditions (Hargrove & Rotenberry 2011;
Pouget et al. 2013), and temporal gradients with peripheral areas containing younger (more
recently founded) populations (e.g. Tollefsrud et al., 2009; Gassert et al., 2013). This
approach was explicitly used when precise data on past distribution were available, for
example in relation to post-glacial (Cwynar & MacDonald 1987; Hoban et al. 2010;
Jadwiszczak et al. 2011), or recent (Mandak 2005) colonization. Finally, some authors
described a centre-periphery pattern based on the size and/or the density of the population

(e.g. Van Rossum & Prentice, 2004; Lemke & Porembski, 2013).
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Figure 1-1. An overview of the CPH empirical literature.

A. The number of studies testing the CPH since 1968 with important review papers (green arrows) and major conceptual
papers (blue arrows); B. The number of studies testing the CPH on different groups of species characteristics; C. Choropleth
map representing the number of studies conducted on each continent; D. The number of studies that adopt different

definitions of centre-periphery.
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General results

To analyze the number of tests that show significant differences between central and
peripheral populations for different parameters, we retained studies with a geographical
centre-periphery approach and discarded articles whose centre-periphery pattern solely
relied on population abundance or ecological gradients. This restricted the number of

articles to 234, representing 804 tests of the CPH.

Abundance

The abundant-centre hypothesis (an offshoot of the general CPH) is based on two
assumptions: environmental variables are spatially correlated throughout the range, and
abundance peaks where environmental conditions are best, i.e. in central populations
(Brown 1984; Sagarin et al. 2006).

We found that population occupancy showed a strong trend towards lower values in
peripheral populations (81% of studied tests). However, this significant trend is based on
only 21 tests in 15 papers (Table 1). Besides, we noticed that several studies considered this
pattern as a fact and defined their centre-periphery sampling scheme based on this criterion.
For example, some genetic studies oppose large and continuous central populations to small
and scattered peripheral populations (Jones & Gliddon 1999; Van Rossum et al. 2003;
Medrano & Herrera 2008), although they did not measure population size, density or
fragmentation.

69 out of 135 tests (51%) focusing on the abundance of individuals reported higher

abundance in the central part of the distribution, though the trend is weaker than for
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occupancy patterns (Table 1). This result contrasts with Sagarin & Gaines (2002) who found
weaker support for the hypothesis, but whose study gave a high importance to a relatively
low number of papers (145 tests extracted from 22 papers, 39% of validation). In particular,
the study by Blackburn et al. (1999) alone represented 44% of the total number of
considered tests, and did not support the CPH. This paper was not included in our study, as
we were not able to identify central and peripheral areas of the ranges of the different
species considered.

Different results for population occupancy and abundance of individuals may be due to
differences in the factors shaping those patterns (Lawton 1993; Hoffman & Blows 1994;
Gaston 1996; Thuiller 2013), which may act over different scales (Gilbert 1980; Gilman 2005;
Boulangeat, Gravel & Thuiller 2012). The strong spatial organization of occupancy patterns
may be primarily driven by climatic factors which act over a large scale and are often
spatially autocorrelated (Thuiller, Aralijo & Lavorel 2004). This is supported by recent cross-
taxa empirical analysis for both plants (Boucher-Lalonde, Morin & Currie 2012) and animals
(Boucher-Lalonde, Morin & Currie 2014). In contrast, variables linked to the abundance of
individuals could operate at more local scale (Pearson & Dawson 2003; Elmendorf & Moore
2008) and exhibit low spatial structure (Caughley et al. 1988; Lawton 1993). For example,
Gilman (2005) highlighted the importance of water temperature, tides, wave force and biotic
interactions to shape the local abundance pattern of an intertidal limpet (Collisella scabra
Gould). The spatial layering of these ecological factors Pearson & Dawson (2003) might
explain range-wide clumped distributions of abundance of individuals observed in some taxa
(see Brown, Mehlman, & Stevens, 1995), and lead to the low general support for a large

scale decrease of abundance of individuals toward the periphery. However, species might
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respond differently to these ecological factors due to their diversity of life-history
characteristics (Gaston 2003).

Spatial and temporal variation in abundance of individuals is also predicted to be higher at
the periphery under the CPH (Curnutt et al. 1996; Sagarin et al. 2006). This can be explained,
for example, by spatial patterns of habitat quality and their effect on source-sink models of
colonization, assuming that populations collapse after establishing in low quality habitat
(Lawton 1993; Curnutt et al. 1996; Vucetich & Waite 2003). Another possible explanation is
the higher susceptibility of populations to density-independent factors in the periphery
(Gaston 1990). Here, we only analyzed 19 tests, and these exhibited no significant trend
(Table 1), although only one study showed higher variability in the range centre (Law 1994).
Thus, the lack of information regarding variability remains an important gap in our
understanding of range dynamics, and the possible occurrence of source-sink dynamics in

peripheral populations (Pulliam 1988, 2000; Curnutt et al. 1996).

Population performance

Vital rates associated with population performance are predicted to decrease toward the
range periphery, and to become more variable (Sagarin et al. 2006; Sexton et al. 2009).
Lower fitness of peripheral populations could cause higher extinction probability and limit
further colonization, creating stable range limits (Hardie & Hutchings 2010; Abeli et al.
2014). However, for five parameters (survival, growth, fecundity, recruitment, and overall
population growth rate), we found no consistent patterns that support this hypothesis: each
vital rate was equally likely to be higher in the centre, the periphery, or to exhibit no

difference (Table 1). This conclusion confirms results obtained by Sexton et al. (2009) and
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Abeli et al. (2014). Range-wide studies of reproductive performance have reached similar
conclusions, emphasizing the important role of local environmental conditions on
demographic rates, which might blur their geographical distributions (Garcia, Goni &
Guzman 2010; Villellas et al. 2012; Granado-Yela et al. 2013).

Very few studies evaluated the impact of abundance on population performance in a centre-
periphery context. Some reported higher performance in larger populations, through higher
fecundity and recruitment (Lemke & Porembski 2013), or higher survival (Rodriguez &
Delibes 2002), whereas others found no differences in demographic rates between small and
large populations (Berg, Becker & Matthies 2005; Lester, Gaines & Kinlan 2007). Although
many cases of the positive effects of large population size have been highlighted (Reed
2005), the association between species fitness and abundance is not unidirectional; negative
density-dependence effects can also occur (Johnson et al. 2012), and some species have
been shown to perform well at low population size (Garcia, 2008). Moreover, density-
dependence effects might not always impact all demographic rates and/or overall
population growth rate (Kolb, Dahlgren & Ehrlén 2010), and their intensity might vary across
a species range (Williams, Ives, & Applegate, 2003). The presence, direction and intensity or
the absence of density-dependence is just one of the many ecological factors influencing
demographic rates and could contribute to why these rates do not always follow a centre-
periphery pattern.

Individual size may also be lower in peripheral populations if they occur in less-optimal
ecological conditions (Meiri et al., 2009). However, in the studies we reviewed, there was no
clear evidence of smaller individuals in peripheral populations: 55% of species showed no

differences across their range (Table 1). Other biogeographical theories have tried to link
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organism size to their position in the range, among which Bergmann’s rule predicts an
increase in body size of endothermic animals with higher latitudes, in order to limit energetic
loss(Blackburn, Gaston, & Loder, 1999; Meiri, 2011). This linear increase is different from the
hump shaped scenario proposed by the CPH, which suggests that the size of individuals
might be driven by different mechanisms. In this context, criticisms have been raised against
the use of latitude as a proxy for harsher/colder environmental conditions (Blackburn,
Gaston, et al., 1999), which points to the need for a direct estimate of the ecological drivers.

Finally, four articles (Siikamaki & Lammi 1998; Gonzalez-Guzman & Mehlman 2001; Kark et
al. 2004; Vaupel & Matthies 2012) dealt with the topic of developmental instability due to
strong directional selection or high inbreeding in peripheral isolates (Levin 1970). However,
we detected no difference in instability (measured as fluctuating asymmetry) between
central and peripheral populations. Thus, no global pattern of higher stress toward range

edges appeared in these studies (Parsons 1990).

Genetic variation

Several hypotheses have been proposed regarding the spatial organization of genetic
variation in the different parts of a species range (Safriel et al. 1994; Hardie & Hutchings
2010). The first prediction of the CPH is that within-population genetic diversity is lower in
peripheral than in central populations. In our dataset, 83 out of 175 tests (47%) showed this
pattern (Table 1), which did not differ from a random expectation. This contrasts with results
obtained by a previous review (Eckert et al. 2008), in which the CPH was upheld in 65% of 68
studies. This may be due to the fact that in our dataset we found a significant difference

among temporal subsets of the data (3*2 x?=35.54, df= 2, P < 0.001); the pre-2008 literature
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validated the CPH at a rate of 69.8% (44 / 63 tests) while only 34.8% (39 / 112 tests) of post-
2008 studies validated the CPH. Thus, it is likely that recent studies integrated Eckert et al’s
(2008) conclusion for the need to use a more representative sampling methodology to
assess trends across a greater proportion of the range, or better identify the relative
position of the populations within the whole species’ range (e.g. Diniz-Filho et al., 2009;
Dixon, Herlihy, & Busch, 2013). Additionally, most of the studies reviewed by Eckert et al.,
(2008) were conducted at the leading edge of temperate species distributions, hence, they
recommended that other peripheral areas be examined in order to evaluate the general
validity of the CPH and disentangle the potential confounding effects of historical drivers
from ongoing contemporary processes. As they stated (page 1171), “relatively few studies
exhibited consistent geographical patterns in population genetic diversity towards different
range edges [when comparing] different studies”, illustrating a potential weakness of tests
of the CPH predictions. The post-2008 shift to more representative sampling is exemplified
by the study of Lira-Noriega & Manthey (2014). The authors collected genetic data from the
literature spanning most of the ranges of 40 plants and animals of different biogeographical
origins, and computed distances to the centroids of the species distributions. They found
little global support for the CPH.

In parallel, genetic differentiation is predicted to be higher among peripheral populations
than among central populations (Mayr, 1963; Eckert et al., 2008). 33 out of 74 tests (45%)
showed this pattern (Table 1). This relationship was not different from a random
expectation, and a large number of tests found no differences. Again, this result contrasts
with Eckert’s observations of higher differentiation among peripheral populations for 70% of

studies (40 studies out of 57), although the validation rate in Eckert and collaborators’ study
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decreased to 42% (n=26) when their test was restricted to publications that made statistical
analysis of differentiation values. Again, we found less support for the hypothesis in
publications since 2008 (x2= 8.5, df = 2, p = 0.01), Methodological issues may add some
confusion to the interpretation of population differentiation across species range, because
measures used to quantify it may be biased by differences in genetic richness and distances
among populations for central and peripheral populations (Eckert et al., 2008). The low
validation rate we detected indicates that empirical evidence does not globally support a
higher differentiation among populations at range limits. Environmental differences (Lesica
& Allendorf 1995; Sexton et al. 2014 p. 20) and metapopulation dynamics (Hampe & Petit,
2005) may be more important determinants of any such patterns (Endler 1973).

Our study provides empirical evidence for an association between within-population genetic
diversity and among-population differentiation. Specifically, tests that exhibited significantly
lower within-population diversity in peripheral populations had a higher probability of also
showing an increase in genetic differentiation (x?>= 35.54, df = 4, P < 0.001). Genetically
depauperate peripheral populations may thus be more prone to drift and consequent
genetic divergence (Eckert et al. 2008; Leonardi et al. 2012).

Finally, following the assumption of lower census and effective population size at range
limits (Vucetich & Waite, 2003), inbreeding is predicted to be higher in peripheral
populations. Our results did not deviate from random expectation, with 15 out of 31 tests
(48%) reporting higher inbreeding in peripheral populations (Table 1). Thus, this underlines
the fact that centre-periphery patterns did not coincide with patterns of effective population
size variation across the range (Frankham 2007), as the results of abundance of individuals

and actual population size suggest (see results above).

35
Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



1. Geographic variation in genetic and demographic performance

Finally, 22 tests used other approaches (for example karyology Medail et al., 2002; Rivero-

Guerra, 2008) that we did not analyze quantitatively due to their heterogeneity.
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Table 1-1. The numbers of studies (a total of 248 sampled papers) and tests (a total of 813 tests) that exhibit significant or non-significant differences between central and peripheral
populations for the different groups of species’ parameters.

Ncentre represents the number of tests that report significantly higher parameter values in geographically central populations; Nperiphery is the number of tests that report higher parameter

values in peripheral populations; and Npq diff is the number of tests that did not find significant differences between central and peripheral populations. Note that the CPH predicts higher
values in genetic diversity, abundance and population performance parameters in central than in peripheral populations, but the opposite for variability of these parameters and genetic
differentiation. Significance level of binomial tests is indicated as: *** P < 0.001; ** P < 0.01; * P < 0.05 (in black for a hypothesized probability of success of 0.5, and in grey for a
probability of 0.33; see Methods for further details).

N articles N test N centre N no diff N periphery Validation (%) Significance level
Genetic Diversity 120 175 83 82 10 47
Differentiation 68 74 6 35 33 45
Inbreeding 31 31 2 14 15 48
Abundance Population occupancy 15 21 17 4 0 81 Fx
Abundance of 70 136 69 59 8 51
individuals
Abundance Abundance of
Variability individuals 9 19 . 9 9 47
Population Population Growth Rate 12 34 11 19 4 32
Performance Growth 15 35 9 20 6 26
Survival 33 56 13 36 7 23
Fecundity 54 58 25 21 12 43
Recruitment 33 60 14 27 19 23
Population Population Growth Rate 5 7 3 1 3 43
Performance Growth 1 1 0 1 0 0
Variability Survival 3 3 2 1 0 0
Fecundity 3 3 1 1 1 33
Recruitment 5 5 0 3 2 40
Size 47 82 20 45 17 24
Size variability 8 13 8 4 1 62
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Plant — animal differences

Spatial patterns of genetic and demographic parameter variation are strongly linked to the
life history characteristics of organisms, such as competitive or dispersal abilities (Gaston,
2003). Our dataset is composed of a large diversity of organisms including annual plants (N =
31), perennial plants (N = 171), birds (N = 65), mammals (N = 38), insects (N = 33), fishes (N =
13), amphibians (N = 10), reptiles (N = 6) and marine invertebrates (N = 44) (Appendix S1).
Therefore, genetic variation, abundance, and population performance patterns may exhibit
strong differences among groups (Gaston, 2003). To investigate this issue, we tested
whether kingdom (plant or animal) influenced rates of validation of the CPH.

For within-population genetic diversity, a marginally significant difference (x*=5.9, df=2, P =
0.053) appeared between the two groups: 54% of tests conducted on plants validated the
CPH (54 out of 100 tests), while only 39% (29 out of 75 tests) fit this model for tests
conducted on animals (Table 2). However, when restricting our analysis to single species
articles, both animal and plant-based tests presented a validation rate of 56%. The
differential pattern was mainly driven by one multi-species article (Lira-Noriega & Manthey
2014), which validated the CPH for 4 plant species out of 13, and for only 1 out of 25 tests on
animals.

For population performance parameters, no significant differences were detected between
plants and animals (Appendix S2). Yet, for the size of individuals, animals showed a stronger
trend toward the absence of pattern (N) across their range (x>=6.7, df = 2, p < 0.05).

For the abundance of individuals, the CPH was validated for animals but not for plants (x*=
22, df = 2, p < 0.001) (Table 2). This difference suggests that life history traits affect

geographic patterns of variation in abundance. Svensson (1992) first proposed that the
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abundant-centre hypothesis would be valid for animals, but not necessarily for plants, based
on the sparse observations available at that time (Carter & Prince 1981; Woods & Davis
1989) and without providing any theoretical explanation. In general, local ecological
constraints may strongly impact organisms with a sessile life form such as plants for which
abundance will be dependent on micro-ecological factors (Chapin et al. 1987; Lammi,
Siikamaki & Mustajarvi 1999; Lonn & Prentice 2002; Nielsen et al. 2005). These variables
tend to exhibit little geographic autocorrelation (Gilman, 2005), and therefore can blur
geographic variation in abundance. In contrast, for vagile animals, individual requirements in
terms of metabolic rate (Root 1988) and distribution of resources (Schluter & Repasky, 1991)
can be major drivers of abundance patterns. These environmental processes strongly rely on
climate, and thus are more coarsely spatially structured. In addition, resource limitation
generates competition in mobile animals promoting long-distance dispersal to new
potentially suitable sites (Curnutt et al. 1996), with vagrant individuals frequently observed
out of their range (Grinnell 1922). Hence source-sink dynamics will be more common and
spatially structured than in plants (Hoffman & Blows 1994; Pulliam 2000; Guo et al. 2005).
Such sites are considered as being “outside” of the fundamental ecological niche, but tend to
enlarge the realized niche (Pulliam 2000) and lead individuals to face harsh conditions
(Hargreaves et al. 2014). This empirical evidence regarding differences between animals and
plants for the CPH fits the predictions proposed by the spatial source-sink theoretical model
of Guo et al. (2005). Ultimately, understanding abundance patterns and especially the
structure and density of sink populations toward range edges could be a key to understand

species range limit (Sexton et al. 2009).
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Table 1-2. The numbers of tests that exhibit significant or non-significant differences in genetic diversity and abundance
of individuals between central and peripheral populations for different groups of organisms.

Genetic diversity
Validation  Significance

N test N centre Nnodiff N periphery (%) level
Animal 75 29 43 3 39
Amphibian 9 5 3 1 56
Bird 26 11 15 0 42
Fish 3 2 1 0 67
Insect 16 1 14 1 6
Mammal 8 3 5 0 38
Marine
Invertebrate 7 3 3 1 43
Reptile 4 4 0 0 100
Other 2 0 2 0 0
Plant 100 54 39 7 54
Annual 12 9 2 1 75
Perennial 88 45 37 6 51
Abundance of individuals
N test N centre N no diff N periphery Vah((g/i)tlon Slgr;:af‘llfjnce
Animal 92 55 37 0 60 *
Amphibian 2 1 1 0 50
Bird 36 29 7 0 81 Fkok
Fish 8 2 6 0 25
Insect 7 4 3 0 57
Mammal 4 1 3 0 25
Marine
Invertebrate 30 15 15 0 50
Reptile 1 1 0 0 100
Other 4 2 2 0 50
Plant 44 14 22 8 32
Annual 6 3 1 2 50
Perennial 37 11 20 6 30

Ncentre represents the number of tests that report significantly higher parameter values in geographically central

populations; Nperiphery is the number of tests that report higher parameter values in peripheral populations; and Ny giff
is the number of tests that did not find significant differences between central and peripheral populations. Significance
level of binomial tests is indicated as: *** P < 0.001; ** P < 0.01; * P < 0.05 (in black for a hypothesized probability of
success of 0.5, and in grey for a probability of 0.33). Differences between plants and animals in other parameters are
shown in Appendix 2.
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Limitations associated with sampling methods

Several authors have discussed the importance of methodological biases in studies testing
the CPH, especially the failure to adequately sample central and peripheral parts of a species
range (Eckert et al. 2008). As a result, this may hinder generalization about the validity of the
CPH (Sagarin & Gaines 2002). Indeed, the shape and size of species ranges can vary
dramatically among taxa and thus affect the expression of variation in demographic and
genetic characteristics (Gaston, 2003). Thus, we analyze two spatial parameters. First,
geographic isolation of peripheral populations is supposed to limit colonization events and
consequently slow down metapopulation dynamics (Gilpin & Hanski 1991) and affect genetic
patterns across species’ ranges (Hastings and Harrison 1994). In our database, only 11% of
all tests considered a periphery beyond the main range; 42% sampled peripheral populations
at the very edge of the range, while 45% considered populations clearly located within the
main range of the species as peripheral populations. Second, the majority of species
distribution ranges exceed individual dispersal abilities, hence populations in different parts
of the range are fairly isolated from one another, at least on a short term (Wright 1943;
Hardy & Vekemans 1999). Therefore, range size may condition the frequency of interactions
among populations, and the representativeness of the sample in terms of the global
distribution of the species may affect its power to capture such processes. In our pool of
papers, 28% of all tests considered less than 10% of the range of the species, and 26%
studied 10 - 50% of the range. Hence, only 44% of all tests were conducted over more than
50% of the species’ ranges. Most studies (56%) thus identify peripheral populations that
others would consider as central. The strong correlation that we found between

“representativeness” and “spatial extent of the study” showed that studies carried out at a
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larger scale tend to be more representative of the global range extent of species, and
advocate the use of a single variable “scale” that synthesizes both measures.

Regarding abundance of individuals, we found that the variable “scale” had a significant
positive impact on the validation rate of the CPH. Thus, studies that encompassed more than
50% of a species distribution and that were conducted at a large scale (continental) were
more likely to detect a reduced abundance of individuals in peripheral populations, as
envisioned previously by Sagarin et al. (2006). Choosing representative central and
peripheral populations might thus increase the probability of sampling less optimal
ecological conditions at the periphery of a species distribution (Sagarin & Gaines 2002).
However, this result may also be over-influenced by a small number of studies on multiple
bird species (representing a high number of tests), that showed a pattern that strongly
supports the CPH and that had a more range-wide sampling than studies of plants (for plant-
animal comparison, x?=5.03, df=2, P = 0.08). Thus, the pattern should be interpreted with
caution, and large scale studies should be applied to plant to disentangle the effect of
organism and scale at which studies are conducted. It is also worth noticing that spatial
isolation has no impact on abundance patterns, which highlights that peripheral isolates
might occur in suitable environmental conditions allowing to establish viable populations.
For population performance, the absence of any impact of the variables “scale” and
“isolation” reinforces their relative independence from the extent of the geographical
gradient (Table 3). However, studies with larger sampling schemes were more likely to
exhibit an absence of difference (N) in recruitment across the range. This is in accordance

with previous results that emphasized the importance of local variables that exhibit little
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spatial structure (Connolly, Menge & Roughgarden 2001; Granado-Yela et al. 2013; Ibafiez &
McCarthy-Neumann 2014).

For genetic diversity, we found a strong positive impact of peripheral isolation on the
validation rate of the CPH, which highlighted the importance of current range structure on
genetic diversity (Table 3) (Holt 2003; Leonardi et al. 2012). Indeed, this validation rate
decreased from 70% (Niest = 35) to 61% (Niest =61) to 42% (Niest = 83) when considering
peripheral isolates out of the range, absolute peripheries and intermediate peripheries.
Peripheral isolation will slow down metapopulation dynamics and limit gene flow among
populations (Holt & Keitt 2000; Holt 2003; Bohme et al. 2007). In addition, studies that used
population size to define their centre-periphery gradient brought evidences for a positive
impact of population size on genetic diversity: 10 out of 14 tests found a higher genetic
diversity in larger populations (e.g. Lammi, Siikamaki, & Mustajarvi, 1999; Dostalek,
Minzbergova, & Plackova, 2014), whereas four of them did not find differences (e.g.
Michalski & Durka, 2007). Besides the impact of isolation, a nearly significant effect of scale
indicated a greater decrease of genetic diversity when considering larger spatial scales. This
suggests that there is a trend for genetic diversity to decrease gradually from the centre to
the periphery that requires sampling wide enough to capture it. This can be interpreted as
the footprint of repeated founder event following post-glacial range expansion (e.g. Cwynar
& MacDonald, 1987; Dudaniec et al., 2012), which have an impact on large scale patterns,
and might be strongly dependent on species history (Petit et al. 2003). As a result, genetic
diversity will be shaped by both contemporary factors and historical events, the relative

importance of which may be species specific (Hampe & Petit 2005; Kropf 2012).
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Genetic differentiation was strongly linked to the physical isolation of peripheral populations
(Table 3). This observation suggests that gene flow among populations decreases toward the
range edge depending on peripheral isolation (Leonardi et al. 2012; Wang, Glor & Losos
2013). However, the absence of any effect of the variable scale pinpoints the relative
independence from the spatial extent of the study (Table 3). This indicates that genetic
differentiation does not follow a “simple” isolation by distance process, in which gene flow is

inversely proportional to distance among populations (Sexton et al. 2014).
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Table 1-3. Generalized linear model (GLM) of the correlation between the CPH validation and “scale” and “isolation” variables.
“Scale” represents the spatial extent of the sampling scheme, while “isolation” describes the position of peripheral populations in relation to the species range. Parameters studied in less than
30 tests were discarded from the analysis. Significance level indicated by: *** P <0.001; ** P <0.01; * P <0.05.

Scale Isolation
i, e puae Silame  Ob beeeol pygye S

Genetic Diversity 3,1 1 0,077 14,0 1 0,000 ek

Differentiation 1,1 1 0,299 5,4 1 0,020 *

Inbreeding 1,8 1 0,179 0,5 1 0,484
Demography Population Growth Rate 0,4 1 0,520 0,2 1 0,622

Growth 0,2 1 0,646 0,1 1 0,733

Survival 1,8 1 0,182 0,2 1 0,693

Fecundity 2,6 1 0,108 0,1 1 0,745

Recruitment 6,6 1 0,010 * 0,7 1 0,414

Size 2,0 1 0,160 1,1 1 0,295
Abundance Abundance of individuals 10,1 1 0,001 *k 0,1 1 0,731
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Geographically peripheral or ecologically marginal?

Are peripheral populations ecologically marginal?

A major tenet of the CPH is that a species distribution is a geographical representation of its
ecological niche with environmental conditions optimal at the range centre and poorer at
the periphery (Brown 1984; Hoffman & Blows 1994; Holt & Keitt 2000). However, it has been
argued that “not all marginal populations are peripherally located and not all peripheral
populations are ecologically marginal” (Soulé, 1973; see also Hardie & Hutchings, 2010).
This assumption is often overlooked when testing the CPH: only 17% (42 studies) of our pool
of 248 papers quantitatively evaluated environmental conditions (biotic and/or abiotic) in
central and peripheral locations (Fig. 1B).

Of these 42 studies (82 tests), 34 (81%) compared environmental variables (i.e. ecological
niche) in central and peripheral populations; five papers compared spatial or temporal
variation of these variables (i.e. ecological niche breadth), and only three considered
measures of both ecological niche and ecological niche breadth. In general, the authors
considered a wide variety of environmental variables: 17 studies (40%) examined abiotic
variables (e.g. climate, soil properties), 16 (39%) considered biotic variables (e.g. mutualism,
predation, competition), and 9 studies (21%) examined both biotic and abiotic niche
dimensions. Overall, we found that 62% of the 82 tests on the ecological niche reported
different environmental conditions between central and peripheral populations (the
“Different” bar in Fig. 2). Although this result is highly dependent on the choice of the

environmental variable, it supports the notion that species encounter different ecological
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conditions at their range limits. This is not surprising given the low probability of finding
exactly the same conditions in two different areas.
In the 82 tests, 57 provided data that allowed us to examine whether the environment is

III

more optimal in central populations compared to peripheral populations (the “Optimal” bar
in Fig. 2): i.e. presence or absence of natural enemies (e.g. Briers, 2003), pollinators (e.g.
Lemke & Porembski, 2013), habitat suitability (e.g. Diniz-Filho et al., 2009), or food
availability (e.g. Gilman, 2006). Despite the fact that environmental conditions are different
in central and peripheral populations, there is no evidence that environmental quality is
systematically lower at the periphery of a species’ distribution (Fig. 2). For instance, Lira-
Noriega & Manthey (2014) found positive correlations between distances from populations
to species’ geographic range centers and climatic niche centroids in only 16 out of their 37
tests (43%). These results are in line with previous studies that showed that the different
dimensions of a species ecological niche were not distributed continuously in space but
rather discretely (Poulin & Dick 2007; Hidas, Ayre & Minchinton 2010; Baldanzi et al. 2013),
and that the conditions at the geographical range limits did not always match with the
conditions at the limit of the species niche (Chardon et al. 2014; Hargreaves et al. 2014). In a
study of 11 Mediterranean plant species, Papuga et al. (unpublished manuscript) also show
multiple ecological differences between central and peripheral populations. But again, there
is no evidence that such differences involve a change in habitat quality.

Our results thus reject the hypothesis that geographical and ecological gradients are
systematically associated with one another and that peripheral populations are always

ecologically marginal. Ecologically optimal sites can be found across most species’ ranges

(Poulin & Dick 2007). In addition, peripheral populations might preferentially occupy the
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sites where the environment is locally favorable for the species (Lennon et al. 2002;
Thompson et al. 2010), even though such locations are less common near the range limits.
However, little is known about whether the availability of high quality sites generally
increases towards the centre of the range (Gonzalez-Guzman & Mehlman 2001; Murphy,
VanDerWal & Lovett-Doust 2006). The presence of such geographical structure might
depend mainly on the relative influence of highly spatially autocorrelated variables, such as
climate. Further comparative studies on the distribution of spatial and temporal variation in

species ecological niche, in particular niche breadth, are now needed.

Number of tests

20+

(‘\\. A
‘ g\@@ S Q@Q’
Q

Mean ecological niche

Figure 1-2. Relationship between species’ geographical range and their ecological niche.

The “Different” bar represents the number of species that exhibit either significant differences between geographically
central and peripheral populations in terms of environmental conditions (purple), or that do not exhibit any difference
(beige). From these 82 tests, we extracted the 57 tests that explicitly qualify environmental conditions in terms of species
preferences. The “Optimal” bar represents the number of these tests that exhibit optimal environmental conditions in the
range centre (in red), at the periphery (in blue), or no difference between the centre and the periphery (in beige).
Significance level of binomial tests is indicated as: *** P < 0.001; ** P < 0.01; * P < 0.05 (in black for a hypothesized
probability of success of 0.5, and in grey for a probability of 0.33).
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Ecological marginality and genetic and demographic variation

We have shown that the literature does not illustrate a strict and consistent concordance
between geographical and ecological gradients. Hence, it is important to test whether the
variation in different parameters in different parts of a geographic range are actually
associated with spatial variation in ecological conditions. In our pool of 248 studies, only 54
(22%) measured ecological conditions at different sites (geographically central/peripheral or
not) and simultaneously assessed one or other of the above categories of species’
parameters (genetic diversity, abundance, population performance, size). 21 out of these 54
papers clearly identified environmental conditions of higher and lower suitability for the
species (e.g. Lonn & Prentice, 2002; Gilman, 2006; Lira-Noriega & Manthey, 2014), whereas
33 just considered ecological gradients without indications as to species preferences (e.g.
Howes & Lougheed, 2008; Stanton-Geddes, Shaw, & Tiffin, 2012). To have a sufficiently
high sample size of studies, we therefore focused on whether species perform differently in
regions that currently present clear ecological differences (without analyzing whether such
differences involve enhanced performance in more favorable conditions). For the same
reason, we also considered only four broad categories of parameters (Genetic diversity,
Abundance, Population performance, Size) (Fig. 3). When a paper studied different biological
parameters on the same species (e.g. survival and fecundity in the “Population
performance” category), we considered these tests separately. Finally, it is also worth noting
that we only focused on the literature related to the CPH and that many other studies have
focused on responses of different genetic or demographic features across environmental
gradients (e.g. Doak & Morris, 2010; Manel et al., 2012). Future reviews or meta-analyses

of these studies could help refine our conclusions.
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First, we found that 62% of species did not exhibit any difference in genetic diversity
between populations occurring in different environmental conditions (Fig. 3). Some studies
observed differences in genetic diversity across climatic gradients (e.g. Howes & Lougheed,
2008; Moeller, Geber, & Tiffin, 2011) and some did not (e.g. Shulgina et al., 2006; Diniz-
Filho et al., 2009). Other articles found differences across habitats (e.g. Shumaker & Babble,
1980; Hamilton & Eckert, 2007) and others did not (e.g. Van Rossum et al., 2003). However,
a recent meta-analysis showed that the distance to climatic niche centroids better explained
the distribution of the genetic diversity of 40 plant and animal species than the distance to
their geographic range centers (Lira-Noriega & Manthey, 2014). That said, the authors
argued that current ecological conditions may not directly affect within-population genetic
diversity, but rather through indirect effects such as changes in effective population size,
gene flow, or population stability. Here, the temporal dynamics of ecological conditions
might have a greater impact than current static conditions. For instance, many studies have
shown that current spatial patterns of genetic variation have been shaped by past climate
change via changes in species occurrence and/or abundance (Hewitt, 2000; Carnaval et al.,
2009; Excoffier, Foll, & Petit, 2009; Hoban et al., 2010; Pironon et al., 2015; see further
discussion in section V). However, contemporary effects of environmental isolation might
directly shape distributional patterns of genetic variation for some species presenting
relatively stable distributions over time (e.g. some Mediterranean, tropical, or small range
species not less impacted by glaciations) (Ortego et al. 2012; Sexton et al. 2014).

In contrast, ecological gradients may be related to differences in abundance, demographic
rates and size (Fig. 3). Indeed, most studies reported associations between these parameters

and climate (e.g. Crozier, 2004), or habitat type (e.g. Stanton-Geddes et al., 2012; Huntsman
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& Petty, 2014). Moreover, several studies that were able to identify species preferences
reported enhanced performance in areas less disturbed by humans (Fuller et al. 2009), with
optimal substrate conditions (Lonn & Prentice, 2002), or presenting higher food supply
(Gilman, 2006). In addition, several recent meta-analyses have found higher plant and
animal species abundances at the centre of their climatic niche and have thus tried to affirm
the validity of the abundant-centre model (VanDerWal et al. 2009; Oliver et al. 2012;
Martinez-Meyer et al. 2013; Van Couwenberghe et al. 2013).

If ecological conditions are distributed discretely (rather than continuously) in geographical
space (see above), demographic performance might follow a multimodal distribution (rather
than a simple gradient), as proposed by the “local-oasis model” (Poulin & Dick, 2007) and
described by other studies (Murphy et al. 2006; Baldanzi et al. 2013). However, we
previously exposed that population occupancy better matched the CPH predictions than the
abundance of individuals, which in turn provides more support for the CPH than other
demographic rates (e.g. survival, growth) (see section l1l1l.2.). The relative influence of
geographical and ecological gradients may thus be scale-dependent: the impact of
geography might decrease from broad (i.e. population occupancy) to fine scale (i.e.
demographic rates), whereas the effect of local ecological conditions might increase
(Hoffmann & Blows, 1994). Although more studies are needed to confirm such trends,
population occupancy may be related to a decreasing availability of optimal sites from the
range centre to the periphery, whereas the abundance of individuals and other demographic
rates may be high in optimal sites found both at the centre and the periphery of the species
range (see above). Finally, the different components of demographic performance

(abundance and other vital rates) could be influenced by different ecological factors (e.g.
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climate, habitat, biotic interactions), and these relationships may vary among species
(Pironon et al. 2015; Villellas et al. 2015). Some recent studies have proposed the concept of
“demographic compensation” by demonstrating that vital rates of one species might often
follow opposing patterns along geographical and/or environmental gradients (Doak & Morris
2010; Villellas et al. 2015). All in all, there remains the important and challenging task to
identify which ecological niche dimensions better predict the distribution of these

components for different species (Boulangeat et al. 2012; Ehrlén & Morris 2015).
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Figure 1-3. Testing how different ecological conditions discriminate between high and low values of genetic diversity,
abundance, population performance, and size of individuals.

The number of tests that report significant differences in any parameter under different ecological conditions is
represented in purple, whereas the number of tests with no difference is represented in beige. “Population performance” is
composed of papers studying population growth rate, survival, growth, fecundity, and/or recruitment. Significance level of
binomial tests is indicated as: *** P <0.001; ** P <0.01; * P <0.05 (for a hypothesized probability of success of 0.5).
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Centre-periphery or rear-leading edge?

Disentangling the dichotomy

There is much debate concerning whether geographic patterns of variation in species
characteristics are driven by the current shape of their range (i.e. contemporary connectivity
among populations) (Johansson, Primmer & Merilae 2006) or by historical processes
associated with past environmental change such as post-glacial recolonization and/or human
activities (Hewitt 2000; Channell & Lomolino 2000; Excoffier et al. 2009). Disentangling the
relative impacts of contemporary and historical drivers is thus important, and there is a
growing interest in the documentation of rear- versus leading-edge effects that provide a
more dynamic explanation for patterns otherwise attributed to a static contemporary
centre-periphery contrast (Hampe & Petit 2005; Eckert et al. 2008; Pironon et al. 2015).

In our pool of 248 papers, we have very little information on the past distributions of most of
the studied species. For this reason, we first used the proxy “latitude/altitude” to define
what may have been historical central and peripheral parts of the species’ ranges. Many
species have in fact been shown to follow latitudinal/altitudinal gradients when contracting
or expanding their ranges during the alternation of glacial cycles, particularly temperate
species (Hewitt, 2000). Moreover, considering both central-peripheral and latitudinal
gradients together has been shown to be of particular importance for understanding
patterns of genetic diversity across current species distributions (Guo 2012). We thus make
the assumption that all species present older and more stable populations at low

latitude/altitude and younger populations at high latitude/altitude (Hampe & Petit, 2005).
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To study this issue, we discarded studies monitoring populations on longitudinal, ecological,
or abundance-related gradients. In each of the 220 remaining studies (565 tests), we
examined whether the genetic or demographic parameters under consideration showed two
potential trends. First, we examined whether species showed either an increase (“P” in Fig.
4), a decrease (“C”), or no significant change (“N”) from the current range centre (i.e. mid-
latitude/altitude) towards the actual range periphery (i.e. higher and/or lower
latitudes/altitudes). Second, we examined whether species showed either an increase (“H”
in Fig. 4), a decrease (“L”), or no significant change (“N”) from the historical range centre (i.e.
low latitude/altitude) towards the periphery (i.e. high latitude/altitude). These comparisons
allowed us to identify nine different scenarios and the percentage of tests validating each of
them (Fig. 4). Obviously, all of the 220 studies did not intend to test for such
latitudinal/altitudinal relationships, so this information results from our reinterpretation of
trends clearly exposed in each paper.

First, the scenario of no variation across the range (“N-N”, lower-right scenario in Fig. 4A) is
always overrepresented because, unlike other scenarios, it combines both range-wide
studies and articles studying only one range periphery. Then, we found that, whatever the
genetic/demographic parameter considered, most studies were conducted at only one range
periphery (four upper-left scenarios in Fig. 4A), and especially at the high latitude/altitude
periphery (upper-left and middle scenarios in Fig. 4A). It is thus not possible to discriminate
in those studies the potential contributions of historical and contemporary causes of current
geographic patterns. These results therefore expose the need for more range-wide conjoint

studies of spatial genetic variation and demographic performance.
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Also, the results confirm our finding that the geographical structure of species ranges is
more closely associated with genetic variation and population occupancy than with the
abundance of individuals and the different components of population performance (Table 1,
Fig. 4). While there is mainly no difference in the size of individuals between central and
peripheral populations, or between low and high latitude/altitude populations (“N-N”
scenario in Fig. 4), demographic rates (survival, growth, fecundity, and recruitment) respond
in many different directions. Indeed, it is unlikely that historical range shifts impact current
individual size and demographic rates (Pironon et al. 2015), except for cases of very recent
changes in species distribution, e.g. invasive species (Kilkenny & Galloway 2013).

Only 19 tests investigated the distribution of population occupancy, and most of these
studies were conducted in the higher latitude/altitude range half, which impedes the
detection of any differences between centre-periphery and rear-leading edge effects. On the
other hand, more cases of “no variation” across the range were registered for the
abundance of individuals. Again, most of the papers only studied one half of the range (at
high latitude/altitude) but, when a pattern was found at low latitude/altitude or across the
whole range, it seemed to provide more support for the CPH than the rear-leading edge
interpretation (“Abundance” in Fig. 4B). The long-term dynamics of species ranges are
therefore very unlikely to have an effect on current species abundance, contrary to original
predictions (Adams, 1902). As suggested by other studies (Cowles 1901; Transeau 1903;
Martinez-Meyer et al. 2013; Van Couwenberghe et al. 2013) and our previous results (see
section IV.2.), the contemporary distribution of ecological conditions seems to have a

stronger impact.
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Finally, within-population genetic diversity decreases from the centre towards the high
latitude/altitude edge of many species, and genetic differentiation frequently increases (Fig.
4) especially when the former is the case (see section Ill.2.c.). However, although the CPH
seems slightly more validated than the rear-leading edge hypothesis (“Genetic diversity” and
“Genetic differentiation” in Fig. 4B), what shapes the distribution of genetic rates across the
whole species range and towards low latitude/altitude remains rather unclear. Rear edge
populations are probably impacted by different environmental factors than leading edge
populations, by potentially undergoing a stronger effect from local environmental factors
such as biotic interactions, and a less limiting effect of regional climate (Schemske et al.
2009; Louthan, Doak & Angert 2015; Cunningham et al. 2015). Moreover, rear edge
populations have generally been more stable over short (Parmesan et al. 1999), and long-
term (Hewitt, 2000) periods, which might contribute to their higher genetic diversity (Hampe
& Petit, 2005). Nevertheless, little is known regarding the impact of current and past habitat
fragmentation on the genetic structure of rear edge populations (but see Sexton, Strauss, &
Rice, 2011, Sexton et al., 2014). As highlighted previously by Hampe & Petit (2005), “the rear
edge matters” and more investigations on rear edge populations (and on the whole species
range, from the rear to the leading edge) would help to understand how species can cope

with future climate and land use change, as well as to refine the predictions of the CPH.
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Figure 1-4. The dichotomy between Centre-
Periphery and Rear-Leading Edge hypotheses.
For each test (N=565), we evaluated whether
values of each parameter were higher at the
geographical range centre (“C”), the periphery
(“P”), or if there was no difference between
centre and periphery (“N”), and whether it was
higher at low (“L”), high (“H”), or if there was no
difference between low and high
latitudes/altitudes (“N”). The 9 different
scenarios encountered are represented in Figure
5.A. where the distribution of any parameter is
represented across a virtual range (using the
Pangaea continent as an example). Higher values
in any parameter are represented in red, lower
values in blue, and no differences between
regions in beige. Some scenarios, to be plausible,
required that half of the range was not sampled
(in grey), and thus represent incomplete centre-
periphery and/or rear-leading edge patterns.
Finally, we represented the proportion of tests
validating each of the 9 scenarios for each trait in
Figure 5.B. The size of the squares is proportional
to the percentage of studies validating each
scenario. The tests that support the centre-
periphery hypothesis are highlighted in orange,
whereas the tests supporting the rear-leading
edge hypothesis are highlighted in purple.
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Historical range dynamics

We extracted from our pool of papers the 22 studies (22 tests) that purposefully tested for
differences in genetic diversity between clearly identified refugia and areas of post glacial
recolonization (Fig. 5). Evidence for historical range shifts were obtained in relation to the
known past distribution of the ice sheet (e.g. Dolan, 1994; Hoban et al., 2010; Stone et al.,
2012), climatic reconstructions of species distributions at the Last Glacial Maximum (LGM)
(e.g. Fuchs et al., 2013; Gassert et al., 2013), or through fossil dating (e.g. Cwynar &
MacDonald, 1987). 16 of the 22 selected tests (73%) showed lower genetic diversity in
potentially younger, recolonizing populations relative to potentially older populations
(refugia). Although there is no perfect match, the latitudinal/altitudinal gradient tends to
follow the direction of species recolonization after glaciations, at least for temperate
species. This is not pertinent for species that may have had high- or mid-latitude refugia,
such as tropical species (Nunes, Norris & Knowlton 2009; Fuchs et al. 2013).

Another interesting result here is that the CPH is only confirmed for 9 out of the 22 tests
(41%; Fig. 5). Centre-periphery and rear-leading edge gradients are therefore not always
concordant, and the latter, when clearly identified and not only based on a latitudinal proxy,
appears to represent a major driver of the geographic structure of genetic diversity in many
species. Although our analysis is based on a relatively small number of studies (22), several
recent papers have also supported this view (Diniz-Filho et al. 2015; Pironon et al. 2015;
Roberts & Hamann 2015; Duncan et al. 2015). However, we cannot conclude that
contemporary geography of species ranges has no effect and that history acts alone (see
section II.4.). In fact, both historical and contemporary factors no doubt act to shape spatial

patterns of genetic diversity (Guo, 2012).
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Regarding genetic differentiation, only 14 tests can be used for such analysis, which prevent
us from making general conclusions. However, seven of these tests found lower
differentiation among populations in areas that once served as refugia (“glaciation”), and
only two reported lower differentiation among central populations (“centre/periphery”).
Overall, our study highlights the need for more systematic studies disentangling the relative
effects of contemporary and historical factors on the distribution of species’ genetic
variation. Past refugial areas are not always located at the centre of current species’ ranges,

hence the importance of prudence when making tests of the CPH in a historical context.
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Figure 1-5. Impact of glaciations on the distribution of species genetic diversity.

Here, we only considered studies that purposefully tested for differences in genetic diversity between clearly identified
refugia and areas of post-glacial recolonization. The “glaciation” bar represents the number of tests that reported higher
genetic diversity in refuge areas (red), at the recolonization front (blue), or no difference among regions (beige). The
“latitude/altitude” bar represents the number of tests that reported higher genetic diversity at lower latitude/altitude (red),
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at higher latitude/altitude (blue), or no difference between low and high latitude/altitude (beige). The “centre/periphery”
bar represents the number of tests that reported higher genetic diversity at the geographical range centre (red), at the
periphery (blue), or no difference between centre and periphery (beige). Significance level of binomial tests is indicated as:
**% P <0.001; ** P <0.01; * P <0.05 (in black for a hypothesized probability of success of 0.5, and in grey for a probability
0f 0.33).

The effect of species chorology

Finally, we classified all species into one of four chorological classes based on the bioregions
they inhabit: boreal/tundra, temperate, Mediterranean, and tropical. Again, we evaluated
whether species features responded to a centre-periphery (longitudinal studies were
included this time to increase sample size) or a latitudinal/altitudinal gradient. Studies
considering non-geographical centre-periphery gradients were discarded, as well as those
considering marine species (too few for reliable comparisons). The number of studies
analyzing population occupancy and performance was too low to allow for comparisons, so
we focused on the study of abundance of individuals and genetic parameters. For genetic
differentiation and abundance of individuals, we did not find any significant differences
among biogeographical groups (Appendix S3). Although sample sizes were very low for some
regions, this result confirmed that the CPH is invalidated globally for these parameters.
Irrespective of the species’ chorology, historical processes (past range shifts) do not appear
to have driven current patterns in species abundance, and the causes of the distribution of
genetic differentiation still remain unclear. In contrast, we found different distribution
patterns for genetic variation for species of different biogeographic origins (Fig. 6).

Many temperate species have expanded or shifted their ranges from low to high latitudes
since the LGM (Hewitt, 2000), and their genetic diversity reflects past range shifts (Fig. 5),
therefore we would expect latitudinal/altitudinal gradients to provide a higher confirmation

rate than a simple central-peripheral gradient. However, 31 out of 64 tests (48%) conducted
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on temperate species found a centre-periphery distribution of genetic diversity, and a very
similar proportion found a latitudinal/altitudinal pattern (24 tests out of 45; 53%). As we saw
previously, most of these studies have been conducted at the high latitude/altitude range
limit and we are therefore not able to disentangle centre-periphery from rear-leading edge
effects (Fig. 4). In addition, latitude might not always reflect the effects of range history,
even in the case of temperate species. For instance, many North American species have
followed east-west routes of recolonization (Williams et al. 2004), which might affect the
relevance of a latitudinal proxy. Moreover, within-population genetic diversity of many
temperate taxa has been shown to reach maximum values at intermediate latitudes, due to
the admixture of divergent lineages coming from distinct low-latitude macrorefugia (Petit et
al. 2003) or cryptic high latitude refugia (Stewart & Lister 2001). Although genetic diversity
of temperate species often follows latitudinal gradients, this pattern cannot be generalized
and will depend on how each species distribution has been impacted by past environmental
changes.

Boreal/Tundra species exhibited a similar CPH validation rate (50%) to that of temperate
species, but their genetic diversity was less likely to follow a latitudinal/altitudinal gradient
(validation rate of only 29%). The distribution of boreal/tundra species has not been
impacted by glaciations in the same way as temperate species’. Indeed, many of them might
have subsisted in macrorefugia (e.g. Beringia refugium) or cryptic localized refugia (e.g.
nunataks) at very high latitudes/altitudes (Abbott et al. 2000; Shafer et al. 2010), or may no
longer have a rear edge at low latitude (Williams et al., 2004). Populations of higher genetic
diversity might therefore be located at the crossroads of different recolonization routes,

often (but not always) positioned at the centre of the current range of the species.
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Finally, very few studies (<20 tests) have been conducted on Mediterranean or tropical
species. Only 7 tests out of 18 (39%) validated the CPH for Mediterranean taxa, whereas 11
out of 19 tests (58%) validated the CPH for tropical species. Latitude/altitude do not seem to
explain better the distribution of genetic diversity of these taxa, especially for tropical
species, for which only one test out of 14 found higher values at low latitude/altitude.
Mediterranean and tropical species are particularly interesting because their historical
ranges have been impacted very differently than temperate or boreal/tundra taxa. Indeed,
the ice sheet never arrived at such low latitudes during peak glaciation, so the impact on
their historical ranges will not have been to the extent observed for temperate species
(Ortego et al. 2012). Nevertheless, climate and topography have changed through time in
these regions (Fauquette et al. 2006; Claussen et al. 2013) and the genetic legacy of ice ages
can be detected in tropical and subtropical species, but not particularly on gradients of
latitude (Diadema et al. 2005; Carnaval et al. 2009; Fuchs et al. 2013). Genetic diversity in
these species does not follow systematic central-peripheral or latitudinal patterns, but
rather reflects the specific localized temporal dynamics of suitable environmental
conditions. More investigations should be conducted on these particular biogeographical
groups (e.g. Diniz-Filho et al., 2015; Papuga et al., 2015) if we are to reduce the
overrepresentation of studies conducted at the northern range limit of temperate taxa — as

highlighted previously (Eckert et al. 2008).
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Figure 1-6. Distribution of genetic diversity according to species biogeographic origins.

The “centre/periphery” bar represents the number of tests that reported higher genetic diversity at the geographical range
centre (red), at the periphery (blue), or no difference between centre and periphery (beige). The “latitude/altitude” bar
represents the number of tests that reported higher genetic diversity at lower latitude/altitude (red), at higher
latitude/altitude (blue), or no difference between low and high latitude/altitude (beige). Significance level of binomial tests
is indicated as: *** P <0.001; ** P <0.01; * P <0.05 (in grey for a hypothesized probability of success of 0.33).

A new multifaceted framework

Our results showed that the relative position of populations within their current geographic
ranges is not sufficient to explain the distribution of variation in genetic and demographic
variation. Therefore, the CPH cannot be considered a general rule and needs to be reframed
in relation to potential effects of the interactions between geographical and ecological,
contemporary and historical, and demographic and genetic factors. Based on our review of

the literature, we propose a new basis for future work (Fig. 7).
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Although few studies investigated spatial patterns of population occupancy, most of them
found decreasing numbers of populations (increasing isolation) from the centre towards the
periphery of species ranges, as predicted by the CPH (Fig. 7c). On the contrary, a large
quantity of data presented empirical evidence that other demographic and morphological
parameters (e.g. abundance of individuals, survival, fecundity, size of individuals) do not
follow the geographical predictions of the CPH (Fig 7d-e). Yet, most demographic rates have
been found to vary across ecological gradients, emphasizing that ecological and geographical
marginality gradients do not always go hand in hand. Species’ abundance often decreased
from optimal/central environmental conditions towards less optimal/marginal conditions
(Fig. 7n). Many species’ vital rates also followed ecological marginality gradients, but these
rates can also be sensitive to density-dependence or stochastic effects. Moreover, the
distribution of these rates across environmental gradients seems species and rate-
dependent, as each species and vital rate might respond to different niche axes, and optimal
conditions for each species and vital rate may have different positions along these axes (Fig.
70). Finally, the long-term dynamics of species ranges may not primarily influence the
distribution of current species’ demographic performance (Fig. 7h-j), and short-term effects
(e.g. ongoing global change) could potentially reshape it.

We therefore propose that the geographical variation in species’ occupancy might be the
consequence of the interaction between geographical and ecological central-marginal
gradients, and may follow broad patterns of one or a few spatially auto-correlated
environmental variables (e.g. climate). As these variables do not always track geographical
gradients, we expect them to induce a slight deviation from the gradual central-peripheral

pattern expected by the CPH (Fig. 7r). On the other hand, given that the abundance of
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individuals can follow local ecological conditions, and that these conditions are not always of
lower quality in peripheral sites, we expect abundance to fluctuate across the range
according to the distribution of high quality sites, without following any geographic centre-
periphery gradient (Fig. 7s). Even though marginal conditions may be more frequent in the
periphery, populations could persist in favourable environments both in the centre and the
periphery of the range, which will translate into lower population occupancy in the
periphery but similar abundance of individuals. However, the effective distribution of
abundance seems more geographically-structured for vagile than sessile organisms due to
their dependence on more spatially-autocorrelated environmental variables. It might
therefore follow the distribution pattern of population occupancy (Fig. 7r) and the original
predictions of the CPH (see section IIl.3.). Finally, we propose that the different vital rates of
a species might not systematically show the same geographical pattern, and might depend
on the spatial configuration of their particular environmental requirements and/or of the
other vital rates (Fig. 7t).

Our results highlight the impact of spatial isolation in shaping geographical patterns of
species’ genetic variation. Peripheral isolates may incur genetic drift and lower gene flow,
and consequently harbor lower genetic diversity and higher differentiation (Fig. 7a-b).
However, we did not find a consistent pattern of gradually decreasing genetic diversity and
increasing differentiation within species’ geographic ranges, from the centre towards the
periphery. Although genetic diversity and differentiation decrease and increase respectively
at the range margins, the highest values of genetic diversity and lowest values of
differentiation are not always located at the current geographic range centre. For many

species, genetic diversity might instead decrease gradually from past refugial areas
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(characterized by high environmental stability over glaciation cycles) towards more recently
colonized areas through multiple founder events (Fig. 7f-g). The temporal dynamics of
environmental conditions and its consequences on species’ geographic ranges might
therefore have a stronger impact on the broad distribution of genetic variation than current
static environmental conditions (Fig. 7k-I).

We therefore propose that within-population genetic diversity could in general reach its
optimum in refugial areas (or in admixture zones for species having multiple scattered
refugia), decrease gradually towards more recently founded populations, and finally
decrease abruptly in isolated populations located at both rear and leading edges of the
geographical range (Fig. 7p). For genetic differentiation, the opposite pattern may occur (Fig.
79).

This framework does not pretend to predict the distribution of genetic and demographic
variation of all species. What it proposes is to emphasize the need to adopt an integrated
approach in order to improve our understanding of the geographic distribution of species’
genetic and demographic parameters, and reframe the oversimplifying CPH. Identifying
further limits of this framework will help to refine predictions of the distribution of genetic
and demographic performance, and ultimately to prioritize areas of conservation interest,

especially in the context of global change.
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Conclusions

1) Our review shows that although the “centre-periphery hypothesis” (CPH) has not
been confirmed as a general rule common to all species, it has, after more than a century of
study, thought and discussion, stimulated an immense interest in the understanding of the
complex factors shaping the distribution of variation in species genetic and demographic
performance.

2) We show here that in addition to the relative position of populations within
geographic range, which alone cannot explain the distribution of genetic and demographic
variation in all species, the relative effects and possible interactions between geographical,
ecological, and historical gradients should be examined.

3) The distribution of genetic diversity may reflect both historical and contemporary
factors associated with post-glacial range dynamics and spatial and ecological isolation. For
many temperate species, a latitudinal gradient often confounds central-peripheral and rear-
leading edge effects. Conducting more studies at the rear edge, as well as across the whole
ranges of species within other biogeographic regions (i.e. tropical, Mediterranean, desertic,
boreal), would be most helpful here.

4) Genetic differentiation seems to follow the opposite pattern of genetic diversity, with
highest values in peripheral isolates and lowest ones in refugial areas. However, this pattern
remains rather unclear due to methodological issues. More systematic and standardized
studies are needed. Moreover, it now seems particularly important to disentangle the
relative effects of geographical and environmental isolation.

5) Overall, species abundance does not follow the CPH. Ecological conditions should not

be assumed to systematically follow geographical gradients, which may impinge on some
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factors (population occupancy) but not others (abundance of individuals). Population
occupancy may relate to a lower availability of ecologically suitable sites at the periphery of
the range, whereas abundance within suitable sites may be more related to environmental
quality.

6) In many cases, species demographic rates (i.e. population growth rate, survival,
growth, fecundity, recruitment) do not follow the CPH. Local ecological, as well as density-
dependent and stochastic effects might be more influential than the position of the
populations within the range (each rate being impacted differently by these factors, and
differently among species).

7) Finally, setting conservation priorities for populations simply according to their
position within the range would not necessarily provide a representative selection of high-
priority sites; the ecological, demographic, or genetic value of populations for conservation

is not strictly related to geographic position.
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CHAPTER 2: Range-wide variation in the
ecological niche and floral polymorphism
of the western Mediterranean geophyte
Narcissus dubius Gouan

To be cited as:

Papuga, G., Gauthier, P., Ramos, J., Pons, V., Pironon, S., Farris, E. & Thompson, J.D. (2015)
Range-wide variation in the ecological niche and floral polymorphism of the western
Mediterranean geophyte Narcissus dubius Gouan. International Journal of Plant Sciences,

176, 724-738.
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Introduction

Variation in the ecology and genetics of natural plant populations across a species’
geographic range is crucial to our understanding of the factors that have shaped current
distribution patterns (Gaston 2003) and the processes acting in expanding range limits
(Thomas et al. 2001). The comparison of populations in the central part of a species
distribution with those in peripheral or (peripherally) isolated parts of a species
distribution has been a dominant theme in such work. Such studies provide an
opportunity to examine variation in the adaptive and nonadaptive processes acting on
populations across the range of widespread species.

There has been much interest in how levels of neutral genetic diversity within and among
populations may vary from central to peripheral populations. Many studies have indeed
shown how levels of genetic variability within populations may decline, despite possible
increased differentiation among populations at range limits (Lonn & Prentice 2002;
Persson et al. 2004; Hampe & Petit 2005; Eckstein et al. 2006; Eckert et al. 2008; Meeus,
Honnay & Jacquemyn 2012). In parallel, the comparison with populations in the central
part of a species distribution provides insights into how adaptive traits and population
dynamics may vary at range limits in relation to differences in their size and isolation
(Brown 1984; Sagarin & Gaines 2002; Herlihy & Eckert 2005; Angert 2006; Villellas et al.
2012). Floral polymorphisms have been particularly interesting here, because variability in
the relative frequency of floral types and possible loss of the polymorphism are highly
sensitive to variation in both natural selection pressures (Thompson, Barrett & Baker 2003)
and nonadaptive stochastic processes (Barrett, Morgan & Husband 1989). Indeed, species

with floral polymorphisms often show marked geo- graphic variation in morph ratios
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across their range, which may be related to variation in adaptive mechanisms linked to
changes in pollinator composition (Arroyo & Dafni 1995; Barrett, Cole & Herrera 2004;
Hodgins & Barrett 2008a; Pérez-Barrales & Arroyo 2010; Santos-Gally et al. 2013b) and
selection on floral traits that facilitate selfing and associated reproductive assurance in
parts of the range where pollination is limited (Eckert & Barrett 1993; Herlihy & Eckert
2005). But this pattern can also be the result of stochastic effects in colonizing
populations or past bottlenecks (Couvet, Bonnemaison & Gouyon 1986; Barrett et al. 1989;
Berjano et al. 2015).

There has been continued discussion of the idea that geographically peripheral populations
may be ecologically marginal (Brown 1984; Abeli et al. 2014), although this has received
much criticism (Soulé 1973; Kawecki 2008; Martinez-Meyer et al. 2013; Chardon et al. 2014;
Lira-Noriega & Manthey 2014; Pironon et al. 2015). In this context, there has been
increasing effort to compare the ecological characteristics of central and peripheral
populations, either with an approach based on models of the macroniche, primarily
based on broad climatic features of the region where populations occur (Diniz-Filho et al.
2009; Martinez-Meyer et al. 2013; Lira-Noriega & Manthey 2014), or by empirical
investigation of the micro-ecological niche, where plants grow in terms of soil properties
(Farris & Schaal 1983; Van Rossum & Prentice 2004; Duffy et al. 2009; Leuschner,
Kockemann & Buschmann 2009; Wagner et al. 2011; Wasof et al. 2013), competition,
community composition (Carter & Prince 1985; Alexander et al. 2007), herbivory (Bruelheide
& Scheidel 1999; Stanton-Geddes, Tiffin & Shaw 2012b; Castilla, Alonso & Herrera 2013),
and/or other biotic interactions (Zalewska-Gatosz, Nowak & Dajdok 2012). To date no

general pattern of converging ecological features toward range margins has been identified
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(Leuschner et al. 2009). The contemporary distribution of many western Mediterranean
plants provides an ideal situation to conduct range-wide studies of variation in the
genetics and ecology of natural plant populations. The Mediterranean region of
southern France is particularly interesting here, in that it represents the northern and
eastern or western range limits of many Mediterranean plant species (Jahandiez 1937,
Quézel & Meédail 2003; Noble & Diadema 2011, G. Papuga, unpublished data). The
distribution of such species is related to an interactive combination of the geological
and climatic histories of the region, which have imposed biogeographic barriers and
created climatic conditions for changes in species distribution. They constitute
evolutionary processes that are associated with diversification (Thompson et al. 2005). The
onset of the Mediterranean climate in the Pliocene, followed by repeated glacial
periods in the Pleistocene, has caused repeated range contractions, with persistence in
distinct refugia (Carridn et al. 2003; Lopez de Heredia et al. 2007; Médail & Diadema 2009)
and subsequent expansion. As a result, the historical center from which species have
spread may not always be the central part of the contemporary geographic range
(Carnaval et al. 2009; Lira-Noriega & Manthey 2014). Hence, species history may con-
tribute to the processes underlying contemporary patterns (Hampe & Petit 2005; Pironon
etal. 2015).

In this article, we explore variation in a floral polymorphism and the ecological niche of
central and peripheral populations of the Mediterranean geophyte, Narcissus dubius
Gouan. Like many species of its genus, N. dubius shows a stigma-height polymorphism, with
two morphs that have anthers at roughly the same height and stigmas that are either

positioned below the anthers (short-styled S-morph) or level with or above the anthers
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(long-styled L-morph). Several Narcissus species show striking patterns of geographic
variation in morph ratios across their range (see references above), and preliminary
observations illustrate that this may also be the case for N. dubius (Baker, Thompson &
Barrett 2000a; Thompson 2005). The species occurs across a broad climatic gradient in the
Mediterranean region, from southern Catalonia to Provence in southeast France and into
the Aragon region of central Spain.

This study has three objectives. First, to assess whether peripheral and central
populations of N. dubius differ in ecological characteristics, we quantify the broad-scale
habitat characteristics (climate parameters and altitude) or macroniche of natural
populations and the fine-scaled ecological features of the precise environment in which
plants grow (i.e., the micro- niche). To do so, we compiled a database of known
populations and their broad habitat characteristics and performed an empirical
investigation of the micro-niche in two groups of central populations and two groups of
geographically peripheral populations (in Aragon to the northwest and in Provence to
the northeast). Second, we investigated geographic variation in the floral polymorphism
in two ways. We quantified the ratio of morphs in populations throughout the range of
the species and assessed the proportion of dimorphic and monomorphic populations in
central and peripheral groups. Then, for the L- morph, we quantified variability in stigma-
anther separation within and among dimorphic (central) and monomorphic (peripheral)
populations to assess any trend toward a floral biology that could facilitate selfing (i.e.,
reduced herkogamy). Third, given the importance of the Mediterranean region as a
glacial refugium, we constructed historical projections of the possible distribution of N.

dubius under the Last Glacial Maximum (LGM) to assess the probability that
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contemporary peripheral populations formed part of the recent historical distribution of

the study species.

Material and methods

Study species distribution

To provide a precise distribution map and to select populations of Narcissus dubius for
study, a geolocalized database of known population locations was compiled from four
main sources: the Silene database of the Conservatoire Botanique National
Méditerranéen de Porquerolles, France, with 401 locations; the IPE database of the
Instituto Pirenaico de Ecologia, Jaca, Spain, with 39 locations; the Biodiversidad Valenciana
database of the Valence community, Spain, with 208 locations; and the Anthos online
database (http://www.anthos.es), with 80 locations. We also gathered personal data for

85 locations in northern Catalonia and France (J. D. Thompson, and see

“Acknowledgments”). Only data with a resolution of 11 km2 were used in our study,
and the initial total of 813 occurrence points was carefully checked to remove duplicates,
producing a final number of 363 occurrence points.

Narcissus dubius has a geographic range that extends from the Murcia province in
southeastern Spain, where its distribution is limited by the Sistema Betica and Sistema
Iberico mountains, to the southwestern corner of Provence in France (fig. 1). The species’
distribution is fairly continuous along the east coast of Spain, with large numbers of
populations in the coastal hills in the province of Valencia and up into Catalonia. How-
ever, three notable features form a contemporary and possibly historical break in

population continuity and a basis for the identification of either central or peripheral
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populations. The first concerns the Ebro valley, where the Puertos de Tortosa-Beceite
(northeast of the Sistema Iberico) creates a major barrier with high-elevation mountains.
Populations that are located from Caspe to Tudela in Aragon province thus occur at the
northwestern distribution limit in Spain. A second break in population continuity is
associated with both the physical and the ecological barrier imposed by both the non
calcareous eastern tip of the Pyrenees and Albéres mountains and the adjacent
Roussillon coastal plain. Further north of this break, populations are spread in a lowland
band around the Mediterranean to the southwestern corner of Provence, where the
species reaches its distribution limits (fig. 1). Within this latter part of the distribution,
there is a physical division across the delta of the Rhéne valley (no populations are found
there).

Based on these physical and ecological barriers, we distinguished four geographic groups
of populations. In Spain, we distinguished central populations that occur in a
continuous group of lowland populations close to the Mediterranean Sea (Catalonia,
Valencia, and Alicante provinces) from those located in the more isolated inland part of
the Ebro valley (Aragon) as peripheral populations. In France, central populations occur
in a southwestern continuous group widespread across the lowland garrigues of
Languedoc-Roussillon toward the Rhéne valley. Peripheral populations are those that are
present at the distribution limits of the species to the east and north of the extensive
wetlands of the Camargue and at the confluence of two major river valleys (the Gardon
and the Rhone). The distinction of these central and peripheral groups of populations is
thus based on contemporary physical and ecological breaks in the distribution that may

have played an important role regarding population isolation in recent history.
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Figure 2-1 Distribution of the 363 locations of Narcissus dubius compiled from four different data sources.

Diamonds represent populations where the ecological niche, floral measures, and morph ratio were quantified; squares
represent sites used for floral measures and morph ratio estimates; open circles represent sites where only morph ratio
estimates were made; and filled circles represent locations that were used only to model the climatic niche of this species.

Modeling distribution patterns in relation to past and present climate

To study climatic characteristics of populations, we extracted annual mean temperature
and precipitation, temperature seasonality, and precipitation of the driest month for
the 363 locations of N. dubius populations from the WorldClim database
(http://www.worldclim.org) at a 2.5 arc-minute resolution (Hijmans et al. 2005). These
four variables were chosen in order to summarize the climatic conditions occupied by this
species and to limit any multicollinearity among the 19 bio- climatic variables available in
the WorldClim database and the altitude.
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We carried out principal component analysis (PCA) of the four variables to characterize
the climatic niche for the 363 locations. The distribution of N. dubius was modeled using
four commonly used algorithms implemented in the biomod2 pack- age in R (Thuiller
2014): generalized additive model, generalized boosting model, random forest, and
Maxent. These probabilistic models require information on species’ absence (i.e. data
that are rarely available), hence the need to assume a virtual or pseudoabsence, which
can be generated by computer simulation. The number of points used, their method of
selection, and the need to calculate mean values across simulations for such
pseudoabsence are important to model accuracy (Chefaoui & Lobo 2008; Barbet-Massin et
al. 2012). Following the recommendations of these authors, we randomly selected 1000
pseudoabsence points across the study area and repeated the modeling procedure 10
times with different subselections of pseudoabsences (Barbet-Massin et al. 2012). We
calibrated the different models with 70% of the data and evaluated the results with the
remaining 30%. We repeated this procedure five times to limit the impact of this
random-splitting strategy. Model predictive accuracy was evaluated using the standard
measures of the area under the receiver operating characteristic (ROC; Hanley & McNeil
1982) curve and the true skill statistics (TSS; Allouche, Tsoar & Kadmon 2006).

In order to get historical insights, we established a broad estimate of what might have
been the distribution of N. dubius at the LGM and how climatic suitability might have
changed across the species’ distribution since the LGM. Although the species and its
genus clearly predate this period (Santos-Gally, Vargas & Arroyo 2012), we have focused
attention on the LGM because it is recognized as an important event that has

dramatically modified species ranges in the recent past. Although the impact of the LGM
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can be assumed to be less for Mediterranean taxa than for more temperate taxa, it may
have caused complex pat- terns of isolation in diverse microrefugia (Diadema et al. 2005;
Rodriguez-Sanchez et al. 2009; Patsiou et al. 2014) rather than simply a major north-south
contraction (Rodriguez-Sanchez et al. 2009; Alba-Sanchez et al. 2010; Besnard et al. 2013).
We projected the probability of occurrence in space and time on 2.5 arc-minute grids
representing the climatic conditions at the current time and at the LGM (i.e., ~21,000 yr
BP). These forecasts assume climate niche conservatism (Wiens & Graham 2005), for which
there is now evidence (e.g. Martinez-Meyer & Peterson 2006). Past climate information
was generated by the Palaeoclimate Modeling Intercomparison project (Braconnot et al.
2007) and was made available by WorldClim. We took into account the variability in the
LGM climate projections by considering the output of two different global circulation
models (MIROC3.2 and CCSM). According to Swets (1988) and the means of ROC and TSS
scores obtained across our ensemble of models (mean ROC score: 0.911 +/- 0.016; mean
TSS score: 0.719 +/- 0.034), we can assume that our species distribution models
performed well. In order to summarize these forecasts and obtain a single map for each
time period, we computed mean values across the different projections, weighted by their
respective model predictive accuracy (i.e., TSS scores).

Due to the absence of fossil data for this species, we were not able to validate our
historical projections with empirical evidence. Our interpretations are thus made with

caution.
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Ecological niche

The ecological niche was studied in terms of the broad vegetation type and the fine-
scaled abiotic and biotic characteristics of patches where the species is abundant. This
was done during peak flowering (March) in five randomly selected populations in each of
the four geographical groups of populations (fig. 1). At each site, the range of broad
habitat characteristics included the type of vegetation cover and the height of each biological
type (Raunkiaer 1934) in the plant community (therophytes, hemicryptophytes,
geophytes, chamephytes, and phanerophytes present in the phenological niche of the

study species), slope, and elevation.

Fine-scaled ecological characteristics were studied in three quadrats (each 4 m2) that
were established in high-density patches, at least 5 m apart, in each population. For each
quadrat, a soil sample was collected, dried at 40°C for 48 h, sieved at 2 mm, and stored
before analysis. Conductivity, pH, and salinity were measured using a Eutech Cyberscan.
After mixing 10 g of dry soil with 20 mL of water, we blended the solution for 20 min,
separated phases using a centrifuge (10 min), and measured values in the supernatant at
room temperature (ca. 20°C). The total amounts of carbon (C) and nitrogen (N) were
determined using a ThermoFinnigan Flash EA 1112 series on 70 mg samples grinded with
a crusher (3 min, frequency p 30). Water-retention potential is the percentage of water
lost after drying a wet soil for 48 h at 40°C. Water-retention capacity was then calculated
as the percentage of water remaining in previously 40°C dried soil by again drying the
sample at 110°C for 5 h. Organic matter was estimated as the percentage of matter lost

after burning a dried sample at 500°C for 5 h.
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In each quadrat, 100 contact points were established with 20 by 20-cm divisions of the 4

m”. We also estimated the mean height of each biological type. At each point, we
recorded con- tact with one or more of the following elements: bedrock, blocks (>25 cm),
stones (2.5-25 cm), gravel (0.5-2.5 cm), bare soil, lichen, moss, herbaceous litter, woody
litter, and other plant species. Each contacted plant species was identified and attributed
to a biological type (Raunkiaer 1934). We were interested in species only growing in the
phenological niche of N. dubius and thus did not identify other species growing later in
the spring. Preliminary observations of the data showed that bedrock, block, and stone
had low values (making statistical analyses difficult for each parameter), and so we
summed them at the quadrat level to make a composite substrate variable. When
several components were touched at a given point, we constrained the value of each
contact point to 1 so that the total cover per quadrat did not exceed 100. For each
quadrat, we calculated species richness (the number of species touched during the
contact point sampling) and the Shannon diversity index and its associated Hill number
(Jost 2006). An important point here is that our aim is to identify the characteristics of
the micro-niche where plants grow and when plants grow. This, of course, includes other
species, which we detected in our study. We limit this to species present and growing
only during the phenological cycle (niche) of N. dubius. These species are identified at the
time of peak flowering of N. dubius. The many other species that may be present but in a
different phenological niche are not quantified here.

All statistical analyses were performed using R 3.1.1 (R development Core Team 2010),
integrating central and peripheral population groups in each country. We fitted a linear

mixed effect model (with country and geographic group as fixed effects and population as
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a random factor) and carried out two-way analysis of deviance based on type 2 Wald x 2
tests for mixed models. We corrected P-values following the Benjamini-Hochberg false
discovery rate method (Benjamini & Hochberg 1995). We present P-values that fall
between 0.05 and the corrected value as weakly significant and those that are less than
the corrected threshold as highly significant. To quantify amounts of variation for each
variable, we calculated the coefficient of variation between quadrats (within-population
variation) and between populations (using mean values across quadrats) in each
geographic group. Single-tailed Wilcoxon tests were carried out using the different traits to
test for differences in within- and between-population variation among peripheral and
central populations. Field studies and experimental laboratory analyses were

conducted during spring 2013 and 2014.

Floral polymorphism

Narcissus dubius flowers in February and March. Plants usually bear 3-5 flowers, but this
can range from 1 to 12, depending on plant size and location (Worley et al. 2000). Flowers
show a stigma-height dimorphism; individual plants are either long-styled (L-morph) or
short-styled (S-morph), and both have anthers at roughly the same height in the flower
(Baker et al. 2000a). This species is primarily pollinated by hawk moths, flies, and solitary
bees (Baker et al. 2000a). Individuals are self- compatible and exhibit no intramorph
incompatibility (Baker, Thompson & Barrett 2000b).

In order to assess geographic variation in the presence of the two floral morphs, morph
ratio counts were made through- out the range of the species in a total of 74

populations (figure 1; annex a). Population counts were made during spring 2013 or 2014.
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In each population, we aimed to sample at least 75—-100 flowers to determine the morph
ratio. Plants were sampled more than 2 m apart to avoid resampling the same
individual. If S-morph individuals were not found, sampling continued up to 200 flowers to
check for an eventual very low frequency of S-morph individuals. The number of
individuals was estimated visually to provide an indicator of population size in eight classes
(with n = the number of individuals: n<10; 10<n<50; 50<n<100; 100<n<500; 500<n<1000;
1000<n<5000; 5000<n<10000; 10000<n). In 19 populations <75 flowers were sampled due
to small population size. To quantify variation in the relative position of sex organs, seven
populations were selected at random in each of the four geographic groups (fig. 1). In
2014, in each population, we measured flower length, stigma height, and the upper and
lower extremity of both upper and lower anthers on 30 flowers, each from a different L-
morph individual (fig. 2). These were fully developed mature flowers. Flowers of the S-
morph were not measured and included in the analysis, because they were un- common
or absent in many populations and do not show significant differences in flower size or
anther position compared to the L-morph (Baker et al. 2000a). The only morph of interest
to our question is the L-morph that occurs in dimorphic populations and alone in
monomorphic populations.

First, we quantified the frequency of L-morph individuals for which the stigma is
positioned above the upper anthers in each population. We then calculated stigma-
anther separation, after correction for variation in flower size (following Baker et al.
2000a), as the distance from the top of the upper anther to the height of the stigma (fig.
2). This measure quantifies both stigma-anther separation (positive values indicative of

herkogamy when the stigma is above the anthers) and how deep the style is within the
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top anther whorl (zero or negative values). To test for variation in stigma-anther
separation, we fitted two linear mixed effect models (with country and geographic group

as fixed factors and population as a random factor) and per- formed two-way analysis of

deviance based on type 2 Wald x2 tests (Nelder & Baker 1972). A spatial autocorrelation
analysis was also performed (app. B) to verify that there was no major spatial correlation

among populations that would otherwise hinder our interpretations of spatial patterns.

\
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Figure 2-2.Floral measures made on flowers of the long-styled morph of Narcissus dubius.

All measures were made from the base of the ovule (O): corolla length (a), upper (b) and lower (d) extremity of
the upper anther, stigma height (c), upper (e) and lower (f) extremity of the lower anther. Adapted from Arroyo
and Dafni (1995).

Results

Climate analysis and projected past distribution

The projection of the first two axes of the PCA covers 87% of the variation of the whole
data set (fig. 3; table 1). The first component is driven primarily by two variables: the

precipitation of the driest month and the mean annual temperature. The second
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component is primarily the result of temperature seasonality and, to a lesser extent,
annual precipitation.

We used the s.class function from the ADE4 package to de- scribe climatic variation
among populations where the ecological niche was characterized. The ellipses drawn
include 78% of the data of the group. This allows us to identify the relative position of
the four different population groups regarding the overall climatic niche of the species,
whose center is represented by the intersection of the two axes (fig. 3). Central
populations in France and Spain and peripheral populations in France occur in the same
range of variation along axis 2. These three groups show a gradual decline in mean annual
temperature and a higher mean precipitation of the driest month (i.e., a less marked
Mediterranean climatic regime) toward peripheral and central populations in France,
which differ from central populations in Spain (i.e., toward the left of axis 1). Peripheral
populations in Spain are clearly distinct from all other populations (on axis 2) in terms of
their higher seasonality: four of the five populations are beyond the gray circle representing
the mean climatic niche of the species. This illustrates the more continental climatic regime

of their location.
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Axis 2 : 20.69% of
variance explained

Axis 1 :66.25% of
variance explained

Figure 2-3. Principal component analysis of climate data for all known population locations (gray dots).

The four climate variables are temper- ature seasonality (a), mean precipitation of the driest month (b), mean annual
precipitation (c), and annual mean temperature (d). Ellipses were drawn with the ADE4 package to include 75% of
each class variance. The gray ellipse represents all the locations, and the colored ellipses depict the position of the
four geographical groups of populations. P is for peripheral populations, C is for central populations, F is for

France, and S is for Spain.

Table 2-1. Results of the Principal Component Analysis

Principal components

PC-1 PC-2 PC-3 PC-4
Eigenvalues: 2.6502 0.8276 0.2920 0.2303
Projected inertia (%) 66.256 20.689 7.299 5.756
Pearson r with
BIO1 0.90 0.13 0.32 0.28
BIO4 0.72 0.65 0.025 0.26
BIO12 0.74 0.61 0.14 0.25
BIO14 0.89 0.14 0.41 0.14

Note: Variables are BIO1 mean annual temperature, BIO4 temperature seasonality, BIO12 mean annual precipitation and

BIO14 mean precipitation of the driest month.

The current (fig. 4a) and historical (fig. 4b, 4c) projections of the probability of
occurrence of Narcissus dubius populations based on current climate data and potential
climate of the LGM were obtained using two simulation models (CCSM and MIROC).

Differences in past climate predictions do not qualitatively change the results. In the area
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where central populations occur in Spain, large areas of suitable climate may have existed
during the LGM. This was not the case for the area where peripheral populations now
occur in Spain. In France, suitable potential climate probably existed as a belt spread above
actual sea level around the Mediterranean coastal belt (fig. 1). For current emergent
land, only two disjunct areas were climatically suitable for this species, one in the area
occupied by peripheral populations north of Marseille and the other southwest of

Narbonne in part of the area occupied by central populations.
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Figure 2-4. Modeled probability of occurrence of Narcissus dubius.

Contemporary distribution (a) and at the Last Glacial Maximum according to CCSM (b) and MIROC (c) climate models.
For the two historical projections, historical sea level is drawn as a solid line, while the contemporary coastline is
represented by a dotted line. The color scale represents the probability of climate suitability.

Microecological niche

Central and peripheral populations of N. dubius showed differences in the mean value of
several abiotic and biotic components of the ecological niche (table 2). For the abiotic
niche, the composite variable of substrate elements (combination of bedrock, blocks, and
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stones) showed a significantly lower cover in peripheral populations (fig. 5a), the cover of
bare soil was significantly higher in peripheral populations (fig. 5b), and the C/N ratio (fig.
5c) was significantly lower in peripheral populations only in Spain. In general, soil
properties varied significantly only between countries (table 2), all showing lower values in
Spain, except for pH that was higher in Spain than in France.

For the biotic niche, we found that the cover of therophytes was significantly higher in
peripheral populations (fig. 5d). The number of species per quadrat (fig. 5e) and the Hill’s
number associated with the Shannon diversity index (Jost 2006; fig. 5f) both showed a
similar trend of increase in peripheral populations, although this trend was not statistically

significant.
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Table 2-2. Chi-square values and significance tests for the analysis of deviance of abiotic and biotic components of the
ecological niche of Narcissus dubius in central (C) and peripheral (P) populations in Spain and southern France.

Niche component Country CvsP Interaction

Soil analyses

pH 10,4324%** 0,4786 2,2314
Soil conductivity 6,5203** 1,804 1,7691
Water retention potential 10** 1,1525 3,8906
Water retention capacity 16,8847** 2,7819 1,1523
Organic matter 12,351%** 1,1014 3,119
Carbon 12,233** 0,3362 1,2719
Nitrogen 3,8662** 0,3119 0,1619
C/N 7,1131%* 8,0987** 15,0746**

Point contact cover data

Mineral 1,0463 3,8934* 0,8522
Gravel 4,3522 0,4529 0,1567
Bare soil 2,3715 5,5124* 0,604
Litter 0,6645 0,3561 1,4115
Therophytes 0,0201 10,6814** 0,505
Hemicryptophytes 0,27 0,1146 0,1401
Geophytes 0,2151 0,7177 0

Chamephytes 2,4277 0,1384 0,0376
Phanerophytes 0,0754 0,4699 0,4021

Species data
Species number 0,048 2,722 0,3583
Shannon diversity index 0,1008 3,1875 0,2525

Note. Ns : non-significant, * 0.05 > p > corrected significance level, ** p < Corrected significance level. Mineral cover is a
combination of bedrock, blocks and stones. All tests are based on a single degree of freedom.
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Figure 2-5. Mean values per quadrat of abiotic and biotic features of the ecological niche of Narcissus dubius that
show significant variation among central and peripheral populations.

a, Percentage cover of mineral elements. b, Percentage cover of bare soil. ¢, Carbon/nitrogen ratio. d, Percentage
cover of therophytes. e, Number of species. f, Hill number associated with the Shannon diversity index.

Ecological niche variation among quadrats (fig. 6a) showed no significant difference
between central and peripheral populations (Wilcoxon test, V = 383, p = 0.2184), while
variation among peripheral populations was significantly greater than that among central

populations (Wilcoxon test, V = 204, p = 0.0218) (fig. 6b)
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Figure 2-6. Ecological niche variability of central and peripheral populations of Narcissus dubius among quadrats
within populations (a) and among populations (b).

Squares represent soil variables, triangles represent biotic count variables, and circles represent abiotic count
variables. Values on the two axes are standardized values of the coefficient of variation. For a point that falls on the
bisector, trait variability is identical. Points to the left of the bisector signify greater variability among peripheral
populations; points to the right of the bisector signify greater variability among central populations.

Floral polymorphism

A total of 74 populations were sampled to assess morph ratio variation (fig. 7). In the
central group of populations in the Languedoc-Roussillon region of southern France (n =
30 populations, for a total number of 3753 individuals), N. dubius populations are in
majority dimorphic but with a consistently L-morph-biased ratio (80%-95%). Only three
very small populations (n =26, 26, and 66 flowering plants) were monomorphic, which
is thus potentially an artifact of low sample size. In the peripheral group of populations,
only the L-morph was observed in the 20 studied populations (3655 individuals). In Spain,
a similar pattern was observed: 10 of the 14 central populations in the coastal hills (a
total number of 1703 sampled individuals) were dimorphic, with an L-morph-biased ratio
(75% - 99%). In contrast, seven of the nine peripheral populations were monomorphic
for the L- morph. In the two dimorphic peripheral populations, only a single S-morph
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individual (in a total of 45 and 315 studied plants per population, respectively) was
observed per population. Hence, in this peripheral group of populations, only two S-
morph plants were observed in a total of 1944 sampled plants (figure 7). There was no

significant correlation between population size and morph ratio in dimorphic

populations (R2 = 0.014, P > 0.05).
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Figure 2-7. The distribution of monomorphic (filled circles) and dimorphic (open circles) populations of Narcissus dubius
across its distribution in the western Mediterranean.
The two open circles with adjacent asterisks are peripheral populations in Spain with a single S-morph individual.

Floral traits of the L-morph showed several patterns of variation (figure 8; table 3) that
accompany differences in the occurrence of dimorphic and monomorphic populations.

The measures we made were standardized as described above to remove effects of
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correlated variation among traits (app. C). Corolla size showed significant differences among
countries (P<0.001; figure 8a), with smaller flowers in France than in Spain and a significant
country-by-geographical-group inter- action (P<0.01). Spanish peripheral populations had
significantly larger flowers than central populations (P<0.001), whereas French peripheral
populations had significantly smaller flowers than central populations (P<0.001). The
frequency of individuals with stigmas above the anthers (figure 8b) was significantly higher
(P<0.031) in both groups of central populations (19%) compared to in peripheral
populations (8% and 10.5% for French and Spanish peripheral populations, respectively).
Stigma-anther separation (figure 8c) showed a similar trend, with less stigma-anther
separation in peripheral populations (P<0.002), particularly peripheral populations in

France (fig. 8c).
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Figure 2-8. Floral biology of the long-styled morph of Narcissus dubius in central (C) and peripheral (P) populations
in France and Spain.

a, Mean corolla size. b, Percentage of individuals with a stigma positioned above the anthers. ¢, Mean stigma-anther
distance (i.e., the distance of the stigma to the upper tip of the upper anther).
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Table 2-3. Chi-square values and significance tests for the analysis of deviance of corolla size and relative stigma anther
separation and ANOVA table for frequency of individuals with stigma above the anthers for the long-styled morph of
Narcissus dubius in central (C) and peripheral (P) populations in Spain and southern France.

Flower measure Country CvsP Interaction

Analysis of Deviance table
Corolla size 27,5721** 1,2298 8,6410**
Relative stigma-anther separation 2,4718 9,3771** 2,0394

ANOVA table
Frequency of individuals with
stigmas above the anthers F=0,4742 F=5,2689** F=0,0132

Note. Ns : non-significant, * : 0.05 > p > corrected significance level, ** : p < Corrected significance level. All tests involve a
single degree of freedom.

Discussion

This study provides an illustration of how the ecological niche and traits associated with a
floral polymorphism vary among different parts of the range of a Mediterranean
geophyte, with consistent patterns of change toward geographically peripheral
populations. Climate-based historic projections of distribution changes associated with the

LGM provide a historical context for the interpretation of these contemporary patterns.

Ecological niche variation

The ecological characteristics of the habitat occupied by populations of Narcissus dubius
show a repeated pattern of variation between central and peripheral populations. In terms
of the microecological niche (i.e. the precise ecological conditions where plants grow),
peripheral populations occur in patches with a higher cover of bare soil and therophytes.

Peripheral populations of N. dubius thus tend to occur in richer and more diverse
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vegetation, as therophyte communities of the Mediterranean flora are very diverse
(Madon & Médail 1997; Blondel et al. 2010). In addition, peripheral populations in Aragon
(Spanish periphery) have a very different macro-niche in terms of broad habitat
characteristics; they occur in Mediterranean steppic grasslands that are very different
from the rocky calcareous garrigues where this species occurs across the Mediterranean
coastal belt of eastern Spain and southern France, especially regarding soils that are
poorer in organic matter (and thus total carbon) and have lower water retention
potential. These peripheral populations in Spain also occur in a more continental type of
climatic regime.

Other studies have shown variable results in terms of the habitat characteristics of species
in peripheral populations, with richer and more diverse vegetation in some (Jump &
Woodward 2003) but not all (Lonn & Prentice 2002; Murphy et al. 2006; Mueller et al.
2011) cases. Variation in habitat quality also does not show a clear repeatable pattern of
differences in studies of central and peripheral plant populations (Medail et al. 2002; Duffy
et al. 2009). In our case, the consistent changes in the micro-ecological niche (i.e. more
open habitats with a greater cover of annual plants in peripheral populations) might
represent a shift toward less competitive and more disturbed ecological conditions at
range limits (Grime 1988; Madon & Médail 1997). Verification of this hypothesis will
require experimental investigation of the impact of ecological conditions on individual
fitness and whether local adaptation and/or phenotypic plasticity are associated with
ecological niche variation in different parts of the species’ range (Holt & Keitt 2004;

Pearman et al. 2008a).

96
Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



2. Range-wide variation in the ecological niche and floral polymorphism of Narcissus dubius

Finally, in the comparison of ecological trait variation, interpopulation variability is
higher among peripheral populations than among central populations. This is not an
artifact of having sampled populations over greater distances for peripheral populations.
The mean (+ SE) distance among studied peripheral populations is 83 km (+ 13.0) in
France and 56 km (x 6.2) in Spain, and the mean distance among studied central
populations is 70 km (£ 11.8) in France and 145 km (x 25.1) in Spain. In fact, in Spain,
the central populations we studied are farther apart than peripheral populations. Our
results, thus, differ from findings in other studies that report a narrower, more
specialized ecological niche in peripheral populations (Kavanagh & Kellman 1986;
Svensson 1992; Rivero-Guerra 2008), although comparative analyses of several taxa have
found little support for this trend (Leuschner et al. 2009; Wasof et al. 2013). In our study,
the consistent ecological changes in populations in two distinct peripheral areas of the
distribution of N. dubius provide evidence that niche shift in peripheral populations is

not necessarily linked to reduced niche width and specialization.

Loss of the floral polymorphism in peripheral populations

Narcissus dubius has a mating system in which both selfing and outcrossing occur (Baker
et al. 2000a) and in which outcrossing can involve assortative (within-morph) and
dissortative (between-morph) mating. A strong L-biased morph ratio is commonly
observed in floral polymorphic Narcissus species (Dulberger 1964; Arroyo & Dafni 1995;
Arroyo et al. 2002; Thompson, Cesaro & Arroyo 2012). This pattern is consistently observed
in dimorphic populations across the range of N. dubius, for which the highest frequency

of the S-morph does not exceed 25% of a population. We found no association
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between population size and morph ratio, which is consistent with previous results (Baker
et al. 2000a). As shown by theoretical models (Baker et al. 2000b), a strong L-biased
morph ratio in natural populations is likely to be due to a higher rate of assortative
mating in the L-morph compared to in the S-morph. In N. dubius, this may be favored by
the absence of reciprocity between anther position in the L-morph and stigma height of
the S-morph, the self-compatibility of this species that allows for selfing (Baker et al.
2000a), and the reduced herkogamy of the L-morph that we report in monomorphic
populations. Indeed, peripheral populations of N. dubius are almost exclusively
monomorphic, lacking the S-morph. Occasionally, populations lack the S-morph in the
central part of the range in both Spain and France. Such monomorphic central
populations are either very small population patches (<50 individuals) or have incurred
recent disturbance (fire).

Mechanisms that favor outcrossing can be heterogeneously distributed across the range of
widespread species (Barrett 2001; Cheptou 2011), and as a result, many polymorphic
species show changes in the relative frequency of morphs in different parts of their
range (Weller 1986; Barrett & Richards 1990; Arroyo & Dafni 1995; Arroyo et al. 2002;
Barrett et al. 2004; Thompson et al. 2012), sometimes with the loss of particular morphs
(Shore & Barrett 1985; Barrett et al. 1989; Eckert, Manicacci & Barrett 1996; Hodgins &
Barrett 2008a). In Narcissus papyraceus in southern Spain, northern peripheral
populations show a loss of the S-morph (Arroyo et al. 2002) and lower levels of genetic
diversity than central populations (Simén-Porcar, Picd & Arroyo 2015). The latter author
found a significant correlation between genetic diversity and the frequency of the S-

morph, which further confirms a trend toward reduced outcrossing in peripheral

98
Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



2. Range-wide variation in the ecological niche and floral polymorphism of Narcissus dubius

populations. This follows the central- peripheral model that predicts lower genetic diversity
at the edge of the distribution (Eckert et al. 2008; Sexton et al. 2009). Unlike in N.
papyraceus, where peripheral populations are often smaller than central populations
(Arroyo et al. 2002), the monomorphic peripheral populations of N. dubius are mostly
large and fairly abundant within the region where they occur, particularly in Provence.
This occurrence of monomorphic populations could be due to selection that favors
assortative mating and/or selfing or be a consequence of stochastic forces acting in
peripheral populations.

The loss of the S-morph and reduced stigma-anther separation in peripheral
populations may be linked to pollinator- induced selection that enhances assortative
mating and/or self-fertilization (Belaoussoff & Shore 1995; Baker et al. 2000b; Herlihy &
Eckert 2004). Indeed, reduced herkogamy may permit reproductive assurance in the
absence of pollinators (Lloyd & Schoen 1992; Affre & Thompson 1999; Moeller 2006).
Changes in pollinators and reduced pollination service have been documented in other
Mediterranean Narcissus species in relation to changes in morph abundance, particularly
a relative loss of long-tongued pollinators that assure the reproduction of the S-morph
(Arroyo & Dafni 1995; Pérez-Barrales & Arroyo 2010; Santos-Gally et al. 2013b). Narcissus
dubius is visited by a range of generalist pollinators in southern France (J. D. Thompson,
personal observations), including long-tongued Lepidoptera, primarily Macroglossum
stellatarum, and short- and long-tongued bees (mostly Apies and Anthophora). We have
no evidence for any variation in composition among central and peripheral populations,
and because the widespread distribution of the long-tongued pollinators covers the

peripheral group of populations in France, it is therefore unlikely that the loss of the long-
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tongued pollinators causes a pollinator-based shift toward increased assortative mating
and selection for selfing in peripheral populations. This will, however, require further
investigation for confirmation.

In floral polymorphic species, morph ratio variation has also been found to be linked to
the spatial and temporal dynamics of populations, which may lead to modifications in
the genetic assemblage of colonizing populations and randomly cause a decline in the
abundance or loss of particular morphs (Barrett et al. 1989; Eckert & Barrett 1992;
Husband & Barrett 1992; Hodgins & Barrett 2008a; Berjano et al. 2015). The loss of the S-
morph in peripheral populations of our study species could thus also result from

stochastic events associated with historical processes of range contraction and spread

Insights from the recent history of N. dubius

Our historical projections of the distribution of N. dubius at the LGM provide insights into
this potential role of stochastic variation during periods of range contraction and
expansion of N. dubius populations. Although this timescale does not allow us to fully
cover the species’ history due to its probable ancient origin (Santos-Gally et al. 2012), the
LGM has been found to be a major cause of contemporary patterns in many species
(Hewitt 1999; Rodriguez-Sanchez et al. 2009; Alba-Sanchez et al. 2010). Nevertheless, we
interpret historical projections with prudence, given the absence of palaeoecological and
phylogeographical data for this taxon (Gavin et al. 2014) and the fact that nonanalogous
climatic conditions between the current time and the LGM may influence the results

(Pearman et al. 2008b; Veloz et al. 2012).
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Suitable climatic conditions for the persistence of N. dubius during the LGM probably
existed in the coastal hills of south- east Spain (1000-m elevation). This area has been
identified as a potential LGM refugia for other Mediterranean plants (Carrion et al. 2003;
Médail & Diadema 2009) and, during previous Pleistocene glaciations, for oceanic (Taberlet
et al. 1998; Médail & Diadema 2009) and Mediterranean (Lumaret et al. 2002; GOmez &
Lunt 2007; Lépez de Heredia et al. 2007; Besnard et al. 2013) temperate species. At the
LGM, the Ebro valley (current peripheral populations) appears to have been unsuitable for
N. dubius. This area might have served as a refugium for temperate taxa, such as Corylus
avellana L., now present only in a few shallow gorges in the Ebro valley (Gonzalez-
Sampériz, Valero-Garcés & Carrion 2004; Valero-Garcés et al. 2004), but not for more
typical Mediterranean taxa, such as our study species (Gonzalez-Sampériz et al. 2008).
Since the LGM, an arid steppe habitat with a rather novel veg- etation type has developed in
this area (Pérez-Collazos et al. 2009). Narcissus dubius may thus have spread from south-
eastern refugia to colonize the Ebro valley since the LGM thanks to an adaptation to a
more seasonal, continental-like climate. This colonization pathway has also been proposed
for Ferula loscosii (Lange) Willk. (Pérez-Collazos et al. 2009), a species in which genetic
homogeneity has been interpreted as a signal of recently founded populations. This
interpretation may thus be applied to the almost complete loss of the S-morph in
peripheral populations in this area. This loss may have occurred as a result of repeated
founder effects and stochastic loss during colonization events or perhaps historical
selection by pollinators. Given the already-low frequency of the S-morph in central

populations, this loss may indeed occur fairly easily and thus repeatedly. An interesting
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point here is that N. dubius occurs in a clade with monomorphic species (Santos-Gally,
Gonzalez-Voyer & Arroyo 2013a).

In southern France, it is not clear exactly where elements of the Mediterranean flora
persisted during the LGM (Pons & Vernet 1971); the precise location of potential refugia is
difficult, and hypotheses for their location should be interpreted cautiously. For N.
dubius, LGM projection of potentially suit- able climate (fig. 4b, 4c) occurred in an area
that is now either submerged or on and around the calcareous mountains of
southwestern Provence and in the Languedoc-Roussillon region near Narbonne, where
several low-elevation calcareous ranges were islands in recent history. These two areas
have been historically isolated by a large barrier of unsuitable sandy and coastal areas and
have several restricted endemic species (Fréville et al. 2004; Pouget et al. 2013) or disjunct
endemic species whose populations are peripheral isolates of more southern
Mediterranean species (sensu Thompson 1999, 2005; G. Papuga, unpublished data).

Hence, although the historical projections and current patterns for peripheral populations
are less clear in southern France than in Spain, the possibility of persistence in different
microrefugia in the coastal belt of southern France cannot be ruled out. Elsewhere, it has
been proposed that, despite a globally unfavorable climate matrix, the Mediterranean Basin
probably contained several microrefugia (Feliner 2011), even locally (Patsiou et al. 2014).
Given the complete absence of the S-morph from all the contemporary peripheral
populations (despite their size and abundance), their reduced flower size, and their
reduced stigma- anther separation, it is possible that the S-morph might have been lost as a
result of a bottleneck or selection during repeated range shifts (this species may disperse

quite well; Santos-Gally et al. 2012) from a local refugium. As a result, the southern part of
102

Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



2. Range-wide variation in the ecological niche and floral polymorphism of Narcissus dubius

the Rhone valley (fig. 7, inset) may in fact represent an admixture zone where two
colonization fronts have met, as observed for genetic diversity in Quercus ilex L. (Lumaret
et al. 2002), and not only a simple separation between contemporary central and

peripheral populations.

Conclusion

This comparison of the ecological niche and floral polymorphism in the different parts of
the range of N. dubius in the western Mediterranean illustrates how diverse directions of
colonization out of distinct microrefugia may have shaped contemporary patterns of
variation. In eastern Spain, colonization toward Aragon has involved a shift in ecological
conditions and an almost complete loss of the S-morph. In Mediterranean France, trait
variation could reflect persistence and spread from different refugia and not a gradual shift
from central to peripheral populations. We have now investigated a collaborative
phylogeographic study of this species in order to test these possible interpretations for

the historical evolution of contemporary patterns of ecological and genetic variation.
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CHAPTER 3: Ecological niche
differentiation in peripheral populations:
a comparative analysis of Mediterranean
plants at their northern range limits

To be cited as:
Papuga, G., Gauthier, P., Pons, V., Pironon, S., Farris, E. & Thompson, J.D. (submitted)
Ecological niche differentiation in peripheral populations: a comparative analysis of

Mediterranean plants at their northern range limits.
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Introduction

There has been a long standing interest in the idea that populations close to species’ range
limits may show fundamental differences in abundance, ecology and genetic variation
compared to those in the central part of their distribution (Sagarin & Gaines 2002; Eckert,
Samis & Lougheed 2008; Sexton et al. 2009, Pironon, Papuga et al., in prep). The exploration
of this so-called “central-peripheral” hypothesis has provided a baseline for many studies on
the factors that prevent species from colonizing areas beyond their current limits (Gaston
2009b; Sexton et al. 2009). Three main elements dominate this literature.

First, patterns of population and individual abundance in the different parts of a species
range has led to the proposition of an “abundant center” hypothesis (Hengeveld & Haeck
1982; Brown 1984) which has been the subject of ongoing examination and debate (Sagarin
et al. 2006). Second, individual fitness and population demography are proposed to decline
toward range limits (Herlihy & Eckert 2005; Angert 2006; Villellas et al. 2012; Abeli et al.
2014), although empirical evidence remains rare (Pironon, Papuga et al., in prep). Third,
many studies document lower levels of genetic variability within populations and often
increased differentiation among populations at range limits (Lonn & Prentice 2002; Persson
et al. 2004; Hampe & Petit 2005; Eckstein et al. 2006). Such variation includes examples of a
loss of genetic polymorphism due to the absence of one or more floral morphs in peripheral
populations (Hodgins & Barrett 2008b; Pérez-Barrales & Arroyo 2010; Papuga et al. 2015;
Santos-Gally et al. 2015; Simdén-Porcar et al. 2015). However, the occurrence of unique gene
combinations in peripheral populations (Levin 1970, 1995; Lesica & Allendorf 1995; Petit, El
Mousadik & Pons 1998) supports their conservation interest (Lesica & Allendorf 1995; Petit

et al. 1998; Thompson et al. 2010).
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Empirical tests of the central-peripheral hypothesis have often been made under the
assumption of a concordance between geographic periphery and ecological marginality.
However, there has been much debate concerning whether environmental conditions are
indeed optimal near the center of the range, and more marginal towards the periphery
(Levin 1970; Soulé 1973; Hardie & Hutchings 2010; Pironon et al. 2015) and the possibility of
ecological niche differences between peripheral and central populations has received much
less empirical attention than the above-mentioned topics (Papuga, Pironon et al unpublished
ms).

The correct characterization of the ecological niche is a complicated task (Pulliam 2000). The
diversity of environmental factors and the complexity of their interactions render the
delimitation of a species niche a delicate issue. Many recent studies have focused on the
climatic niche (Martinez-Meyer & Peterson 2006; Thuiller et al. 2008; Diniz-Filho et al. 2009;
Lira-Noriega & Manthey 2014), however this provides only limited insights into our
understanding of how fine-scaled population processes may vary at range limits (Pulliam
2000; Boulangeat et al. 2012). In addition, it has been increasingly recognized that broad
habitat units or vegetation types are insufficient to describe the precise ecological niche of
plants (Hall, Krausman & Morrison 1997), which requires explicit descriptions of the suite of
habitat characters required by a species (Miller & Hobbs 2007). In this context, some authors
have compared central and peripheral populations based on empirical investigation of the
micro-ecological niche in which plants live, in terms of soil properties and other abiotic
components of the environment (Farris & Schaal 1983; Van Rossum & Prentice 2004; Duffy
et al. 2009; Leuschner et al. 2009; Wagner et al. 2011; Wasof et al. 2013; Papuga et al.

2015), competition and community composition (Carter & Prince 1985; Alexander et al.
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2007) and biotic interactions (Bruelheide & Scheidel 1999; Zalewska-Gatosz et al. 2012;
Stanton-Geddes et al. 2012b; Castilla et al. 2013). These single-species comparisons in
different contexts do not show a general pattern of niche differences among central and
peripheral populations.

The flora of the Mediterranean region of southern France provides a multitude of examples
of range limits in western Mediterranean species (Jahandiez 1937; Quézel & Médail 2003;
Noble & Diadema 2011) some with a semi-continuous distribution (Papuga et al. 2015)
others in peripherally-isolated populations (Medail et al. 2002; Lhotte, Affre & Saatkamp
2014). These patterns are closely associated with the geological and climatic history of the
region, particularly the onset of the Mediterranean climate in the Pliocene and repeated
glacial periods in the Pleistocene (Thompson 1999; Carridn et al. 2003; Thompson et al.
2005; Lépez de Heredia et al. 2007; Médail & Diadema 2009). They provide ideal situations
for studies of whether ecological conditions vary across species’ ranges within a single
climatic region.

Based on a comparative analysis of 11 Mediterranean plant species in nine different families
and with variable herbaceous growth forms, we test for a general pattern of variation in the
ecological niche of peripheral populations (northern range limits in Mediterranean France
central) compared to central populations (in continental Spain or Italy). To do so we address
three objectives. First, we test whether species show consistent differences in their macro-
and/or micro-ecological niche among central and peripheral populations. Second, we
attempt to identify whether species share similar patterns of ecological niche variation
across their range. Third, we test whether the ecological niche breadth is different in the

peripheral part of the range compared to the central part of the species distributions.
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Material and methods

Species and populations selection

In order to select species for a comparative analysis of niche variation among central and
peripheral populations we followed a step-by-step procedure. First, we made a list of the
337 Mediterranean plant species (Annex 1) that are listed for protection in France, or
present in the Red List of Flora for part of this region as being “endangered”. We based our
selection on listed species because their distribution is solidly documented (not the case for
more common specie) and also because of their conservation significance.

We immediately excluded from this list any species whose distribution in Mediterranean
France is directly linked to recent human activities (e.g. species of horticultural importance
such as Chamaerops humilis, or Ampelodesmos mauritanica) and species of trees, ferns,
helophytes and aquatic plants whose study would require different sampling methods. We
also excluded species whose taxonomic rank is under discussion or which are genetically
heterogeneous (e.g. polyploidy complexes). This selection reduced the list to 186 species.
We then restricted our list to species that exhibit a clear central-peripheral type of
distribution, with a central part of their range in the lberian or Italian peninsula and/or North
Africa and northern peripheral populations in the Mediterranean climate region of France,
with at least five known populations in our database for this region (in order to make a
correct study of variability of the ecological niche in these peripheral populations). We also
excluded species for which populations in the central part of the distribution were very
scattered and rare, making population localization extremely difficult. This produced a list of

48 species.
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To make the study as general as possible we chose one species per family, except for the
Asteraceae in which three species belonging to three different clades of this family and in
two different biological group forms were selected. To facilitate field work and make a
continuous study of several species in a given year - we chose species flowering at different
moments of spring and autumn. This excluded several species from the French Riviera region
which flower simultaneously. We included one non-protected species, Narcissus dubius,
which was the subject of a previous study (Papuga et al. 2015). A final list of eleven species
(Table 1) containing three therophyte species, three hemicryptophytes, three geophytes,
and two chamephytes was thus obtained.

In order to select study populations for the 11 species, a geolocalized database of known
population locations was compiled from four main sources: the SILENE database of the
Conservatoire Botanique National Méditerranéen de Porquerolles (France); the IPE database
of the Instituto Pirenaico de Ecologia (Jaca, Spain); the Biodiversidad Valenciana data base of
Valence community (Spain) and the Spanish  Anthos online database
(http://www.anthos.es/). We also gathered personal data from colleagues in France, Spain
and Italy. Only data with a resolution of < 1km? were used in our study. As a result we were
able to construct a geographic distribution map for each of the 11 species in the western

Mediterranean basin (Figure 1).
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Atractylis cancellsta Hyoseris scabra Y Stipa capensis

Chiliadenus saxatilis 3 Dowycropsis gerards y

Merendera filifolia ¥ . Narclssus dubins Ophinys bamiyifora

Poligala rupestris { Viola arborascens

Figure 3-1. Distribution maps of the 11 studied species in the western Mediterranean basin.
Dark gray dots are locations contained in our database; grey areas represent the distribution of each species adapted from
Bolos & Vigo (2000); red squares represent areas where peripheral isolates occur in southern France.

To compare central and peripheral populations of each species, we randomly chose five
central and five peripheral populations in our database (Annex B). If a population could not
be found in the field, we selected the closest known population for study. In southern
France, populations were selected to cover the distribution range of the species and
primarily to have populations from both the Languedoc-Roussillon region (to the west of the
Rhoéne valley) and Provence (east of the Rhone valley). We attempted to have a similar as
possible distance between the two most geographically distant populations in each of the
two geographical groups of populations of a given species. This distance is of course highly

variable among species (Table 1).
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Table 3-1. List of studied species, their biological features and distances among sampled populations.
The nomenclature follows the most recent taxonomic referential of the Mediterranean Botanical Conservancy (http://silene.eu).

. _ . Flowering . . Quadrat Megn and maximum _Mean and maximum
N° Species Family month Biological type size (m?) Q|stance among distance among central
peripheral populations populations
1 Atractylis cancellata L. Asteraceae Late spring  Therophyte 1 97 193 199 400
2 Chiliadenus saxatilis (Lam.) Brullo  Asteraceae Autumn Hemicryptophyte 4 32 60 87 172
3 Convolvulus lanuginosus Desr. Convolvulaceae Late spring Hemicryptophyte 4 125 212 169 360
4 Dorycnopsis gerardi (L.) Boiss. Fabaceae Late spring  Hemicryptophyte 4 192 323 70 105
5 Hyoseris scabra L. Asteraceae Mid-spring  Therophyte 1 71 175 77 182
6 Merendera filifolia Cambess. Colchicaceae ~ Autumn Geophyte 1 1 3 105 185
7 Narcissus dubius Gouan Amaryllidaceae Early Spring Geophyte 4 83 155 145 271
8 Ophrys bombyliflora Link Orchidaceae Mid Spring  Geophyte 1 12 25 142 266
9 Polygala rupestris Pourr. Polygalaceae Mid spring  Chamephyte 1 78 177 340 603
10 Stipa capensis Thunb. Poaceae Late spring  Therophyte 4 123 204 148 292
11 Viola arborescens L. Violaceae Autumn Chamephyte 1 88 217 319 617
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Field and data-base examination of the macro niche

For each population, the natural habitat was broadly described in terms of vegetation
structure (e.g. forest, grassland, etc.), dominant species, topographical characteristics (e.g.
crest, plain, slope, etc.) and type of substrate (e.g. calcareous, granitic, quaternary soil, etc.).
Based on these field descriptions and notes, we assigned each population to a broad habitat

type following the EUNIS classification (http://eunis.eea.europa.eu/habitats.jsp). Based on

information in the above data bases we identified the “minimum” and “maximum” altitude
values and the two limits which enclose 90% of altitude values (such that 5% of values fall
below the “lower limit” and 5% above the “higher limit”) in the central and peripheral parts
of the range of each species. We verified the results by comparing them with published data

in Flora Iberica (Castroviejo 1986).

Field investigation of fine-scaled niche characteristics

Once a population was located in the field, an empirical investigation of its ecological niche
was done at peak flowering in a part of a site where the species is most abundant (following
Lavergne et al. 2004). Fine-scaled ecological characteristics were studied in three quadrats
per population each either 1m? or 4m? depending on the size of individuals and the pattern
of distribution of the species (table 1). Each quadrat was established in a randomly selected
high-density patch, each patch at least 5m apart. For each quadrat, we measured the slope
and its orientation, and visually estimated the mean height of each vegetation stratum

(following Raunkiaer 1934).
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A fine-scaled analysis of ecological characteristics was made with point contact data
collected for each quadrat. Each quadrat was divided into 100 contact points (10*10cm grid
for 1m? quadrats; 20*20cm grid for 4m? quadrats). At each point we recorded contact with
one or more of the following elements: bedrock, blocks (>25cm), stones (2.5 — 25 cm), gravel
(0.5 — 2.5 cm), bare soil, lichen, moss, herbaceous litter, woody litter and living plants. Each
contacted plant species was identified. When several components were touched at a given
point, we constrained the value of each contact point to 1, so that the total cover per
quadrat could not exceed 100%. For each quadrat we calculated species richness (as the
number of species touched during the contact point sampling), the cover of each biological
type (Raunkiaer 1934) and the Hill number associated with the Shannon diversity index (Jost
2006) for the whole community (later named total diversity) and per biological type.

Field studies and experimental laboratory analyses were conducted during spring and
autumn 2013 and in spring 2014. For each species central and peripheral populations were

studied in the same year.

Soil analysis

We collected one soil sample per quadrat. Soils were dried at 40°C for 48h, sieved at 2mm
and stored in a cool room prior to analysis. Conductivity (c) and pH (pH) were measured
using an Eutech Cyberscan. After mixing 10g of dry soil with 20ml of water, we blended the
solution during 20min, then separated phases using a centrifuge (10 minutes), and measured
values in the supernatant at room temperature (circa 20°C). The total amount of carbon (C)
and nitrogen (N) were determined using a ThermoFinnigan Flash EA 1112 series, on 70ug

samples grinded with a crusher (3 minutes, f=30). Water retention potential (WRP) is the
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percentage of water lost after drying a wet soil during 48h at 40°. Water retention capacity
(WRC) was then calculated as the percentage of water remaining in previously 40°C-dried
soil, by drying again the sample at 110°C during 5 hours. Organic matter (OM) was estimated
as the percentage of matter lost after burning a dried sample at 500°C during 5 hours. Soil
samples from central and peripheral populations of a given species were analyzed at the

same time and thus in the same “machine” sequence.

Statistical analyses

A preliminary Principal Component Analysis (PCA) allowed us to delete correlated redundant
measures (data not shown). To identify ecological niche differences between central and
peripheral populations, we first examined variation between mean population values for
central and peripheral populations within each species with a Welsh two-sample t test. We
also investigated differences between the two geographic groups of populations in terms of
variation among their populations (niche breadth in a given region), and ran Ansari-Bradley
tests to analyze levels of variation among paired samples. Both tests were chosen for their
robustness to non-normal distribution patterns.

Following this, to provide a comparative analysis, we plotted the mean value (* standard
error) of each species for each ecological variable in central and peripheral populations in
relation to a bisector that represents a line of equality for central or peripheral populations
(following Lavergne et al. 2004). Any significant variation can thus be depicted in terms of
distance from the bisector. To statistically test this relationship we fitted a general mixed
effect model, with the trait value as response variable and species and population as random

factor with population nested within species and geographic location (central or peripheral)
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as a fixed factor. We carried out analysis of deviance based on type-2 Wald Chi-square tests
for each analysis.

To compare global niche breadth in central and peripheral populations of each species, we
calculated niche volumes for each group of populations using a Principal Component
Analysis (PCA) on the whole set of micro-ecological niche variables available. We plotted the
first two axes of the PCA for each species, drew two convex hulls including all central and all
peripheral populations, and calculated their surface. We repeated this procedure three
times on subsets of the total dataset, retaining only variables of soil, abiotic and biotic
compartment, to refine overall trends. We plotted each series following the procedure
described above. To assess the significance of each trend, we ran single-tailed Wilcoxon sign
rank tests for pairwise data with the “greater” option to test whether the niche volume is
greater in the center of the range.

To statistically tests cross-taxa differences in the mean altitude between central and
peripheral populations, we fitted a linear mixed effect model with position (C or P) as a fixed
factor, and species as a random factor. We also plotted the mean and the maximum altitude
(which includes 95% of known locations) following the procedure described above.

All statistical analyses were performed using R:3.2.1 (R development Core Team 2010). We
did not include any terms to control for spatial autocorrelation that can arise as a result of
spatial structure of micro ecological niche variables (Dormann et al. 2007). We corrected p-
values following the Benjamini-Hochberg false discovery rate method (Benjamini &
Hochberg 1995). We present p-values that fall between 0.05 and the corrected value as
weakly or marginally significant (*) and those that are less than the corrected threshold as
highly significant (**).
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Results

Field and data-base examination of the macro niche

The broad habitat (vegetation) type in which the sampled populations occur was in most
species very similar for central and peripheral populations. Only one species, Ophrys
bombyliflora, occurred in more vegetation types in central than in peripheral populations
(Table 2). Nine out of eleven species were found in Mediterranean xeric grasslands on
calcareous soils. Among them, annual species occurred primarily in Mediterranean annual
communities on shallow soil, or in their degraded form qualified as subnitrophilous and
dominated by tall annual grasses (Avena spp.). Hemicryptophytes and geophytes tended to
occur in xeric grassland often dominated by Brachypodium retusum, while the two
chamephytes also occur in cracks and fissures on rocky escarpments and cliff faces. Two
species occurred in habitats different to the other species, namely Dorycnopsis gerardi which
was found in land reclamations and post-agricultural fields on a more acid substrate, and
Chiliadenus saxatilis which was found in calcareous cliffs within chasmophyte communities.

The minimum altitude and the lower limit of altitudinal distribution for 90% of all values of
peripheral and central populations were close to sea level (Table 3). However, species were
consistently found at higher mean altitude in their central range (analysis of deviation,
x’=711, df = 1, p < 0.001), with an altitudinal range amplitude ratio that was from 1.5 to 5
(depending on the species) in comparison with peripheral populations (Table 3, figure 2).
This ratio is exceptionally high for Merendera filifolia due to its very restricted altitudinal
amplitude in France, while being widely distributed from seal level to over 1130 m in the

south of Spain.
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Table 3-2. The different broad habitat types occupied by the 11 study species in five central (C) and five peripheral (P) populations.
The nomenclature follows the EUNIS referential (http://eunis.eea.europa.eu/habitats.jsp). Species are : (1) Atractylis cancellata, (2) Chiliadenus saxatilis, (3) Convolvulus lanuginosus, (4)
Dorycnopsis gerardi, (5) Hyoseris scabra, (6) Merendera filifolia (7) Narcissus dubius (8) Ophrys bombyliflora, (9) Polygala rupestris, (10) Stipa capensis, (11) Viola arborescens.

Species
EUNIS  Habitat 1 2 3 4 5 6 7 8 9 10 11
cpcepcepcePpPcCcPCPTCPCPCZPC®PCTEP
A2.5 Coastal saltmarshes and saline reedbeds 1
E1.2A  Brachypodium phoenicoides swards 1
E1.31  West Mediterranean xeric grassland 11 1
E1.311 Retuse torgrass swards 11 1 1 1 1 11 1 1
E1.313 Mediterranean annual communities of shallow soils 1 1 11 11
E1.61  Mediterranean subnitrophilous grass communities 1
£5.12 Weed communitigs of recently abandoned urban and 1
suburban constructions
E5.15  Land reclamation forb fields 1 1
F5.3 Pseudomaquis 11
G3.743 Provenco-Ligurian Pinus halepensis forests 1
H3.21 'CI'ZI:::::i;iA:Sriatic eumediterranean calcicolous chasmophyte 11 1 11
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Table 3-3. The altitudinal range of the 11 studied species based on population locations in severals databases for each species (see methods).
The “minimum” and “maximum” columns correspond to the lowest and highest altitude values respectively, “lower limit” and “higher limit” are two limits that exclude 5% of data points for
altitudinal distribution of each species at low and high altitude respectively. Hence, 90% of the data points occur between these limits.

Central Populations Peripheral populations

Minimun  Lower limit Median Higher limit ~ Maximum Minimun Lower limit Median Higher limit ~ Maximum
Atractylis cancellata 0 40 283 822 2414 12 14 361 558 585
Chiliadenus saxatilis 0 201 822 1315 1879 0 76 313 656 861
Convolvulus lanuginosus 0 87 462 1021 2822 0 1 121 344 493
Dorycnopsis gerardi 0 40 411 988 1356 0 4 111 304 495
Hyoseris scabra 0 10 180 814 1019 0 0 21 301 409
Merendera filifolia 0 3 310 1130 1663 0 2 21 30 32
Narcissus dubius 0 69 397 902 1378 0 19 171 519 788
Ophrys bombyliflora 0 7 321 815 1109 0 2 47 189 291
Polygala rupestris 0 84 585 1127 1959 0 0 54 223 559
Stipa capensis 0 15 382 831 1895 0 2 48 392 553
Viola arborescens 0 0 150 719 923 0 0 45 219 326
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Figure 3-2. Mean (a) and range (b) altitude values (m) of central and peripheral populations of 11 Mediterranean plant
species.
The bisector represents equal mean values for central and peripheral populations.

Field investigation of fine-scaled niche characteristics

Preliminary inspection of the data sets obtained for the different species showed that some
variables were highly correlated with one another, and that some similar variables all
showed very low frequencies in the point contact data set. Prior to analyses we thus
removed several measures from the analysis. Nitrogen content, due to its high correlation
with conductivity, and organic matter content and water retention potential, due to their
high correlation with water retention capacity, were removed from the analysis. Block and
bedrock had consistently low values so given their ecological similarity we summed them to
have a single (“rock”) variable. Likewise, point cover data for lichens and mosses were
summed into a single variable for “cryptogam” cover and chamephytes and phanerophytes
into a single variable for “woody species” cover. Number of species and the Hill number
associated with the Shannon diversity index were strongly correlated, so we deleted the
former variable due to its sensibility to rare species presence (Jost 2006).
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Differences in mean ecological characteristics

The comparison of central and peripheral populations for each species showed significant
differences for between five and ten of the 20 ecological parameters studied (table 4). On
average, eight variables differed significantly per species (representing 40% of the variables
investigated, see Table 4). Seven ecological characteristics showed very little variation, with
no more than two species showing significant differences. These are mostly biotic
characteristics (notably the cover of biological growth forms and diversity of woody plants
and geophytes). On average, soil characteristics and abiotic cover variables (other than bare
soil) showed the most significant differences among central and peripheral populations
(from five to eight species). All species showed at least one significant difference for both
the three soil characteristics and the five cover variables (Table 4). For biotic niche
components, the total diversity of associated species and therophyte diversity showed
significant differences for several species (seven and six respectively), as did total biotic
cover and therophyte cover but to a lesser extent (four species). Despite the large number
(5-10 traits) of observed significant differences for each species (Table 5) only comparisons
of Convolvulus lanuginosus with Hyoseris scabra, Merendera filifolia and Viola arborescens
showed five or six common differences respectively. The majority of common differences for

all other species comparisons was less than five.
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Table 3-4. Comparative analysis of trait difference between central (C) and peripheral (P) populations in eleven Mediterranean plant species.

Welch two sample t-tests are used for pairwise comparisons, and analysis of deviance based on )(2 analyses is used for cross taxa analyses. The number of species (NSD) and traits (NTD) that
show a significant difference are given in column and row sums respectively. The letter code with significance values refers to a higher value in either central or peripheral populations.
Species are : (1) Atractylis cancellata, (2) Chiliadenus saxatilis, (3) Convolvulus lanuginosus, (4) Dorycnopsis gerardi, (5) Hyoseris scabra, (6) Merendera filifolia (7) Narcissus dubius (8) Ophrys
bombyliflora, (9) Polygala rupestris, (10) Stipa capensis, (11) Viola arborescens.

Niche characteristic Species NSD x2 analyses
1 2 3 4 5 6 7 8 9 10 11
S1.Water retention capacity p** p** C** p* C* 5 0,19
S2. Conductivity C** Cc* c* [ p** C** C* c* 8 6,07*
S3. pH C** p** p** C** C* C** p** 7 4,50*
A4. Rock p** p** c* C** C** C** 6 4,33*
A5. Stone p** p* p* p** p* 5 11,91**
A7. Gravel C** p** p* c* p** p* 6 0,22
A8. Bare soil C** c* 2 2,22
A9. Litter C** c* c* p* c* p** p* 7 0,01
A10. Slope p** C** C** C** p** C** C* 7 1,94
B11. Total biotic cover C* px* C** C** 4 0,03
B12. Therophyte cover p* p** p** C** 4 0,65
B13. Hemicryptophyte cover p** 1 0,00
B14. Geophyte cover c* p** 2 0,51
B15. Woody vegetation cover p* 1 0,11
B19. Cryptogams cover c* 1 0,69
B16. Total diversity p** c* p** p** p** c* p** 7 3,98*
B17. Diversity of therophytes p* p* p** p* p** p** 6 22,30%*
B18. Diversity of hemicryptophytes  P* C** p** c* C* 5 0,01
B19. Diversity of geophytes C** Cx* 2 6,41%
B20. Diversity of woody plants p* 1 0,01
NTD 10 7 10 5 9 9 9 7 5 7 9

*:0.05 > p > corrected significance level, ** : p < Corrected significance level.
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Although for most niche components there was no common pattern of higher values in
either central or peripheral populations, seven ecological characteristics showed significant
cross-taxa deviation from equal values in central and peripheral populations (Table 4). Visual
inspection of the differences for abiotic and biotic niche components revealed that some of
these traits showed a consistent pattern of differences between central and peripheral
populations (Figure 3). For soil characteristics, there was a marked overall trend for species
to occur on soils with low conductivity (Figure 3a) and a more basic pH (Figure 3b) in
peripheral populations. For abiotic niche elements, there was a cross taxa trend of
occurrence on less rocky but more stony habitats in peripheral populations (Figure 3c and
3d). Two species (Atractylis cancellata and Chiliadenus saxatilis) however showed a
significant increase in rock cover in peripheral populations (table 4). Slope did not show a
general trend across species, despite the fact that seven species show differences between
central and peripheral populations (Table 4).

For biotic niche components, total biotic cover was highly conserved between central and
peripheral populations (Table 4 & Figure 3f). Three groups of species showed broadly similar
values in their central and peripheral populations: Chiliadenus saxatilis was the only species
that colonizes habitats with very low vegetation cover (below 25%), a group of six species
occured in habitats with vegetation cover between 35 to 50%, and a group of three species
occupied dense vegetation with cover values that ranged from 65 to 80%. The cover of each
growth form remained very similar between central and peripheral populations, and no
global trend was observed across taxa (Table 4). Total species diversity, as quantified by the
Hill number associated with Shannon’s diversity index, showed a weakly significant cross

taxa trend towards more diverse communities in peripheral populations (Figure 3e). This
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trend was significant for five species (Table 4), with the notable exception of Ophrys
bombyliflora and Chiliadenus saxatilis which showed a weakly significant trend toward
higher values in central populations. For the different biological growth forms this trend is
highly significant for the diversity of therophytes (in six of the eleven species: Figure 2g).
Diversity of geophytes showed a weak cross taxa trend toward higher diversity in central
populations, mainly driven by two of the three target geophytes and Hyoseris scabra (Figure
2h). Finally, woody species diversity was similar for all species except Stipa capensis, while
hemicryptophytes diversity differed for five species in opposite directions, resulting in no

global trend.
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Figure 3-3. Soil characteristics, abiotic and biotic cover variables that show overall significant differences (Table 4) among
central and peripheral populations of 11 Mediterranean plant species.

The bisector represents equal mean values for central and peripheral populations. Traits are (a) conductivity, (b) pH, (c)
rock cover, (d) stone cover, (e) total diversity, (f) total biotic cover, (g) therophyte diversity, (h) geophyte diversity. Species
number codes are shown in table 1.
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Differences in niche breadth

When comparing levels of trait variability in central and in peripheral populations, we
detected only weakly significant differences in 43 of the 220 tests (Table 5). The majority (N
= 32) of these comparisons showed significantly greater variation among populations in the
central part of their range than among peripheral populations. The maximum number of
species with a significantly different niche breadth for a given trait was only four species,
hence cross-taxa comparisons showed no significant overall trend for particular variables
except for the cover of stones, slope and woody vegetation, that showed a weakly significant
trend toward greater variability among central populations. Notwithstanding, six species
showed several traits with mostly higher levels of variation among central populations, three
species had a small number of trait differences and mostly higher variability among
peripheral populations and two species showed little (one trait) or no differences for central
and peripheral populations (Table 5). This resulted in a weakly significant overall trend
towards smaller niche volume for peripheral populations (Figure 4a), despite the fact that
the three therophyte species we studied showed the opposite trend (Wilcoxon test, V=55,
p=0.0269, p-corrected=0.0537). When this global niche volume is segregated into different
components, the edaphic niche (e.g. soil characteristics, figure 4b) showed a cross taxa trend
towards a significantly wider niche in the central part of the distribution (Wilcoxon test,
v=57, p=0.016, p-corrected=0.054), while biotic (figure 4c) and abiotic (figure 4d) niche
components showed no such trend (Wilcoxon test, v =51, p > 0.05 and Wilcoxon test, v = 46,

p > 0.1, respectively).
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Table 3-5. Comparative analysis of niche variability between central (C) and peripheral (P) populations in eleven Mediterranean plant species.

Ansari-Bradley tests are used for pairwise comparisons, and single tail Wilcoxon test are used to assess for a greater niche volume for central population. The number of species (NSD) and
traits (NTD) that show a significant difference are given in column and row sums respectively. The letter code with significance values refers to a higher value in either central or peripheral
populations. Species are : (1) Atractylis cancellata, (2) Chiliadenus saxatilis, (3) Convolvulus lanuginosus, (4) Dorycnopsis gerardi, (5) Hyoseris scabra, (6) Merendera filifolia (7) Narcissus dubius
(8) Ophrys bombyliflora, (9) Polygala rupestris, (10) Stipa capensis, (11) Viola arborescens.

Niche characteristics Species NSD Wilcoxon test Wilcoxon test

1 2 3 4 5 6 7 8 9 10 11 v v
S1.Water retention capacity c* c* c* p* 4 55 Soil niche volume
$2. Conductivity c* p* 2 43 57%
S3.pH c* 1 50
A4. Rock c* p* 2 21
A5. Stone c* 1 56* Abiotic niche volume
A7. Gravel c* p* 2 52 46
A8. Bare soil c* p* 2 17
A9. Liter c 1 32
A10. Slope p* 1 g*
B11. Total biotic cover c* 2 43
B12. Therophyte cover p* p* 3 26 Biotic niche volume
B13. Hemicryptophyte cover c* p* 2 38 51
B14. Geophyte cover c* c* c* 3 24
B15. Woody vegetation cover c* 1 57*
B19. Cryptogams cover c* c* c* 3 31
B16. Total diversity c* c* p* 3 37
B17. Diversity of therophytes c* c* c* p* 4 28
B18. Diversity of hemicryptophytes c* 1 36
B19. Diversity of geophytes c* c* c* c* 4 6
B20. Diversity of woody plants c 1 41
NTD 3 7 4 4 2 5 0 3 5 1 9 55%

Note. For Ansari Bradley test, significantly higher variation among central (C) or peripheral (P) populations are shown by their letter and either * : 0.05 > p > corrected significance level, ** : p < Corrected sign. level.
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Figure 3-4. Comparison of levels of variation in niche components among central and among peripheral populations of 11
Mediterranean plant species.

The bisector represents equal mean values for central and peripheral populations; (a) Overall niche volume including biotic,
abiotic and soil variables, (b) niche volume for soil characteristics, (c) niche volume for biotic characteristics, (d) niche
volume for abiotic traits. Species number codes are shown in Table 1.

Discussion

In a novel comparative study of 11 plant species we provide evidence of marked ecological
differences among central and peripheral populations and a trend towards a narrower niche
breadth in peripheral populations. Whereas the species tend to occur in one main broad
habitat type and across a single Mediterranean type climatic region, they show marked
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differences between central and peripheral populations in their fine-scaled ecological niche.
The differences tend to be species-specific, illustrating the pertinence of a multi-species
study. The ecological originality of peripheral populations and the fine-scaled nature of this
variation have numerous implications for understanding the causes of distribution patterns
and species diversification at range limits and the conservation significance of peripheral

populations.

Ecological originality of peripheral populations

The broad habitat (vegetation) type in which species occur is remarkably similar in central
and peripheral populations of all but one species (Ophrys bombyliflora) in our study. Indeed
the cover of different biological forms is very similar in central and peripheral populations,
especially the cover of hemicryptophytes (the main part of the vegetation cover) in
communities where the perennial target species occur. In general our results illustrate that
the type of vegetation in which species establish a population is relatively similar across their
range and that broad habitat types are highly conserved. The main climatic regime is also the
same across their range, i.e. a Mediterranean-type climate with a summer drought. The only
difference between central and peripheral populations here is the occurrence of shorter
summer-drought period and slightly cooler mean average temperatures in peripheral
populations in southern France (e.g. Papuga et al. 2015).

In direct contrast, significant variation in the micro-ecological niche exists for several
ecological characteristics in all the species studied, and all traits exhibit differences for at
least one species. While some trends are shared, many changes are species-specific. Three
groups of species which exhibit comparable niche shifts can be distinguished. The first group

is composed of seven semi-open, rocky, grassland species: Atractylis cancellata, Convolvulus
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lanuginosus, Hyoseris scabra, Merendera filifolia, Narcissus dubius, Polygala rupestris, Viola
arborescens. Despite differences among these species in particular ecological features of
their niche, they all grow in habitats with a vegetation cover ranging from 35 to 50% and
illustrate a shift from steep rocky habitat in central populations to more stony semi-open
grassland with lower soil conductivity in peripheral populations. This shift is especially visible
in the perennial species (Convolvulus lanuginosus, Polygala rupestris, Viola arborescens). The
second group of species is composed of three species, Dorycnopsis gerardi, Ophrys
bombyliflora and Stipa capensis that grow in a high cover of vegetation on soils with a lower
mineral content in peripheral populations. However, no general trend in niche shift is
observed in this group with Stipa capensis in annual grasslands, Dorycnopsis gerardi in dense
fallow land with bushes and hemicryptophytes, and Ophrys bombyliflora in Mediterranean
meadows with dense perennial grasses. Finally, in a group on its own, Chiliadenus saxatilis,
the only « cliff plant » in our study, exhibits a different niche shift in northern peripheral
populations, where it grows on steeper cliffs, with less vegetation, higher rock cover, and in
soils with a higher water retention capacity. This species thus has the opposite trend to
species in group 1.

We also detected a significant cross-taxa trend towards the occurrence of the studied
species in more diverse communities (in particular the diversity of annual plants) in the
peripheral part of their range. It is worth noting here that this trend is also observed in terms
of the total species richness per quadrat assessed with the contact point method, and in
terms of rare species richness (i.e. those present in the quadrat inventory but not detected
in point quadrat analyses, G Papuga, unpublished data). It is possible that local climatic

conditions, and the fact that peripheral populations occur in a less xeric Mediterranean-type
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climate than do most of the central populations (e.g. Papuga et al. 2015) may contribute to
this higher community diversity in peripheral populations.

Despite overall broad habitat similarity, the study species show clear ecological originality in
peripheral populations in terms of their precise ecological niche. These results clearly
illustrate the importance of making explicit descriptions of the fine-scale habitat
characteristics where plants grow, instead of simply identifying climatic conditions and
broad vegetation types (see also Hall et al. 1997; Seddon, Armstrong & Maloney 2007).
Similar results have been found elsewhere in terms of habitat differentiation between
closely related species (Ojeda, Arroyo & Maraiidn 2000; Cavender-Bares & Pahlich 2009;
Martinell et al. 2010) and ploidy levels (Rothera & Davy 1986; Lumaret et al. 1987; Johnson,
Husband & Burton 2003). To better understand the role of the ecological niche in plant
species distribution patterns thus clearly requires a fine-scaled appreciation of ecological
variation that affects species presence.

Finally, we detected a trend towards a reduction of niche breadth in the periphery of the
range of the 11 studied species. However, this reduction is not homogenous across species
and traits. For the broad habitat niche, there was a clear trend for reduced variability in the
altitudinal amplitude of species in the peripheral part of their range. For the micro-ecological
niche, soil parameters showed the most notable change in variability, with a clear shift
towards soils with lower and less variable conductivity in peripheral populations. It is difficult
to conclude on the causes of this trend towards reduced niche variability in peripheral
populations, as it may result from very different ecological processes. First, it may reflect
ecological specialization of the organism in relation to stabilizing selective pressures in

peripheral populations (Devictor et al. 2010). Second, it may reflect a lack of local availability
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of different niche conditions in the peripheral part of the species’ ranges (Eriksson & Ehrlén
1992), especially regarding the regeneration niche that might influence recruitment (Grubb
1977). Third, in the peripheral part of their range species may not yet have colonized
available sites where their habitat occurs, due to a limitation in their dispersal abilities
(Eriksson & Ehrlén 1992; Baack, Emery & Stanton 2006). This has been shown to be the case
in micro-endemic species in the Mediterranean flora for which dispersal limitation and past
isolation events explain distribution patterns (Youssef et al. 2011). Yet in some species,
micro-climatic conditions can also prevent dispersal at range margins due to reduced seed
set (Hennenberg & Bruelheide 2003). Those mechanisms can limit dispersal despite the
availability of suitable habitat, and could, in relation to local climatic constraints, contribute

to the reduced altitudinal range of species in the peripheral part of their range.

Ecological differentiation and species divergence

The patterns of ecological differentiation between central and peripheral populations
detected here for 11 Mediterranean plant species are of particular interest in terms of the
divergence and speciation of Mediterranean endemic plants. For the Califonia Floristic
Province, Anacker & Strauss (2014) provide evidence that species divergence may often be
associated with a large ranged progenitor that gives rise to a restricted endemic derivative
species. Such ‘budding’ speciation is enhanced by the occurrence of the progenitor in
peripherally isolated populations and in ecological different conditions (Grossenbacher,
Veloz & Sexton 2014). A consequence is a marked range asymmetry between progenitor and
derivative species (Crawford 2010). Similar range asymmetry and probable cases of

progenitor-derivative species that illustrate budding speciation are frequently observed in
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the Mediterranean flora where many narrow range endemic species have allopatric sister
species that are more widespread (Favarger & Contadriopoulos 1961; Contandriopoulos &
Cardona 1984; Debussche & Thompson 2002; Quézel & Médail 2003; Lavergne et al. 2004;
Martinell et al. 2010; Hardion et al. 2014). In addition many endemic plant species in the
Mediterranean flora show ecological differentiation from their proposed progenitor taxa
(Lumaret et al. 1987; Petit & Thompson 1998; Debussche & Thompson 2003; Lavergne et al.
2004; Martinell et al. 2010), and several other studies have reported evidence of ecological
specialization of endemic Mediterranean or Mediterranean-mountain species in relation to
substrate type (Casazza, Barberis & Minuto 2005; Casazza et al. 2008).

The peripheral populations of ten of the 11 plant species in our study occur in a markedly
isolated part of the range with major geographical (distance and geology) and ecological
barriers that reinforce spatial isolation from the main part of the range. Seven of the eleven
studied species have their northern peripheral populations exclusively located in a very small
number (<3) of highly localized zones that have been evoked as potential refugia for
Mediterranean taxa during the Last Glacial Maximum (near Narbonne, to the east and north
of Marseille and in the southern tip of the Maritime Alps, see chapter 1V). These zones host
many endemic species, studies which illustrate a genetic footprint (population
differentiation) in relation to range contraction and persistence in micro-refugia at the
southern limits of last glacier expansion (Diadema et al. 2005; Minuto et al. 2006; Szévényi
et al. 2009).

Our study thus provides support for the idea (Fréville et al. 1998; Thompson 1999; Crawford
2010) that widespread species with disjunct distributions and peripheral isolates such as our

study species may be prone to diversification. As Crawford (2010) argued, already
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differentiated sister species offer limited promise for exploring the processes that produced
them. In contrast, the examples of recent population divergence cited above and our 11
species with peripheral populations that show ecological differentiation represent
particularly favorable examples for the study of the initial processes and thus of particular
interest for exploration of the initial processes that drive plant species divergence via the

budding model of speciation.

Conservation value of peripheral populations

The conservation value of peripheral populations remains controversial (Hunter &
Hutchinson 1994). Using resources to protect widespread species in regions where they are
rare may represent an inefficient use of resources if focus is lost for rare and vulnerable
species, unless peripheral populations show some form of genetic (geographic) and
ecological distinctiveness or have some form of cultural value (Lesica & Allendorf 1995;
Leppig & White 2006). Peripheral populations may be of particular interest here due to an
evolutionary potential related to the occurrence of unique gene combinations that results
from isolation (Petit et al. 1998) and sometimes hybridization with closely related species
(Thompson et al. 2010). However, the lack of knowledge regarding the ecology of plant
species at their range periphery compared to elsewhere in their distribution strongly has
limited our understanding of the evolutionary significance of peripheral populations
(Woodward 1987; Crawford 2010).

Common elsewhere under different and more variable ecological conditions, 10 of the 11
study species, and many others with similar peripheral distributions, are rare in

Mediterranean France. The ecological originality of these populations and their geographical
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isolation from the main area of their distribution argues for their conservation significance
(following Lesica & Allendorf 1995; Leppig & White 2006). Indeed, an integral part of the
evolutionary potential of species is their existence in variable environments, which exposes
them to divergent selection (Givnish 2010). Our study illustrates that peripheral populations
may have this ecological significance and thus be of significant conservation interest,
particularly in view of the need to conserve populations that may contribute to species’
adaptation to ongoing climate change. Due to their range limit position at the northern
periphery of species in the Mediterranean climate region, our study species are of particular
interest here. However they occur close to the Mediterranean coast and as a consequence
of the rapidly growing human population (both permanent and seasonal) they occur in
highly vulnerable habitats (Vimal, Mathevet & Thompson 2012, Gauthier et al. unpublished).
Our results also have direct application in conservation management programmes for
vulnerable species at their range limits. Poor identification of the suitable habitat has been
listed as a major cause of the failure of many endangered plant species reintroduction
programmes (Godefroid et al. 2010). When peripheral populations of such species occur in
distinct ecological conditions our results illustrate the importance of precisely describing the
species’ micro-niche in any project aimed at the reinforcement or reintroduction of species

impacted by human development (see also Gdmez-Aparicio et al. 2004).
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CHAPTER 4: Climatic niche and
distribution patterns of peripheral
isolates in Mediterranean plants

To be cited as:
Papuga, G., Farris, E. & Thompson, J.D. (in prep) Climatic niche and distribution patterns of

peripheral isolates in Mediterranean plants.
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Introduction

The study of species distributions has a long tradition in ecology and biogeography (Gaston
2009a). In the last few decades, understanding range limits has become a crucial issue to
anticipate the impact of global changes on wildlife, especially in range shifts in relation to
biological invasions (Mack et al. 2000; Peterson 2003) and climate change (Thuiller et al.
2005; Parmesan 2006). Yet, this question still generates debates (Geber 2008), and
understanding remains poor despite many empirical studies (see Hargreaves, Samis & Eckert
2014) and important theoretical background (Sexton et al. 2009). In this respect it remains
necessary to disentangle the effects of the ecological niche, biotic interactions and organism
characteristics (such as dispersal) on range limits (Hargreaves et al. 2014; Louthan et al.
2015). In addition, evolutionary processes that limit adaptation and imped species to spread
further their range edge need to be clearly identified (Kirkpatrick & Barton 1997; Bridle &
Vines 2007).

Climate is central to the understanding of spatial boundaries, and a fundamental driver of
species occurrence (Gaston 2003; Holt 2003; Thuiller et al. 2004; Geber & Eckhart 2005).
Indeed a decrease in climatic suitability toward the periphery of species distribution has
received some support from the literature (Hennenberg & Bruelheide 2003; Boucher-
Lalonde et al. 2012; Hargreaves et al. 2014). In a recent review, Pironon, Papuga et al. (in
prep), showed that 80% of studies that tested for a decrease in species occurrence toward
their periphery confirm this trend. However, these authors did not find any general trend
regarding a decrease in abundance of individuals or demographic traits from range centre
toward periphery, which pinpoints the lack of general mechanisms involved in the setting

climatic distribution limits.
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The correspondence between a species’” fundamental climatic niche and its actual
distribution is not however straightforward, as pointed out by a recent meta-analysis on
plant transplant studies (Hargreaves et al. 2014). These authors showed that range limits
often do not match the climatic niche limit, probably because of limits imposed by dispersal
capacity. Roughly 26% of the species considered had their range limit that fell short of their
climatic niche limit. In contrast, other species can occupy habitat beyond a species climatic
range in what are population sinks maintained by immigration beyond the fundamental
niche (Pulliam 2000). In addition, other ecological mechanisms can limit species distribution
(Holt & Keitt 2004), e.g. micro-ecological characteristics (Woodward 1987; Kephart &
Paladino 1997) and the availability of habitat in the landscape (Eriksson & Ehrlén 1992).
Climate estimations based on large scale datasets may also be misleading (Hennenberg &
Bruelheide 2003; Canu et al. 2015), due lack of precision regarding micro-climatic
phenomena (Patsiou et al. 2014; Maclean et al. 2015). For example, evapotranspiration is as
a key mechanism in plant physiology (Onoda & Anten 2011; Dilts et al. 2015), but it cannot
be assessed by climatic data usually used in species distribution models (Fisher, Whittaker &
Malhi 2011). Finally, current distribution may also be a legacy of historical range contraction
and expansion during Pleistocene glaciations (Schonswetter et al. 2005; Casazza et al. 2008;
Jadwiszczak et al. 2011).

Many widespread and common western-Mediterranean plant species reach their northern
limit in continental France (Jahandiez 1937; Medail et al. 2002) with a distribution pattern
that varies from continuously distributed (Papuga et al. 2015) to high isolation beyond the
main range area (Medail et al. 2002; Lhotte, Affre & Saatkamp 2014, Papuga et al. chap. Ill).

These peripheral isolates - rare in France and disconnected from their main range -
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constitute a major conservation issue (Olivier et al. 1995). In a recent study, Papuga et al.
(chap. 1) have demonstrated multiple shifts in the micro ecological component of the
ecological niche — despite marked similarity of the broad habitat types - for eleven such
species.

Here we investigate the extent to which the climatic niche shapes the distribution of these
eleven species. To do so, we analyzed three specific questions. First, is the climatic niche
different at the northern periphery compared to the central part of the distribution? Second,
are northern peripheral populations climatically marginal, with respect to the global climatic
niche of each species? Third, which species share a similar localized position of their
peripheral isolates in areas that correspond to potential refugia during the Last Glacial

Maximum?

Material and methods

Data collection

In order to constitute a set of reliable data to sample climatic data, we collected precise
distribution of the eleven Mediterranean plants selected for this study (table 1) from several
databases. The 11 species are Atractylis cancellata, Chiliadenus saxatilis, Convolvulus
lanuginosus, Dorycnopsis gerardi, Hyoseris scabra, Merendera filifolia, Narcissus dubius,
Ophrys bombyliflora, Polygala rupestris, Stipa capensis, Viola arborescens. For France, we
used the Silene database of the Conservatoire Botanique National Mediterranéen de

Porquerolles (http://silene.eu). For the rest of the Mediterranean basin, we gathered

information  from  Anthos (www.anthos.es), Valencian community database

(http://bdb.cma.gva.es/) and GBIF database (http://www.gbif.org/). We completed those
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data with personal data (see acknowledgements). Only data with a resolution inferior of
1km? were retained. We restrained our dataset to the western part of the Mediterranean
basin in Italy, France, Spain and Mediterranean islands (Corsica, Sardinia, Sicily, and the
Baleraric Islands), as they were the only places where we managed to get accurate data.

For each population in our database, we extracted 19 Bioclim variables using Worldclim

(www.worldclim.org) at a resolution of 30 seconds, and added the altitude extracted from a

Gis layer downloaded from the Diva-gis website (http://www.diva-gis.org/Data). We

checked the dataset and eliminated duplicates for each species.

Climate comparison between central and peripheral populations

In order to depict changes in each climatic variable for central (C) and peripheral (P)
populations of each species, we fitted one liner model per ecological factor, with the
ecological factor as response variable, and position (C or P) as a fixed factor. For each species
we plotted the mean value of each Bioclim variable in the northern periphery (France)
against the mean value for central part of the range and ran a linear mixed effect model with
climate variable as response variable, position as explanatory factor, and species as a
random factor.

To provide a global vision of potential climatic niche differentiation in peripheral
populations, we used a simplified version of the “PCA-environment” (e.g. Principal
Component Analysis) procedure (Broennimann et al. 2012) to compare climatic niche
volumes in French peripheral populations with central populations located in Italy, Spain or
Mediterranean islands. We assumed that all populations in the database occurred in a

Mediterranean climate with small numbers in the temperate oceanic submediterranean
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climate (nomenclature following Rivas-Martinez 1996). Thus, we defined our study area as
the emerged land in the western Mediterranean basin (France, Spain, Italy and the
Mediterranean islands) characterized by those climates using maps published by Rivas-
Martinez (1996) and Rivas-Martinez, Sdenz & Penas (2011) available online

(http://www.globalbioclimatics.org/form/bi med.htm). Then, we extracted all climatic

information contained in each cell of the study area, merged this dataset with climatic
information for each population and ran a first PCA to select relevant ecological variables
that limit correlation between them. Next we ran a second PCA with selected variables,
retained the first two principal components and drew convex hulls to represent the global

climatic envelope occupied by peripheral and central populations.

Distribution patterns

Papuga et al. (in prep) showed that 8 out of the 11 species occurred in the same broad
habitat type (Mediterranean calcareous xeric grasslands) in both central and peripheral
populations. We thus made a spatial analysis to identify if these eight species share similar
distributions. To do so, we accessed to the Silene Database and extracted information on the
presence/absence of 4676 taxa referenced in the French flora and present in southern

France across 10*10km grid (https://inpn.mnhn.fr/telechargement/cartes-et-information-

geographique/ref). We listed all cells containing recent data (>1990) for at least one of the

eight species. We only considered recent data to limit erroneous localization. We created a
list of species for which half of their distribution (evaluated as the number of cells containing
at least one record) was included in cells with one of the eight target species. From this total
list of species we deleted introduced species, and subspecies in sympatry with other

subspecies, as they do not provide accurate information on global distribution across their
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range. We made maps for the number of species per cell for the eight target species as for
the complete list. Finally, we gathered information on species biology, ecology and global

distribution (figure 4), and discuss those parameters for each group of species presented.

Persistence of the Mediterranean climate at the LGM

In order to assess the potential persistence of a Mediterranean climate in southern France
during the Last Glacial Maximum, we randomly chose 4000 geographical points in southern
France, that were included in two climate layers encompassing the limit of the
Mediterranean climate (Rivas-Martinez 1996), i.e. the Mediterranean pluviseasonal oceanic
belt, and the Temperate oceanic submediterranean climate. The points, on either side of the
limits were classified as “Mediterranean” (1) or non-Mediterranean (0) respectively. Then,
we fitted a General Linear Model for binomial distribution with Mediterranean climate (1 or
0) as binomial response variable and the six Bioclim variables in the PCA as fixed factors.
Then, in order to predict climate suitability, we applied the model for both current climatic

prediction and two Last Glacial Maximum scenarii.

Results

Climatic niche

From the results of an initial first PCA which included 19 Bioclim variables and altitude, we
retained six variables that made the most important contribution to the PCA (Table 1): mean
annual temperature (bio_1), temperature seasonality (bio_4), maximum temperature of the

warmest month (bio_5), minimum temperature of the coldest month (bio_6), annual
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precipitation (bio_12) and precipitation of the driest month (bio_14). These six variables
represent the major elements that characterize a Mediterranean-type climate.

There was a cross taxa trend for peripheral populations to occur under climate with a lower
mean annual temperature, which is significantly shared by 8 species out of 11 (figure 1, table
2-3). Similarly, a significant cross taxa trend toward lower maximum temperature of the
warmest month and lower minimum temperature of the coldest month was found for
peripheral populations. Nearly all species shared those trends, excepted Chiliadenus saxatilis
that follow the exact opposite trend. Temperature seasonality exhibited no cross taxa trend,
as species varied in different ways. A significant cross taxa trend was detected toward
greater precipitation for peripheral populations, both in mean values (i.e. annual
precipitation) and extremum values (i.e. precipitation of the driest month) (figure 1, table 2-

3). Again Chiliadenus saxatilis followed the exact opposite trend.
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Figure 4-1. Altitude and Bioclim climatic characteristics for all central (X axis) and peripheral (Y axis) populations of 11
Mediterranean plants included in our database.

The bisector represents equal mean values for central and peripheral populations.Graphic (a) is for mean annual
temperature, (b) is for temperature seasonality, (c) is for maximum temperature of the warmest month, (d) is for minimum
temperature of the coldest month, (e) is for annual precipitation and (f) is for precipitation of the driest month.

Then, the two first axis of the PCA representing climatic niche synthesized 82% of cumulated
inertia (table 1; figure 2). The Axis 1 of the PCA (x axis) represented an aridity gradient, and
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was driven by mean annual temperature, maximum temperature of the warmest month,
and precipitation of the driest month. Axis 2 (y axis) was driven by temperature seasonality
and in a lesser extent by the minimum temperature of the coldest month and annual
precipitation (table 1, figure 2l).

When comparing the relative position of climatic niches for each species, we found that the
climatic niche space of peripheral populations was almost entirely included in the climatic
niche space of central populataions (figure 2). Only three species (Hyoseris scabra, Narcissus
dubius and Viola arborescens) had a very small proportion of the central climatic niche space
of peripheral populations outside of that for central populations. For most but these three
species, the climatic niche of peripheral populations did not approach the limits of the
climatic niche of central populations, hence, for these major climatic factors, peripheral

populations are not climatically marginal.
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Figure 4-2. Climatic niche of 11 Mediterranean plants on the first two axes of a Principal Component Analysis of the
Mediterranean climate in the Western Mediterranean basin.

The blue line represents the climatic limits of the western Mediterranean basin. The red polygon represents the climatic
niche of central populations. The black polygon represents the climatic niche of peripheral populations. Blue are symbolize
the intersection between the two polygons. Caption () represents the correlation circle of the six BIOCLIM variables: BIO1 -
mean annual temperature, BIO4 - temperature seasonality, BIO5 - maximum temperature of the warmest month, BIO6 -
minimum temperature of the coldest month, BIO12 - mean annual precipitation, BIO14 — mean precipitation of the driest
month.
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Table 4-1. Results of the Principal Component Analysis.

Variables are BIO1 - mean annual temperature, BIO4 - temperature seasonality, BIO5 - maximum temperature of the
warmest month, BIO6 minimum temperature of the coldest month, BIO12- mean annual precipitation, BIO14 — mean
precipitation of the driest month.

Principal components

PC-1 PC-2 PC-3
Eigenvalues: 3.18 1.88 0.54
Projected inertia (%) 53.04 31.31 8.92
Cumulated inertia (%)  53.04 84.35 93.28
Pearson r with
BIO1 0.93 0.25 -0.18
BIO4 -0.01 -0.94 -0.31
BIOS 0.84 -0.42 -0.29
BIO6 0.76 0.61 -0.06
BIO12 -0.53 0.62 -0.53
BIO14 -0.87 0.02 -0.2

Distribution patterns

Among the eleven species we studied, eight species shared a similar broad habitat, growing
in Mediterranean xeric grasslands on neutral to basic soils. Despite the wide distribution of
this habitat, those species have a restricted distribution in France localized in three distinct
areas, separated by two important ecological barriers (figure 3a). The first area was located
on the Mediterranean coast (west area), near the towns of Narbonne, Gruissan and Port-la-
Nouvelle where the species’ broad habitat occurs on low hills (la Clape Mountain and
Leucate plateau). The second area is in low hills around Marseille (Middle area). The third
area was located in the Riviera at the the southern tip of the Maritime Alps (East area). The
west and the middle areas were separated by the Rhéne valley, while the middle and the

east areas by the silicicolous Maures plain.
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Figure 4-3. Distribution of Mediterranean plants represented in France in a 10*10km grid.

Pannel (a) represent the distribution of the eight target species and (b) the distribution of 86 species with a similar
distribution pattern with northern peripheral populations in Mediterranean France Two major ecological barriers
symbolized by red lines are the Rhdne river valley and estuary (west) and the siliceaous Maures massif to the east.

86 species had at least half their distribution occurrences in cells occupied by the eight
target species. While their distribution extended out of those cells, their distribution
patterns are aggregated in the same three areas (Figure 3b). The western area contained 52
species, among which 21 (40%) were present in France only in this particular area (figure 4a).
The middle area contained 64 species, among which 19 (30%) were exclusively found there,
and the east area contained 38 species among which 8 (21%) were exclusively found there.

Inside those three areas, the distribution of species was aggregated, with a few cells
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including a high number of species: the maximum number of species observed in one single
cell (10*10km) was 25, 29 and 19 representing 48%, 45% and 50% of the flora of the west,
the middle and the east area respectively.

We analyzed the global distribution of the 94 species (the 8 targets species and the 86
associated), and found 4 and 2 species endemic to the west and the middle areas
respectively (figure 4b). The remaining 88 taxa consisted of Mediterranean species that were
present somewhere else in the Mediterranean basin in Italy, Spain or on the western
Mediterranean islands. The number of species that occur in both Italy and Spain was similar
in the three areas (27, 33 and 23 in the west, middle and east area, representing 52%, 52%
and 61% of the total number). The proportion of species whose distribution is in Spain but
not in Italy decreased from west to east representing 33%, 19% and 8% of the total flora of
west, middle and east area (n = 17, n = 12, n = 3, respectively). Likewise, the proportion of
plants found in Italy but not in Spain increased from west to east, representing 8%, 27% and
32 % of the total flora of west, middle and east area (n =4, n =17, n = 12, respectively). The
proportions of biological growth forms were broadly similar across the three areas (figure

4d). Only one phanerophytes was found in middle and east area
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Figure 4-4. Distribution patterns of species in each of the three areas where an aggregation in their distribution is
observed (west, middle and east groups).

(a) The total number of species in each area (black bar) and the maximum number of species in a single grid cell (grey bar).
(b) The number of species present in Spain and Italy (black), present in Spain but not in Italy (dark grey), present in Italy but
not Spain (light grey), or narrow endemics (white). (c) The number of nationally listed species (dark grey) and regionally
listed species (light grey). (d) The number of therophytes, hemicryptophytes, geophytes, chamephytes and phanerophytes,
from blak to white respectively.

Historical climate

The climatic model closely fitted the current distribution of Mediterranean climate (figure
5a). We used it to estimate climate suitability based on past climate simulations, and two
contrasting scenarii were observed. With the MIROC prediction, our model predicted the

persistence of Mediterranean climate in two large suitable areas (figure 5b). The first one
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west of the Rhone valley corresponded to a large area currently submerged by the Gulf of
Lions. The closest area currently uncovered by the sea was the eastern tip of the Pyrenees
(the Albere and Creus cap) and northern Catalonia (in Spain). East of the Rhone valley, a
narrow strip of suitable climate close to the coast is predicted to have persisted. With the
CCSM prediction, the model predicted two very small areas where Mediterranean climate
could have potentially persisted, principally located at the eastern tip of the Pyrenees in the

west, and in the east near the east region previously described (figure 5c).
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Figure 4-5. Distribution of the Mediterranean climate in southern France.

(a) Modeled probability of occurrence of Mediterranean climate under current conditions. The color scale represents the
probability of climate suitability. Dots represent the 4000 random locations chosen to sample climatic conditions to
characterize the Mediterranean climate. Maps b and c present the projection of the modeled probability of occurrence of
Mediterranean climate at the Last Glacial Maximum, according to MIROC and CCSM models respectively. For the two
historical projections, historical sea level is drawn as a dotted line, while the contemporary coastline is drawn by a solid line.
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Discussion

In this study, we detected marked differences, but not marginality, of the climatic niche in
peripheral and central populations of eleven Mediterranean plant species whose northern
distribution limit is situated in southern France. The species tend show an aggregated
distribution pattern in peripherally isolated populations. The identification of their possible
historical distribution pattern at the LGM and the fact that many other species show similar
patterns provides insights into the occurrence of potential floristic micro-refugia during the

LGM.

Niche and dispersal limitation in peripheral populations

Among the eleven species we studied, all except Narcissus dubius were rare and had a very
restricted distribution pattern in France. Most of them (with the exception of Chiliadenus
saxatilis), occurred in France under a cooler and wetter climate, with less extreme maximum
temperatures and drought, compared to the mean climatic conditions in the southern more
central part of their distribution. However, most peripheral populations are not climatically
marginal when their climatic niche is compared to central populations (figure 2). This
contrasts with expectations of the centre-periphery hypothesis that assumes ecological
conditions are less optimal or marginal at the periphery (Hengeveld & Haeck 1982; Brown
1984; Sagarin et al. 2006), especially at the northern edge (Louthan et al. 2015).

Among those ten species rare in France, eight exhibited a very restricted and similar
distribution at their periphery, despite the fact that their broad habitat was widespread
there, and that suitable Mediterranean climate was not restricted to those particular areas.

Our analysis have shown that the realized climatic niche of most species even extended to
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cooler and wetter Mediterranean climate in the central part of their range compared to the
northern periphery. Thus, why do those species exhibit a restricted distribution in France,
and do not extend their distribution to nearby Mediterranean xeric grasslands? Here we
discuss three hypotheses that can shed light on this question.

First, the availability of suitable micro-habitat may be such that the species are constrained
to one or more of the three main areas of presence (Eriksson & Ehrlén 1992). Indeed, while
the occupation of a common broad habitat type has been shown across the range of eight of
the 11 study species (i.e. those in calcareous open grassland and shrubland), variation in
micro-habitat characteristics may be fundamental to their persistence in peripheral
populations (Papuga et al. 2015, chap. lll), as proposed elsewhere (Woodward 1987; Kephart
& Paladino 1997). However, micro-ecological niche appeared to be different among the 8
calcareous-related species in terms of soil characteristics and cover of abiotic and biotic
component (Papuga et al, chap. lll). Hence, it seems unlikely that micro-habitat
characteristics alone could explain the restricted distribution of all species, because some
Mediterranean xeric grassland includes at least some suitable micro-niche in southern
France (G. Papuga, personal observation). Yet, we do not exclude that it can contribute in
some extent to limit the distribution of several species, especially regarding the distribution
of Dorycnopsis gerardi, which is restricted to acid soil that only occupy very small areas in
southern France.

Second, our representation of the climatic niche of species could be misleading. A correlative
approach using broad-scale climate data may exclude important factors that could be
essential to species distribution patterns, especially at fine regional scales. For example,

wind intensity and direction were not included in our analysis, although it can drastically
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increase evapotranspiration (Fisher et al. 2011), and totally modify plant physiology in
relation to climate stress (Onoda & Anten 2011). This is especially valid for ecosystems with
prolonged drought such as the Mediterranean basin, where water limitation in the hottest
period of the year is of crucial importance for plant growth (Schwinning & Sala 2004).
Additionally, the resolution of climate information might artificially smooth local variations
on microclimate (Torregrosa et al. 2013; Canu et al. 2015), which are known to be of prime
importance regarding the persistence of species (Hennenberg & Bruelheide 2003).

Third, dispersal potential may differentially influence distribution patterns of central and
peripheral populations (Holt 2009). Range limits have been shown to frequently fall short of
niche limits due to limited dispersal, especially at the leading edge of species distribution
(Hargreaves et al. 2014). Due to their potentially higher occurrence in central areas,
populations could be more prone to disperse toward habitats at the margin of their
ecological niche, simply because of a greater numbers of seed produced (Holt 2009). As a
result, this could enlarge the realized niche toward peripheral situations. However this

guestion requires proper experimental investigation of the climatic niche.

Description of the geographical distribution of peripheral isolates in France

For those eight species, only three small areas contained most of their peripheral
populations in southern France. Additionaly this pattern was shared by 86 other plant
species, including 6 narrow endemic species (i.e. exclusive of southern France). The
remaining 80 species were western Mediterranean taxa, also widely distributed in Iberian
and/or Italian peninsulas and/or insular systems. They nearly all reach their northern limit in

one, two or the three areas described. This aggregated distribution of species isolated from
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their main range suggests that the historical distribution of species could have also played a
major role in shaping contemporary distribution patterns. It is worth noting that two of the
zones of species aggregation (the west and middle areas) in southern France coincided with
the two potential refugia evoked for Narcissus dubius during the Last Glacial Maximum
(LGM) (Papuga et al. 2015). Thus, the distribution of Mediterranean plants during the LGM
could have contributed to contemporary distribution patterns of Mediterranean peripheral
isolates. Although broad patterns of refugia have been identified in the different
Mediterranean peninsula for many temperate and oceanic (mostly tree) species (Hewitt
1999, 2004; Petit et al. 2003; Petit, Hampe & Cheddadi 2005), the identification of refugia
for Mediterranean species is more complex and probably involves several micro-refugia
(Cozzolino et al. 2003; Diadema et al. 2005; Minuto et al. 2006; Gomez & Lunt 2007; Feliner
2011) that remain largely unknown.

First, it is worth noting that the east area occured very closely to the refugia identified by
Médail & Diadema (2009) as the “Maritime and Ligurian Alps” hotspot (Casazza et al. 2008).
This area is known for its high richness in endemic species, and represents a crossroad
between Mediterranean and Alpine biogeographic ensembles. However, little is known
regarding the persistence of peripheral isolates of currently widespread Mediterranean taxa.
Second, on the eastern side of the Rhone valley, the Mediterranean climate may have
persisted in a narrow strip of land close to the actual shoreline, where calcareous mountains
existed. Thus, this area could have act as a refugia for Mediterranean species, because
suitable climate and broad habitat coexisted in a very restricted area close to (even

including) currently emerged land. The proximity with the middle area (figure 3) may have
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enabled many species to persist locally and which could have contributed to the
contemporary richness of this area in terms of peripherally isolated plant populations.

On the western side of the Rhone valley, potentially suitable climate could have persisted in
a large area now submerged by the sea, and mostly constituted of sand and alluvia (known
today as Gulf of Lions). The closest rocky habitat is the eastern tip of the Pyrenees, but it is
mostly comprised of siliceous rocks, which makes it unsuitable for most of our study species
and the other 86 species. The closest calcareous hills are located on either side of the
Pyrenees: to the north, the area surrounding Narbonne (corresponding to the west area
described herein), and to the south, in Catalonia. However, the model used here did not
support the persistence of Mediterranean climate in the west area during the LGM. In
consequence, this area might have been less suitable than the middle area for species
persistence during the LGM. However, the Gulf of Lion could have provided suitable habitat
and allowed the persistence of species living in coastal habitats (e.g. Limonium spp., see
annex A). Thus, genetic analysis are required to assess whether calcareous species isolated
at the northern part of their range subsisted under local microclimates not identified here,
or recolonized those areas from Spain (or from the east) after the LGM.

Finally, the Rhone valley may have been an important biogeographical separation, due to
unsuitable climate. This is exemplified by the decrease in ltalian taxa west of the Rhone
valley, and in Spanish taxa east of the Rhone valley. This is congruent with the hypothesis
raised by Papuga et al. (2015) on the separated persistence of two hubs of Mediterranean
climate on each side of the Rhone valley. It was also demonstrated by Lumaret et al. (2002)

through a genetic study on Quercus ilex. This pinpoints the importance of large rivers as
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major geographic barriers to shape actual patterns plant distribution (Médail & Diadema

2009).

Conservation value

The majority of species in our study are locally rare but globally common, an issue that has
raised debate in the scientific literature in regard to the conservation significance of such
species where they are rare (Hunter & Hutchinson 1994; Bunnell, Campbell & Squires 2004).
Such peripheral isolates represent key populations for the conservation of evolutionary
potential in the wild, due to their ecological originality (Papuga et al. chap. lll) and disjunct
distribution that could promote speciation (Lesica & Allendorf 1995; Givnish 2010;
Grossenbacher et al. 2014).

Those species live in xeric Mediterranean grasslands, coastal dunes and salt marshes, which
are among the most threatened habitats in southern France, mainly because of urbanization
and coastal development (Thompson & Gauthier 2011; Vimal et al. 2012b). This highlights a
major conservation issues associated with peripheral isolates of Mediterranean plants in
continental France, as they occur almost entirely in highly vulnerable habitats.

The restricted distribution of peripheral isolates is also an opportunity to integrate potential
refugia into conservation planning. These areas contain many endemic and locally rare
species, and are also prone to preserve ancient lineages of more widespread species (Ledig
1993; Petit et al. 2003; Médail & Diadema 2009). Their climatic stability through time, and
their role in the processes of range contraction, persistence and recolonisation make them
valuable areas to conserve processes that create and maintien regional biodiversity.

Additionnaly, those areas can be of prime importance in a climate change context, especially
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as they occur at the northern periphery of their distribution and are thus susceptible to form
a future colonization front with further climate warning and drought, predicted for the

Mediterranean region (Giorgi & Lionello 2008; Valladares et al. 2014).
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CHAPTER 5: Linking ecological factors and
position across the range to explain local
abundance of 11 Mediterranean plants

To be cited as:
Papuga, G., Gauthier, P., Pons, V., Pironon, S., Farris, E. & Thompson, J.D. (in prep.) Linking
ecological factors and position across the range to explain local abundance of 11

Mediterranean plants.
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Introduction

Analysis of population features across species range has driven intense research from the
early days of modern ecology (Gaston 2003). In particular, how ecological factors shape
population characteristics across the range remains a central question (Gerst, Angert &
Venable 2011). In this context, the centre-periphery hypothesis represents a biogeographical
paradigm which postulates that populations at the edge of species range are genetically
depauperate (Eckert et al. 2008), ecologically marginal (Sagarin et al. 2006) and show
reduced demographic performance as a result (Sexton et al. 2009; Abeli et al. 2014). In this
context, the abundant-center model (Haeck & Hengeveld 1981; Brown 1984) predicts that
abundance should peak in the centre of the range, and decrease toward margins.
Abundance strongly impacts a series of mechanisms that shape population characteristics,
such as pollinator attractiveness (Schmitt 1983), reproductive system (Vaupel & Matthies
2012; Berjano et al. 2015), recruitment (Eriksson & Ehrlén 1992), demographic performance
(Buckley et al. 2001; Kéry, Matthies & Fischer 2001), herbivory (Maron & Crone 2006),
genetic features (Vucetich & Waite 2003).

However, recent syntheses have brought little support to this hypothesis (Pironon et al., in
prep). In particular, plants are highly dependent from local factors that are thought to blur
large scale spatial patterns of abundance and population performance (Woodward 1987).
Both climate (Good & others 1964; Hennenberg & Bruelheide 2003; Sunmonu & Kudo 2015),
abiotic environmental characteristics (Kephart & Paladino 1997; Wiser, Peet & White 1998;
Baack, Emery & Stanton 2006), biotic interactions (Bruelheide & Scheidel 1999) and

population dynamics (Gerst et al. 2011) interact to shape population features, and precise
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investigation of the ecological niche are required to disentangle those mechanisms (Pulliam
2000).

Measuring abundance is itself a complicated issue due to the diversity of biological strategies
involved and the difficulties of identifying individuals in the field (especially in high density
patches and in clonal species). In a recent review, Pironon et al. (chap. I) examined 44
studies analyzing abundant-centre patterns in plants, among which 31 used local density as a
proxy for it (e.g. Csergo, Molnar & Garcia 2011). Density may refer to individual count (Van
Treuren et al. 1993), ramet counts (Ribeiro & Fernandes 2000; Dorken & Eckert 2001; Csergo
et al. 2009) or even shoot counts (Barkham 1980; Meeus et al. 2012). However, plant
abundance is better described by the cover of a species in a given area (Kent & Coker 1992;
Krebs 1999; Damgaard 2009), provided a standardized method is used (Floyd & Anderson
1987). This measure is not biased by the size and the distribution of individuals, and gives
precise insights on the place of a species in its community, which is crucial to infer processes
described above. In the Pironon et al. review, only two studies used plant cover to estimate
abundance (Hennenberg & Bruelheide 2003; Van Couwenberghe et al. 2013).

In a previous paper, we have documented variation in local ecological conditions between
central and northern peripheral populations for 11 Mediterranean plants (Papuga et al,
chap. lll). We have also shown that northern peripheral populations occur in a climatic
context with less severe summer drought and milder temperatures than central populations
(Papuga et al., chap. IV; Papuga et al. 2015). We did not however examine the relationship
between local abundance and variation in ecological factors. Merging those two factors
would bring insights to the abundant-centre theory (Brown 1984) and the importance of

ecological factors and range structure to determine species abundance patterns. The
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purpose of the present study is to assess the impact of micro-ecological niche conditions
detected in our previous work (Papuga et al, chap. lll), climatic features and position across
the range (central or peripheral) to drive within-population local abundance of 11

Mediterranean plant species.

Material and methods

Species selection

We focused on the eleven plants studied by Papuga et al. (in prep), which were selected by a
step by step procedure to fill a series of criteria. Species had to be native in the western
Mediterranean basin, listed for protection in continental France (with the exception of
Narcissus dubius and Polygala rupestris) and not recently spread by human activities (i.e.
horticultural or commercial use). Species had to be largely distributed in Spain and/or Italy in
the south (central populations), and attain their northern range limits in Mediterranean
France (peripheral populations). In addition, they had to be known from at least five distinct
locations per geographical position (central and peripheral) to apply the initial sampling
protocol. Following these five criteria, authors selected 11 herbaceous and small
chamephyte species in order to apply a common method, and tried to maximize the number
of families and genera represented. They also paid attention to balance biological growth
forms. Species are detailed in table 1, and further information on species selection is

provided in Papuga et al. (chap. lll).
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Table 5-1. Description of studied species.
Species are Mediterranean endemic plans (with the exception of Stipa capensis) extensively present in the western part of
the Mediterranean basin. They have been studied in Papuga et al. (in prep).

Species Familly Biological type Flowering Quadrat size (m?)
Atractylis cancellata L. Asteraceae Therophyte Late spring 1
Chiliadenus glutinosus Fourr. Asteraceae Hemicryptophyte Autumn 4
Convolvulus lanuginosus Desr. Convolvulaceae Hemicryptophyte Late spring 4
Dorycnopsis gerardi (L.) Boiss. Fabaceae Hemicryptophyte Late spring 4
Hyoseris scabra L. Asteraceae Therophyte Mid-spring 1
Merendera filifolia Cambess. Colchicaceae Geophyte Autumn 1
Narcissus dubius Gouan Amaryllidaceae Geophyte Early Spring 4
Ophrys bombyliflora Link Orchidaceae Geophyte Mid Spring 1
Polygala rupestris Pourr. Polygalaceae Chamephyte Mid spring 1
Stipa capensis Thunb. Poaceae Therophyte Late spring 4
Viola arborescens L. Violaceae Chamephyte Autumn 1
Sampling

Field data of the micro ecological niche

For each species, five central and five peripheral populations were randomly chosen based
on the information gathered from several databases. Once located, each population was
sampled thanks to a simple standardized protocol that aimed to describe the micro-
ecological niche. Three quadrats per population (each either 1m? or 4m? depending on the
species, see Table 1) were randomly set in high-density patches, each patch at least 5m
apart from the nearer. First, one soil sample per quadrat was collected and analyzed at the
lab. Then, point contact method was used to measure the cover of each ecological
parameter (Floyd & Anderson 1987) (Table 2). Each quadrat was divided into 100 contact
points, for which contact with one or more of habitat element was compiled. Living plants
were identified and classified in one of 5 categories of Raunkiaer biological type (Raunkiaer
1934), considering chamephytes and small phanerophytes together due to their low cover. If
several components were touched at a given point, the value of each contact point was
constrained to 1, so that the total cover per quadrat could not exceed 100%.
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For each species, field investigations were carried at peak flowering during 2013 and 2014.

Experimental laboratory analyses were conducted during spring 2015.

Table 5-2. Ecological variables used in the study to characterize the ecological niche.

” u

Columns “biotic”, “abiotic” and “soil” gather variables that describe the micro-ecological niche, and were extracted from
Papuga et al. (in prep). Climate variables were extracted from the Worldclim database.

Biotic Abiotic Soil Climate

Lichen Bedrock pH Annual Mean Temperature
Moss Blocks (>25cm) Conductivity Temperature Annual Range
Therophyte Stones (2.5-25cm) Water retention potential Annual Precipitation
Hemicryptophyte Gravel (0.5—-2.5cm) Precipitation of Driest Quarter
Geophyte Bare soil Altitude

Woody species Litter

Herbaceous litter

Woody litter

Estimation of the local abundance

The point contact method enabled us to extract an unbiased and standardized estimation of
the cover of each target species in each quadrat (Floyd & Anderson 1987; Damgaard 2009).
This proxy was used here as a single metric representing local-abundance of plants in their
micro-habitat, no regard to the biological characteristic of each species (especially growth
form and clonality). This allowed us to make cross taxa comparison without accounting for

heterogeneity in measures used.

Climate data

For each studied population, we extracted the 19 bioclimatic variables available in the

Worldclim website (http://www.worldclim.org/). In order to limit redundancy between

variables, we ran a Principal Component Analysis on those values and retained four variables

that are uncorrelated, and representative of the Mediterranean climate: annual mean
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temperature, temperature annual range, annual precipitation and precipitation of the driest

quarter, to which we added the altitude of the site.

Statistical analyses

Three different analyses were conducted to investigate changes in small scale abundance.
First, we compared density between central and peripheral populations for each taxon
separately. We ran Fisher test to assess the homogeneity of variances, and then compared
mean population density between central and peripheral populations using Welsh two-
sample t-test, with the alternative “greater”.

Second, to investigate cross-taxa trend on mean plant density, we plotted the mean value of
species cover (t+ standard error) for each species in central and peripheral populations. A
bisector represented the line of equality between central and peripheral populations, and
helped to depict any variation in terms of deviance from the bisector. To statistically test this
relationship we fitted a general mixed effect model, with density as response variable and
species, position (central or peripheral) and population as explanatory variables. Species and
population were random factor with population nested into species, while position was a
fixed effect.

Third, we tried to link the density of each species with all ecological niche variables
investigated. Previous to analysis of each species, we deleted variables that had no value in
more than 80% of the quadrat. We then fitted a linear model with density as a response
variable, while position (a binary variable representing central or peripheral position) and all
the other environmental characteristics were used as explanatory variables. We tested the

homogeneity of the residuals with Harrison-McCabe test, otherwise we linearized the
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response variable following a Box-Cox method. We followed a stepwise procedure with both
backward and forward method to identify the model that minimized the Akaike Information
Criterion (AIC). The validity of the model was tested with a Fisher test.

All statistical analyses were performed using R:3.2.1 (R development Core Team 2010). We
corrected p-values following the Benjamini-Hochberg false discovery rate method (Benjamini
& Hochberg 1995). We present p-values that fall between 0.05 and the corrected value as
weakly or marginally significant (*) and those that are less than the corrected threshold as

highly significant (**).

Results

No species showed significant differences in the homogeneity of their variance (Table 3).
When comparing mean local abundance, two species showed a weakly significant trend
toward higher values in central populations: Dorycnopsis gerardi and Stipa capensis. It is
worth noting that those species showed the highest local abundance value in our dataset,
covering more than twenty-five percent of the quadrat in mean, while all the other species
did not exceed fifteen percent of cover (and covered generally way less). As a result, no
overall trend toward higher local abundance of target plant species in central populations

could be seen (Figure 1, Analysis of Deviance: x*>= 0.5, df = 1, p > 0.05).
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Figure 5-1. Mean local abundance of eleven plant species for five central (X axis) and five peripheral (Y axis) populations.
The bisector represents equal values for each position. Biological types are colored differently: therophytes in green,
geophytes in red, hemicryptophytes in blue, woody species in black. Numbers are 1. Atractylis cancellata, 2. Chiliadenus
glutinosus, 3. Convolvulus lanuginosus, 4. Dorycnopsis gerardi, 5. Hyoseris scabra, 6. Merendera filifolia, 7. Narcissus dubius,
8. Ophrys bombyliflora, 9. Polygala rupestris, 10. Stipa capensis, 11. Viola arborescens.

Table 5-3. Comparison of mean abundance between central and peripheral populations for each species separately.
Fisher variance test is used to detect the homogeneity of variance among central and peripheral populations. Welsh t test is
used to compare mean abundance value between central and peripheral populations. Then, a summary of the each model

is detailed to explicit the model statistics, and the variables retained after a stepwise model selection

Species Welsh
P Fisher variance t.test
P P
F df p corrected t df p corrected
Atractylis
cancellata 0,32 11 0,07 0,206 -1,96 23 0,617 0,952
Chiliadenus
glutinosus 1,11 14 0,84 0,844 1,51 28 0,928 0,952
Convolvulus
lanuginosus 0,40 14 0,09 0,206 -0,94 24 0,179 0,328
Dorycnopsis gerardi 0,42 14 0,11 0,206 -2,36 24 0,013 0,140
Hyoseris scabra 0,28 14 0,02 0,123 -1,01 21 0,163 0,328
Merendera filifolia 0,24 14 0,01 0,123 0,62 20 0,730 0,952
Narcissus dubius 0,51 14 0,23 0,355 1,73 25 0,952 0,952
Ophrys
bombyliflora 1,22 14 0,72 0,792 0,19 28 0,573 0,901
Polygala rupestris 1,62 14 0,38 0,521 1,26 27 0,891 0,952
Stipa capensis 0,70 14 0,51 0,620 -1,84 27 0,038 0,140
Viola arborescens 0,41 14 0,10 0,206 -1,40 24 0,087 0,240

When linking species cover to ecological niche variables, models failed to establish a

significant relationship for Hyoseris scabra, and detected a weakly significant relationship for
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Atractylis cancellata, despite the fact that no parameters taken individually were statistically
significant (table 5). Therefore, the density of those two low cover therophytes could not be
explained by neither their geographical position nor their ecological niche characteristics.
The geographic position was a significant positive constant in selected best model for six
species, but was not included in models for Merendera filifolia, Ophrys bombyliflora and
Polygala rupestris. Each model was composed by both micro ecological niche and climate
variables, which suggested that they both elements impacted local-abundance of studied
plants. However, there was no converging trend toward some variables that would have

impacted all taxa in a similar way.
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Table 5-4. Correlation between variation in plant local abundance, ecological features of the plant micro-niche and regional climatic variables in central and peripheral populations of 11
Mediterranean plant species.
Estimated coefficients are presented with their significance level. NS : non-significant, * : 0.05 > p > corrected significance level, ** : p < Corrected significance level. Species are 1. Atractylis
cancellata, 2. Chiliadenus glutinosus, 3. Convolvulus lanuginosus, 4. Dorycnopsis gerardi, 5. Hyoseris scabra, 6. Merendera filifolia, 7. Narcissus dubius, 8. Ophrys bombyliflora, 9. Polygala

rupestris, 10. Stipa capensis, 11. Viola arborescens.

Species 1 2 3 4 5 6 7 8 9 10 11
lambda 0.3 -0.3
R adjusted 0.79 0.87 0.84 0.83 0.62 0.89 0.89 0.66 0.51 0.97 0.74
F stat 2.74 5.52 8.62 9.30 1.77 15.84 9.96 5.02 3.28 37.18 13.45
DF 15 16 11 10 14 10 13 8 7 13 5
DF 11 13 18 19 15 19 16 21 22 16 24
P 0.049 0.002 <0.001 <0.001 0.143 <0.001 <0.001 0.001 0.015 <0.001 <0.001
P corrected 0.054 0.002 <0.001 <0.001 0.143 <0.001 <0.001 0.002 0.019 <0.001 <0.001
(Intercept) 40.025 (ns) -370.3 ** -106.93 (ns) ~ 1055.803 ** 523.12 ** -975.3 ** 197.047 ** 69.605 ** -7.636 (ns) 192.527 (ns) 5.979 **
Position -103.7 ** 44,97 ** 150.163 ** 309.171 ** 106.102 ** 82.478 ** 1.643 **
S1.Water retention capacity 0.031 (ns) -0.297 (ns) 0.505 (ns) 0.118 (ns) 0.124 (ns)
S2. Conductivity 0.001 (ns) 0.013 (ns) -0.016 (ns) 0.008 (ns) 0.012 ** -0.015 ** 0 (ns)
S3. pH -4.618 (ns) 23.021 ** -7.516 ** 3.325 (ns) 2.733 (ns)
A4. Rock -0.037 (ns) 0.745 ** -0.243 (ns) not tested -0.33 ** 0.152 ** not tested -4.929 **
AS. Stone -0.054 (ns) 0.793 ** -0.168 (ns) -0.18 (ns) -5.043 **
A7. Gravel -0.041 (ns) 0.793 ** -0.252 ** 0.151 (ns) -0.231 ** -4.882 **
AS8. Bare soil -0.029 (ns) 0.909 ** -0.088 (ns) -0.04 (ns) -0.246 (ns) -5.122 **
A9. Liter -0.056 (ns) 0.918 ** 0.382 (ns) 0.246 ** -4.845 **
B11. Total biotic cover -0.046 (ns) 0.972 ** 0.376 ** 0.688 ** -0.299 ** 0.079 (ns) -0.08 ** -4.937 **
B12. Therophyte cover not tested not tested -0.422 * not tested 0.159 (ns) not tested
B13. Hemicryptophyte cover 0.018 (ns) not tested not tested not tested 0.189 (ns) 0.054 (ns) -0.071 (ns) -0.07 ** -0.575 (ns)
B14. Geophyte cover 0.037 (ns) not tested not tested 0.462 * not tested not tested not tested 1.251 ** -0.747 **
B15. Woody vegetation cover -0.008 (ns) -0.24 ** -0.518 ** -0.569 ** 0.142 (ns) not tested not tested
Altitude -0.002 (ns) 0.114 ** -0.096 ** -0.358 ** -0.322 ** 0.541 ** -0.127 ** 0.012 ** -0.003 **
Annual Mean Temperature -0.093 (ns) 2.989 ** -1.2 ** -6.708 ** -4.338 ** 8.226 ** -2.455 ** 0.228 ** 0.171 * -1.046 ** -0.039 **
Temperature Annual Range -0.058 (ns) -0.22 (ns) 0.478 ** 0.564 ** -1.435 ** 0.194 ** -0.652 ** -0.077 * 1.264 **
Annual Precipitation -0.223 ** -0.205 ** -0.448 ** -0.537 ** 0.311 ** 0.332 **
Precipitation of Driest Quarter -0.087 (ns) 1.429 ** -0.1 (ns) 4.549 ** 6.332 ** -1.23 ** 0.522 ** 0.085 ** -0.937 ** 0.006 **
Number of variables 16 19 12 13 15 11 14 10 8 14 6
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Discussion

The abundant-centre Model (Brown 1984) is a long standing hypothesis in the study of the
centre-periphery hypothesis (Gaston 2003). While it has received some support from
empirical studies on animals, evidences from plants remain sparse, probably due to blurring
local ecological factors (Pironon et al., in prep). In this context, understanding factors that
drive local abundance of plants in their micro-habitat is the first step necessary to
investigate plant abundance at a population scale (Csergo et al. 2011). Additionally, very few
tests have considered species cover as a proxy for plant local abundance, preferring the use
of density. Here we use a standardized method to bring some insights on plant abundance

(sensu Floyd & Anderson 1987), based on a cross taxa study in a Mediterranean context.

Methodological issue

Abundance in plant population is a polymorphic concept, and it might require a dynamic
analysis rather than a fixed picture to get a proper view of this feature. It is driven by three
factors: 1. the extent of suitable habitat (Eriksson & Ehrlén 1992), 2. metapopulation
dynamics that drive species occupancy of the available habitat (Gilpin & Hanski 1991;
Eriksson & Ehrlén 1992; Eriksson & Kiviniemi 1999; Pulliam 2000), and 3. local abundance of
the species in its habitat (Floyd & Anderson 1987). While local abundance gives restricted
insights on the global abundance of a population, it is a key-step toward a better
understanding of habitat requirement to shape larger patterns. The use of global plant cover
per quadrat allows including species such as Convolvulus lanuginosus or Dorycnopsis gerardi,
whose growth form avoid any count of individuals, ramet or shoots (Krebs 1999). Also, this

proxy encompasses individual growth and density, which gives accurate perspectives on the
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importance of the species in the community. However, the use of a standardized method
(such as point-contact) is strongly required to estimate cover in a normalized way, especially
regarding low level of variations depicted in the dataset, which wouldn’t have been detected

by visual estimation.

Global differences between centre and periphery in plant cover

In accordance with previous literature, we found no evidence of a cross taxa trend toward
higher abundance for central populations, at least for local abundance (Sagarin & Gaines
2002; Abeli et al. 2014, Pironon et al., chap. I). This suggests that “pocket of suitable habitat”
(Gerst et al. 2011) can be found all across the range of those species (Dinsdale, Dale & Kent
2000).

Nevertheless, two species (Dorycnopsis gerardi & Stipa capensis) exhibit weakly significant
differences toward higher local abundance in central populations. Those two species grow in
high cover vegetation, where they both can be considered as dominant species representing
over one third of the total vegetation cover, despite different biological types and different
habitat. Regarding the nine remaining species, the mean local abundance was similar
between central and peripheral populations. This suggests that the status of a species in its
habitat (i.e. dominant core species or rare satellites species, sensu Hanski 1982) can affect
variations of its abundance across its range, with dominant species showing greater
decrease than satellites species toward their periphery. This was already observed by Samis
& Eckert (2007) who found no difference in the mean density of two dunes plants, that occur

in very sparse populations across their whole range.
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Annual plants abundance variability in space and time

No significant relationship was established between ecological conditions, geographic
position and local plant cover for Hyoseris scabra and Atractylis cancellata. Those two
species are low cover annual plants, whose abundance might be linked with variables not
evaluated in this study. Notably, the density of annual plants is highly dependent on their
seed bank dynamic (Kluth & Bruelheide 2005a; b) and their metapopulation dynamic (Gilpin
& Hanski 1991). In addition, annual climatic conditions might strongly impact individual
growth (Hobbs & Mooney 1991) and recruitment (Walck et al. 2011), which are important
drivers of local abundance. Water is a limiting factor in semi-arid climat such as
Mediterranean (Blondel et al. 2010), and the yearly pulse of precipitation might have a
strong impact on vegetations (Schwinning & Sala 2004). Therefore, it is likely that we did not
measure accurate variables to investigate processes driving local abundance of those annual
species. However, while this phenomenon might be amplified in therophytes it is important
to remind that it also impacts perennial growth forms (Schwinning & Sala 2004). Thus, we
suggest that yearly surveys of abundance are important to understand the role of

interannual processes driving plant populations.

Impact of range position on local-abundance

The significant positive constant representing the position (central or peripheral) indicates
that, for six species, central populations tend to be significantly more locally abundant than
peripheral when controlling for ecological conditions. It is worth noting that among the
three species that did not include this positive constant, two at least (Merendera filifolia,

Polygala rupestris) have their peripheral population that encounter climatic conditions
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relatively central regarding the global climatic niche of each species (Papuga et al., chap. IV),
comparing to species that include this positive constant in their best model.

Two hypotheses can support this pattern: first, individuals are larger in the centre of the
distribution, which can be due either to better climatic conditions fostering greater
individual growth (plastic variability), or direct/indirect selection toward larger individuals
(selection process). However, no evidence of general reduction in size toward periphery has
been highlighted by Pironon et al. (chap. 1), as exemplified by contrasted results from
common garden studies (Stewart Jr & Nilsen 1995; Doudova-Kochankova et al. 2012;
Vergeer & Kunin 2013; Kilkenny & Galloway 2013). Second, within quadrat plant density
might be higher due to a higher recruitment in central population. This can result from a
greater production of seeds due to larger population size and/or higher occurrence (Hanski,
Kouki & Halkka 1993; Eriksson & Kiviniemi 1999), that produce higher seedling able to settle
in the habitat. This can result also from a greater availability in regeneration niche at a very
small scale, where seeds germinate and root (Grubb 1977; Eriksson & Ehrlén 1992; Baack et
al. 2006). However, metapopulation dynamics is of great complexity and require detailed

surveys to be assessed.

Interactions between local and climatic ecological factors

While climate is supposed to strongly drive large scale occupancy patterns (Boucher-Lalonde
et al. 2012), local scale processes have been proposed to blur cross-range abundance
patterns and therefore explain the low support for the abundant-centre model find in plant
literature (Pironon et al., in prep). In our study, no converging pattern is observed across

taxa for climatic and micro ecological niche variables. This suggests that both variables shape
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species local abundance. Hennenberg & Bruelheide (2003) have shown that temperature
had an impact on seed setting, while the interaction between micro-climate (water
availability) and soil characteristics had a strong impact on vegetative growth, which
together condition local abundance. Therefore, we argue that ecological niche study must
include all those local variables to infer fine scale processes shaping population features,

especially those related with demographic performance.

Conclusion

Abundance of a species at the population scale is the result of the distribution of (more or
less) suitable habitat, metapopulation dynamics and local abundance of species inside the
different habitats colonized. This last part is tightly linked with both macro and micro
ecological factors, which limit the observation of large scale spatial patterns suggested by
the abundant centre model. Yet, a trend toward higher local-abundance in central
populations is detected for several species when controlling for local and climatic ecological
variables. Therefore, the next step will be to enlarge the study of micro-ecological niche to
the whole populations, in order to include a broader range of habitat and understand local
source-sink dynamics. Thus, spatio-temporal surveys are required to assess the role of meta-
population dynamics on population structure, and get proper insights on processes driving

abundance in plants species.
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Through this work, we have revisited several aspects of the central-peripheral hypothesis
(CPH), with a special emphasis on identifying fine-scaled ecological variability among central
and peripheral populations, and disentangling ecological marginality and geographical

periphery. We have tried to bring some insights to five main questions:

In chapter one, we asked what can we learn from the empirical literature dealing with the
CPH, and what does it tell us regarding the importance of ecological niche in large-scale
processes?

In chapter two, we asked how history, ecology and the dynamics of range structure interact
to shape contemporary patterns of genetic variation, in particular spatial variation in a
sexual polymorphism.

In chapter three we asked how the ecological niche varies across the range. Regarding micro
ecological features, are there patterns of repeatable variations at the distribution limit that
are shared by a group of species?

In chapter four we asked how the climatic niche varies across the range. How many
Mediterranean species do share a common distribution pattern at their northern limit?
What are the ecological drivers that may influence it?

In chapter five, we asked how the different ecological factors (both micro-ecological and
climatic) interact across species range to influence the local abundance of species in their
micro-habitat.

Each chapter produced interesting results that we have already discussed fairly
independently. In order to replace these results in a more global perspective, we present a

discussion based on three axes that these results have stimulated us to use as a basis for the
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concluding discussion. The first part will be dedicated to the ecological niche theory,
regarding the variability of the niche and its implication on population processes. Then we
will focus on the Mediterranean basin as a model region to illustrate the role of disjunct
distribution and ecological differentiation on the evolution of diversity and endemism in its
flora. Finally we discuss the potential importance of peripheral isolates, ecological
marginality and ecological originality as issues that allow adopting an approach based on

eco-evolutionary processes for plant biodiversity conservation.

The ecological niche

The theory

Differences that exist between organisms in terms of ecological optimum and amplitude
have stimulated intense debates to understand their underlying causes and consequences
(Cowles 1901; Transeau 1903; Grinnell 1928; Brown 1984). Indeed, the fact that species are
able to live in limited ecological conditions gave birth to the concept of ecological niche, at
the beginning of the 20" century. Grinnell (1928) proposed to focus species requirements
and emphasized the role of abiotic components to determine suitable ecological condition
for an organism. In parallel, Elton (1927) highlighted the need to integrate biotic interactions
in the concept of the niche, especially competition. From then on, the concept of ecological
niche was unified by Hutchinson (1957) who introduced the so-called “Hutchinson’s duality”
(Colwell & Rangel 2009) to differentiate the biotope space from the niche space. The first
corresponds to the physical world and is represented by a map in which each cell is
characterized by one value for each n-environmental factor. The second is an abstract space

defined by the same n-environmental factors, in which two volumes are defined:
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environmental space in which a population can grow autonomously (considered as inside
the niche) and environmental space where a population fails to persist in the long term
without regular immigration (Hutchinson 1978). Environmental space thus includes both
biotic and abiotic factors.

The reciprocity between the two spaces is total: each localization of the biotope space
corresponds to points in the niche space (Colwell & Rangel 2009). However, the effective
occupation of the niche by the species (i.e. realized niche) differs from the fundamental
niche due to several mechanisms. Some niche axis (named bionomic) involved interactions
with species (e.g. competition, facilitation, symbiosis) that have their own population
dynamic (Colwell & Rangel 2009), and impact the realized niche. Abiotic axes (named
scenopoetic, representing environmental conditions s.l.), despite an apparent stability might
change in space, leading to a discrepancy between the suitability of a place and its
occupation by species. For example, the time for a species to become completely extirpated
from a place after a modification in environmental conditions, or the time required by a
species to colonize newly suitable environment, induce a lag directly related to life history

traits of the species, and especially dispersal.

The concept of the niche and spatial limitation

The realized niche is modified by species dispersal abilities, which can lead species to
colonize sink sites outside of the fundamental niche (Pulliam 2000), and thus enlarge the
realized niche. Oppositely dispersal limitation can impede species to reach sites that are
ecologicaly suitable (ask any field plant ecologist). In this thesis, we considered the realized

niche as the spatial projection of species requirements (i.e. fundamental niche), under its
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interaction with other organisms, constrained or enhanced by its dispersal abilities (Eriksson
& Ehrlén 1992; Colwell & Rangel 2009) (figure 1).

This functional perspective has ecological implications, especially regarding the centre-
periphery hypothesis. The fact that some populations of a given species face harsh
conditions more or less regularly on the basis of its dispersal abilities can influence
population characteristics across the range. For example, the strong difference that exists
between plants and animals regarding abundant-centre pattern (chapter I) might be due to
their dispersal abilities. Contrary to plants, animals are able to disperse as adults, which give
them the opportunity to avoid competition for resources, and to establish new populations
at the periphery of their range. This increases the probability to encounter unsuitable
environment in the long term, and diminish population performance which might as a result
limit individual abundance (chapter 1). It also increases the probability for the population to
become extinct (in the case no migrant colonize the patch during several years), which
results in a higher temporal variability (Curnutt et al. 1996).

But dispersal limitation might also affect differently populations located in different part of a
species’ range. We have shown in chapter IV that populations at the centre of the range
tended to colonize sites under cooler and wetter climates in a greater extent that
populations at the northern periphery (despite this climate is widespread there). One
hypothesis is that northern peripheral isolates could not escape from small areas where they
persist due to a limited colonization rate (see chapter V). In a metapopulation perspective,
the low number of populations limit dispersal events, and thus can impede colonization of
new sites because immigrants do not reach a sufficient density to establish a viable

population (see Holt 2009 for details on the establishment niche).
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Figure 6-1. Different perspectives on the link between realized and fundamental ecological niche of a species.

In each diagram, the oval refers to the fundamental niche of a species in a niche space composed of two ecological
gradients (el and e2). The “pluses” indicate the presence of the species in a patch of habitat characterized by particular
value of el and e2, and the “circles” indicate the absence of the species in a patch. The panel A represents the Grinellian
niche concept, in which a species occupy every site presenting suitable ecological conditions. The panel B represents
Hutchinson’s realized niche concept, in which a competitor (whose fundamental niche is represented with dashed line)
excludes the species from suitable sites. The panel C represents the source-sink theory, in which the species disperse
toward habitat outside its fundamental niche. The panel D represent a situation where the species is absent from suitable
habitat patches due metapopulation dynamic and dispersal limitation, that induce a time lag between extinction and
colonization of those patches. Figure and legend reproduced from Pulliam (2000).

Spatial patterns in the realized niche of plant

Due to their low dispersal abilities and their difficulties to escape perturbations, many plants
are highly constrained by local factors (Woodward 1987). This increases the complexity of
evaluating their ecological niche, as ecological factors impact life history processes in

different extent (Davy & Smith 1988). For example, while climate has been invoked to
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explain many distribution patterns (chapter 1), local ecological processes may drive fitness
trait variation (Stanton-Geddes et al. 2012a; Granado-Yela et al. 2013). We have shown that
the local abundance of individuals might be driven by climate, geographical position in the
range and micro ecological features (chapter V), and that the relationship between each
species, its ecological niche and its life history trait appear to be highly variable among taxa
(chapter | & V).

In addition, our study (chapter lll) suggests that local ecological factors are different
between central and peripheral populations, as shown by many other studies (Carter &
Prince 1985; Hennenberg & Bruelheide 2003; Leuschner et al. 2009; Moore & Stanton 2014).
This has several implication regarding plant populations, as selective pressure will be
different across the range (Givnish 2010), thus promoting evolutionary diversification at
some points of the range (Lesica & Allendorf 1995). This can influence the way populations
can settle in different habitats. However, it is not possible with our data to assess whether
those shifts correspond to adaptive mechanisms or plastic responses due to the local
availability of habitat (figure 2).

As a result, large scale patterns of suitable habitat appear difficult (if not impossible) to

spatialize, because of the diffuse distribution of those variables in a given landscape.
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Figure 6-2. Relationship between population niche and species niche.
Several populations of a single species might have niches that overlap in different extent. Reproduced from Holt (2009).

Toward a roadmap for studying rangewide patterns of plant performance

The CPH postulates that population performance is dependant of ecological marginality
(Sagarin et al. 2006). The low support found for this hypothesis might be due to the
complexity to spatialize ecological marginality for plants, and optimum and marginal habitats
might occur all across species range. Thus, to study range-wide patterns of plant population

performance, we propose a framework based on three key points:
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1. The precise assessment of habitat suitability at high resolution, to investigate how
ecological gradient impact vegetative and reproductive traits. This requires a detailed
analysis of both macro- and micro- ecological niche, including bionomic axes (e.g.
competition, predation, facilitation).

2. The spatial structure of this habitat, in order to assess in which extent a given
population exploits its surrounding environment.

3. The analysis of life history traits of the population and especially the dispersal

potential of the population.

Those measures could bring clues to understand whether population performance is limited
by habitat quality, habitat availability, biotic interactions or intrinsic drivers such as life
history traits. Sexton et al. (2009) suggested that range limit might be characterized by an

increase of sink populations, and this framework could be used to investigate such question.

The ecological niche and processes underlying contemporary patterns of

plant diversity in the Mediterranean region

The origin of floral biodiversity in the Mediterranean basin

The Mediterranean basin is a biogeographical crossroad, a tension zone between Africa, Asia
and Europe (Comes 2004).The development of the contemporary Mediterranean flora has a
relatively recent origin. In the Tertiary period, most of the flora was broadly composed by
tropical forests, including evergreen rainforests and laurel forests (Thompson 2005). Then, a
drying processes begun in the middle Miocene, and continued through the Pliocene along

with an amplified seasonality (Suc 1984). At the time of the Messinian salinity crisis, many
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places around the Mediterranean basin (especially in the north) already exhibited
sclerophyllous forest with evergreen Oaks, along with Pines. This process has continued until
the late Pliocene / early Pleistocene, when elements closer to the contemporary flora
extended through the region. From then on, the Pleistocene was marked by alternately
spreading of steppe like and forest vegetation, punctuated by glaciations. This period ended
with the Last Glacial Maximum that took place 20 000 years ago. Through the Holocen, the
basin was marked by the continuous presence of human civilizations that strongly influenced

biodiversity (Blondel et al. 2010).

Recent speciation processes in the Mediterranean basin

Over the past million years, the relative climatic stability has favored the persistence of
Mediterranean flora in a fairly restricted area, and has provided refugia for continental and
mountain taxa during ice age periods. This characteristic is one of the key drivers of hotspot
biodiversity across the world (Safriel et al. 1994; Araujo 2002; Médail & Diadema 2009). The
Mediterranean basin is characterized the dynamism of contemporary speciation processes,
as many endemic species are neo-endemic (Thompson 2005).

The contemporary distribution of species is often used to investigate the particular history of
its range spread and contraction (Alba-Sanchez et al. 2010; Poncet et al. 2013; Besnard et al.
2013). The distribution of species in the Mediterranean basin ranges from large continuous
to highly disjunct distributions, and micro endemic species. Their historical spatial and
temporal dynamics are complicated to infer due to the lack of fossil records, but it is likely
that refugia were spread all around the basin (Feliner 2011), and played a key role regarding

those issues. The complex geology and topography are prone to create island-like
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populations in matrices of unsuitable habitat (Thompson et al. 2005). Isolation of peripheral
populations is a key driver of genetic differentiation (chapter 1), and several works showed
that spatial isolation is a driver of plant speciation in the Mediterranean, source of vicariant
taxa.

While allopatric isolatation is a major driver of plant speciation, it should not mask the
importance of ecological divergence to drive selection processes. Indeed, peripheral
populations might occur in unique ecological conditions, especially regarding their micro
ecological niche (chapter Ill). Variations of fine scale-scale ecological parameters have been
proven several time to be key differences between endemic species compared to their more
widespread congeners (Lavergne et al. 2004; Youssef et al. 2011; Anacker & Strauss 2014).
Thus, we suggest that budding speciation (Anacker & Strauss 2014) can be a key mechanism
in the Mediterranean basin. In this model, a small group of population differentiates from
their widespread progenitor thanks to different isolation mechanisms (both sympatric and
allopatric) and is favored by ecological differentiation (Givnish 2010; Grossenbacher et al.
2014). This creates a strong range asymmetry (Crawford 2010), which can be observed in
pairs of endemic-widespread sister species (Lavergne et al. 2004; Anacker & Strauss 2014).
The degree of divergence between relatives depends on the duration and the intensity of
isolation, thus the rhythm of range contraction/expantion and the persistence of species in

refugia condition those processes.

Historical range contraction / expansion Mediterranean flora

In this context the Last Glacial Maximum (LGM) strongly impacted plant distribution in the

Mediterranean basin (Hewitt 1996, 1999; Cozzolino et al. 2003; Hampe et al. 2003). In
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chapter 2, we stressed the importance of this event on the current patterns of floral
polymorphism of the style-dimorphic Narcissus dubius. Despite having a currently wide and
broadly continuous range across Southern France and Northern Spain, the abrupt
geographical discontinuities in its reproduction system may find its roots in an important
range contraction during the LGM. In France, the limit was marked by the Rhdne valley,
which may constitute an admixture zone where populations formerly isolated on each side
of this barrier are meeting. This hypothesis was supported by molecular evidences on
Quercus ilex (Lumaret et al. 2002), and will be tested soon on Narcissus dubius and
Convolvulus lanuginosus (see Box 2). However, the loss of floral polymorphism might result
from very different processes (i.e. population reduction leading to bottlenecks versus
founder effect during recolonization) which can have different genetic implication despite

comparable effect on reproduction biology of the species.

Hypothesis on the recent biogeographical history of peripheral isolates

Isolation between peripheral and central populations is dependant on their persistence at
range limit during glaciations. Despite a clear geographic isolation, sometimes up to 1 000
Km of their current distribution, those population appear to be (at least morphologically)
similar to those in the centre part of their distribution, as no geographical subspecies have
yet been described. Thus, isolation might have been quite recent, in regards to other groups
that show distinct subspecies or disjunct sister species (Debussche, Garnier & Thompson
2004; Thompson 2005; Youssef et al. 2011; Santos-Gally et al. 2012). In chapter Il and IV we

discussed the potential role of micro-refugia that could have allowed Mediterranean species
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to persist in France during the LGM. Those patterns rely on biogeographical and ecological
evidences, and require genetic investigations to be validated.
Hence, peripheral populations studied here could constitutes primers for future species, as

they fit criteria supposedly involved in the budding model of speciation (Crawford 2010).

Climatic transitions as evolutionary hotspots for plant conservation

The importance of protecting peripheral isolates

Conservation policies are built by countries, which evaluate species conservation status
through an administrative prism delimited by country’s borders that usually does not
correspond to biogeographical entities. As a result, this has led to what Hunter & Hutchinson
(1994) named “parochialism” conservation: protecting species that are locally rare, but
globally common across their range. Conservation values of those species have generated
debates about the accurateness of such measures, regarding the limited resources devoted
to biodiversity conservation (Aradjo 2002; Channell 2004 p. 200). Indeed, the conservation
of peripheral isolates raises a double dilemma.

First, due to their potentially reduced size and peripheral isolation, they are supposed to be
less genetically diverse (Eckert et al. 2008). Despite this pattern has received mixed global
support from the literature, we showed that a greater peripheral isolation increased the
probabilities of a decline in genetic diversity (Chapter I). As a result, this poverty is suspected
to impede adaptive response to local and global changes (Alleaume-Benharira, Pen & Ronce
2006; Bridle & Vines 2007). But on the other hand, due to their isolation these populations
are prone to differentiate by drift, and are frequently exposed to different ecological

conditions (Lesica & Allendorf 1995, chapter Ill). Peripheral populations might therefore be
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locally adapted, and contain unique genetic variations which makes them of significance for
conservation (Leppig & White 2006). For some authors, the loss of genetic diversity would be
as important as the extinction of a species (Ledig 1993).

Second, peripheral populations are said to be less viable due to their ecological marginality
(Lawton 1993). This statement is highly case specific, as the relationship between population
performance, ecological marginality and geographic periphery is not straightforward (Soulé
1973; Pironon et al. 2015). For example, Mediterranean plants studied in this thesis were
not always marginal regarding their climatic niche (Chapter 1V), and high local abundances
were found in both central and peripheral populations (Chapter V), suggesting that suitable
habitats existed all across species range. Then, isolation from their main range can turn them
into crucial stepping stone populations in case climate change would induce species
migration (Provan & Bennett 2008; Médail & Diadema 2009; Tzedakis, Emerson & Hewitt
2013).

While several criteria are required to prioritize conservation issues (such as habitat threats,
or human intrinsic value) new conservation stakes should integrate species evolutionary

potential to preserve mechanisms that generate biodiversity (see box 2 for a case study).

Integration of peripheral isolates in conservation processes

Parochialism conservation might require to step down from a species perspective to a
population perspective, and we propose to adapt Lesica & Allendorf (1995) theoretical
model to assess populations evolutionary potential. This method ranks populations of a
given species according to their isolation and ecological differentiation (figure 3). Isolation is

supposed to drive stochastic genetic differentiation based on genetic drift, while different
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ecological conditions are thought to induce different selective pressures and local
adaptation. While this dichotomy might seem simplistic it constitutes a comprehensive
framework to integrate peripheral population into conservation strategies. Then, the main
issue is to identify metrics that allow a normalized assessment of ecological marginality and
range structure (especially regarding isolation) that could be applied to the whole flora of a
given region in a homogenous way.

Nevertheless, other criteria are important to account for when evaluating populations’
evolutionary potential. In particular, the need to evaluate the probability of persistence of a
population is crucial. Indeed, protecting sink populations would be useless if they are

doomed to disappear (Channell & Lomolino 2000).

Isolation (drift)

Low

Environmental difference
(selection)

Figure 6-3. Relative conservation value of peripheral populations from an evolutionary perspective.
Redrawn after Lesica and Allendorf (1994)
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France, a crossroad for plant conservation in the Mediterranean

In this context, areas of ecological transition are of prime importance for conserving
biodiversity (Smith et al. 2001; Araudjo 2002). As stated by Spector (2002), “protecting
biogeographic crossroad provide long term biodiversity benefit by conserving evolutionary
processes such as speciation and coevolution”.

Southern part of continental France constitutes the northern border of Mediterranean
climate in the Mediterranean basin. However, this limit is a narrow strip known as
mesomediterrean stage (Rivas-Martinez 1996). The flora of this special area is original and
consists in an association of taxa that have very different range. Therefore, several groups of
species are present in a marginal situation, despite their “opposite” situation (Lavergne et al.
2005). Those groups of species are under different threats (Thuiller et al. 2005), and
identifying causes of decline is the first step to prevent species loss (Lavergne et al. 2005). In
this paper, authors pointed out the fact that euro-Siberian plants have shown the greatest
decrease during the last century, mainly because of changes in land use and human impact
on ecosystems (especially through agricultural change). While Mediterranean species were
globally stable during the period considered (Lavergne, Molina & Debussche 2006),
pressures might have moved to those species, as recent urbanization threat their habitat
(Vimal et al. 2012b).

This is especially true for coastal areas that have been shown to contain most species
included in this thesis (chapter 1IV). Human pressures through urbanization has induced
population destruction and fragmentation during the last 50 years (Blondel et al. 2010;

Thompson & Gauthier 2011), which is a threat to biodiversity in general and a legal issue for
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protected species (which cannot legally be destroyed). While different legal procedures exist
to limit the impact of such pressures on biodiversity (Struillou 2004; Prieur 2005), the use of
reinforcement or translocation have increased recently (see box 1 for examples). The fine
scale evaluation of the micro-ecological niche might be crucial to assure their success.

Finally, the identification of micro refugia and their potential importance to conserve
peripheral isolates can provide clues design protected areas. In our case, we have shown
that much localized areas host many species (chapter IV), and were concordant with areas of
high endemism and potential refugia for Mediterranean plants (chapter Il). Those potential
micro-refugia could also constitute genetic hotspots that concentrate ancient lineages of
species that persisted there, but are more widespread now (Petit et al. 2003). Thus, they
represent places of high interest to conserve biodiversity in the long term, especially

regarding species adaptative potential (Erwin 1991; Klein et al. 2009).
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Box 6-1. The ecological niche and the reintroduction of listed species

The destruction of plant population has become a major threat on biodiversity during the last few decades, primarily
because of development projects and urbanization. Legal obligations related to the destruction of protected species
have led state agencies in charge of biodiversity issues to create mechanisms to avoid, reduce and compensate the
impact of such projects on protected plants. Population displacement has become a key tool during past decades to
achieve these objectives. Yet, the success of this kind of operation is generally low (Godefroid et al. 2010) and
strongly dependant on the protocol used, especially concerning the choice of the micro-habitat where practitioners
choose to plant individuals (Godefroid et al. 2010). Hence, the use of a precise and standardized protocol is to
capture the fine-scaled variation in ecological characteristics, which may condition the success of the operation.

The species studied in this thesis are nearly all listed for protection in France, therefore their destruction is legally
regulated and translocation processes are currently undertaken to limit the impact of several development

programs. Here [ present four examples of such impact on populations.

Convolvulus lanuginosus is a Mediterranean hemicryptophyte, impacted in 2016 by a development project which

will destruct one population. Further details are provided in box 2.

Dorycnopsis gerardi is a Mediterranean hemicryptophyte present
alongside the highway between Perpignan and Spain, in the
department of Pyrénées Orientales. Several populations will be
destroyed due to the enlargement of the highway. Thus, the
Conservatoire Botanique Mediterranéen de Porquerolles is integrating

data gathered in this thesis into the transplantation protocol and the

choice of micro-habitat locations to plant seeds and create new

populations.

Stipa capensis is a Mediterranean annual grass that has been
impacted by the settlement of industrial storehouses near the
Marseille industrial harbor (Bouches-du-Rhéne, France). Several
populations are now monitored by John Thompson’s team at the CEFE.
Data collected in this thesis have been used to propose a
reinforcement protocol for this species in a report to the DREAL-PACA

in 2014.

Ophrys bombyliflora is a Mediterranean orchid for which several
populations will be impacted by the settlement of industrial
storehouses. The populations are located around Narbonne (Aude,
France), near two important highways, which make them highly
vulnerable to human pressure on land use. A program managed by an
engineering office in ecology in collaboration with the CEFE has been

discussed as a possibility for a future reintroduction program for this

species.
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Other species not included in this thesis (Iris xiphium, Gagea granatelli s.I, Allium chamaemoly) have suffered
population destruction and have been translocated to protected areas thanks to collaboration between our research
team, conservation management staff, private companies and government staff. The data and experimental protocols

have been freely provided to collaborators to help set up (hopefully successfully) conservation operations.
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Box 6-2. A reintroduction program for peripheral isolates of Convolvulus lanuginosus

Convolvulus lanuginosus is a Mediterranean endemic species whose distribution is centered on southern Spain, from
Andalusia to Catalonia, along the Mediterranean coast. The species reaches its southern limit in Andalusia and
northern Morocco, while its northern limit occurs in the south of France in two distinct and isolated zones. This
species is rare in southern France and is listed for regional protection in the Provence region (PACA).

In 2016, a development project by RTE (Electricity Transport Network) will impact a population of C. lanuginosus
near the town of Castellet (Var, France). In accordance with the French law on Nature protection, development
measures have been adapted to avoid and reduce the impact of the project on this population. Nevertheless, part of
the population will be destroyed and to complement the measures adopted to reduce the impact of the development
project, a detailed study of the genetic structure of this species has been requested by the state agents that instruct
the dossier for this species in order to prepare a reintroduction plan for the population.

Based on the results of my study of the ecological niche of this species, we have set up collaboration with population
geneticists, state agents and conservation agency staff to include knowledge on the ecology of the species in the
preparation of the reintroduction protocol. In addition, we provided leaf samples from ten individuals per
populations studied in my thesis. This material has constituted a most useful first set of samples to develop
microsatellites markers and to begin to analyze genetic variation across the range of this species.

This project constitutes an applied use of my data on a specie’s ecology for conservation action that involves
scientists, conservation management staff and government agents. The application of the protocol developed in my
thesis could help to ensure the technical success of the project. In addition, the extension of the genetic study to the
whole distribution of the study species, in relation to our data on the ecology of the species in its central and
peripheral populations will provide elements concerning the phylogeographic history of the species. Thus, the
future project will help test hypothesis of the persistence of Mediterranean species such as C. lanuginosis in

peripheral refugia during the LGM (see chapters 2 and 4, a corner stone of this thesis).
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“Hutchinson’s niche concept is a powerfull tool, greatly underutilized by ecologist”

Pulliam, 2000

In this thesis, we have tried to tackle a broad range of ecological questions related to
population biology, biogeography and conservation. The common denominator of all this
work is the concept of ecological niche. Through those five chapters, we have brought new
perspectives on the use of the ecological niche to get insights on mechanisms that shape
population features, and might lead to species diversification.

The chapter 1 is a literature review dealing with the Centre-Periphery Hypothesis (CPH).
While this hypothesis relied on an assumed concordance between geographic periphery and
ecological marginality, we show that this assumption is misleading, and has led to confuse
understanding of the CPH. Thus, we propose a new framework that requires explicit
characterization of range structure, ecological niche and species history to assess range-wide
variations in population performance and genetic variation.

This framework is used in chapter 2, as we investigate the ecological niche of Narcissus
dubius to infer its potential past distribution during the Last Glacial Maximum, and bring
insights on factors that have shaped its reproduction system.

Chapter 3 is dedicated to a comparative study of spatial variation in the ecological niche of
11 Mediterranean plants between their central distribution (in Spain and Italy) and their
northern periphery in southern France. While their broad habitat remains similar across

their range, micro-ecological component of the niche vary greatly between central and
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peripheral populations. This highlights the ecological originality of peripheral population
which, associated with their spatial isolation, confer them a high evolutionary potential.

In chapter 4, we analyze the climatic niche of those 11 species, and show that while growing
under globally cooler and wetter climate in France, peripheral populations are not
climatically marginal compared to their central relatives. Thus, we discuss how ecological
factors impact the realized climatic niche. Additionally, most of them exhibit a common
distribution pattern that could result from their past distribution in cryptic refugia during
Pleistocene glaciations. This pattern was shared by more than 80 other Mediterranean
species.

Finally, chapter 5 is conceived as a short synthesis that merges ecological niche and position
across the range to explain patterns of local abundance. Both climatic and micro-ecological

factors impact plant local abundance, but no converging pattern across taxa is observed.

This thesis has also generated many questions and research perspectives in different fields
of biology. Here we conclude this work by detailing some of them that seem relevant.

First, regarding evolutionary biology, it is of prime importance to investigate whether
variations observed in the realized ecological niche of peripheral populations are due to
phenotypic plasticity, or result from adaptative mechanisms driven by selection. Then,
consequences on plant life-history traits should be a matter of close interest, as it can shed
light on the role of habitat differentiation in plant speciation.

Regarding population biology, a striking element is the heterogeneity of analyses testing the
abundant-centre model of Brown (1984). This model includes “abundance” in its name, but

was conceptualized on spatial patterns of plant frequency (Haeck & Hengeveld 1981; Brown
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1984), and has been mostly tested using plant density. Those 3 features of plant population
are not analogous, and could respond differently to ecological gradients. We propose a
framework in chapter 5 that rely on a precise description of the ecological niche to assess
global habitat quality and local availability, and relate it to life history traits of the population
to get insights on mechanisms driving population performance and abundance.

A crucial point of this thesis remains in the ecological evidences suggesting a persistence of
Mediterranean taxa in southern France during the Last Glacial Maximum. This hypothesis
requires genetic investigations in order to shed light on mechanisms that have driven
biogeographical patterns of plant diversity in the Mediterranean basin.

Finally, we have emphasized on the need to integrate species evolutionary potential in
conservation programs. While the theoretical model proposed by Lesica & Allendorf (1995)
is interesting, it still requires a complete methodology to quantitatively assess the degree of

spatial isolation and ecological differentiation essential to rank populations.

198
Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

BIBLIOGRAPHY

Abbott, R.J., Smith, L.C., Milne, R.l., Crawford, R.M., Wolff, K. & Balfour, J. (2000) Molecular
analysis of plant migration and refugia in the Arctic. Science, 289, 1343-1346.

Abeli, T., Gentili, R., Mondoni, A., Orsenigo, S. & Rossi, G. (2014) Effects of marginality on
plant population performance (ed KC Burns). Journal of Biogeography, 41, 239—-249.

Adams, C.C. (1902) Southeastern United States as a center of geographical distribution of
flora and fauna. The Biological Bulletin, 3, 115-131.

Affre, L. & Thompson, J.D. (1999) Variation in self-fertility, inbreeding depression and levels
of inbreeding in four Cyclamen species. Journal of Evolutionary Biology, 12, 113-122.

Alba-Sanchez, F., Lopez-Sdez, J.A., Pando, B.B., Linares, J.C., Nieto-Lugilde, D. & Lépez-
Merino, L. (2010) Past and present potential distribution of the Iberian Abies species:
a phytogeographic approach using fossil pollen data and species distribution models.
Diversity and Distributions, 16, 214-228.

Alexander, H.M., Price, S., Houser, R., Finch, D. & Tourtellot, M. (2007) Is there reduction in
disease and pre-dispersal seed predation at the border of a host plant’s range? Field
and herbarium studies of Carex blanda. Journal of Ecology, 95, 446—457.

Alleaume-Benharira, M., Pen, L.R. & Ronce, O. (2006) Geographical patterns of adaptation
within a species’ range: interactions between drift and gene flow. Journal of
evolutionary biology, 19, 203-215.

Allouche, O., Tsoar, A. & Kadmon, R. (2006) Assessing the accuracy of species distribution
models: prevalence, kappa and the true skill statistic (TSS). Journal of applied
ecology, 43, 1223-1232.

Anacker, B.L. & Strauss, S.Y. (2014) The geography and ecology of plant speciation: range
overlap and niche divergence in sister species. Proceedings of the Royal Society of
London B: Biological Sciences, 281, 2013-2980.

Angert, A.L. (2006) Demography of central and marginal populations of monkeyflowers
(Mimulus cardinalis and M. lewisii). Ecology, 87, 2014-2025.

Araujo, M.B. (2002) Biodiversity hotspots and zones of ecological transition. Conservation
Biology, 16, 1662—-1663.

Arroyo, J., Barrett, S.C., Hidalgo, R. & Cole, W.W. (2002) Evolutionary maintenance of stigma-
height dimorphism in Narcissus papyraceus (Amaryllidaceae). American Journal of
Botany, 89, 1242-1249.

Arroyo, J. & Dafni, A. (1995) Variations in habitat, season, flower traits and pollinators in
dimorphic Narcissus tazetta L.(Amaryllidaceae) in Israel. New Phytologist, 129, 135—
145.

199

Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

Austin, M. (1976) On non-linear species response models in ordination. Vegetatio, 33, 33—
41.

Baack, E.J., Emery, N. & Stanton, M.L. (2006) Ecological factors limiting the distribution of
Gilia tricolor in a California grassland mosaic. Ecology, 87, 2736-2745.

Baker, A.M., Thompson, J.D. & Barrett, S.C. (2000a) Evolution and maintenance of stigma-
height dimorphism in Narcissus. |. Floral variation and style-morph ratios. Heredity,
84, 502-513.

Baker, A.M., Thompson, J.D. & Barrett, S.C. (2000b) Evolution and maintenance of stigma-
height dimorphism in Narcissus. 1l. Fitness comparisons between style morphs.
Heredity, 84, 514-524.

Baldanzi, S., McQuaid, C.D., Cannicci, S. & Porri, F. (2013) Environmental Domains and
Range-Limiting Mechanisms: Testing the Abundant Centre Hypothesis Using
Southern African Sandhoppers (ed WM Getz). PLoS ONE, 8, e54598.

Barbet-Massin, M., Jiguet, F., Albert, C.H. & Thuiller, W. (2012) Selecting pseudo-absences
for species distribution models: how, where and how many? Methods in Ecology and
Evolution, 3, 327-338.

Barkham, J.P. (1980) Population dynamics of the wild daffodil (Narcissus pseudonarcissus) I.
Clonal growth, seed reproduction, mortality and the effects of density. Journal of
Ecology, 68, 607—633.

Barrett, S.C. (2001) A geographical context for the evolution of plant reproductive systems.
Integrating ecology and evolution in a spatial context (eds J. Silvertown & J.
Antonovics), pp. 341-364. Blackwell Science Ltd, Oxford.

Barrett, S.C., Cole, W.W. & Herrera, C.M. (2004) Mating patterns and genetic diversity in the
wild Daffodil Narcissus longispathus (Amaryllidaceae). Heredity, 92, 459-465.

Barrett, S.C., Morgan, M.T. & Husband, B.C. (1989) The dissolution of a complex genetic
polymorphism: the evolution of self-fertilization in tristylous Eichhornia paniculata
(Pontederiaceae). Evolution, 43, 1398-1416.

Barrett, S.C. & Richards, J.H. (1990) Heterostyly in tropical plants. Memoirs of the New York
Botanical Garden, 55, 35-61.

Belaoussoff, S. & Shore, J.S. (1995) Floral correlates and fitness consequences of mating-
system variation in Turnera ulmifolia. Evolution, 49, 545-556.

Benjamini, Y. & Hochberg, Y. (1995) Controlling the false discovery rate: a practical and
powerful approach to multiple testing. Journal of the Royal Statistical Society. Series
B (Methodological), 57, 289—-300.

200
Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

Berg, H., Becker, U. & Matthies, D. (2005) Phenotypic plasticity in Carlina vulgaris: effects of
geographical origin, population size, and population isolation. Oecologia, 143, 220-
231.

Berjano, R., Gauthier, P., Parisi, C., Vaudey, V., Pons, V., Renaux, A., Doblas, D. & Thompson,
J.D. (2015) Variation of a floral polymorphism at different spatial scales in the
Mediterranean geophyte Narcissus assoanus. Journal of Plant Ecology, rtv057.

Besnard, G., Khadari, B., Navascués, M., Fernandez-Mazuecos, M., Bakkali, A.E., Arrigo, N.,
Baali-Cherif, D., Caraffa, V.B.-B. de, Santoni, S., Vargas, P. & Savolainen, V. (2013) The
complex history of the olive tree: from Late Quaternary diversification of
Mediterranean lineages to primary domestication in the northern Levant.
Proceedings of the Royal Society of London B: Biological Sciences, 280, 2012—2833.

Birch, L.C. (1957) The role of weather in determining the distribution and abundance of
animals. Cold Spring Harbor Symposia on Quantitative Biology, pp. 203-218. Cold
Spring Harbor Laboratory Press.

Blackburn, T.M., Gaston, K.J. & Loder, N. (1999a) Geographic gradients in body size: a
clarification of Bergmann’s rule. Diversity and distributions, 5, 165—-174.

Blackburn, T.M., Gaston, K.J.,, Quinn, R.M. & Gregory, R.D. (1999b) Do local abundances of
British birds change with proximity to range edge? Journal of Biogeography, 26, 493—
505.

Blondel, J., Aronson, J., Bodiou, J.Y. & Boeuf, G. (2010) The Mediterranean Region: Biological
Diversity through Time and Space, 2nd ed. Oxford University Press Oxford, Oxford.

Béhme, M.U., Schneeweil}, N., Fritz, U., Schlegel, M. & Berendonk, T.U. (2007) Small edge
populations at risk: genetic diversity of the green lizard (Lacerta viridis viridis) in
Germany and implications for conservation management. Conservation Genetics, 8,
555-563.

Boucher-Lalonde, V., Morin, A. & Currie, D.J. (2012) How are tree species distributed in
climatic space? A simple and general pattern. Global Ecology and Biogeography, 21,
1157-1166.

Boucher-Lalonde, V., Morin, A. & Currie, D.J. (2014) A consistent occupancy—climate
relationship across birds and mammals of the Americas. Oikos, 123, 1029-1036.

Boulangeat, |., Gravel, D. & Thuiller, W. (2012) Accounting for dispersal and biotic
interactions to disentangle the drivers of species distributions and their abundances.
Ecology Letters, 15, 584-593.

Braconnot, P., Otto-Bliesner, B., Kageyama, M., Kitoh, A, Lainé, A., Loutre, M.-F., Marti, O.,
Merkel, U., Ramstein, G., Valdes, P. & others. (2007) Results of PMIP2 coupled
simulations of the Mid-Holocene and Last Glacial Maximum—Part 1: experiments and
large-scale features. Climate of the Past, 3, 261-277.

201
Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

Bridle, J.R. & Vines, T.H. (2007) Limits to evolution at range margins: when and why does
adaptation fail? Trends in Ecology & Evolution, 22, 140-147.

Briers, R.A. (2003) Range limits and parasite prevalence in a freshwater snail. Proceedings of
the Royal Society of London B: Biological Sciences, 270, S178-5180.

Broennimann, O., Fitzpatrick, M.C., Pearman, P.B., Petitpierre, B., Pellissier, L., Yoccoz, N.G.,
Thuiller, W., Fortin, M.-J., Randin, C., Zimmermann, N.E. & others. (2012) Measuring
ecological niche overlap from occurrence and spatial environmental data. Global
Ecology and Biogeography, 21, 481-497.

Brown, W.L. (1957) Centrifugal speciation. Quarterly Review of Biology, 247-277.

Brown, J.H. (1984) On the relationship between abundance and distribution of species.
American naturalist, 124, 255-279.

Brown, J.H. & Lomolino, M.V. (1998) Biogeography. Sunderland, MA, 1-624.

Brown, J.H., Mehiman, D.W. & Stevens, G.C. (1995) Spatial variation in abundance. Ecology,
76, 2028-2043.

Bruelheide, H. & Scheidel, U. (1999) Slug herbivory as a limiting factor for the geographical
range of Arnica montana. Journal of Ecology, 87, 839-848.

Brussard, P.F. (1984) Geographic patterns and environmental gradients: the central-marginal
model in Drosophila revisited. Annual Review of Ecology and Systematics, 25—-64.

Buckley, Y.M., Hinz, H.L., Matthies, D. & Rees, M. (2001) Interactions between density-
dependent processes, population dynamics and control of an invasive plant species,
Tripleurospermum perforatum (scentless chamomile). Ecology Letters, 4, 551-558.

Bunnell, F.L., Campbell, RW. & Squires, K.A. (2004) Conservation priorities for peripheral
species: the example of British Columbia. Canadian Journal of Forest Research, 34,
2240-2247.

Cain, S.A. (1944) Foundation of Plant Geography. Harper.

Canu, S., Rosati, L., Fiori, M., Motroni, A., Filigheddu, R. & Farris, E. (2015) Bioclimate map of
Sardinia (ltaly). Journal of Maps, 11, 711-718.

Carey, P.D., Watkinson, A.R. & Gerard, F.F.O. (1995) The Determinants of the Distribution
and Abundance of the Winter Annual Grass Vulpia Ciliata ssp. Ambigua. The Journal
of Ecology, 83, 177-187.

Carnaval, A.C., Hickerson, M.J., Haddad, C.F., Rodrigues, M.T. & Moritz, C. (2009) Stability
predicts genetic diversity in the Brazilian Atlantic forest hotspot. Science, 323, 785—
789.

202
Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

Carrién, J.S., Yll, E.l., Walker, M.J., Legaz, A.)., Chain, C. & Lépez, A. (2003) Glacial refugia of
temperate, Mediterranean and Ibero-North African flora in south-eastern Spain: new
evidence from cave pollen at two Neanderthal man sites. Global Ecology and
Biogeography, 12, 119-129.

Carson, H.L. (1955) The genetic characteristics of marginal populations of Drosophila. Cold
Spring Harbor symposia on quantitative biology, pp. 276-287. Cold Spring Harbor
Laboratory Press.

Carson, H.L. (1959) Genetic conditions which promote or retard the formation of species.
Cold Spring Harbor Symposia on Quantitative Biology, pp. 87—105. Cold Spring Harbor
Laboratory Press.

Carter, R.N. & Prince, S.D. (1981) Epidemic models used to explain biogeographical
distribution limits. Nature, 293, 644—645.

Carter, R.N. & Prince, S.D. (1985) The geographical distribution of Prickly Lettuce (Lactuca
Serriola): I. A general survey of its habitats and performance in Britain. The Journal of
Ecology, 73, 27-38.

Casazza, G., Barberis, G. & Minuto, L. (2005) Ecological characteristics and rarity of endemic
plants of the Italian Maritime Alps. Biological Conservation, 123, 361-371.

Casazza, G., Zappa, E., Mariotti, M.G., Médail, F. & Minuto, L. (2008) Ecological and historical
factors affecting distribution pattern and richness of endemic plant species: the case
of the Maritime and Ligurian Alps hotspot. Diversity and Distributions, 14, 47-58.

Castilla, A.R., Alonso, C. & Herrera, C.M. (2013) Herbivory at marginal populations:
Consequences for maternal fitness and vegetative differentiation. Acta Oecologica,
49, 32-38.

Castroviejo, S. (1986) 2010: Flora Iberica, 1-8, 10, 12—-15, 17-18 and 21. Real Jardin Botanico
de Madrid, CSIC, Madrid.

Caughley, G., Grice, D., Barker, R. & Brown, B. (1988) The edge of the range. The Journal of
Animal Ecology, 771-785.

Cavender-Bares, J. & Pahlich, A. (2009) Molecular, morphological, and ecological niche
differentiation of sympatric sister oak species, Quercus virginiana and Q. geminata
(Fagaceae). American Journal of Botany, 96, 1690-1702.

Channell, R. (2004) The conservation value of peripheral populations: the supporting
science. Proceeding of the species at risk/Ed. TD Hooper.—Victoria, 1-17.

Channell, R. & Lomolino, M.V. (2000) Dynamic biogeography and conservation of
endangered species. Nature, 403, 84—86.

Chapin, F.S., Bloom, AlJ., Field, C.B. & Waring, R.H. (1987) Plant responses to multiple
environmental factors. Bioscience, 49-57.
203

Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

Chardon, N.I., Cornwell, W.K., Flint, L.E., Flint, A.L. & Ackerly, D.D. (2014) Topographic,
latitudinal and climatic distribution of Pinus coulteri: geographic range limits are not
at the edge of the climate envelope. Ecography, 37, 1-12.

Chefaoui, R.M. & Lobo, J.M. (2008) Assessing the effects of pseudo-absences on predictive
distribution model performance. Ecological modelling, 210, 478-486.

Cheptou, P.-O. (2011) Clarifying Baker’s Law. Annals of Botany, 109, 633—-641.

Claussen, M., Selent, K., Brovkin, V., Raddatz, T. & Gayler, V. (2013) Impact of CO2 and
climate on Last Glacial maximum vegetation—a factor separation. Biogeosciences, 10,
3593-3604.

Colwell, R.K. & Rangel, T.F. (2009) Hutchinson’s duality: the once and future niche.
Proceedings of the National Academy of Sciences, 106, 19651-19658.

Comes, H.P. (2004) The Mediterranean region — a hotspot for plant biogeographic research.
New Phytologist, 164, 11-14.

Connolly, S.R., Menge, B.A. & Roughgarden, J. (2001) A latitudinal gradient in recruitment of
intertidal invertebrates in the northeast Pacific Ocean. Ecology, 82, 1799-1813.

Contandriopoulos, J. & Cardona, M.A. (1984) Caractére original de la flore endémique des
Baléares. Botanica Helvetica, 94, 101-132.

Couvet, D., Bonnemaison, F. & Gouyon, P.H. (1986) The maintenance of females among
hermaphrodites: the importance of nuclear-cytoplasmic interactions. Heredity, 57,
325-330.

Cowles, H.C. (1901) The Physiographic Ecology of Chicago and Vicinity; A Study of the Origin,
Development, and Classification of Plant Societies (Concluded). Botanical Gazette,
145-182.

Cozzolino, S., Cafasso, D., Pellegrino, G., Musacchio, A. & Widmer, A. (2003) Fine-scale
phylogeographical analysis of Mediterranean Anacamptis palustris (Orchidaceae)
populations based on chloroplast minisatellite and microsatellite variation. Molecular
Ecology, 12, 2783-2792.

Crawford, D.J. (2010) Progenitor-derivative species pairs and plant speciation. Taxon, 1413—
1423.

Crozier, L. (2004) Warmer winters drive butterfly range expansion by increasing survivorship.
Ecology, 85, 231-241.

Csergo, A.M., Molnar, E. & Garcia, M.B. (2011) Dynamics of isolated Saponaria bellidifolia
Sm. populations at northern range periphery. Plant Ecology, 53, 393—403.

Csergo, A.M., Nemes, S., Gafta, D., Demeter, L. & Jakab, S. (2009) Two-scale modelling of
Saponaria bellidifolia Sm. (Caryophyllaceae) abundance on limestone outcrops from

204
Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

its northern range periphery (Southeastern Carpathians). Plant Ecology, 203, 229-
242.

Cunningham, H.R., Rissler, LJ., Buckley, L.B. & Urban, M.C. (2015) Abiotic and biotic
constraints across reptile and amphibian ranges. Ecography, n/a—n/a.

Curnutt, J.L., Pimm, S.L. & Maurer, B.A. (1996) Population Variability of Sparrows in Space
and Time. Oikos, 76, 131.

Curtis, J.T. & McIntosh, R.P. (1951) An upland forest continuum in the prairie-forest border
region of Wisconsin. Ecology, 32, 476—496.

Cwynar, L.C. & MacDonald, G.M. (1987) Geographical variation of lodgepole pine in relation
to population history. American Naturalist, 463—469.

Da Cunha, A.B., Burla, H. & Dobzhansky, T. (1950) Adaptive chromosomal polymorphism in
Drosophila willistoni. Evolution, 4, 212-235.

Damgaard, C. (2009) On the distribution of plant abundance data. Ecological Informatics, 4,
76-82.

Darwin, C. (1859) The origin of species. (ed J. Murray) London.

Davy, A.J. & Smith, H. (1988) Life-history variation and environment. Plant population
ecology (eds A.. Davy, M.J. Hutchings & A.R. Watkinson), pp. 1-22. Blackwell
Scientific Publications, Oxford.

Debussche, M., Garnier, E. & Thompson, J.D. (2004) Exploring the causes of variation in
phenology and morphology in Mediterranean geophytes: a genus wide study of
Cyclamen. Botanical Journal of the Linnaean Society, 145, 469-484.

Debussche, M. & Thompson, J.D. (2002) Morphological differentiation among closely related
species with disjunct distributions: a case study of Mediterranean Cyclamen L.
subgen. Psilanthum Schwarz (Primulaceae). Botanical Journal of the Linnaean
Society, 132, 133-144.

Debussche, M. & Thompson, J.D. (2003) Habitat differentiation between two closely related
Mediterranean plant species, the endemic Cyclamen balearicum and the widespread
C. repandum. Acta Oecologica, 24, 35-45.

Dessauer, H.C. & Nevo, E. (1969) Geographic variation of blood and liver proteins in cricket
frogs. Biochemical genetics, 3, 171-188.

Devictor, V., Clavel, J., Julliard, R., Lavergne, S., Mouillot, D., Thuiller, W., Venail, P., Villeger,
S. & Mougquet, N. (2010) Defining and measuring ecological specialization. Journal of
Applied Ecology, 47, 15-25.

205
Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

Diadema, K., Bretagnolle, F., Affre, L., Yuan, Y.-M. & Médail, F. (2005) Geographic structure
of molecuar variation of Gentiana ligustica (Gentianaceae) in the Maritime and
Ligurian regional hotspot, inferred from ITS sequences. Taxon, 54, 887—-894.

Dilts, T.E., Weisberg, P.J., Dencker, C.M. & Chambers, J.C. (2015) Functionally relevant
climate variables for arid lands: a climatic water deficit approach for modelling desert
shrub distributions. Journal of Biogeography, n/a—n/a.

Diniz-Filho, J.A.F., Barbosa, A.C.0O., Collevatti, R.G., Chaves, L.J., Terribile, L.C., Lima-Ribeiro,
M.S. & Telles, M.P. (2015) Spatial autocorrelation analysis and ecological niche
modelling allows inference of range dynamics driving the population genetic
structure of a Neotropical savanna tree. Journal of Biogeography.

Diniz-Filho, J.A.F., Nabout, J.C., Bini, L.M., Soares, T.N., Campos Telles, M.P., Marco, P. &
Collevatti, R.G. (2009) Niche modeling and landscape genetics of Caryocar brasiliense
(“Pequi” tree: Caryocaraceae) in Brazilian Cerrado: an integrative approach for
evaluating central—peripheral population patterns. Tree Genetics & Genomes, 5, 617—
627.

Dinsdale, J.M., Dale, M.P. & Kent, M. (2000) Microhabitat availability and seedling
recruitment of Lobelia urens: a rare plant species at its geographical limit. Seed
Science Research, 10, 471-487.

Dixon, A.L., Herlihy, C.R. & Busch, J.W. (2013) Demographic and population-genetic tests
provide mixed support for the abundant centre hypothesis in the endemic plant
Leavenworthia stylosa. Molecular Ecology, 22, 1777-1791.

Doak, D.F. & Morris, W.F. (2010) Demographic compensation and tipping points in climate-
induced range shifts. Nature, 467, 959-962.

Dolan, R.W. (1994) Patterns of isozyme variation in relation to population size, isolation, and
phytogeographic history in royal catchfly (Silene regia; Caryophyllaceae). American
Journal of Botany, 965-972.

Dorken, M.E. & Eckert, C.G. (2001) Severely reduced sexual reproduction in northern
populations of a clonal plant, Decodon verticillatus (Lythraceae). Journal of Ecology,
89, 339-350.

Dormann, C., M McPherson, J., B Araujo, M., Bivand, R., Bolliger, J., Carl, G., G Davies, R.,
Hirzel, A., Jetz, W., Daniel Kissling, W. & others. (2007) Methods to account for spatial
autocorrelation in the analysis of species distributional data: a review. Ecography, 30,
609-628.

Dostélek, T., Minzbergova, Z. & Plackova, I. (2014) High genetic diversity in isolated
populations of Thesium ebracteatum at the edge of its distribution range.
Conservation Genetics, 15, 75—-86.

206
Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

Doudova-Kochankova, J., Plackova, I., Zakravsky, P., Flégrova, M. & Mandak, B. (2012) The
importance of phenotypic differentiation and plasticity in the range expansion of the
annual Atriplex tatarica (Amaranthaceae). Flora - Morphology, Distribution,
Functional Ecology of Plants, 207, 744-752.

Dray, S. & Dufour, A.-B. (2007) The ade4 package: implementing the duality diagram for
ecologists. Journal of statistical software, 22, 1-20.

Dudaniec, R.Y., Spear, S.F., Richardson, J.S. & Storfer, A. (2012) Current and Historical Drivers
of Landscape Genetic Structure Differ in Core and Peripheral Salamander Populations
(ed N Salamin). PLoS ONE, 7, e36769.

Duffy, K.J., Scopece, G., Cozzolino, S., Fay, M.F., Smith, R.J. & Stout, J.C. (2009) Ecology and
genetic diversity of the dense-flowered orchid, Neotinea maculata, at the centre and
edge of its range. Annals of Botany, 104, 507-516.

Dulberger, R. (1964) Flower dimorphism and self-incompatibility in Narcissus tazetta L.
Evolution, 18, 361-363.

Duncan, S.I., Crespi, E.J., Mattheus, N.M. & Rissler, L.J. (2015) History matters more when
explaining genetic diversity within the context of the core-periphery hypothesis.
Molecular Ecology, n/a—n/a.

Eckert, C.G. & Barrett, S.C.H. (1992) Stochastic loss of style morphs from populations of
tristylous Lythrum salicaria and Decodon verticillatus (Lythraceae). Evolution, 46,
1014-1029.

Eckert, C.G. & Barrett, S.C.H. (1993) Clonal reproduction and patterns of genotypic diversity
in Decodon verticillatus (Lythraceae). American Journal of Botany, 80, 1175-1182.

Eckert, C.G., Manicacci, D. & Barrett, S.C.H. (1996) Frequency-dependent selection on morph
ratios in tristylous Lythrum salicaria (Lythraceae). Heredity, 77, 581-588.

Eckert, C.G., Samis, K.E. & Lougheed, S.C. (2008) Genetic variation across species’
geographical ranges: the central-marginal hypothesis and beyond. Molecular
Ecology, 17, 1170-1188.

Eckstein, R.L.,, O’neill, R.A., Danihelka, J., Otte, A. & Kohler, W. (2006) Genetic structure
among and within peripheral and central populations of three endangered floodplain
violets. Molecular Ecology, 15, 2367-2379.

Ehrlén, J. & Morris, W.F. (2015) Predicting changes in the distribution and abundance of
species under environmental change. Ecology letters, 18, 303—314.

Elmendorf, S.C. & Moore, K.A. (2008) Use of Community-Composition Data to Predict the
Fecundity and Abundance of Species. Conservation Biology, 22, 1523—-1532.

Elton, C. (1927) Animal ecology. 207 pp. Sidgwick & Jackson, LTD. London.

207
Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

Endler, J.A. (1973) Gene flow and population differentiation. Science, 179, 243-250.

Eriksson, O. & Ehrlén, J. (1992) Seed and microsite limitation of recruitment in plant
populations. Oecologia, 91, 360-364.

Eriksson, O. & Kiviniemi, K. (1999) Site occupancy, recruitment and extinction thresholds in
grassland plants: An experimental study. Biological Conservation, 87, 319-325.

Erwin, T.L. (1991) An evolutionary basis for conservation strategies. Science, 253, 751-753.

Excoffier, L., Foll, M. & Petit, R.J. (2009) Genetic consequences of range expansions. Annual
Review of Ecology, Evolution, and Systematics, 40, 481-501.

Farris, M.A. & Schaal, B.A. (1983) Morphological and genetic variation in ecologically central
and marginal populations of Rumex acetosella L. (Polygonaceae). American Journal of
Botany, 70, 246—-255.

Fauquette, S., Suc, J.-P., Bertini, A., Popescu, S.-M., Warny, S., Bachiri Taoufiqg, N., Perez Villa,
M.-J., Chikhi, H., Feddi, N. & Subally, D. (2006) How much did climate force the
Messinian salinity crisis? Quantified climatic conditions from pollen records in the
Mediterranean region. Palaeogeography, Palaeoclimatology, Palaeoecology, 238,
281-301.

Favarger, C. & Contadriopoulos, J. (1961) Essai sur I'endémisme. Bulletin de la Socité
Botanique Suisse, 77, 383—-408.

Feliner, G.N. (2011) Southern European glacial refugia: a tale of tales. Taxon, 60, 365-372.

Filipjev, I.N. (1929) Life-zones in Russia and their injurious insects. Transaction of th 4th
International congress of entomology, pp. 813—820. Ithaca.

Fisher, J.B., Whittaker, R.J. & Malhi, Y. (2011) ET come home: potential evapotranspiration in
geographical ecology. Global Ecology and Biogeography, 20, 1-18.

Floyd, D.A. & Anderson, J.E. (1987) A comparison of three methods for estimating plant
cover. Journal of Ecology, 75, 221-228.

Frankham, R. (2007) Efective population size/adult population size ratios in wildlife: a
review. Genetical research, 89, 491-503.

Fréville, H., Colas, B., Riba, M., Caswell, H., Mignot, A., Imbert, E. & Olivieri, |. (2004) Spatial
and temporal demographic variability in the endemic plant Centaurea corymbosa
(Asteraceae). Ecology, 85, 694—703.

Fréville, H., Colas, B., Ronfort, J., Riba, M. & Olivieri, I. (1998) Predicting endemism from
population structure of a widespread species: case study in <i>Centaurea
maculosa<i> Lam. (Asteraceae). Conservation Biology, 12, 1-10.

208
Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

Fuchs, J., Parra, J.L.,, Goodman, S.M., Raherilalao, M.J., Vanderwal, J. & Bowie, R.C. (2013)
Extending ecological niche models to the past 120 000 years corroborates the lack of
strong phylogeographic structure in the crested drongo (Dicrurus forficatus
forficatus) on Madagascar. Biological Journal of the Linnean Society, 108, 658—676.

Fuller, H.L., Harcourt, A.H., Parks, S.A. & others. (2009) Does the population density of
primate species decline from centre to edge of their geographic ranges. Journal of
Tropical Ecology, 25, 387—-392.

Garcia, M.B. (2008) Life history and population size variability in a relict plant. Different
routes towards long-term persistence. Diversity and Distributions, 14, 106—113.

Garcia, M.B., Goni, D. & Guzman, D. (2010) Living at the Edge: Local versus Positional Factors
in the Long-Term Population Dynamics of an Endangered Orchid. Conservation
biology, 24, 1219-1229.

Gassert, F., Schulte, U., Husemann, M., Ulrich, W., Rédder, D., Hochkirch, A., Engel, E.,
Meyer, J. & Habel, J.C. (2013) From southern refugia to the northern range margin:
genetic population structure of the common wall lizard, Podarcis muralis. Journal of
Biogeography, 40, 1475-1489.

Gaston, K.J. (1990) Patterns in the geographical range size of species. Biological Reviews, 65,
105-129.

Gaston, K.J. (1996) Species-range-size distributions: patterns, mechanisms and implications.
Trends in Ecology and Evolution, 11, 197-200.

Gaston, K.J. (2000) Global patterns in Biodiversity. Nature, 405, 220-227.

Gaston, K.J. (2003) The Structure and Dynamics of Geographic Ranges. Oxford University
Press, USA, Oxford.

Gaston, K.J. (2009a) Geographic range limits: achieving synthesis. Proceedings of the Royal
Society B: Biological Sciences, 276, 1395-1406.

Gaston, K.J. (2009b) Geographic range limits of species. Proceedings of the Royal Society of
London B: Biological Sciences, 276, 1391-1393.

Gavin, D.G., Fitzpatrick, M.C., Gugger, P.F., Heath, K.D., Rodriguez-Sanchez, F., Dobrowski,
S.Z., Hampe, A,, Hu, F.S., Ashcroft, M.B., Bartlein, P.J., Blois, J.L., Carstens, B.C., Davis,
E.B., de Lafontaine, G., Edwards, M.E., Fernandez, M., Henne, P.D., Herring, E.M,,
Holden, Z.A., Kong, W., Liu, J., Magri, D., Matzke, N.J., McGlone, M.S., Saltré, F.,
Stigall, A.L., Tsai, Y.-H.E. & Williams, J.W. (2014) Climate refugia: joint inference from

fossil records, species distribution models and phylogeography. New Phytologist,
204, 37-54.

Geber, M.A. (2008) To the edge: studies of species’ range limits. New Phytologist, 178, 228—
230.

209
Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

Geber, M.A. & Eckhart, V.M. (2005) Experimental studies of adaptation in Clarkia xantiana: Il.
Fitness variation across a subspecies border. Evolution, 59, 521-531.

Gerst, K.L., Angert, A.L. & Venable, D.L. (2011) The effect of geographic range position on
demographic variability in annual plants. Journal of Ecology, 99, 591-599.

Gibson, S.Y., Van Der Marel, R.C. & Starzomski, B.M. (2009) Climate change and conservation
of leading-edge peripheral populations. Conservation Biology, 23, 1369-1373.

Gilbert, N. (1980) Comparative dynamics of a single-host aphid. |. The evidence. The Journal
of Animal Ecology, 351-369.

Gilman, S. (2005) A test of Brown’s principle in the intertidal limpet Collisella scabra (Gould,
1846). Journal of Biogeography, 32, 1583-1589.

Gilman, S.E. (2006) The northern geographic range limit of the intertidal limpet Collisella
scabra: a test of performance, recruitment, and temperature hypotheses. Ecography,
29, 709-720.

Gilpin, M. & Hanski, I. (1991) Metapopulation Dynamics: Empirical and Theoretical
Investigations.

Giorgi, F. & Lionello, P. (2008) Climate change projections for the Mediterranean region.
Global Planet Change, 63, 90-104.

Givnish, T.J. (2010) Ecology of plant speciation. Taxon, 59, 1326—1366.

Gleason, H.A. (1926) The individualistic concept of the plant association. Bulletin of the
Torrey Botanical Club, 7-26.

Godefroid, S., Piazza, C., Rossi, G., Buord, S., Stevens, A.-D., Aguraiuja, R., Cowell, C,,
Weekley, C.W., Vogg, G., Iriondo, J.M., Johnson, I., Dixon, B., Gordon, D., Magnanon,
S., Valentin, B., Bjureke, K., Koopman, R., Vicens, M., Virevaire, M. & Vanderborght, T.
(2010) How successful are plant species reintroductions? Biological Conservation,
144, 672-682.

Goldschmidt, E. (1956) Chromosomal polymorphism in a population of Drosophila
subobscura from Israel. Journal of Genetics, 54, 474—496.

Gdémez-Aparicio, L., Zamora, R., Gémez, J.M., Hddar, J.A., Castro, J. & Baraza, E. (2004)
Applying plant facilitation to forest restoration: a meta-analysis of the use of shrubs
as nurse plants. Ecological Applications, 14, 1128-1138.

Gémez, A. & Lunt, D.H. (2007) Refugia within refugia: patterns of phylogeographic
concordance in the Iberian Peninsula. Phylogeography of southern European refugia,
pp. 155—-188. Springer.

210
Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

Gonzdalez-Guzman, L.I. & Mehlman, D.W. (2001) Developmental stability across the breeding
distribution of the scissor-tailed flycatcher (Tyrannus forficatus). Ecology Letters, 4,
444-452.

Gonzalez-Sampériz, P., Valero-Garcés, B.L. & Carrion, J.S. (2004) Was the Ebro valley a glacial
refugium for temperate trees? Anales de Biologia, pp. 13-20.

Gonzdlez-Sampériz, P., Valero-Garcés, B.L., Moreno, A., Morellon, M., Navas, A., Machin, J. &
Delgado-Huertas, A. (2008) Vegetation changes and hydrological fluctuations in the
Central Ebro Basin (NE Spain) since the Late Glacial period: Saline lake records.
Palaeogeography, Palaeoclimatology, Palaeoecology, 259, 157-181.

Good, R. (1931) A theory of plant geography. New Phytologist, 30, 149-149.

Good, R. & others. (1964) The geography of the flowering plants. The geography of the
flowering plants.

Granado-Yela, C., Balaguer, L., Garcia-Verdugo, C., Carrillo, K. & Méndez, M. (2013) Thriving
at the limit: Differential reproductive performance in range-edge populations of a
Mediterranean sclerophyll (Olea europaea). Acta Oecologica, 52, 29-37.

Grant, M.C. & Antonovics, J. (1978) Biology of ecologically marginal populations of
Anthoxanthum odoratum. . Phenetics and dynamics. Evolution, 32, 822—-838.

Griggs, R.F. (1914) Observations on the Behavior of Some Species at the Edges of Their
Ranges. Bulletin of the Torrey Botanical Club, 41, 25-49.

Grime, J.P. (1988) The C-S-R model of primary plant strategies — origins, implications and
tests. Plant Evolutionary Biology (eds L.D. Gottlieb & S.K. Jain), pp. 371-393. Springer
Netherlands.

Grinnell, J. (1922) The Role of The “Accidental.” The Auk, 39, 373—380.

Grinnell, J. (1928) Presence and absence of animals. University of California Chronicle, 30,
429-450.

Grossenbacher, D.L., Veloz, S.D. & Sexton, J.P. (2014) Niche and range size patterns suggest
that speciation begins in small, ecologically diverged populations in North American
monkeyflowers (Mimulus spp.). Evolution, 68, 1270-1280.

Grubb, P.J. (1977) The maintenance of species-richness in plant communities: the
importance of the regeneration niche. Biological Reviews, 52, 107-145.

Guo, Q. (2012) Incorporating latitudinal and central-marginal trends in assessing genetic
variation across species ranges. Molecular Ecology, 21, 5396-5403.

Guo, Q., Taper, M., Schoenberger, M. & Brandle, J. (2005) Spatial-temporal population
dynamics across species range: from centre to margin. Oikos, 108, 47-57.

211
Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

Haeck, J. & Hengeveld, R. (1981) Changes in the occurrences of Dutch plant species in
relation to geographical range. Biological Conservation, 19, 189-197.

Haldane, J.B.S. (1956) The relation between density regulation and natural selection.
Proceedings of the Royal Society of London. Series B, Biological Sciences, 306—308.

Hall, L.S., Krausman, P.R. & Morrison, M.L. (1997) The habitat concept and a plea for
standard terminology. Wildlife Society Bulletin, 173-182.

Hamilton, J.A. & Eckert, C.G. (2007) Population genetic consequences of geographic
disjunction: a prairie plant isolated on Great Lakes alvars. Molecular Ecology, 16,
1649-1660.

Hampe, A., Arroyo, J., Jordano, P. & Petit, R.J. (2003) Rangewide phylogeography of a bird-
dispersed Eurasian shrub: contrasting Mediterranean and temperate glacial refugia.
Molecular Ecology, 12, 3415-3426.

Hampe, A. & Petit, R.J. (2005) Conserving biodiversity under climate change: the rear edge
matters. Ecology Letters, 8, 461-467.

Hanley, J.A. & McNeil, B.J. (1982) The meaning and use of the area under a receiver
operating characteristic (ROC) curve. Radiology, 143, 29-36.

Hanski, I. (1982) Dynamics of regional distribution: the core and satellite species hypothesis.
Oikos, 210-221.

Hanski, 1., Kouki, J. & Halkka, A. (1993) Three explanations of the positive relationship
between distribution and abundance of species. Species diversity in ecological
communities (eds R.E. Ricklefs & D. Schluter) University of Chicago Press, Chicago.

Hardie, D.C. & Hutchings, J.A. (2010) Evolutionary ecology at the extremes of species’ ranges.
Environmental Reviews, 18, 1-20.

Hardion, L., Baumel, A., Verlaque, R. & Vila, B. (2014) Distinct evolutionary histories of
lowland biota on Italian and Balkan peninsulas revealed by the phylogeography of
Arundo plinii (Poaceae) (ed P Linder). Journal of Biogeography, n/a—n/a.

Hardy, O.J. & Vekemans, X. (1999) Isolation by distance in a continuous population:
reconciliation between spatial autocorrelation analysis and population genetics
models. Heredity, 83, 145-154.

Hargreaves, A.L., Samis, Karen E. & Eckert, C.G. (2014) Are Species’ Range Limits Simply
Niche Limits Writ Large? A Review of Transplant Experiments beyond the Range. The
American Naturalist, 183, 157-173.

Hargrove, L. & Rotenberry, J.T. (2011) Breeding success at the range margin of a desert
species: implications for a climate-induced elevational shift. Oikos, 120, 1568—1576.

212
Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

Hastings and Harrison, S., A. (1994) Metapopulation dynamics and genetics. Annual Review
of Ecology and Systematics, 25, 167—-188.

Hengeveld, R. & Haeck, J. (1982) The Distribution of Abundance. |. Measurements. Journal of
Biogeography, 9, 303.

Hennenberg, K.J. & Bruelheide, H. (2003) Ecological investigations on the northern
distribution range of Hippocrepis comosa L. in Germany. Plant Ecology, 166, 167—
188.

Herlihy, C.R. & Eckert, C.G. (2004) Experimental dissection of inbreeding and its adaptive
significance in a flowering plant, Aquilegia canadensis (Ranunculaceae). Evolution, 58,
2693-2703.

Herlihy, C.R. & Eckert, C.G. (2005) Evolution of self-fertilization at geographical range
margins? A comparison of demographic, floral, and mating system variables in
central vs. peripheral populations of Aquilegia canadensis (Ranunculaceae). American
Journal of Botany, 92, 744-751.

Hewitt, G.M. (1996) Some genetic consequences of ice ages, and their role in divergence and
speciation. Biological Journal of the Linnaean Society, 58, 247-276.

Hewitt, G.M. (1999) Post-glacial re-colonization of European biota. Biological Journal of the
Linnean Society, 68, 87-112.

Hewitt, G. (2000) The genetic legacy of the Quaternary ice ages. Nature, 405, 907-913.

Hewitt, G.M. (2004) Genetic consequences of climatic oscillations in the Quaternary.
Philosophical Transactions of the Royal Society of London B: Biological Sciences, 359,
183-195.

Hidas, E.Z., Ayre, D.J. & Minchinton, T.E. (2010) Patterns of demography for rocky-shore,
intertidal invertebrates approaching their geographical range limits: tests of the
abundant-centre hypothesis in south-eastern Australia. Marine and Freshwater
Research, 61, 1243-1251.

Highton, R. & Webster, T.P. (1976) Geographic protein variation and divergence in
populations of the salamander Plethodon cinereus. Evolution, 33—45.

Hijmans, R.J., Cameron, S.E., Parra, J.L., Jones, P.G. & Jarvis, A. (2005) Very high resolution
interpolated climate surfaces for global land areas. International Journal of
Climatology, 25, 1965-1978.

Hoban, S.M., Borkowski, D.S., Brosi, S.L., McCLEARY, T.I.M., Thompson, L.M., McLACHLAN,
J.S., Pereira, M.A., Schlarbaum, S.E. & ROMERO-SEVERSON, J. (2010) Range-wide
distribution of genetic diversity in the North American tree Juglans cinerea: a product
of range shifts, not ecological marginality or recent population decline. Molecular
Ecology, 19, 4876-4891.

213
Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

Hobbs, R.J. & Mooney, H.A. (1991) Effects of rainfall variability and gopher disturbance on
serpentine annual grassland dynamics. Ecology, 72, 59-68.

Hodgins, K.A. & Barrett, S.C.H. (2008a) Natural selection on floral traits through male and
female function in wild populations of the heterostylous daffodil Narcissus triandrus.
Evolution, 62, 1751-1763.

Hodgins, K.A. & Barrett, S.C.H. (2008b) Geographical variation and style-morph ratios in a
sexually polymorphic daffodil. American Journal of Botany, 95, 185—195.

Hoffman, A.A. & Blows, M.W. (1994) Species borders: ecological and evolutionary
perspectives. Trends in Ecology and Evolution, 9, 223-227.

Holt, R.D. (2003) On the evolutionary ecology of species’ ranges. Evolutionary Ecology
Research, 5, 159-178.

Holt, R.D. (2009) Bringing the Hutchinsonian niche into the 21st century: ecological and
evolutionary perspectives. Proceedings of the National Academy of Sciences, 106,
19659-19665.

Holt, R.D. & Keitt, T.H. (2000) Alternative causes for range limits: a metapopulation
perspective. Ecology Letters, 3, 41-47.

Holt, R.D. & Keitt, T.H. (2004) Species’ borders: a unifying theme in ecology. Oikos, 108, 3—6.
Holt, R.D. & Keitt, T.H. (2005) Species’ borders: a unifying theme in ecology. Oikos, 108, 3—6.

Howes, B.J. & Lougheed, S.C. (2008) Genetic diversity across the range of a temperate lizard.
Journal of Biogeography, 35, 1269-1278.

Hunter, M.J.J. & Hutchinson, A. (1994) The virtues and shortcomings of parochialism:
conserving species that are locally rare, but globally common. Conservation Biology,
8,1163-1165.

Huntsman, B.M. & Petty, J.T. (2014) Density-dependent regulation of Brook Trout population
dynamics along a core-periphery distribution gradient in a Central Appalachian
watershed (ed J Buckel). PLoS ONE, 9, €91673.

Husband, B.C. & Barrett, S.C.H. (1992) Effective population size and genetic drift in tristylous
Eichhornia paniculata (Pontederiaceae). Evolution, 46, 1875-1890.

Hutchinson, G.E. (1957) Cold spring harbor symposium on quantitative biology. Concluding
remarks, 22, 415-427.

Hutchinson, G.E. (1978) An Introduction to Population Ecology. Yale University Press, New
Haven.

Ibafiez, I. & McCarthy-Neumann, S. (2014) Integrated assessment of the direct and indirect
effects of resource gradients on tree species recruitment. Ecology, 95, 364—375.

214

Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

Jadwiszczak, K.A., Banaszek, A., Jabtoriska, E. & Sozinov, O.V. (2011) Could Betula humilis
have survived the last glaciation at a current margin of its distribution? Testing the
hypothesis of a glacial refugium using nuclear microsatellites. Plant Systematics and
Evolution, 297, 147-156.

Jahandiez, E. (1937) Plantes atteignant leur limite d’aire dans le département du Var. Le
chéne - Société forestiere, 43, 36—44.

Johannesson, K. & Andre, C. (2006) INVITED REVIEW: life on the margin: genetic isolation
and diversity loss in a peripheral marine ecosystem, the Baltic Sea. Molecular
Ecology, 15, 2013-2029.

Johansson, M., Primmer, C.R. & Merilae, J. (2006) History vs. current demography: explaining
the genetic population structure of the common frog (Rana temporaria). Molecular
Ecology, 15, 975-983.

Johnson, D.J., Beaulieu, W.T., Bever, J.D. & Clay, K. (2012) Conspecific negative density
dependence and forest diversity. Science, 336, 904—907.

Johnson, M.T., Husband, B.C. & Burton, T.L. (2003) Habitat differentiation between diploid
and tetraploid Galax urceolata (Diapensiaceae). International Journal of Plant
Sciences, 164, 703-710.

Jones, B. & Gliddon, C. (1999) Reproductive biology and genetic structure in Lloydia serotina.
Plant Ecology, 141, 151-161.

Jost, L. (2006) Entropy and diversity. Oikos, 113, 363-375.

Jump, A.S. & Woodward, F.l. (2003) Seed production and population density decline
approaching the range-edge of Cirsium species. New Phytologist, 160, 349—-358.

Kark, S., Lens, L., Van Dongen, S. & Schmidt, E. (2004) Asymmetry patterns across the
distribution range: does the species matter? Biological Journal of the Linnean Society,
81, 313-324.

Kavanagh, K. & Kellman, M. (1986) Performance of Tsuga canadensis (L.) Carr. at the centre
and northern edge of its range: a comparison. Journal of Biogeography, 13, 145-157.

Kawecki, T.J. (2008) Adaptation to marginal habitats. Annual Review of Ecology, Evolution,
and Systematics, 39, 321-342.

Kent, M. & Coker, P. (1992) Vegetation Description and Analysis: A Practical Approach. John
Wiley& Sons, Chichester.

Kephart, S.R. & Paladino, C. (1997) Demographic change and microhabitat variability in a
grassland endemic, Silene douglasii var oraria (Caryophyllaceae). American Journal of
Botany, 84, 179-189.

215
Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

Kéry, M., Matthies, D. & Fischer, M. (2001) The effect of plant population size on the
interactions between the rare Gentiana cruciata and its specialized herbivore
Maculinea rebeli. Journal of Ecology, 89, 418-427.

Kilkenny, F.F. & Galloway, L.F. (2013) Adaptative divergence at the margin of an invaded
range: Evolution, 67, 722-731.

Kirkpatrick, M. & Barton, N.H. (1997) Evolution of a Species’ Range. The American Naturalist,
150, 1-23.

Klein, C., Wilson, K., Watts, M., Stein, J., Berry, S., Carwardine, J., Smith, M.S., Mackey, B. &
Possingham, H. (2009) Incorporating ecological and evolutionary processes into
continental-scale conservation planning. Ecological Applications, 19, 206—217.

Kluth, C. & Bruelheide, H. (2005a) Central and peripheral Hornungia petraea populations:
patterns and dynamics. Journal of Ecology, 93, 584-595.

Kluth, C. & Bruelheide, H. (2005b) Effects of range position, inter-annual variation and
density on demographic transition rates of <i>Hornungia petraea<i> populations.
Oecologia, 145, 382—-393.

Kolb, A., Dahlgren, J.P. & Ehrlén, J. (2010) Population size affects vital rates but not
population growth rate of a perennial plant. Ecology, 91, 3210-3217.

Krebs, C.J. (1999) Ecological Methodology. Addison Wesley Longman Menlo Park.

Kropf, M. (2012) Genetic variation, biogeographical history, and conservation of Anthyllis
montana L. Ssp. jacquinii (Kern.) Hayek (Fabaceae) at Its northern distribution limit.
International Journal of Plant Sciences, 173, 789-801.

Lammi, A., Siikamaki, P. & Mustajarvi, K. (1999) Genetic diversity, population size, and fitness
in central and peripheral populations of a rare plant Lychnis viscaria. Conservation
Biology, 13, 1069-1078.

Lavergne, S., Molina, J. & Debussche, M. (2006) Fingerprints of environmental change on the
rare mediterranean flora : a 115-year study. Global Change Biology, 12, 1466—1478.

Lavergne, S., Thompson, J.D., Garnier, E. & Debussche, M. (2004) The biology and ecology of
narrow endemic and widespread plants: a comparative study of trait variation in 20
congeneric pairs. Oikos, 107, 505-518.

Lavergne, S., Thuiller, W., Molina, J. & Debussche, M. (2005) Environmental and human
factors influencing rare plant local occurrence, extinction and persistence: a 115
years study in the Mediterranean region. Journal of Biogeography, 32, 799-811.

Law, B.S. (1994) Climatic limitation of the southern distribution of the common blossom bat
Syconycteris australis in New South Wales. Australian Journal of Ecology, 19, 366—
374.

216
Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

Lawton, J.H. (1993) Range, population abundance and conservation. Trends in Ecology and
Letters, 8, 409-413.

Ledig, F.T. (1993) Secret extinctions: the loss of genetic diversity in forest ecosystems. Our
living legacy: Proceedings of a Symposium on Biological Diversity (eds A.M. Fenger,
J.M. Miller, A.W. Johnson & E.J.R. Williams), pp. 127-140. The Royal British Columbia
Museum, Victoria.

Lemke, T. & Porembski, S. (2013) Variation in the reproductive performance of the Trollius—
Chiastocheta mutualism at the edge of its range in north-east Germany. Oecologia,
172, 437-447.

Lennon, J.J., Kunin, W.E., Corne, S., Carver, S. & Van Hees, W.W. (2002) Are Alaskan trees
found in locally more favourable sites in marginal areas? Global Ecology and
Biogeography, 11, 103-114.

Leonardi, S., Piovani, P., Scalfi, M., Piotti, A., Giannini, R. & Menozzi, P. (2012) Effect of
habitat fragmentation on the genetic diversity and structure of peripheral
populations of beech in Central Italy. Journal of Heredity, ess004.

Leppig, G. & White, J.W. (2006) Conservation of peripheral plant populations in California.
Madrono, 53, 264-274.

Lesica, P. & Allendorf, F.W. (1995) When are peripheral populations valuable for
conservation? Conservation Biology, 9, 753—-760.

Lester, S.E., Gaines, S.D. & Kinlan, B.P. (2007) Reproduction on the edge: large-scale patterns
of individual performance in a marine invertebrate. Ecology, 88, 2229-2239.

Leuschner, C., Kockemann, B. & Buschmann, H. (2009) Abundance, niche breadth, and niche
occupation of Central European tree species in the centre and at the margin of their
distribution range. Forest Ecology and Management, 258, 1248-1259.

Levin, D.A. (1970) Developmental instability and evolution in peripheral isolates. American
Naturalist, 104, 343—-353.

Levin, D.A. (1995) Plant outliers: an ecogenetic perspective. The American Naturalist, 145,
109-118.

Lhotte, A., Affre, L. & Saatkamp, A. (2014) Are there contrasted impacts of urbanization and
land uses on population persistence? The case of Teucrium pseudochamaepitys, an
endangered species in Southern France. Flora - Morphology, Distribution, Functional
Ecology of Plants.

Lira-Noriega, A. & Manthey, J.D. (2014) Relationship of genetic diversity and niche centrality:
a survey and analysis. Evolution, 68, 1082—1093.

Lloyd, D.G. & Schoen, D.J. (1992) Self-and cross-fertilization in plants. I. Functional aspects.
International Journal of Plant Sciences, 153, 358—369.
217

Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

Lonn, M. & Prentice, H.C. (2002) Gene diversity and demographic turnover in central and
peripheral populations of the perennial herb Gypsophila fastigiata. Oikos, 99, 489—
498.

Lépez de Heredia, U., Carrion, J.S., Jiménez, P., Collada, C. & Gil, L. (2007) Molecular and
palaeoecological evidence for multiple glacial refugia for evergreen oaks on the
Iberian Peninsula. Journal of Biogeography, 34, 1505-1517.

Louthan, A.M., Doak, D.F. & Angert, A.L. (2015) Where and When do Species Interactions Set
Range Limits? Trends in Ecology & Evolution.

Lumaret, R., Guillerm, J.L., Delay, J., Ait Lhaj Loufti, A., lzco, J. & Jay, M. (1987) Polyploidy and
habitat differentiation in Dactylis glomerata L. from Galicia (Spain). Oecologia, 73,
436-446.

Lumaret, R., Mir, C., Michaud, H. & Raynal, V. (2002) Phylogeographical variation of
chloroplast DNA in holm oak (Quercus ilex L.). Molecular Ecology, 11, 2327-2336.

Mack, R.N., Simberloff, D., Lonsdale, W.M., Evans, H., Clout, M. & Bazzaz, F.A. (2000) Biotic
invasions: causes, epidemology, global consequences and control. Ecological
Applications, 10, 689-710.

Maclean, I.M.D., Hopkins, J.J., Bennie, J., Lawson, C.R. & Wilson, R.J. (2015) Microclimates
buffer the responses of plant communities to climate change. Global Ecology and
Biogeography, n/a—n/a.

Madon, O. & Médail, F. (1997) The ecological significance of annuals on a Mediterranean
grassland (Mt Ventoux, France). Plant Ecology, 129, 189—-199.

Mandak, B. (2005) Loss of Genetic Variation in Geographically Marginal Populations of
Atriplex tatarica (Chenopodiaceae). Annals of Botany, 96, 901-912.

Manel, S., Gugerli, F., Thuiller, W., Alvarez, N., Legendre, P., Holderegger, R., Gielly, L. &
Taberlet, P. (2012) Broad-scale adaptive genetic variation in alpine plants is driven by
temperature and precipitation. Molecular ecology, 21, 3729-3738.

Maron, J.L. & Crone, E. (2006) Herbivory: effects on plant abundance, distribution and
population growth. Proceedings of the Royal Society B: Biological Sciences, 273,
2575-2584.

Martinell, M.C., Lopez-Pujol, J., Bosch, M. & Blanché, C. (2010) Low genetic variability in the
rare, recently differentiated Aquilegia paui (Ranunculaceae). Biochemical Systematics
and Ecology, 38, 390-397.

Martinez-Meyer, E., Diaz-Porras, D., Peterson, A.T. & Yanez-Arenas, C. (2013) Ecological
niche structure and rangewide abundance patterns of species. Biology Letters, 9,
20120637.

218
Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

Martinez-Meyer, E. & Peterson, A.T. (2006) Conservatism of ecological niche characteristics
in North American plant species over the Pleistocene-to-Recent transition. Journal of
Biogeography, 33, 1779-1789.

Maurer, B.A. & Brown, J.H. (1989) Distributional consequences of spatial variation in local
demographic processes. Annales Zoologici Fennici, 26, 121-131.

May, R.M. (1981) Theoretical Ecology: Principles and Applications. Blackwell Scientific
Publications, Oxford.

Mayr, E. (1963) Animal Species and Evolution. Harvard Univ. Press, Cambridge, Mass.

Mayr, E., Huxley, J., Hardy, A.C. & Ford, E.B. (1954) Change of genetic environment and
evolution. Evolution as a Process, pp. 157-180. Allen & Unwin, London.

Médail, F. & Diadema, K. (2009) Glacial refugia influence plant diversity patterns in the
Mediterranean Basin. Journal of Biogeography, 36, 1333—1345.

Medail, F., Ziman, V., Boscaiu, O., Riera, J., Lambrou, A., Vela, E., Dutton, R. & Ehrendorfer, F.
(2002) Comparative analysis of biological and ecological differentiation of Anemone
palmata L. (Ranunculaceae) in the western Mediterranean (France and Spain): an
assessment of rarity and population persistence. Botanical Journal of the Linnean
Society, 140, 95-114.

Medrano, M. & Herrera, C.M. (2008) Geographical structuring of genetic diversity across the
whole distribution range of <i>Narcissus longispathus<i>, a habitat-specialist,
Mediterranean narrow endemic. Annals of Botany, 102, 183—-194.

Meeus, S., Honnay, O. & Jacquemyn, H. (2012) Strong differences in genetic structure across
disjunct, edge, and core populations of the distylous forest herb Pulmonaria
officinalis (Boraginaceae). American Journal of Botany, 99, 1809-1818.

Meiri, S. (2011) Bergmann’s Rule—what’s in a name? Global Ecology and Biogeography, 20,
203-207.

Meiri, S., Dayan, T., Simberloff, D. & Grenyer, R. (2009) Life on the edge: carnivore body size
variation is all over the place. Proceedings of the Royal Society of London B: Biological
Sciences, rspb—2008.

Michalski, S.G. & Durka, W. (2007) High selfing and high inbreeding depression in peripheral
populations of Juncus atratus. Molecular Ecology, 16, 4715-4727.

Miller, J.R. & Hobbs, R.J. (2007) Habitat restoration: do we know what we are doing.
Restoration Ecology, 15, 382—-390.

Minuto, L., Fior, S., Roccotiello, E. & Casazza, G. (2006) Seed morphology in Moehringia L.
and its taxonomic significance in comparative studies within the Caryophyllaceae.
Plant Systematics and Evolution, 262, 189-208.

219
Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

Moeller, D.A. (2006) Geographic structure of pollinator communities, reproductive
assurance, and the evolution of self-pollination. Ecology, 87, 1510-1522.

Moeller, D.A., Geber, M.A. & Tiffin, P. (2011) Population genetics and the evolution of
geographic range limits in an annual plant. The American Naturalist, 178, S44-S57.

Monk, C.D. (1965) Southern mixed hardwood forest of northcentral Florida. Ecological
Monographs, 336—354.

Moore, K.A. & Stanton, M.L. (2014) Propagule Limitation, Disparate Habitat Quality, and
Variation in Phenotypic Selection at a Local Species Range Boundary. PLoS ONE, 9,
€89404.

Mueller, U.G., Mikheyev, A.S., Solomon, S.E. & Cooper, M. (2011) Frontier mutualism:
coevolutionary patterns at the northern range limit of the leaf-cutter ant—fungus
symbiosis. Proceedings of the Royal Society of London B: Biological Sciences, 278,
3050-3059.

Murphy, H.T., VanDerWal, J. & Lovett-Doust, J. (2006) Distribution of abundance across the
range in eastern North American trees. Global Ecology and Biogeography, 15, 63—-71.

Nelder, J.A. & Baker, R.J. (1972) Generalized Linear Models. Wiley Online Library.

Nicholson, A.J. (1958) Dynamics of insect populations. Annual review of entomology, 3, 107—
136.

Nielsen, S.E., Johnson, C.J., Heard, D.C. & Boyce, M.S. (2005) Can models of presence-
absence be used to scale abundance? Two case studies considering extremes in life
history. Ecography, 28, 197-208.

Noble, V. & Diadema, K. (2011) Place et originalité de la flore. La flore des Alpes-Maritimes et
de la Principauté de Monaco, pp. 57—72. Naturalia, Turriers.

Nunes, F., Norris, R.D. & Knowlton, N. (2009) Implications of isolation and low genetic
diversity in peripheral populations of an amphi-Atlantic coral. Molecular Ecology, 18,
4283-4297.

Ojeda, F., Arroyo, J. & Marafidén, T. (2000) Ecological distribution of four co-occuring
Mediterranean heath species. Ecography, 23, 148-159.

de Oliveira, G., Diniz Filho, J.A.F., Bini, L.M. & Rangel, T.F. (2009) Conservation biogeography
of mammals in the Cerrado biome under the unified theory of macroecology. Acta
Oecologica, 35, 630-638.

Oliver, T.H., Roy, D.B., Brereton, T. & Thomas, J.A. (2012) Reduced variability in range-edge
butterfly populations over three decades of climate warming. Global Change Biology,
18, 1531-1539.

220
Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

Olivier, L., Galland, J.P., Maurin, H. & Roux, J.P. (1995) Livre Rouge de La Flore Menacée de
France. Tome 1 : Espéces Prioritaires. Muséum d’Histoire Naturelle, Conservatoire
Botanique National de Pourquerolles, Ministere de I'Environnement, Paris.

Onoda, Y. & Anten, N.P. (2011) Challenges to understand plant responses to wind. Plant
Signaling & Behavior, 6, 1057-1059.

Ortego, J., Riordan, E.C., Gugger, P.F. & Sork, V.L. (2012) Influence of environmental
heterogeneity on genetic diversity and structure in an endemic southern Californian
oak. Molecular Ecology, 21, 3210-3223.

Papuga, G., Gauthier, P., Ramos, J., Pons, V., Pironon, S., Farris, E. & Thompson, J.D. (2015)
Range-wide variation in the ecological niche and floral polymorphism of the western
Mediterranean geophyte Narcissus dubius Gouan. International Journal of Plant
Sciences, 176, 724—738.

Parmesan, C. (2006) Ecological and evolutionary responses to recent climate change. Annual
Review of Ecology, Systematics and Evolution, 37, 637-669.

Parmesan, C., Ryrholm, N., Stefanescu, C., Hill, J.K., Thomas, C.D., Descimon, H., Huntley, B.,
Kaila, L., Kullberg, J., Tammaru, T. & others. (1999) Poleward shifts in geographical
ranges of butterfly species associated with regional warming. Nature, 399, 579-583.

Parsons, P.A. (1990) Fluctuating asymmetry: an epigenetic measure of stress. Biological
reviews, 65, 131-145.

Patsiou, T.S., Conti, E., Zimmermann, N.E., Theodoridis, S. & Randin, C.F. (2014) Topo-
climatic microrefugia explain the persistence of a rare endemic plant in the Alps
during the last 21 millennia. Global Change Biology, 20, 2286—-2300.

Pearman, P.B., Guisan, A., Broennimann, O. & Randin, C.F. (2008a) Niche dynamics in space
and time. Trends in Ecology & Evolution, 23, 149-158.

Pearman, P.B., Randin, C.F., Broennimann, O., Vittoz, P., Knaap, W.O. van der, Engler, R,, Lay,
G.L., Zimmermann, N.E. & Guisan, A. (2008b) Prediction of plant species distributions
across six millennia. Ecology Letters, 11, 357-369.

Pearson, R.G. & Dawson, T.P. (2003) Predicting the impacts of climate change on the
distribution of species: are bioclimate envelope models useful? Global ecology and
biogeography, 12, 361-371.

Pérez-Barrales, R. & Arroyo, J. (2010) Pollinator shifts and the loss of style polymorphism in
Narcissus papyraceus (Amaryllidaceae). Journal of evolutionary biology, 23, 1117-
1128.

Pérez-Collazos, E., Sanchez-Gomez, P., lJiménez, J.F. & Catalan, P. (2009) The
phylogeographical history of the Iberian steppe plant Ferula loscosii (Apiaceae): a test
of the abundant-centre hypothesis. Molecular Ecology, 18, 848—-861.

221
Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

Persson, H., Widén, B., Andersson, S. & Svensson, L. (2004) Allozyme diversity and genetic
structure of marginal and central populations of Corylus avellana L. (Betulaceae) in
Europe. Plant Systematics and Evolution, 244, 157-179.

Peterson, A.T. (2003) Predicting the geography of species’ invasions via ecological niche
modeling. The quarterly review of biology, 78, 419-433.

Petit, R.J., Aguinagalde, I., Beaulieu, J.-L. de, Bittkau, C., Brewer, S., Cheddadi, R., Ennos, R.,
Fineschi, S., Grivet, D., Lascoux, M., Mohanty, A., Miiller-Starck, G., Demesure-Musch,
B., Palmé, A., Martin, J.P., Rendell, S. & Vendramin, G.G. (2003) Glacial refugia:
hotspots but not melting pots of genetic diversity. Science, 300, 1563—1565.

Petit, R.J., El Mousadik, A. & Pons, O. (1998) Identifying populations for conservation on the
basis of genetic markers. Conservation Biology, 12, 844—855.

Petit, R.J., Hampe, A. & Cheddadi, R. (2005) Climate changes and tree phylogeography in the
Mediterranean. Taxon, 54, 877—885.

Petit, C. & Thompson, J.D. (1998) Phenotypic selection and population differentiation in
relation to habitat heterogeneity in Arrhenatherum elatius. Journal of Ecology, 86,
829-840.

Pironon, S., Villellas, J., Morris, W.F., Doak, D.F. & Garcia, M.B. (2015) Do geographic, climatic
or historical ranges differentiate the performance of central versus peripheral
populations? Global Ecology and Biogeography, 24, 611-620.

Poncet, V., Munoz, F., Munzinger, J., Pillon, Y., Gomez, C., Couderc, M., Tranchant-Dubreuil,
C., Hamon, S. & de Kochko, A. (2013) Phylogeography and niche modelling of the
relict plant Amborella trichopoda (Amborellaceae) reveal multiple Pleistocene refugia
in New Caledonia. Molecular Ecology, 22, 6163—-6178.

Pons, A. & Vernet, J.L. (1971) Une synthése nouvelle de I'histoire du Chéne vert (Quercus ilex
L.). Bulletin de la Société botanique de France, 118, 841-850.

Pouget, M., Youssef, S., Migliore, J., Juin, M., Medail, F. & Baumel, A. (2013) Phylogeography
sheds light on the central-marginal hypothesis in a Mediterranean narrow endemic
plant. Annals of Botany, 112, 1409-1420.

Poulin, R. & Dick, T.A. (2007) Spatial variation in population density across the geographical
range in helminth parasites of yellow perch Perca flavescens. Ecography, 30, 629—
636.

Prakash, S. (1973) Patterns of gene variation in central and marginal populations of
Drosophila robusta. Genetics, 75, 347-369.

Prieur, M. (2005) Etude d’impact. Revue juridique de I’environnement, 363—-373.

Provan, J. & Bennett, K.D. (2008) Phylogeographic insights into cryptic glacial refugia. Trends
in Ecology & Evolution, 23, 564-571.
222

Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

Pulliam, H.R. (1988) Sources, sinks, and population regulation. The American Naturalist, 132,
652-661.

Pulliam, H.R. (2000) On the relationship between niche and distribution. Ecology Letters, 3,
349-361.

Purves, D.W. (2009) The demography of range boundaries versus range cores in eastern US
tree species. Proceedings of the Royal Society of London B: Biological Sciences, 276,
1477-1484.

Quézel, P. & Médail, F. (2003) Ecologie et Biogéographie Des Foréts Du Bassin
Méditerranéen. Elsevier, Paris.

Raunkiaer, C. (1934) Life Forms of Plants and Statistical Plant Geography. Oxford University
Press, Oxford.

R development Core Team. (2010) R: A language and environment for statistical computing.

Reed, D.H. (2005) Relationship between population size and fitness. Conservation biology,
19, 563-568.

Rehm, E.M., Olivas, P., Stroud, J. & Feeley, K.J. (2015) Losing your edge: climate change and
the conservation value of range-edge populations. Ecology and Evolution, n/a—n/a.

Reinig, W.F. (1938) Elimination Und Selektion. G. Fischer, Jena.

Ribeiro, K.T. & Fernandes, G.W. (2000) Patterns of abundance of a narrow endemic species
in a tropical and infertile montane habitat. Plant Ecology, 147, 205-217.

Richards, O.W. (1961) The theoretical and practical study of natural insect populations.
Annual review of entomology, 6, 147-162.

Rivas-Martinez, S. (1996) Bioclimatic Map of Europe.

Rivas-Martinez, S., Sdenz, S.R. & Penas, A. (2011) Worldwide bioclimatic classification
system.

Rivero-Guerra, A.O. (2008) Phenotypic differentiation of peripheral populations of Santolina
rosmarinifolia (Asteraceae). Botanical Journal of the Linnean Society, 158, 650—668.

Roberts, D.R. & Hamann, A. (2015) Glacial refugia and modern genetic diversity of 22
western North American tree species. Proceedings of the Royal Society of London B:
Biological Sciences, 282, 20142903.

Rodriguez, A. & Delibes, M. (2002) Internal structure and patterns of contraction in the
geographic range of the Iberian lynx. Ecography, 25, 314—-328.

Rodriguez-Sanchez, F., Guzman, B., Valido, A., Vargas, P. & Arroyo, J. (2009) Late Neogene
history of the laurel tree (<i>Laurus</> L., Lauraceae) based on phylogeographical

223
Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

analyses of Mediterranean and Macaronesian populations. Journal of Biogeography,
36, 1270-1281.

Root, T. (1988) Energy constraints on avian distributions and abundances. Ecology, 69, 330-
339.

Rothera, S.L. & Davy, A.J. (1986) Polyploidy and habitat differentiation in Deschampsia
cespitosa. New Phytologist, 102, 449-467.

Safriel, U.N., Volis, S. & Karr, S. (1994) Core and peripheral populations and global climate.
Isr J Plant Sci, 42, 331-345.

Sagarin, R.D. & Gaines, S.D. (2002) The “abundant centre”distribution: to what extent is it a
biogeographical rule? Ecology letters, 5, 137-147.

Sagarin, R.D., Gaines, S.D. & Gaylord, B. (2006) Moving beyond assumptions to understand
abundance distributions across the ranges of species. Trends in Ecology & Evolution,
21, 524-530.

Salisbury, E.J. (1926) The geographical distribution of plants in relation to climatic factors.
Geographical Journal, 57, 312—-335.

Samis, K.E. & Eckert, C.R.G. (2007) Testing the abundant center model using range-wide
demographic surveys of two coastal dune plants. Ecology, 88, 1747—-1758.

Santos-Gally, R., de Castro, A., Pérez-Barrales, R. & Arroyo, J. (2015) Stylar polymorphism on
the edge: unusual flower traits in Moroccan Narcissus broussonetii (Amaryllidaceae).
Botanical Journal of the Linnean Society, 177, 644—656.

Santos-Gally, R., Gonzalez-Voyer, A. & Arroyo, J. (2013a) Deconstructing heterostyly: the
evolutionnary rol of incompatibility system, pollinators, and floral architecture.
Evolution, 67, 2072—-2082.

Santos-Gally, R., Pérez-Barrales, R., Simén, V.. & Arroyo, J. (2013b) The role of short-
tongued insects in floral variation across the range of a style-dimorphic plant. Annals
of Botany, 111, 317-328.

Santos-Gally, R., Vargas, P. & Arroyo, J. (2012) Insights into Neogene Mediterranean
biogeography based on phylogenetic relationships of mountain and lowland lineages
of Narcissus (Amaryllidaceae): Historical biogeography of Narcissus. Journal of
Biogeography, 39, 782—798.

Schemske, D.W., Mittelbach, G.G., Cornell, H.V., Sobel, J.M. & Roy, K. (2009) Is there a
latitudinal gradient in the importance of biotic interactions? Annual Review in
Ecology Evolution and Systematic, 40, 245—-269.

Schluter, D. & Repasky, R.R. (1991) Worldwide limitation of finch densities by food and other
factors. Ecology, 1763-1774.

224
Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

Schmitt, J. (1983) Density-dependent pollinator foraging, flowering phenology, and temporal
pollen dispersal patterns in Linanthus bicolor. Evolution, 37, 1247-1257.

Schonswetter, P., Stehlik, |., Holderegger, R. & Tribsch, A. (2005) Molecular evidence for
glacial refugia of mountain plants in the European Alps. Molecular Ecology, 14, 3547—
3555.

Schwaegerle, K.E. & Schaal, B.A. (1979) Genetic variability and founder effect in the pitcher
plant Sarracenia purpurea L. Evolution, 1210-1218.

Schwinning, S. & Sala, O.E. (2004) Hierarchy of responses to resource pulses in arid and semi-
arid ecosystems. Oecologia, 141, 211-220.

Seddon, P.J., Armstrong, D.P. & Maloney, R.F. (2007) Developing the Science of
Reintroduction Biology. Conservation Biology, 21, 303—-312.

Sexton, J.P., Hangartner, S.B. & Hoffmann, A.A. (2014) Genetic isolation by environment or
distance: which pattern of gene flow is most common? Evolution, 68, 1-15.

Sexton, J.P., Mclintyre, P.J., Angert, A.L. & Rice, K.J. (2009) Evolution and Ecology of Species
Range Limits. Annual Review of Ecology, Evolution, and Systematics, 40, 415-436.

Sexton, J.P., Strauss, S.Y. & Rice, K.J. (2011) Gene flow increases fitness at the warm edge of
a species’ range. Proceedings of the National Academy of Sciences, 108, 11704—
11709.

Shafer, A., Cullingham, C.I., Cote, S.D. & Coltman, D.W. (2010) Of glaciers and refugia: a
decade of study sheds new light on the phylogeography of northwestern North
America. Molecular Ecology, 19, 4589-4621.

Shelford, V.E. (1911) Physiological animal geography. Journal of Morphology, 22, 551-618.

Shore, J.S. & Barrett, S.C.H. (1985) The genetics of distyly and homostyly in Turnera ulmifolia
(Turneraceae). Heredity, 55, 167-174.

Shulgina, 1., Yakubov, B., Orlovsky, N., Mendlinger, S. & Volis, S. (2006) Genetic (RAPD)
diversity across species range: Core vs. peripheral populations of wild barley in Israel
and Turkmenistan. Israel Journal of Ecology & Evolution, 52, 93—109.

Shumaker, K.M. & Babble, G.R. (1980) Patterns of allozymic similarity in ecologically central
and marginal populations of Hordeum jubatum in Utah. Evolution, 34, 110-116.

Siikamaki, P. & Lammi, A. (1998) Fluctuating asymmetry in central and marginal populations
of Lychnis viscaria in relation to genetic and environmental factors. Evolution, 1285—
1292.

Simén-Porcar, V.., Picd, F.X. & Arroyo, J. (2015) Range-wide population genetics and
variation in morph ratio in style-dimorphic Narcissus papyraceus. American Journal of
Botany, 102, 449-456.

225
Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

Smith, T.B., Kark, S., Schneider, C.J., Wayne, R.K. & Moritz, C. (2001) Biodiversity hotspots
and beyond: the need for preserving environmental transitions. Trends in Ecology &
Evolution, 16.

Soulé, M. (1973) The epistasis cycle: a theory of marginal populations. Annual review of
ecology and systematics, 4, 165—-187.

Spector, S. (2002) Biogeographic crossroads as priority areas for biodiversity conservation.
Conservation Biology, 16, 1480-1487.

Stalker, H.D. (1964) Chromosomal polymorphism in Drosophila euronotus. Genetics, 49, 669.

Stanton-Geddes, J., Shaw, R.G. & Tiffin, P. (2012a) Interactions between soil habitat and
geographic range location affect plant fitness. PloS one, 7, e36015.

Stanton-Geddes, J., Tiffin, P. & Shaw, R.G. (2012b) Role of climate and competitors in limiting
fitness across range edges of an annual plant. Ecology, 93, 1604—-1613.

Stewart Jr, C.N. & Nilsen, E.T. (1995) Phenotypic plasticity and genetic variation of Vaccinium
macrocarpon, the American cranberry. . Reaction norms of clones from central and
marginal populations in a common garden. International Journal of Plant Sciences,
687-697.

Stewart, J.R. & Lister, A.M. (2001) Cryptic northern refugia and the origins of the modern
biota. Trends in Ecology & Evolution, 16, 608-613.

Stone, J.L., Crystal, P.A., Devlin, E.E., Downer, R.L. & Cameron, D.S. (2012) Highest genetic
diversity at the northern range limit of the rare orchid Isotria medeoloides. Heredity,
109, 215-221.

Struillou, J.F. (2004) L’évolution du cadre légal des études d’impact. Revue juridique de
I’environnement, 75-82.

Suc, J.-P. (1984) Origin and evolution of the Mediterranean vegetation and climate in
Europe. Nature, 307, 429-432.

Sunmonu, N. & Kudo, G. (2015) Warm temperature conditions restrict the sexual
reproduction and vegetative growth of the spring ephemeral Gagea lutea (Liliaceae).
Plant Ecology, 1-13.

Svensson, B.W. (1992) Changes in occupancy, niche breadth and abundance of three Gyrinus
species as their respective range limits are approached. Oikos, 63, 147-156.

Swets, J.A. (1988) Measuring the accuracy of diagnostic systems. Science, 240, 1285-1293.

Szovényi, P., Arroyo, K., Guggisberg, A. & Conti, E. (2009) Effects of Pleistocene glaciations on
the genetic structure of Saxifraga florulenta (Saxifragaceae), a rare endemic of the
Maritime Alps. Taxon, 58, 532-543.

226
Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

Taberlet, P., Fumagalli, L., Wust-Saucy, A.-G. & Cosson, J.-F. (1998) Comparative
phylogeography and postglacial colonisation routes in Europe. Molecular Ecology, 7,
453-464.

Thomas, C.D., Bodsworth, E.J., Wilson, R.J., Simmons, A.D., Davies, Z.G., Musche, M. &
Conradt, L. (2001) Ecological and evolutionary processes at expanding range margins.
Nature, 411, 577-581.

Thompson, J.D. (1999) Population differentiation in Mediterranean plants: insights into
colonization history and implications for species diversification. Heredity, 82, 229-
236.

Thompson, J.D. (2005) Plant Evolution in the Mediterranean. Oxford University Press Oxford.

Thompson, J.D., Barrett, S.C.H. & Baker, A.M. (2003) Frequency-dependent variation in
reproductive success in Narcissus: implications for the maintenance of stigma-height
dimorphism. Proceedings of the Royal Society B: Biological Sciences, 270, 949-953.

Thompson, J.D., Cesaro, A.C. & Arroyo, J. (2012) Morph ratio variation and sex organ
reciprocity in style-dimorphic Narcissus assoanus. International Journal of Plant
Sciences, 173, 885—-893.

Thompson, J.D., Gaudeul, M. & Debussche, M. (2010) Conservation value of sites of
hybridization in peripheral populations of rare plant species. Conservation Biology,
24, 236-245.

Thompson, J.D. & Gauthier, P. (2011) Activités Humaines et Dynamique de La Biodiversité En
Région Méditerranéenne. Problématique Scientifique, Enjeux de Conservation.

Thompson, J.D., Lavergne, S., Affre, L., Gaudeul, M. & Debussche, M. (2005) Ecological
differentiation of Mediterranean endemic plants. Taxon, 54, 967-976.

Thuiller, W. (2013) On the importance of edaphic variables to predict plant species
distributions — limits and prospects. Journal of Vegetation Science, 24, 591-592.

Thuiller, W. (2014) Editorial commentary on “BIOMOD-optimizing predictions of species
distributions and projecting potential future shifts under global change.” Global
change biology, 20, 3591-3592.

Thuiller, W., Albert, C., Aradjo, M.B., Berry, P.M., Cabeza, M., Guisan, A., Hickler, T., Midgley,
G.F., Paterson, J., Schurr, F.M., Sykes, M.T. & Zimmermann, N.E. (2008) Predicting
global change impacts on plant species’ distributions: Future challenges. Perspectives
in Plant Ecology, Evolution and Systematics, 9, 137-152.

Thuiller, W., Aralijo, M.B. & Lavorel, S. (2004) Do we need land-cover data to model species
distributions in Europe? Journal of Biogeography, 31, 353—-361.

227
Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

Thuiller, W., Lavorel, S., Araujo, M.B., Sykes, M.T. & Prentice, I.C. (2005) Climate change
threats to plant diversity in Europe. Proceedings of the National Academy of Sciences
USA, 102, 8245-8250.

Tigerstedt, P.M.A. (1973) Studies on isozyme variation in marginal and central populations of
Picea abies. Hereditas, 75, 47—60.

Tollefsrud, M.M., Sgnstebg, J.H., Brochmann, C., Johnsen, @., Skrgppa, T. & Vendramin, G.G.
(2009) Combined analysis of nuclear and mitochondrial markers provide new insight
into the genetic structure of North European Picea abies. Heredity, 102, 549-562.

Torregrosa, A., Taylor, M.D., Flint, L.LE. & Flint, A.L. (2013) Present, future, and novel
bioclimates of the San Francisco, California region. PloS one, 8, e58450.

Townsend Jr, J.I. (1952) Genetics of marginal populations of Drosophila willistoni. Evolution,
428-442.

Transeau, E.N. (1903) On the geographic distribution and ecological relations of the bog
plant societies of northern North America. Botanical Gazette, 401-420.

Transeau, E.N. (1905) Forest Centers of Eastern America.

Turrill, W.B. (1939) Principles of plant geography. Bulletin of Miscellaneous Information,
208-237.

Tzedakis, P.C., Emerson, B.C. & Hewitt, G.M. (2013) Cryptic or mystic? Glacial tree refugia in
northern Europe. Trends in ecology & evolution, 28, 696—704.

Valero-Garcés, B.L., Gonzalez-Sampériz, P., Navas, A., Machin, J., Delgado-Huertas, A., Pefia-
Monné, J.L., Sancho-Marcén, C., Stevenson, T. & Davis, B. (2004) Paleohydrological
fluctuations and steppe vegetation during the last glacial maximum in the central
Ebro valley (NE Spain). Quaternary International, 122, 43-55.

Valladares, F., Benavides, R., Rabasa, S.G., Diaz, M., Pausas, J.G., Paula, S. & Simonson, W.D.
(2014) Global change and Mediterranean forests: current impacts and potential
responses. Forests and global change, pp. 47-75. Cambridge University Press,
Cambridge.

Van Couwenberghe, R., Collet, C., Pierrat, J.-C., Verheyen, K. & Gégout, J.-C. (2013) Can
species distribution models be used to describe plant abundance patterns?
Ecography, 36, 665—674.

VanDerWal, J., Shoo, L.P., Johnson, C.N. & W.illiams, S.E. (2009) Abundance and the
environmental niche: environmental suitability estimated from niche models predicts
the upper limit of local abundance. The American Naturalist, 174, 282—-291.

Van Rossum, F. & Prentice, H.C. (2004) Structure of allozyme variation in Nordic Silene
nutans (Caryophyllaceae): population size, geographical position and immigration
history. Biological Journal of the Linnean Society, 81, 357-371.

228

Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

Van Rossum, F., Vekemans, X., Gratia, E. & Meerts, P. (2003) A comparative study of
allozyme variation of peripheral and central populations of Silene nutans L.
(Caryophyllaceae) from Western Europe: implications for conservation. Plant
Systematics and Evolution, 242, 49-61.

Van Treuren, R., Bijlsma, R., Ouborg and, N.J. & Van Delden, W. (1993) The effects of
population size and plant density on outcrossing rates in locally endangered Salvia
pratensis. Evolution, 47, 1094-1104.

Vaupel, A. & Matthies, D. (2012) Abundance, reproduction, and seed predation of an alpine
plant decrease from the center toward the range limit. Ecology, 93, 2253-2262.

Vavilov, N. (1926) Studies on the origin of cultivated plants. Bulletin of applied botany and
plant breeding, 26, 1-248.

Veloz, S.D., Williams, J.W., Blois, J.L., He, F., Otto-Bliesner, B. & Liu, Z. (2012) No-analog
climates and shifting realized niches during the late quaternary: implications for 21st-
century predictions by species distribution models. Global Change Biology, 18, 1698—
1713.

Vergeer, P. & Kunin, W.E. (2013) Adaptation at range margins: common garden trials and the
performance of Arabidopsis lyrata across its northwestern European range. New
Phytologist, 197, 989—-1001.

Villellas, J., Doak, D.F., Garcia, M.B. & Morris, W.F. (2015) Demographic compensation
among populations: what is it, how does it arise and what are its implications?
Ecology Letters, 18, 1139-1152.

Villellas, J., Ehrlén, J., Olesen, J.M., Braza, R. & Garcia, M.B. (2012) Plant performance in
central and northern peripheral populations of the widespread Plantago coronopus.
Ecography, 36, 136—-145.

Vimal, R., Mathevet, R. & Thompson, J.D. (2012a) The changing landscape of ecological
networks. Journal of Nature Conservation, 20, 49-55.

Vimal, R., Pluvinet, P., Sacca, C., Mazagol, P.-0., Etlicher, B. & Thompson, J.D. (2012b)
Exploring spatial patterns of vulnerability for diverse biodiversity descriptors in
regional conservation planning. Journal of Environmental Planning, 96, 9-16.

Vucetich, J.A. & Waite, T.A. (2003) Spatial patterns of demography and genetic processes
across the species’ range: null hypotheses for landscape conservation genetics.
Conservation genetics, 4, 639—645.

Wagner, V., von Wehrden, H., Wesche, K., Fedulin, A., Sidorova, T. & Hensen, I. (2011)
Similar performance in central and range-edge populations of a Eurasian steppe grass
under different climate and soil pH regimes. Ecography, 34, 498-506.

Walck, J.L., Hidayati, S.N., Dixon, K.W., Thompson, K.E.N. & Poschlod, P. (2011) Climate

change and plant regeneration from seed. Global Change Biology, 17, 2145-2161.
229

Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

Wallace, A.R. (1876) The Geographical Distribution of Animals, with a Study of the Relations
of Living and Extinct Faunas as Ducidating the Past Changes of the Earth’s Surface;
with Maps and Illustrations; in Two Volumes.

Wang, 1.J., Glor, R.E. & Losos, J.B. (2013) Quantifying the roles of ecology and geography in
spatial genetic divergence. Ecology letters, 16, 175—-182.

Wasof, S., Lenoir, J., Gallet-Moron, E., Jamoneau, A., Brunet, J., Cousins, S.A.O., De Frenne,
P., Diekmann, M., Hermy, M., Kolb, A, Liira, J., Verheyen, K., Wulf, M. & Decocq, G.
(2013) Ecological niche shifts of understorey plants along a latitudinal gradient of
temperate forests in north-western Europe: Species’ realized-niche shifts across
latitude. Global Ecology and Biogeography, 22, 1130-1140.

Weller, S.G. (1986) Factors influencing frequency of the mid-styled morph in tristylous
populations of Oxalis alpina. Evolution, 40, 279-289.

Whittaker, R.H. (1956) Vegetation of the great smoky mountains. Ecological Monographs,
26, 1-80.

Whittaker, R.H. (1960) Vegetation of the Siskiyou mountains, Oregon and California.
Ecological monographs, 30, 279-338.

Whittaker, J.B. (1971) Population changes in <i>Neophilaenus lineatus<i> (L.)(Homoptera:
Cercopidae) in different parts of its range. The Journal of Animal Ecology, 425—-443.

Wiens, J.J. & Graham, C.H. (2005) Niche conservatism: integrating evolution, ecology, and
conservation biology. Annual review of ecology, evolution, and systematics, 519-539.

Williams, C.K., lves, A.R. & Applegate, R.D. (2003) Population dynamics across geographical
ranges: time-series analyses of three small game species. Ecology, 84, 2654—-2667.

Williams, J.W., Shuman, B.N., Webb llI, T., Bartlein, P.J. & Leduc, P.L. (2004) Late-Quaternary
vegetation dynamics in North America: scaling from taxa to biomes. Ecological
Monographs, 74, 309-334.

Woods, K.D. & Davis, M.B. (1989) Paleoecology of range limits: beech in the upper peninsula
of Michigan. Ecology, 70, 681—696.

Woodward, F.l. (1987) Climate and Plant Distribution. Cambridge University Press.

Worley, A.C., Baker, A.M., Thompson, J.D. & Barrett, S.C. (2000) Floral display in Narcissus:
variation in flower size and number at the species, population, and individual levels.
International Journal of Plant Sciences, 161, 69-79.

Wright, S. (1943) Isolation by distance. Genetics, 28, 114—-138.

Yeh, F.C. & Layton, C. (1979) The organization of genetic variability in central and marginal
populations of lodgepole pine Pinus contorta spp. latifolia. Canadian Journal of
Genetics and Cytology, 21, 487-503.

230
Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



Bibliography

Youssef, S., Baumel, A., Véla, E., Juin, M., Dumas, E., Affre, L. & Tatoni, T. (2011) Factors
underlying the narrow distribution of the Mediterranean annual plant Arenaria
provincialis (Caryophyllaceae). Folia Geobotanica, 46, 327—-350.

Zalewska-Gatosz, J., Nowak, A. & Dajdok, Z. (2012) Ecological variation between marginal
and central populations of Potamogeton polygonifolius, a rare and endangered
species in Central Europe. Journal for Nature Conservation, 20, 76—84.

231
Papuga Guillaume

PhD Thesis in Environmental Biology — University of Sassari, 2015 — XXVIlI cycle



