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ABSTRACT

Aim To examine relationships between life-history traits, ecological and
chorological characteristics of woody plant species and patterns of genetic
differentiation among populations as assessed by chloroplast DNA (cpDNA)
markers, and to compare them with patterns previously described from nuclear
markers.

Location Europe.

Methods Data on cpDNA variation were compiled for 29 temperate European
broad-leaved tree and shrub species. Six qualitative and three quantitative
characters of the species were tested for their relationship with two
parameters of genetic population differentiation (Gsr and Ngr). Both direct
species comparisons and phylogenetically independent contrast analyses were
performed.

Results When the phylogeny was not taken into account, five characters were
significantly related to levels of population differentiation. The relationship
disappeared in all but two cases (distribution type and seed mass) when analyses
controlled for phylogenetic relationships among species.

Main conclusions The correlation between distribution type (boreal-temperate
or temperate) and cpDNA differentiation of temperate European woody plant
species suggests that their Quaternary history, in particular the location and
isolation of their glacial refugia, is an important determinant of their present-day
level of genetic structure. By contrast, the relationship between life-history traits
and genetic differentiation at maternally inherited markers is weaker, especially
when phylogenetic effects are controlled for.
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allozyme literature. The characters tested for their relation to

INTRODUCTION genetic variation have included life-form, breeding system,

Life-history traits vary widely among plant species, and their
relationships with patterns of genetic diversity have attracted
the interest of population geneticists for over 25 years (e.g.
Hamrick et al., 1979). Numerous correlations between eco-
logical and life-history traits and levels of genetic variation
have been reported by meta-analyses of the abundant plant

seed and pollen dispersal mechanism, mode of reproduction,
successional status, as well as geographical range size and
distribution type (Hamrick et al., 1979, 1992; Loveless &
Hamrick, 1984; Hamrick & Godt, 1989, 1996). In fact, a
recurrent question is whether life-history ‘traits’, i.e. measur-
able aspects of the phenotype affecting the demography of the
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species, are better suited to predict patterns of genetic variation
than aspects related to the geographical and historical context
into which species are evolving, such as the size or location of
the distribution range. New comparative studies of genetic
variation might help address this question.

Recently, diverse DNA-based molecular techniques have
become standard tools for assessing patterns of genetic
variation. But while allozyme studies provide a relatively high
comparability of obtained patterns, most DNA-based analyses
do not lend themselves easily to useful comparisons across
species due to the much greater heterogeneity of techniques
used. This heterogeneity (well illustrated by the flourishing
number of acronyms in the field such as AFLP, RAPD, RFLP,
SNP, SSR, etc.) has made it difficult to opt for a single
standardized procedure to measure genetic diversity, which has
in turn contributed to the scarcity of compilations of DNA-
based studies of genetic variation, at least until recently
(Nybom & Bartish, 2000; Nybom, 2004). On the contrary,
measures that estimate the proportion of total genetic diversity
that is distributed among populations, such as Wright’s
fixation index Fsr, are largely uncoupled from total diversity
itself (see e.g. Petit et al., 1995). They are therefore well-suited
for interspecific comparisons even when diversity itself cannot
be compared across studies.

It is now widely accepted that comparative studies can suffer
from ‘pseudo-replication’ when species are treated as statisti-
cally independent data points (e.g. Silvertown & Dodd, 1996).
This so-called TIP approach (because it directly compares
extant species, situated at the tips of the phylogeny) is still used
in interspecific comparisons of genetic variation in plants (e.g.
Nybom, 2004), although it might produce overly optimistic or
even biased results. Comparative analyses should take
advantage of the accumulating knowledge on the phylogenetic
relationships of taxa (Harvey & Pagel, 1991), e.g. by using
phylogenetically independent contrasts (‘PIC’; Felsenstein,
1985). Such corrections would be particularly indicated when
studying plant life-history traits, some of which are known to
evolve slowly (e.g. Jordano, 1995), resulting in large phylo-
genetic inertia (defined as the tendency for traits to resist
evolutionary change despite environmental perturbations;
Edwards & Naeem, 1993; Morales, 2000).

Although comparative statistical methods are increasingly
used in ecology, we are aware of only one case where the
authors have considered problems of non-independence of
taxa while investigating genetic variation: Gitzendanner &
Soltis (2000) selected pairs of congeneric species to test if rare
species have lower levels of diversity than widespread ones,
thereby effectively controlling for phylogenetic dependence.
However, such a procedure has a reduced power as only pairs
of closely related species are contrasted (Ackerly, 2000).

Here, we explore relationships between genetic differenti-
ation based on chloroplast DNA (cpDNA) and both life-
history traits and ecological characteristics and distribution
type of temperate European tree and shrub species using TIP
and PIC analyses, the latter based on independent contrasts
distributed over the whole phylogeny (Felsenstein, 1985), and

not merely on pairs of related species, as in Gitzendanner &
Soltis (2000). In contrast to the nuclear genome examined by
allozyme or DNA-based analyses, cpDNA is generally at least
predominantly uniparentally inherited (in angiosperms most
often maternally; Petit & Vendramin, 2004). Hence, genetic
structure at cpDNA markers should mostly depend on seed-
mediated gene flow, whereas genetic structure at nuclear
markers depends on both seed- and pollen-mediated gene
flow (Petit et al., 1993). As a consequence, a rather straight-
forward relationship of life-history traits related to seed
dispersal or establishment with cpDNA differentiation might
be expected, compared with the situation for nuclear markers
(e.g. Hamrick & Godt, 1989, 1996; Nybom & Bartish, 2000;
Nybom, 2004).

Two measures of genetic differentiation among populations
were used: Ggt and Ngt. The Ggr is a commonly used
parameter to assess the proportion of genetic diversity residing
among populations (Nei, 1973). However, a more general
parameter is the Ngt, which is similar to the Ggr but considers
additionally the similarities between molecular variants (Pons
& Petit, 1996). A comparison between both parameters allows
one to make some inferences on historical population
dynamics, as Nt should be larger than Gy if phylogenetically
related variants are found in the same populations more often
than expected by chance (i.e. Ngt integrates a phylogeograph-
ical dimension, contrary to Ggy).

Although the species included in this study represent the
majority of broad-leaved shrub and tree genera distributed
across temperate Europe, their number is relatively small
compared with the many hundred species used by Hamrick &
Godt (1989, 1996), and the power of our analyses is necessarily
restricted. However, our data comprise the largest available
multi-species set of cpDNA data for a single region. It has been
obtained by similar analytical methods and thus allows a direct
comparison of species. This comparison is further strength-
ened by the fact that most taxa have been collected mainly
from the same set of 25 forests (Petit et al., 2003). This
otherwise unachieved level of standardized sampling removes
part of the variation in genetic parameters that arises from
differences in the species sampling schemes. This statistical
noise is an inherent problem of previous comparative studies
that has been discussed (Hamrick & Godt, 1996) but never
controlled for. Finally, our study goes beyond most previous
analyses by taking phylogenetic relationships between species
into account.

MATERIALS AND METHODS

Life-history traits, ecology and distribution and their
relationship with population differentiation

We analysed a total of six qualitative and three quantitative
characteristics of the woody plants investigated. We selected
those plant attributes that are predicted to be related to
population genetic parameters (Loveless & Hamrick, 1984;
Hamrick & Godt, 1989, 1996). However, we changed some of



the traits investigated by these authors to account for the
predominantly maternal inheritance of cpDNA. In particular,
patterns of cpDNA variation are not affected by sexual
reproduction but only by patterns of seed dispersal and of
population establishment and extinction. In addition to
previous studies, we aimed at exploring possible relationships
between levels of genetic structure and the different compo-
nents of a recently proposed system of plant species
classification, the so-called ‘leaf-height-seed plant ecology
strategy scheme’ (LHS; Westoby, 1998). In the following, we
specify the analysed characters and our hypotheses regarding
their putative relationships with patterns of genetic population
differentiation. Interactions between traits and patterns of
seed flow or population establishment and extinction can be
complex, and knowledge in this area is still fragmentary, so in
some cases no unambiguous predictions could be made.

Growth form

Nuclear markers reveal typically lower degrees of among-
population differentiation in long-lived tree species (Hamrick
& Godt, 1989, 1996; Nybom, 2004). We checked if this trend is
also detectable with cpDNA markers by assigning the species
investigated to one of the three categories: tree, shrub and
climber.

Reproductive mode

Vegetatively reproducing species were defined as those species
able to propagate in this way, i.e. we excluded from this
category in situ persistence through, e.g. resprouting from the
stump. As previously mentioned, cpDNA genetic differenti-
ation should reflect historical population establishments and
extinctions. Species that are able to reproduce vegetatively can
establish more easily, as they do not need to find a mate, so
these species might be expected to have lower level of cpDNA
differentiation. However, alternative scenarios can also be
envisaged. For instance, species that recruit exclusively from
seeds could experience higher seed-mediated gene flow
(resulting in decreased cpDNA differentiation) than those that
rely in part on vegetative multiplication for their reproduction.
A clear prediction of the effect of reproductive mode on
cpDNA differentiation is therefore difficult. In fact, no
relationship with reproductive mode had been detected with
allozyme markers by Hamrick & Godt (1989).

Pollination mode

Chloroplast DNA is not transmitted through pollen in most
angiosperms, but pollen limitation could limit the growth of
establishing populations, because it restricts the reproductive
output of plants at low density (Petit et al., 2004). Insect-
mediated pollination is more directional than wind pollin-
ation. Its advantage in low-density populations might therefore
promote colonization events. On the contrary, islands are
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known to harbour a large share of wind-pollinated species
(Carlquist, 1966), a pattern that suggests that establishment of
wind-pollinated species is favoured in environments where
pollinators are scarce. Depending on the presence or not of
pollinating insects in the recipient community, establishment
of plants having either mode of pollination might be facilita-
ted. Here as well, predictions of levels of population differen-
tiation are therefore difficult.

Seed dispersal mode

Different dispersal agents produce different levels of popula-
tion differentiation at nuclear markers (Hamrick & Godt,
1989, 1996; Nybom, 2004). As they determine patterns of seed-
mediated gene flow, they should be related to levels of cpDNA
genetic structure. We distinguished seed dispersal by wind, by
fruit-ingesting animals and by seed-caching animals, which
were hypothesized to show decreasing levels of dispersal
potential (in particular over long distances) and hence
increasing levels of population differentiation.

Successional status

Patterns of population establishment and extinction vary
considerably between species that are most common in early
and intermediate successional plant communities and those
that grow predominantly in late successional vegetation. We
therefore assigned species to one of these two categories and
predicted that population differentiation would be higher in
late-successional species, although the opposite pattern had
been demonstrated with nuclear markers (Hamrick & Godt,
1989; Nybom, 2004).

Distribution type

Hamrick & Godt (1989) observed that species with boreal-
temperate distribution tend to show lower values of popula-
tion differentiation than species that are restricted to lower
latitudes. We distinguished between boreal-temperate and
temperate species in order to test if our data on cpDNA
variation corroborate their findings.

LHS strategy components

The LHS framework of plant strategies considers three largely
independent dimensions. These include gradients along which
plant species can be positioned by the measurement of simple
quantitative parameters (Westoby, 1998): the leaf mass per
area-leaf lifespan gradient (L, quantified by the specific leaf
area), the low stature-high stature gradient (H, quantified by
maximum plant height) and the seed mass-seed output
gradient (S, quantified by seed mass). We determined these
parameters for each speciesin order to test which of the three
proposed plant trait dimensions is most tightly related to
patterns of genetic population differentiation. For specific leaf
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area we did not find empirical studies that would suggest any
hypothesis. Plant height, however, should be directly related to
genetic population structure. Local genetic differentiation
occurs at a broader scale in trees compared with herbs
(Linhart & Grant, 1996), and high stature should facilitate seed
dispersal, at least for wind- or gravity-dispersed seeds (Petit
et al., 2004). A lower level of population differentiation is
therefore predicted in taller species. Finally, relationships have
been suggested between seed size and colonizing ability,
whereby those species with small-sized seeds tend to have the
highest colonizing potential. Indeed, according to Westoby
(1998, p. 219), ‘seed mass (as a surrogate for seed output per
ground area occupied) is the best currently available predictor
of the chance that an occupied site will disperse a propagule to
an establishment opportunity’. Alternatively, Eriksson (2000)
argued that species with medium-sized seeds within their
communities would have the best probability to establish. We
therefore tested if either of these categories of seeds exhibits
lower levels of population differentiation.

Data collection

A total of 29 woody species with available information on
cpDNA variation were included in the analyses (Table 1). We
considered six categorical and three quantitative characters of
the species and addressed their relationships with levels of
population differentiation. Information on species life-history
features, ecology and chorology was obtained from different
sources including standard floras, botanical literature and
ecological data bases (Tutin et al., 1964-80; Fitter & Peat,
1994; Ellenberg, 1996). Such information is necessarily very
simplified and is meant to represent the typical situation for
the species. Some additional data on specific leaf area (SLA:
leaf dry weight per unit of surface) were obtained from
voucher specimens (10 per species) collected in the Devesa da
Rogueira forest (Lugo Province, north-western Spain) using a
computerized image analysis with a ‘Summagraphics’
MM1103 image scanner, Programme VIDS Ill. The objective
here was to obtain comparable measures assuming that
variation across sites is low compared with variation across
taxa.

Data analyses

The program PERMUT (by R. J. Petit, available at
http://www.pierroton.inra.fr/genetics/labo/Software/Permut/

index.html) was used to estimate the parameters of population
subdivision, either taking into account (Nst) or not (Gst)
similarities between haplotypes (Pons & Petit, 1996), and
testing the difference between both parameters through
random permutation of haplotype identity (Burban et al.,
1999). Note that the estimators of these parameters proposed
by Pons & Petit (1995, 1996) are based on a random model of
population variation, instead of the fixed model procedure
assumed by Nei & Chesser (1983). Hence, the variation due to
the sampling of populations is taken into consideration,

allowing comparisons across species. As both indices range
from 0 to +1, data were arcsin square root transformed to
improve normality before proceeding with further analyses.

In a first step, the TIP approach, we checked for differences
between life-history categories in Gst or Nst mean values using
Student’s t-tests (with separate variance estimates) or one-way
anovas. In the case of the quantitative traits of the LHS
concept (SLA, plant height and seed mass) we used Pearson
correlation coefficients to assess their associations with Ggy/
Nst values. All three variables were log-transformed prior to
analyses. One of our hypotheses suggested a curvilinear
relationship between seed mass and Gs1/Nst with the lowest
values occurring at intermediate seed sizes (see above); we
therefore calculated the deviations of specific seed sizes from
the overall mean, and used this parameter along with the
original one for the correlation analysis, resulting in a total of
four quantitative variables studied. We accounted for the
multiplicity of tests by assuming statistical significance at
a ¥ 0.01. Given the largely exploratory character and the
relatively low sample size of our study, we deemed this level
justified, although it is somewhat higher than the very
conservative one obtained by Bonferroni correction
(a ¥ 0.005 for 10 tests).

The subsequent comparative analysis was carried out using
PICs as implemented in Compare 4.5 (Martins, 2003). The
categories of most life-history traits were coded as dummy
variables (0 or 1). The seed dispersal mode contained more
than two categories; nevertheless, only one type of contrast was
considered, by pooling all categories except wind together. The
super-tree  (Bininda-Emonds et al., 1999) used for these
analyses was based mostly on the angiosperm phylogeny of
Soltis et al. (2000), on which the missing species had been
grafted according to other phylogenetic studies (Chen et al.,
1999; Evans, 1999) (Fig. 1). No information on branch length
was available for inclusion in the PIC analyses, given the
various sources of information used. According to Ackerly
(2000), using equal branch lengths should not significantly bias
the results.

RESULTS

The average Gst value over all species was 0.52, but interspe-
cific variation was large (Table 2). For instance, Salix caprea
had most cpDNA variation distributed within populations
(Gst ¥2 0.09), whereas Carpinus betulus had cpDNA polymor-
phisms almost completely distributed among populations
(Gst ¥4 0.97). Values for Ngt were significantly larger than
the corresponding Gst values in 11 of 29 species, thus
indicating the existence of a phylogeographical structure. This
phenomenon was significantly more common among species
with an above-average level of population differentiation than
among species with a below-average level (Fig. 2; v* ¥4 8.0,
d.f. ¥4 1, P ¥ 0.005).

The TIP analyses revealed significant differences among
groups for four of the six tested categorical life-history traits,
whereas a further trait was marginally significant (Table 2).
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Table 1 Life-history traits and parameters of genetic population differentiation of the 29 temperate European broad-leaved tree and shrub species included in the analyses
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Seed Distribution Successional SLA Height Seed mass Total no. Mean no. Total no.
Species Family Life-form Reproduction Pollination dispersal type status (mm? mg*Y) (m)  (mg) Gst Nst  pops. indiv./pop. haplotypes Referencet
Acer campestre L. Aceraceae T S B W T EM 23.2 15 320 0.700.73 18 10.2 19 1
Acer pseudoplatanus L. Aceraceae T S B w T L 19.6 30 30.6 0.67 0.75* 21 9.7 22 1
Alnus glutinosa (L.) Gaertn. Betulaceae T S A w T EM 14.0 20 13 0.82 0.90* 28 9.3 12 2
Betula pendula Roth. Betulaceae T S A W BT EM 33.4 25 02 042044 23 9.3 9 3
Betula pubescens Ehrh. Betulaceae T S A w BT EM 14.4 20 0.2 0.300.26 20 8.1 10 4
Calluna vulgaris Hill Ericaceae S SV B W BT EM 11.6 0.6 0.03 047044 23 8.3 12 5
Carpinus betulus L. Betulaceae T S A w T L 19.5 30 411 097097 35 6.8 6 6
Corylus avellana L. Betulaceae S S A AC T EM 21.3 6 1080.0  0.90 0.95* 25 9.3 5 7
Crataegus laevigata Rosaceae S S B Al T EM 17.1 10 60.1 034034 9 5.2 3 8
(Poiret) DC
Crataegus monogyna Jacq.  Rosaceae S S B Al T EM 15.8 10 1124 024023 21 9.0 4 8
Cytisus scoparius L. Fabaceae S S B G T EM 11.2 2 76 0.570.66" 18 7.9 24 2,9
Fagus sylvatica L. Fagaceae T S A AC L 22.1 30 225 0.740.67 23 9.4 6 2
Frangula alnus ssp. alnus ~ Rhamnaceae S S B Al BT EM - 5 23.0 0.420.39 55 4.6 7 10
Mill.
Fraxinus angustifolia Vahl.  Oleaceae T S A w T L 18.6 25 534  0.940.95 20 6.4 7 11
Fraxinus excelsior L. Oleaceae T S A w T L 11.8 25 25.0 0.850.96* 22 9.1 6 12
Hedera helix s.1. Araliaceae C SV B Al T L 16.0 - 204  0.640.81" 26 8.0 13 13
llex aquifolium L. Aquifoliaceae T Y B Al T L 4.6 10 40.0 0.600.70" 16 7.1 8 14
Populus tremula L. Salicaceae T sV A w BT EM 20.6 20 0.1 0.110.14 30 79 31 1
Prunus avium L. Rosaceae T SV B Al T EM 16.8 25 1750 0.290.32 23 8.0 16 15
Prunus spinosa L. Rosaceae S SV B Al T EM 16.2 4 64.6 0.320.38 25 7.4 50 16
Quercus robur L. Fagaceae T S A AC L 11.3 30 3853.0 0.840.86 25 10.0 10 2,17
Rubus fruticosus group Rosaceae S N B Al BT EM 11.6 2 2.8 0.310.28 23 11.3 15 2
Salix caprea L. Salicaceae T SV B W BT EM 13.2 10 01 0.090.10 24 9.9 28 18
Sorbus aria L. Rosaceae T Y B Al T EM 10.8 15 300 025023 10 5.9 25 19
Sorbustorminalis (L.) Crantz Rosaceae T SV B Al T EM 11.4 25 180.0  0.36 0.50* 22 7.9 40 2,20
Tilia cordata Mill. Tiliaceae T S B W T L 20.7 25 310 0.570.67% 16 6.3 16 21
Tilia platyphyllos Scop. Tiliaceae T S B w T L 16.9 30 87.0 041049 9 5.6 13 22
Ulmus glabra Huds. Ulmaceae T sV A w T L 19.9 40 35 0.610.86* 20 7.0 28 19
Ulmus minor Mill. Ulmaceae T SV A w T L 9.3 40 17.7  0.47 0.59" 29 6.1 32 2

€ee

Life form: T Y tree, S ¥a shrub, C ¥ climber; reproduction: S ¥4 exclusively sexual, SV % sexual and vegetative; pollination: B ¥4 biotic, A ¥4 abiotic; seed dispersal: W ¥ wind, AC ¥4 animal-cached,
Al ¥ animal-ingested, G ¥4 gravity; distribution type: T ¥ temperate, BT ¥4 boreal-temperate; succession status: EM ¥ early intermediate, L ¥ late.

*Ngr > Ggr at P < 0.05.

t1: Bittkau (2002), 2: Petit et al. (2003), 3: Palmé et al. (2003a), 4: Palmé et al. (2004), 5: Rendell & Ennos (2002), 6: Grivet & Petit (2003), 7: Palmé & Vendramin (2002), 8: Fineschi et al. (2004), 9:
Aguinagalde et al. (2002), 10: Hampe et al. (2003; only the nominated subspecies was included), 11: Vendramin, G.G. (CNR, Florence), unpublished data, 12: Heuertz et al. (2004), 13: Grivet & Petit (2002),
14: Rendell & Ennos (2003), 15: Mohanty et al. (2001), 16: Mohanty et al. (2002), 17: Petit & Grivet (2002), 18: Palmé et al. (2003b), 19: Musch, B. (ONF, Orléans), unpublished data, 20: Oddou-Muratorio
et al. (2001), 21: Fineschi et al. (2003), 22: Fineschi, S. (CNR, Florence), unpublished data.
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Figure 1 Phylogenetic super-tree of the 29 species included in the
phylogenetically independent contrast analyses.

L Populus tremula

One of the quantitative traits (seed mass) was likewise
marginally related to Gsr and Nst (Pearson r ¥4 0.42,
P %4 0.024; Table 3). Only two of the previous relationships
remained significant after accounting for phylogenetic rela-
tions of species. Taxa with a boreal-temperate distribution as
well as those with lower seed mass had a lower Ggsr and Ngt
than taxa with an exclusively temperate distribution or with a
larger seed mass (Table 3).

DISCUSSION

This study relied on a relatively small number of taxa in
comparison with the more than one thousand species used by
Hamrick & Godt (1996), and the power of our analyses is
necessarily restricted. Despite the limited data set and the
exploratory nature of this study, several important conclusions
could be drawn.

Effects of phylogeny upon observed trends

Many of the relationships between life-history traits and
genetic parameters that were significant in the TIP analyses
vanished once we controlled for phylogenetic relationships
among taxa. This does of course not mean that the examined
traits are necessarily unrelated to levels of population differ-
entiation. However, our results indicate that the more
conservative estimates generated by the correction for phylo-
genetic pseudoreplication require a larger sample size (ideally
from a broad set of families) than currently available, if we
wish to detect significant relationships between the examined
parameters. Our results also suggest that some previously

Trait n Gsr (SE) P Nsr (SE) P life-history traits and levels of genetic
Life form 0.39 0.30 population differentiation in temperate
Tree 19 0.55 (0.06) 0.60 (0.07) Euro_pean broad-leaved tree and shrub
Shrub 9 0.46 (0.07) 0.49 (0.08) Species
Reproduction 0.003 0.03
Sexual 17 0.63 (0.06) 0.66 (0.06)
Sexual and asexual 12 0.38 (0.05) 0.45 (0.07)
Pollination 0.02 0.02
Biotic 17 0.43 (0.04) 0.47 (0.05)
Abiotic 12 0.66 (0.08) 0.71 (0.08)
Seed dispersal 0.01 0.04
Wind 15 0.56 (0.07) 0.62 (0.07)
Animal ingested 10 0.38 (0.04) 0.42 (0.06)
Animal cached 3 0.83 (0.05) 0.83 (0.08)
Successional status 0.001 < 0.001
Early intermediate 17 0.41 (0.05) 0.43 (0.06)
Late 12 0.69 (0.05) 0.77 (0.04)
Distribution type 0.002 < 0.001
Temperate 22 0.60 (0.05) 0.66 (0.05)
Boreal-temperate 7 0.30 (0.06) 0.29 (0.05)

Ggr and Ngr values indicate category means with standard errors in brackets. Bold P-values
indicate significant differences according to t-tests or one-way anova after correction for mul-

tiple testing (a % 0.01).
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Figure 2 Evidence for phylogeographical structure in temperate
European woody taxa: Ngr as a function of Ggr. Filled squares
indicate species for which Ngr > Ggr (at P < 0.05; see Table 1 for
the complete list). Dark grey triangle: average over all species.

reported and widely accepted relationships obtained by TIP
analyses (e.g. Hamrick & Godt, 1989) should be interpreted
with caution unless they are validated by studies that account
for the phylogenetic relationships of the analysed species (see
also Gitzendanner & Soltis, 2000). The problem is aggravated
by the fact that certain model taxa are typically over-
represented in population genetics compilations. Furthermore,
these compilations have included not only multiple species
from a few genera but also multiple entries involving the same
species (e.g. Hamrick & Godt, 1989; Nybom, 2004), which
could exacerbate this problem. In fact, numerous recent
re-examinations of data sets have invalidated or at least

Correlates of cpDNA variation

tempered previous evolutionary interpretations of ecological
patterns obtained by TIP analyses (e.g. Ackerly & Reich, 1999;
Bolmgren et al., 2003). Life-history parameters might be
particularly prone to readjustments given their strong phylo-
genetic inertia (Jordano, 1995).

As an illustration of a case where a PIC analysis might help,
consider Hamrick & Godt (1989) finding that both gymno-
sperms and boreal-temperate species have a low level of
differentiation compared with angiosperms and species distri-
buted at lower latitudes. As gymnosperms are overrepresented
among high latitude species, it remained unclear which of the
two parameters is primarily responsible for the observed trend
using a TIP approach. A PIC analysis might have solved the
problem. In addition, such an approach should be more
powerful than the data-demanding procedure consisting of
analysing trait combinations on the basis of direct comparisons
among group means (Hamrick & Godt, 1996).

One hypothesis of this work was that plant ecological
strategies, such as those outlined in the LHS scheme (Westoby,
1998), might help identify relevant traits influencing popula-
tion genetic structure. We found that seed weight is related
with the level of genetic structure as assessed with maternally
inherited markers. As seed weight is also related to seed output
and to other aspects of the ecological strategies of plants,
interpreting this relation is not straightforward. However, our
study does not support the idea that medium-sized seeds
within their communities tend to have the highest colonizing
potential, as suggested by Eriksson (2000). The cpDNA
population genetic structure of temperate and boreal-temper-
ate plants is unlikely to reflect equilibrium between current
patterns of gene flow and genetic drift in contemporary plant
communities but should instead still reflect the modalities of
post-glacial colonization (Le Corre et al., 1997; Petit et al.,
1997; and see below). At that time recipient plant communities
were very different and competition was probably less stringent
than in present-day communities. Asa consequence, a species
dispersal ability (in terms of both seed production and

Table 3 Pearson coefficients of correlation

between life-history traits and parameters of TP PIC

genetic population differentiation according Trait Ger Ner Ger Ner

to direct (TIP) or phylogenetically inde-

pendent contrast (PIC) analyses Life form _ _ 0.14 0.12
Reproduction - - )0.31 )0.19
Pollination - - 0.33 0.36
Seed dispersalt - - )0.09 )0.08
Successional status - - 0.38 0.39
Distribution type - - 0.63** 0.66*”
Log specific leaf area 0.11 0.07 0.15 0.14
Log height 0.22 0.27 0.25 0.31
Log seed mass 0.42% 0.43% 0.49* 0.50*
Divergence from mean log seed mass )0.01 )0.07 )0.10 )0.09

Significant values (at a ¥ 0.01) are: *P < 0.01, **P < 0.001.

tOnly plants with wind-dispersed seeds were compared with the other categories to limit the
number of tests and because of limited sample sizes in some categories.

$TIP correlation marginally significantat P % 0.024.



I. Aguinagalde et al.

subsequent transport) might have played a more important
role than features related to recruitment (such as seed
provisioning).

Distribution type and level of cpDNA differentiation

Most life-history traits examined did not demonstrate rela-
tionships with levels of cpDNA population differentiation after
controlling for phylogenetic non-independence, although
some of them (e.g. seed dispersal mode) were expected to
show a straightforward relation to Ggst or Ngr. Instead, the
strongest relationship with Ggi/Nst involved the global
distribution type of the species. Taxa with boreal-temperate
distribution have significantly lower Gst and Nt values than
species whose current distribution range is restricted to
temperate Europe (see Table 2; mean Ggt ¥ 0.36 instead of
0.59; mean Nst ¥4 0.28 instead of 0.66). Our results corrobor-
ate trends previously observed for allozyme markers (Hamrick
& Godt, 1989; Hamrick et al., 1992). However, in these earlier
analyses, the species group with boreal-temperate distribution
contained mostly conifers, which were not included in our
study, so parallels should be drawn with caution.

Our results suggest that boreal-temperate species share one
or several features which are both independent of their
phylogenetic relationships and closely related to present-day
patterns of cpDNA variation. In the geographical context of
the present study, the current distribution range of species is
related to their range during the last glacial maximum. Many
taxa distributed today over the boreal regions of Europe
survived the last glacial maximum across much of southern
Europe, while most temperate tree species were restricted to
isolated refugia in the Mediterranean Basin (Willis & Niklas,
2004). This isolation with negligible gene flow between
disjunct populations at time scales of 10° years resulted in
the formation of distinct cpDNA lineages that can still be
traced and produced the phylogeographical structure currently
observed in many temperate European woody species (see also
Petit et al., 2003). In contrast, species of the boreal-temperate
group were probably geographically less restricted and isolated
during glacial maxima, which would give rise both to stronger
dynamics of population establishments and extinctions, as well
as to greater seed-mediated gene flow between existing
populations. These processes could account for the stronger
relationship of Ngt than Ggr with distribution type, as only
Nst includes a phylogenetic dimension. In other words, the
Quaternary history of species could constitute a more deter-
minant factor to account for current patterns of subdivision of
cpDNA variation in temperate European tree and shrub
species than life historical attributes.

Of course, woody species with a range extending into the
boreal region probably do not represent a random sample of
woody taxa. In particular, they could possess traits promoting
high vagility (Dynesius & Jansson, 2000; Hampe & Bairlein,
2000), such as a small seed size or short generation turnover.
This non-randomness is further supported by recent analyses
indicating that there has been a high degree of ecological

determinism in the fate of European Pliocene tree genera in
response to past climate changes (Svenning, 2003). Such
adaptations could be subtle and difficult to measure or classify
and could covary with the current distribution range and
latitudinal limits of the species. Clearly, disentangling the
effects of history and genetic determinism on population
genetic structure remains a challenging task for the future. This
task should, however, be facilitated by a better understanding
of the ever-increasing number of population genetic surveys,
thanks to the use of existing, but still underutilized, compar-
ative methods.

CONCLUSION

Life-history traits have high heritability and strong phylo-
genetic inertia (Jordano, 1995; Mazer & LeBuhn, 1999). Direct
cross-species comparisons (TIPS) of genetic diversity para-
meters as carried out for over 20 years appear to yield overly
optimistic results. The consideration of phylogenetic inertia
and the use of appropriate statistical methods to control for it
should result in more conservative and unbiased estimates in
the future. Now that plant phylogenies useful for comparative
approaches are becoming increasingly available (e.g. Soltis
et al., 1999), gathering population genetic data in publicly
accessible data bases should become a priority if we want
the independent efforts of many teams investigating genetic
diversity of plant and animal speciesto be fully understood in
the future.
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