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Abstract

Knowledge of fine--scale genetic structure, i.e., the distribution of genetic diversity
at short distances, is important in evolutionary research and in practical applications such
as conservation and breeding programs. In trees, related individuals often grow close to

each other due to limited seed and/or pollen dispersal. The extent of seed dispersal also

limits the speed at which a tree species can spread to new areas.
We studied the fine--scale genetic structure of Scots pine (Pinus sylvestris) in two
naturally regenerated sites 20 km from each other in continuous south-

eastern Finnish forest. We genotyped almost 500 adult trees for 150k SNPs using a
custom made Affymetrix array. e detected some pairwise relatedness at short
distances, the relatedness decreased with increasing distance,
as expected. Despite the clustering of related individuals, the sampling sites were not
differentiated (Fsr = 0.0005). According to our results, Scots pine has a large neighborhood
size (Nb = 1680-31210), but a relatively short gene dispersal distance (gy = 36.5-71.3 m).
Knowledge of Scots pine fine structure can be used to define suitable
sampling distances for evolutionary studies and practical applications. Detailed empirical
estimates of dispersal are necessary both in studying post-glacial recolonization and

predicting the response of forest trees to climate change.
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Introduction

Understanding the fine--scale genetic structure of species is important in a wide
range of fields.

factors, such as

fragmented habitats and differences in growth conditions, which affect selection,
population size and density factors, such as
dispersal ability and mating patterns of the species (Loveless &

Hamrick 1984; Vekemans & Hardy 2004). Gene flow takes place between individuals in
physical space (Bradburd & Ralph 2019). often leading to an isolation-by-distance pattern
(Wright 1943; Malecot 1967). Thus, individuals close to each other are commonly
expected to be more closely related than a random sample from within the species. In
sedentary species, trees, spatial aggregation of related individuals often
results from limited seed and/or pollen dispersal (Hardy & Vekemans 1999). In wind
pollinated species, pollen can disperse long distances, from hundreds of meters to
hundreds of kilometers (e.g., Kremer et al. 2012; Desilva & Dodd 2021), whereas seed
dispersal has shorter average distances (Kremer et al. 2012). Pollen dispersal distances in
animal--pollinated species are commonly shorter—from a few meters to a few kilometers
(e.g., Levin & Kerster 1974; Kremer et al. 2012; but see Ahmed et al. 2009). As a result of
the differences in dispersal distances, strong fine-scale structure is
common in animal--pollinated and rare in wind--pollinated tree species (Vekemans & Hardy
2004; Hardy et al. 2006; Born et al. 2008; Vakkari et al. 2020). he distribution of
genotypes at-a short distances is usually transient, largely impacted by life-history traits

and can be evaluated through estimating relatedness between individuals.

In evolutionary research, spatial genetic information is valuable for inferring the strength of
evolutionary forces—genetic drift, selection, and gene flow—that participate in forming

the genetic structure (Rousset 2003; Slatkin 1985). The genetic structure
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of populations needs to be considered in many applications too. For example, in
association analyses, spurious associations may arise due to correlation of
allele and trait frequencies in different populations. but also within a population. if the

underlying genetic structure is not corrected for (Pritchard & Rosenberg 1999; Persyn et

al. 2018). n practical applications, wherer individuals are chosen

for conservation, population management or breeding programs

, it is essential to know how genetic diversity and, for example, rare alleles are
distributed in space to maintain high genetic diversity, avoid inbreeding and, on the other

hand, mixing of differentially adapted populations (Desilva &
Dodd 2021; Escudero et al. 2003; Smith et al. 2018). When the span of spatial

autocorrelation is known, sampling can be adapted to the needs of each application.

Knowledge of fine--scale genetic structure can recursively be used to infer dispersal
distances (Malecot 1967; Rousset 1997 & 2003). The ability to disperse becomes
increasingly important in the light of climate change plant

populations may become maladapted to their current locations (Gougherty
et al. 2021). Dispersal information can be used, for example, in predicting species’

potential for adaptation (Kuparinen et al. 2010; Kremer et al. 2012; Barton 1979; Slatkin

1973)

. If the natural dispersal rate is estimated
to be too slow responding to climate change, human assisted
migration is one possible way to aid adaptation (Marris 2009; Aitken & Whitlock 2013).

Scots pine (Pinus sylvestris) is a keystone conifer species in large parts of the forests of
Northern Eurasia and, th , important for ecosystem functioning (Pyhajarvi et
al. 2020 and references therein). As a major source of timber, paper and pulp, Scots pine

also high economic value

Due to its continuous and wide distribution, wind-pollination and predominantly
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outcrossing mating system (Muona & Harju 1989), Scots pine shows very weak
population structure at the global scale:, largely in the form of subtle isolation-by-distance
across its distribution range (Tyrmi et al. 2020). Less is known about within-population
structure as only small, fragmented populations have been studied this

spect so far (Robledo-Arnuncio & Gil 2005; Sofletea et al. 2020). Although artificial
regeneration with genetically improved seedlings becom more common in
forestry, natural regeneration has been the predominant regeneration method in forests,
making the patterns described here common Fennoscandia. Since Scots pine
has such a dominant role in the boreal forest ecosystems, even small changes in its

distribution or ability may have large

Here we investigate the fine-scale spatial genetic structure of Scots pine in two naturally
regenerated sites in south-eastern Finland. We use a genome-wide 400k
single nucleotide polymorphism (SNP) array (Kastally et al. 2022), which
allows us to estimate relatedness in a large sample of 469 trees. We estimate the
parameters of the isolation-by-distance model and use this information to derive estimates
of gene dispersal distance. hen investigate the spatial spread and sharing of rare
alleles that can have fithess effects and average
allele age compared to more common alleles. The knowledge of fine-scale genetic
structure and dispersal distance useful in practical applications of Scots pine
breeding and in associating genetic and trait variation in natural populations, but also for
modeling adaptation and making predictions on how widely- distributed wind--pollinated

trees respond to climate change.
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Material and Methods

Samples and genotypes

Our study population at the Punkaharju intensive study site (ISS,

https://www.evoltree.eu/resources/intensive-study-sites/sites/site/punkaharju)-is-a-raturaty

regenerated-site in south-eastern Finland-and includes two sampling sites, Makra
(61°50’16.8"N, 29°23'39.5"E) and Ranta-Halola (61°39’19.7"N, 29°17'14.7"E) located 21

km apart (Figure 1). The landscape in south-eastern Finland has mostly continuous pine

forest cover, lakes and some agricultural areas. The study site stands arose through

natural regeneration after seed tree cuttings (i.e., retaining only part of the mature trees to

provide seed for establishing the next generation) 60—70 vears ago in Makrd and an

unknown, but probably a few decades longer, time ago in Ranta-Halola. We sampled 469

adult (33—145-years)-Scots pines at approximately 20 m distances, with the shortest

within--sampling site distance between trees efbeing 10 and 14 m and the longest 464 and

1164 m in Makra and Ranta-Halola, respectively. \We selected trees that were similar in

size by eye—113 trees from Makra and 356 trees from Ranta-Halola. The mean age,

estimated by counting the tree rings from a core sample at breast height, was 60.6 (range:

33-112.5) and 90.3 (range: 43-144.5) vears in Makré and Ranta-Halola, respectively

(Figure S1). We could not estimate the age for two trees from Ranta-Halola.

Needle samples from the adult trees were genotyped on a custom-made Affymetrix SNP
array including 407 540 markersSNPs. Development of the SNP array and genotyping of
the samples is described in detall in Kastally & Niskanen et al. (2022). In short, of the 407
540 SNPs we used a dataset of 157 325 polymorphic SNPs with the ThermoFisher

conversion types Poly High Resolution (three well-separated genotype clusters) and No

Minor Homozygote (two well-separated genotype clusters, homozygous and

heterozygous) as a starting point for filtering the loci. We used four embryo samples and

their parents (described in Kastally & Niskanen et al. 2022) to estimate Mendelian errors
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for each locus using PLINK (v. 1.9:; Purcell et al. 2007) and excluded SNPs with more than

one Mendelian error. Since pines have a high proportion of repetitive and paralogous
genome sequence (Wegrzyn et al. 2014), we excluded SNPs with more than one

seemingly heterozygous genotype in haploid megagametophyte samples (described in

Kastally & Niskanen et al. 2022) to avoid SNPs in potentially paralogous genomic

regions.W
conffers(Neale-et-al- 2014 Further filtering of the genotype data was done according to

the requirements of each analysis as described below.
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145 | Figure 1. Maps of the sampling sites

146 . Sampled trees are indicated as red dots.
147

148

149 Spatial data and pairwise distances

150 | We recorded the coordinates for each tree using a portable GPS locator in

151 2020. The initial coordinates in the ETRS-TM35FIN geodetic coordinate system
152  were transformed to the coordinates in the EUREF-FIN-GRS80 geodetic coordinate

153 system using a Finnish map service on the web (https://kartta.paikkatietoikkuna.fi/). One of
154 | the study trees had died between the needle sample collection and

155 coordinate recording and was excluded from the spatial analyses. We estimated the

156 | pairwise spatial distance matrix for 468 adult trees with coordinates using the R (v. 3.6.3,

157 ) package fields function “rdist.earth”

158
159 Population structure

160 To get an overall picture of the genetic structure of our study population, we conducted
161 principal component analysis (PCA) using the R package pcadapt (Privé et al. 2020). We
162 | ran PCA for two sets of individuals, first for all 469 individuals., and second for 332

163 | individuals excluding: i) individuals used in the SNP discovery (Kastally et al.

164 2022), i) individuals related to the SNP discovery individuals (pairwise relatedness,

165 GRM) = 0.044; Yang et al. 2011, see details below), and iii)
166 one individual from each pair with pairwise relatedness > 0.044. We excluded closely
167 related individuals and SNP discovery individuals from the PCA to detect the underlying
168 population structure without the signal of family structure or SNP ascertainment effects.
169 We used a set of 65 498 SNPs with the following characteristics: minor allele frequency
170 (MAF) = 0.05, close to Hardy Weinberg equilibrium (HW; exact test p value = 0.001), and

171 linkage disequilibrium (LD) r? < 0.9 with other SNPs in 10 kb
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windows within a contig (using PLINK-v1-9:Purcel-et-al-2007), unless stated otherwise.-

We estimated pairwise Fst(Weir & Cockerham 1984) between the two study sites using
the R package StAMPP (Pembleton et al. 2013) and performed 1000 bootstraps to

estimate its 95% confidence interval (Cl).-\We-also-estimated-¢sr (Excoffieret-al-1992)-

Fine-scale spatial genetic structure

We estimated pairwise relatedness between all 469 samples as a genomic relationship

matrix (GRM:—Yang-ef-al—2011) using the PLINKGCTA (Yang et al. 2011) command “—

make-grm--make-grm-gz”. GRM was estimated between individuals j and k over SNP loci

from i to N using the formula

A _li (Xij_zpi)(xik_zpi)
jk— 4 _
N = zpi(l Pi)

where xjj and xjk are the numbers of reference (major) alleles in an-individuals j and k, and
pi is the reference allele frequency. Since inclusion of closely related individuals may
inflate the relatedness estimates, we used allele frequencies estimated for 387 unrelated
adult individuals (GRM < 0.0625, the mean of relationship class for, e.g., first cousins once

removed) as reference allele frequencies in the estimation of GRM. We classified each
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pair of individuals into family relationship classes (e.g., Manichaikul et al. 2010

) based on pairwise GRM: second degree between [0.177,0.354), e.g., half-
siblings, third degree between [0.088, 0.177), e.qg., first cousins, fourth degree between
[0.044, 0.088), e.g., first cousins once removed, and unrelated below 0.044. We also
estimated genomic inbreeding coefficient (Ferm ) for each individual based on genomic

relationship matrix in GCTA

Mantel test (Mantel 1967) is a traditional test of spatial autocorrelation where the
relationship of two dissimilarity (i.e., distance) matrices is investigated. In spatial genetics,
the null hypothesis of a Mantel test is that genetic distance, or similarity when measured
as relatedness or kinship, and spatial distance are not correlated. To study the relationship
between relatedness and spatial distance, we estimated their correlation using
Spearman’s correlation coefficient (p) separately for the two sampling sites Makra and
Ranta-Halola. We conducted the Mantel test using the R package
ecodist (Goslee & Urban 2007) with 10 000 permutations. The use of the Mantel test in
spatial genetics has been criticized because of the of homoscedasticity
and linear correlation between genetic and spatial distances (Legendre et al.
2015). These problems are, however, less severe in Mantel correlogram analysis
where samples are divided into pre—defined spatial distance classes and each distance
class is compared separately to joint data from other distance classes. We therefore
used Mantel correlograms (10 000 permutations) to evaluate correlation between

relatedness and distance within distance classes.
Neighborhood size and dispersal distance

We estimated neighborhood size (Nb), the number of
individuals belonging to a

, and gene dispersal distance (o0,) using an iterative approach implemented in



222 | SPAGeDi (Hardy & Vekemans 2002). To , SPAGeDi first estimates

223 neighborhood size using the formula

224  Nb=—(1—F,)/blog ,

225 where Fy is the mean kinship (Loiselle et al. 1995) of the first distance class (0-50 m in
226 | Makra and 0—-60 m in Ranta-Halola) and blog is the slope of

227  kinship on the natural logarithm of spatial distance over all distance classes (Rousset
228 2000; Hardy & Vekemans 2002). Kinship was estimated with 28 378 SNPs with MAF >

229 | 0.20 (due to computational limitations), using the formula

230 |
P (1—[31 )
22, (Pila_pla)(pﬂa_pla)"'za ‘ ‘ ]
231 | = (n—1)
’ lea (pla(l_pla))
232 | where pia the frequenc of allele a at locus / in individual
233 and n, is the number of gene copies

234 defined in the sample at locus / (Loiselle et al. 1995; Hardy & Vekemans 2002). Then gene

235 | dispersal distance was estimated using the formula

236 |
237 | a,=[Nb/(471D,)]"* |

238 | where De is the effective population density that accounts for differences in the

239 reproductive success of individuals (Hardy & Vekemans 2002). The Nb estimation

240 procedure was repeated using blog from kinship~distance regression up to the distance of
241 | the chosen maximum o value.

242 the

243 | census density 2 000 trees
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(200 000 trees per km?}-in-commereial-forests{; Fahlvik et al. 2005; Vaisanen et al. 1989).

Our study sites have regenerated naturally after cutting to an unknown, but likely lower

than 2000 trees/ha density of seed trees. However, as pollen and seed dispersal from

surrounding forests (Jiménez-Ramirez et al. 2021) likely increases the effective density,

we used 2000 trees/ha as our starting point, and we-estimated gg assuming ratios of

effective to census density of 0.25 (De = 500 trees/ha) and 0.5 (De = 1 000 trees/ha).-

same-age-due-to-fastergrowth: Gene dispersal distance can reliably be estimated within a

distance that is assumed to be in mutation-drift-equilibrium that should be reached in a few
generations within the distance agg/(2u)Y? (u = mutation rate; Rousset 1997 & 2000). Based
on a 103 mutation rate of microsatellites, this distance is approximately 20*gy. Since the
SNP mutation rate (10°; Willyard et al. 2007) is lower than the microsatellite mutation rate,
we estimated Nb (and thus also sigma) using both 20*gy and a higher value of 60*agy.
However, since the maximum distances within our study sites are shorter than the
estimated 20*gy distance, increasing the maximum distance does not affect our estimates
of sigma nor Nb. To measure the strength of the fine-scale spatial genetic structure, we
estimated the intensity of spatial genetic structure (Sp; Vekemans & Hardy 2004) using the

formula
Sp=—blog/(1—F,)

We used 1 000 permutations of individual locations in estimating blog to test how probable

it is to get higher Sp by chance.

Rare alleles

To study the spatial spread of rare alleles, we investigated sharing of rare alleles with MAF
< 0.01 (23 623 SNPs after removing singletons) between individuals and correlated

(Spearman’s p) this with pairwise relatedness and spatial distance. To avoid the SNP
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discovery ascertainment bias in rare allele sharing, we estimated the correlation using only
426 individuals excluding: i) individuals used in the SNP discovery and ii) individuals with
pairwise relatedness (GRM) >= 0.044 with the SNP discovery individuals. We used within
sampling site Mantel correlograms to study the correlation between rare allele sharing and
spatial distance within distance classes. P-values for the correlations were

with Mantel’s test using 10 000 permutations. For illustrative
purposes, we fitted a local (LOESS) regression in R for the proportion of shared rare

alleles on relatedness and included sampling site as a fixed predictor.
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Results

Spatial genetic analyses

On the population scale with all 469 adult trees, we identified a very weak structure
between Makra and Ranta-Halola based on PCA (Figure 2). The majority of the samples in
both Makré and Ranta-Halola clustered together along principal components (PC) 1 and 2
(Figure 2a). However, we detected one outlying cluster of samples from Ranta-Halola on
PC1 and one on PC2, and a group of samples from Makra dispersed along PC2. These
outlying samples consisted of related individuals, and the outliers disappeared when we
conducted PCA only for 332 individuals that were unrelated (GRM < 0.044) and not used
in the SNP discovery (Figure 2b). Concordantly, we found a low Fst of 0.0005 (95% CI:

0.0004-0.0005)

a) b)
0.24
0.14
< 004 9
a b
S S 0.0
[aV] [aV]
O O
O o2 o
Sample origin
Makra -0.1
Ranta-Halola
-04
03 02 0.1 0.0 0.1 0.0 0.1 0.2

PC1 (0.4%) PC1 (0.42%)

Figure 2. Principal component analysis (PCA) for Makra and Ranta—Halola for a) all 469
adult trees and b) only 332 trees; excluding individuals used in the SNP discovery

(Kastally et al. 2022), individuals with higher than 0.044
with the SNP discovery individuals, and one individual of each pair

with pairwise relatedness 0.044.

We found that pairwise relatedness was low within study sites (Figure 3 )

Even in the class with shortest distance between individuals, the mean GRM was

in Makra and 0.00 in Ranta-Halola. However, relatedness decreased with
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increasing distance in both sampling sites similar rate (Figure 3

The in closer distance classes
until ~65 m in
Makra and ~200 m in Ranta-Halola. In these distance classes, there was a negative
correlation between relatedness and distance as shown by Mantel correlogram
(Figure 4 ). Mantel test indicated a subtle but significant decay of
relatedness spatial distance at Ranta-Halola (Spearmann’s p = -0.044, one-tailed p
< 0.0001) but not at Makra (Spearmann’s p =-0.010, one-tailed p = 0.216). We also
estimated the intensity of spatial genetic structure and found that, there
patial structure, its intensity low in both study sites
(Ranta-Halola Sp = 0.0008 Méakra Sp = 0.0005
). ow intensity caused by decrease in the pairwise kinship
with distance over each sampling site and by low average kinship in the first distance

class.

Among the 69 163 pairwise comparisons, 24 closely related pairs (GRM == 0.177) were
identified (Figure 5). All related individuals were growing sin the
same sampling site. The highest relatedness (GRM) for a between sampling site pair was
0.031, whereas the highest within site relatedness was 0.332 in M&kré and 0.349 in Ranta-
Halola. When the trees were divided into family relationship classes, the median distance
of the most related family relationship class found here (GRM = 0.177-0.354

) was 51 m in Makra and 59 m in Ranta-Halola, compared to
the respective median distances of 166 m and 357 m unrelated individuals (GRM <
0.044; Figure 5). This illustrates that the spatial aggregation of closely related individuals is

in both the smaller and the larger study area.
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327 We did not find any sign of close
328 inbreeding in our sample; the highest inbreeding coefficient (Fcrnm) was 0.035 in Makra and

329 0.080 in Ranta-Halola.

330

0.04 1
Makra
Ranta—Halola
s l
T 0.02
S
%)
%)
2
< 0.001
Q
o
(&)
oc
-0.02 4

0 300 600 900
Distance (m)

331 Figure 3. Decay of pairwise relatedness with distance in Makra (turquoise) and Ranta-
332 Halola (orange) sampling sites. Mean (circles and squares) and standard deviation

333 | (vertical lines) of relatedness is plotted for each distance class; number of

334 and the mean distance each distance class
335 | are shown in

336

337 | Depending on the effective population density estimate we used, the mean

338 neighborhood size (Nb) over the two Scots pine sites was 3210 (with De = 500 trees/ha;
339 Table 1) or 1680 trees (with De = 1 000 trees/ha). We estimated the mean gene dispersal
340 | distances (0g) with Nb and found that the mean agwere 71.3 m (De = 500

341 trees/ha; Table 1) and 36.5 m (De = 1 000 trees/ha).

342
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Distance (m)
343 | Figure 4. orrelation (measured as Mantel r) between
344 | pairwise relatedness and distance within distance class
345 in a) Makra and b) Ranta-Halola . Filled
346 indicates a p-value 0.05.
347
348

349 Table 1. Gene dispersal distance (gg) and neighborhood size (Nb) estimates for Makra
350 | and Ranta-Halola for two different effective (De) census (D)

351 | densityies. In this study, D/D ratio of 0.5 equals D. = 1 000 trees/ha and 0.25 equals D. =
352 | 500 trees/ha. -Examples of Nb and gy for animal- and wind--pollinated tree species from
353 | previous studies

D /D=0.5 D I D=0.25
Study site
(Pinus sylvestris) Nb o,(m) nb o,(m)  Ppollinator Reference
Makra 1404 33 3673 76 wind this study
Ranta-Halola 1957 39 2747 66 wind this study
Species
Dicorynia guianensis 116 222 203 insects Hardy et al. 2006
Moronobea coccinea 20 134 195 birds Hardy et al. 2006
Milicia excelsa 370 3755 wind Bizoux et al. 2009
Pinus pinaster* 97 30 wind De-Lucas et al. 2009
Araucaria angustifolia 381 140 wind Sant’Anna et al. 2013
Thuja occidentalis* 65 55 wind Pandey & Rajora 2012

*Only core or continuous populations included.
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a) Makra b) Ranta-Halola
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o
e i
(O}
= 3rd degree -
: B
- B Makra
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Figure 5. The relationAssociation between family relationship classes and spatial
distance. +he-pPairwise distances of the second degree related individuals in a) Makra
and b) Ranta-Halola are shown as red lines. The distribution of all pairwise distances of
individuals in different family relationship classes are shown in c) for Makra (turquoise) and
Ranta-Halola (orange). Boxplots show the median (central vertical line), the lower and
upper quantiles (boxes), and up to 1.5 interquartile range (whiskers) distances. +he-
fFamily relationships are classified based on pairwise GRM: second degree between
0.177-0.354 (e.qg., half-sibling: n = 7 in Makra and n = 17 in Ranta-Halola), third degree
between 0.088-0.177 (e.g., first cousin; n = 12 in Makra and n = 38 in Ranta-Halola),
fourth degree between 0.044-0.088 (e.g., first cousin once removed; n = 33 in Makra and
n = 164 in Ranta-Halola), and unrelated below 0.044 (n = 6276 in Makra and n = 62 616 in
Ranta-Halola).




367 Rare alleles
368 In line with overall relatedness, we found that more related individuals also shared a higher
369 proportion of rare alleles than unrelated individuals (n = 426, p = 0.049, one-tailed p <
370 | 0.0001 estimated using Mantel’s test; Figure 6), but this relationship only visible in
371 higher relatedness values. Rare allele sharing and distance had a weak negative
372 | relationship within study sites (p = -0.010, p = 0.057 in Ranta—Halola and p =-0.028, p =
373 | 0.084 in Makrg; Figure S15). Mantel correlograms showed that pairwise sharing of rare
374 | alleles decreased with increasing spatial distance—similarly to the decrease of
375 | relatedness with spatial distance (Figure S26).
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379 curve fitted to the proportion of shared rare alleles on relatedness (GRM).
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Discussion

Large continuous_Finnish population of Scots pine has weak fine--scale

genetic structure

Species with a very subtle structure betweenat-the-among populations-level are often
consideredreferred-as panmictic, which-indicatesi.e., mating completely randomly -mating-
patternsalso within populations. While Scots pine’s genotypic frequencies follow HW
frequencies egutibrivm-at the adult stage similarly to a panmictic species (Muona & Harju
1989, Pyhajarvi et al. 2020), itsthe mating patterns are not completely random in space
(Robledo-Arnuncio & Gil 2005; Torimaru et al. 2012). in-concordanceConcordant with
spatially restricted mating patterns, we showed that fine--scale spatial genetic structure—
albeit very weak—is maintained in adult Scots pine stands (Figures 3 & 4). This was
evident in the spatial proximity of individuals with higher pairwise relatedness (Figure 5).

Scots pine has partial selfing (5-10% of mature seeds), but only a part of the selfed

offspring survive to the mature seed stage (Koski 1971, Karkkainen & Savolainen 1993),

and even fewer survive to the adult stage (Koelewijn et al. 1999). The average mortality of

the selfed seeds is 75—85%, compared to 20-30% for the open-pollinated seeds

(Karkkainen et al. 1996, Koelewijn et al. 1999). In our samples, we did not find high

inbreeding estimates or pairwise relatedness values close to 1, which are expected in

selfed progeny. Thus, relatedness patterns of adult trees found here are not a result of

selfing. Fine scale genetic structure has previously been found in smaller fragmented
Scots pine populations (Robledo-Arnuncio & Gil 2005; Sofletea et al. 2020), but here we

show this pattern for the first time within a large continuous population-for-the-first-time.

We found that the spatial genetic structure reached somewhat longer distance in Ranta-

Halola than Makré (Figure 4; Figure S4). This may partly be caused by differences in the

shape and size of the sampled areas. In addition, each distance class includes

considerably more pairwise comparisons in Ranta-Halola, which results in more statistical




406 | power. The mean age of Ranta-Halola is higher (Figure S1), which allows multiple

407 | generations of dispersal events after the seed tree cuttings were done and, therefore, a

408 | longer extent of spatial genetic structure. On the other hand, Méakra had proportionally

409 | more pairs in the second degree family relationship class, which could be caused by the

410 | more recent or possibly more intense seed tree cutting. There are likely differences in the

411 | fecundity of individual trees (Torimaru et al. 2012), which can cause differences between

412 | the sites. Nevertheless, the patterns of relatedness (Figures 3 & 5) and spatial genetic

413 | structure were very similar between the study sites, which suggests that the dispersal

414 | patterns are similar between the sites.

415 | Long-distance pollination evenis and the continuous distribution-range, allowing constant
416 | gene flow, are likely major contributors to the extremely low intensity of spatial genetic

417 | structure we detected ir-ourstudy-(Sp from 0.0005 to 0.0008). In addition, the high

418 | population density increases the reighberhood-sizenumber of potential breeders, and all of
419 | these factors se-thatkeep the fine--scale spatial genetic structure-stays weak even

420 | withwhen therelatively-short average gene dispersal distance is relatively short. In

421 | contrast, when populations are far from each other and disjunctren-continuous, the

422 | chance of pollination from nearby trees is higher, which leads to stronger spatial genetic
423 | structure. This effect of population fragmentation is evident in previous Scots pine studies
424 | where Sp has ranged from up to 0.0098 in Scotland (Gonzalez-Diaz et al. 2017) to the-

425 | mean-ofas high as 0.0207% enin the Carpathian Mountains (Sofletea et al. 2020). Our

426 | study sites showed low intensity of spatial genetic structure also when compared to other
427  conifers (Sp = 0.001-0.0349; Desilva & Dodd 2021; Kitamura et al. 2018; Sant’Anna et al.
428 2013; De-Lucas et al. 2009; Vekemans & Hardy 2004) and other tree species (Sp =

429 | 0.002-0.075; Bizoux et al. 2009; Hardy et al. 2006; Vekemans & Hardy 2004). The Llow

430 | intensity of pepulation-spatial genetic structure is in line with strong gene flow through

431 | pollen. rdlt also indicates that Scots pine populations evenrexample;;—fo at the northern

432 | distribution edge receive ample gene flow, and do-netsufferfrom-decreasedhave high
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genetic variation as long as they are connected to the main population. Varis et al. (2009)

showed that the Finnish Scots pine populations at different latitudes are receptive for

pollen before their own pollen shedding starts, but the pollen from more southern

populations is already available for fertilization. This potential for gene flow from southern

to northern populations (Varis-et-al—2009})-also aidsiacilitates adaptation to climate change.
However, the situation is different in populations that are more fragmented and isolated,

such as the Spanish and Scottish populations, where the pollen dispersal is more

restricted and, thus, the spatial genetic structure is stronger (Hampe & Petit 2005).

Relatively short dispersal distance of Scots pine and its implications for

selection

We estimated that the average gene dispersal distance in our Scots pine stands was

53.94 meters (average of 71.3 m and 36.5 m), which is relatively short compared to the

gene dispersal distance estimates of other wind—-pollinated trees. typically between 30
and 3755 meters (Table 1; Pandey & Rajora 2012; Sant’Anna et al. 2013; Bizoux et al.

2009; De-Lucas et al. 2009), and of animal—-pollinated trees up to 1296 meters (Hardy et

al. 2006).-altheugh,; However, population density (estimate) plays a large role in estimating

the dispersal distances. \While estimating population density in Scots pine stands is

straightforward, it is more complicated to assess the density of a forest in the past, i.e.,

during establishment of seedlings that resulted in the current stand. As an early

succession species, regeneration mainly occurs in pulses after disturbances (e.q., forest

fires, storms and loggings; Linder et al. 1997; Lundgvist et al. 2017). Studies on

regeneration of seed and shelterwood stands also suggest that seedling establishment of

Scots pine occurs in sparse stands (50—-200 trees/ha; Beland et al. 2010; Rautio et al.

2023). In the estimation of gene dispersal distances, the effective density estimate should

also take into account the breeding contribution of adult trees surrounding the cut area. It

should also be noted that the effective density of the study sites has varied greatly over
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time, and trees germinating 33 or 143 vears ago have faced very different fertilization and

germination conditions. We used the effective densities of 500 and 1000 trees/ha. By

assuming lower effective density, the estimated dispersal distance would increase.

However, a very long average dispersal distance does not seem probable given the

relatively sharp decay of the mean relatedness with distance and the observed pairwise

distances of the related individuals (Figures 3, 4 & 5). Further, Eearlier Scots pine seed
(10—20 m; Debain et al. 2007) and pollen dispersal (47.6-53 m; Koski 1970, based on

radioactively labelled pollen; Robledo-Arnuncio & Gil 2005) estimates are relatively close

to our dispersal distance estimate, bearing in mind that our estimate includes both seed
and pollen components. Most dispersal distance estimates—including ours—assume that
the distribution of dispersal distances (i.e., the dispersal kernel) is Gaussian. However,
especially pollen is able to disperse very long distances (Lindgren et al. 1995; Robledo-
Arnuncio 2011) leading to potentially more leptokurtic dispersal kernels that are
challengingdifficult to estimate. Theseand would result in higher mean dispersal distances

(Robledo-Arnuncio & Gil 2005; Debain et al. 2007). Taken together, our gene dispersal

estimates can be taken as minimum estimates given the potential for lower effective

density and leptokurtic pollen dispersal.

UnderstandingKnowing the dispersal distance of thea species-dispersal-distanee is crucial
for understandingpredicting how quickly it can spread to new suitable-habitats but also for

estimating its ability to respond to selection and to adapt. The balance between the
amount of gene flow and the strength of selection defines the probability of local

adaptation as a response to spatially diversifying selection, {Lerermand 2002y When-the-

differentiated populations causes migration load and hinders local adaptation (gene

swamping; Lenormand 2002). Selection can be very efficient in species with large N., such

as Scots pine, and phenotypic climatic adaptation to different latitudes is well known
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(Mikola 1982: Aho 1994: Notivol et al. 2007; Kujala & Knilirr et al. 2017). Early mortality is

very high, and even when it is largely random, it also provides much opportunity for

selection. However, the question is not just how strong the selection is but also on what

spatial scale the species can track the environmental differences and adapt through

changes in allele frequencies. According to Slatkin (1973), A-a population can-enly

respond to selection only if the underlying environmental heterogeneity occurs over a

distance longer than the characteristic length (L = g/ Vs, where o is the offspring mean

dispersal distance and s is the strength of selection:-Slatkin-1973)-thatis-determined-by-
. With

our refined-estimates of mean gene dispersal distance (53.9 m36.5-71-3-m;-depending-on-

the-effective-population-density-usedHin-estimation)_and hypothetical selection coefficients

s =0.01 or s = 0.001, the characteristic length would be 539 m and 1 705 m, respectively.-

No evidence for fine-scale adaptation has been found in Scots pine. Reciprocal transplant

experiments showed no evidence of local adaptation to different soils at the scale of some

kilometers (Jimenez-Ramirez et al. 2023). Furthermore, a nine-year common garden study

with progeny of Punkaharju ISS showed that selection at the local population scale was

rather weak on the adaptive seedling traits, even if fitness was lower in populations from

further north and south (Kujala et al. 2023). As adaptive traits are often polygenic,

selection on individual loci would be expected to be rather weak, vielding little potential to

respond to different selection in close-by sites. In some other European and
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Fitness and practical implications of the fine--scale spatial structure
Aggregation of relatives leads to a higher of inbreeding and inbreeding
depression. Scots pine carries a high number of lethal equivalents (Koski 1971,

Savolainen et al. 1992), which makes selfing and more distant forms of inbreeding
detrimental. Our results indicate that related individuals carry an excess of shared rare
alleles. A large number of loci in Scots pine have very low minor allele frequencies (Tyrmi
et al. 2020). Rare alleles are typically young and also enriched for recessive deleterious
variants;. Thus, spatial structure may lead to more homozygosity and fitness
reduction than expected in a totally panmictic population, where these alleles would

appear as homozygotes.

Fine structure also has practical implications, e.g., in tree breeding.
When closely located trees are also more likely to be related, determining a suitable
collection distance of potential breeding individuals is very important in order to avoid
introduction of related individuals into breeding programs

production populations. Due to strong inbreeding
depression

, accidental selection of related individuals to seed orchards would
Furthermore, information on spatial

genetic structures can help to define a minimum distance between trees to be used for
collecting seed or cuttings in practical gene conservation work. Knowledge on the extent
and intensity of fine spatial structure is of importance also forest
management naturally regenerating sites as it can guide the optimization of distance

between spared seed trees during harvesting.
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Conclusions

Here, we carefully-described in detail the extent of fine-scale spatial genetic structure and
average dispersal distance in a large population of Scots pine from a continuous part of
the distribution. We demonstrated that even a wind--pollinated widely distributed species
with large effective population size can have detectable, although weak, fine--scale

population-spatial genetic structure. Our estimates of dispersal distance are relevant for

seleetion;practical applications,-as-well-as-in- predicting responses to environmental

changes, and understanding the balance between gene flow and other evolutionary

factors, especially selection.
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Figure S1. The distribution of Scots pine age in Makra (turquoise; n = 113) and Ranta-

Halola (orange; n = 354) sampling sites.

Figure S2. Decay of pairwise relatedness with distance in Makra (turquoise) and Ranta-

Halola (orange) sampling sites. Mean (circles and squares) and standard deviation
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(vertical lines) of relatedness is plotted for each distance class; number of pairwise

comparisons in each distance class are shown in Table S1. The estimates of Ranta-Halola

have been moved two metres forward in the plot to avoid overlap with the estimates of

Makra.

Figure S3. Pairwise relatedness (GRM: Yang et al. 2011) plotted against pairwise kinship

(Loiselle; Loiselle et al. 1995) estimated for 468 Scots pines in the Punkaharju research

area. The red line shows the expected relationship of 2:1 for these estimates.

Figure S4. Correlation (measured as Mantel r) between pairwise relatedness and distance

within each distance class estimated as Mantel correlogram in a) Méakra (circles, turquoise)
and b) Ranta-Halola (squares, orange). Filled shape indicates a p-value smaller than 0.05.

Ranta-Halola and Mékré are divided into equally long distance classes. Two of the longest

distance classes from Mékréa and three from Ranta-Halola have been left out due to

including less than 100 pairwise comparisons.

Figure S5. Decay of the proportion of shared rare alleles with spatial distance in M&kra

(turguoise) and Ranta-Halola (orange) sampling sites. Mean (circles and squares) and
standard deviation (vertical lines) of relatedness is plotted for each distance class.

Figure S6. Mantel correlogram for rare allele sharing and pairwise distance in a) Makra
and b) Ranta-Halola. Filled circles indicate p-value smaller than 0.05.

Table S1. The mean and standard deviation (SD) of pairwise relatedness (GRM) in each
distance class for Ranta-Halola and Makré sampling sites (Figure 3; Figure S2). The last
two and three distance classes for Ranta-Halola (upper panel) and Makra, respectively,

are combined so that each class has at least 100 comparisons. The lower panel for Ranta-

Halola shows the relatedness values for Ranta-Halola, when distances are classified

according to Méakra’s 14 distance classes.
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Table S2. Comparison of family relationship classes estimated for 468 Scots pines in the

Punkaharju research area using relatedness (GRM: Yang et al. 2011) or kinship estimate

(Loiselle; Loiselle et al. 1995). Estimates on the darker green background show the same

degree of family relationship and ligher green shows one degree difference in the

estimated class. Relatedness was estimated using 65 498 SNPs with MAF > 0.05 and

kinship using 28 378 SNPs with MAF > 0.20 due to computational reasons.

Data availability statement

The data supporting the findings of this study are available in Figshare (DOI:
10.6084/m9.figshare.23531142; the data will be open to public after this manuscript has

been accepted for publication).
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