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Abstract The objective of this study was to estimate the

effect of pre-commercial tending and commercial thinning

on the genetic diversity parameters, especially rare allele

loss and diameter–heterozygosity associations, in Scots

pine stands by retrospectively modelling the removal of

inferior/superior trees. Modelling was based on empirical

data of DNA polymorphism in (a) a 60-year-old natural

stand and (b) a 20-year-old young stand planted with seeds

collected in a seed orchard. Within each of these stands,

approximately 400 trees were systematically sampled

within 1-ha plots (800 trees in total) and genotyped at 5

neutral and 7 EST-derived nuclear microsatellite markers.

There was no significant association between heterozy-

gosity, common allele number and tree diameter in either

stand. Even at a high intensity, both simulated tending and

commercial thinning had minor effects on the heterozy-

gosity and allelic diversity but caused a significant loss of

rare alleles. However, there was a nonlinear relationship

between the loss of rare alleles and the thinning intensity in

the young stand, such that below 30 % thinning intensity,

the rare alleles were lost at a markedly lower rate. In

conclusion, the association between commercial value and

genetic diversity is weak in Scots pine. Thinning causes

loss of rare alleles; however, for specific cases, it could be

possible to identify the margins for a slow rate of rare allele

loss.

Keywords Forest management � Heterozygosity �
Inbreeding � Pinus sylvestris � Rare alleles � Microsatellites

Introduction

Silvicultural treatments markedly affect the genetic struc-

ture of future generations of forest trees (Ratnam et al.

2014). One principal silvicultural treatment is the thinning

of forest stands, usually to promote the development of

high-quality trees by removing the trees with inferior

phenotypes (Zeide 2001). The problem with such thinning

is a possible loss of genetic diversity in the next generation

if the inferior phenotypes to be removed (a) constitute

particular genetic groups, (b) represent high heterozygosity

groups or (c) contain more rare alleles than the remaining

trees (Finkeldey and Ziehe 2004). Most of the commercial

European Scots pine forests have a dual commercial and

ecological function, such as biodiversity enhancement and

sustainable management, according to the common forest

certification schemes (Rotherham 2011). Natural regener-

ation is a common establishment method of Scots pine

stands in Europe: the percentage of naturally regenerated

Scots pine stands ranges from approximately 30 % in

Baltic countries, Sweden and Finland to nearly 100 % in

such countries as Norway (Krakau et al. 2013). Common

silvicultural treatments, including tending and thinning, are

applied in such forests. Therefore, the genetic diversity

issue is highly important for the adaption of forests under

climate change (Hoffmann and Sgro 2011), which raises
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the need for adapting silvicultural practices to achieve

greater genetic diversity (Rajendra et al. 2014).

The first studies on the genetic consequences of forestry

operations were based on isozymes (reviews in Finkeldey

and Ziehe 2004; Ratnam et al. 2014). Most of these studies

did not report a marked effect of forest management or

silvicultural treatments on common allele diversity and

heterozygosity for several main European forest tree spe-

cies (Hussendorfer and Konnert 2000; Wolf 2001; Dounavi

et al. 2002), including Scots pine (Szmidt and Muoana

1985; Yazdani et al. 1985); this was also the case for the

main Northern American forest tree species (Macdonald

et al. 2001). However, some investigations revealed a weak

association between the heterozygosity and tree diameter

(Ziehe and Hattemer 2002) or a minor decrease in allelic

diversity (MacDonald et al. 2001). Most of the studies

found a significant loss of rare alleles (e.g. Katzel et al.

2001; Ziehe and Hattemer 2002) and reduced inbreeding

(Chybicki et al. 2007). It was concluded that for a more

precise assessment of the forest management effects,

highly polymorphic and more precise markers of the allelic

diversity response to stand tending treatments are required

(Konnert and Hosius 2010).

In this regard, more recent studies on the effects of

silvicultural treatments were based on DNA markers such

as microsatellites and reported diverse results (reviews by

Hosius et al. 2006; Schaberg et al. 2008; Rajendra et al.

2014; Ratnam et al. 2014). Many studies have focused on

finding association between individual heterozygosity and

fitness with controversial results ranging from positive to

negative associations (reviewed by Abrahamsson et al.

2013). Genetic factors such as the failure of the investi-

gated loci to represent whole genome heterozygosity,

demography, genetic load or external factors such as age,

environment and variable management were listed among

the likely causes of this inconsistency. Heterozygosity

could moderately increase or decrease after thinning, but

the allelic multiplicity in most cases decreases, especially

leading to a marked loss of rare alleles (Ratnam et al.

2014). For instance, based on microsatellite data, Rajora

et al. (2000) reported a 5 % drop in the heterozygosity and

as high as 90 % rare allele loss after standard commercial

thinning of old virgin Pinus strobus stands. Another SSR-

and RAPD-based study in beech stands revealed a

notable loss of rare alleles in a managed beech stand

(Paffetti et al. 2012). After a comparison of the genetic

diversity among 30 beech stands of variable management

intensity, Rajendra et al. (2014) found no marked differ-

ences in the genetic diversity parameters among these

stands. In the above study, the rare allele number was even

higher in the managed stands. These results suggest that the

tending could have removed the low-diversity trees;

therefore, there could be an association between quality

and diversity at the individual tree level in beech trees.

Buiteveld et al. (2007), in a SSR-based investigation, found

no significant differences in heterozygosity, allelic richness

and rare allele number between beech stands with limited

and high management intensity. However, the above

authors observed a significantly greater increase in the

inbreeding coefficient in the unmanaged stands, which

supported the hypothesis of sound genetic effects of tend-

ing treatments. Garcia-Gil et al. (2015) found no marked

difference in genetic diversity among the naturally born,

naturally regenerated and planted mature stands of Scots

pine, except for the lower number of rare alleles in the

naturally born stands. All of these seemingly contradicting

results indicate that the associations are not only species

sensitive but also age and case sensitive. The genetic

consequences of phenotypic selection during thinning are

largely unknown in most of the temperate and boreal for-

ests (cf. review by Ratnam et al. 2014). Then, studies like

ours focusing on the major operations (tending or com-

mercial thinning) that could be generalized for typical

naturally born and artificially established forest stands can

provide new and interesting results.

Bearing in mind the experience gained, a new stage of

the investigations on the genetic consequences of forest

management could focus on how to improve genetic

diversity in the sense of allelic richness and heterozygosity

in the forest stands, which would provide both economic

values and ecological services (Geburek and Müller 2005).

Such forests constitute most of the forests in the boreal and

temperate zone. If fitness and commercial values are

associated with genetic diversity, this goal is easily

achievable (though it could be species specific). For

instance, tolerance to heavy metal pollution was associated

with a greater allelic diversity and heterozygosity at

enzyme loci for Scots pine (Chudzińska et al. 2014).

However, it may not be as straightforward and simple to

combine these connections (Ledig et al. 1983; Savolainen

and Hedrick 1995; Deng and Fu 1998). In this regard, the

following questions remain. Is the relationship between the

loss of rare alleles and forest management intensity linear?

If not, then what are the intensity thresholds that permit

preservation of most of the rare alleles? Is it possible (and

how) to phenotypically identify low-diversity/low-

heterozygosity trees? Scots pines are highly widespread

forest tree species that occupy diverse habitats and are

exposed to a variety of management regimes that could be

a good model species for this type of genetic diversity

modelling.

In this study, we focused on one of the major silvicul-

tural operations of tending and commercial thinning,

especially because the genetic consequences of phenotypic

selection during thinning are largely unknown in Scots pine

(review by Ratnam et al. 2014). By considering the
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questions raised above, the objectives of our study were to

estimate the effect of pre-commercial tending and com-

mercial thinning on the genetic diversity parameters,

especially the rare allele loss and phenotype–heterozygos-

ity associations in Scots pine stands, by retrospectively

modelling the removal of inferior or superior trees. The

genetic diversity estimates were calculated from the

empirical data of a large sample size genotyped with

nuclear microsatellite markers.

Materials and methods

The studied Scots pine stands

Two stands of Scots pine were selected for this study. The

young stand was 20 years old during the sampling for our

study (Fig. 1). It was planted in 1995 with a spacing of 5 m

between rows and 0.5 m between the trees within a row

with seedlings raised from a local seed orchard. The young

stand is located in central Lithuania (54�460N 23�310E
73 m a.s.l.). This stand was chosen because it has been

unmanaged since planting. A total of 400 trees for the DNA

genotyping were selected within a 1-ha area (approxi-

mately 100 m 9 100 m in size) in the middle of the

plantation by selecting a tree within each 4–6 m (approx-

imately every 5th tree) in a row. The selection was con-

ducted to obtain trees with variable diameters and to form 7

diameter classes for comparison of the genetic diversity.

The sampled trees were numbered, and the following

properties of the sampled trees were measured: the tree

diameter (breast height, cm) branching properties of the

whorl at 2-m height (number of whorl branches, the

thickness of the thickest branch, the branching angle in

three classes where 1 = sharp angle), the presence of a

fork or spike knot and stem straightness in three classes,

where 0 = straight.

The mature stand is located approximately 150 km apart

and towards the north-east of the young stand in north-

eastern Lithuania (55�250N 26�050E 174 m a.s.l.). This

stand has a natural origin, is 50–70 years old and is located

in the middle of a large pine dominated forest tract. It was

chosen because it is a single-storey, single age class pure

Scots pine stand of relatively higher stocking than the other

similar stands of approximately 60 years old (approxi-

mately 700 trees/ha, Fig. 1). Low-intensity tending was

conducted at a juvenile age. A sample plot of 1 ha with a

100 m 9 100 m shape was selected within this stand, and

400 trees were sampled with a grid of 6 9 6 m for the

DNA genotyping. When possible, the trees were selected to

represent a more diverse diameter. Height, diameter (breast

height) and development class (4 classes, where 1 is

dominant and 4 is suppressed) of the sampled trees were

measured. Both of the stands are typical for Scots pine

forest sites located within large forest tracts: sandy soil, a

flat landscape and myrtilius ground vegetation.

The DNA analysis

In both of the stands, sawdust for DNA extraction was

sampled by drilling with an electric borer to a depth of

1–2 cm (the bark residuals were removed when placing the

sawdust into the sampling tubes). The DNA was extracted

according to the modified ATMAB method after Dumolin

et al. (1995). The concentration and purity of the DNA were

fluorometrically quantified (Gene Quant Pro, Amersham

Fig. 1 Spacing and development stage of the trees in the sampled

plots of 1 ha within the young stand (age 20, plantation, left) and

mature stand (age 60, naturally born, right). The sampled trees

contain a number. In the young stand, spacing is 0.5 m within rows

and 2 m among rows (tending is foreseen in the near future). In

addition to low-intensity tending at a juvenile stage, no other

treatment was applied in the mature stand
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Bioscience). Three multiplex PCR were performed using

fluorescent-labelled primers in a 10-ll total volume mixture

containing 1 X reaction buffer (Qiagen), 0.5–4 lM of each

primer and approximately 1 ll of template DNA. The pro-

gramme for amplification was optimized using gradient

PCR conditions. The final PCR programme started with

initial denaturation at 95 �C for 15 min, followed by 30

cycles of 94 �C for 30 s, 57 �C for 1.30 min, 72 �C for 30 s

and a final elongation step at 60 �C for 30 min. The length of

the PCR fragments was determined by using an automated

sequencer (CEQ GeXP Beckman Coulter) and analysed

using an internal size standard (CEQTM DNA Size Standard

Kit—400). The fragment length determination and allele

assignment were carried out using the fragments analysis

tool of GeXP (Beckman Coulter).

The following primers for 12 microsatellite loci repre-

senting two to four nucleotide repeats were used: Psyl57,

Psyl57, Psyl2, Psyl18, Psyl42, Psyl25, Psyl16 (Sebastiani

et al. 2012), Spac7.14, Spac12.5, Spac11.4 (developed for

Pinus sylvestris, Soranzo et al., 1998), PtTX4011 and

PtTX4001 (developed for Pinus taeda, Elsik et al. 2000) and

combined into 3 multiplexes for the PCR and the capillary

electrophoresis. After allele scoring, the data set was

checked for scoring errors due to stuttering, large allele

dropouts and null alleles with the approach estimating the

excess of homozygotes implanted in the Micro-Checker

software version 2.2.3 (van Oosterhout et al. 2005).

The simulation of retrospective thinning

In the first step to assess the genetic diversity associations

with the tree diameter/height, we compared the multilocus

mean genetic diversity parameters between the diameter/

height classes. These diameter/height classes were con-

structed of approximately equal sizes of ca. 55 individuals

separately in the young and mature stands (7 classes were

obtained; Figs. 3, 4). The following genetic diversity

parameters were calculated for each diameter or height class

with the software GenAlEx 6.4 (Peakall and Smouse 2006):

the number of different alleles (Na), effective number of

alleles (Ne), unbiased expected and observed heterozygos-

ity, Shannon diversity index (I), the number of private

alleles to a particular diameter or height class and the

inbreeding coefficient (FIS fixation index via frequency).

In the second step to estimate the change in genetic

diversity parameters after the diameter- or height-based

removal of the inferior trees by the steps of the 55 trees (by

the above-defined diameter or height classes), we calcu-

lated two types of diversity statistics: (a) the multilocus

mean genetic diversity parameters as described above

(Tables 2, 3) and (b) the loss of rare alleles, which were

modelled separately for the frequency below 0.01 and for

the interval 0.01–0.05 (Figs. 5, 6; Tables 4, 5). Each

removal step of the 55 trees of a particular diameter class

was assumed as an occasion of retrospective thinning.

To investigate the effects of removal of superior trees by

simulating a commercial thinning in the mature stand, a

similar modelling procedure was applied as described

above, starting with only the retrospective thinning from

removal of the ca. 55 trees of the largest diameter class

followed by removal of subsequent diameter classes

towards the thinnest diameter class (Fig. 6). Both the mean

multilocus values of the genetic parameters and the rare

allele loss were estimated.

The trees in both the stands were subdivided into

observed heterozygosity (mean multilocus Ho) classes by

the Ho = 0.2 step, and the means/standard errors for the

phenotypic traits were calculated to investigate which

phenotypes could pinpoint the trees of low heterozygosity.

Finally, to test the statistical association between the mean

multilocus Ho and the growth traits, we regressed the

growth traits on the Ho using a simple linear model at the

individual tree level, GT = bHo ?e, where GT is a growth

trait, b is the regression coefficient, and e is the residual

variance (SAS PROC GLM). We also tested the nonlinear

relationship by transforming the Ho to the square of the

cubic degree (e.g. Pfaffenberger and Patterson 1987).

Results

The loci statistics

The loci Psyl57, Spac7.17, Psyl44, and PtTX4011 dis-

played some evidence of null alleles but at a low frequency

ranging from 0.02 to 0.05, except for the locus PtTX4011,

which showed a frequency of 0.11; this frequency is still

below the threshold for significant underestimation of

heterozygosity due to null alleles (Chapuis et al. 2008;

Belletti et al. 2012).

There were marked differences between the loci in the

genetic diversity parameters (Table 1). The number of

alleles ranged from 2 to 36 and the observed heterozygosity

from 0.02 to 0.92 (Table 1). The young and mature stands

were similar in the locus-wise estimates of genetic diver-

sity. However, there was a tendency for a relatively lower

inbreeding coefficient at the highly variable loci in the

mature stand (Table 1). The number of individuals of the

lowest observed heterozygosity (\0.4) was two times

lower in the young stand than in the mature stand (Fig. 2).

Genetic diversity association with tree diameter

and height

The mean diameter of the sampled trees in the young stand

was 8.52 cm, the standard deviation was 2.89 cm, and a
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minimum of 2.9 cm and a maximum of 17.0 cm were

determined. There were no marked differences in both

observed and expected heterozygosity among the tree

diameter classes in both the young and mature stands

(Fig. 3). The inbreeding coefficient (expected reduction in

heterozygosity due to non-random mating) differed mark-

edly between the diameter classes in both the young and

mature stand (Fig. 3). In the later, there was a consistent

tendency towards a higher inbreeding coefficient for the

larger diameter classes (Fig. 3). Whereas for the young

stand, the trees with a medium diameter of 6.7–8.6 cm

possessed significantly greater inbreeding and the number

of private alleles than the remaining diameter classes

(Fig. 3), for the mature stand, there was a tendency for a

lower number of rare alleles (freq.\ 0.05) in the three

lowest diameter classes, but for the thickest trees, the

number of rare alleles was similar as for the thinnest trees

(Fig. 3). For the tree height classes in the mature stand, the

tendencies were similar for the diameter except for less

consistent co-variation between the inbreeding and tree

height (Fig. 4). Short trees had more private alleles than

tall trees (Fig. 4).

The effect of tending thinning of inferior trees

In the young stand, the diameter-based stepwise removal of

the inferior trees had no effect on the mean multilocus

estimate of the expected heterozygosity (Table 2). The

removal of the two thinnest diameter classes increased the

expected inbreeding and had little effect on inbreeding

until 57 % of the trees were removed (213 of 387 trees

remained), where the Fis was improved from 0.54 at no

thinning to 0.36 (Table 2). The Shannon genetic diversity

Table 1 Locus-wise genetic

diversity parameters for the total

sample size, which are provided

separately for the young and

adult stands

Locus Young stand (age 20) Adult stand (age 60)

N Na Ne Ho uHe FIS N Na Ne Ho uHe FIS

Psyl25 386 3 1.0 0.02 0.02 -0.01 394 2 1.0 0.03 0.03 -0.02

Psyl44 383 6 1.1 0.07 0.07 0.08 388 6 1.1 0.05 0.05 0.08

Psyl18 373 8 1.1 0.09 0.09 -0.03 389 8 1.1 0.07 0.08 0.08

Psyl2 382 8 1.5 0.29 0.32 0.11 395 6 1.5 0.31 0.33 0.06

Psyl57 376 8 2.2 0.52 0.54 0.03 387 8 2.0 0.47 0.51 0.08

PtTX4011 387 7 2.8 0.50 0.64 0.21 384 8 2.9 0.51 0.66 0.22

Psyl42 375 9 3.4 0.69 0.71 0.03 395 5 3.2 0.70 0.69 -0.01

PtTX4001 391 16 3.7 0.71 0.73 0.03 396 17 3.9 0.72 0.74 0.04

Psyl16 390 11 4.6 0.73 0.78 0.07 396 13 5.2 0.77 0.81 0.05

Spac11.4 391 19 6.4 0.84 0.85 0.01 396 17 6.2 0.86 0.84 -0.02

Spac12.5 392 36 18.3 0.92 0.95 0.03 395 33 17.7 0.93 0.94 0.02

Spac7.14 379 35 20.7 0.87 0.95 0.08 395 36 20.5 0.91 0.95 0.04

Mean 384 13.83 5.57 0.52 0.55 0.05 392 13.25 5.53 0.53 0.55 0.05

The loci are sorted by the He values

N is the number of genotyped trees

Na is the number of different alleles

Ne is the effective allele number

Ho is the observed heterozygosity

uHe is the unbiased (adjusted for sample size differences) expected heterozygosity (see the GeneAlex

manual for the formula)

FIS is the expected inbreeding coefficient

Fig. 2 Detailed comparison of the observed heterozygosity in the

young planted stand (age 20) and mature natural stand (age 50–70 and

dominated by one age class; only the individuals of the oldest age

class were sampled)
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index was also affected very little by the thinning until

85 % of the trees were removed. Similarly, the effective

allele number varied little in response to removal of the

thin trees until 85 % of the trees were removed (Table 2).

Regarding the multilocus mean allele number, on average,

one and two alleles were lost after 43 and 53 % of thinning

intensity, respectively (Table 2). This was at the cost of the

rare alleles because the frequent alleles above 0.05 were

affected little by the retrospective tending thinning based

on the tree diameter.

When simulating the diameter-based removal of inferior

trees in the mature stand, the genetic diversity parameters

Fig. 3 Multilocus estimates of

the genetic diversity parameters

provided for the total sample

size and by the tree diameter

classes with a mean size of 53

trees (the young stand) and 55

trees each (the mature stand).

The diameter class (cm) is

provided on the X-axis. All of

the plots except the rare allele

plot (mature stand) present

multilocus mean values. The

rare allele plot shows the total

number of rare alleles summed

over all of the 12 loci
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varied similarly to the young stand, except for expected

inbreeding, which was reduced in the young stand but

remained unaffected by the diameter-based removal of

inferior trees in the mature stand (Table 3).

The loss of rare alleles was examined separately. The

results showed that only three and four alleles with a

frequency interval of 0.01–0.05 were lost after 85 %

removal of the trees with an inferior diameter in the young

and mature stand, respectively (last column in Tables 4, 5).

In total, 69 and 68 rare alleles below the frequency of 0.01

were found in the young and mature stand, respectively.

The removal of the inferior by diameter trees caused a

Fig. 4 Multilocus estimates of

the genetic diversity parameters

provided by tree height classes

(in metres) with a mean size of

ca. 55 trees each and for the

total sample size (labelled as

‘‘all’’ on the X-axis) in the

young stand of Scots pine. The

height range of all of the

sampled trees was subdivided

into intervals (classes) to obtain

an even class size of ca. 55 trees

Table 2 Effect of diameter-based removal of the inferior trees on the multilocus mean genetic diversity parameters of the remaining trees in the

young stand

Genetic diversity

parameter

Young stand (age 20)

All trees (2.9–17.0 cm, 375

trees)

Diameter range of the removed trees, cm

(number of remaining trees)

2.9–5.6

(323)

2.9–6.6

(268)

2.9–7.5

(213)

2.9–8.6

(159)

2.9–10.1

(103)

2.9–11.5

(52)

% of removed trees

0 14 28 43 57 72 85

Na 13.83 13.67 13.50 12.75 11.83 11.08 9.42

Na Freq. C 5 % 4.00 3.92 3.92 3.75 4.08 3.92 4.00

Ne 5.56 5.51 5.50 5.40 5.38 5.32 4.99

Shannon I 1.40 1.40 1.40 1.39 1.38 1.38 1.34

uHe 0.55 0.55 0.55 0.55 0.55 0.55 0.55

FIS 0.054 0.056 0.062 0.058 0.038 0.041 0.036

The number of remaining trees is provided in the diameter range of the removed trees in the table heading. The genetic diversity parameters are

explained in Materials and Methods section and in Table 1

Na is the allele number with a frequency greater than 5 %

Shannon I is the Shannon information index (GeneAlex manual for the formula)
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significant loss of the rare alleles below a frequency of

0.01, a loss of 69/68 before thinning down to 20/25 at 85 %

thinning intensity for young/mature stand, respectively

(Fig. 5). In the young stand, the rate of rare allele loss with

increasing diameter-based thinning intensity of the inferior

trees was not linear. For instance, at a thinning intensity

less than 28 %, the rate of rare allele loss was ca. 4 % per

each set of ca. 55 trees (ca. 14 %) removed, whereas at a

higher thinning intensity, 18–22 % of the rare alleles were

lost per each set of ca. 55 trees removed (Fig. 5, left). For

the high expected heterozygosity loci, the 28 % thinning

intensity threshold for the markedly faster loss of rare

alleles was even more pronounced (Fig. 5, right). For the

mature stand, the relationship between the thinning inten-

sity and the rate of rare allele loss was nearly linear with a

slight tendency of a relatively lower rate of loss before

28 % thinning intensity for the highly polymorphic loci

(Fig. 6, the two upper plots). In the mature stand, the same

thinning intensity resulted in a ca. 10 % lower loss of the

rare alleles than in the young stand (comparison between

Figs. 5, 6; Tables 2, 3).

If we assume natural regeneration in the mature stand

(thinned down to ca. 100 by diameter-superior trees/ha),

40 % of the rare alleles would be lost if counting all loci

and 30 % at highly variable loci (the allele loss at the stand

size of 111 trees in Fig. 6). Height-based selection of

superior trees resulted in a similar loss of rare alleles after

seed tree regeneration (Fig. 6). If attempting to regenerate

the mature stand from 56 remaining trees per ha, as much

as 70 % of the rare alleles would be lost (Fig. 6).

The effect of commercial thinning of superior trees

Diameter-based removal of the superior trees in the mature

stand resulted in a significant loss of the rare alleles down

to 68 % loss at the highest (86 %) thinning intensity

(Fig. 6, middle plots). In comparison with the removal of

inferior trees, the 28 % thinning threshold of the relatively

Table 3 Effect of diameter-based removal of the inferior trees (upper table for tending treatment) and superior trees (lower table for commercial

thinning) on the multilocus mean genetic diversity parameters of the remaining trees in the mature stand

Genetic diversity

parameter

Mature stand (age 60)

All trees (7.7–45.0 cm, 387

trees)

Diameter range of the removed trees, cm (tending thinning)

(number of remaining trees)

7.7–15.8

(323)

7.7–18.7

(279)

7.7–20.9

(223)

7.7–23.1

(167)

7.7–26.0

(111)

7.7–29.0

(56)

% of removed trees

0 14 28 42 57 71 86

Na 13.25 13.00 12.67 12.00 11.75 11.17 9.33

Na Freq. C 5 % 4.00 3.92 3.92 3.83 3.83 4.08 3.75

Ne 5.53 5.55 5.48 5.51 5.52 5.43 5.19

Shannon I 1.39 1.39 1.38 1.39 1.38 1.38 1.34

Ho 0.53 0.53 0.52 0.52 0.52 0.52 0.52

uHe 0.55 0.55 0.55 0.55 0.55 0.55 0.55

FIS 0.052 0.055 0.061 0.063 0.062 0.054 0.053

All trees (7.7–45.0 cm, 387

trees)

Diameter range of the removed trees, cm (commercial thinning)

(number of remaining trees)

29.1–45.0

(323)

26.1–45.0

(280)

23.2–45.0

(224)

21.0–45.0

(168)

18.8–45.0

(112)

15.9–45.0

(56)

% of removed trees

0 14 28 42 57 71 86

Na 13.25 13.00 12.75 11.92 11.33 10.75 9.33

Na Freq. C 5 % 4.00 4.00 4.00 4.08 4.08 4.08 4.08

Ne 5.53 5.48 5.40 5.36 5.34 5.33 4.89

Shannon I 1.39 1.39 1.39 1.39 1.38 1.38 1.33

Ho 0.53 0.53 0.53 0.53 0.53 0.54 0.53

uHe 0.55 0.55 0.55 0.56 0.55 0.56 0.55

FIS 0.052 0.050 0.047 0.041 0.031 0.026 0.025
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higher loss of rare alleles was more pronounced when

removing the superior trees. Therefore, before the 28 %

thinning threshold, 5 % of the rare alleles were lost per

each set of ca. 55 trees removed and as much as ca. 15 %

of the rare alleles were lost after the subsequent stepwise

removal of the sets of ca. 55 trees (Fig. 6).

With the increasing intensity of superior tree removal,

the mean multilocus estimates of the genetic diversity

parameters varied in a similar manner for the removal of

the inferior trees, except for the inbreeding coefficient,

which was improved from 0.052 with no thinning to 0.025

after 86 % thinning intensity in the mature stand. The 28 %

thinning intensity had no effect on all the genetic diversity

parameters estimated in our study, except for a slight

decrease in the mean number of alleles from 13.25 to

12.80.

Phenotype and heterozygosity association

In the young stand, trees of the lowest observed

heterozygosity (Ho) class of 0.10–0.39 possessed a signif-

icantly higher proportion of trees with spike knot than the

higher heterozygosity trees (Fig. 7). There was a tendency

for a lower tree diameter of the trees in the lowest

heterozygosity class, but the differences were not signifi-

cant (Fig. 7). The branching properties reflected the asso-

ciations with the tree diameter (Fig. 7). The trees belonging

to the highest and the lowest heterozygosity classes pos-

sessed the curviest stems, but the differences were not

significant and there was even a tendency of reduction in

stem straightness towards higher heterozygosity (Fig. 7).

In the mature stand, the shortest trees were in the

lowest and the highest heterozygosity classes, and the

differences between the heterozygosity classes were

close to significance (based on the standard errors,

Fig. 7). If ignoring the trees of the lowest heterozygosity

(\0.39), the tree diameter tended to decrease with

increasing heterozygosity (Fig. 7). Similarly, the devel-

opment class of the trees worsened with increasing

heterozygosity, except for the lowest heterozygosity

class, which included the most developed trees in the

mature stand (Fig. 7).

In both stands, the regression analysis showed no asso-

ciation for any of the tested traits with the mean multilocus

Ho values (R2 was below 0.005; p for regression t-value

was above 0.5). An exception was the spike knot presence,

which showed significant dependence on Ho at the

p = 0.05 level but still a low model R2 of 0.01.

Table 4 Number of rare alleles at a frequency below 0.01 that remain after each occasion of inferior trees removal based on the diameter in the

young stand

Loci (mean frequency

of alleles below a

frequency of 0.01)

All 375 trees

(2.9–17.0 cm)

Diameter range of the removed trees, cm (number of remaining

trees)

Number of alleles at a frequency of

0.01–0.05 (number of alleles lost at

a freq. 0.01–0.05)
2.9–5.6

(323)

2.9–6.6

(271)

2.9–7.5

(217)

2.9–8.6

(161)

2.9–10.1

(107)

2.9–11.5

(55)

% of removed trees

0 14 28 43 57 72 85

Psyl57 (0.001) 2 2 1 1 1 1 1 6, lost 0

Psyl25 (0.004) 2 2 2 2 2 0 0 1, lost 0

Psyl2 (0.003) 6 6 6 5 3 3 2 2, lost 0

Psyl18 (0.004) 6 6 6 6 4 3 0 2, lost 0

Spac7.14 (0.005) 12 12 12 11 9 7 6 23, lost 0

Psyl42 (0.016) 6 6 5 3 3 2 1 3, lost 0

Psyl16 (0.004) 5 5 5 5 3 2 2 6, lost 0

Psyl44 (0.003) 4 4 4 3 1 1 0 2, lost 0

PtTX4001 (0.004) 4 4 4 4 3 3 2 2, lost 0

PtTX4011 (0.005) 2 1 1 1 1 1 1 5, lost 0

Spac11.4 (0.002) 7 7 7 7 7 7 2 12, lost 2 (for D class

2.9–11.5 cm)

Spac12.5 (0.004) 13 12 12 8 8 7 3 23, lost 1 (for D class

2.9–10.1 cm)

Total 69 67 65 56 45 37 20

For a reference, the last column contains the total number of alleles with a frequency of 0.01–0.05 and how many of these alleles were lost after

any thinning occasion. Note that no alleles with a frequency above 0.05 were lost during any of the thinning occasions
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Table 5 Number of rare alleles at a frequency below 0.01 that remain after each occasion of inferior tree removal based on the diameter in the

mature stand

Loci (mean

frequency of alleles

below frequency of

0.01)

All 387 trees

(7.7–45.0 cm)

Diameter range of the removed trees, cm (number of remaining trees) Number of alleles at frequency

0.01–0.05 (number of alleles

lost at freq. 0.01–0.05)7.7–15.8

(332)

7.7–18.7

(279)

7.7–20.9

(223)

7.7–23.1

(167)

7.7–26.0

(111)

7.7–29.0

(56)

% of removed trees

0 14 28 42 57 71 86

Psyl57 (0.001) 2 1 0 0 0 0 0 6, lost 0

Psyl25 (none) 0 0 0 0 0 0 0 1, lost 1 (for D class

7.7–29.0 cm)

Psyl2 (0.003) 4 4 4 3 3 3 1 1, lost 1 (for D class

7.7–29.0 cm)

Psyl18 (0.003) 7 7 6 6 6 5 3 1, lost 0

Spac7.14 (0.004) 14 14 13 11 11 11 6 15, lost 0

Psyl42 (0.008) 1 1 1 1 1 1 0 0, lost 0

Psyl16 (0.003) 6 6 6 5 4 3 3 1, lost 0

Psyl44 (0.005) 5 5 5 4 4 3 1 0, lost 0

PtTX4001 (0.004) 7 6 6 6 6 5 3 6, lost 0

PtTX4011 (0.003) 2 2 2 2 2 1 0 2, lost 0

Spac11.4 (0.004) 7 6 5 4 3 3 2 4, lost 1 (for D class

7.7–29.0 cm)

Spac12.5 (0.005) 13 13 13 11 10 8 6 11, lost 1 (for D class

7.7–29.0 cm)

Total 68 65 61 53 50 43 25

For a reference, the last column contains the total number of alleles with a frequency of 0.01–0.05 and how many of these alleles were lost after

any thinning occasion. Note that no alleles with a frequency above 0.05 were lost during any of the thinning occasions

Fig. 5 Percentage (counted over all loci) of rare alleles (frequency

\0.01) remaining after retrospectively removing the trees of inferior

diameter with gradually increasing intensity (69 alleles over 12 loci

before simulated thinning, left) and for high expected heterozygosity

(He[ 0.8) loci (32 alleles summed over 3 loci of the SPAC series,

right) in the young Scots pine stand. The number of remaining trees is

provided in parentheses for each of the thinning intensities on the X-

axis. The minimum–maximum diameter of the trees removed at each

occasion is provided at the curve markers
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Discussion

Relationship between the thinning intensity

and the genetic diversity

As expected, the EST-SSRs (the Psyl series) showed lower

variability than the genomic SSRs (e.g. Rajendra et al.

2014). An exception is the locus Psyl16 with 11 alleles and

a He of 0.78, which is a good candidate for an EST-SSR-

based genetic diversity and population structure investi-

gation in Scots pine. The genetic diversity levels in the two

investigated stands are in good agreement with the other

nSSR-based investigations with Scots pine in the northern

regions (He greater than 0.9 for the Spac loci series in

Estonia and Sweden; Pazouki et al. 2016; Abrahamsson

et al. 2013). For loci PtTx4001 and PtTx4011, the genetic

diversity parameters are remarkably similar to those

obtained with similar sample sizes in natural and artificial

Scots pine stands in Sweden (He at ca. 0.7; Garcia-Gil et al.

2015). However, we obtained lower Ho and higher FIS

values than Pazouki et al. (2016) reported for three Scots

pine stands in Estonia (FIS of -0.26 vs. 0.05 in our study).

We assume that it could be an effect of the dense sampling

in our study, in which case we may have sampled more

inbreeding than sampling over a wider range.

In agreement with earlier studies, the heterozygosity and

the common allele diversity were affected very little by

tending or commercial thinning, even when these treat-

ments were conducted at a high intensity (Schaberg et al.

2008; Robichaud et al. 2010; Ratnam et al. 2014; Garcia-

Gil et al. 2009; Garcia-Gil et al. 2015). Presumably,

competition eliminates the weakly growing homozygotes

at an age earlier than 20 years. We hereby focus on the loss

of rare alleles after the removal of inferior/superior trees,

which may constitute a problem, as observed in earlier

studies on the effects of forest management (e.g. Katzel

et al. 2001; Rajora et al. 2000). An interesting finding of

our study is the nonlinear relationship between the thinning

intensity and the loss of rare alleles (Fig. 5). This is

especially the case for the highly variable loci in the young

stand, in which the rare alleles were lost at a markedly

higher rate when the thinning intensity was greater than

30 % (Fig. 5, right). This indicates that the thinnest trees

removed below this margin of 30 % thinning intensity

contain less rare alleles than the thicker trees at this juve-

nile stage. Therefore, not only heterozygosity and allelic

diversity but also rare alleles are affected little if we

remove approximately 30 % of the inferior Scots pine trees

through a tending treatment at that age. There seems to be

no other study applying our modelling approach of stage-

wise retrospective removal of trees to compare with our

results in Scots pine (reviews Ratnam et al. 2014; Rajendra

et al. 2014). Robichaud et al. (2010) used a similar mod-

elling approach for the effects of commercial thinning on

the genetic diversity of a mature Juglans niga stand (pi-

oneer species) and found a very similar result of no sig-

nificant diameter–heterozygosity associations but marked

loss of rare alleles. Finally, the high loss of rare alleles after

common silvicultural treatments found in earlier studies

indicates that the intensity of these treatments markedly

exceeded this 30 % intensity margin (e.g. Katzel et al.

2001; Rajora et al. 2000; Paffetti et al. 2012).

The low FIS values of the thin trees in the mature stand

(the FIS plots are located in Fig. 3) indicate that the tending

operation is expected to raise the inbreeding level. This

also indicates that the thicker trees tended to be more

related to each other than the thinner trees in the mature

stand, which suggests that there could be a diameter-as-

sociated genetic structure in the mature stand. It also

implies that at 60 years old, the share of inbreed trees that

are associated with low growth vigour had been already

largely eliminated at an earlier stage and further diameter-

based efforts of tending to improve the genetic diversity of

the future generations would be inefficient (see the number

of trees for the lowest Ho class in Fig. 2).

Interestingly, in the mature stand, this 30 % intensity

threshold for the diameter-based removal of inferior trees

was less evident, which indicated that at the mature stage,

the inferior trees are as diverse and contain a similar

number of rare alleles as the superior trees. As discussed

above, perhaps a class of such low-diversity trees had

already been largely removed either by competition or by

an early tending treatment in this mature stand. The natural

regeneration of Scots pine stands is usually promoted by

selective removal of inferior trees. Thus, such selective

cutting prior to the initiation of natural regeneration is a

part of many harvesting operations, where commonly

100–150 of the best trees per ha are left as the mother trees

for natural regeneration. Our results indicate that such

intensive thinning down to 111–167 trees per ha has no

marked effect on the heterozygosity nor on the frequency

of common alleles, but leads to an almost 30–40 % loss of

rare alleles, which is a significant figure for the maternal

population in a naturally regenerated stand. However, for

such wild-pollinated species as pines with a long-range

pollen dispersal possibility, we expect the paternal contri-

bution to markedly enrich the allele diversity of the pro-

geny (this needs additional studies to be confirmed).

In the case of commercial thinning in the mature stand,

the removal of superior trees caused a high loss of rare

alleles. The thickest tree classes in the mature stand possess

higher allelic diversity, including a higher number of rare

alleles (Fig. 3, also observed for commercial thinning by

Ziehe and Hattemer 2002; Nijensohn et al. 2005;
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Robichaud et al. 2010), which could have a variety of

explanations, such as higher vigour, genetic structuring or

an effect of gene flow. This was a specific feature of the

mature stand because no such patterns of diameter–diver-

sity associations were found in the young artificially

established stand. Thus, the long-term history of over-ex-

ploitation of Scots pine stands by diameter-targeted

removal of the best trees may cause severe degradation and

loss of genetic diversity (Hosius et al. 2006).

Factors affecting the phenotype and genetic

diversity association

In the young stand, which is a typical representative of the

seed orchard born plantations, all of the trees were of equal

age and grew at a uniform spacing at least for the first

5–10 years. In comparison with natural stands, this is a

positive factor for detecting the diversity and diameter

(phenotype) association. The reasons for the low associa-

tions between the phenotype and genetic diversity in the

young stand could be the fact that (a) we did not sample all

of the trees within this 1-ha area and (b) inbreeding was

only one among several factors causing slow growth of the

trees. By randomly sampling these 55 trees within a

diameter class, we could have sampled thin trees affected

by factors other than inbreeding (see the next paragraph).

Another reason for the low diameter–heterozygosity asso-

ciation in the young stand could be that the trees were seed

orchard progeny that theoretically should be more diverse

and less inbreed because of a low chance for mating among

relatives. Nursery culling could have removed a part of the

inbreed seedlings in the artificially established young stand.

Finally, spacing variation within the regenerating groups of

trees in both stands may have introduced a bias. Geneflow

may introduce a small locally intermating group with a

distinct phenotype (such as spike knot in our study) that

would have been low within the group genetic diversity

due to low group size (Robichaud et al. 2010).

Because we did not sample all of the trees within the

sample plots of 1 ha in size, the question may arise

regarding how representative the modelled thinning inten-

sities are for the removal ratios based on the total number

of trees in the site. We sampled 400 trees (ca. 10 %) out of

ca 4000 trees per ha in the young stand. Recent studies on

the sample sizes for SSR-based assessment indicate that

sample sizes of 20–30 are sufficient to provide reliable

estimates of genetic parameters based on common allele

statistics (Hale et al. 2012). Sample sizes exceeding 300

individuals may be required for reliable estimates of rare

alleles (Miyamoto et al. 2008). However, our study is

structured on diameter classes, which do not represent a

random, infinite population (assumed in the sample size

optimization studies) but rather fixed diameter classes in

the particular stand investigated in our study. Therefore, we

can speculate that the sample size of 55 individuals rep-

resenting each diameter class of approximately 2 cm wide

(presumable 4000/7 = 571 large trees in the young stand)

provides good estimates of the genetic diversity parameters

among the diameter class comparison. For the mature

stand, the representativeness of the sample sizes in our

study were much higher, where 400 of the approximately

600 trees per ha in total were sampled.

Assuming that the competition in naturally regenerating

swarms of seedlings physically restricts diameter growth

more than height growth, height could be a better reflection

of the inbreeding-related growth vigour than the radial

growth. However, height was not a better predictor of

heterozygosity than diameter in the mature stand. When

removing the trees based on their height instead of their

diameter, the rare allele diversity decayed somewhat more

slowly and the relationship was more or less linear (Fig. 6).

Is there a possibility for heterozygosity improvement through

tending? Interestingly, the spike knot or tree forking defect was

the only phenotypic trait indicating low-heterozygosity trees in

the young stand. Usually, this defect reflects adaptation problems

in Scots pine (e.g. Danusevicius 2008), which suggests that

intermating groups of different genetic backgrounds could be

present in the young material. However, we cannot totally

exclude the selective effects of game browsing, which is known

to favour certain photochemistry of a particular genotype (Hertel

and Kaetyel 1999). Game browsing usually leads to forked trees

with spike knots in Scots pine.

In conclusion, our study indicates that for stands of

Scots pine such as those investigated in our study, (a) di-

ameter-based tending in young stands and thinning in

mature stands have minor effect on heterozygosity,

expected inbreeding or the common allelic diversity but

causes a significant loss of rare alleles; (b) a nonlinear

relationship was indicated between the loss of rare alleles

and the thinning intensity in Scots pine, and for specific

cases, there could be a threshold thinning intensity with a

safe margin for retention of rare alleles (e.g. in our study,

the removal of up to 30 % of the inferior trees caused no

marked loss of rare alleles); (c) for commercial purposes,

removing approximately 30 percent of the best trees would

not markedly deteriorate the genetic diversity of the

bFig. 6 Multilocus mean number of rare alleles (frequency \0.01)

remaining after retrospectively removing the trees of inferior stem

diameter (Dbh, the two upper plots) and tree height (lower plots) with

gradually increasing intensity (a total of 68 alleles summed over 12

loci before simulated thinning, left) and for high expected heterozy-

gosity (He[ 0.8) loci (34 alleles summed over 3 loci of the SPAC

series, right). The number of remaining trees is provided in brackets

for each of the thinning intensities on the X-axis. The minimum–

maximum diameter (cm) or height (m) of the trees removed during

each occasion is provided at the curve markers
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remaining tree population within a stand; and (d) there is a

weak positive diameter and heterozygosity association in

the young artificially established stand, which indicates that

most of the inbreed trees of low growth vigour were

eliminated before reaching 20 years of age in densely

stocked plantations.

Fig. 7 Comparison of the mean values of morphology traits among

trees of variable observed heterozygosity (Ho) in the young stand

(upper plots) and the mature stand (lower plots). The Ho is provided

by interval classes on the X-axis. The error bars show the standard

error. The number of trees in each Ho class is as follows:

Ho = 0.1–0.4, n = 42; Ho = 0.4–0.5, n = 69; Ho = 0.5–0.6,

n = 204; and Ho = 0.6–0.82, n = 72
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