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Abstract

A plant species’ genetic population structure is the result of a complex combination of its
life history, ecological preferences, position in the ecosystem and historical factors. As a
result, many different statistical methods exist that measure different aspects of species’
genetic structure. However, little is known about how these methods are interrelated and
how they are related to a species’ ecology and life history. In this study, we used the
IntraBioDiv amplified fragment length polymorphisms data set from 27 high-alpine
species to calculate eight genetic summary statistics that we jointly correlate to a set of six
ecological and life-history traits. We found that there is a large amount of redundancy
among the calculated summary statistics and that there is a significant association with the
matrix of species traits. In a multivariate analysis, two main aspects of population structure
were visible among the 27 species. The first aspect is related to the species’ dispersal
capacities and the second is most likely related to the species’ postglacial recolonization of
the Alps. Furthermore, we found that some summary statistics, most importantly Mantel’s
r and Jost’s D, show different behaviour than expected based on theory. We therefore

advise caution in drawing too strong conclusions from these statistics.
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Introduction

It is well known that a plant species’ life-history traits
influence both its genetic diversity and the way this
diversity is distributed over populations (Hamrick &
Godt 1989, 1996; Nybom & Bartish 2000; Nybom 2004;
Thiel-Egenter et al. 2009). The most important observa-
tions that have emerged from review studies on this
subject are that outcrossing, long-lived, late successional
and animal-dispersed species have high genetic diver-
sity and most of their genetic variation is found within
populations (Thiel-Egenter et al. 2009). Conversely, in
selfing, annual and early successional species most of
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the variation is found between populations. In addition,
species’ life-history traits have been shown to have a
significant effect on the degree of spatial autocorrelation
in the distribution of genetic variation (Vekemans &
Hardy 2004). These patterns are independent of the
type of genetic marker that is used (Nybom 2004) as
they have been shown for allozymes (Hamrick & Godt
1989, 1996), RAPDs (Nybom & Bartish 2000), microsat-
ellites (Nybom 2004) and amplified fragment length
polymorphisms (AFLPs, Thiel-Egenter et al. 2009).

It is also well known that historical events can have
profound effects on the distribution of genetic variation.
One important example is the pleistocene ice ages that
caused dramatic fluctuations in species’ ranges and
population sizes (Taberlet ef al. 1998, Hewitt 2000). A
common observation is that genetic variation is struc-
tured as a result of the postglacial recolonization from
multiple refugia, often resulting in a hierarchical popu-
lation structure and a lower diversity in the once-glaci-
ated part of the range (Schonswetter et al. 2005). Here,
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the ecological niche and life history of species also play
a role as they determine the species’ ability to respond
to climate changes. For example, using the IntraBioDiv
data set of 27 alpine plant species, Alvarez et al. (2009)
found that the spatial arrangement of population clus-
ters, that presumably resulted from postglacial recolon-
ization, was related to the species’ soil preference.

From the above, we see that there are different ways
in which a species” ecology and life-history traits affect
the distribution of genetic variation. Determining the
relative importance of these factors is difficult as they
can all influence the amount of differentiation among
populations, the strength of the spatial genetic structure,
or the genetic diversity within populations. Nowadays,
many different methods are used to test different
hypotheses regarding the genetic structure of species. F-
statistics are used to test population differentiation,
assignment tests are used to detect migrants, while
Mantel tests are used to analyse isolation by distance.
Even though several studies have shown the link
between species’ genetic structure and life-history traits
(Hamrick & Godt 1989, 1996, Nybom & Bartish 2000;
Nybom 2004; Vekemans & Hardy 2004), we still lack an
overview of how different genetic summary statistics
are correlated to each other, how they are jointly corre-
lated to species’ ecology and life-history traits, and
whether different statistics are correlated to different
traits. For example, a new statistic, D, has been devel-
oped for quantifying the amount of differentiation
among populations (Jost 2008), which circumvents some
statistical problems associated with Fsy. However, D has
been criticized since its value is independent of one of
the most important demographic parameters, the popu-
lation size, and is therefore less suited for inferences of
the effect of demography on the genetic structure
(Ryman & Leimar 2009; Meirmans & Hedrick 2011). It
would therefore be interesting to include both statistics
into a single analysis to test how they are correlated
with each other and with species’ ecological and life-his-
tory traits. However, a joint analysis of multiple genetic
summary statistics and species traits is difficult to per-
form by reviewing the existing literature due to the dif-
ferent sampling strategies, laboratory techniques and
different statistical methods used by different studies.

Here, we take advantage of the extraordinarily large
IntraBioDiv data set, already used by Gugerli et al.
(2008) and Alvarez et al. (2009), to investigate how dif-
ferent aspects of the species” genetic population structure
are related to each other and to the species’ ecological
preferences and life-history traits. The data set comprises
27 high-alpine species sampled using the same protocol
and analysed with the same laboratory technique (AFLP)
and statistical methods. We used this data set to calcu-
late for each species a set of eight genetic summary sta-
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tistics, which we jointly correlated to a set of six species
traits. We are especially interested in looking whether
the ecological traits and the life-history traits are differ-
ently related to the species’” genetic structure. On a more
technical note, we also explore how the different sum-
mary statistics relate to each other and to these traits.

Materials and methods

Sampling and genotyping

We used the IntraBioDiv AFLP-data set of 27 high-
alpine plant species (Alvarez et al. 2009). The included
species are all widespread and abundant and represent
a wide range of life-histories and ecological characteris-
tics. A detailed description of the sampling and geno-
typing protocols can be found in Alvarez et al. (2009)
and Gugerli et al. (2008). In short, sampling was per-
formed across the European Alps on a grid with a cell
size of 20" longitude by 12’ latitude (~20 x 22.5 km).
Plant material was sampled from every second cell of
the grid by taking leaves from three individuals at a
single location within the cell, when a species was pres-
ent in the cell. The number of locations sampled per
species ranged from 44 to 137, and the maximum dis-
tance between sampling locations for the species ranged
from 559 to 906 km (see Table 1). For genotyping, the
species were distributed over five different laboratories,
with every laboratory processing all individuals for five
or six species (Table 1). DNA extraction was performed
using a CTAB protocol (lab E), or the DNeasy 96 Plant
Kit (QIAGEN, labs A-D). The sampled individuals were
genotyped using AFLP (Vos et al. 1995) with three pri-
mer/enzyme combinations, yielding between 58 and
252 marker loci. Markers were separated using either
electrophoresis on 8% polyacrylamide gels (Iab E) or on
automatic capillary sequencers (labs A-D). Scoring the
markers as presence—absence was done by hand (lab E)
or automatically (labs A-D). This data set has already
been analysed with respect to the spatial distribution of
population clusters (Alvarez et al. 2009) and the within-
population heterozygosity (Thiel-Egenter et al. 2009).

Life history and ecological characters

We selected six life-history traits and ecological charac-
teristics that are either directly related to the species’
mode of dispersal or thought to affect the species’
genetic structure in other ways: soil substrate affinity,
altitude, ecological dominance, successional status,
mode of seed dispersal, and mode of pollination
(Table 1). The soil substrate affinity was classified into
three categories based on the classification of Landolt
(1977): (i) calcicolous, growing on substrate from alka-

85U8017 SUOWILLOD 3A1Te8.1D) 3ol [dde au A peuseno aJe Sspoile YO ‘@SN JO S8|ni o} Akeiq18uljuO A8|IA LD (SUOIPUOD-PUB-SWLBIW0D" A8 |1MAReql 18U [UO//:SdNL) SUORIPUOD pue SWwe 1 8y} 88S *[Z02/#0/20] Lo Areiqiauljuo A8|Im ‘Ariqi sesuexiy JO AisBAIUN AQ X#9TS0TTOZ Xy62-G9ET [TTTT 0T/I0p/W0d A8 1M AReuql iUt Juoy/:sdny wiolj pepeojumoq ‘ST ‘TTOZ ‘X62S9ET



3146 P.G. MEIRMANS ET AL.

Table 1 Plant species, abbreviations, number of sampled populations, sampling range (maximum distance between sampling loca-
tions), number of used AFLP markers and values for six different species traits. See the Materials and methods section for informa-

tion on the classification of the species traits

Markers Soil Succession Dominance Pollination Seed Altitude

Range
Species Abbreviation Lab Populations (km)
Androsace obtusifolia Aob B 45 814
Arabis alpina Aal A 129 902
Campanula barbata Cba D 104 799
Carex firma Cfi E 76 730
Carex sempervirens Cse Cc 137 898
Cerastium uniflorum Cun D 44 641
Cirsium spinosissimum Csp D 110 774
Dryas octopetala Doc A 124 861
Gentiana nivalis Gni D 74 825
Geum montanum Gmo Cc 122 862
Geum reptans Gre C 51 708
Gypsophila repens Gyr Cc 107 794
Hedysarum hedysaroides ~ Hhe E 76 807
Hornungia alpina Hal B 97 853
Hypochaeris uniflora Hun A 59 683
Juncus trifidus Jtr C 91 813
Ligusticum mutellinoides ~ Lmu E 56 808
Loiseleuria procumbens Lpr A 90 776
Luzula alpinopilosa Lal D 82 725
Pevcedanum ostruthium Pos E 117 783
Phyteuma betonicifolium  Pbt B 104 743
Phyteuma hemisphaericum Phm B 76 662
Ranunculus alpestris Ral B 79 841
Rhododendron ferrugineum Rfe A 126 850
Saxifraga stellaris Sst B 101 806
Sesleria caerulea Sca E 137 906
Trifolium alpinum Tal E 64 559

138
151
114
58
125
93
95
101
166
93
61
94
123
225
102
88
97
121
234
113
165
234
252
119
199
70
98
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line limestone bedrock; (ii) intermediate, growing on
either crystalline or limestone bedrock; (iii) silicicolous,
growing on acidic, crystalline bedrock. The range of the
altitudinal preference for a species was calculated as
the number of vegetation belts (colline, montane, subal-
pine, alpine and nival belt) in which it occurs, using
data from the Flora alpina (Aeschimann et al. 2004).
Vegetation belts where a species occurs only sparsely
were counted as 0.5, whereas vegetation belts where the
species occurs more frequently were counted as 1.0. So
for example, Carex sempervirens, which occurs at low fre-
quencies in the montane belt, but mostly in the sub-
alpine and alpine belts, was given an altitudinal range
score of (0.5 + 1.0 + 1.0) = 2.5. We also calculated the
average altitude for species based on the vegetation belts
but we found that these values were correlated with the
altitudinal range, with species with a preference for high
altitudes having a smaller altitudinal range.

All other traits were obtained from local flora and
experts’ knowledge of the species (A. Tribsch, M. Roni-
kier, S. Ertl & T. Englisch, unpublished, also see Thiel-
Egenter et al. 2009). The ecological dominance of spe-
cies in their main distribution range was classified as:

(i) nondominant; (ii) dominant. The successional stage
of the species was divided into three categories: (i) early
successional; (ii) mid-successional; (iii) late successional.
The mode of seed dispersal was classified into three
groups (i) gravity dispersal (boleochory); (ii) animal dis-
persal (zoochory); (iii) wind dispersal (anemochory).
The mode of pollination was classified into two groups
(i) animal pollination; (ii) wind pollination. No strict
selfers were included among the 27 species.

Genetic summary statistics

We used the AFLP-data to calculate a set of eight
genetic summary statistics, selecting statistics that are
generally thought to be related to a species’ dispersal
capacities and its population structure: Mantel’s r; the
genetic neighbourhood Nb; the within-population diver-
sity Hg; the total diversity Hy; the fixation index Fgr; the
differentiation measure D; the average dispersal dis-
tance from an assignment test; and the kurtosis of the
distribution of dispersal distances from an assignment
test. For the calculation of these summary statistics,
every sampling location was treated as a separate popu-
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lation. Since only three individuals were sampled per
location, the estimates of the population allele frequen-
cies are necessarily poor, which may lead to lower Hg
estimates and inflated Fgt. However, we believe that
this does not greatly affect our analysis, since the sam-
pling strategy was very uniform among the species and
we are primarily interested in comparing the summary
statistics among the 27 included species and not in the
values per se. Furthermore, because of the large number
of loci and the large number of sampling locations, the
standard errors of the estimated F-statistics were gener-
ally very low, at a value of 0.02 averaged over all spe-
cies, for an average Fsr of 0.34.

We used Mantel’s r (Mantel 1967) to describe the
strength of the correlation between the genetic and geo-
graphical distance. A matrix of Fgr values between all
pairs of populations was calculated, as well as a matrix
of geographical distances. The Mantel test was then per-
formed using the matrix of Fsp/(1 — Fsr) and the loga-
rithm of the geographic distance, as the relationship
between these two transformed matrices is expected to
be linear in a two-dimensional habitat (Rousset 1997).
These same two matrices were also used to calculate
Rousset’s Nb, which is a product of the population den-
sity and the mean squared distance of gene movements
(Rousset 1997), though it is also interpreted as the size
of the genetic neighbourhood. Nb can be estimated as
Nb = 1/by,5, Where by, is the slope of the regression
between Fsr/(1 — Fsr) and the logarithm of the geo-
graphical distance. Calculation and transformation of
the distance matrices, the Mantel tests and the regres-
sion analyses were performed using the program GENo-
Dive v. 2.0 (Meirmans & Van Tienderen 2004, available
from http:/ /www.patrickmeirmans.com).

The within-population diversity Hg and the total
diversity Ht were estimated from the AFLP data fol-
lowing the method of Lynch & Milligan (1994), using
the software AFLP-SURV (Vekemans 2002, available
from http://www.ulb.ac.be/sciences/lagev/aflp-surv.
html). Estimates of Fsr were obtained from an Analysis
of Molecular Variance (Excoffier et al. 1992), based on
pairwise differences between the AFLP profiles using
GeNODIVE. The estimates of the differentiation statistic D
were calculated from Jost’s (2008) equation 11 using
estimates of Hg and Hy obtained with AFLP-SURV. We
did not include the results of a clustering analysis of
the data to detect higher-level population structure
(Pritchard et al. 2000; Jombart et al. 2010), since we
were unable to obtain satisfactory estimates of the num-
ber of clusters for all species.

To estimate dispersal, we performed for every species
an assignment test in which we assigned all individuals
to their most likely location of origin. We used a dis-
tinctly spatial approach for the assignment test, where
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the marker frequencies of unsampled grid cells were
estimated by spatial interpolation using the geostatisti-
cal technique of Ordinary kriging (Cressie 1993). We
then inferred for every individual its most likely loca-
tion of origin on the grid based on the interpolated
allele frequencies, using the likelihood method of Paet-
kau et al. (1995) in combination with the leave-one-out
strategy (Paetkau ef al. 1998). Interpolated marker fre-
quencies lower than 0.005 were replaced with a fre-
quency of 0.005 (Paetkau et al. 1998). We then
calculated for every individual the inferred dispersal
distance, i.e. the distance between the sampling location
and the inferred location of origin. The inferred dis-
persal distances were then used to calculate the last two
summary statistics: the average dispersal distance of
putative migrants (individuals with nonzero distances)
and the kurtosis of the distribution of the inferred dis-
persal distances. We did not use an exclusion method
to filter putative migrants based on their likelihood val-
ues (Rannala & Mountain 1997; Cornuet et al. 1999;
Paetkau et al. 2004), as we noticed that those methods
tend to exclude mostly individuals with very short
inferred dispersal distances. The spatial assignment test
was performed in R (R Development Core Team 2010)
using a custom script, which is available upon request.
We used the fitvario and Kriging functions from the Ran-
domFields package (Schlater 2001) for maximum likeli-
hood fitting of an exponential variogram and
subsequent kriging of the marker frequencies over the
landscape.

Analysis of congruence between data sets

We used a redundancy analysis (RDA, Rao 1964) to
perform a direct comparison between the matrix with
genetic summary statistics and the matrix of species
traits. RDA is a canonical ordination technique where
the ordination of a matrix of variables Y is constrained
to be maximally related to combinations of variables in
a second matrix X. In practice, RDA is a combination of
a Principal Components Analysis (PCA) and multiple
regression (Legendre & Legendre 1998). First, a multiple
regression is performed between every variable in
matrix Y (the genetic summary statistics) and the
explanatory variables in matrix X (life-history and eco-
logical traits), and a matrix of fitted values of Y is pro-
duced. A PCA is then performed on the matrix of fitted
values. This PCA returns a number of independent axes
that describe how the variation in Y can be explained
by the correlations with the variables in matrix X. We
performed the RDA with the matrix of genetic sum-
mary statistics as the matrix Y of dependent variables,
and the matrix of species traits as the matrix X of inde-
pendent variables. Both matrices were standardized,
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and the kurtosis summary statistic was log-transformed
before performing the RDA.

An earlier analysis of the within-species analysis
using the same data set found that there was a strong
difference between the values for lab E and the other
four labs (fig. 2 in Thiel-Egenter et al. 2009). The rea-
sons for this difference were not exactly clear, but
Thiel-Egenter et al. (2009) gave two possible explana-
tions. First, labs A-D used capillary sequencers and
automated scoring of bands, whereas lab E used gel
electrophoresis and manual scoring of the bands. Sec-
ond, the species in lab E are all wind-dispersed and are
therefore expected to have a higher genetic diversity
(Hamrick & Godt 1996). Since this lab-effect can lead to
spurious correlations in our analyses, we accounted for
it in two different ways. In our main analysis, we used
Lab E as a covariate in the RDA, so that the effect of
the lab was ‘partialled out’ before the analysis. In addi-
tion, we performed the RDA without the species analy-
sed in lab E, so with only the subset of 21 species that
were analysed in labs A-D.

We used permutations to test the overall significance
of the RDA as well as the significance of individual
RDA-axes. As a test statistic for the overall test, we
used the amount of inertia in matrix Y that is explained
by the constrained analysis (i.e. the sum of all canonical
eigenvalues). For testing the significance of individual
RDA-axes, we used the axis-specific eigenvalue to cal-
culate Ter Braak’s (1990) F-statistic, using the approach
outlined in Legendre & Legendre (1998). We performed
the permutation test only for RDA-axes that explained
more than 10% of the variation in the matrix of fitted
values. The RDA was performed in R using the ‘vegan’
package (Oksanen et al. 2009) with the ‘rda’” command
to calculate the RDA and the ‘anova.cca’” command to
perform the permutations. The permutation test was
run with a maximum of 99 999 random permutations.
The results from the permutation test were verified
using a series of univariate aNovas. In addition to the
RDA, we performed standard PCAs on both matrices
individually to see how their variables were related to
each other outside of the constraints of the RDA. These
PCAs were performed using the ‘princomp’ command
in R.

Results

Table 2 shows that there is a wide range of population
structure patterns present among the 27 high-alpine spe-
cies, though in general all species had moderate to
strong population differentiation, which was significant
for all species (P = 0.001, 9999 permutations). Fsr-esti-
mates ranged from 0.14 for Ligusticum mutellinoides to
0.68 for Arabis alpina, with an average of 0.34. In contrast,

estimates of D were much lower with an average of only
0.09, with a minimum of 0.04 for Hypochaeris uniflora and
a maximum of 0.18 for Hedysarum hedysaroides. In all spe-
cies except Hornungia alpina, a significant pattern of iso-
lation by distance was present. The values of Mantel’s r
ranged from 0.04 for H. alpina to 0.65 for Phyteuma hemi-
sphaericum, with an average of 0.29.

The RDA revealed a significant relationship between
the matrix of genetic summary statistics and the matrix
of species traits (Table 3). The RDA incorporating the
lab-effect as a covariate explained about one-third of
the variation in the matrix of summary statistics (con-
strained inertia = 29.8%), which proved strongly signifi-
cant in the permutation test (P = 0.0091). This means
that there is a significant correlation between the traits
and the genetic structure of the species, as described by
the selected summary statistics. The first two RDA-axes
together explained more than 90% of the constrained
inertia (49.1% and 41.2% for the first and second RDA-
axis, respectively), but neither axis was significant in
the permutation test (P = 0.09 and P = 0.064). The third
RDA-axis only explained 6% of the constrained inertia,
so we discarded the third and higher axes for all inter-
pretations below. When we removed all species geno-
typed in lab E (Fig. S1, Supporting information), the
percentage of explained variance was higher (50.7%)
than when lab E was used as a covariate (Fig. 1).
Though it explained less of the total variance, we chose
to use the analysis with lab E as a covariate for our
main results below, as it is the most conservative
approach and it allowed us to include all 27 species.

Figure 1 provides a triplot of the first two axes of the
RDA. Here, the positions of the names of the genetic
summary statistics indicate their placement on the two
axes. The arrows show the influence of the species traits
on the ordination of the genetic summary statistics. Of
the six life-history traits, there were four that showed a
strong correlation with the first two RDA-axes: the
mode of seed dispersal, the ecological dominance, the
mode of pollination and the soil preference. These four
arrows roughly form two groups that are more or less
perpendicular, and therefore independent. For the suc-
cessional stage and the altitudinal range, the correla-
tions with the first two axes were much less
pronounced. The lesser role of the altitudinal range was
not due to the way we coded the altitudinal preference
of the species. When we used the average altitude
rather than the altitudinal range, this lead to a decrease
in the percentage of explained variance in the RDA (see
Fig. S2, Supporting information). When we restricted
the analysis to those species that were not genotyped in
Lab E (see Fig. S1, Supporting information), the same
distribution in two groups of arrows was visible,
though the influence of the altitudinal range was
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Table 2 Values for eight genetic summary statistics calculated for all 27 species. See the Materials and methods section for informa-

tion on how the statistics were calculated

Species r Nb Hs Ht Fst D Dispersal Kurtosis
Androsace obtusifolia 0.31 5.87 0.08 0.16 0.42 0.08 2.60 6.20
Arabis alpina 0.07 137 0.05 0.17 0.68 0.13 2.14 21.21
Campanula barbata 0.36 4.48 0.09 0.17 0.39 0.09 2.39 5.40
Carex firma 0.16 10.57 0.21 0.31 0.17 0.13 6.39 1.43
Carex sempervirens 0.14 13.29 0.07 0.12 0.33 0.05 7.98 0.64
Cerastium uniflorum 0.38 3.95 0.10 0.20 0.40 0.11 2.51 4.52
Cirsium spinosissimum 0.28 7.62 0.10 0.16 0.31 0.07 3.98 3.26
Dryas octopetala 0.28 12.47 0.11 0.15 0.20 0.05 533 1.62
Gentiana nivalis 0.17 2.05 0.07 0.19 0.60 0.13 1.92 25.25
Geum montanum 0.39 4.64 0.07 0.12 0.31 0.05 3.58 245
Geum reptans 0.60 2.47 0.09 0.17 0.38 0.08 3.17 1.74
Gypsophila repens 0.17 17.59 0.10 0.14 0.24 0.05 5.80 1.84
Hedysarum hedysaroides 0.32 2.27 0.13 0.29 0.49 0.18 2.64 2.66
Hornungia alpina 0.04 7.97 0.07 0.15 0.48 0.09 1.95 17.88
Hypochaeris uniflora 0.57 5.54 0.09 0.13 0.20 0.04 3.31 0.80
Juncus trifidus 0.21 6.52 0.11 0.17 0.29 0.07 4.10 0.62
Ligusticum mutellinoides 0.18 22.04 0.19 0.27 0.14 0.10 6.18 1.15
Loiseleuria procumbens 0.39 447 0.16 0.25 0.29 0.11 2.98 2.74
Luzula alpinopilosa 0.27 7.77 0.07 0.11 0.29 0.04 2.69 5.72
Peucedanum ostruthium 0.22 10.15 0.17 0.26 0.28 0.12 3.01 4.62
Phyteuma betonicifolium 0.57 2.68 0.10 0.18 0.40 0.10 2.33 2.98
Phyteuma hemisphaericum 0.65 3.49 0.10 0.17 0.34 0.08 1.99 1.99
Ranunculus alpestris 0.21 6.52 0.07 0.13 0.38 0.06 222 4.43
Rhododendron ferrugineum 0.22 3.14 0.11 0.21 0.38 0.10 2.63 4.07
Saxifraga stellaris 0.21 5.81 0.06 0.12 0.43 0.07 2.21 4.93
Sesleria caerulea 0.15 12.57 0.20 0.30 0.20 0.12 6.47 1.87
Trifolium alpinum 0.40 5.81 0.15 0.24 0.27 0.11 3.31 2.56

Table 3 Results of the redundancy analysis performed on the
matrix of summary statistics constrained by the matrix of spe-
cies traits, using laboratory as a covariate. Permutation tests
were used to test for overall significance and the significance
of the axes that explained >10% of the inertia

Axis Eigenvalue % Inertia P-value
1 1.17 49% 0.090

2 0.98 41% 0.064

3 0.14 6% —

4 0.07 3% —

5 0.02 1% —

6 0.00 <1% —

All constrained 2.38 30% 0.0091
All unconstrained 5.62 70% —
Total 8.00 100% —

somewhat stronger and that of the ecological domi-
nance was weaker. In addition, the same two groups of
arrows were visible when the RDA analysis was per-
formed on all 27 species without any correction for the
lab-effect (not shown), indicating that the effect of Lab
E changes the strength of the statistical support, but not
the main results of the analysis.

© 2011 Blackwell Publishing Ltd

The first group of arrows consists of the two dispersal
related traits, namely the mode of seed dispersal and
the mode of pollination, in combination with the eco-
logical dominance. The fact that these arrows point in
the same general direction indicates that they are simi-
larly correlated with the species’ genetic structure.
Wind dispersal, wind pollination, and a dominant posi-
tion in the vegetation all corresponded to high estimates
of the average dispersal distances, a more platykurtic
distribution of the dispersal distances, low D, and low
Fst. However, the effects of these three species traits
were different enough to have slightly different correla-
tions with different genetic summary statistics. The
mode of pollination and the ecological dominance were
most strongly correlated with the average dispersal dis-
tance, while the mode of seed dispersal was most
strongly and negatively correlated with Fst and the kur-
tosis. Surprisingly, however, this latter trait was only
weakly correlated with Rousset’s (1997) Nb. The second
group of arrows was dominated by the soil type, with
only a very minor effect of the successional stage. The
soil preference was mainly correlated to the spatial
genetic structure as described by Mantel’s r, with silicic-
olous species having higher values for Mantel’s r than
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Fig. 1 Triplot representation of the results of the RDA per-
formed on the matrix of summary statistics constrained by the
matrix of species traits, using laboratory as a covariate. Bold
grey text indicates the placement of the genetic summary sta-
tistics on the two axes; small grey text indicates the placement
of the species. Arrows indicate the effect of the species traits
on the axes.

calcicolous species. This group of arrows was fairly
independent of all other summary statistics with the
exception of Nb, to which it was weakly and negatively
correlated.

When looking at the placement of the species on the
RDA triplot (Fig. 1), roughly three groups of species
can be recognized that are placed away from the centre.
The most obvious cluster of species consists of Gentiana
nivalis, A. alpina and H. alpina. These species all have
gravity-dispersed seeds, insect-pollinated flowers, a
nondominant position in the vegetation and a relatively
large altitudinal range. They are also characterized by
very high Fsr values, low dispersal and low genetic
diversity. A second cluster consists of Geum reptans,
H. uniflora, Phyteuma betonicifolium, P. hemisphaericum
and Trifolium alpinum. These all have insect-pollinated
flowers, a preference for calcareous soils, and with the
exception of T. alpinum, a nondominant position in the
vegetation. The most important genetic characteristic
that they share is a very high value of Mantel’s r. They
all have intermediate Fsr values and below-average
genetic diversity. A third group consists of the species
Carex sempervirens, Gypsophila repens, L. mutellinoides and
Dryas octopetala. This group presents a mixture of life-
history traits, containing both insect and wind-polli-
nated species, species with gravity, animal, and wind
dispersal of seeds, and species with a small and with a
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Fig. 2 Biplot of the results of the PCA performed on the
matrix with genetic summary statistics. Grey text indicates the
placement of the species on the two axes. Arrows indicate the
effect of the summary statistics on the axes.

large altitudinal range. With regards to the genetic
structure, the species in this cluster were very similar
with high dispersal, high diversity and low Fgr.

The main trends in the RDA were corroborated in a
series of univariate ANovas (see Table S1, Supporting
information): there were significant associations for the
same four life-history traits that were most important in
the RDA. In the aNovas, the strongest associations
found were between the soil preference and Mantel’s 7,
the ecological dominance and the average dispersal dis-
tance, the mode of pollination and the average dispersal
distance, and between the mode of seed dispersal and
the kurtosis of the dispersal distances. Remarkably,
there was no single significant association with D for
any of the six life-history traits.

It is of interest to compare the results of the RDA
with those of standard PCAs performed on the two
matrices separately. For the PCA performed on the
genetic matrix, the first two axes together explained
74.2% of the variation (45.6% and 28.6%, respectively).
The relationships between the genetic summary statis-
tics in the PCA (Fig. 2) showed a pattern that is strik-
ingly different from the one that was present in the
RDA (Fig. 1). In the RDA, Hs and Hr had very central
placements, while in the PCA they both have a very
strong effect. The reason for this difference is probably
that both statistics were much higher for the species
genotyped in lab E than for the other species (Thiel-Eg-
enter et al. 2009), and this effect has been partialled out
in the RDA. Another striking difference is that Mantel’s

© 2011 Blackwell Publishing Ltd
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Fig. 3 Biplot of the results of the PCA performed on the
matrix with species traits. Grey text indicates the placement of
the species on the two axes. Arrows indicate the effect of the
species traits on the axes.

r was much more prominent in the RDA than in the
PCA, where it mainly affected the third axis.

There was less correlation among the species’ life-his-
tory traits, so that only 59.4% of the variation was
explained by the first two PCA axes (33.4% and 26.0%,
respectively, with 16% explained by the third axis).
Here, the main relationships between the species on the
first two axes (Fig. 3) were largely the same as on the
first two RDA axes (Fig. 1), showing two major groups
of arrows. However, there were also some differences.
For example, the placement of the altitudinal range was
very different on the two figures, and this trait was
much more important in the PCA than in the RDA.
Also in the PCA, the influence of the successional stage
was much stronger than it was in the RDA.

Discussion

Life history, history and genetic structure

We found a strong correlation between the plant spe-
cies’ ecological and life-history characters and their
population structure. This is shown by the strong over-
all significance of the RDA, as well as the significance
of the first axis. The six species traits together explained
30% of the variation in the matrix of genetic summary
statistics. This percentage is lower than the result of the
literature study of Hamrick & Godt (1989) who found
that 47% of the among-species variation in G could be

© 2011 Blackwell Publishing Ltd

explained by a data set of eight life-history traits, a dif-
ference that is due to our use of a covariate to account
for the lab-effect. In this light, the percentage of vari-
ance explained in our study is remarkably high as there
are other life-history and ecological traits that can affect
the genetic structure of a species, apart from the six
traits we included in our analysis. Furthermore, the
genetic structure of a species is not only influenced by
its life history and ecology but also by many stochastic
factors such as fluctuations in population size, popula-
tion extinction and other evolutionary processes.

In the RDA, the six life-history traits fell into two nearly
orthogonal groups, indicating that they represent two
independent aspects of the species’ genetic population
structure. The first group consisted mainly of dispersal
related traits — both pollen and seed dispersal — and
was correlated with several of the genetic summary sta-
tistics. Species with a strong population structure, that is
with high Fst and small inferred dispersal distances all
had gravity-dispersed seeds, insect-pollinated flowers
and a nondominant position in the vegetation. On the
other hand, there were no traits shared among the species
with weak population structure. This indicates that lim-
ited dispersal through one vector (e.g. seeds) can be com-
pensated by high dispersal through another vector
(pollen), and in that way still lead to high rates of gene
flow. The higher Fgr values for species with insect-polli-
nation and for species with gravity-dispersed seeds coin-
cide with the findings of several previous studies
(Hamrick & Godt 1989; Nybom & Bartish 2000; Nybom
2004). However, we found that the dispersal traits were
more strongly related to the average dispersal distance
estimated from the assignment test. In our data set, the
relationship between Fsr and the mode of dispersal is
nicely illustrated by the observation that four species that
have obvious adaptations to long-distance seed dispersal
by wind — Cirsium spinosissimum, Dryas octopetala, Geum
montanum and Hypochaeris radicata — all had below-aver-
age Fgr values. Geum reptans also has hairy appendices on
its seeds that aid in wind dispersal, but its life cycle is
mostly dominated by clonal reproduction through sto-
lons (Pluess & Stocklin 2005), resulting in an above-aver-
age Fsr. The seeds of Arabis alpina — the species with the
highest Fgr value — do not have any obvious adaptations
to dispersal, but neither do the seeds of Carex firma — a
species with one of the lowest Fsr values. So we see that
there is a significant, but certainly not a strict, association
between adaptation to dispersal and genetic structure.
The contrast between the dispersal capacities of D. octo-
petala and A. alpina has been found before in a study of
the postglacial recolonization of the arctic archipelago of
Svalbard. Out of nine species, D. octopetala was the one
with the highest estimate for the number of propagules
that colonized Svalbard, whereas A. alpina was the one

85U8017 SUOWILLOD 3A1Te8.1D) 3ol [dde au A peuseno aJe Sspoile YO ‘@SN JO S8|ni o} Akeiq18uljuO A8|IA LD (SUOIPUOD-PUB-SWLBIW0D" A8 |1MAReql 18U [UO//:SdNL) SUORIPUOD pue SWwe 1 8y} 88S *[Z02/#0/20] Lo Areiqiauljuo A8|Im ‘Ariqi sesuexiy JO AisBAIUN AQ X#9TS0TTOZ Xy62-G9ET [TTTT 0T/I0p/W0d A8 1M AReuql iUt Juoy/:sdny wiolj pepeojumoq ‘ST ‘TTOZ ‘X62S9ET



3152 P.G. MEIRMANS ET AL.

with the lowest estimate (Alsos et al. 2007). Besides its
lack of any adaptations to dispersal, the high Fgr value
for A. alpina may also be partly explained by inbreeding.
In a previous study, alpine populations were found to be
significantly inbred, while Italian populations were in
Hardy-Weinberg equilibrium (Ansell et al. 2008).

The second main trend that we observed in the RDA
was a relationship between three ecological characters,
most notably the soil preference, and the value of Man-
tel’s r. Silicicolous species showed generally higher val-
ues of Mantel’s r than calcicolous species. The nine
species with the highest values for Mantel’s r all had a
preference for alkaline soils, most importantly G. rep-
tans, Hypochaeris uniflora, Phyteuma betonicifolium and
Phyteuma hemisphaericum. In population genetic studies,
Mantel’s r is generally interpreted to represent the
strength of the pattern of isolation by distance, resulting
from spatially restricted dispersal. In this light, it is sur-
prising to see that in the RDA, Mantel’s v and the soil
preference are placed perpendicularly to the species’
dispersal traits and the associated genetic summary sta-
tistics. It is difficult to explain why isolation by distance
should be affected by the species’ soil preference inde-
pendently of differences in dispersal abilities. One
explanation could be that in the Alps the geographical
distance is not a good indicator of the ecological dis-
tance, which could be different for the two soil types.
Another explanation may be that the two soil types dif-
fer in how they are distributed, with more patchy distri-
butions leading to less connectivity among populations.

However, a historical explanation for the observed
association between Mantel’s r and the soil preference
may be more likely. Using the same data set of 27 spe-
cies, Alvarez et al. (2009) showed that the soil prefer-
ence of the species was an important driver for the
higher-level population structure. When regarding the
geographic distribution of genetic clusters, they found
that silicicolous species were predominantly arranged
along the East-West axis (‘horizontal’ bands), while cal-
cicolous species were arranged along the North-South
axis (‘vertical’ bands) in the Alps. This difference in
banding was explained using geographical records of
glacier and snow cover during the last glaciation that
showed that in the Northern Alps, there were only ice-
free refugia available for calcicolous species, while in
the Southern Alps there were refugia available for both
calcicolous and silicicolous species (Schonswetter et al.
2005). Thus, in the case of calcicolous species it is possi-
ble to distinguish several genetic clusters corresponding
to the different refugia that served as sources for todays
populations. Although it may be possible to detect
isolation by distance at a small spatial scale (within
each cluster), at a large scale the pattern is broken by
the existence of distinct genetic clusters, which affects

Mantel’s r (Legendre & Legendre 1998). We think that
it is the difference in the geographical distribution of
the population clusters that causes the difference in
Mantel’s r between the calcicolous and silicicolous spe-
cies. This would make the association between Mantel’s
r and the soil preference not strictly ecological but
rather due to a mixture of ecological and historical
factors.

Methodological considerations

As expected, we found strong relationships among the
genetic summary statistics themselves; more than 70% of
the variance in the matrix of summary statistics was
explained by the first two PCA-axes. Thus, a few sum-
mary statistics suffice to describe the main patterns of
genetic structure for this group of species. The two most
important summary statistics in both the RDA and the
ANOvAs were the average dispersal distance and the kur-
tosis estimated from the assignment test. This result is
somewhat surprising as we did not use any exclusion
method (Cornuet et al. 1999; Paetkau et al. 2004) to filter
putative migrants based on their likelihood score, and
therefore we expect a high false positive rate. However,
simulations have shown that despite this high false posi-
tive rate, the inferred average dispersal distance from an
unfiltered assignment test can give a good indication of
the actual dispersal distances (P.G. Meirmans, unpub-
lished). Furthermore, we found that the estimated aver-
age dispersal distance was strongly correlated with the
mode of pollen dispersal, while the kurtosis of the distri-
bution of dispersal distances was strongly correlated
with the mode of seed dispersal. This indicates that the
results of assignment tests can capture different aspects
of dispersal. However, we regard the estimates of the
average dispersal distance simply as a useful tool for
comparing overall dispersal strategies among species,
and we caution against taking the distance estimates, the
shape of the distribution, and the individual assignments
too literally.

The observed association between Mantel’s r and the
soil preference means that one should be careful in
drawing conclusions about isolation by distance from
Mantel’s r. The pattern of isolation by distance may be
obfuscated by higher-level population structure that is a
result of historical events and the species ecology. It is
therefore advised to always perform a test for isolation
by distance in combination with an analysis of higher-
level population structure. For example a partial Mantel
test could be used to correct for the effects of popula-
tion structure on isolation by distance (Landguth et al.
2010). Alternatively, a standard Mantel test may be per-
formed in each of the clusters separately. Unfortunately,
we were unable to obtain satisfactory results from pop-

© 2011 Blackwell Publishing Ltd
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ulation clustering methods (Pritchard et al. 2000; Jom-
bart et al. 2010) for all species, and therefore could not
include such an analysis in our study.

Recently, Fst has been criticized for being dependent
on the amount of within-population diversity Hs (Hed-
rick 2005; Jost 2008). Jost (2008) therefore developed the
D statistic that does not have this dependency and
should therefore be more suitable than Fsr for compari-
sons among species. However, in our data, this depen-
dency is not very pronounced and Fsy and Hg were
placed almost orthogonally in the PCA of the genetic
summary statistics. The placement of D relative to the
other summary statistics changed rather drastically
among our different analyses, so that its relationship to
the species traits remains unclear. Indeed, of the eight
summary statistics, D was the only one that did not
show any significant association with any of the traits
in our series of aNovas. Fsr on the other hand was sig-
nificantly correlated with the mode of seed dispersal.
The reason for the bad results for D is probably that,
theoretically, the value of D is expected to be indepen-
dent of the species” effective population size (Jost 2008).
Our results confirm that despite its shortcoming, Fsr is
still a better statistic for making demographic inferences
than D (Meirmans & Hedrick 2011; Whitlock 2011).
Another statistic that was developed to circumvent the
dependency of Fsy on Hs, Hedrick’s (2005) G’srt, occu-
pied the same position as Fsy when included in the
RDA, and was therefore not included to prevent prob-
lems of multicollinearity.

The used data set is remarkable in its scope and in
the thoroughness of the sampling and genotyping. Ear-
lier reviews on plant population structure have noted
large differences in geographical sampling range, geno-
typing strategies and statistical methods, which may
influence the results (Hamrick & Godt 1996; Thiel-Egen-
ter et al. 2009). Because of its uniformity in sampling,
genotyping and analysis, the present data set is particu-
larly suited to this type of analysis. Nevertheless, there
are some drawbacks to the data set. First, despite an
effort to standardize the genotyping process, one of the
involved laboratories used different equipment for the
AFLPs. Unfortunately, this same laboratory was
appointed only wind-dispersed species. As a result, it is
impossible to determine whether the higher diversity in
these species is a result of their mode of dispersal or of
the lab. We therefore took a conservative approach and
removed the effect of this laboratory.

Another drawback of the data set is that it contains
only high-alpine plant species, creating a lack of varia-
tion in certain life-history traits. For example, in the
study of Hamrick & Godt (1989) the most important
life-history traits were breeding system and life-form.
We did not include these two traits as there was too lit-

© 2011 Blackwell Publishing Ltd

tle variation among the 27 species that we used; there
simply are few strict inbreeders and no trees in high-
alpine habitats. In addition, all included wind-polli-
nated species were graminoids, most of which occupy a
dominant position in the vegetation (Thiel-Egenter et al.
2009). In fact, this explains the relationship found
between dominance and the two modes of dispersal.

Conclusions

In summary, we find that the genetic population struc-
ture of the 27 studied species is indeed the result of the
combined effects of history and the species” ecology and
life history. As expected, the most important aspect of
the species’ genetic structure was determined by their
dispersal strategies. However, very strong population
structure was only found when both seed and pollen dis-
persal was restricted, while weaker population structure
was found for several different life-history strategies. A
second important aspect was related to the species soil
preference, whose effect on the genetic structure was due
to differences in the geographic distribution of these two
soil types across the Alps, which determined the distribu-
tion of refugia during the last glaciation.

On a more technical note, we also found that the new
differentiation statistic D provided very little informa-
tion when analysed together with the species traits, con-
firming its limited usefulness for demographic studies.
Unexpectedly, we found that Mantel’s » was not related
to the species’ dispersal modes, but instead was
strongly affected by the spatial distribution of the
higher-level population structure that resulted from
postglacial recolonization. This is a reminder that even
nonparametric multivariate approaches involve under-
lying assumptions (in this case the absence of distinct
clusters) and require careful interpretation.
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Table S1 Results from a series of univariate ANOvAs using the
genetic summary statistics as a dependent and the life-history
traits (excluding the continuously distributed altitudinal range)
as independent variables. The cell values represent the aNova
F-statistics, with the degrees of freedom given in the column
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headers. The significance is indicated with asterixes (*P < 0.05,
**P < 0.01). No correction for multiple testing was applied as
the results are only used as an illustration next to the more
powerful redundancy analysis.

Fig. S1 Redundancy analysis (RDA) triplot for 21 species,
excluding the species genotyped in lab E. This RDA explained
50.7% of the variation in the matrix of genetic summary statis-
tics (P = 0.0069). Bold grey text indicates the placement of the
genetic summary statistics on the two axes; small grey text
indicates the placement of the species. Arrows indicate the
effect of the species traits on the axes.

Fig. 52 Redundancy analysis (RDA) triplot, using the average
altitude preference for the 27 species, rather than the altitudi-
nal range. This RDA explained 28.3% of the variation in the
matrix of genetic summary statistics (P = 0.0187). Note that
compared with the RDA using the altitudinal range in the
main text (Fig. 1), the percentage of variation and significance
of the RDA have decreased. However, the main trend visible
in the data remains practically unchanged. Bold grey text
indicates the placement of the genetic summary statistics on
the two axes; small grey text indicates the placement of the
species. Arrows indicate the effect of the species traits on the
axes.
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