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Abstract
& Key message Large genetic variation was found in Prunus avium L. populations from the northern parts of the species
distribution range. The ranking of genotypes in terms of growth was stable when tested at three trial sites within the
northern parts of the species distribution range.
& Context Peripheral populations especially those in the leading edge are isolated from rest of the areas in the species distribution
range. This can make them less genetically diverse yet genetically distinct from the rest of the populations in the species
distribution range. Evaluation of their genetic diversity is thus crucial in understanding the local adaptation potential of a species.
& Aims We investigated the genetic diversity and genotype by environment interaction at the northern parts of the distribution
range of P. avium.
& Methods Quantitative genetic variation of growth, stem form, and spring phenology were assessed in progenies from 93 plus
trees ofP. avium selected from 43 locations at the north of the species distribution range in Sweden and tested at two Swedish sites
and one Danish site.
& Results We find large quantitative genetic variation in growth and phenology at the northern part of the distribution range of P.
avium. Only a limited genotype by environment interaction was observed with no clear indication of local adaptation at the
northern parts of the species distribution.
& Conclusion We conclude that P. avium harbors a high level of genetic diversity at the north of its distribution range. Present
patterns therefore reflect more likely the recent introduction of the species and dispersal dynamics rather than a long-term loss of
diversity along South-North ecological clines during the Holocene. With no indications of genetic depletion in growth or
phenology, the gene pool in the breeding program is considered suitable for the future propagation of the species in the tested
area.
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1 Introduction

Peripheral populations of a species are usually isolated and
hence genetically divergent from the central populations
(Gibson et al. 2009). Genetic variation within these popula-
tions is therefore lower compared to that in central populations
in many conifers and deciduous tree species (Lesica and
Allendorf 1995). However, this may not always be the case
(Channell and Lomolino 2000; Lira-Noriega and Manthey
2014), and the genetically most distinct populations will not
always be in the peripheral parts of the species distribution
range. Divergence is caused by the interacting processes of
selection, drift, and gene flow (Nadeau et al. 2016; Vucetich
and Waite 2003) which in turn is affected by various factors
such as isolation, mating systems, and life history traits that
can vary over time and space (Loveless and Hamrick 1984).
Also, the levels of genetic variation may reflect proximity to
glacial refugia (Petit et al. 2003) that more often than not have
been located in the southern parts of the present distribution of
European tree species.

The leading edge of the species distribution range is often
characterized by higher demographic stochasticity that can
lead to low within population diversity due to founder effects,
drift, or selection (Savolainen et al. 2011). At the southern
edge, ongoing directional selection for especially drought re-
sistance might lead to lower genetic diversity within popula-
tions for traits related to water use efficiency (Lamy et al.
2011) while directional selection may reduce genetic variation
in traits related to winter hardiness at the northern limit
(Kreyling et al. 2014). The partly geographic isolation com-
bined with past and present selection for extreme environ-
ments makes the peripheral populations important from a ge-
netic conservation and management point of view (Hampe
and Petit 2005) as they may serve as source for migrants
enabling species expansion under future climate change sce-
nario (Fady et al. 2016). Increased availability of suitable hab-
itats in the northern latitudes will trigger range expansion of
pioneer tree species (Kremer et al. 2014), but the future cli-
mate may include increased risk of spring frost damage
(Augspurger 2013), and the presence of genetic variation in
spring phenology in northern populations (Kreyling et al.
2014) can therefore prove beneficial for survival.

Prunus avium L. (wild cherry) is such a pioneer species
with the current northern distribution range extending up to
southern Scandinavia although the present distribution may
reflect human introduction for its wild cherries (Russell
2003; Welk et al. 2016). Wild cherry is insect pollinated with
seeds dispersed by birds and other animals. It typically occurs
scattered in forests dominated by other species, often with
apparent small isolated population size (Ducci et al. 2013;
Mohanty et al. 2001), where it is protected against inbreeding
by a self-incompatibility system (Mohanty et al. 2001). In the
present study, we investigate the genetic variation within and

among populations of P. avium at the northern parts of the
species distribution in Sweden. Specifically, we study (1) if
the quantitative genetic variation within populations at the
northern parts of the distribution range of P. avium in
Sweden is low; (2) if population differences in phenology
can be explained as adaptation to local climatic conditions;
(3) if substantial levels of genotype by environment interac-
tion is present suggesting ongoing divergent selection, and (4)
if offspring from northern parts of the distribution range grow
relatively better at northern test site (latitudinal patterns) sug-
gesting local adaptation.

2 Materials and methods

2.1 Sampling and field tests

A total of 100 plus trees were phenotypically selected (based on
vitality, growth, and stem form) from 43 population sites (one to
five trees per site) at the northern range of species distribution in
southern Sweden (Fig. 1) during the period 1991 to 1992. The
sites were ranging from small pure stands of wild cherry to
single trees along agricultural fields. However, most trees were
selected in mixed broad-leaved/conifer forests. All trees were
grafted and planted in 1993 in one clonal seed orchard (CSO) in
southern Sweden (55° 53′ N, 13° 53′ E, 50 m) for mass prop-
agation of seed for commercial use. Open-pollinated (OP) seeds
were harvested from 93 of the clones in the CSO in 2002 and
seedlings of the 93 families were produced at the Skogforsk
research station at Ekebo (55° 57′ N, 13° 07′ E, 80 m). These
seedlings were planted in three progeny field trials (Fig. 1),
Himmelev (55° 66′ N, 12° 11′ E) in Denmark and Omberg
(58° 20′ N, 14° 40′ E) and Björnstorp (55° 37′ N, 13° 25′ E)
in Sweden, in 2004 with 1-year-old seedlings. The three test
sites are hereafter denoted by sites 1, 2, and 3, respectively.
Progenies from all 93 OP families were planted at site 3, but
only 86 and 64 families were included at sites 1 and 2, respec-
tively. The families were randomized in the blocks per sites
with a total of ten plants per family per trial. Details of the trial
sites are provided in Table S1 (supplementary information);
while the location of the 43 population sites of the plus trees
origin and their respective climatic variables are provided in
Table S2 (supplementary information).

2.2 Assessment of trials for growth, stem form,
and phenology

The height of all the trees was measured using Vertex hyp-
someter in 2008 in trials 2 and 3. Diameter at breast height
(DBH), height, and stem form was measured in all the three
sites in 2013, and DBH was measured again in trial 1 in 2017.
Stem form was assessed using a scale from 1 to 9, where “1”
referred to a tree with extremely crooked main trunk with a
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lack of an axis while “9” referred to a tree with straight stem
axis with few perpendicular branches. The rationale behind
the stem formwas to reflect the economic potential of the trees
(9 being best), but a low score is also likely to reflect climatic
damage to apical leader due to spring or autumn frost (1
reflecting most damage). Spring phenology was assessed on
2 May 2016 in trial 1 as budburst stages 1 to 9, where 1 was
the score for trees with dormant buds and 9 denoted fully
developed leaves at the time of assessment (Table S3 in
supplementary information).

2.3 Estimation of genetic parameters

A linear model was applied to test differences among families:

Y ijk ¼ μþ Si þ Bj ið Þ þ f k þ λik þ εijk ð1Þ

where Yijk is the value of the trait in question, μ is the grand
mean, Si is the fixed effect of site i, Bj(i) is the fixed effect of
block j within site i, fk is the random effect of family k, λik is
the random interaction between site i and family k, and ijk is
the residual. Normal plot histograms of residuals were made to
examine for severe deviations from the assumption of normal
distribution, and residuals were plotted as a function of pre-
dicted values to examine for lack of variance homogeneity.
The family effect was tested using the Satterthwaite approxi-
mation (Satterthwaite 1946) in the procedure general linear
model (GLM) in the statistical software program SAS (SAS

Institute 2008). The effects of environmental heterogeneity
within trial sites were reduced by adding a spatial model to
the basic genetic model:

R ¼ σ2
ε AR1 Pcolð Þ⊗AR1 Prowð Þ½ � þ σ2

ηI

where R is the variance-covariance matrix of the residuals, σ2
ƞ

is the spatial residual variance, σ2 is the independent residual
variance, AR1 is the auto regression of the first order for the
columns and rows, P is the autocorrelation parameter,⊗ is the
Kronecker product, and I is the identity matrix (Dutkowski et
al. 2002). The significance of the spatial structure was tested
by comparing the log likelihood ratio (Kendall and Stuart
1979) with and without the spatial analysis in ASReml
(Gilmour et al. 2009).

Within each trial site, the additive variance VAwas estimat-
ed as 4σ2f since the trees are assumed half sib progeny of the
clones in the clonal seed orchard (Falconer and Mackay
1996). Subsequently, narrow sense heritability of traits was
estimated according to Falconer and MacKay (1996) as

h2 ¼ VA=Vp

where VP is the total phenotypic variance, i.e., σ
2
f + σ2

ƞ + σ2 ,
where σ2f is the variance among families, σ2ƞ is the spatial
residual variance, and σ2 is the independent residual variance.

For each trait, the expected genetic response corresponding
to a phenotypic mass selection with the selection of 1%

Fig. 1 Location of the trial sites (represented by stars) within the leading edge (shaded circle) of Prunus avium species distribution range (map source,
EUFORGEN)
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superior individuals (i = 2.665) according to Falconer and
MacKay (1996) was divided by the trial mean to obtain a
measure of response potential.

The additive genetic correlations between two traits within
sites or between the same traits at two sites were estimated as

rA ¼ ^cov fi; fjð Þ=
ffiffiffiffiffiffiffiffiffiffiffi

σ2
fiσ

2:
ji

q

where σ2
fi and σ2

fj are the estimated

family variance for two traits within the site or same trait at
different sites and ^cov fi; fjð Þ is the corresponding family co-
variance between traits within sites, or between the same trait
or different traits across sites (Burdon 1977). The covariance
matrix for calculating genetic correlation in a multi-site anal-
ysis was carried out in ASReml according to Ding et al.
(2008), i.e., considering different block and error variance at
different sites. The standard error of rAwas estimated using the
post-analysis approach to calculate the functions of variance
components in ASReml (Gilmore et al. 2009). A jackknife
approach (Tukey 1958), where each family at a time was
removed, was applied to identify the influence of each family
on the additive genetic correlation across sites (as a measure of
the genotype-environment interaction) as regards growth.

For each site, the population effect was tested by applying
model 2. Furthermore, the model was used to obtain least
square means for the populations.

Y ijk ¼ μþ Pi þ Bj þ f k ið Þ þ εijk ð2Þ

where Yijk is value of the trait in question, μ is the grand mean,
Pi is the fixed effect of population i, Bj is the fixed effect of
block j, fk is the random effect of family k, and ijk is the
residual.

QST values were estimated to find the degree of differenti-
ation among populations using the formula by Spitze (1993),

QST = VPOP/(VPOP + 2VA), where VPOP is the variance be-
tween populations and VA is the estimated additive genetic
variance.

2.4 Tests of diminishing quantitative genetic
variation

A jackknife approach (Tukey 1958) was additionally carried
out by systematically removing families from groups of plus
trees belonging to one degree of latitude at a time followed by
an estimation of the overall additive genetic variance. This
was done to investigate if the overall additive genetic variance
is larger when families from the most northern latitude are
removed.

2.5 Test for local adaptation

A regression analysis was carried out to test if the population
least square mean (LSM) estimates of bud burst were ex-
plained by climate, latitude, or longitude of the populations.

The climate variables assumed most important for spring phe-
nology and therefore tested as explanatory variables were
minimum temperatures in March, April, May, and June,
continentality index (difference between mean warmest
month temperature and mean coldest month temperature, see
Hamann et al. 2013), and difference between maximum and
minimum temperatures in March, April, May, and June.
Furthermore, it was examined if the growth performance
was explained by the difference in climate between the sites
where the trees (clones) were originally selected and climate at
each of the trial sites, i.e., transfer functions for growth rate
(Wang et al. 2006). The climate variables examined as explan-
atory variables for growth were minimum temperatures in the
spring and autumn months, continentality index (Hamann et
al. 2013), and summer precipitation. Plots of smoothing
splines were made to examine for any common non-linear
transfer functions for the populations. The procedure REG in
the statistical software program SAS (SAS Institute 2008) was
used to test both linear and quadratic relationships between
population LSM estimates for DBH and height with climate
variables. Climatic variables were obtained from the
ClimateEU v4.63 software package available at http://
tinyurl.com/ClimateEU (following the methodology
described by Hamann et al. 2013).

Data availability Data for this study is available at University
of Copenhagen - Electronic Research Data Archive (UCPH
ERDA): https://sid.erda.dk/wsgi-bin/ls.py?share_id=
hvtlsuTmIE.

3 Results

3.1 Genetic variation within the test sites

Autoregressions of the first order for the columns and rows
were significant for all the traits assessed. Families were sig-
nificantly different for all traits except for stem formmeasured
in 2013 at site 2 (Table 1), but the variation among the sam-
pling sites/populations and the correspondingQST values were
not significant for any of the traits assessed (Table 1). Narrow
sense heritability (h2) was the highest for budburst assessed on
site 1 and was generally higher than for the growth traits
(Table 1). h2 estimates for DBH and height were moderate
to high among the sites and the predicted responses from
phenotypic mass selections ranged from 4 to 9% for height
and 7 to 19% for DBH (Table 1) for a selection intensity of i =
2.665 (corresponding to 1%) indicating a relatively high po-
tential for a response in growth to moderate selection. The
narrow sense heritability estimates for stem form were low
to moderate and varied from 0.09 to 0.32 among the sites
(Table 1). Within sites, growth (height and DBH) was nega-
tively correlated to stem form (Table 2).
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3.2 Genotype-environment interaction and local
adaptation

The additive genetic correlations (rA) for DBH among the
sites were moderate with the highest correlation between
the two Swedish sites (Table 2). Between sites 1 and 2, rA
was deflated by three families, because removal of these
families through a jackknife procedure increased the addi-
tive genetic correlation between sites 1 and 2 from 0.50 to
0.82. Among sites 1 and 3 and sites 2 and 3, the correlations
between sites were deflated by a single family (Table 2)
suggesting that the genotype by environment interaction is
caused by a few random families irrespective of the latitude
they come from (Table 2). Genetic correlation across sites
for stem form was not significant.

Signs of local adaptation were absent. Budburst mea-
sured in the Danish site did not correlate significantly with
growth or stem form at any sites. Populations from the
northern latitudes did not show a tendency to grow better
in the northern site or vice versa (Fig. 2). Regressions be-
tween population LSM estimates for budburst and climate,
latitude, or longitude of the populations were not signifi-
cant. The transfer functions (difference between climate at
test site and climate at original population site) did not show
any relationship to the growth of trees growing in any of the
three test sites. The change in additive variance component
(VA) of DBH did not show any pattern when they were
calculated by systematically eliminating families from each
latitude group (Table 3).

4 Discussion

4.1 Genetic diversity of Prunus avium at its northern
parts of species distribution

Denmark and Sweden are at the northern parts of the species
distribution range of P. avium (Ducci et al. 2013; Russell
2003). Nevertheless, previous progeny testing of P. avium in
Sweden has revealed high phenotypic variability within the
species for growth and survival (Martinsson 2001). Our re-
sults show that the genetic variation was generally high among
families of P. avium growing in the northern parts of its dis-
tribution area and there were no trends of declining genetic
variation among trees from northern latitudes within the lati-
tudinal range investigated (corresponding to a distance of ~
450 km). Two factors could cause an overestimation of genet-
ic variance for the different traits. One is polyploidy, which
has been reported in P. avium (Cachi et al. 2017). The other is
the fact that families could be made of not just half sibs, but
also full sibs. We have no evidence of this being the case in
our studied populations or in other populations to which we
compare our results, thus making our comparative statements
unbiased. Our results thus contrast the commonly proposed
theory that the peripheral populations have less genetic diver-
sity when compared to central populations (Rasmussen and
Kollmann 2007; Arnaud-Haond et al. 2006; Yeh and Layton
1979). Similar trends have been previously reported in other
woody species (Gapare et al. 2005; Muir et al. 2004;
Jankowska-Wroblewska et al., 2016; Yakimowski and

Table 1 Means, family variation, and genetic parameters of different traits analyzed

Trait Mean P value fam. VA VP h2 SE (h2) R (%) QST

Site 1

Height 2013 (dm) 51.34 0.0002 28.31 68.24 0.41 0.12 7 0.0002

DBH 2013 (mm) 55.95 < 0.0001 200.78 367.49 0.55 0.15 19 < 0.0001

Stem form 2013 4.20 0.001 1.59 5.31 0.30 0.12 16 < 0.0001

Budburst 2016 3.03 < 0.0001 0.52 0.61 0.85 0.16 22 < 0.0001

DBH 2017 (mm) 99.63 < 0.0001 321.46 514.46 0.62 0.15 14 < 0.0001

Stem form 2017 4.47 0.008 2.01 9.32 0.22 0.11 15 < 0.0001

Site 2

Height 2008 (dm) 25.93 < 0.0001 12.68 32.64 0.39 0.10 9 < 0.0001

Height 2013 (dm) 64.47 0.0009 26.53 113.09 0.23 0.07 4 < 0.0001

DBH 2013 (mm) 74.12 < 0.0001 184.20 507.44 0.36 0.11 11 < 0.0001

Stem form 2013 5.10 0.06 0.39 4.25 0.09 0.08 4 0.04

Site 3

Height 2008 (dm) 23.67 0.03 8.28 31.27 0.26 0.09 6 < 0.0001

DBH 2013 (mm) 83.89 0.01 121.36 429.06 0.28 0.15 7 < 0.0001

Stem form 2013 4.25 0.03 0.63 1.99 0.32 0.15 11 < 0.0001

Site 1: Himmelev, Denmark; site 2: Omberg, Sweden; site 3: Björnstorp, Sweden

h2 narrow sense heritability, VA estimated additive genetic variance, VP phenotypic variance, DBH diameter at breast height, R predicted response (in
percentage of the mean) to a mass selection of 1% superior individuals (i = 2.665), QST quantitative genetic differentiation among populations
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Eckert, 2008) where the genetic diversity was not different
between the peripheral and core populations. In a review of
population genetic studies, 64% of 81 studied plant species
showed lower genetic diversity in the peripheral populations,
and 33% of 37 studied plant species conformed to the hypoth-
esis that the peripheral populations were genetically differen-
tiated from their central counterparts. Most of these studies
were based on molecular markers and the differences between
the peripheral and central populations were generally not large
(Eckert et al. 2008).

Similar results, as regards high genetic diversity as sug-
gested by this study based on quantitative genetics, were
reported for the P. avium from its central regions of distri-
bution range in Europe (Curnel et al. 2003). At its southern
margin of distribution range, the genetic diversity of P.
avium populations was even larger compared to that of

central populations (Ganopoulos et al. 2011). The ability
to retain genetic diversity of P. avium populations at the
southern edge compared to that of central populations
might be attributed to self-incompatibility and/or the occur-
rence of polyploid individuals within this species as ob-
served by Cachi et al. (2017). Furthermore, the ability of
making root suckers (Ducci et al. 2013) could potentially
also help to retain rare alleles within populations. High ge-
netic diversity within populations and low differentiation
among populations, as seen in our results and other studies
from the southern margins of species distribution range
(Ganopoulos et al. 2011), can be retained in a system where
gene flow is ensured by insect pollination and seed dispers-
al by birds (Ducci et al. 2013).

A high gene flow in P. avium is possibly beneficial for the
populations in the northern parts of species distribution area
studied here, as it will enrich the gene pool with potential
valuable alleles for adaptation from the core populations.
Long-distance insect pollination (Jolivet et al. 2012) as well
as bird-mediated seed dispersal to long distances (Breitbach et
al. 2010) has been reported in P. avium. This may bring in
adaptive alleles to the peripheral populations resulting in in-
creased fitness of the species and increase the reproductive
success and colonization of suitable habitats at its leading edge
of distribution range (Aitken and Whitlock 2013). Long-
distance gene flow in species with long generation time like
trees has a beneficial effect of introducing rare alleles thereby
enhancing the genetic diversity (Kremer et al. 2012). This in
turn can enhance the potential for local adaptation by intro-
ducing new genes available for selection (Sexton et al. 2014).
But, high gene flow from the range core to the peripheries can

Table 2 Significant genetic correlations (rA) within and among the three
trial sites for DBH, height, and stem form. Standard errors (SE) are in
italics. Jackknife approach was used to systematically remove families to
find its effect on correlations across site

Trait–trait rA SE

Site 1

Height 2013–DBH 2013 0.89 0.05

Height 2013–stem form 2013 − 0.67 0.23

DBH 2013–stem form 2013 − 0.61 0.20

DBH 2013–DBH 2017 0.99 0.02

Stem form 2013–stem form 2017 0.98 0.06

Site 2

Height 2008–height 2013 0.94 0.07

Height 2013–DBH 2013 0.87 0.07

Site 3

Height 2008–DBH 2013 0.94 0.10

Across sites

DBH 2013 (site 1–site 2) 0.50 0.19

After removing three families 0.82 0.16

DBH 2013 (site 1–site 3) 0.59 0.26

After removing one family 0.82 0.30

DBH 2013 (site 2–site 3) 0.78 0.27

After removing one family 0.95 0.33

Site 1: Himmelev, Denmark; site 2: Omberg, Sweden; site 3: Björnstorp,
Sweden

Fig. 2 Growth (population least
square mean DBH in 2013)
plotted as a function of latitude
and longitude of population origin
shows no pattern in the three trial
sites

Table 3 Variation in additive genetic variance of DBH 2013 with
systematic removal of families coming from each degree of latitude

Jackknife
attribute

No. of families
removed

VA site 1 VA site 2 VA site 3

All latitudes 0 253.77 222.49 223.07

Minus 59–60 3 252.99 242.77 204.35

Minus 58–59 26 213.72 243.53 186.51

Minus 57–58 8 284.90 256.64 182.95

Minus 56–57 32 308.25 194.48 277.14

Minus 55–56 24 286.14 181.61 224.46
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also counteract adaptive selection at the peripheral popula-
tions thereby reducing the speed of local adaptation
(Savolainen et al. 2007; Lenormand 2002; Ramos and
Kirkpatrick 1997).

4.2 Lack of signs of local adaptation

The present study has not been able to prove any occurrence
of natural selection towards a better adaptation to local climat-
ic conditions, because we found no indications of high
genotype-environment interaction in growth and no clear dif-
ferentiation among populations regarding budburst. No clear
pattern of families coming from the northern latitudes growing
better in the northernmost trial site and families from southern
latitudes growing better in the southernmost field trials was
observed either. Also, the growth and survival of the trees at
the trial sites did not correlate with the climate of the original
populations from where the families were selected. The lack
of provenance specific climate response together with high
genetic correlation across sites in growth, points towards that
P. avium at its northern distribution range in Sweden occurs as
one large breeding zone or has at least not yet reached an
equilibrium based on a balance between divergent selection
versus gene flow. Given the importance of the cherry fruits for
humans, it is likely that P. avium has been introduced not just
once but several times, which can also explain/support the
finding of high levels of diversity in the northern part of the
distribution range. The high genetic diversity and the selection
response supports that continued tree improvement of this
species in the region can be based on the identified and tested
native genotypes.
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