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Abstract

Climatic history and ecology are considered the most important factors moulding the

spatial pattern of genetic diversity. With the advent of molecular markers, species�
historical fates have been widely explored. However, it has remained speculative what

role ecological factors have played in shaping spatial genetic structures within species.

With an unprecedented, dense large-scale sampling and genome-screening, we tested

how ecological factors have influenced the spatial genetic structures in Alpine plants.

Here, we show that species growing on similar substrate types, largely determined by the

nature of bedrock, displayed highly congruent spatial genetic structures. As the

heterogeneous and disjunctive distribution of bedrock types in the Alps, decisive for

refugial survival during the ice ages, is temporally stable, concerted post-glacial migration

routes emerged. Our multispecies study demonstrates the relevance of particular

ecological factors in shaping genetic patterns, which should be considered when

modelling species projective distributions under climate change scenarios.
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I N T R O D U C T I O N

A fundamental question in biology is what factors determine

the distribution of species (von Humboldt 1805; De

Candolle 1820; Darwin 1859). After life-history traits,

climatic history and ecology have been considered the most

important factors influencing species� distribution and

biogeographic patterns (Cox & Moore 2005). Past climatic

fluctuations caused by orbital and tectonic forces (Williams

et al. 1998) have continuously modified landscapes and

biodiversity on the planet. For instance, glacial cycles have

shaped biogeographic patterns through processes such as

dispersal, vicariance and extinction (Bennett 1990; Hewitt

1996, 1999, 2000; Comes & Kadereit 1998; Taberlet &

Cheddadi 2002). During the last two decades, phylogeo-

graphic studies at the intraspecific level have revealed that
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glacial refugia and post-glacial dispersal along colonization

pathways strongly moulded spatial genetic patterns of

species (Hewitt 1996, 1999; Taberlet et al. 1998; Petit et al.

2002; Avise 2009). Furthermore, it seems likely that the

ecological requirements of species or intraspecific lineages

have considerably influenced their glacial fate.

As early as in the beginning of the 20th century, it had

been proposed that species are distributed deterministi-

cally with respect to each other and to ecological

gradients (Clements 1916; Whittaker 1967; Diamond

1975; Gotelli & McCabe 2002). Populations of distinct

species might therefore have survived in the same

refugium and have consequently followed the same

migratory routes during climatic changes (i.e. species

assemblages moving as complete communities; McGill

et al. 2005). A contrasting view is that species are

distributed independently since their ecological require-

ments never overlap precisely (Gleason 1926; Whittaker

1967). Thus, post-glacial migration pathways and extant

species distributions are the results of predominantly

stochastic processes affected by, e.g. climatic clines

(Graham et al. 1996; Wiens & Donoghue 2004) or

topographical barriers (Hewitt 1996).

An approach to further understanding whether recol-

onization of deglaciated areas might result from factors

other than climate and topography is to relate species�
phylogeographies to their ecological requirements. To

explore the possibility that ecological factors have affected

species� large-scale phylogeographic patterns, we used

high-mountain plant species of the European Alps as a

study system. As the Alps were strongly and repeatedly

glaciated during the Quaternary (Cox & Moore 2005),

species faced major range shifts and, if at all, survived in

refugia along the border of the Alps (Schönswetter et al.

2005) or rarely so in some ice-free nunatak areas within

the intensively glaciated range (Stehlik et al. 2002; Bettin

et al. 2007). Hence, we expect that species followed

migration routes into and out of refugial areas direction-

ally guided by their ecological requirements. This would

have driven species that share the same ecological traits

to exhibit similar spatial genetic patterns i.e. similar spatial

distributions of major gene pools. In other words, if two

species share key ecological requirements, their past

migration, as inferred from respective refugial locations

and recolonization pathways, should resemble each other.

Based on the above assumptions, we compared the

phylogeographic patterns of 27 widely distributed Alpine

plant species and related these to their respective ecological

characteristics. To assess these patterns, we exhaustively

sampled all species on a regular large-scale grid across the

entire Alps and determined genetic variation through genetic

fingerprinting. We found that among the ecological factors

tested, only substrate type, which relates to calcareous or

siliceous bedrock, revealed a significant effect on the genetic

structure in these study species. Thus, we conclude that

bedrock distribution and availability had a major effect on

the migration pathways during post-glacial re-colonization

of the Alps.

M A T E R I A L S A N D M E T H O D S

Sampling design and genotyping

We investigated the phylogeography of 27 Alpine plant

species sampled across the European Alps. These mostly

widespread, abundant species represented a broad range of

characteristics with regard to, e.g. life history, ecological

niche, habitat type and taxonomy (Thiel-Egenter et al. 2009;

Tribsch et al. 2009). Sampling was accomplished according

to a grid with cell size of 20¢ longitude by 12¢ latitude

(c. 20 km · 22.5 km; Gugerli et al. 2008). Plant material of

three individuals was collected in one location of every

second cell if the respective species occurred there, resulting

in sample sizes ranging from 47 (Cerastium uniflorum) to 137

locations (Carex sempervirens; for location numbers of all

species see Gugerli et al. 2008). The three samples per

location represented spatial replicates within a grid cell. All

samples were genotyped using amplified fragment length

polymorphisms (AFLP) with three primer ⁄ enzyme combi-

nations (for details see Gugerli et al. 2008). This genome-

wide characterization of neutral genetic variation (Vos et al.

1995) allows an accurate assessment of the species� spatial

genetic structures (Alsos et al. 2007; Skrede et al. 2009).

Based on individual fingerprinting patterns, we generated

matrices of presence ⁄ absence of markers independently for

every species.

Identification of genetic structure

Within the software STRUCTURE (Pritchard et al. 2000),

individuals were assigned to genetic clusters using model-

based Bayesian clustering. With this population genetic

approach, we aimed at finding genetically homogeneous

clusters of sampling locations and identifying contact

zones, irrespective of the species� phylogenetic relation-

ships. STRUCTURE builds an a priori number of clusters, K,

aiming at minimizing deviations from Hardy–Weinberg

equilibrium and linkage disequilibrium within these clus-

ters, and provides the probability of individuals to be

assigned to either of the K clusters. A preliminary

assignment was performed for a subset of species, using

both the standard version of STRUCTURE 2.0 (Pritchard et al.

2000) and a modified version for dominant markers

(STRUCTURE 2.2; Falush et al. 2007). Both methods yielded

highly similar results when the uncorrelated allele fre-

quencies and the no-admixture models were selected
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(R2 > 0.99 when correlating assignment probabilities

obtained with both methods). We therefore used the

standard version of the software with uncorrelated allele

frequencies and no-admixture parameters. After a burn-in

period of 200 000 cycles, 1 000 000 Markov chain Monte

Carlo simulations were performed for K ranging from 1

to 5. K = 5 was set as the maximum number of clusters

for the following reasons. First, we wanted to compare

large-scale genetic structures among species rather than to

consider local gene pools, which typically arise at higher

K-values. Second, the within-species spatial genetic struc-

tures of Alpine plants is generally assumed to be less than

five on the scale of the Alpine range (Schönswetter et al.

2005). For each K, 20 independent runs were conducted

and we selected the run with the highest likelihood for

further analysis. We stopped using the resulting assign-

ments at the K-value at which the following criteria were

met: (i) The likelihood of K = n + 1 is lower than that of

K = n or (ii) the maximum value for individual assign-

ment probabilities in at least one cluster within K = n + 1

is lower than 0.5 (i.e. according to the majority-rule

concept). Therefore, between one and five genetic clusters

were finally obtained for each of the 27 species (Table 1).

Mean probability of assignment to each of the K clusters

was recorded per sampling location, and the respective

patterns were visualized for each species in ARCGIS 9.1

(ESRI, Redlands, CA, USA).

Interspecific comparisons of genetic structures

To compare the phylogeographic patterns among species,

we used the STRUCTURE outputs for each K-value, namely

the average assignment probabilities of a sample location

to each cluster. We applied SIMIL to compute the

similarity between genetic structures of species pairs

(genetic-structure-similarity index, GSS; Alvarez et al.

2008), obtaining a GSS matrix for each of the four

K-values. The SIMIL algorithm tests all cluster combi-

nations per species pair and considers the combination

that maximizes the final average value of GSS for each

species pair. That is, in each cell we computed the

between-species absolute differences of assignment prob-

abilities and averaged over all cells. To down-weight cases

in which the overlapping fraction of the sampling areas of

each species pair was very low, we adjusted the

corresponding similarity indices using the weighting

procedure suggested by Alvarez et al. (2008; i.e. GSS

mean). Subsequently, a matrix comprising the weighted

similarity indices for all species pairs was constructed for

each K-value. For each species pair, one (i.e. when only

K = 2 yielded a suitable spatial structure) to four different

patterns (i.e. when K = 2 to 5 allowed a comparison of

the spatial structure) were compared.

Ecological indicators

Ecological requirements of a large number of Alpine plants

have been documented by Landolt (1977) using, among

others, the five indicators moisture, soil reaction (i.e. a proxy

for soil pH), temperature, light and nutrient availability (i.e.

nitrogen). These ecological indicators, which define a

species� common habitat under competitive interactions,

are based on a compilation of ecological data from the last

century and are widely used in vegetation ecology (Diekmann

2003). Prior Mantel tests based on the trait similarity matrices

showed a correlation of a further indicator, namely conti-

nentality, with the indicators moisture and light (r = 0.20 and

0.25, respectively). Thus, continentality was not considered

in further analyses. As successional status (see below) and

moisture were only weakly correlated (r = 0.13), we kept

both of them in the analyses. For each of the above five

indicators, Landolt attributed values (LV) ranging from 1 to

5, reflecting an increase in species� requirements (e.g. a soil

reaction indicator value of 1 characterizes species adapted to

very acidic substrate types whereas a value of 5 indicates

species growing on very alkaline substrate types). To increase

the power of our analysis and to obtain equal class sizes,

indicator values were grouped so that classes comprised at

least five observations, which resulted in a ternary classifi-

cation for moisture and soil reaction, and a binary

classification for nutrients, light and temperature (Table 1).

We classified the indicators as follows: light: (i) moderately

high (LV = 3–4) or (ii) very high (LV = 5); nutrients: (i) low

(LV = 1–2) or (ii) moderately high (LV = 3–4); tempera-

ture: (i) very low (LV = 1) or (ii) low (LV = 2); moisture: (i)

low (LV = 2), (ii) intermediate (LV = 3) or (iii) high

(LV = 4–5). Soil reaction was classified according to the

substrate type affinity as follows: (i) silicicolous species (i.e.

mainly growing on substrates based on crystalline, mostly

acidic bedrock; LV = 2); (ii) intermediate species (i.e.

growing either on crystalline and limestone bedrocks or on

bedrock of intermediate acidity; LV = 3) and (iii) calcicolous

species (i.e. mainly growing on alkaline substrates on

limestone bedrock; LV = 4–5). We used successional status

as a further indicator, comprising the three classes early

successional, intermediate successional and late successional.

Early successional habitats are generally composed of a

shallow A-horizon of soil, typically found in plant commu-

nities on scree and rocks, whereas late-successional habitats

have developed soils as found in Alpine grassland commu-

nities. The classification of species was based on descriptions

in Aeschimann et al. (2004) and on the authors� expert

knowledge.

Based on Landolt�s indicators and on successional status,

similarity matrices were constructed for all species pairs,

containing the values 1 for a shared indicator value and 0 for

a different value. To investigate more thoroughly the effect
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of substrate type affinity of species on the GSS pattern, we

inferred a more detailed similarity matrix in which species

pairs were split into four types, i.e. both species calcicolous,

both species intermediate, both species silicicolous or both

species with different substrate type affinities. Among the

six indicators describing ecological requirements, the nutri-

ents values did not substantially vary among species, because

alpine plant species mostly grow on nutrient-poor soils. This

indicator was therefore discarded from the analysis. All

other indicators varied sufficiently and could be compared

with the phylogeographic patterns.

Correlations between genetic structure and ecological
indicators

For each K-value, we independently tested the influence of

ecological requirements on genetic structures by performing

Mantel tests using Congruence Among Distance Matrices

(CADM) (Legendre & Lapointe 2004), and further deter-

mining Mantel Spearman�s correlation coefficients r based

upon ranks and one-tailed probabilities of the Mantel

statistics after 100 000 permutations. We used the four

matrices of GSS indices, each corresponding to a given

value of K, and the five matrices of ecological trait

similarities. Only those species were considered at each K

for which a reliable phylogeographic signal was obtained in

the STRUCTURE analysis, hence, the higher the K-value, the

lower the number of species. Furthermore, we computed a

global test of congruence among all distance matrices,

considering only the species for which a satisfactory pattern

was obtained with K = 5. Thus, the method applied in

CADM for the global test of congruence can be seen as an

extension of the Mantel test of matrix correspondence by

correlating more than two similarity matrices. Finally, we

compared GSS values at different K-values, among groups

of species showing different substrate type affinities, by

performing multivariate analyses of variance (MANOVA) in

JMP 5.0.1 (2003, SAS Institute, Cary, NC, USA). Kolmo-

gorov–Smirnov one-sample tests were significant for GSS

values with K = 2, but not for GSS values with K = 3–5.

We therefore assumed that the assumption for multivariate

normality was not substantially violated.

R E S U L T S

Phylogeographic patterns

The AFLP genotyping resulted in 58–429 polymorphic

markers per species. STRUCTURE analyses indicated distinct

phylogeographic patterns in 26 of the 27 species (Table 1).

Only Ligusticum mutellinoides showed the highest likelihood

with one single cluster (henceforth the number of clusters

will be defined as the K-value; Table 1). The genetic

structures obtained showed striking geographic consistency,

i.e. the clusters within a species were spatially aggregated and

admixture areas were often restricted to narrow zones

(Fig. 1). Carex firma and Sesleria caerulea exhibited highest

likelihoods with K = 2 and were therefore not considered

for the analysis with higher K-values. Twenty-four species

revealed clear phylogeographic patterns at K = 3 or 4. At

K = 5, maximum probabilities of assignment to a cluster

were lower than 0.5 in Androsace obtusifolia, Carex sempervirens

and Hypochaeris uniflora, wherefore theses species were

discarded for K = 5. Dryas octopetala and Gypsophila repens

exhibited highest likelihoods at K = 4 and were likewise

discarded for K = 5. Thus, 19 species revealed clear

clustering results at K = 5 (Table 1).

Correlations between phylogeography and ecology

Computations of GSS indices were performed between

pairs of species. Whereas pairwise similarity of the ecological

indicators moisture, temperature, light and of successional

type were not correlated with GSS, the effect of soil reaction

was highly significant. This held true both when performing

individual Mantel tests between the GSS matrices (i.e.

different GSS matrices were designed according to the K

number of clusters considered) and the ecological indicator

matrices (Table 2), and when computing a global test of

congruence among all distance matrices (Table 3; Legendre

& Lapointe 2004). The pattern found in silicicolous species

mainly showed an arrangement of phylogeographic clusters

along the East–West axis, i.e. contact zones were perpen-

dicular to the principal orientation of the Alps. In contrast,

calcicolous species showed a predominant arrangement of

clusters in the North or the South, i.e. along the Alpine arc

(Fig. 1). Species with unspecific substrate type affinities

revealed patterns with components of both types of cluster

orientations.

When comparing GSS, we found a significant effect of

soil reaction at all K-values tested (Table 2). Species pairs

sharing substrate type affinities showed significantly higher

GSS than species pairs growing on different substrate types

(Fig. 2). Generally, the level of GSS increased with

increasing K, except for calcicolous species which showed

a lower similarity at K = 5 than at K = 4. Calcicolous

species showed a trend to higher similarity than did

silicicolous species at K = 3–4. Unspecific species again

showed an intermediate position (Fig. 2).

D I S C U S S I O N

In this study, we used a large-scale comparison of single-

species phylogeographic patterns to identify the potential

ecological parameters that correlate with the spatial genetic

structure of populations in a heterogeneous environment.
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Whereas previous studies were unable to address convinc-

ingly this long-debated issue, we found that one specific

ecological factor, the substrate type affinity, i.e. soil reaction

sensu Landolt (1977), may be considered a major driver of

plant phylogeography. Hence, this study shows that the

phylogeographic patterns found in widespread Alpine plants

demonstrate a high level of congruence when considering

species growing on the same substrate type. While the

phylogeographic clusters of those species confined to acidic

soils on siliceous bedrock were arranged in an East–West

direction, species occurring on alkaline soils on calcareous

bedrock exhibited a North–South alignment of phylogeo-

graphic clusters (Fig. 1). Moreover, soil reaction significantly

explained differences in the similarity of spatial genetic

structures among species pairs (Tables 2 and 3). Species

pairs growing on the same substrate type showed phylogeo-

graphic patterns that were more similar than those of pairs

growing on different substrates (Fig. 2).

Even though it has been argued that present-day climatic

factors, e.g., summer drought, may be the cause of current

phylogeographic patterns (Piñeiro et al. 2007), explanations

for our results can be given in the light of the putative

location of Quaternary refugia and re-colonization routes,

which both were distributed differently according to

Figure 1 Sampling area, distribution of refugia and phylogeographic patterns of six representative Alpine species. The European Alps (above)

with potential peripheral refugia of Alpine plants on siliceous (red) and calcareous (blue) bedrock during the last glacial maximum (map

modified from Schönswetter et al. 2005). Phylogeographic structures (below) based on amplified fragment length polymorphisms (AFLPs)

exemplified by pairs of Alpine plant species with the same substrate type affinities (calcicolous, intermediate, silicicolous species). In each

species, pie charts correspond to the Bayesian assignment probabilities per sampling location (Pritchard et al. 2000) exemplified for each of

K = 4 phylogeographic clusters.
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bedrock type. Putative refugial areas of calcareous and

siliceous bedrock show marked patchiness along the Alpine

arc (Fig. 1), and species with different substrate type

affinities have been hypothesized to have survived glacial

periods in different refugia owing to the distinctive

geological pattern of the Alps (Schönswetter et al. 2005).

Putative refugia with predominantly siliceous bedrock were

mainly present along the southern and eastern Alpine

border, whereas those with calcareous bedrock were located

at the northern and south-western border of the Alpine arc.

There is a striking coincidence between the distribution of

putative refugia and the phylogeographic patterns found

here in silicicolous and calcicolous species, respectively

(Fig. 1; Brockmann-Jerosch & Brockmann-Jerosch 1926;

Stehlik 2000; Tribsch & Schönswetter 2003; Schönswetter

et al. 2005). Our results suggest that with the beginning of

climate warming after the Last Glacial Maximum

c. 18,000 years BP, populations followed suitable habitat

patches on either bedrock type when spreading from their

refugia. Since alpine soils are typically shallow and contin-

uously ablated due to erosion, geologic bedrock often

directly influences alpine plant life and species occurrence

(Ozenda 1988; Körner 2003). Thus, substrate type and its

spatial availability have shaped the migration pathways of

species, probably according to the concept of concerted

migration routes (Sanmartin et al. 2007) and with regard to

interspecific competition related to physiological optima

(Körner 2003). However, stability in niche realization and

competitive interactions cannot be presumed on the long

term. Therefore, plant communities changed over time, and

former vegetation assemblages may have no present-day

analogues (MacDonald et al. 2008). Nevertheless, our data

imply that species with similar substrate type affinities were

channelled to similar migration routes on the large scale,

though possibly at different times. Given the above

interpretation, our results suggest that large areas where a

particular substrate type dominated may have acted as

avenues potentially facilitating rapid expansion of those

species favouring the respective substrate type. On the other

hand, such areas may have acted as barriers for the

admixture of different refugial genetic lineages in species

with an affinity to the alternative bedrock type. This fact is

exemplified in calcicolous species. Here, the Central Alpine

massifs, which are dominated by siliceous bedrock, have

strongly impeded the intermixing of southern and northern

refugial lineages, enhancing the level of congruence in

migration pathways among calcicolous species. Accordingly,

re-colonization routes followed a longitudinal direction

from calcareous peripheral refugia, resulting in a respective

North–South alignment of the phylogeographic clusters

(Fig. 1). In silicicolous species, on the other hand, the

distinctiveness of phylogeographic clusters was likely caused

by the distribution of refugia with siliceous bedrock at the

Eastern and Southern Alpine borders.

In contrast to substrate type, the other ecological factors

studied here either do not vary at large spatial scales or they

are not constant over time and, thus, do not leave a

prominent imprint on species� migration routes and genetic

structures. Nevertheless, we do not rule out that these or

other factors, such as life-history traits, further impacted

phylogeographic patterns and genetic diversity (Hamrick &

Godt 1996; Nybom & Bartish 2000; Thiel-Egenter et al.

2009) in Alpine plants. An example might be successional

type, for which we observed a trend to affect GSS (Table 3).

However, species characteristics related to substrate, such as

Table 2 Mantel Spearman�s correlation coefficients r between

ecological trait similarity and genetic-structure similarity (Alvarez

et al. 2008)

Ecological

indicator

K = 2

(26 species)

K = 3

(24 species)

K = 4

(24 species)

K = 5

(19 species)

Light )0.0567 0.0412 )0.0185 0.0281

Moisture )0.0688 )0.0481 )0.0602 0.0549

Soil reaction 0.2287* 0.2853* 0.2609* 0.3757*

Temperature 0.0687 0.0375 0.0233 0.0365

Successional

type

)0.0302 0.0578 0.0331 0.0755

Correlation coefficients r are based upon ranks as calculated with

CADM (Legendre & Lapointe 2004). One-tailed probabilities of the

Mantel statistics after 100 000 permutations are computed sepa-

rately for the different numbers of phylogeographic clusters, K, as

obtained with STRUCTURE (Pritchard et al. 2000). *Significant test

statistics at P < 0.05 after Bonferroni correction (20 tests; P-value

cut-off = 0.0025).

Table 3 Results of the global Congruence Among Distance

Matrices (Legendre & Lapointe 2004) test computed among

distance matrices of genetic structure and ecological indicators

Factor tested P-value

Global test (H0: incongruence of all matrices) 0.00001*

Genetic structure similarity with K = 2 0.00001*

Genetic structure similarity with K = 3 0.00001*

Genetic structure similarity with K = 4 0.00001*

Genetic structure similarity with K = 5 0.00001*

Light 0.31469

Moisture 0.11147

Soil reaction 0.00494*

Successional type 0.02233

Temperature 0.12485

P-values represent probabilities of v2 after 10 000 permutations

(Friedman�s v2 = 465.99330; Kendall�s W with correction for tied

ranks = 0.27411) and a posteriori tests of congruence were calcu-

lated for each matrix separately. *Significant test statistics at

P < 0.05 after Bonferroni correction (9 tests; P-value cut-

off = 0.0056).
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physiology and interspecific competition, seem sufficiently

restrictive to have strongly driven plant migration along

certain pathways following climatic changes.

C O N C L U S I O N S

Our similarity-based approach contributes to the under-

standing of the long-debated relative roles of stochastic

processes and ecological determinants in shaping biogeo-

graphic patterns. The finding that some plant species may

migrate in concert according to their substrate type affinity

provides valuable information to understand the determi-

nants of community structure and to predict responses to

future climate change. The availability and spatial configu-

ration of habitats for species with different ecological

demands, as shown for substrate type in this study, to a large

degree may determine the species� ability for future

migrations. Therefore, it would seem valuable to conduct

large-scale studies in a wide range of organism groups to

identify the potential role of ecological variables for the

geographic distribution of gene pools under climate change

scenarios. This study further substantiates the relevance of

(post-)glacial history for the formation, survival and current

distribution of evolutionary lineages in Alpine species. The

respective spatial patterns should be considered in future

conservation efforts, which are usually restricted to entire

species as the relevant taxonomic unit.
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