Paz, H. (2003): Root/shoot allocation and root architecture
in seedlings: Variation among forest sites, microhabi-
tats, and ecological groups. Biotropica 35: 318-332.

PoOORTER, H. and O. NAGEL (2000): The role of biomass
allocation in the growth response of plants to different
levels of light, CO,, nutrients and water: a quantitative
review. Australian Journal Plant Physiology 27:
595-607.

RETZLAFF, W. A., J. A. HANDEST, D. M. O’MALLEY, S. E.
MCcKEAND and M. A. Tora (2001): Whole-tree biomass
and carbon allocation of juvenile trees of loblolly pine
(Pinus taeda): influence of genetics and fertilization.
Canadian Journal of Forest Research 31: 960-970.

RunEe, G. (2003): Slits in container wall improve root
structure and stem straightness of outplanted Scots
pine seedlings. Silva Fennica 37: 333-342.

SONESSON, J., G. JANSSON and G. ERIKSSON (2001): Retro-
spective genetic tests of Pinus sylvestris L. in growth
chambers with two irrigation regimes and two tempera-
tures. Scand J Forest Res. 16: 21-29.

SouTtH, D. B., S. W. HARRIS, J. P. BARNETT, M. J. HAINDS
and D. H. GJERSTAD (2005): Effect of container type and
seedling size on survival and early height growth of
Pinus palustris seedlings in Alabama, USA. Forest
Ecology and Management 204: 385-398.

THIFFAULT, N. (2004): Stock type in intensive silviculture:
A (short) discussion about roots and size. Forestry
Chronicle 80: 463—468.

WanNg, E. L. and C. J. SMITH (2004): Modelling the growth
and water uptake function of plant root systems: a
review. Australian Journal of Agricultural Research 55:
501-523.

Zas, R., E. MERLO and J. FERNANDEZ-LOPEZ (2004): Juve-
nile — Mature genetic correlations in Pinus pinaster Ait.
under different nutrient x water regimes. Silvae Genet.
53: 124-129.

ZHANG, X., N. WU and C. L1 (2005): Physiological and
growth responses of Populus davidiana ecotypes to dif-
ferent soil water contents. Journal of Arid Environ-
ments 60: 567-579.

Spatial Genetic Structure Within Two Contrasting Stands
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Abstract

When considering neutral nuclear markers, genetic
differentiation of Scots pine (Pinus sylvestris L.) popula-
tions is known to be low. The homogeneity arises partic-
ularly as an effect of common ancestry in a recent evolu-
tionary history as well as an extensive gene flow, espe-
cially through pollen. However, within populations sev-
eral other forces may shape the spatial distribution of
genetic variation, including establishment history, envi-
ronmental and silvicultural selection. These local forces
are known to produce non-random spatial patterns of
genetic variation, however little is known on fine-scale
spatial genetic structure of Scots pine. In this study, two
stands of this species with different establishment histo-
ries, selected within one larger population located in
northern Poland were genotyped and analysed for
genetic variation and within-stand spatial genetic struc-
ture. Results revealed no differences in genetic varia-
tion, although stands are separated about 60 km, sug-
gesting that the two populations share a common genet-
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ic pool. The spatial genetic structure in both stands was
found to be slightly different and was attributed to dif-
ferences in the mode of populations’ establishments.
Finally, results confirmed that gene flow in Scots pine is
extensive, causing genetic homogeneity within a single
population.

Key words: genetic structure, spatial autocorrelation, related-
ness coefficient, forest management, colonization, Scots pine.

Introduction

When considering neutral nuclear markers, the genet-
ic variation of Scots pine (Pinus sylvestris L.) is general-
ly high and accumulated mainly within populations,
while genetic differences among populations are fairly
small (PRUS-GLOWACKI et al., 1993; GONCHARENKO et al.,
1994b; DVORNYK, 2001). Only marginal populations,
especially from Iberian Peninsula, reveal significant
genetic divergence from the rest of European popula-
tions (PRUS-GLOWACKI and STEPHAN, 1994; DVORNYK et
al., 2002). The homogeneous nature of a macro-geo-
graphical variation might arise primarily as an effect of
a common ancestry in a recent evolutionary history of
the species (GULLBERG et al., 1985). Because pollen of
Scots pine has a great mobility potential (LINDGREN et
al., 1995), the homogeneity could be easily maintained
over distances. However, at a local scale many other fac-

193



tors such as seed dispersal, silvicultural treatment or
establishment history, may influence demographic and
genetic structure of a stand (EPPERSON, 1992). This
aspect is interesting for Scots pine, which is of great
commercial importance. Silvicultural management,
including seed collection, reforestation methods or selec-
tive thinning may be a critical factor in shaping pat-
terns of genetic variation. Despite various genetic conse-
quences of local forces, within-stand spatial genetic
structure of Scots pine is still incompletely character-
ized.

Population genetics, starting with the theory of isola-
tion-by-distance (WRIGHT, 1943), has provided general
characteristics of structured populations (e.g. SOKAL and
WARTENBERG, 1983; EPPERSON, 1995; ROUSSET, 2000). If
propagule dispersal is somehow limited, individuals
mate predominantly within small neighbourhoods. In
effect, after a number of generations the level of
homozygosity is expected to increase. Successive decline
of genetic diversity may result in negative consequences
such as inbreeding depression or decreased adaptation
capabilities (KARKKAINEN and SAVOLAINEN, 1993; KOELE-
WLIN et al., 1999).

Spatial genetic structure has been already studied
within populations of different forest tree species,
including many conifers. Generally, results suggest that
the spatial genetic structure of adult trees is rather
weak (e.g. EPPERSON and ALLARD, 1989; LEONARDI and
MEeNo0zZzI, 1996; PARKER et al., 2001; EPPERSON and
CHUNG, 2001). The usual explanation for this phenome-
non is an extensive gene flow through pollen, especially
in wind-pollinated species. Nonetheless, there are some
evidences of genetic patchiness of forest trees caused
mainly by limited seed dispersal (Pinus pinaster —
seedling stage, GONZALEZ-MARTINEZ et al., 2002), vegeta-
tive reproduction (Atherospermum moschatum, SHAP-
CoTT, 1995) or patchily distributed soil moisture (Pinus
edulis, MITTON et al., 1998).

The special attention has been paid to assessing the
level of spatial genetic structuring as a result of differ-

ent establishment histories of forest tree populations.
Results provided for different species allow to conclude
that as long as reforestation process is based on a natur-
al seed dispersal and seedling recruitment, the spatial
genetic structure of a stand is dependent primarily on
two factors, i.e. a size of maternal population and the
potential of seed dispersal, which is a species dependent
characteristics (KNOWLES et al., 1992; TAKAHASHI et al.,
2000, EPPERSON and CHUNG, 2001; PARKER et al., 2001;
JONES et al.,, 2005; GEBUREK, 2005). For example, a
stand established using the seed-tree method (when a
number of mother-trees is limited) is expected to reveal
the stronger spatial autocorrelation of genes than the
one established after a clear-cut and colonization form
off-site sources (e.g. KNOWLES et al., 1992; TAKAHASHI et
al., 2000). Furthermore, the tendency will be stronger
for species characterized by limited seed dispersal
(JONES et al., 2005; VEKEMANS and HARDY, 2004),
although dispersal intensity might be specific to a given
site. For example, a presence of Sasa cover under
canopy of Quercus mongolica promotes secondary dis-
persal of acorns, leading to a weaker spatial genetic
structure when comparing to a population free of Sasa
cover (CHUNG and CHUNG, 2004). The factors defined
above shape the primary spatial genetic structure. How-
ever, as a stand age increases secondary factors includ-
ing management practices (e.g. logging or thinning)
start to play an important role (EPPERSON, 1992). How-
ever, up to now there is a little evidence for negative or
positive impact of management practices on the spatial
genetic structure. For example, the small-scale structur-
ing could be easily removed by intense logging (EPPER-
SON and CHUNG, 2001).

In this study we investigated the spatial genetic struc-
ture of two contrasting stands of Scots pine located
within one continuous population: (i) the even aged
qualified seed-tree stand utilized for commercial seed
collections and (ii) the naturally established uneven-
aged and unmanaged stand. Our null hypothesis
assumes that regardless of differences in silvicultural
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Figure 1. — Sampling maps of studied stands. Different circle sizes correspond to variation

in tree diameter at breast height.
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treatment the studied stands are weakly genetically dif-
ferentiated as well as there is no difference in a spatial
genetic structure, which is expected to be low (if any) in
both stands.

Materials and Methods

Study sites and material

The two Scots pine stands selected for this study are
located about 60 km apart in northern Poland, within a
greater coniferous complex, the Tuchola Forests (Table
1). The first stand ‘Woziwoda’ is a qualified seed-tree
stand being under silvicultural management of the for-
est district Woziwoda. This pure even-aged stand (about
160 years old) covers 4 ha in a typical subboreal habitat
and is surrounded by younger (40—80 yrs old) managed
stands of Scots pine. The information on the establish-
ment history of the stand is not available because most
of the records of the Woziwoda forest district were lost
probably during the First World War. However, a verbal
communication and historical facts point at a natural
regeneration method. The Woziwoda stand is exemplari-
ly managed being recently under a strong human
impact, including intensive selective thinning according
to the standards for seed tree stands. It is worth noting
that there are many plus trees and two elite trees with-
in the Woziwoda stand. It is considered an important
commercial seed source providing seeds for local and
regional reforestations, with a number of progeny plan-
tations established. The second stand ‘Stara Brda’, on
the other hand, is an uneven-aged (from 20-100 years
old) population occupying about 0.7 ha of a drying peat-
bog and is surrounded immediately by grasslands and
at larger distances (50—200 meters) by other Scots pine
stands. This specific habitat has never been managed
and was colonized by Scots pine without human inter-
ference. However, the stand’s age structure suggests a
long (dozens of years) process of settling. From silvicul-
tural point of view, the trees from the Stara Brda stand
have a low phenotypic value as compared to trees from
the Woziwoda stand. However, the low quality of the
Stara Brda stand can be explained rather by the
absence of management practices than by the genetic
effect, although the latter one cannot be absolutely
excluded.

In winter 1999, a sample plot of 2.1 ha in size embrac-
ing 321 individual trees was established within the
Woziwoda stand. In the case of Stara Brda the entire
stand was considered as a study plot, which included
173 trees. In both plots all trees were mapped and sam-
pled for cones, eventually for needles for genotyping
purposes. Additionally, the trunk diameter at breast
height (dbh) of each sampled tree was measured (Fig. 1,
Fig. 2). Here, dbh distribution was used for a rough
visualization of the spatial age structure because the
diameter of a tree is known to be highly correlated with
its age and such measurement is neither costly nor inva-
sive.

Genetic variation at 14 allozyme loci (Fest, Gdh,
Aat-1, Aat-2, Aat-3, Mdh-1, Mdh-3, Mdh-4, 6Pgdh-1,
6Pgdh-2, Pgi-2, Pgm-1 and Shdh-1) was studied using
standard starch gel electrophoresis methods (RUDIN and
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Figure 2. — Distribution of the trunk diameter (dbA) in studied
stands.

EKBERG, 1978; CONKLE et al., 1982; CHELIAK and PITEL,
1985), with slight modifications.

Data analysis

Genetic variation of populations was assessed by
observed (A) and effective (A,) number of alleles per
locus, observed (H)) and expected (H,) heterozygosity
and the Wrigth’s fixation index (¥). The estimates of fix-
ation indices for particular loci were statistically tested
for deviations from Hardy-Weinberg equilibrium using
chi-square test according to equation §* = (n,—1)F2N,
where N is a number of genotyped individuals and n, is
a number of alleles at a given locus. The test statistic X2
has chi-square distribution with n_(1-n_)/2 degrees of
freedom (L1 and HorviTz, 1953). Calculations (except
chi-square tests) were conducted using PopGene ver.
1.32 software (YEH et al., 1997) available on the web site
http:/www.ualberta.ac/~fyeh. Also, Fg, coefficient was
estimated as an indicator of population differentiation
and tested using a randomization test (without H.-W.
assumption) implemented in FSTAT 2.9.3 computer pro-
gram (GOUDET, 1995).

In order to describe spatial genetic structure we per-
formed a spatial autocorrelation analysis. For this pur-
pose the multilocus and multiallelic relatedness coeffi-
cient was employed, which for the A-th distance class
was estimated according to equation (STREIFF et al.,
1998):
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where wl@ equals 1 when the distance between the i-th
and the j-th individual falls into the A-th distance class,
and 0 otherwise, p,, and p, are frequencies of the a-th
allele at the I-th locus in the i-th and the J-th individu-
als, respectively, and p,, is a sample frequency of the
a-th allele at the /-th locus. It is worth noting that the
relatedness measure described above is asymptotically
equal to the unweighted autocorrelation coefficient
introduced by SMOUSE and PEAKALL (1999). We preferred
the Streiff and co-authors’ formula mainly because it is
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Table 1. — Characteristics of the studied stands.

Plot size Density Ageof  Mean dbh of
Stand Latitude Longitude [ha] [ind./ha]  stand [yr]  trees [cm]
(SD)
259
Stara Brda N 53°38° E 17%55° 0.7 247 100% (13.14)
403
Woziwoda N 53°57° E 172117 2.1 153 160 (6.93)

& Age of oldest trees.

closely related to the Moran’s I coefficient, as well as it
stays in the relationship with the kinship coefficient f
(LOISELLE et al., 1995) of form r = 2f/(1 + F), where F' is
the Wright’s inbreeding coefficient. For details the read-
er should refer to the Appendix. Average relatedness
measures obtained across a series of distance classes
provides a specific plot (correlogram) presenting changes
of average genetic similarity between any two individu-
als with increasing distance. Because the strength of
autocorrelation between nearest neighbours is usually
used as an indicator of a spatial genetic structure (VEKE-
MANS and HARDY, 2004; EPPERSON, 2005), the size of a
distance class has to be chosen carefully. Therefore, in
the present study a distance class size was computed
according to the nearest neighbour criterion for a non-
lattice sampling, i.e. \V 2/D (where D is a stand density)
(EPPERSON, 2005). Hence, the distance class size was set
to 9 meters for Stara Brda and to 12 meters for Woziwo-
da (see Table 1). Autocorrelation analysis was performed
under a null hypothesis of the absence of spatial auto-
correlation. Usually, to test this hypothesis one may
check whether the estimate of autocorrelation statistic
was drawn from the null distribution with the mean
1 = 0 and the specific variance 02 (CLIFF and ORD, 1981).
Because the variance of the null distribution of the mul-
tilocus r® statistics needs measures of covariance
between single-allele coefficients, which are computa-
tionally demanding (EPPERSON, 2004), instead a permu-
tational test was applied, which provides a confidence
interval around expected autocorrelation estimates
under a null hypothesis. Such confidence intervals were
obtained with 10000 permutations of positions of geno-
types within a population. Spatial autocorrelation
analyses were performed using the user-friendly com-
puter program SpA written in Delphi 7 (Borland Inc.)
(available from I1.J.C.).

To assess whether the studied stands differ in demo-
graphic history, the effective population size (N,) was
estimated using the reciprocal relationship between N,
and the level of gametic disequilibrium, measured as
the squared correlation of allele frequencies at different
loci (p?). Providing that loci are unlinked and N, as well
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as N are large, the relationship takes approximately the
form:

el L
NN

where N is a number of genotyped individuals (WEIR
and HiLL, 1980). However, when N, > N, (which might
be possible in our case, see e.g. BURCZYK, 1996; DVORNYK
et al., 2002), the p? is more related to a sample size than
the effective population size, causing severely biased
and imprecise (large variances) estimates of N, (ENG-
LAND et al., 2006). In order to improve the estimator of
effective population size, the empirical correction of the
relationship can be applied (WAPLES, 2006), so the effec-
tive population size is obtained as follows:

o 3 SUIO-276(pF —1/ N =319/ N?)
2P -LIN =319/ N7)

where p? is the estimate of p? calculated as a mean over
all two-locus allelic combinations (WAPLES, 1991,
WapPLES, 2006). Additionally, because the relationship
between p? and N, is sensitive to the distribution of
allele frequencies (HUDSON, 1985), in this study the alle-
les with frequency lower than 0.05 were excluded from
the computation of p? (WAPLES, pers. comm.). The confi-
dence intervals around NN, were calculated using the
bootstrap procedure by sampling with replacement from
the original sample of single two-locus p? coefficients.
Afterwards, in order to test whether the studied stands
differ in N,, the two-locus sets of (% coefficients estimat-
ed for each population were merged. Then, from the
pooled set of p? values two bootstrap samples were
drawn with replacement and their means were comput-
ed. N, values were estimated based on bootstrap sample
means and then the absolute difference in N, between
two bootstrap samples was scored. The approximate
null distribution of the difference between the two
means was formulated by repeating of the above proce-
dure 10000 times. The null hypothesis at a significance
level a is rejected when the observed difference in N,
between the studied stands falls outside the (1-0)100-th
percentile of the null distribution. It should be stressed



Table 2. — Parameters of genetic structure of Stara Brda and Woziwoda stands: A — number of
alleles, A, — effective number of alleles, H, — expected heterozygosity, H, — observed heterozy-

gosity and F' — Wright’s coefficient of fixation.

Locus A Ao /i, A 3
Stara Brda
6Pgdh-2 3 1.87 0.467 0.451 0.035
Aar-1 2 1.03 0.029 0.029 -0.615
Aar-2 4 2.12 0528 0.486 0.080
Aar-3 2 1.90 0.475 0.393 0.172%
Gdh 2 1.91 0.477 0.555 -0.163*
Mdh-! 2 1.17 0.149 0.058 0.611**
Mdh-3 2 1.66 0.398 0.410 -0.030
Mdh-4 4 2.14 0.533 0.462 0.132
Shdh-1 4 1.43 0.305 0.249 0.185
Mean 28 1.70 0.374 0.344 0.112*%
Woziwoda
6Pudh-1 4 2.06 0.514 0.554 -0.078
6Pgdh-2 4 1.74 0.424 0.415 0.022
Aar-1 3 1.04 0.037 0.037 -0.015
Aat-2 5 2.10 0.524 0.598 0141 #*
Aat-3 6 1.95 0.488 0.502 -0.029
Fest 4 1.71 0.414 0.401 0.033
Gdh 2 1.88 0.468 0.492 -0.051
Mdh-1 2 1.08 0.0%81 0.084 -0.044
Mdh-3 4 1.80 0.445 0.467 -0.050
Mdh-4 5 2.35 0.575 0.620 -0.078
Mnr 3 1.99 0.497 0.477 0.041
Pgi-2 4 1.51 0.337 0.362 -0.074
Pgm-1 2 1.06 0.058 0.060 -0.031
Shdh-1 4 1.49 0.330 0.316 0.043
Mean’ 37 1.7¢ 0.371 0.385 -0.032
Mean? 3.9 1.71 0.375 0.392 -0.038

o <0.05, *) a < 0.01.

I Mean computed over all fourteen loci.
2 Mean computed over a subset of nine loci analyzed both in Stara Brda and Woziwoda.
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that the estimation of an effective population size
described above is valid as long as there is a free recom-
bination between all pairs of loci. The isozyme markers
studied here generally meet the above assumption
(RupiN and EXBERG, 1978; NIEBLING et al., 1987; SzMIDT
and MUONA, 1989; GONCHARENKO et al., 1994a), although
there was a concern about two pairs of loci, i.e. 6Pgdh-1
and Mdh-1 as well as Aat-3 and 6Pgdh-1, which were
reported as linked by NIEBLING and co-authors (1987)
(28.3 and 25.3 cM, respectively), while as not linked by
GONCHARENKO and others (1994a). Nevertheless, these
two pairs of loci were excluded from the estimation of
N.

e

Results

Genetic structure

Data for all fourteen enzymatic loci were collected for
Woziwoda, whereas for Stara Brda, where seeds and
needles (diploid tissue) were sampled for genotyping
purposes, only nine loci were used, which gave clear and
unambiguously interpretable results (Tab. 2). We
observed the difference between the studied stands in
the level of polymorphism corresponding to the actual
number of alleles (A). However, the higher number of
alleles in Woziwoda may be explained by twice as large
sample size for Woziwoda than for Stara Brda. The
mean effective number of alleles (A)) clearly showed
similar polymorphism within the two studied stands.
Also, we observed no difference in the level of genetic
diversity measured by expected heterozygosity (H,). The
distinction between the populations occurred particular-
ly in the level of inbreeding evaluated by Wright’s fixa-
tion indices. In Woziwoda the fixation index was on
average slightly lower than zero and only Fest, Mnr,
6Pgdh-2 and Shdh-1 out of 14 loci exhibited deficiency
of heterozygotes. Stara Brda had the estimates of fixa-
tion index ranging from —0.1670 to 0.6114 with an aver-
age equal to 0.112. As revealed by Chi-square test, Wozi-
woda did not exhibit (except Aat-2) the deviation of fixa-
tion indices from expected zero, while for Stara Brda we
observed strong deviations at four loci (i.e. Gdh,
Aat-3, Mdh-1, Shdh-1).

Genetic differentiation between the studied Scots pine
population appeared to be fairly low as indicated by Fgg,
which ranged from 0.01% for Aat-3 to 0.65% for Mdh-1,
with an average equal to 0.2%. Only two loci revealed
significant (a = 0.05) Fy, estimates (Mdh-1 and Mdh-4).
Nonetheless, a randomization test showed that there is
a significant differentiation between the two stands at a
multilocus level (p-value < 0.001).

Spatial autocorrelation

Spatial autocorrelation was measured for single loci
and for multilocus data. For both stands, single locus
statistics were not concordant among each other sug-
gesting quite complex spatial distribution of genes (data
not shown). Also, there was no correlation between spa-
tial autocorrelation and particular parameters of genetic
structure at particular loci. Because autocorrelation
coefficients for the first distance class are of special
interest, here we focus particularly on them. For the
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Figure 3. — Correlograms showing spatial autocorrelation of
multilocus genetic structure for Woziwoda and Stara Brda
stands. Asterisks denote statistically significant (a = 0.05)
autocorrelation values.

Woziwoda stand in the first distance class three indices
out of fourteen were significantly different from zero,
with two of them (i.e. Aat-1 and Mdh-3) exhibiting a
positive spatial autocorrelation. Also a positive multilo-
cus spatial autocorrelation was observed up to 24
meters, however all 6 multilocus autocorrelation coeffi-
cients were not significantly different from zero
(a = 0.05), as revealed by permutation tests (Fig. 3). In
the case of Stara Brda stand a positive single-locus spa-
tial autocorrelation was observed for 4 out of 9 loci in
the first distance class, and one exhibited significant dif-
ference from zero (Aat-3). The multilocus correlogram
for Stara Brda indicated a very weak but significant
spatial structure (Fig. 3). Interestingly, a statistically
significant positive autocorrelation was here observed
also for the fifth distance class (36—45 m). Concerning
the shape of the correlogram, in the case of Woziwoda
the pair-wise relatedness decays approximately monoto-
nically together with the distance. On the other hand,
for Stara Brda the relationship between the distance
and the relatedness was markedly irregular, although
the regression analysis revealed decrease in relatedness
between individuals together with the increase of the
distance (data not shown).

Effective population size

The level of gametic disequilibrium measured within
Woziwoda stand corresponded to the effective population
size equal to 148.6, with the 95% confidence interval
between 100.7 and 278.3. For Stara Brda stand the esti-
mate of N, was much lower than the estimate for
Wozowoda and accounted for 89.2 with the 95% confi-
dence interval between 45.2 and 307.1. The difference in
N, estimates between the two stands was found to be
59.4, being however not significant, as revealed by the
bootstrap test (p-value = 0.675).

Discussion

We investigated the two stands of Scots pine differing
in their colonization history and stand structure. Both
stands revealed a high level of genetic polymorphism
which is comparable to other populations of this species
(GULLBERG et al., 1985; PRUS-GLOWACKI et al., 1993).
Although there were some discrepancies in census num-



ber of alleles at several loci, genetic diversity of both
stands was strikingly similar. Nonetheless, the two
stands differed substantially in the levels of inbreeding.
In theory, for long-lived predominantly outcrossing
species fixation index is expected to be slightly positive
(Spiess, 1989), though in natural populations of Scots
pine fixation index can decrease to negative values in
time (YAZDANI et al., 1985). In Woziwoda we observed a
small negative fixation index, while in Stara Brda it was
highly positive at some loci, suggesting the substantial
inbreeding in the recent history. Nonetheless, because
the mating system should influence all neutral loci more
or less equally, one explanation of the overall significant
deficit of heterozygotes in Stara Brda could be a tempo-
rary Wahlund effect (EPPERSON and CHUNG, 2001), i.e.
an effect of mixing divergent genetic pools within one
sample. The age structure of Stara Brda supports that
this could take a place as a result of a long time of colo-
nization of a new habitat.

The estimated Fg, coefficients also showed that the
two studied stands genetically are not very differentiat-
ed at the single locus level (although at the multilocus
genotypic level they are), confirming that neutral genet-
ic variation of Scots pine is fairly well represented with-
in a single population (PRUS-GLOWACKI et al., 1993).
Thus, a landscape-level genetic structure of the studied
population seems very low, suggesting that gene flow
over a distance of dozens of kilometres can be substan-
tial, especially in continuous forests.

Although Scots pine is one of the most important for-
est trees, to our knowledge this study is the first
attempt to characterize the within-stand spatial genetic
structure of this species. A number of similar studies
indicated that spatial autocorrelation is generally very
weak in conifers, mostly due to high levels of pollen, but
often also seed dispersal (e.g. EPPERSON and ALLARD,
1989; EPPERSON and CHUNG, 2001; GONZALEZ-MARTINEZ
et al., 2002; JONES et al., 2005). Our results are in agree-
ment with those studies, showing that generally there is
no substantial spatial genetic clustering at the individ-
ual level in both stands. However, there are clear differ-
ences between the stands in a magnitude of the spatial
structure as well in a shape of the correlograms.

Assuming that Woziwoda was established using seed-
tree method, the autocorrelation in Woziwoda could
result from establishment history. In such a case, a
stand regenerates from seeds coming from a few seed
donors and if seed dispersal is relatively limited, a
strong spatial structure is expected (KNOWLES et al.,
1992). Nonetheless, in wind-pollinated species, such as
Scots pine, gene flow through pollen is extensive and
outcrossing exceeds 90% (e.g. MUONA and HArJU, 19809;
BURCZYK, 1998; WASIELEWSKA et al., 2005). Hence, spa-
tial autocorrelation observed in naturally regenerated
stands may reflect spatial clumping of individuals not
more related than half-sibs. Furthermore, in Scots pine
seed movement, especially in open areas (as clear-cut),
can be intensive (YAZDANI et al., 1989; YAZDANI and LIND-
GREN, 1992), causing to some degree mixing of seeds
from several sources. Therefore in Woziwoda a family
structure should be rather weak and can be additionally
weakened if seed donors were numerous, including off-

site trees. Also, the decrease of stand density as an
effect of forest management and/or natural selection
(namely self-thinning, TAKAHASHI et al., 2000) could
finally shape the observed not significant spatial auto-
correlation (EPPERSON, 1992).

In Stara Brda the spatial clumping of alleles was more
distinctly pronounced as compared to Woziwoda,
although the correlogram indicated a more irregular
relationship between relatedness and the distance
between individuals. At least two phenomena could
explain a non-monotonic decay of relatedness together
with distance. On one hand, the spatial genetic struc-
ture present within Stara Brda stand might be charac-
terized by large genetic patches due to relatively inten-
sive gene flow through seeds and pollen. In such a case,
when size of the actual genetic patches approaches or
even exceeds the size of the sample plot, the observed
correlogram would reflect the within-patch rather than
the within-population spatial genetic structure. On the
other hand, it should be stressed that the study plot in
Stara Brda has an irregular longed shape (c.a. 150 x
45 m). This makes a strong ‘edge’ effect and causes the
correlogram to be difficult to interpret (SOKAL and
WARTENBERG, 1983). However, when focusing on the first
four distance classes (i.e. up to 36 meters only), the
cline-like pattern of genetic variation appears visible.
Such a fine-scale structure could be the result of colo-
nization of a habitat from a few small genetic sources,
such as the oldest individuals growing within the stand.
The hypothesis of the limited size of parental population
in Stara Brda is supported by the estimate of the effec-
tive population size, which is about one-half of that
observed for Woziwoda. Additionally, numerous simula-
tion studies have shown that even in case of limited
gene flow, dozens of generations are needed to create
substantial and quasi-stable genetic structure (SOKAL
and WARTENBERG, 1983; EPPERSON, 1995; HARDY and
VEKEMANS, 1999). Thus, a non-stationary state due to
colonization of a new habitat could further explain the
irregular correlogram for Stara Brda. The lack of stabili-
ty may also be a reason of not significant spatial auto-
correlation observed in Woziwoda, of which detailed his-
tory is unknown.

The observed genetic structure of studied stands may
enlighten some general aspects of the biology of Scots
pine. Woziwoda is a qualified seed stand and its struc-
ture has been strongly influenced by a silvicultural
management, for example intensive selection cutting.
On the other hand, Stara Brda is a dense, uneven aged
and younger stand, established without any human
impact. In spite of such strong differences there were
only slight differences either in genetic diversity and
spatial genetic structure. Moreover, it is also probable
that any differences resulted from a different establish-
ment history will blur rapidly after few generations
(TAKAHASHI et al., 2000).
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Appendix

Here we explain the relationship between the related-
ness coefficient ry derived by STREIFF an co-authors
(1998) and the unweighted autocorrelation coefficient
I'gep- introduced by SMOUSE and PEAKALL (1999). For the
h-th distance class the respective single-locus multial-
lele coefficients are defined as:
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where wlf}.‘) equals 1 when the distance between the i-th
and the j-th individual falls into the A-th distance class,
and 0 otherwise; p,, and p,, are the frequencies of the
a-th allele in the i-th and the j-th individual, respective-
ly; p, is a sample frequency of the a-th allele; y, and Yia
are scores for the a-th allele in the i-th and the j-th indi-
vidual, respectively (equal to a number of copies of the
a-th allele); y_ is an average score of the a-th allele and

N is a sample size.

First one can see that

2n,,+n, 25

Yia=2puand y, = "
where n_ is a number of homozygotes with the a-th
allele and n, is a number of heterozygotes having the
a-th allele. Hence, for the A-th distance class ry,, can be
re-written as:
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Although very close, the autocorrelation coefficient
rgep formulated in that way is not equal to the related-
ness coefficient r, because the sum of squares related to
the variance (denominator) of rg,, is weighted by a
number of times the i-th individual is included into the
computation of the sum of squares related to the covari-
ance (numerator). This makes the denominator (thus
the variance-related component) to be the A-th distance
interval-dependent, and not the entire sample-depen-
dent, as in the case of rq coefficient. Nonetheless, it can
be shown that ¢, coefficient is asymptotically equal to
the ry coefficient, when the studied population consists
of infinitely many uniformly distributed individuals. In
this particular case all individuals incorporate equal,
say ¢, number of times into the A-th distance interval,
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and hence for every i-th individual ng” =c¢®, resulting
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In practice, given moderate to large sample sizes (say
100 individuals or more), an approximately uniform
distribution of individuals and a regular shape of the
habitat (e.g. circle, square, etc.), one can expect that
rg = I'gep- Violating these conditions, on the other hand,
can cause that the relatedness (i.e. likeness) between a
given pair of genotypes estimated with rg,, can differ
substantially depending on the distance between indi-
viduals. However, this does not apply to g coefficient.

It is also worth noting that the relatedness coefficient
introduced by Streiff and co-authors (1998) reduces to
well known Moran’s I coefficient for bi-allelic locus.

Additionally, ry coefficient can be easily transformed
into the kinship coefficient as given by LOISELLE et al.
(1995). For this purpose one can note that for any num-
ber of alleles at a locus the measure of variance (i.e. the
denominator of rg), is equal to:
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where n,, stands for the observed number of heterozy-
gotes made of the a-th and the b-th allele, and H, and H,
is expected and observed heterozygosity, respectively.
Because the kinship coefficient proposed by LOISELLE et
al. (1995), and rg differ only in their denominators, the
ratio of the coefficients is actually equal to the ratio of
their denominators, and equal to:

f_H H 2 1+ F

# H. 2
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where F is the within-population inbreeding coefficient.
The above property is a desired relation between kin-
ship and relatedness measures, as discussed previously
for bi-allelic locus (HARDY and VEKEMANS, 1999). In the
case of ry., coefficient, the above relationships holds
only asymptotically, under conditions mentioned above.
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Abstract

Controlled pollination was carried out in the species
Populus nigra L. in a greenhouse on isolated branches
between sisters and a brother — inbreeding (S x B).
Female trees (sisters) were also exposed to open pollina-
tion (OP) in the neighbourhood of a male tree (brother)
and other Populus nigra trees in the vicinity. The analy-
sis of 11 microsatellites was done in the offspring from
the inbreeding (S x B) and from the OP. In OP offspring
was found 20-76 % of viable individuals that were com-
ing from pollination with brother’s pollen (spontaneous
inbreeding). These individuals were separated from the
offspring. In a randomised field trial the offspring were
evaluated for two years. Fitness decreased in S x B off-
spring, traits of plant height, trunk diameter, height
increment and resistance to Melampsora larici-populina
Kleb. were lower in comparison with those of OP off-
spring. A coefficient of inbreeding depression (8) ranged
from 0.373 to 0.034. The significance of differences
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between the offspring from S x B and OP of the particu-
lar sisters was proved.

About 30% of homozygous microsatellite loci were
identified in inbred S x B offspring, which was more
than in OP offspring. This difference was significant in
the offspring of three sisters; it was not significant in
the offspring of one sister. This trend corresponded to
the results of growth traits.

Key words: inbreeding depression, open pollination, sponta-
neous inbreeding, microsatellites, Populus nigra L.

Introduction

Populus nigra is a species whose populations are more
and more fragmented. As a dioecious outbreeding
species, a certain level of genetic load is expected which
could make it sensitive to a sudden increase of inbreed-
ing (HEINZE and LEFEVRE, 1999). Inbreeding is a fertil-
ization system which involves the breeding together of
individuals more closely related. In diminishing subpop-
ulation, the probability of the fusion of recessive alleles
bearing possible deleterious mutations increases. Basic
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