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Abstract

European beech (Fagus sylvatica L.) will most likely be threate-
ned by climate change. Therefore, more knowledge of its adap-
tation potential to changing environmental conditions is 
required. Several studies showed differences in adaptive traits 
for beech populations from across Europe, but there is also 
growing evidence for microevolutionary processes occurring 
within short geographic distances in this species, or even a lack 
of local adaptation. Hence, a more regional perspective for 
adaptation research in beech might be appropriate. Here, we 
investigated the performance (height, height increment and 
mortality) and genetic structure based on microsatellite mar-
kers of 2400 beech seedlings from provenances growing along 
a temperature and precipitation gradient in Northern Germany 
in a common garden experiment. Differences for all traits were 
found among provenances. Provenances from lower precipita-
tion areas did not perform better than provenances from high-
er precipitation areas at the common garden site, which was 
located near the lower precipitation limit of beech. Further, 
neighboring provenances growing on either sandy or loamy 
soils showed more different adaptive trait variation than dis-
tant provenances. We detected minor genetic structure among 
provenances and a high genetic diversity within them. Thus, 
small-scale adaptive trait variation in beech can occur, despite 
low but significant genetic population structure among prove-
nances.  
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Introduction

European beech (Fagus sylvatica L.) is a foundation tree species 
of various forest ecosystems and covers a large continuous 
geographic range in Europe (Knapp et al. 2008). Its importance 
will even increase in the future, due to current forest conversi-
on programs in which pure conifer stands are converted into 
pure beech stands or mixed deciduous stands including beech 
(Tarp et al. 2000, Scharnweber et al. 2011). Nevertheless, clima-
te change-related alterations of productivity or species distri-
bution have already been observed for this species (Peñuelas 
and Boada 2003, Charru et al. 2010), and further range shifts of 
beech have been predicted (Meier et al. 2011, Hanewinkel et al. 
2013). Even in the center of its distribution range, beech seems 
already be negatively affected by climate change (Knutzen et 
al. 2017). Several studies detected differences among beech 
provenances from across Europe in adaptive traits such as 
drought tolerance, frost resistance, or bud burst timing (von 
Wühlisch et al. 1995, Višnjić and Dohrenbusch 2004, Robson et 
al. 2012). For instance, it was shown that provenances from 
Central and Southeast Europe are more frost resistant than 
provenances from Southern Europe (Višnjić and Dohrenbusch 
2004), and provenances from dryer environments are better 
adapted to drought than provenances from moister environ-
ments (Rose et al. 2009, Dounavi et al. 2016). Nevertheless, 
recent studies showed that microevolutionary processes in 
beech can occur within short geographic distances (Pluess and 
Weber 2012, Pluess et al. 2016). Indications for water availabili-
ty-related adaptation in neighboring beech populations, for 
instance, were found by Pluess and Weber (2012), despite high 
gene flow.  Also, there can be a lack of local adaptation in beech 
(Hofmann et al. 2015). Therefore, more knowledge about the 
regional adaptive trait and genetic differentiation of beech is 
required.
Here, we investigated the genetic diversity and performance of 
transferred seedlings of six beech provenances in Northern 
Germany. Beech provenances from a temperature and 
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precipitation gradient were selected and a common garden 
experiment comprising 2400 seedlings was placed on the dry 
end of the gradient with a mean annual precipitation close to 
the lower limit of beech. Hence, the performance (measured as 
height, height increment, and mortality) of genetic material 
transferred from high to low precipitation areas could be eva-
luated. Furthermore, neighboring provenances growing on 
either sandy or loamy soils were selected along the gradient to 
cover variation in water storage capacity and to investigate 
small-scale differentiation in beech provenances.
We tested the hypotheses that (I) there is adaptive trait variati-
on among the investigated beech provenances, with differen-
ces on the local level, (II) provenances from lower precipitation 
areas perform better than provenances from higher precipita-
tion areas under low precipitation conditions, (III) all investiga-
ted beech provenances show a high genetic diversity, and (IV) 
low but significant genetic structure is detectable among pro-
venances.  

Material and Methods

Study sites
Beech provenances from four different study sites in Northern 
Germany were selected (Fig. 1). They were jointly investigated 
by the collaborative project “KLIFF” (climate impact and adap-
tation research in Lower Saxony; http://www.kliff-niedersach-
sen.de), and have previously been described by and Müller et 
al. (2015). At three of these study sites (Calvörde, Göhrde, and 
Unterlüß) two provenances with different soil properties were 
selected to cover variation in water storage capacity: one pro-
venance on a sandy soil, hereafter termed “sand”, and one pro-
venance on a loam-richer soil, hereafter termed “loam”. The dif-
ferent provenances were the following: Calvörde sand (CS), 
Calvörde loam (GL), Göhrde sand (GS), Göhrde loam (GL), 
Unterlüß sand (US), Unterlüß loam (UL). The provenance UL 
was not included in the common garden experiment (see 
below) due to an insufficient number of seedlings for this pro-
venance. Additionally, a provenance in the Harz Mountains 
(Harz, (Ha)) near the village Bad Grund was investigated to 
include a provenance growing under high mean annual preci-
pitation and low mean annual temperatures. All provenances 
were 2009 between 97 (CS) and 142 years (GL) old and either 
pure beech stands or beech stands with mixture of a few oak 
trees. The provenances were located at elevations of 72 m a.s.l. 
(CL) to 458 m a.s.l. (Ha). Mean annual temperatures ranged 
from 7.2 °C (Ha) to 9.2 °C (CS) and mean annual precipitation 
ranged from 543 mm (CL) to 1,170 mm (Ha) (Table. 1). Geogra-
phic distance among provenances ranged from 2.2 km bet-
ween CL and CS to 154.0 km between GS and Ha (Supplemen-
tary Material 1).  

Common garden experiment
In total, 707 adult trees of the beech provenances described 
above have been investigated in a previous study (Seifert 
2012). The trees were randomly distributed throughout the 
provenances. To establish a common garden experiment with 

offspring of these provenances, 100 beechnuts from beneath 
each previously sampled tree were collected in fall 2009. 
Beechnuts from the sampled trees were not kept separate 
within provenances, hence they cannot be assigned to single 
mother trees. Seedlings out of these beechnuts were raised in 
a greenhouse as described by Seifert (2012). The seedlings of 
the different provenances were randomly placed in the green-
house. The seedlings were planted out in a common garden 
experiment in fall 2010 using a randomized complete block 
design with four replications as described in Müller et al. (2015). 
Briefly, from each provenance 400 vital individuals of the esta-
blished seedlings in the greenhouse were randomly selected 
and planted out in the beech stand Calvörde sand. Each block 
contained 600 seedlings. In each block, each provenance was 
planted in 20 rows (with 14 cm of distance between them) 
each containing 5 seedlings (with 11 cm of distance between 
them). The seedlings were protected against damage by deer. 

Measurements and observations of seedling 
adaptive traits
Height of all living seedlings was measured in fall 2010 (plan-
ting), 2011 and 2012. The height was measured to 0.5 cm accu-
racy from the ground to the beginning of the terminal bud 
along the stem axis of each seedling. Seedlings with damaged 
terminal shoots were excluded from the analysis (in total, 252 
individuals (zero in 2010; 177 in 2011; 252 in 2012)). Seedling 

Fig. 1 Location of the four study sites Calvörde, Göhrde, Unter-
lüß and Harz Mountains. The map was created using Simple-
Mappr (Shorthouse 2010)
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height increment was calculated by subtracting the seedling 
height at planting (2010) from the seedling height in fall 2012 
for each individual in the common garden experiment. The 
mortality of the seedlings (death of the whole seedling) was 
visually assessed and recorded in early summer 2011, 2012 and 
2013. 

Selection of seedlings for genotyping
SSR-genotyping of seedlings was conducted to determine 
their neutral genetic variation. For that, 100 individuals per 
provenance (i.e., 25 within each block) were randomly selected 
for genotyping (in total, 600 seedlings). Microsatellite data for 
the adult provenances were provided by Seifert (Seifert 2012).   

DNA isolation 
In July 2010, one leaf per seedling from the common garden 
experiment was sampled and stored at -20 °C until DNA extrac-
tion. Total DNA was extracted from these leaves using the DNe-
asy 96 Plant Kit (Qiagen, Hilden, Germany). Amount and quality 
of the DNA were analyzed by 1 % agarose gel electrophoresis 
with 1 X TAE as running buffer. DNA was stained with ethidium 
bromide or Roti-Safe GelStain (Roth, Karlsruhe, Germany), visu-
alized by UV illumination and compared to a Lambda DNA size 
marker (Roche, Mannheim, Germany).

Microsatellite analysis
The microsatellite analysis was conducted as described in Mül-
ler et al. (2015). Briefly, nine highly polymorphic microsatellite 
markers were used (FS3-04, Pastorelli et al. (2003); mfs11, Vor-
nam et al. (2004); sfc0018, sfc0161, sfc1063, sfc1143, Asuka et 
al. (2004); EST markers GOT066, FIR065, FIR004, Durand et al. 
(2010)), and the primers were pooled into three different sets 

for multiplexing (set1: all sfc loci, set 2: FS 3-04 and mfs 11, set 
3: GOT066, FIR065, FIR004). After PCR, the microsatellite frag-
ments were separated on an ABI PRISM 3100 Genetic Analyzer 
(Applied Biosystems, Foster City, USA). Scoring of fragments 
was conducted with the Genotyper 3.7 software (Applied Bio-
systems, Foster City, USA). 

Data analysis

Adaptive data
Provenances were tested for differences in seedling height and 
seedling height increment using linear mixed-effects models 
(“lmer” function in the lme4 R package (Bates et al. 2015)), with 
seedling height or seedling height increment as response vari-
able, provenances as fixed effect, and blocks and provenance-
block interactions as random effects. Non-significant interac-
tions were excluded from the model. The “glht” function within 
the “multcomp” R package (Hothorn et al. 2008) with Tukey`s 
post hoc test was applied to detect differences among prove-
nances. A false discovery rate (FDR) threshold of 0.05 was 
applied to correct for multiple testing. Differences between the 
mortality rate of the provenances were tested using genera-
lized mixed-effects models (“glmer” function in the lme4 R 
package (Bates et al. 2015)) with a binomial distribution. Mor-
tality was the response variable, provenances were fixed 
effects, and blocks and provenance-block interactions were 
random effects in the model. Non-significant interactions were 
excluded from the model. Differences among provenances 
were determined using the “glht” function as described above 
with the same FDR threshold. Model assumptions were che-
cked visually using diagnostic plots of residuals. Spearman’s 
rank correlation coefficient was used to determine correlations 
between the traits “mortality”, “height” and “height increment” 
with the environmental conditions at the provenance origins 

Table 1  
Characteristics of the seed source beech provenances

Provenance
Calvörde  
sand (CS)

Calvörde  
loam (CL)

Göhrde  
sand (GS)

Göhrde  
loam (GL)

Unterlüß  
sand (US)

    Harz Mountains  
(Ha)

Position
52°23‘ N 52°24‘ N 53°09‘ N 53°07‘ N 52°50‘ N 51°49‘ N

11°17‘  E 11°16‘ E 10°52‘ E 10°49‘ E 10°19‘ E 10°15‘ E

Mean temperature1 
[°C]

9.2 / 14.5 9.1 / 14.5 8.7 / 13.9 8.7 / 13.8 8.5 / 13.6 7.2 / 12.4

Mean precipitation1 
[mm]

544 / 294 543 / 294 665 / 347 675 / 349 766 / 374 1170 / 660

Water storage capaci-
ty  mineral soil  
[mm 120 cm-1]

81a 140a 80a 78a 79a na

Stand age [years] 97a 131a 133a 142a 115a 136b

Elevation [m a.s.l.] 75a 72a 85a 85a 117a 458b

1period 1971-2000 (regionalized by C. Döring from the national weather stations network data base provided by DWD, Deutscher Wetterdienst), the left value 
refers to the mean annual precipitation sum or mean annual temperature, respectively, while the right value refers to mean precipitation or mean temperature  
in the vegetation period April – September; aHertel et al. (2013); bSeifert (2012), na: data not available
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“mean annual precipitation”, “mean precipitation in the vegeta-
tion period”, “mean annual temperature”, “mean temperature in 
the vegetation period”, and “water storage capacity in the 
mineral soil” (Table 1). All statistical analyses were conducted in 
R 3.3.1 (R Core Team 2016). Boxplots for seedling height and 
seedling height increment were created with STATISTICA versi-
on 13 (Dell Inc., Round Rock, USA). 

Microsatellites
Linkage disequilibrium, frequency of null alleles, and Har-
dy-Weinberg proportions were estimated using the Genepop 
4.2.1 software (Rousset 2008) based on SSR data of the adult 
provenances and seedlings. Markov chain parameters for the 
test of linkage disequilibrium and deviations from Hardy-Wein-
berg equilibrium were the following: 10,000 demorization 
steps, 100 batches and 5,000 iterations per batch. For the seed-
lings the genetic diversity indices number of alleles (Na), 
observed heterozygosity (Ho), expected heterozygosity (He) 
and fixation index (F) were estimated using the GenAlEx 6.501 
software (Peakall and Smouse 2006, Peakall and Smouse 2012). 
A Kruskal-Wallis test with multiple comparisons implemented 
in the STATISTICA 13 software (Dell Inc., Round Rock, USA) was 
used to compare these parameters with previously obtained 
data from the adult provenances (origin of the seedlings; (Seif-
ert 2012)). Additionally, to test the representativity of the seed-
lings for the adult provenances, an Unweighted Pair Group 
Method with Arithmetic Mean (UPGMA) dendrogram, based 
on Nei´s distance (Nei 1972) was calculated using the “popula-
tions” 1.2.32 software (Langella 1999). Bootstrap values based 
on 1,000 permutations were also calculated with this program. 
The dendrogram was visualized with the TreeView 1.6.6 soft-
ware (Page 1996) using the phylogram tree style. Pairwise GST 
among (Nei 1987, Meirmans and Hedrick 2011) adult prove-
nances was calculated with GenAlEx 6.501 (Peakall and Smouse 
2006, Peakall and Smouse 2012) using 999 permutations for 
the significance test. The Bayesian model-based clustering 
method implemented in the STRUCTURE 2.3.3 software 
(Pritchard et al. 2000) was applied to infer population structure 
among adult provenances. The no admixture model and cor-
related allele frequencies were selected. A burn-in period of 
10,000 and Markov chain Monte Carlo (MCMC) replicates of 
100,000 were used. Potential clusters (K) from one to ten were 
tested using ten iterations. The Δ K method by (Evanno et al. 
2005) was applied to determine the optimal value of K using 
the STRUCTURE HARVESTER 0.6.93 program (Earl and von-
Holdt 2012). 

Results

Seedling adaptive traits
At planting, several provenances showed significantly different 
heights, whereby the median ranged from 11.0 cm for the pro-
venances Ha, CL and GL to 14 cm for the provenance GS (Fig. 
2a). In fall 2011, the median height ranged from 22.0 cm for the 
provenance CL to 25.5 cm for the provenance GS and US (Fig. 
2b). In 2012 the provenances CL and GL showed the smallest 

Fig. 2  
Seedling height of the provenances in the common garden 
experiment at planting (2010) (a), the year 2011 (b), and the 
year 2012 (c). Different letters indicate significant differences 
among provenances (p < 0.05)
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and GL (40.3 %). The lowest mortality was found for the prove-
nance Ha (25 %). No statistically significant correlations were 
found between adaptive traits and the environmental condi-
tions at the provenance origins.

Linkage disequilibrium, Hardy-Weinberg equilibri-
um, and null alleles
Significant linkage disequilibrium (p < 0.05) was observed for 
the markers in the different adult provenances and seedlings 
(Supplementary Material 2). No LD was found for the adult pro-
venance CS and the seedlings of provenance GS, whereas the 
highest amount of LD was estimated for the adult provenance 
Ha (19.4 %). Based on the complete set of SSR loci, deviations 
from Hardy-Weinberg proportions were revealed only for the 
adult provenances Ha and GS, and the seedlings of the prove-
nance Ha. Single SSR loci that showed deviations from Hardy-
Weinberg proportions were sfc0161 (for the adult provenance 
US), sfc1063 (for the juvenile provenance Ha), FIR065 (for the 
juvenile provenances CL and CS), FIR004 (for the juvenile pro-
venances GS and Ha, and the adult provenances GS, UL, and 
Ha), FS3-04 (for the juvenile and adult provenances US), and 
GOT066 (for the adult provenance GS).  
The mean estimated null allele frequency was 3.6 % for the 
juvenile and 3.7 % for the adult provenances (Supplementary 
Material 3).    

Genetic diversity indices
Genetic diversity indices differed between the different SSR 
loci, whereas the two EST-markers “GOT066” and “FIR004” as 
well as the locus “FS 3-04” showed lower diversity values than 
the remaining markers (Table 2). Only slight differences for the 
genetic diversity indices were observed between the different 
provenances (Table. 3). The mean number of alleles was 8.2. 
The observed heterozygosity ranged from 0.571 (US) to 0.624 
(Ha), and the expected heterozygosity ranged from 0.586 (US) 
to 0.635 (Ha). The mean fixation index was 0.015. No statisti-
cally significant differences between the adult and juvenile 
provenances for the genetic diversity indices were detected.

Genetic differentiation and population structure
An UPGMA analysis was conducted to test the representativity 
of the seedlings for the adult provenances. All seedlings grou-
ped together with the respective adult provenance of origin in 
the dendrogram (Fig. 5). The bootstrap values ranged from 56 
% for the group GS_adult and GS_juvenile and 100 % for the 
group CL_adult and CL_juvenile. 
GST values among the adult provenances ranged from 0.002 
between CS and GS, and 0.018 between CL and US, and CL and 
GL, respectively (Table 4). The mean distance between the pro-
venances was 0.010. The STRUCTURE analysis revealed weak 
population structure among the different adult provenances, 
whereby the provenances US and UL were most differentiated 
from the other provenances (Fig. 6). The Δ K method 
(Evanno et al. 2005) revealed an optimal value of K = 2 (Supple-
mentary Material 4). 

Fig. 3  
Mean increment of the beech provenances in the common 
garden experiment from establishment (2010) to fall 2012. 
Different letters indicate significant differences among prove-
nances (p < 0.05)

Fig. 4  
Mortality rate [%] of the beech provenances in the common 
garden experiment in the year 2013. Different letters indicate 
significant differences among provenances (p < 0.05)

seedlings (median: 25 cm), whereas the provenance GS show-
ed the largest seedlings (median 29.0 cm) (Fig. 2c).
Also the seedling increment differed between the provenan-
ces (Fig. 3), whereby the provenances GS and Ha showed the 
highest increment (median: 15.3 cm) during the observation 
period from the establishment of the experiment (2010) to fall 
2012. The lowest increment was observed for the provenance 
CL (median: 13.1 cm). In early summer 2011, only a few seed-
lings (1-4) per provenance did not survive. In 2012, the mean 
mortality rate was low (8.2 %) but significantly different bet-
ween the provenances. The highest mortality was observed for 
the provenance US (12.3 %) and the lowest one for the prove-
nance GS (4.3 %). In the following year (2013) (Fig. 4), the mean 
mortality rate was 31.8 % and, hence, clearly higher than in 
2012 and still significantly different between provenances. The 
highest mortality was recorded for the provenances US (40 %) 
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Discussion

Adaptive trait differentiation 
Significant differences for all analyzed adaptive traits were 
found for the provenances in the common garden experiment. 
This is in agreement with data from other studies which also 
detected variation in plant height, height increment, and mor-
tality among beech provenances (von Wühlisch et al. 2008, Lie-
sebach 2012). Interestingly, the performance of seedlings from 
lower precipitation environments was not better than that of 
seedlings from higher precipitation environments. This is unex-
pected, since the common garden experiment was located in 
an area near to the lower precipitation limit of beech and there 
occurred even a dry period from March to May 2011 at the 
common garden site (Müller-Haubold et al. 2013). Knutzen et 
al. (2017) and Nguyen et al. (2017) also did not find an influence 
of precipitation at provenance origins on the growth rate of 
saplings in a drought stress experiment using saplings from 
partly the same provenances as here, despite differences in 
drought response among provenances. Nevertheless, we did 
not measure drought stress parameters or below ground bio-
mass, and therefore the level of drought stress possibly 

Table 2  
Genetic diversity indices for the investigated SSR loci over all 
analyzed seedlings of the different provenances, Na: number 
of alleles, Ho: observed heterozygosity, He: expected heterozy-
gosity, F: fixation index

Locus  Na  Ho He  F

sfc0018 10.3 0.736 0.731 -0.006

sfc0161 15.7 0.809 0.811 0.002

sfc1063 10.0 0.787 0.802 0.017

sfc1143 10.8 0.762 0.764 0.003

GOT066 3.2 0.145 0.135 -0.066

FIR065 4.0 0.674 0.692 0.024

FIR004 7.8 0.522 0.600 0.130

FS 3-04 3.8 0.299 0.308 0.040

mfs11 8.2 0.724 0.716 -0.013

Table 3  
Genetic diversity indices for the seedlings of the different 
provenances, N: number of individuals, Na: number of alleles, 
Ho: observed heterozygosity, He: expected heterozygosity, F: 
fixation index

Provenance N Na Ho He F

CL 100 8.2 0.594 0.603 0.009

CS 99 8.4 0.621 0.633 0.012

GL 100 7.9 0.615 0.626 0.012

GS 100 8.6 0.613 0.623 0.010

US 100 7.9 0.571 0.586 0.043

Ha 99 8.2 0.624 0.635 0.002

Mean 99.7 8.2 0.606 0.618 0.015

Table 4  
GST values (Meirmans and Hedrick 2011, Nei 1987) among the 
analyzed adult provenances (in bold, below the diagonal). 
P-values are shown above the diagonal 

CL CS GL GS Ha US UL

0.000 0.001 0.001 0.001 0.001 0.001 0.001 CL

0.012 0.000 0.001 0.010 0.001 0.001 0.001 CS

0.018 0.007 0.000 0.001 0.001 0.001 0.001 GL

0.011 0.002 0.007 0.000 0.001 0.001 0.001 GS

0.012 0.005 0.011 0.005 0.000 0.001 0.001 Ha

0.018 0.011 0.014 0.014 0.012 0.000 0.001 US

0.012 0.007 0.014 0.009 0.007 0.003 0.000 UL

Fig. 5  
UPGMA dendrogram based on Nei’s genetic distance (Nei 
1972) and bootstrap values [%] for the investigated adult and 
juvenile provenances
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affecting the seedlings is unknown. Further, no significant cor-
relations were found between the adaptive traits and the envi-
ronmental conditions on the original provenance sites. Likely, 
more provenances would be necessary to conduct more 
robust correlation analyses. 
Interestingly, neighboring provenances did not present more 
similar adaptive trait variation than distant provenances. For 
instance, the provenance GS showed a significantly larger 
height, height increment, and an earlier bud burst (Müller et al. 
2015) than the neighboring provenance GL, which grows only 
5 km apart. Also the mortality rate between the two provenan-
ces was significantly different one year after planting. In the 
second year there was still a difference of 11.3 % between GS 
and GL, albeit statistically not significant. These results may be 
explained by different soil properties of the provenances, at 
least for height and height increment, since there was a trend 
of better growth of provenances from sandy soils than for 
loamy soils (Figs. 2 and 3). Nevertheless, for the mortality rate 
this trend was not observed and other studies that analyzed 
the same provenances found only minor soil influence on seve-
ral traits such as fine root biomass, total fine root surface area, 
fine root production, forest net primary production, wood pro-
duction, leaf production, fruit mass production, mean annual 
ring width, or mean sensitivity of growth (Hertel et al. 2013, 
Müller-Haubold et al. 2013, Knutzen et al. 2017). Flowering 
conditions, stand density or weather conditions can influence 
the genetic structure of seeds due to alterations of the mating 
system, which may lead to differences in the genetic composi-
tion of seeds among years (Konnert and Behm 1999). Hence, 
different genetic structures of neighboring adult provenances 
during their establishment could be another explanation for 
the observed differences.  
There are some practical limitations using field experiments. 
For instance, it was not possible to conduct height measure-
ments as precisely as under controlled conditions. Different 
planting depths of the seedlings and irregularities of the soil 
surface might have caused some variations. Nevertheless, the 
high number of seedlings and the block design of the experi-
ment should have effectively mitigated these inaccuracies. The 
results of the first year measurements might have been influ-
enced by a planting shock. Later measurements however, 
should show genotypic differences among provenances. It is 
known that stress resistance increases with ontogeny (Niine-
mets 2010) and that the increment of beech differs between 
juvenile age stages (Liesebach 2012). The mortality rate increa-
sed with the duration of the common garden experiment from 

2011 to 2013, most likely due to an accumulation of stress over 
time affecting not adapted seedlings. Thus, long-term observa-
tions of the common garden experiment would provide more 
insights into the development of the seedlings from the diffe-
rent provenances. Nevertheless, despite their long lifetime, the 
most vulnerable phase of trees remains their seedling and sap-
ling stage (Gray et al. 2011). Hence, information about the per-
formance of seedlings from different provenances in this early 
life stage is of great importance.

Genetic diversity, differentiation and population 
structure
All analyzed provenances in this study exhibited a high genetic 
variation within provenances (mean H0: 0.606; mean He: 0.618), 
with no statistically significant differences between adult pro-
venances and seedlings. High genetic diversity based on SSRs 
was also revealed by other studies of beech (Vornam et al. 
2004, He: 0.765; Oddou-Muratorio et al. 2011, He: 0.72; Bilela et 
al. 2012, He: 0.777; Rajendra et al. 2014, He: 0.622), and can be 
expected for outcrossing, wind-pollinated (tree) species (Ham-
rick et al. 1992, Hamrick and Godt 1996, Petit and Hampe 2006). 
A high genetic diversity is a good basis for adaptation. Beech 
forests with a wide genetic basis are more likely to be able to 
cope with warmer and drier conditions, and thus, to adapt to 
new environmental conditions (Bilela et al. 2012). However, in 
light of rapid climate change, gene flow from better adapted 
populations or the use of assisted migration might be necessa-
ry (Jump and Peñuelas 2005, Jump et al. 2006, Gray et al. 2011). 
All juvenile provenances grouped to the corresponding source 
provenances in the UPGMA dendrogram supported by high 
bootstrap values. These results suggest a good sampling 
design and no influence of the treatment of the seedlings in 
the greenhouse on their genetic structure. Nevertheless, adult 
provenances were used to get a precise impression of popula-
tion structure and differentiation among the analyzed prove-
nances in Northern Germany. The neutral genetic structure 
among provenances was low, albeit statistically significant 
(mean GST 0.010, p<0.01). Only the provenances US and UL 
were slightly higher differentiated from the others as referred 
by the STRUCTURE analysis (Fig. 6). A low population structure 
of beech in Central Europe was also detected by other studies 
(e.g., (Demesure et al. 1996, Magri et al. 2006, Lalagüe et al. 
2014, Rajendra et al. 2014). Departures from the model 
assumptions in the STRUCTURE software (Hardy-Weinberg 
equilibrium within populations and linkage equilibrium 

Fig. 6  
Clustering of individuals of the different adult provenances assuming K = 2. Vertical bars indicate the assignment probability of 
each individual to the two inferred clusters 
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between loci within populations (Pritchard et al. 2000)) can 
lead to an overestimation of K. Since only 8.3 % of all SSR mar-
kers were in LD over all adult provenances and only two adult 
provenances showed deviations from Hardy Weinberg equilib-
rium, a reliable analysis of population structure is expected. 
The estimated null allele frequency for the investigated SSR 
loci was 3.6 % for the juvenile and 3.7 % for the adult provenan-
ces. Population genetic parameters seem to be mostly unbi-
ased for null-allele frequencies ranging between 5 % and 8 % 
on average across loci (Oddou-Muratorio et al. 2009). Thus, alt-
hough some loci may be affected by null alleles, a reliable 
population genetic analysis can be assumed in our study.        

Conclusions

This study aimed to determine adaptive trait and genetic vari-
ation of beech provenances on a regional scale in Northern 
Germany. Significant differences in the performance of the 
provenances were detected for all analyzed traits. No influence 
of precipitation at provenance origins was detected on the 
performance of the provenances at the common garden site 
located near the lower precipitation limit of beech. Furthermo-
re, even neighboring provenances presented more different 
adaptive trait variation than distant provenances. Indeed, a 
long-term study would be required to assess the future deve-
lopment of the provenances. A high genetic diversity within 
and only minor population structure among provenances was 
detected, which can be assumed to be a good basis for adapta-
tion. Nevertheless, these results are based on neutral genetic 
markers, and future studies should also take adaptive genetic 
variation into account.           
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