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Combined definition of seed transfer guidelines for ecological
restoration in the French Pyrenees

S. Malaval, B. Lauga, C. Regnault-Roger & G. Largier

Abstract

Question: Cuan genetic tools combined with phyto-
geography help to define local plants and how
geographically close the source population should be
to the restoration site?

Location: Subalpine and alpine French Pyrenees.
Methods: The main phytogeographic boundaries in
the French Pyrenees described by different authors
were studied and this geographic pattern was com-
pared with the results of genetic analysis for the four
Pyrenean plants studied (Trifolium alpinum, Festuca
eskia, Festuca gautieri and Rumex scutatus), based on
random amplified polymorphic DNA (RAPD) mar-
ker analysis, unweighted pair-group method with
arithmetic averages (UPGMA) analysis and Mantel
correlograms comparing geographic and genetic dis-
tances. !

Results: The genetic analysis allowed definition of
two main evolutionarily significant units (ESUs) for
the plants under study. Although the limit between
the two zones was slightly variable according to the
species considered, an eastern and a western ESU
was consistently observed. This delineation was
concordant with the main phytogeographic bound-
aries of the French Pyrenees.

Conclusion: RAPD markers and associated Mantel
correlograms can be useful to draw ESUs for in-
dividual species when the sampling intensity is
relatively dense, and similarities were revealed be-
tween species sharing the same distribution range.
This delineation allowed integration of infraspecific
plant variation in the management of natural re-
sources for revegetation in the Pyrenees. Never-
theless, caution is needed for the establishment of
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seed pools in order to maximize genetic diversity in
each of the pools during collection and production.
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Introduction

Revegeration practices: the need for native species

Unassisted recovery of vegetation in strongly
disturbed areas is particularly long and difficult in
extreme ecosystems, such as high altitude areas
(Urbanska 1997; Muller et al. 1998; Peratoner
2006). With the constant increase in human activ-
ities, of which removal of the top soil is the primary
threat to the ecosystem (Bradshaw 1997; Ha-
selwandter 1997), revegetation above the timberline
is becoming a common concern (Krautzer & Graiss
2006). In the French Pyrenees, machine grading af-
fects more than 150 ha per year above 1 200ma.s.l.,
generating the use of more than 40 t of seed mixtures
per year (Malaval 2006).

Commercial herbaceous seed mixtures com-
monly used in alpine and subalpine revegetation are
generally allochthonous, or from unknown geo-
graphic origin (Lumaret 1999). However, at these
altitudes, they frequently fail to give durable results
(Urbanska & Hasler 1992; Delarze 1994; Krautzer
& Graiss 2006). This failure could be explained by a
higher mortality and/or by a reduced vigour of the
species at high elevation (Hufford & Mazer
2003; Krauss et al. 2005). In addition, the systematic
use of non-native seeds takes its toll on
biodiversity either through outbreeding depression
(Fenster & Dudash 1994; McKay et al. 2005)
or the introgression of genes that prove to be dele-
terious in this context (Rhymer & Simberloff 1996;
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Lumaret 1999; Keller et al. 2000; Sackville Hamilton

2001).

The European Bern Convention (19 September
1979) and the French law for the reinforcement of
environment protection (no. 95-101, 2 February
1995), recommend the use of seeds of local prove-
nance. Moreover, many scientists promote the
reintroduction of native plants to degraded lands as
an integral component of ecosystem restoration and
biodiversity conservation (van Andel 1998; Lumaret
1999; Keller et al. 2000; Sackville Hamilton 2001;
Burton & Burton 2002: Simberloff 2003; Krauss &
Koch 2004; Krautzer & Wittmann 2005; Gustafson
et al. 2005), although there are exceptions to this
view (Wilkinson 2001). Species sourced locally can
ensure technical success for revegetation, particu-
larly at high altitude (Krautzer & Bohner 2002;
Krautzer & Wittmann 2005).

What is a local plant?

In order to ensure conservation of flora and va-
lorization in a sustainable way, it is crucial to define
what a local plant is, and “to what extent a parti-
cular ecotype is local”. This question implies
delineation of seed transfer zones for each species.
From a restoration point of view, these zones corre-
spond to areas within which plant materials could be
moved with minimal risk of maladaptation (as
mentioned above) and minimal loss of biodiversity
(Jones 2003).

In Europe, different approaches have been pro-
posed to define seed transfer zones for native
ecotype utilization or multiplication (Colomb et al.
2003; Krautzer et al. 2004; Aradottir & Johannsson
2006; Porqueddu & Maltoni 2006; Sevcikova et al.
2006). Those studies generally investigated transfer
zones in a regional or national context and, when
possible, in accordance with phytogeographical
boundaries (Krautzer & Wittmann 2005; Vander
Mijnsbrugge et al. 2005).

Phytogeographic boundaries in the French Pyrenees

Bridging from the Mediterranean Sea to the
Atlantic Ocean, the Pyrenees encompass different
climatic zones and geological substrates. From the
calcareous west to the siliceous east, oceanic or
continental conditions are dominant. From north
(France) to south (Spain), humidity conditions
evolve to a drought climate, influenced by Medi-
terranean conditions (Gruber 1980; Dupias & Rey
1985; Villar & Dendaletche 1994; Ozenda 2002).
Owing to their climatic asymmetry, and the geolo-

gical structure of the mountain range, the Pyrenees
present a rich flora (around 3500 species and sub-
species of vascular plants according to Dupias 1985)
characterized by numerous endemic plants and
plant associations, and a rich mosaic of vegetation
types (Villar & Dendaletche 1994; Sesé et al. 1999).
The combination of these factors makes the Pyr-
enees one of the European hotspots of plant
diversity (Gomez et al. 2003).

The main floristic elements and the spatial
organization of the vegetation and of the flora di-
versity have been emphasized by different authors.
Gaussen & Leredde (1949) and Gruber (1978) high-
lighted an eastern, a central and a western floristic
cluster. Later, Dupias & Rey (1985) defined 12 phy-
togeographical zones corresponding to the main
watersheds of the French Pyrenean side. However,
their biogeographical limits are not always precise
and clear-cut as overlapping floristic gradients add
complexity to the interpretation (Gruber 1978).
Overall, five main boundaries can be defined
as transition zones for plants, as illustrated in
Fig. 1 (Gaussen 1924a, b, c,d; Gruber 1978).

Defining evolutionarily significant units ( ESUs) with
molecular tools

Genetic tools can be helpful in defining plant
genetic structure and rules for infraspecific biodi-
versity conservation in restoration practises, even
though there is no real consensus as to how to in-
clude genetic diversity in territory management
(Moritz & Faith 1998; McKay et al. 2005). Neutral
markers have been used to identify ESUs as well as
management units for the conservation of con-
tinuous plant populations (Moritz 1999; Diniz-
Filho & Telles 2002). Recently, Krauss & Koch
(2004) demonstrated the usefulness of neutral ge-
netic variation in combination with spatial
autocorrelation analysis to delineate seed transfer
zones in Australia.

In order to restore natural ecosystem services
and to establish self-sustaining native populations,
we studied the neutral genetic pattern of four Pyr-
enean herbaceous plants. For each species, we
compared our data with phytogeographical deli-
neations along the Pyrenean range. In the light of
those elements, we propose a relevant delineation of
transfer zones for seeds used in revegetation in the
French Pyrenees. Finally, we discuss the possibility
of comparing the genetic pattern obtained for each
species in order to create, if possible, a general seed
transfer model. We also propose practical rules for
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Fig. 1. Main phytogeographic boundaries (1-5) and location of the 10 watersheds (B1 to B10) defined for the sampling sites

of plant populations in the Northern Pyrenees.

the conservation of plant infraspecific variability
within seed production context.

Methods

Zone of interest

Straddling two countries and shading a princi-
pality (Andorra), the 100-km-wide chain of the
Pyrenees extends over 400km in a west-east direc-
tion from the Atlantic Ocean to the Mediterranean
Sea (Gomez et al. 2003). Far less massive than the
Alps, the Pyrenees do not present a real internal
zone, but some of the deep valleys, isolated from the
oceanic air masses by an orographic closure, can
reach a degree of continentality (Gruber 1982; Izard
1988). In the eastern part of the chain, the Medi-
terranean influence is thwarted by intense periglacial
processes (gelifluction, cryoturbation) that also af-
fect plant distribution.

Species of concern

We focused our study on four common species
widely distributed along the Pyrenees: Trifolium al-
pinum (Fabiaceae), Festuca eskia (Poaceae), Festuca
gautieri (Poaceae), Rumex scutatus (Polygonaceae).

These perennial species are considered key species
for sub-alpine and alpine revegetation programs
(Cassan et al. 2003; Malaval 2006); they present a
strong colonization ability both by clonal division
(stolons or tuft division) and seed dispersion. Their
ecological and biological characteristics are pre-
sented in Table 1.

Sampling for genetic studies

The Pyrenean chain were divided into 10 wa-
tersheds (B1 to B10) in order to consider in the study
the main topographic constraints of the mountai-
nous region (i.e. river catchments); the edges of
the two extreme regions are 242km apart (Fig. 1).
This outline also represents the most detailed deli-
neation of phytogeographical areas as proposed
by Dupias & Rey (1985). For each of the species,
in each of the 10 watersheds, four populations
were sampled representing four ecological contexts
(variable ecological conditions and habitats of the
species). In each population, five samples were
collected in similar ecological conditions. A total of
200 individuals of each species were sampled (see
the Supporting Information, Appendix S1), thus
ensuring a continuous and dense coverage of the
distribution range of the four species along the
Northern Pyrenees.
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Table 1. Biological and ecological characteristics of Trifolium alpinum, Festuca eskia, Festuca gautieri and Rumex scutatus.

Sources: Négre (1975), Kerguélen (1983) and Villar et al. (2001).

Ecology infraspecific taxonomy

Species Botanical Gamy pollination Chorology
family type  dispersion
Trifolium  Fabaceae Allogamous Southwest of Europe
alpinm Perennial Entomogamous
Epizoochorous
Festuca  Poaceae Allogamous

eshia Perennial Anemogamous

Epizoochorous

Festuca Poaceae Allogamous Endemic from the

gautieri Perennial Anemogamous southwest European
Epizoochorous mountains

Rumex Polygonaceac  Allogamous Orosiberian

scutatus Perennial Anemogamous

Anemochorous

Acidiphic grasslands and moving substrates from 1000 to 2850 m

Pirenco-cantabric endemic ~ Acidiphic and oligotrophic subalpine grasslands, rocky zones

and screes from 1700 to 2800 m

Var. orientalis occurs in castern Pyrenees cryoturbed soils and
var. eskiq in western Pyrenees biostatic environments
Xerophytic grasslands, cryoturbated substrates and mineral
formations from 750 to 2950 m

Calcareous soils for subsp. scoparia in central and western
Pyrenees; acid soils for subsp. gautieri in eastern Pyrenees
Screes. mainly calcareous. moving rocky soils from 470 10
2700m

Young green leaves were collected from in-
dividuals growing at least Sm apart in order to
avoid redundancy. In addition, five specimens from
one population in the French Alps were included in
the study of T. alpinum and R. scutatus (Table 1).
Plant material was collected and stored in small ba gs
with silica gel. Altitude (m) and geographic co-
ordinates (WG 84) were recorded for each sampling
site (see Appendix S1).

Genetic data and analysis tools

We used random amplified polymorphic DNA
(RAPD) markers on a large number of individuals
along the Pyrenees in order to identify the level and
partitioning of genetic variation for each species, and
the genetic distances among the populations. We
considered that bands of equal fragment size were
homologous. The intensity of the bands was not in-
terpreted as a difference. Each RAPD marker was
assumed to correspond to a locus with two alleles.
Presence or absence of the band was recorded in a
square matrix. unweighted pair-group method with
arithmetic averages (UPGMA) cluster analyses applied
on Nei’s distances (Nei 1972) between populations
were used to search for a biogeographic pattern using
the programs poPULATIONS (Langella 2000) or TFPGA
(Miller 1997), respectively. The variation in RAPD
patterns was investigated with analyses of molecular
variance (AMOVA) based on the pairwise squared
Euclidean distances between all pairs of RAPD
phenotypes using ARLEQUIN ver 2.000 (Schneider et al.
2000). The amMova allowed to evaluate among popu-
lation and among watershed differentiation and to
calculate variance components and their significance
levels for variation among watersheds, among popu-
lations within watersheds and within populations.

Further details on the method and analyses are pre-
sented in Lauga et al. (2009). '

In order to test for a correlation between pairwise
population genetic distances (Nei 1978) and geo-
graphical distances (in km), Mantel tests (Mantel
1967) were performed using the 18D program (Boho-
nak 2002). A Mantel test was also carried out with
distance classes following the procedure of Oden &
Sokal (1986) and Stehlik (2002). Numerous spatial
autocorrelation analyses were performed on each data
set in order to highlight a potential genetic structure
for each species. For all species, a large number (13) of
distance classes were chosen with a minimum of 34
(one exception 28 for one class of R. scutatus) pairwise
comparisons: 1 <d<16, 16 < d<25, 25 < d<35,
I5<d<47, 47 <d<60, 60 <d<75 75< d<95,
95 <d<120, 120 < d<140, 140 < d<156, 156 <
d<175, 175 < d<205, 205 < d<250km. This divi-
sion allowed us to obtain the most regular distribution
of number of pairwise comparisons in each class of
distance for all the species: an average of 45-60 pair-
wise comparisons according to each species in each
distance class. The same distance classes were used for
all the species, as we aimed to compare and generalize
the results obtained for the different species.

The first x-axis intercept of the correlogram is
widely considered to approximate the diameter of a
“patch” size (Diniz-Filho & Telles 2002; Escudero
et al. 2003), and this distance can be considered to
represent a genetic unit for conservation or man-
agement (Diniz-Filho & Telles 2002). Another
method uses the point at which the correlogram goes
from significantly (P < 0.05) positive to non-sig-
nificant as the diameter of a patch size (Krauss &
Koch 2004). In the present study, we compared the
two methods to approximate the diameter of such
“patches” along an entire mountain range.
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Results

Genetic diversity and relationship between
populations

All four species displayed relatively high levels
of genetic variation, with 20 polymorphic markers
for T. alpinum, 14 for F. eskia, 48 for F. gautieri and
29 for R. scutarus. As shown by the AMova, most of
the genetic variation (from 72% to 96%) was found
within populations (Tables 2 and 3), rather than
among populations or among watersheds.

As a result of our intensive sampling, we were
able to detect important similarities in the pattern of
the diversity of the four species studied, through
UPGMA analysis of Nei unbiased genetic distances
between all pairwise groupings of the populations
(Table 3 and Fig. 2):

e an isolated eastern cluster spread over two to four
watersheds,
e one or two western clusters,

e a geographic limit between eastern and western
clusters situated in or around B7 watershed
(between Garonne Valley and Ariége Valley).

However, significant differences also occurred
between species, (Fig. 2):

e T. alpinum did not present a transversal cluster of
populations, whereas the three other species did,
and showed an opposition between western and
eastern groups of populations. This suggested
that the gene flow between eastern and western
populations of the Northern Pyrenees was at least
restricted or entirely lacking, whereas genetically
homogenized populations through pollen or seed
dispersal were found within each geographic re-
gion. The boundary between the two groups is
between Garonne Valley and Salat Valley.

o The spatial structure of populations of R. scutatus
was not so apparent and its populations were
weakly differentiated (F = 0.045). Moreover,
the lack of structure at this scale and sampling
intensity was concordant with the absence of a

Table 2. Summary of main random amplified polymorphic DNA (RAPD) elements and genetic results for each of the four

Pyrenean specics studied.

Species Number of Number of Genetic variation (AMOVA) Genetic diversity Genetic
samples markers scored (Shannon index) ‘differentiation
(Fu)
Within Among population Among Population " Walershed Global Fy
population  within watershed (%)  watershed
(%) (%)
Trifolium 205 20 76.4 9.7 13.3 0.065-0.302  0.169-0.340  0.39
alpinum
Festuca 189 14 75.18 8.5 16.31 0.047-0.394  0.304-0414  0.248
eskia
Festuca 101 48 99.32 0.069 0 0.053-0.389 - 0.2105-0.389 0.00676
gautieri
Rumiex 180 29 95.52 4.02 0.46 0.084-0.311  0.141-0.365  0.045

scutatus

Table 3. Summary of main upGMA clements (derived from random amplified polymorphic DNA data) and results for each of
the four Pyrenean species studied.

Species Number of Number of Western Eastern Occurrence of a Zone of transition

populations clusters clusters clusters transversal cluster
Trifolium 41 2 Bi to B6 B7toBI0 O Between Garonne Valley and Salat
alpinum Valley (B4-B7)
Festuca eskia 40 3 Bi to B7 B8, B9and 1 Around Saleix crest (B7-B9)

BIO

Festuca 35 3 Bl to B7 B9and B10 1 Between Salat Valley and Saleix crest
gautieri (B7)
Rumex 36 4 Bl to B6 B7toB10 | Between Garonne Valley and Salat

scutatus

Valicy (B4-B7)
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Fig.2. Geographical locations and upGMA clustering (derived from random amplified polymorphic DNA data) for popula-
tions of (a) Trifolium ulpinum, (b) Festuca eskia (c) Festuca gautieri and (d) Rumex scutatus. Populations are denoted by the
watershed (Bl to B10) followed by the name of the localities plus a number. For each species, populations belonging to a
upGMA clusters were reported on the map and visualized by a symbol (closed squares, populations belonging to the first
cluster for UPGMA results: open circles, populations belonging to the second cluster; closed triangle, populations belonging to
the third cluster; full circles, populations belonging to the fourth cluster; diamonds, populations from the Alps).

relationship between genetic and geographic
distances (Mantel test performed upon all popu-
lations: r = 0.1298, P = (.064).

e For the three other species, the Mantel test
performed on all populations revealed an isola-
tion by distance (r=0.3971, for T. alpinum,
r=0.4359, for F. eskia and r=0.4603, for F.
gautieri; P < 0.0010 for all three species). This
indicated that genetic distance increased with
geographical distance among populations.

Correlation hetween genetic and geographic distances

Figure 3 shows the correlation between the ge-
netic and geographic distances for the different
populations. We show here the correlograms that
best detected significant genetic structure within the
sampling intensity used.

Mantel correlograms generated for F. eskia,
F. gautieri and T. alpinum showed three important
results:

e a positive correlation between geographic and
genetic distances up to a distance of 75-]113 km,
identified both by the first x-axis intercept (re-
spectively, 95, 85 and 113 km) and by the distance

where the correlogram goes from significant to
nonsignificant (respectively, 75, 75 and 95 km);

e a patch size for the correlation between genetic
and geographic distances concordant with the
length of the clusters observed in UPGMA analysis;

o globally similar patterns for the three species, with
similar “patch” size diameters: 75-113 km.

Conversely, the correlograms confirmed the
contrasting results between R. scutatus and the other
species. For R. scutatus there was an absence of sig-
nificantly positive values for distance classes 1-6
(Fig. 3). This was concordant with the lack of evi-
dence for a genetic structure in the upGMA analysis of
R. scutatus. Indeed, the correlogram specified that
there was no detectable genetic structure at this scale
and sampling intensity.

Discussion

The upGMa analysis and Mantel test correlo-
grams were useful to determine geographic limits for
homogeneous groups of populations for each spe-
cies studied and the corresponding patch size
diameter. Such contrasting results — the weakly
structured genetic pattern of R. scuratus on one side
and, on the other side, the obvious pattern of neutral
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Fig. 3. Mante!l's r correlograms showing the genetic correlation coefficient r as a function of distance, for Trifolium alpinum,
Rumex scutatus, Festuca eskia and Festuca gautieri in the French Pyrenees. Closed shapes represent autocorrelation coeffi-
cients of the Mantel statistic that are significantly different from their expected value (P < 0.05).

genetic diversity for the three other species studied —
might be partially explained by the biological struc-
ture and life history of the species. Multiple
diversification patterns are indeed promoted by
disparate biological characteristics (notably phytoge-
netic relationships, breeding systems, dispersal
mechanisms and ecological requirements), together
with geological complexity, quaternary climatic oscil-
lations, pre-Holocene genetic structure, and other
factors, including random processes (Vargas 2003).
The west-east contrast in F. eskia, F. gautieri and
T. alpinum may be explained by palaeoclimatic epi-
sodes of the Quaternary involving altitudinal species
migration from two distinct peripheral glacial
refugia (Vargas 2003). However, this hypothesis does
not apply to R. scutatus. In addition, it cannot be ex-
cluded that the extant pattern of neutral genetic
diversity might reflect an adaptive divergence owing
to two relatively contrasting western and eastern eco-
systems (Lauga et al. 2009). This could be particularly
relevant for the Festuca species, for which infraspecific
taxonomy is associated with ecological differences
between eastern and western Pyrenees (see Table 1).

Ultimately, differences between species could
also be related to differences in reproduction, polli-
nation and dispersal. With a tendency to vegetative
multiplication, T. alpinum might have limited its
dispersal around mother plants. In contrast, the
weakly structured genetic pattern of R. scutatus
could reflect its high dispersal capacity (anemoga-
mous and anemochorous species).

Implications of RAPD and correlogram results for
establishing seed transfer zones in the French
Pyrences

Spatial genetic variation is highly scale-dependent
and thus conclusions about spatial autocorrelation

are related to the scale and the intensity of sampling
(Krauss et al. 2005). We assume that the high sam-
pling intensity used in this study yields a robust
delineation of seed transfer zones.

In the four cases studied, the results of Mantel
correlograms were clearly correlated with the shape
of the neutral diversity pattern along the French side
of the Pyrenees, supporting the discriminating pow-
er of genetic tools to distinguish the main zones of
differentiation. For three of the four species studied
(Festuca species and T. alpinum), genetic and spatial
autocorrelation analyses were generally concordant,
leading to a possible definition for two main seed
transfer zones along the Pyrenees. In the case of
R. scutatus, we can also take in account differences
between eastern and western populations as a pre-
cautionary principle. Hence, a general frontier can
be defined in B7 watershed between the Garonne
Valley and Ariége Valley. The general shapes of the
seed transfer zones were concordant with phytogeo-
graphical and  biogeographical delineations
(Gaussen 1924b,¢; Gruber 1978) and the climatic
transition zones along the Pyrenees. However,
the phytogeographical limit between Atlantic and
central floristic elements (phytogeographical deli-
neation 1) was not demonstrated by our molecular
analysis.

Interestingly, although this point was not high-
lighted in the original work, the studies of Trollius
europaeus (Després et al. 2002) and Anthyllis mon-
tana (Kropf et al. 2002) exhibited, as in T. alpinum
and Festuca species, an eastern/western biogeo-
graphic pattern along the Pyrenean massif.

In view of our results, the process for native seed
production for the Pyrenees can be easily managed
and controlled, considering the two main seed
transfer zones. It will provide a reasonable compro-
mise between managing costs and maintaining the
structure of neutral genetic diversity.
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Retaining the highest possible genetic variability in
the seed mixtures

Defining ESUs based on genetic characteristics
may be considered as the first step in outlining seed
transfer zones. In the case of severe disturbances,
such as topsoil removal, high levels of genetic varia-
tion may facilitate the adaptation of plants to novel
or stressful environments, as well as long-term per-
sistence (Lesica & Allendorf 1999; Burton & Burton
2002). Therefore, for each of the zones defined by
the previous analyses, and in addition to the high
level of neutral variation within populations, we
also need to consider the ecological heterogeneity
of the species habitats providing adaptive genetic
resources.

Recent studies have shown that ecological pro-
venance is more important than geographical
provenance for successful plant establishment
(Montalvo & Ellstrand 2000; Vitt & Havens 2004;
Smith et al. 2005; Bischoff et al. 2006; Raabova et al.
2007), although the relationship between the geo-
graphic and ecological scales of local adaptation has
been poorly investigated (McKay et al. 2005). Our
goal will be to favour a sufficiently high level of
adaptive genetic variation to ensure successful re-
vegetation. However, it is equally important to
avoid an excessive level of genetic variation in order
to prevent negative consequences for population fit-
ness. Thus, within each ESU, we propose to use a
mixture of genotypes from ecologically distinct po-
pulations, all collected in mountainous zones (above
1000 m a.s.l.). In practice, when native species are
produced by the seed industry, financial and techni-
cal restrictions can emerge, leading to a loss of
genetic diversity in the seed pools (Smith et al. 2007).
In order to limit this loss, it is necessary to compro-
mise. Such a compromise aiming at conserving
genetic identity and maximizing the genetic adapta-
tion of seed pools has been previously reported as a
founding principle for ecological restoration (Bur-
ton & Burton 2002; Jones 2003). For example, the
primary Restoration Gene Pool (Jones 2003) in-
cludes only material from the target site plus
adjacent areas that are genetically connected to the
site via gene flow, that is, the metapopulation
(Antonovics et al. 1994).

However, the question of pertinence and re-
presentativeness of the pools is still subject to
debate. Do we have to collect seeds solely in the po-
pulations that we have sampled and consider strictly
to which cluster they belong? How many sample
sites are necessary in order to represent the diversity
of the watershed, and how many are needed for the

whole seed transfer zone? As the level of in-
trapopulation diversity was relatively high for all the
species studied, we can assume that more than three
collection zones in the populations can preserve
most of this diversity.

In addition, a strong inadvertent directional se-
lection could occur during cultivation (Knapp &
Rice 1994; Burton & Burton 2002; Havens et al.
2004). To reduce the potential for accidental selec-
tion during seed production, it is important to
harvest from the entire planted population, pre-
ferably as often as possible. It is also very important
to produce the seed as close as possible to the site of
restoration (McKay et al. 2005).

In conclusion, we propose simple rules in the
context of Pyrenean seed multiplication:

e a minimum number of three populations should be
collected for each species and in each seed transfer
zone delineated by the neutral genetic pattern
outlined above;

e each of the three populations should be collected
in contrasting ecological conditions as defined, in
particular, by elevation, exposure, natural habitat
and bedrock;

e the collection of samples for each of the three or
more populations should be evenly distributed
throughout the zone;

e to avoid genetic drift during seed production,
newly collected seeds from in situ populations
should be regularly introduced into the seed pool.

Our results defined two seed transfer zones on
the French side of the Pyrenees. Although they form
a consistent entity, they do not take into account the
Spanish side where the four species studied also oc-
cur. Since the southern side is subjected to a
different climatic influence, further investigations
may reveal another spatial organization of plant
populations, and broaden our understanding of re-
vegetation and flora conservation.

We also face the challenge of generalizing exist-
ing results and drawing guidelines for the use and
production of seed pools for species as yet un-
analysed in the context of restoration. Since our
results show particular similarities, we could use the
most restrictive case in order to extrapolate genetic
information about new species introduced into the
program. Our study has demonstrated the suit-
ability of the RAPD technique to generate data on
genetic structure among plant populations quickly
and accurately, and further studies may refine our
hypothesis for the delineation of seed transfer zones
in the Pyrences.
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