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Abstract Analyses of distribution patterns and genetic
structures of forest stands can address distinct family
structures and provide insights into the association of
genetic and phenotypic variation patterns. In this study,
point pattern analysis and spatial autocorrelation were used
to examine the spatial and genetic structures in two natu-
rally generated beech stands, which differ in age, trunk
morphology, and stand management. Significant tree
clumping was observed at distances up to 20 m in the
young forest stand, whereas dispersion at distances under
10 m was observed in the old stand. The spatial analysis
based on Ripley’s k function of the two different groups of
trees showed that the non-forked trees match in both stands
the spatial pattern of all trees while the forked were ran-
domly distributed. Additionally, according to the bivariate
analysis, forked trees in both stands were randomly
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distributed as related to non-forked tree positions. Finally,
Moran’s I values were not very high, though significant
genetic autocorrelation was identified at distances up to
20 m in the young stand, suggesting the existence of dis-
tinct family structures. However, no significant genetic
structuring was observed in the old stand. Our findings
suggest that spatial genetic patterns are impacted by stand
age, environmental factors and human activities. The spa-
tial distribution of forked trees was not clearly associated to
family structures. Random effects and also micro-envi-
ronmental variation could be additional factors explaining
forking of beech individuals.
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Introduction

The spatial pattern of genetic variation within populations is
an important aspect of tree genetics since most of the genetic
variation of forest tree species has been found to reside
within than between populations (Merzeau et al. 1994).
Limited seed and pollen dispersal increases the level of
inbreeding, thereby raising the probability that neighbouring
individuals possess the same seed parent of the previous
generation (Marquardt and Epperson 2004; Wright 1943).
Hence, local genetic structuring or “kinship structuring”
easily results from the spatial clustering of individuals that
are more closely related than would be expected under
spatial random processes (Heywood 1991). Spatial genetic
structures as a result of restricted pollen and seed dispersal
have been reported in a population of the endangered plant
Anthericum liliago (Peterson et al. 2002). Furthermore,
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landscape variables can also influence genetic structures as it
is shown for different plant and animal populations (Kuss
et al. 2008; Murphy et al. 2008). Different genetic structures
were found in reproductive and juvenile plants of the same
populations of the perennial herb Trillium camschatcense,
depending also on the fragmentation of the populations
(Yamagishi et al. 2007). In this case, the reproductive stage
was more structured than the juvenile.

Effects of the age structures of stands on their family
structures were examined by Neale and Adams (1985) for
Douglas-fir and Yazdani et al. (1985) for mountain pines. In
particular, their results indicated that spatial correlations,
observed among seedlings, were mainly due to family
structures and were often eliminated due to competition
among genetically similar seedlings. Additionally, Neale
and Adams (1985) showed that genetic structure in Douglas-
fir populations is likely to remain unaffected by silvicultural
treatments, as there was no significant difference in mul-
tilocus outcrossing estimates between treatments. This was
not the case for European beech (Fagus sylvatica L.), where
higher levels of genetic variation could be noted prior to
thinning (Dounavi et al. 2002). How human influence affects
the spatial characteristics of the next generation was dem-
onstrated by Takahashi et al. (2000) for Japanese beech
(Fagus crenata Blume). In this study, the decreased density
of mother trees reduced mixing of seeds, thereby increasing
the level of genetic clustering in thinned populations. Sim-
ilarly, clustering was observed in Japanese beech after sev-
eral anthropogenic influences (Kitamura et al. 2005). Using
autocorrelation analysis, Bacilieri et al. (1994) found that
oak populations exhibited significant genetic structure due
to limited dispersal of pollen and/or seeds. In this study,
family structures were present, while their patterns were
different among loci.

Genetic studies on beech populations (Fagus sylvatica
L.) have shown that the greater part of gene flow via seed is
limited to a maximum distance of ~50 m (Miiller-Starck
1996). Therefore, for natural regenerated stands, distinct
family structures can be expected as a result of restricted
pollen and seed dispersal. The existence of family struc-
tures has been confirmed already as a result of barochorous
seed dispersal (Vornam et al. 2004). However, low spatial
autocorrelation was detected in 14 Italian beech popula-
tions with a study at 11 enzyme gene loci (Leonardi and
Menozzi 1996), presenting no clear delineation of different
families. Similarly, low spatial genetic structuring was
found in three French beech stands using isoenzyme loci.
This result implies as well no stable genetic structuring in
space and time which suggests less limited gene flow than
expected (Merzeau et al. 1994). Thus far, few attempts
have been made which identify family structures in natural
beech forests based on genetic markers and make use of
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this knowledge for investigating phenotypic variation
patterns.

Provenance trials established for beech have suggested
that a strong genetic component influences structural
morphology, either forked or non-forked (Hansen et al.
2003). However, no detailed conclusions regarding the
genetic control of this phenotypic trait were made. Turok
(1996) analysed populations of forked and non-forked
beech individuals based on isoenzyme markers and found a
slightly higher genetic variation in the group of forked
trees. Hosius et al. (2003) confirmed the evident clumping
of forked trees in a beech stand at the age of 125 years.
This spatial clustering suggests that such trees are often
members of the same family.

Furthering our knowledge of family structures and the
association between genetic and phenotypic variation are
important for forest management and conservation of
genetic resources. Therefore, the aim of this study was to
characterize the spatial distribution of forked trees in the two
study stands and explain their existence either by identifying
genetic families or by posing them to external environmental
or anthropogenic factors. Specifically, the objectives of our
study were as follows: (a) to characterize the spatial distri-
bution of both, forked and non-forked, trees in the stands by
using univariate and bivariate Ripley’s k function, (b) to
characterize the spatial structure of the forked and non-
forked trees by using Moran’s I index of spatial autocorre-
lation, (c) to identify spatial structures of genetic informa-
tion by using Moran’s I index of spatial autocorrelation on
genetic markers, and (d) to explore the spatial distribution of
forked and non-forked trees in respect to genetic, demo-
graphic, or environmental mechanisms.

Materials and methods
Study areas

The investigated beech stands were chosen according to
their trunk morphology, respectively, the forking character.
The first stand is located in Bovenden (Central Germany)
and the second in Schmallenberg (western Germany;
Fig. 1). Both stands were naturally regenerated, contain
trees ranging in age, and offer a good quality of wood. The
Bovenden stand is predominately composed of Fagus
sylvatica L. trees, is elevated at 400 m with a north-eastern
aspect, and covers an area of 26.3 ha. The age of the stand
ranges between 20 and 60 years and also includes natural
regeneration. The Schmallenberg stand is a pure beech
stand at an elevation of 500 m with a northern aspect and
covers an area of 10.1 ha. It is ~ 140 years old and con-
tains no natural regeneration.
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Fig. 1 Location of the study areas

Both stands experienced different intensities of silvicul-
tural treatment. The Bovenden stand is relatively young and
represents a structure which obviously preserved spatial
characteristics of natural regeneration and indicates no
effects of selective thinning. The Schmallenberg stand has
undergone traditional thinning procedures which would
generally affect the spatial appearance of forking. However,
as reported by Turok (1996) especially for this stand, the
proportion of forked trees is still untypically large for such
an age. Hence, it can be argued that there was less room for
selective thinning based on forking characteristics.

Spatial data

Survey plots of 2,500 and 13,000 m? were delineated
within the Bovenden and Schmallenberg stands, and the
coordinates of all individuals in these plots were recorded.
Additionally, the crown of each tree was categorized
according to Krahl-Urban (1962), Hengst (1964), and
Hussendoerfer et al. (1996). The group of the forked trees
includes individuals of which the main trunk is divided into
two equal forks (double leaders) and the side branches also
show the equally divided form (Fig. 2); the forked form
was not the result of a trunk injury (Hussendoerfer et al.
1996). The group of individuals with straight (monocor-
mic) trunks are defined based on whether the axis of the
main trunk is straight (Fig. 2); all other axes are inferior
side axes and only one straight dominant shoot exists
(Hussendoerfer et al. 1996). The spatial distribution of both
forked and non-forked individual trees in the study areas is
presented in Fig. 3.

Fig. 2 Trunk form of the forked and non-forked trees

Genetic data

Winter buds were collected from all mapped trees
and analysed using nine polymorphic enzyme loci by
means of horizontal starch gel electrophoresis (according to
the methodology described by Miiller-Starck 1996). The
enzyme systems analysed were as follows: AAT (EC
2.6.1.1), LAP (EC 34.11.1), PGI (EC 5.3.1.9), PGM
(EC2.7.5.1), MNR (EC 1.6.99.2), IDH (EC 1.1.1.42), MDH
(EC 1.1.1.37), and 6PGDH (EC 1.1.1.44). The genetic
interpretation of the zymograms was based on previous
inheritance analysis of these enzyme systems in beech
(Miiller-Starck and Starke 1993). The genetic diversity
within each group of trees with different crown morphology
(forked and non-forked) was estimated by calculating the
number of alleles for each locus (n), the mean number of
alleles per locus (A/L), the allelic diversity (v), and the
genetic differentiation (o1; Gregorius 1978; Gregorius
1987). All genetic parameters were calculated by using the
software GSED 2.1 (Gillet 2008).

Spatial analysis
Univariate and bivariate Ripley’s analyses

Spatial analyses were performed for both beech stands
based on Ripley’s k function (Ripley 1977) in which the
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Fig. 3 Spatial distribution of
the forked and the non-forked

Schmallenberg beech stand
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centre of a circle with radius d is placed on each individual,
and all other individuals within the circle are counted.
Ripley’s k function uses the distances between all pairs of
point observations inside a circular search window (Fortin
et al. 2002) and therefore provides a method of exploring
the spatial pattern across a range of spatial scales (Moeur
1997; Reader 2000).

Under complete spatial randomness (CSR), that is
achieved from a homogeneous Poisson process, the expected
number of point observations within a distance (d) of a ran-
domly chosen point is nd. Thus, under CSR K(d) = ndz,
where 4 is the number of points per unit area (Gatrell et al.
1996). K(d) plotted against the distance (d) results in a non-
linear plot (Levine 2007). Usually, a transformation L(d)
replaces the K(d) function to linearize and stabilize its vari-
ance (Moeur 1997; Perry et al. 2002). An estimate of K(d) and
L(d) function is given by the following formulas:

K(d)

() =5 5 S haldy), £d) = 1/~

(Gatrell et al. 1996; Levine 2007; Reader 2000), where R is
the area of the region under observation, N is the number of
individuals, and I,d;) is an indicator function, which
equals 1 if the spatial distance d;; between two individuals
at positions 7 and j (i # j) is less than d and O otherwise.

Positive values of L indicate a tendency towards aggre-
gation, whereas negative values indicate a tendency towards
regularity (Barot et al. 1999). Under complete spatial ran-
domness (K(d) = nd*), L(d) drops to zero. Since the sam-
pling distribution of L(d) is not known, a simulation by
defining randomly distributed points over the study area is
implemented. The empirical L(d) functions were compared
with the expected under spatial randomness for distance
classes from 2 m up to the half of the shortest axis of the
study plots (Goreaud and Pélissier 1999; Lancaster and
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Downes 2004). Corrections are required because K(d) tends
to be underestimated near the edge of the region because of
the fewer number of observations; events outside of the
study area are missed (Lancaster and Downes 2004; Perry
et al. 2006). The weighted edge correction method (Ripley
1977) was selected to minimize edge effects.

In addition to univariate Ripley’s k function, a bivariate
measure K ,(d) was used to describe the spatial arrange-
ment of the forked trees relative to non-forked trees
(Diggle 1983; Goreaud and Pélissier 2003; Ripley 1977).
In this case, the centre of a circle of radius d is placed on
the individuals of type 1, and all other individuals of type 2
within the circle are counted. The K;,(d) values were also
transformed to L;5(d), and compared to the spatial ran-
domness, as described earlier for K(d).

Klz(d)

NINZZZWU[,I ij le(d) 7 d

Kix(d)

where R is the area of region, N; are N, are the number of
individuals of type 1 and 2, respectively, I,(d;) is an
indicator function, which equals 1 if d;; (i # j) is less than
d and 0 otherwise, and w;; is a weighting factor to account
for edge effects.

Positive values of bivariate L function indicate aggrega-
tion while negative values indicate segregation of the dif-
ferent kinds of points (Dale et al. 2002). Two null hypotheses
exist for bivariate spatial patterns: independence and random
labelling. Spatial independence presumes processes that
determine the patterning of the two types of events a priori
while random labelling a posteriori (Goreaud and Pélissier
2003; Perry et al. 2006). In our case, random labelling is
more appropriate null hypothesis since the process affects
the trees that are already established in the region. In this
case, Monte Carlo simulation is implemented by maintain-
ing the observed event positions and randomly relabelling
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each event into one of the two types (Perry et al. 2006).
Univariate and bivariate Ripley’s k function was estimated
by ADS in ADE-4 (available at http://pbil.univ-lyonl.
fr/ADE-4-0ld/ADSWebUS.html; (Thioulouse et al. 1997).

Moran’s I index of spatial autocorrelation

Spatial autocorrelation reflects the degree to which the data
values of one property are similar to other data values of the
same property located nearby (Goodchild 1986). On a global
level, it describes as an average the way and the degree to
which a (trait) variable is correlated with itself in space
(Hoekert et al. 2002). The existence of spatial autocorrela-
tion gives evidence of spatial dependence; data values of the
feature at one place depend on the data values of the feature
at other places (Moyer et al. 2005). Positive spatial auto-
correlation indicates that similar features tend to be located
nearby forming a clustered pattern, whereas negative spatial
autocorrelation indicates that similar features tend to be
located far away forming a scattered pattern. On the absence
of statistically significant spatial autocorrelation, the distri-
bution of the data values of the feature presents neither a
clustered nor a dispersed spatial pattern but rather a random
spatial independent distribution (Dale et al. 2002).

Moran’s I coefficient (Moran 1950) is a conventional
measure of autocorrelation, and it is estimated by using the
following computing formula:

Zi Z,#,- wij(xi—%) (x/- —;)
i Z,-#, Wij

Zi (i—%)*
N

(Fortin et al. 2002; Hoekert et al. 2002; Levine 2007),
where N is the sample number, x; and x; are the variable
values at positions i and j (i # j), respectively. X is the
mean value of the variable x, and w;; is a weight applied to
the comparison between location i and location j, resulting
in 1 for a distance within lag interval 4 and O otherwise.

The plot that results when the autocorrelation I(h) is
plotted against the lag distance & is known as a correlo-
gram. It visually presents the spatial structure of the
property being under consideration and helps to determine
some properties of the scale and pattern of spatial vari-
ability (Gardner 1998; Gustafson 1998; Oliver 2001).
According to Odland (1988), the correlogram provides
information for explaining processes that are responsible
for spatial patterns. However, unlike identical patterns
which correspond to identical correlograms, different pat-
terns may or may not correspond to different correlograms.
According to Turner et al. (1991), Sokal and Oden (1978b)
suggested that similar correlograms of different patterns
indicate similar underlying explanatory mechanisms for
generating those patterns.

1(h) =

Spatial phenotypic structures

Spatial phenotypic structures were explored using Moran’s I
coefficient of spatial autocorrelation. To express the
forking and non-forking character of individuals, a bivar-
iate variable was created: values of 0 and 1 were assigned
to forked and non-forked individuals, respectively. Corre-
lograms were calculated to show spatial phenotypic struc-
tures and the size of possible grouping of forked and
non-forked individuals. Significant deviation from random
distribution denotes spatial clustering which may be the
result of either environmental or genetic control. All
computations have been made in CrimeStat III (Levine
2007). Confidence intervals were estimated by Monte
Carlo simulations (Manly 1997). Observed values in each
lag distance were compared with the values obtained after
1,000 permutations. Each permutation was based on the
rearrangement of the trunk morphology (forked/non-forked
characters) of the trees over the spatial location of sampled
individuals. The percentiles of 2.5 and 97.5 created an
~5% confidence interval for testing against randomness
(Bacilieri et al. 1994; Kevin et al. 2004; Streiff et al. 1998).

Spatial genetic structures

Spatial genetic structure within the stands was analysed
also using Moran’s I coefficient of spatial autocorrelation
(Moran 1950). Correlograms were calculated to present
spatial genetic distribution and indicate the size of family
structures (Sokal and Oden 1978a; Sokal and Wartenberg
1983). These calculations were performed by using the
software Spatial Genetic Software (SGS; (Degen et al.
2001). The genotypes of each individual tree were trans-
formed to 0 if the corresponding allele is absent, 1 if they
were heterozygous, or 2 if they were homozygous.

Rare alleles (frequency < 5%) are not very informative
when identifying spatial processes, since they can be highly
affected by the random effects of sampling (Sokal and
Oden 1978b). Thus, Moran’s I values were calculated only
for alleles with frequencies exceeding 5% at each locus.
For diallelic loci, only the Moran’s I value of the most
common allele is taken into account, since the autocorre-
lation coefficients are, in this case, identical. To summarize
information provided by alleles, the mean of individual
Moran’s I values was calculated over all alleles to produce
consensus correlograms. According to the recommendation
of Streiff et al. (1998), I(h) for multiple locus genetic
structures is based on sums of the corresponding numera-
tors and denominators over the alleles.

Significant deviation from random distribution of each
calculated measure was tested using Monte Carlo simula-
tions (Manly 1997). Each permutation was based on the
rearrangement of multilocus genotypes over the spatial
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location of sampled individuals. Observed values in each
distance class were compared with the values obtained
after 1,000 permutations. A 95% confidence interval was
estimated for testing against randomness (Bacilieri et al.
1994; Kevin et al. 2004; Streiff et al. 1998).

Results and discussion

Genetic variability

The allozyme markers displayed moderate levels of poly-
morphism, with a slightly larger mean number of alleles

per locus in the forked trees when compared to the non-
forked trees (Table 1). For most enzyme gene loci, forked

trees also showed slightly higher allelic diversity (v) and
total genetic differentiation (1), when compared with non-
forked. These findings are in accordance with Turok (1996)
who had found slightly superior average allelic multiplicity
at the same nine allozyme loci among forked trees (2.6) in
comparison with non-forked individuals (2.1). Hosius et al.
(2003) also confirmed small allelic distance between the
forked and the non-forked trees, but also slightly higher
diversity in forked individuals.

The genetic control of forking has only rarely been
studied. Hussendoerfer et al. (1996) analysed pair com-
parisons and found no genetic differentiation with respect
to stem morphology. Turok (1996) found a significant
difference between allelic frequencies of forked trees and
their nearest neighbour only at one among nine allozyme

Table 1 Number of alleles per

Jocus (1) and mean number of Gene locus Number of alleles (n) Allelic diversity (v) Genetic differentiation (o)
alleles per locus (A/L), allelic Forked Non-forked Forked Non-forked Forked trees Non-forked
diversity v, and genetic
differentiation o for each of the GOT-B
studied groups of forked and Bovenden 4 4 1577 1.630 0.368 0.387
non-forked trees Schmallenberg 2 2 1826  1.863 0.456 0.465
IDH-A
Bovenden 3 3 2.070 2.009 0.519 0.503
Schmallenberg 2 2 1.391 1.536 0.283 0.350
LAP-A
Bovenden 4 4 3.403 3.384 0.709 0.706
Schmallenberg 4 4 3.190 3.067 0.692 0.676
MDH-B
Bovenden 4 4 1.993 1.845 0.500 0.459
Schmallenberg 4 4 1.859 1.584 0.465 0.370
MDH-C
Bovenden 2 2 1.867 1.764 0.466 0.434
Schmallenberg 2 2 1.543 1.654 0.355 0.397
MNR-A
Bovenden 4 3 1.222 1.168 0.182 0.144
Schmallenberg 3 3 1.371 1.200 0.273 0.167
PGI-B
Bovenden 2 2 1.044 1.033 0.042 0.032
Schmallenberg 2 2 1.061 1.036 0.058 0.035
PGM-A
Bovenden 2 2 1.819 1.848 0.452 0.460
Schmallenberg 3 2 1.967 1.929 0.493 0.485
6PGDH-A
Bovenden 2 2 1.169 1.217 0.145 0.178
Schmallenberg 2 2 1.227 1.161 0.186 0.139
Gene pool
Bovenden 28 27 1.796 1.766 0.376 0.367
Schmallenberg 24 23 1.715 1.670 0.362 0.343
Mean number of alleles per locus (A/L)
Bovenden 3.1 3.0
Schmallenberg 2.7 2.6
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loci analysed, i.e. the gene locus 6GPDH-A. However,
average genetic distance of 0.06 among forked trees and
their nearest monocormic neighbour, an average allelic
distance of 0.07 and genotypic distance of 0.10 between 45
forked and 51 non-forked trees, was reported. These dis-
tances are not significant but they still considerably exceed
the differentiation among German beech stands ranging up
to 0.03. Hosius et al. (2003) reported a highly significant
difference at the gene locus MDH-C due to greater fre-
quency of the allele MDH-CI1 in the forked trees.
Krahl-Urban (1962) had studied three types of crown
form of adult trees and young progeny beeches in their
close neighbourhood, which had originated from natural
regeneration and found no consistent similarity. These
findings may have been due to low heritability or moderate
seed dispersal distances. It is of importance to note that
under the premise of genetic control of crown form, the
sole causal interpretation of clumped occurrence of forked
trees by family structures is restricted seed and/or pollen
dispersal. However, Wang and Hattemer (2001) found that
for beech stands (with density comparable to the two
studied stands), 25% of the seeds were transferred further
than 20 m. In an analysis of three series of field trials laid
out by J. Krahl-Urban between 1951 and 1959, comprising
133 stand progenies, Kleinschmit and Svolba (1996) have
reported on pronounced variation in stem curvature.
Unfortunately, they did not mention stem forking, since, at
that time, they considered those experiments still too young
for reliably recording the expression of this important trait.

Spatial analysis
Univariate and bivariate Ripley’s analyses

The point pattern analysis in the Bovenden stand showed
significant spatial aggregation for all trees at distances
under 20 m (Fig. 4a). The spatial arrangement of all trees
in the Schmallenberg stand appeared uniform up to a dis-
tance of about 10 m (Fig. 4b). For both stands, forked trees
were spatially distributed randomly (Fig. 5c, d). The non-
forked trees in Bovenden exhibited an aggregated spatial
distribution up to a distance of ~20 m, whereas the non-
forked trees in Schmallenberg were uniformly distributed

Fig. 4 Univariate Ripley’s k

All trees, Bovenden

up to 10 m whereby they exhibited a random distribution
pattern.

The different spatial arrangement of the trees in the two
stands may be a result of their different age structures.
Specifically, competition and natural selection are in pro-
gress in the Bovenden stand where natural regeneration
exists, while competition and natural selection in the
Schmallenberg stand have already been completed. Con-
sequently, long-term intraspecific competition between
beech individuals in Schmallenberg revealed negative
associations, which resulted to uniform spatial patterns. In
contrast, young natural regeneration accumulates in space
resulting to clumped spatial patterns in Bovenden. Similar
results have been reported for the spatial distribution of
Scots pine and oak in natural mixed forests in central
Europe (Kint 2005).

In contrast, forked trees are randomly distributed in
space, even if these come from populations where their
spatial arrangement is either aggregated (Bovenden) or
uniform (Schmallenberg). This suggests that there are less
distinct family structures in the group of forked trees and a
more possible micro-environmental influence and random
effects in the formation of forked trunks. In contrast, the
spatial distribution of the non-forked trees matches in both
sampling areas the spatial distribution of all trees, reflect-
ing thus the spatial pattern of all the trees in the stand.

Bivariate analysis indicated a random distribution of the
one type of trees in relation to the other type, since
bivariate L, values were not statistically different than the
expected one under spatial randomness in both stands
(Fig. 6). This means that there is no spatial association of
one type of trees on the other, and subsequently no direct
information about neighbouring preferences of the two
types and unique spatial requirements.

Spatial phenotypic patterns

Spatial autocorrelation of phenotypic characters was esti-
mated by calculating Moran’s I values for each lag dis-
tance. Based on the correlograms presented in Fig. 7,
Moran’s I values of the phenotypic character of the trees in
each stand were not statistically different that what could
be expected under spatial randomness. This result is in
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accordance with the spatial pattern observed from the
bivariate Ripley’s analysis, suggesting that the trunk mor-
phology of the trees in both stands is random in space.

Spatial genetic structures

It is known that the main factors that influence the spatial
structure of the genetic variation within populations are the
condition of the mating system, gene flow, and natural
selection. In general, the autocorrelation analysis con-
ducted showed that there was a low correlation between the
spatial and the genetic distances and that different patterns
of genetic structures exist within the two stands. The results
are presented in correlograms in Fig. 8.

@ Springer

Despite restricted correlations (Moran’s I values of less
than 0.1 were found in both stands), significant clumping of
genotypes for distance classes up to about 18 m were
observed in the Bovenden stand (Fig. 8a). Moran’s I
maximum values were observed in the first distance class
of 0-5 m (I = 0.068), while at a distance of ~ 18 m and
more presented no statistical difference than zero. The
Schmallenberg stand did not present any clear spatial
genetic structure in any distance class (Fig. 8b), although
Moran’s I value approximates the upper limit of the con-
fidence level up to a distance of about 20 metres. Relatively
low autocorrelation was also found by Merzeau et al.
(1994) and Leonardi and Menozzi (1996) in beech stands
in France. Similar results have also been reported for other
tree species including Acer saccharum, Quercus petraea,
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and Quercus robur (Bacilieri et al. 1994; Leonardi and
Menozzi 1996; Perry and Knowles 1991).

The fine-scale genetic structures at short distance
classes in the Bovenden stand suggest that micro-envi-
ronmental selection was not the reason for this spatial
structuring of genotypes, but instead a result of kinship.
This finding is consistent with the expectation that beech
offspring were clustered around parents, since seed dis-
persal in beech stands is limited (Miiller-Starck 1996). On
the other hand, in the old beech stand without natural
regeneration (Schmallenberg), spatial autocorrelation was
not evident. The explanation for the differences in genetic
structures between stands could be related to their dif-
ferent age structures. Thus, genetic structures in the old
stand (Schmallenberg) could have been eliminated over
time due to density reduction. Possible spatial autocorre-
lations among seedlings, mainly as family structures,
could have been eliminated due to competition among
genetically more similar seedlings. Therefore, only some
of the seedlings from each family reached the age of
reproduction. Likewise, similar results were obtained in
the isoenzymatic analysis and demographical study of
spatial distribution of genetic variation within populations
of the Japanese beech species Fagus crenata (Kitamura
et al. 2005; Takahashi et al. 2000). These results indicate
a spatial grouping of the seedlings under the presumable
mother tree, whereby the young plants later showed a
random spatial distribution. According to Epperson and
Clegg (1986), the distance at which the Moran’s I value is
closest to zero varies depending on the population den-
sity. These findings are consistent with the different sizes

Lag distance

of genetically similar groups observed in our study, taking
into consideration the different age structures of the
stands.

Even in fairly old stands with low tree density where
only part of the trees were sampled by use of a grid system,
significantly positive genetic correlations were found at
distances almost beyond those studied here and depending
on gene locus (Ziehe and Hattemer 2004). The small-scale
spatial genetic patterns and autocorrelations observed in
Bovenden are more likely the result of family structures as
a result of restricted gene flow; whereas for the Schmal-
lenberg stand, large-scale adaptational effects at particular
gene loci may have also contributed to random spatial
patterns.

Another explanation for the different forms of the
I-correlograms is the effect of human activities, such as
forest management strategies, particularly thinning. Such
anthropogenic factors could modify the distribution of the
trees through the removal of individuals with economically
undesired forked stem forms. The slightly clumped spatial
distribution of genetic information and the random distri-
bution of forked trees in the Bovenden stand support the
notion that human activities have played an important role
on the spatial patterns of the trees.

Similar studies have shown strong family structures by
using nuclear microsatellites in a naturally regenerated but
very old beech stand in Germany (Vornam et al. 2004).
Microsatellites exhibit generally higher levels of genetic
diversity and from that can be recommended to study
family structures, although they are hardly related to crown
form.

@ Springer
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Quantitative vs. genetic structures

The comparison of the fine-scale genetic structure of
quantitative traits with isoenzyme markers within a natural
population of Centaurea jacea s.I. showed that allozyme
markers and the genetic component of quantitative traits
have similar patterns of spatial autocorrelation (Hardy et al.
2000). On the other hand, differences in spatial patterns
among characters were observed in a study of microgeo-
graphic structure of Impatiens capensis, suggesting that
forces other than drift may have also influenced the genetic
structures of the populations (Argyres and Schmitt 1991).
These results are in accordance with the findings of more
pronounced difference of the Fgp— Qgr for allozyme
markers and morphological traits than for other kinds of
molecular markers and life-history traits (Merila and
Crnokrak 2001).

Our results show that the quantitative traits, forking and
non-forking, have no significant spatial structure for their
genetic component. This leads to the conclusion that the
enzyme markers analysed are not associated with this
morphological character.

Conclusions

This study has shown that genetic variability within forked
trees was slightly higher than non-forked trees. Moreover,
genetic variability was higher in the younger stand with
higher density (Bovenden) than in the older stand (Sch-
mallenberg). However, no clear genetic differentiation
between the forked and non-forked trees was identified,
and there was no further indication that particular enzy-
matic genotypes promote the formation of forked stems.
These results provide no evidence about participation of
the investigated loci in the genetic control of this trunk
phenotypic character and also provide no clear indication
about the existence of family structures with members of
similar trunk morphology.

Clumping of trees and genetic structuring may be the
result of the regeneration system and limited gene flow. With
natural regeneration, a large amount of clumping and genetic
autocorrelation at a small scale may be expected among the
juvenile trees, reflecting mainly family structures. During
stand development with a natural reduction in the density,
family structures are partially dissolved and could be
superimposed by adaptational effects at particular gene loci
leading eventually to non-significant spatial characteristics.
Hence, comparisons of stands with different regeneration
systems, different age structures, or densities could be
problematic if such stand characteristics are ignored.

The possible effect of human activities, such as forest
management strategies, especially thinning could also lead

@ Springer

to a more uniform distribution of trees, as observed for the
Schmallenberg stand. The slightly clumped spatial distri-
bution of genetic information and the random distribution
of forked trees in Bovenden stand support the assumption
that human activities modify the spatial pattern by the
removal of individuals with economically undesired forked
stem forms.

The data of those two stands suggest that their age,
environmental factors and human activities can substan-
tially affect spatial patterns and genetic structures of trees
in beech stands, but further analysis of more beech stands
by using similar approaches is necessary to approve and
generalize our findings.
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