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Abstract

Studies of fine-scale spatial genetic structure (SGS) in wind-pollinated trees have shown
that SGS is generally weak and extends over relatively short distances (less than 30—-40 m)
from individual trees. However, recent simulations have shown that detection of SGS is
heavily dependent on both the choice of molecular markers and the strategy used to sample
the studied population. Published studies may not always have used sufficient markers
and/or individuals for the accurate estimation of SGS. To assess the extent of SGS within
a population of the wind-pollinated tree Fagus sylvatica, we genotyped 200 trees at six
microsatellite or simple sequence repeat (SSR) loci and 250 amplified fragment length
polymorphisms (AFLP) and conducted spatial analyses of pairwise kinship coefficients.
We re-sampled our data set over individuals and over loci to determine the effect of reducing
the sample size and number of loci used for SGS estimation. We found that SGS estimated
from AFLP markers extended nearly four times further than has been estimated before
using other molecular markers in this species, indicating a persistent effect of restricted
gene flow at small spatial scales. However, our SSR-based estimate was in agreement with
other published studies. Spatial genetic structure in F. sylvatica and similar wind-pollinated
trees may therefore be substantially larger than has been estimated previously. Although
100-150 AFLP loci and 150-200 individuals appear sufficient for adequately estimating
SGS in our analysis, 150-200 individuals and six SSR loci may still be too few to provide a
good estimation of SGS in this species.
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Introduction

Forest trees are generally highly genetically diverse
and characterized by high levels of genetic diversity within
populations and comparatively little genetic diversity
between them (Loveless & Hamrick 1984; Merzeau et al.
1994; Leonardi & Menozzi 1996; Takahashi et al. 2000;
Mariette ef al. 2002). Within populations, genetic diversity
is rarely distributed homogeneously; individuals often
become less genetically similar as the distance between
them increases. Such spatial genetic structure (SGS) may
result from the interaction of factors such as population

Correspondence: Alistair S. Jump, Present address: Environment
Department, The University of York, Heslington, York, YO105 DD,
UK. Fax: 0044 1904432998; E-mail: aj523@york.ac.uk

© 2006 The Authors
Journal compilation © 2006 Blackwell Publishing Ltd

history, limited gene flow and natural selection (Merzeau
et al. 1994; Streiff et al. 1998). Adequate knowledge of
SGS is important for the conservation and management of
natural populations in order not to misrepresent species
or population genetic diversity (Epperson 1989; Shapcott
1995). Accurate estimates of SGS can inform decisions on
the targeting of scarce conservation resources at particular
populations and the sampling area necessary to represent
the genetic diversity within them (Escudero et al. 2003). If
SGSisignored, particular genotypes may be over or under-
represented within samples and potentially important
adaptive variation may therefore be missed (Epperson 1989).

In tree species with restricted seed and pollen dispersal,
low gene flow is expected to result in significant genetic
differentiation within continuous populations (Cavers et al.
2005; Hardy et al. 2006). However, significant SGS has been
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detected even in high gene flow species such as outcross-
ing, wind-pollinated trees (Merzeau et al. 1994; Leonardi &
Menozzi 1996; Streiff et al. 1998; Takahashi et al. 2000;
Cottrell ef al. 2003; Scalfi et al. 2005). In spatially structured
populations, the likelihood of mating between individuals
within the population is determined partly by the distance
between them. The detection of SGS, however, may depend
on the strategy used to sample the population. SGS may be
underestimated if sampled individuals are too widely
separated, or if comparisons are made between population
subsamples where SGS within subsamples is not assessed
(Merzeau ef al. 1994; Shapcott 1995; Streiff et al. 1998;
Escudero et al. 2003). The number of individuals sampled,
and the number of loci used to estimate genetic distances
between them, may also have a significant impact on whether
the estimated SGS accurately reflects the actual SGS of
the population (Cavers et al. 2005). Additionally, different
classes of molecular markers may not always give congruent
estimates of SGS within the same population (Gaudeul ef al.
2004; Hardesty et al. 2005; Hardy et al. 2006).

High gene flow within populations and the longevity
of individual trees may result in many forest tree species
exhibiting low levels of SGS (Leonardi & Menozzi 1996;
Streiff et al. 1998). In wind-pollinated forest tree species
such as the common ash (Fraxinus excelsior, Heuertz et al.
2003) the oaks (Quercus petraea and Quercus robur, Bacilieri
et al. 1994; Streiff et al. 1998) and the beeches (Fagus sylvatica
and Fagus crenata Merzeau ef al. 1994; Leonardi & Menozzi
1996; Takahashi et al. 2000; Asuka et al. 2004; Vornam et al.
2004; Scallfi et al. 2005), significant SGS is rarely detectable
beyond approximately 30-40 m. This weak structuring
within populations has been reported based on analysis of
molecular marker data from allozymes (Bacilieri et al. 1994;
Merzeau et al. 1994; Leonardi & Menozzi 1996; Streiff et al.
1998; Takahashi et al. 2000) and microsatellites (simple
sequence repeats or SSRs) (Streiff et al. 1998; Heuertz et al.
2003; Asuka et al. 2004; Vornam et al. 2004; Scalfi et al. 2005).
However, as Cavers et al. (2005) demonstrate by simulating
SGS in a model tropical tree population, the accurate detec-
tion of SGS is heavily dependent on selecting appropriate
sample sizes, both in terms of the number of individuals
sampled and the number of loci used to analyse them.

Cavers ef al. (2005) report that approximately 100
individuals and 5-10 SSR loci or 150 individuals and 100
amplified fragment length polymorphism (AFLP) loci
will provide a close approximation (a correlation of r = 0.9)
of real levels of SGS in tropical forest stands, given the
relatively limited pollen and seed dispersal of many tropical
trees. They state that, for high gene flow species such as
wind-pollinated trees, the number of individuals should
be increased. However, published studies of SGS in wind-
pollinated species often do not achieve the sample sizes
recommended by Cavers ef al. (2005) even for species with
relatively restricted gene flow. SGS in wind-pollinated trees

may therefore have been underestimated, particularly where
small sample sizes are combined with few loci that show
low levels of polymorphism.

To investigate this possibility, we genotyped 200 F. sylvatica
trees with 6 SSR loci and 250 AFLP loci and conducted
spatial analyses of pairwise kinship coefficients between
individuals. We aimed to determine how observed patterns
of SGS vary with the number of loci used for kinship
coefficient calculation and the number of individuals included
in the analysis. Our study compared two contrasting
sampling strategies that can be used to assess spatial genetic
structure using molecular markers: (i) selection of highly
informative markers at a few loci (SSRs), and (ii) sampling
numerous less informative markers randomly distributed
throughout the genome (AFLPs). The number of loci
compared for each marker system required comparable
genotyping effort.

Materials and methods

Study species

Fagus sylvatica (European beech) is a monoecious, diploid,
late-successional tree that dominates temperate forests
over c. 17 million ha of Europe. It is highly outcrossing
and largely self-incompatible with irregular synchronous
flowering (masting) events. Reproduction does not begin
until the species is 40-50 years old (Nilsson & Wastljung
1987; Comps et al. 2001). Average seed dispersal in this
species is estimated to be less than 25 m (Gregorius &
Kownatzki 2005), with long distance seed dispersal effected
primarily by the European jay (Garrulus glandarius) (Nilsson
1985).

Sites and sampling

This work was conducted in the Montseny Mountains
of Catalonia (northeastern Spain), which lie 50 km
north-northwest of Barcelona and 20 km inland from the
Mediterranean Sea. Fagus sylvatica reaches the southern
edge of its distribution in Europe in the Montseny Mountains,
occurring in the temperate zone above approximately
1000 m above sea level (a.s.l.) and forming c. 2830 ha of near-
continuous forest along the Turé de I'Home (1712 m a.s.l.)
— Les Agudes (1706 m a.s.l.) ridge. The F. sylvatica forest
is naturally occurring uneven-aged high forest where this
species is monodominant with a relatively even distribution
of individual trees. The forest has been managed at low
intensity by the selective removal of large trees coupled
with natural regeneration from seed. However, the impact
of forest management on the upper and lower limits of the
forest has been low (Pefiuelas & Boada 2003).

We sampled 210 young trees (< 80 years old) in forest
with no evidence of any recent disturbance. Trees were
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Fig.1 The distribution of Fagus sylvatica individuals sampled in
the Montseny Mountains, Catalonia, northeastern Spain, for the
analysis of spatial genetic structure. Gridlines are numbered with
Universal Transverse Mercator (UTM) coordinates in kilometres.

sampled from the largest expanse of continuous forest
during spring 2004 and the location of each tree was
mapped. Samples were collected at random along a series
of transects from trees grouped at the upper and lower
altitudinal limits of F. sylvatica on Turé de]’Home and from
a more central region of the forest. The distance between
samples varied from a minimum of 2.2 m to a maximum of
5 km (Fig. 1). From each tree, we collected newly unfolding
leaves or leaf buds and dried these immediately in fine-grain
silica gel.

DNA extraction

Dried leaf tissue (~0.5 cm2) was ground in liquid nitrogen
for 30 sat 30 revolutions per second using a mixer mill (Tissue
Lyser, QIAGEN Inc.) and two glass beads. Genomic DNA
was extracted from ground tissue using a DNeasy Plant
Mini Kit (QIAGEN) and quantified using a NANODROP
ND-1000 spectrophotometer running software version
3.0.1 (NanoDrop Technologies) following the manufacturer’s
instructions.

SSR analysis

Individuals were genotyped at six highly variable micro-
satellite loci originally isolated in F. sylvatica (FS1-03, FS1-15,
FS3-04, FS4-46) (Pastorelli et al. 2003), Fagus crenata (FCM5)
(Tanaka et al. 1999) and Castanea sativa (CsCAT14) (Marinoni
et al. 2003). Polymerase chain reaction (PCR) was performed
with 5 ng template DNA in 15 puL buffer consisting of
50 mm KCI, 10 mMm Tris-HCI (pH 8.3), 0.001% gelatine,
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200 um each dATP, dCTP, dGTP, dTTP, 1% polyvinyl
pyrollidone-40, 0.125% BSA(V), 5 pmol each forward and
reverse primer, 0.25 U (approximate) DNA polymerase
(IRTA, isolated according to a standard protocol). Forward
primers carried a fluorescent label (Applied Biosystems —
ABI). MgCl, concentrations and cycling conditions were as
reported in the original publications. Each set of 96 PCRs
included a negative (water) and positive (known genotype)
control. Alleles belonging to the six different loci were
segregated on an ABI 3100 Avant genetic analyser according
to the manufacturer’s instructions. Fragment sizes were
determined with reference to a LIZ-500 size standard
(ABI) for each sample injection using GENESCAN software
version 3.7.

AFLP analysis

The AFLP protocol followed is detailed in Jump et al. (2006).
After digestion of genomic DNA with EcoRI and Tru9I (an
isoschizomer of Msel), adaptors were ligated on both ends
of the DNA fragments. Two sequential PCR amplifications
were performed. The first PCR using Eco-A and Mse-C
primers and the second PCR using one of five Eco-ANN/
Mse-CNN primer combinations (where N represents any
nucleotide). Eco-ANN primers were radiolabelled using
V33P. Primer combinations used were (i) Eco-AAG/
Mse-CAG (ii) Eco-ACT/Mse-CTC (iii) Eco-ACA/Mse-CAG
(iv) Eco-ACA/Mse-CAC (v) Eco-AAG/Mse-CTC. Oligonu-
cleotide sequences for PCR adapters and primers are as
published by Vos et al. (1995).

Electrophoresis of radiolabelled PCR products was
performed on 6% polyacrylamide gels. These were dried
and exposed to X-ray film for 3-5 days at —80 °C. Films were
developed following a standard protocol and genotypes
scored by hand as a binary matrix of band presence/absence.
Each set of 60 reactions included two positive (known
genotype) and two negative (H,O) controls carried from
restriction digest through to the final selective AFLP PCR.

Statistical analysis

Eight individuals failed to amplify in either the SSR analysis
or the AFLP analysis. These eight individuals were excluded
from the final data set, together with two additional
randomly selected individuals, to give a total of 200
individuals that amplified for both marker types and were
included in the final analysis. The spatial distribution of
these included individuals is shown in Fig. 1.

A single AFLP locus found to violate assumptions of
marker neutrality by Jump et al. (2006) was excluded
from the data set. No SSR loci were found to deviate from
neutrality (data not shown). Of the total 254 polymorphic
AFLP loci, a further three randomly selected loci were
excluded from the analysis to give a final data set of 250
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AFLP loci and 6 SSR loci per individual. In the following
analyses, we compared five AFLP primer combinations
with six SSR loci to provide diversity and SGS estimates
based on a similar genotyping effort for both marker types
while ensuring that minimum comparisons (one AFLP primer
combination vs. two SSR loci) still involved multilocus
genotypes.

Population genetic diversity

SSR allele frequencies, observed and expected heterozy-
gosities and Shannon’s diversity index were calculated
using the software POPGENE version 1.32 (Yeh & Boyle 1997).
Calculation of allelic richness, Fg (using the estimator
of Weir & Cockerham (1984)) and deviation from Hardy-
Weinberg Equilibrium (HWE) was performed in FSTAT
version 2.9.3.2 (Goudet 2001).

For the estimation of genetic diversity from AFLP data,
we calculated allele frequencies based on the assump-
tion of HWE within populations. Although the population
samples we describe here deviated significantly from HWE
when analysed using SSR markers, previous work using the
same SSR markers on seven nearby quadrat subsamples of
the same forest provided no evidence of significant
deviation from HWE (Jump & Pefiuelas 2006). The potential
cause of deviation from HWE in this study is discussed
below. We estimated the frequency of the dominant allele
at each AFLP locus for the population as 1 — the square
root of the frequency of band absence at that locus (Krauss
2000). Genetic diversity was calculated from AFLP data as
mean expected heterozygosity and mean Shannon diver-
sity index over all loci using POPGENE.

Spatial genetic structure

Analyses of SGS were conducted based on the calculation
of the kinship coefficient between individuals (F;;) which
summarizes the genetic co-ancestry between individuals
iand jand can be defined as F,-]- = (Q,-j -Q,)/1-Q,, (where Q,-]-
is the probability of identity in state for random genes from
iand j, and Q,, is the average probability of identity in
state for genes coming from random individuals from the
sample). Kinship coefficients were calculated from AFLP
data according to the dominant marker estimator described
by Hardy (2003) and from SSR data according to the codo-
minant marker estimator reported by Loiselle et al. (1995)
(equations 15 and 16, respectively, in Hardy 2003). For
estimation of kinship coefficients from AFLP data, the
inbreeding coefficient (Fig) was set to 0.088, as calculated
from SSR data in this study, however, Hardy (2003) notes
that estimation of kinship using this method is relatively
robust to errors in Fig estimation.

It was clear from an initial investigation of SGS in this
population that the mean estimate of F;; over pairs of

0.08 1 ssR
0.06 A

0.04
0.02 T\JV“\\A\:\A
N——
P e S
N TR
—_

0.00
—0.02 A i —
~0.04 -

~0.06

—-0.08 - P<0.001, Sp=0.00374

F(d)

0.08 | AFLP
0.06 -
0.04 -
0.02 —
0.00 g S S

-0.02 -

-0.04 -

—-0.06
—0.08 7

T
A

=]
o

001, Sp=0.00518

T
o
w0

10 4
20 1
100 -
200
500 -
1000 T
2000
5000 -

Distance class (m)

Fig. 2 Analysis of spatial genetic structure in Fagus sylvatica
forest based on SSR and AFLP data over the full distance range
contained within our data set. Solid lines indicate the mean kinship
coefficient per distance class [F;] and dashed lines the limits
of its 95% confidence interval. Individuals are significantly more
similar than would be expected by chance when F; lies above its
95% confidence limit. P values are given for the regression slope
of individual pairwise kinship coefficients on the corresponding
logarithmic geographical distance between individuals (see text).
Sp represents the rate of decrease of pairwise kinship with distance.

individuals within a given distance interval [F ;] does not
decrease linearly with distance or log distance but shows
a rapid reduction in slope beyond approximately 200 m
from each tree (Fig. 2). Consequently, analyses were restricted
to a maximum distance of 200 m between trees to avoid
parameter estimates being biased by this nonlinearity. F;,
was computed based on 20 equal intervals rising by 10 m
from 0 to 200 m and plotted against distance to visualize
spatial autocorrelation patterns. Ninety-five per cent con-
fidence intervals for F;, were calculated based on 10 000
random permutations of individuals among geographical
locations. To test the hypothesis that there was significant
spatial structure, the observed regression slope of F;; on
ln(rij), b, was compared with those obtained after 10 000
random permutations of individuals among locations
and statistical significance determined using a Mantel test
[where In(r;)) represents the natural logarithm of the physical
distance between individuals i and j]. This procedure has
the advantage that all of the information is contained in
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a single test statistic and the results are not dependent
on arbitrarily set distance intervals (Vekemans & Hardy
2004). Spatial genetic structure was also quantified by the
Sp statistic, which represents the rate of decrease of pairwise
kinship with distance (Vekemans & Hardy 2004). Sp is
calculated as —b/[1 - F(;)] [where F;, is the mean F;; between
individuals in the first distance class]. Following Hardy
et al. (2006), we present the standard error (SE) of b (calcu-
lated by jackknifing over loci) as an estimate of the
variability of Sp. This estimate does not take into account
the SE of F;,, since its impact on the SE of Sp is very
small in comparison with that of b (O] Hardy, personal
communication). All analyses of SGS were conducted
using the program spaGepi version 1.2d (Hardy & Vekemans
2002).

We subsampled the complete data sets (N = 200 individuals
with 6 SSR loci and 250 AFLP loci) over individuals and
over loci to assess the effect of varying sample sizes on
estimates of spatial genetic structure. To assess the effect
of reducing the number of individuals, N was reduced
from N =200 by the random exclusion of individuals to
give data sets of N = 150 and N = 100. To assess the effect
of reducing the number of loci, spatial analyses were con-
ducted based on 2, 3, 4, 5 and 6 SSR loci arbitrarily ordered
as follows: (i) FS1-03 (ii) FS4-46 (iii) FS1-15 (iv) FCM5 (v)
CsCAT14 (vi) FS3-04. AFLP loci were numbered from 1
to 250 according to primer combination and product size
within each primer combination. Spatial analyses of AFLP
data were based on 50, 100, 150, 200 and 250 polymorphic
loci selected in order from the full data set. Distance matrices
were also calculated based on N = 200 for individual SSR loci
and AFLP primer combinations to quantify how closely SGS
for individual loci/primer combinations corresponded
to overall estimates of SGS. The Pearson product-moment
correlation coefficient (r) was calculated to compare F;,
calculated from reduced numbers of individuals and loci
with F ;) based on the full data set for each marker type. For
all such comparisons, r is calculated based on a sample size
of N = 20 distance classes.

Results

Marker summary information

A total of 75 alleles were recorded over all SSR loci. Alleles
corresponded to individual loci as follows: FS1-03: 24 alleles;
FS1-15: 17; FS3-04: 4, FS4-46: 12; FCMb5: 15; CsCAT14: 3.
Observed and expected mean heterozygosities per locus
ranged from 0.345 and 0.412 (CsCAT14) to 0.850 and 0.875
(FS1-15).

A total of 254 easily scored polymorphic AFLP markers
were recorded over 209 individuals using five primer
combinations. The number of polymorphic markers
per individual primer combination was as follows: (i) Eco-
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AAG/Mse-CAG, 50 markers; (ii) Eco-ACT/Mse-CTC, 44;
(iii) Eco-ACA/Mse-CAG, 53; (iv) Eco-ACA /Mse-CAC, 50;
(v) Eco-AAG/Mse-CTC, 57.

Population genetic diversity

Per-locus tests of Hardy—Weinberg equilibrium (HWE)
indicated that three SSR loci showed a significant departure
from HWE (Fig# 0, o = 0.05 after Bonferroni correction,
6000 randomizations); all involved heterozygote deficit.
When tested over all SSR loci, a significant heterozygote
deficit remained (F;g = 0.088, . = 0.05). Genetic diversity of
the forest was high, with an allelic richness of 12.5 (averaged
over loci) from SSR data. SSR-based estimates of genetic
diversity were higher than those based on AFLP markers:
Shannon diversity index, SSR: 1.593; AFLP: 0.380, expected
heterozygosity SSR: 0.703; AFLP: 0.244.

Spatial genetic structure

When all 200 individuals were included in the analysis,
significant SGS was detected with both 6 SSR and 250 AFLP
markers (Fig. 3a). However, whereas SSR markers revealed
only very weak structure for distance classes greater than
10 m and less than 30 m, AFLP markers revealed significant
SGS extending nearly four times further —up to 110 m
from each tree. For AFLP data, the mean kinship coefficient
per distance class, F;), is described by a near monotonic
decrease with increasing distance, a pattern that is not
repeated for SSR data (Fig. 3a). We found no consistent
evidence for differences in SGS between the sample regions
of the forest (data not shown).

When correlograms were constructed based on smaller
sample sizes (N = 150, Fig. 3b; N = 100, Fig. 3c), it is clear
that in each case, greater SGS was detected with AFLP
rather than SSR markers. In all cases, SGS became weaker
as sample size was reduced. When calculated based on
AFLP markers, the minimum SGS estimate (SGS_ ;) falls
from 110 m when N = 200, to 90 m when N = 150 and 20 m
when N = 100. (5GS,,,, is defined here as the point at which
F ) first becomes statistically indistinguishable from 0 at
P =0.05). The maximum SGS estimate (SGS,,,) is identical
to SGS_;, when calculated based on 200 or 150 individuals.
However, when calculated based on 100 individuals,
SGS,,, is 120 m, 100 m greater than the minimum estimate.
(SGS,,,,, is defined here as the greatest distance at which
F4y> 0 at P =0.05 before F;, crosses the x-axis). When
calculated based on SSR markers, SGS_;, falls from 30 m
when N =200 and N = 150 to 20 m when N = 100. In each
case, no significant SGS is detected for the first distance
class of 0-10 m and SGS_;, and SGS_, are equivalent.
Average sample size per distance class fell from 71.5 (£ 3.0)
when N =200 to 38.9 (£ 1.7) when N =150 and 17.4 (£ 1.1)
when N =100 (means are followed by standard error in
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Fig. 3 Analysis of spatial genetic structure in Fagus sylvatica forest from the mean kinship coefficient per distance class [F ;)] calculated from
SSR and AFLP data over 10-m distance classes up to a maximum distance of 200 m. The effect of decreasing sample size (number of
individuals, N) is shown by decreasing N from left to right. Explanation of lines, P values and Sp is as for Fig. 2.

parentheses). Correlograms based on N = 150 closely
resemble the correlogram based on N =200 for both
marker types: r = 0.91, SSR; r = 0.89, AFLP. However,
reducing sample sizes to N = 100 has a greater impact
on the SGS estimates based on SSR markers: r = 0.73,
SSR; r=0.90, AFLP.

When comparing correlograms for SSR and AFLP data
in Fig. 3, it is clear that the confidence interval for Fyyis
always greater when F ;) is derived from SSR data and
when F, is calculated from fewer individuals. Figure 4
shows the effect of decreasing the number of loci used for
the calculation of the kinship coefficient for both marker
types on overall estimates of F ;) and its confidence interval.
The confidence interval for F; based on SSR data is always
wider than that calculated from AFLP data in this study,
even when 50 AFLP loci are compared against six SSR loci.
For both marker types, increasing the number of markers
decreases the confidence interval of F ;. This effect is most
noticeable for AFLP data, where the confidence interval
decreases consistently with every increase in the number of
marker loci used for genetic distance calculation, although
the decrease becomes progressively smaller as more AFLP
loci are included. For SSR markers, there is no overall
decrease in the width of the confidence interval when more
than four loci are used for genetic distance calculation
(Fig. 4).

Altering the number of loci used also results in a marked
variation of F , itself. For AFLP data, if 150 loci are used for
the calculation of genetic distance, the correlogram closely

resembles (r = 0.97) that based on the AFLP data set as a
whole (250 loci, Fig. 4). If a correlation of 0.9 is taken as
the critical correlation of F ;) values based on subsets of the
data with F; values based on the full data set (following
Cavers et al. 2005), then 100 AFLP loci give a good approxi-
mation of the final correlogram (r = 0.93, Fig. 5). However,
whereas for SSR markers, increasing the number of loci
does cause the correlogram to become more similar to that
based on all six loci, each increase in the number of loci
used for its calculation still results in a marked change of
F 4y (Figs 4 and 5). Five SSR loci are needed for the calcula-
tion of F;, values that approximate those based on the SSR
data set as a whole (r = 0.90, Fig. 5).

The full data set of N = 200 with 6 SSR loci/250 AFLP loci
gives our best estimates of the Sp statistic in this popula-
tion. Values of Sp calculated from our full data set over
a maximum of 5000 m, Sps g, (SSR: 0.00374 +0.00111 (SE);
AFLP: 0.00518 £ 0.00055) are considerably lower than the
values of this statistic calculated over a maximum distance
of 200 m, Spyy ,,, (SSR: 0.01412 +0.00316; AFLP: 0.01888
0.00217). When calculated over a maximum distance of
200 m and compared over the analyses based on reduced
numbers of individuals or loci, AFLP-based estimated of
Sp are higher than all but one estimate of Sp based on SSRs
markers (Figs 3 and 4) with a mean Sp over all analyses of
0.01382 for SSR and 0.02071 for AFLP markers.

Values of F;, based on individual SSR loci show only a
low to moderate correlation with those based on the entire
SSR data set (mean r = 0.47 range: 0.35—-0.65) and only half
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Distance class (m)

Fig. 4 The effect of decreasing the number of SSR and AFLP loci used for the calculation of individual pairwise kinship coefficients on the estimation of spatial genetic structure in Fagus

sylvatica forest. Spatial analysis of the mean kinship coefficient, F;), was based on 200 individuals and 10-m distance classes. Explanation of lines, P values and Sp is as for Fig. 2.
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Fig. 5 Correlation of F;, values calculated from the full data set of
200 individuals and 6 SSR /250 AFLP loci with F;, values calculated
from reduced numbers of SSR and AFLP loci. All correlations are
significant at or below P = 0.001.

Table 1 Correlation of F ;) values for individual SSR loci/AFLP
primer combinations with values from all SSR/AFLP data

Comparison A/L r P

SSR loci vs. total SSR data

1) FS1-03 24 0.59 0.006
2) FS4-46 12 0.37 0.108
3) FS1-15 17 0.52 0.019
4) FCM5 15 0.37 0.110
5) CsCAT14 3 0.35 0.129
6) FS3-04 4 0.65 0.002
AFLP primer combinations vs. total AFLP data

1) Eco-AAG/Mse-CAG 50 0.79 <0.001
2) Eco-ACT/Mse-CTC 53 0.82 < 0.001
3) Eco-ACA /Mse-CAG 44 0.76 < 0.001
4) Eco-ACA /Mse-CAC 50 0.69 0.001
5) Eco-AAG/Mse-CTC 53 0.93 <0.001

A/L, number of alleles per SSR locus or loci per AFLP primer
combination used to estimate SGS. Significant correlations
(P < 0.05) are presented in bold text.

of individual locus vs. full data set correlations are statisti-
cally significant at P = 0.05. In contrast, all individual
AFLP primer combinations result in values of F,, that
resemble values based on the entire AFLP data set at least
moderately well (mean r = 0.80, range: 0.69-0.93) with all
correlations significant at P = 0.001 or below (Table 1).
SGS estimated from individual SSR loci shows a low cor-
relation with SGS estimated from other loci, whereas the
correlation between individual AFLP primer sets is much
higher (SSR: mean r = 0.07, range: —0.29-0.35; AFLP: mean
r = 0.55, range: 0.35-0.74).
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Discussion

It is apparent from our results that genetic diversity is
not distributed homogeneously over the studied forest.
The spatial genetic structure we detect is likely to be a
consequence of a persistent effect of limited gene flow
through restricted seed dispersal, despite the potential
for disruption of SGS by long-distance gene flow by wind-
dispersed pollen in this species (Bacilieri et al. 1994; Streiff
et al. 1998; Heuertz et al. 2003; Asuka et al. 2004).

Our results show that, based on AFLP data, significant
spatial genetic structure in Fagus sylvatica extends up to
110 m from each tree, three to four times further than has
previously been estimated for this species (Merzeau et al.
1994; Leonardi & Menozzi 1996; Vornam et al. 2004; Scalfi
et al. 2005). In contrast, SGS detected from microsatellite
data is very weak, extending from 10 to 30 m based on the
same sample size (N = 200, Fig. 3a). Although Vekemans &
Hardy (2004) caution against comparing the extent of
SGS between studies based on correlograms since these are
dependent on the sampling scheme used and arbitrarily
set distance intervals, our SSR-based SGS estimate is
consistent with estimates from previous studies. The con-
fidence interval for AFLP data is much narrower than for
SSRs, resulting in greater power to detect SGS from our
AFLP data. However, this does not entirely explain the
weaker spatial structure we detected using SSR rather
than AFLP markers. When calculated from SSRs, Fu
drops to near 0 by 70 m [F;, = 0.0001, P = 0.96], compared
to 150 m for AFLP data (F; = 0.0005, P = 0.84, Fig. 3a),
likewise Sp is lower when calculated from SSR rather
than AFLPs from the full data set (Figs 2 and 3a) and lower
in all but one case when reduced data sets are compared
(Figs 3b, 3c and 4).

Effect of sample size used to estimate SGS

Reduction of sample sizes below N = 200 reduces the distance
over which SGS is detected and causes unpredictable
variation in the value of Sp (Fig.3). However, whereas
estimates of SGS for N = 150 (Fig. 3b) for both marker types
still closely resemble the overall estimate (r = 0.9), the
reduction of sample sizes to N = 100 (Fig. 3c) has a much
greater effect on the SSR based estimate (7 = 0.73) than that
based on AFLPs (r = 0.90). The impact of reducing sample
sizes on SGS estimates is visible in Fig. 3, where the
plots of F;, against distance class become more variable as
sample size decreases, both in terms of larger confidence
intervals for each distance class and greater stochasticity
of F; across distance classes. This effect is particularly
pronounced for SSR data. This effect of reduced sample
size is apparent in other studies that have compared SGS in
populations of varying size (Takahashi et al. 2000; Cottrell
et al. 2003; Asuka ef al. 2004). Mean sample sizes per distance

class for N = 100 are low however (17.4 pairwise com-
parisons), and below the minimum recommended sample
size of 30 pairwise comparisons per distance class for
statistically robust estimation of SGS (Escudero et al. 2003;
Cavers et al. 2005). Low sample size will reduce power
to detect SGS in the smallest subsample in this test in
our study and in other studies where low sample sizes
are used. However, even with such low sample sizes per
distance class, the AFLP correlogram for N = 100 still closely
resembles that from the full data set (r = 0.90).

Effect of the number of loci used to estimate SGS

Reducing the number of loci used for calculation of F;,
between individuals has a similar effect to the reduction in
samplesize (Figs 3-5). Correlograms show greater departure
from the near monotonic decrease in F;, with distance
of the full data set AFLP-based correlogram, and the F;,
confidence interval becomes wider, thereby decreasing the
power to detect SGS, as the number of loci is decreased.
The change in Sp with decreasing numbers of loci is not
predictable (Fig. 4), although the estimate based on AFLP
data does not alter until its calculation is based on less than
150 loci.

If we assume that the effort to genotype individuals with
one AFLP primer combination (here equivalent to approx-
imately 50 AFLP loci) is comparable to that required for a
single SSR locus, then the reduction of loci used for the SGS
estimate has a greater effect on the SSR data. When the
number of loci used to estimate SGS is reduced to 100
AFLP/3 SSR loci then the relationship between F;, from the
reduced data set and F; calculated from the full data set
is ¥ = 0.73 for SSRs but still r = 0.93 for AFLP data. From
Fig. 5itis apparent that using more than 100-150 AFLP loci
makes little improvement to the overall estimate of SGS in
F. sylvatica, whereas each additional SSR locus markedly
improves the SSR-based estimate. Cavers et al. (2005)
demonstrate that when sufficient markers are used to
accurately estimate the real SGS of the population, the
curves shown in Fig. 5 should reach a plateau, with each
additional marker (or primer combination) yielding little
increase in the accuracy of the SGS estimate. The contrasting
curves shown in Fig. 5 suggest that whereas the number
of AFLP markers used in the full data set is in excess of that
needed for an accurate estimate of SGS, the inclusion of
additional SSR markers would be likely to lead to further
improvement. Consequently, we conclude from our data
that whereas 100-150 AFLP loci accurately estimate SGS,
six SSR loci are still too few to give a good estimate of
SGS in this species. Unfortunately, as in Fig. 5 we can only
compare reduced numbers of markers to our full data set,
we cannot estimate how many SSR markers should be used
to provide an estimate of SGS comparable to that obtained
from 150 AFLP loci.

© 2006 The Authors
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SGS estimated from AFLP vs. SSR data

The 110 m extent of SGSin F. sylvatica that we detected using
AFLP markers is substantially higher than that reported in
most published studies of this and similar species and with
the SSR data we present here. AFLP-based estimates of
SGS have been published for the wind-pollinated species
Quercus dentata (> 50 m < 100 m) and Quercus crispula (no
significant SGS) (Ishida & Kimura 2003). However, as the
authors acknowledge, their study was hampered by very
small sample sizes (N = 54 and N = 37, respectively), which
are well below that suggested by Cavers et al. (2005) and
the work we present here. The estimates of SGS in Q. dentata
and Q. crispula should therefore be treated with caution.
Previous studies of SGS in F. sylvatica have estimated its
maximum extent to be generally less than 40 m (Merzeau
et al. 1994; Leonardi & Menozzi 1996; Vornam et al. 2004;
Scalfi et al. 2005). Our estimate from SSR data agrees with
these studies and with comparable patterns reported for
similar species, such as Fagus crenata, Fraxinus excelsior,
Quercus petraea and Quercus robur (Bacilieri ef al. 1994; Streiff
et al. 1998; Takahashi ef al. 2000; Heuertz et al. 2003; Asuka
et al. 2004). Studies comparing differentiation between popu-
lations using AFLP and SSR markers cite two potential
causes of the detection of higher population differentiation
with AFLPs than with SSRs that are relevant to this study:
SSR-based estimates of population differentiation may
be lower due to the potential for maternal inheritance
of some AFLP markers due to possible localization in
the chloroplast or mitochondrial genome, and the greater
likelihood that some AFLPs will be linked to adaptive
traits (Maguire et al. 2002; Mariette et al. 2002; Gaudeul
et al. 2004).

The size of the nuclear genome of F. sylvatica is estimated
to be 544 x 106 bp (Gallois ef al. 1999). No direct estimates
of the size of the chloroplast or mitochondrial genome
are available in this species. However, if we take upper
estimates across plant species for the size of the genome of
these organelles as 0.2 x 103 bp (Martin & Herrmann 1998)
and 2.4 x 103 bp (Ohta et al. 1998), respectively, then less
than two of the 250 AFLP loci we analysed here are likely
to be located in maternally inherited genomes, based on
probability alone.

We excluded one AFLP marker that was found to be
potentially non-neutral in an earlier study in this species
(Jump et al. 2006). Low levels of linkage disequilibrium
are expected for F. sylvatica (Jump et al. 2006) and our 250
markers give an average of only one marker per 2.18 x 106
bp of the genome. The probability of additional AFLP
markers from our data set being associated with spatially
selected adaptive traits in this population is therefore
also very low. Potential localization of AFLP markers in
maternally inherited genomes in F. sylvatica, or association
of markers with adaptive traits is therefore unlikely to be

© 2006 The Authors
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responsible for the strong SGS we detect in this species
using AFLPs but not using SSRs.

Patterns of variation at a single SSR locus are often poorly
predicted by other SSR loci. Consequently, six SSR loci are
likely to be too few to provide an exact view of the whole
genome (Maguire et al. 2002; Mariette et al. 2002; Cottrell
et al. 2003; Gaudeul ef al. 2004). In our data, SGS estimated
from individual SSR loci shows a low correlation with that
estimated from other SSR loci (mean r = 0.07) and with
SGS estimated from all SSR data (mean r = 0.47, Table 1). In
contrast, this correlation is higher between individual AFLP
primer combinations (mean r = 0.55) and between individual
primer combinations and the overall AFLP-based SGS
estimate (mean r = 0.80, Table 1). In combination with the
typically higher Sp values from AFLP data rather than
SSR data, these low SSR-based correlations suggest that the
greater SGS that we report from AFLP-based estimates may
result from the much greater coverage of the F. sylvatica
genome with AFLPs. Therefore six SSR loci may be
insufficient to accurately estimate SGS in this species
(Cottrell et al. 2003; Gaudeul et al. 2004; Fig. 5).

Estimates of SGS in similar wind-pollinated species

If six SSR loci are not sufficient to accurately estimate SGS
in F. sylvatica from 150 to 200 individuals in our study, it is
possible that SGS in this and similar species has previously
been underestimated. Our SSR-based estimate of SGS
in this species is in agreement with other published work
(Bacilieri et al. 1994; Merzeau et al. 1994; Leonardi & Menozzi
1996; Streiff et al. 1998; Takahashi et al. 2000; Heuertz et al.
2003; Asuka et al. 2004; Vornam et al. 2004; Scalfi et al. 2005).
These studies report estimates of SGS based on similar or
smaller sample sizes than those used here, generally between
three and six SSR loci and 4 to 11 allozyme loci with 30-220
individuals per population. Larger sample sizes (number
of individuals) are included only in the studies of Asuka
et al. (2004), who genotyped a population of N = 506 over
three SSR loci and Takahashi et al. (2000) who include one
population of N = 486 genotyped with nine allozyme loci.

A study conducted on Q. petraea and Q. robur by Cottrell
et al. (2003) supports the possibility that SGS in some wind-
pollinated species may have been underestimated. Cottrell
etal. (2003) report extensive SGS from large samples of
these species genotyped at six SSR loci (Q. petraea, N = 214,
SGS < 80 m; Q. robur, N = 388, SGS < 160 m; six SSR loci),
although they report much lower SGS for samples of
N = 58. Cottrell and colleagues sampled Q. robur from
open woodland intermixed with other species, rather than
from dense monodominant stands typical of Q. petraea.
Quercus robur may therefore be less comparable with
F. sylvatica in our study. Cottrell et al. (2003) suggest that
the extensive SGS recorded for Q. robur may be due in part
to forest management practices that might have involved
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planting of related material throughout the forest they
studied. However, forest managers maintain that only
natural regeneration from seed has occurred in the forest
we studied at Montseny (M. Boada, personal communica-
tion). The strong spatial genetic structure that we report
for F. sylvatica based on AFLP data is therefore unlikely to
be of anthropogenic origin, particularly as strong SGS is
not detected from the same samples using SSR markers.

Comparison of the values of the Sp statistic that we present
here with published values for other species is problematic.
If the relationship between F ;) and In(r) departs strongly
from linearity then the value of the Sp statistic becomes
dependent on the distance range implicit within the
sample (Vekemans & Hardy 2004). It is clear from Fig. 2
that this condition applies to our data. Although the values
of Spsy00 m (SSR: 0.00374; AFLP: 0.00518, Fig. 2) are com-
parable with values reported by Hardy et al. (2006) for tree
species with similar pollination and dispersal charac-
teristics (Sp = 0.00196-0.01076), our values for Sp,, . (SSR:
0.01412; AFLP: 0.01888, Fig. 3) are nearly four times larger
than for Sps ,,- Consequently, we use the values of the
Sp statistic that we present only for comparison between
tests within this study.

Genetic diversity, inbreeding and sampling scale

Levels of genetic diversity that we report for the F. sylvatica
forest at Montseny are in broad agreement with estimates
published in studies of this and similar species (Streiff ef al.
1998; Mariette et al. 2002; Cottrell et al. 2003; Vornam et al.
2004). The lower level of diversity we report with AFLP
markers is related to their di-allelic character, which limits
heterozygosity to a maximum value of 0.5 (Maguire ef al.
2002; Mariette et al. 2002; Gaudeul et al. 2004). We detected
low but significant levels of inbreeding at three individual
loci and over all loci (Fig = 0.088). In a previous study using
the same SSR loci, Jump & Pefiuelas (2006) report a value
of Fig of 0.062 that is not statistically distinguishable from
zero based on F. sylvatica quadrat subsamples taken within
the same area of forest. The inbreeding that we detect
here may therefore result from a Wahlund effect caused
by the pooling of samples taken from a large area of
forest within which significant substructuring occurs as we
demonstrate.

Jump & Pefiuelas (2006) reported extensive gene flow
over a larger area of the same F. sylvatica forest, in apparent
contrast to the work we present here. However, rather
than highlighting a true disparity, the findings of these two
studies demonstrate why sampling strategy for investigat-
ing genetic structure must be appropriate to the hypotheses
being tested (Merzeau et al. 1994; Shapcott 1995; Streiff
et al. 1998; Escudero ef al. 2003; Cavers et al. 2005). Jump &
Pefiuelas (2006) investigated large-scale patterns of gene
flow over the forest by the assessment of isolation-by-

distance patterns and population differentiation between
quadrat subsamples. As individual subsamples were equal
to or larger than the maximum extent of SGS we report
here, the small-scale genetic structure that we report in the
present study was not detected in this previous work. The
work we present here shows that SGS does occur, but it is
limited to distances much smaller than those covered by
the forest population as a whole.

The utility of AFLP markers for estimating SGS

Historically, most studies of SGS have been based on analysis
of allozyme data, with only more recent studies based on
analysis of SSRs. Allozymes are less sensitive for the detec-
tion of SGS than SSR markers, potentially as a consequence
of their typically lower polymorphism (Asuka et al. 2004;
Hardy ef al. 2006). In a recent review of 61 papers assessing
SGS in 67 species, Escudero et al. (2003) report that 87%
of the papers used allozymes. Although 5% of the studies
reported by Escudero et al. (2003) were based on random
amplified polymorphic DNA (RAPD) data, none were based
on analysis of AFLPs and few AFLP-based papers have
since been published.

Although individual AFLP loci provide relatively little
information, our work shows that a large number of them
distributed throughout the genome may provide a better
estimate of SGS than the small number of more informa-
tive SSRs or allozymes commonly used for SGS estimation.
Despite a comparable genotyping effort for AFLPs and
SSRsin our study, we reporta much higher estimate of SGS
in F. sylvatica using AFLPs than that detected using SSRs or
allozymes in this and other studies. Similarly, Hardy ef al.
(2006) report stronger SGS for AFLP vs. allozyme-based
estimates of SGS in neotropical trees where data from both
markers were available. However, although Hardesty ef al.
(2005) detected weak SGS (generally < 40 m) using SSR
markers in the animal dispersed neotropical tree Simarouba
amara, they detected no SGS using AFLP markers on the
same individuals (N = 100, 5 SSR loci/155 AFLP loci).
Consequently, although our work suggests AFLPs may
be highly effective for the estimation of SGS, additional
estimates of SGS from AFLP markers are necessary, parti-
cularly in wind-pollinated forest trees, in order to better
understand SGS in these species and to determine the
generality of our results.

Conclusions

We detected significant spatial structure in Fagus sylvatica
extending up to 110 m from each tree based on AFLP data.
This degree of spatial structure is nearly four times further
than has been reported previously for this species and others
that are ecologically similar. When we repeated the same
analysis based on SSR data, spatial structure extended
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only 30 m, in agreement with other published studies. The
larger spatial structure we detected using AFLP markers
is therefore not a peculiar characteristic of the population
studied, but a consequence of the marker data used for the
analysis. Subsampling our data over loci and individuals
suggests that whereas our data set includes sufficient AFLP
loci (> 150) to effectively saturate the SGS estimate, the
total number of SSR loci used (six) may still be too few
to provide an accurate estimate of SGS in this species. As
previous studies of SGS using SSR and allozyme markers
have generally been based on similarly low numbers of
loci to those used for SSRs here, we conclude that spatial
genetic structure in wind-pollinated trees may have been
underestimated previously.
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