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The maternal environment of European beech (Fagus sylvatica L.) 
affects intrapopulation variability in seed traits and germination

Vladan Popović (1), 
Aleksandar Lučić (1), 
Mladen Ivanković (2), 
Branislav Cvjetković (3), 
Gregor Božič (4), 
Vlatko Andonovski (5), 
Danijela Miljković (6)

Interpopulation variation was investigated using seed samples originating from 
twenty-six European beech (Fagus sylvatica L.) populations across the Balkan 
Peninsula, a part of the species’ distribution range characterized by high eco-
logical heterogeneity in key climatic factors, such as temperature (5.8-10.6 
°C), precipitation (648-1632 mm), and elevation (185-1410 m a.s.l.). The sta-
tistical significance of intrapopulation differences was confirmed by analysis of 
variance (ANOVA) for all seed traits analyzed: seed weight (g), length (mm), 
width (mm), thickness (mm), eccentricity and flatness indices, and germina-
tion capacity (%). Multivariate principal component analysis (PCA) was applied 
to examine seed traits in relation to environmental variables of the maternal 
site, such as mean temperature and precipitation in September and October 
(the  seed  maturation  period),  revealing  distinct  patterns  of  relationships 
among the variables studied. Seed traits were significantly positively corre-
lated with mean temperatures of the maternal site in September and October, 
indicating that temperature during the seed-filling period affects seed mass. 
Germination capacity was associated with precipitation during the same pe-
riod,  though  the  correlation  coefficient  was  not  statistically  significant;  a 
shorter vector length in the PC biplot suggests a weaker contribution to popu-
lation separation. Elevation of the site of origin showed a significant negative 
correlation with temperature, precipitation, and seed traits. Agglomerative hi-
erarchical  clustering  analysis  identified  three  distinct  population  clusters. 
Higher  temperature  and  precipitation  values  did  not  necessarily  result  in 
higher seed trait values or higher germination percentages. The population 
with the highest seed mass exhibited the lowest germination capacity (32%) 
during seed maturation under the lowest precipitation. Conversely, the popu-
lation characterized by the lowest seed mass showed a higher germination 
rate of 68% in environments with high precipitation. These results  provide 
valuable insights into the reproductive ecology of European beech, suggesting 
that other factors beyond those analyzed here may have a more substantial in-
fluence on seed germination. The variation in seed traits across habitats that  
are either drier and hotter or colder and wetter, along the elevation gradient 
of the studied populations, paves the way for future research and breeding ef-
forts to enhance the species’ survival and reproductive success amid antici-
pated climate change scenarios.
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Introduction
One of the primary goals of ecological re-

search is to understand the influence of pri-
mary  climatic  factors  on  species  distribu-
tion  and  their  specific  functional  adapta-
tions  that  facilitate  survival.  Studies  con-
ducted along geographic latitude-elevation 
gradients with pronounced ecological het-
erogeneity  in  temperature  and  precipita-
tion can help predict vegetation response 
to  future  climate  scenarios  (Mazza  et  al. 
2024). Climatic factors  – especially precipi-
tation and temperature – play a crucial role 
in plant propagation and adaptive capacity 
(Bezdečková  &  Matejka  2015).  Rapid  cli-
mate changes harm forest ecosystems, as 
evidenced  by  quantitative  and  qualitative 
indicators  of  global  forest  growing  stock 
(Allen  et  al.  2015).  Provenance  tests  con-
ducted  across  various  locations  have 

shown  that  rising  temperatures  and  re-
duced precipitation negatively impact the 
growth  and  health  of  species  in  forest 
ecosystems. The adaptations of forest eco-
systems to climate change are determined 
by the genetic resources of species (Falk & 
Hempelmann  2013).  The  adaptability  of 
plant  species  allows  them  to  thrive  and 
spread across diverse habitats with varying 
environmental  factors  (Naudiyal  et  al. 
2021).

Environmental  variations  driven  by  cli-
mate  change  may  influence  critical  life 
stages  of  plant  species,  including  flower-
ing,  seed  production,  and  germination, 
which  affect  the species’  life  cycle.  Varia-
tion in seed traits, at both spatial and tem-
poral  scales,  maintains  polymorphism  in 
life-history strategies within populations. In 
this context, the environmental fitness will 
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increase due to selection (Friedman et al. 
2019). 

Knowledge of seed reproductive traits is 
crucial for the development and implemen-
tation  of  effective  species  conservation 
and  management  plans  (Varsamis  et  al. 
2020). Seed germination capacity and mor-
phology  represent  significant  adaptive 
traits of a species (Cerabolini et al. 2003). 
Seed morphology and dry mass are consid-
ered  key  traits  for  assessing  population 
adaptive potential (Mishra et al. 2014). The 
timing of germination is determined by the 
interaction  between  heterogeneous  envi-
ronmental  conditions and genetic correla-
tions with other seed characteristics (Fried-
man et al. 2019). Seedlings from seeds with 
higher dry mass are characterized by faster 
growth and a higher survival  rate (Pérez-
Ramos  &  Marañón  2009).  Also,  the  final 
weight and size of  seeds in  many woody 
species are strongly influenced by precipi-
tation (Ferus et al. 2013) and mean temper-
atures during the period of filling (Murray 
et al. 2004). Air temperature and precipita-
tion  during  the  ripening  of  beech  seeds 
(September and October) affect dormancy 
and the percentage of germination capac-
ity (Bezdečková & Matejka 2015).

Beech  (Fagus  sylvatica L.)  is  one  of  the 
most  important  tree  species  in  European 
forests. It is sensitive to spring frosts and 
extended drought  periods  (Pšidová et  al. 
2015),  making it  highly  vulnerable  to  pre-
dicted  climatic  scenarios  (Piovesan  et  al. 

2008). Projections based on IPCC scenarios 
indicate  that  areas  macroclimatically  suit-
able for beech will decrease dramatically in 
the coming decades (Czúcz et al. 2011). It is 
anticipated that beech will face drastic re-
ductions in its range and even local extinc-
tion in  more xerothermic  habitats  and at 
lower elevations (Mazza et al. 2024); there-
fore, new, resilient sources of seed should 
be identified (Stojnić et al. 2018). However, 
it must be noted that statistical models of 
rather  pessimistic  scenarios  use  climate 
data without accounting for the biological 
properties of forest tree populations, such 
as their adaptability, longevity, and regen-
eration (Czúcz et  al.  2011).  The endanger-
ment  of  beech  populations,  especially  in 
the continental and southern parts of the 
current range, is closely related to the de-
gree of genetic variability of these popula-
tions (Czúcz et al. 2011). Populations in the 
southern part of the distribution range are 
likely to suffer the most in the near future 
due  to  the  impacts  of  climate  change 
(Mazza et al. 2024).

Seed traits such as mass, size, and shape, 
as well as germination capacity, may repre-
sent  adaptive  responses  to  specific  envi-
ronmental  conditions  (e.g.,  dry  or  moist 
habitats).  For  instance,  seeds  originating 
from  drier  regions  may  exhibit  greater 
mass or thicker seed coats as a mechanism 
of protection against desiccation, thereby 
improving germination success when mois-
ture  becomes  available  (Baskin  &  Baskin 

2014).
It is hypothesized that the observed vari-

ation in seed morphological traits and ger-
mination capacity among European beech 
populations across the Balkan Peninsula is 
significantly  influenced  by  environmental 
factors, particularly temperature, precipita-
tion, and elevation, during the seed matu-
ration  period.  Specifically,  populations 
from warmer and wetter environments are 
expected to exhibit larger seed size, while 
germination  capacity  may  show  a  more 
complex  relationship  with  precipitation 
and other ecological factors.

The primary objectives of this study were 
to: (i) assess the extent of interpopulation 
variation in seed morphological traits and 
germination  capacity  among  European 
beech populations across  the ecologically 
diverse  habitats  of  the  Balkan  Peninsula; 
(ii)  investigate  the  relationships  between 
seed traits and key environmental variables 
of the maternal site of origin – namely tem-
perature,  precipitation,  and  elevation  – 
during  the  seed  maturation  period  (Sep-
tember and October); (iii) determine the in-
fluence of ecological gradients, particularly 
climate and elevation, on the reproductive 
characteristics  of  European  beech  seeds; 
(iv)  identify  potential  population  clusters 
based on similarities in seed traits and envi-
ronmental  conditions of the site of origin 
using multivariate and cluster analyses.

Material and method

Study habitats and species
The  research  was  conducted  on  seed 

samples from 26 beech populations across 
the Balkan Peninsula (Fig. 1, see also Tab. S1 
in  Supplementary  material).  Basic  geo-
graphic information on populations and cli-
matic  factors  was  obtained using  the  Cli-
mate  EU v.  4.63  software  package,  avail-
able at  http://tinyurl.com/ClimateEU (Ham-
ann et al. 2013).

Trait analyses
In autumn 2018, approximately 1 kg of vis-

ually  healthy  seeds  was  collected  from 
each  population.  Seed  material  was  col-
lected from at  least  30 trees per  popula-
tion,  spaced more than 50 meters apart to 
minimize the likelihood of sampling geneti-
cally related individuals. The collected ma-
terial  was then processed in the Institute 
of  Forestry’s  laboratory  in  Belgrade.  The 
seeds were mechanically cleaned of impuri-
ties,  and the empty seeds were removed 
with an air current. Cleaned seeds were dis-
infected with 35% H2O2 solution for 2 min-
utes.  Morphological  properties  of  seeds 
and  germination  capacity  were  analyzed 
(Fig.  2a,  Fig.  2b).  Random  samples  of  50 
nuts were taken from each population for 
morphometric analysis. The length, width, 
and thickness of the seeds (in mm, Fig. 2a) 
were  determined  using  a  digital  caliper 
with  a  precision  of  0.01  mm.  Thereafter, 
the seeds were dried at 130 °C for 1 hour, 
and the dried seed weight (in g) was mea-
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Fig. 1 - Map of twenty-six populations of European beech (Fagus sylvatica L.) sampled 
in the Balkan Peninsula. The pie charts represent the three environmental characteris-
tics at the sampled maternal locations: elevation (in grey), mean annual temperature 
(MAT – in red) amd mean annual precipitation (MAP - light blue).
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sured using an electronic scale with an ac-
curacy of 0.01 g.

Seed shape indices were calculated based 
on the measured values of morphological 
traits: (i) eccentricity index (EI), which rep-
resents  a  ratio  of  the  larger  and  smaller 
axes of a seed (i.e., seed length and width): 
EI  =  length/width;  (ii)  Flatness  index  (FI) 
based  on  the  relationship  of  three  basic 
axes  of  a  seed:  seed  length,  width,  and 
thickness;  (iii)  FI  =  [(length  +  width)/2]  × 
thickness – a range of values around 1 indi-
cates  a  spherical  seed,  while  flat  seeds 
have values closer to 2.

Average  germination  capacity  (GERM) 
was determined at the population level, us-
ing a sample of 4  × 50 seeds per popula-
tion. The germination capacity was assess-
ed  according  to  the  ISTA  protocol  (ISTA 
1996). The seeds were placed in 15 cm di-
ameter  petri  dishes,  each  containing two 
filter  papers  for  germination.  The  seeds 
producing  a  radicle  at  least  3  mm  long 
were recorded as germinated.

Statistical analyses
All  statistical  analyses  were  performed 

using  the  SAS/STAT  statistical  package 
(SAS Institute Inc. 2011). Mean values for all 
analyzed beech seed traits were obtained 
using the MEANS procedure. Estimates of 
the statistical significance of populations as 
sources  of  phenotypic  variation  in  traits 
conditioned  by  environmental  differences 
were  obtained  using  analysis  of  variance 
(ANOVA) with the PROC GLM procedure in 
SAS.  Analysis  of  variance  was  applied  to 
the  seed  traits,  including  length,  width, 
thickness, mass, seed shape, flatness, and 
eccentricity indices. Scheffe’s post hoc test 
was used to determine specific differences 
in population  means  across  all  analyzed 
traits. 

Multivariate Principal Components Analy-
sis  (PCA)  was  applied  to  investigate  pat-
terns of variance in the data (Pearson-type 
analysis). Biplots were used to visually ana-
lyze the relationships between seed traits 
(weight, in g; length, in mm; width, in mm; 
thickness, in mm; and germination, in %), el-
evation, and environmental variables such 
as the mean values of MAT and MAP dur-
ing September and October, the seed mat-
uration months (MATSO and MAPSO). The ar-
row length in the biplot indicates the vari-
able’s loading to the principal components, 
while  its  direction  shows  the  correlation 
with  the  component  and other  variables. 
Arrows pointing in the same direction indi-
cate  a  positive  correlation  between  the 
variables, while those pointing in opposite 
directions indicate a negative correlation.

Agglomerative hierarchical clustering was 
performed to assess similarity among the 
analyzed  variables.  Pearson’s  correlation 
coefficient was used as the similarity mea-
sure,  while  the  Unweighted  Pair-Group 
Method  with  Arithmetic  Mean  (UPGMA) 
served as the agglomeration method. This 
approach  enabled  the  identification  of 
structural  relationships  and grouping pat-

terns, presented as a dendrogram. Cluster 
analysis  grouped  populations  based  on 
seed  traits,  elevation,  and  environmental 
characteristics,  the  mean  values  of  mean 
temperature  and  mean  precipitation  in 
September  and  October  (MATSO and 
MAPSO, respectively) based on the correla-
tion  coefficients  and  the  pair-group  aver-
age method. The two multivariate analyses 
and  graphic  representations  were  per-
formed using XLSTAT,  an add-in software 

package for Microsoft Excel®.

Results
The  average  seed  length  (mm)  ranged 

from 15.0 mm, recorded for the population 
SVN2 (located on the lowest elevation of 
285 m a.s.l.), to 18.5 mm, which has been 
recorded  for  population  SRB13  (1080  m 
a.s.l.).  Additionally,  the  same  population 
had  the  lowest  seed  width  value  (SVN2, 
9.21  mm),  while  the  highest  values  were 
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Fig. 2 - Seeds of European beech (Fagus sylvatica L.) with indication of the measured 
traits (a). (b) A seed after germination (radicle length > 3 mm).

Fig. 3 - Mean weight (g) and germination (%) of seeds from twenty-six sampled popu-
lations of European beech (Fagus sylvatica L.) along the elevation range from 185 to 
1410 m a.s.l. in the Balkan Peninsula.
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recorded in populations SRB13 (11.09 mm) 
and  SRB12  (11.14  mm).  The  population 
SRB12 was located at the highest elevation 
(1420 m). The seed thickness was also the 
largest for SRB13 (8.32 mm) and the small-

est for population MKD1 (6.93 mm), which 
is  located  at  a  lower  elevation  (435  m 
a.s.l.). The pattern of seed mass values was 
the  same  as  for  length  and  width.  The 
smallest  seeds from the population SVN2 

had the smallest  mass (0.18 g),  while the 
largest mass was recorded for population 
SRB13  (0.29 g  – Fig.  S1  in  Supplementary 
material). Eccentricity and flatness indices, 
which describe the seed shape, were closer 
to 2, ranging between 1.61 and 1.76, com-
pared  to  1.68  and  1.94,  respectively.  The 
obtained values indicate that the sampled 
seeds were eccentric (EI) based on the re-
lation between seed length and width, and 
more flattened (FI) than spherical (Fig. S1).

The percentage of  germination was the 
lowest  for  population BIH2 (32%)  and the 
highest for population HRV1 (72%). The val-
ues of environmental factors were similar 
(elevation: 650 vs. 825 m a.s.l.; MAT: 8.3 vs. 
8 °C;  MAP: 764  vs. 704 mm, respectively) 
(Fig.  3,  Fig.  4;  see also Tab.  S1  in  Supple-
mentary material). According to the results 
of Scheffe test for seed length, there were 
seven  significantly  different  groups  for 
population SRB13 (mean seed length: 18.49 
mm) and SVN2 (15.00 mm), for seed width 
ten  groups  (SRB12  11.14  mm  -  SVN2  9.21 
mm),  for  seed  thickness  nine  groups 
(SRB13 8.32 mm - MKD1 6.93 mm), for seed 
mass 19 groups (SRB13 0.28 g - SVN2 0.18 
g), and EI three groups (SRB15 1.94 - SVN2 
1.68).

The statistical  significance of differences 
between populations was obtained for all 
the analyzed traits (p < 0.001) based on the 
application of one-way ANOVA (Tab. 1). The 
relationship  of  germination  capacity  and 
seed mass did not show any significant cor-
relation (Pearson’s r = 0.088, p = 0.6680) 
for any analyzed population.

Pattern  of  correlations  between  seed 
mass  and  percentage  of  germination 
changed with increasing temperature,  pre-
cipitation, and elevation of population sites 
(Fig. 5). At temperatures below 7 °C, heav-
ier seeds had higher germination percent-
age  compared  to  higher  temperatures, 
where  the  correlation  of  these  two  seed 
traits  was  reversed.  Heavier  seeds  had 
higher germination percentages in the pre-
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Tab. 1 - Results of one-way ANOVA with population as a source of variation for the  
analyzed characteristics of seeds (length, width, thickness, weight, eccentricity, and 
flatness indices) in the twenty-six sampled populations of European beech (Fagus syl-
vatica L.). (***): p < 0.001.

Variable Parameter Population Error

- df 25 1274

Seed length
MS 36.58 1.56

F 23.41*** -

Seed width
MS 13.63 0.91

F 14.95*** -

Seed thickness
MS 6.8 0.63

F 10.83*** -

Seed weight
MS 0.03 0

F 12.56*** -

Eccentricity index
MS 0.08 0.03

F 3.04*** -

Flatness index
MS 0.14 0.03

F 4.79*** -

Fig. 4 - The mean 
annual tempera-

ture MAT (°C – red 
line) and mean 

annual sum of pre-
cipitation MAP 

(mm – blue line) 
for twenty-six 

sampled popula-
tions of European 

beech (Fagus syl-
vatica L.).

Fig. 5 – Relationship 
between seed weight (g) 
and seed germination (%), 
in three ranges (columns) 
of mean annual tempera-
ture (MAT, °C – red dots 
and lines), mean annual 
sum of precipitation (MAP, 
mm – blue dots and lines), 
and elevation (m above sea 
level – black dots and 
lines).
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cipitation range of 800-1000 mm and at el-
evations from 1000 to 1450 m a.s.l. (Fig. 5).

The  results  of  the  multivariate  principal 
component  analysis,  based  on  eigenvec-
tors and the biplot of seed traits (germina-
tion capacity and seed dimensions) in rela-
tion  to  environmental  factors  across  all 
populations, revealed patterns among the 
examined variables. The first two principal 
components  accounted  for  77.62%  of  the 
total  variation  among  populations,  with 
the first component explaining 52.79% and 
the second 24.83% (Fig. 6).  Along the PC1 
axis,  all  populations  from  Serbia  (except 
SRB2), as well as those from North Mace-
donia  and  Bulgaria,  were  distinctly  sepa-
rated  from  the  others.  This  separation  is 
primarily  due to their  lower mean annual 
temperature and precipitation in  Septem-
ber  and  October  (MATSO and  MAPSO),  as 
well  as  their  higher elevations (Tab.  S1  in 
Supplementary  material).  Environmental 
variables, specifically elevation and MATSO, 

exhibit a negative correlation, as indicated 
by the PCA-derived correlation matrix.  All 
analyzed  seed  traits  and  MATSO are  posi-
tively correlated, suggesting that tempera-
ture during the seed maturation period sig-
nificantly influences seed development.

Germination capacity appears to be influ-
enced by MAPSO; however, the correlation 
coefficient was not statistically significant. 
This  is  reflected  in  the  shorter  vector 
length  in  the  biplot  (Fig.  6),  indicating  a 
weaker  contribution  to  population  differ-
entiation.  Elevation  was  negatively  corre-
lated  with  both  seed  traits  and  germina-
tion capacity, as well as with other environ-
mental variables.

According to the second principal compo-
nent, MAPSO contributes most significantly 
to  the  differentiation  among  populations 
(Fig. 6).

Based  on  germination  percentage,  seed 
traits  (weight,  width,  length,  and  thick-
ness),  and  environmental  factors  (MATSO, 
MAPSO, and elevation), agglomerative hier-
archical clustering identified three distinct 
clusters.  The variance for optimal popula-
tion classification was 22.31% between clus-
ters and 77.69% within clusters.

The first cluster comprised three popula-
tions:  HRV1,  SVN1,  and HRV3.  The second 
cluster included a single population, HRV2. 
The remaining 22 populations formed the 
third cluster (Fig. 7). This clustering was in-
fluenced  primarily  by  differences  in  envi-
ronmental factors, as population HRV2 was 
located  at  the  lowest  elevation  (185  m 
a.s.l.)  and exhibited the highest  tempera-
tures  (MAT:  10.5  °C;  MATSO:  16.45  °C),  as 
well as slightly above-average precipitation 
values during the seed maturation period 
(MAPSO). Seed traits were close to average, 
except for germination percentage, which 
was somewhat higher than the mean (56% 
vs. 51.53%, respectively).

The  second  cluster,  comprising  popula-
tions HRV1, SVN1, and HRV3, was located at 
lower elevations (with HRV3 at the lowest 
among  the  three)  and  characterized  by 
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Fig. 6 - Biplot of the first two components (PC1 and PC2) from Principal Component  
Analyses (PCA) for the twenty-six sampled populations of European beech (Fagus syl-
vatica L.). The diagram illustrates the relationships among seed traits (weight, length, 
width, thickness, and germination) and environmental characteristics of the original 
population (MATSO, MAPSO: mean values of temperature and precipitation for Septem-
ber and October, respectively) and elevation.

Fig.  7 -  Hierarchical  clustering  dendrogram  based  on  Pearson’s  correlation  and 
Unweighted Pair-Group Method with Arithmetic Mean linkage, illustrating the rela-
tionships among the sampled populations of European beech (Fagus sylvatica L.) in 
the Balkan Peninsula, according the seed traits (seed weight, length, width, thickness) 
and environmental characteristics of the original population (MATSO, MAPSO: mean val-
ues of temperature and precipitation for September and October, respectively) and 
elevation.
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higher  precipitation  (MAP  and  MAPSO) 
and higher MAT and MATSO values. Germi-
nation percentage was above the average 
for SVN1 (56% vs. 51.53%, respectively), and 
slightly  above average for  the other  two 
populations. Other seed traits were similar 
to the population mean (Fig. 7, Tab. S1).

Discussion
In changing environmental conditions, as 

a consequence of various stressors, popu-
lations of woody species face challenges to 
their survival (Griesbauer et al. 2021). Stud-
ies of  inter-  and intrapopulation (genetic) 
variability estimated the response of forest 
ecosystem  species  to  different  environ-
mental  stressors  (Allen  et  al.  2015).  Over 
the last  few decades,  climate change has 
led  to  water  shortages  and  a  steady  in-
crease in temperature, making the preser-
vation of genetic diversity a necessary con-
dition  for  adaptation  to  altered  environ-
mental  conditions  (Sánchez-Velásquez  et 
al.  2021).  A  decrease in  genetic  variability 
across generations is directly linked to for-
est  decline  and  reduced  population  size 
(Leimu et al. 2006). The risk of population 
decline due to drought is higher along the 
southern  (marginal)  borders  than  in  the 
center of the species distribution (Jump et 
al.  2009).  The  studied  beech  populations 
are  situated  at  the  edge  of  the  species’ 
southern distribution area. They comprise 
regions  in  the  eastern  part  of  the  Alps 
(Slovenia),  the  Dinaric  region  (Croatia, 
Bosnia and Herzegovina,  and part  of  Ser-
bia),  the  Rhodope  Mountains  (Bulgaria), 
and the Carpathian Mountains (Von Wüh-
lisch 2008).

Knowledge of the morphological and bio-
logical properties of beech seeds from dif-
ferent  sites  enables  improved  restocking 
and  sustainability  of  beech  stands  (Grad-
ečki et al. 2003). Studies on the variability 
of seed morphometry can also provide pre-
liminary insights into the genetic variability 
of the studied populations and contribute 
to improving the production of high-quality 
reproductive material in beech (Popović & 
et al. 2015) under new climatic conditions. 
In  this  study,  the observed differences in 
seed morphology and germination capacity 
among populations suggest the differentia-
tion of adaptive traits in the studied area. 
Seed morphology differed significantly be-
tween  the  studied  provenances.  The 
largest and heaviest seeds were measured 
in the population of Mali Pek, part of the 
Carpathian-Balkan Mountains, while in the 
population of Gorjanci (the Alpine part of 
the Dinarides), the seeds were the smallest 
and lightest. Morphometric research by Yil-
maz (2010) on 14 different provenances of 
the Oriental beech (Fagus orientalis Lipsky) 
revealed  significant  variability  within  and 
between  populations.  Studies  on  seed 
length and width of Croatian beech prove-
nances showed that the genetic variability 
within  populations  is  minimal,  while  the 
analysis  of  variance  determined  that  the 
populations are statistically different from 

each other (Gavranović  et  al.  2018).  Also, 
morphological  trait  analyses  of  beech 
seeds  from  eight  Serbian  provenances 
(Popović et al. 2015) and from northeastern 
Greece (Varsamis et al. 2020) showed high 
interpopulation variability.

Elevation is  an ecological  factor  that  af-
fects multiple environmental  variables, in-
cluding temperatures, length of the grow-
ing season, and the intensity of UV radia-
tion.  At  higher  elevations,  seed  morphol-
ogy  is  often  characterized  by  more  com-
pact shapes with lower flatness index (FI) 
values,  which may provide enhanced pro-
tection for the embryo under stressful con-
ditions (Bu et al. 2008). In contrast, in low-
land  areas,  flatter  seed  shapes  may  en-
hance  wind  dispersal  efficiency  and  soil 
contact,  both of  which are important  for 
successful  germination  (Pakeman  &  East-
wood 2013). Our study revealed statistically 
significant differences in seed morphologi-
cal traits among populations, indicating the 
influence  of  environmental  gradients  re-
lated to elevation.

Beech can withstand harsh cold in winter, 
but it is vulnerable to spring frost and ex-
tended  summer  droughts  (Pšidová  et  al. 
2015). This sensitivity to drought makes it 
highly  vulnerable  to  predicted  climate 
change, emphasizing the need to study re-
productive ecology (Piovesan et al. 2008). 
Reproductive  ecology  traits  related  to 
seeds,  such  as  germination  time  or  seed 
size,  have  high  significance,  and  under-
standing  patterns  of  diversity  in  these 
traits  is  crucial  for  formulating successful 
conservation  and  management  plans 
(Varsamis et al. 2020). Reproductive traits, 
including  seed  morphology  and  germina-
tion  capacity,  are  key  factors  in  species’ 
adaptive potential (Cerabolini et al. 2003). 
The dry weight of seeds and size are con-
sidered  closely  related  adaptive  traits  at 
the  population  level  (Mishra  et  al.  2014). 
Tree  populations  producing  seeds  with 
higher  dry  weight  yield  seedlings  with 
greater strength, larger growth, and better 
survival  (Pérez-Ramos  &  Marañón  2009). 
Climate  factors,  particularly  precipitation 
and  temperature,  play  a  crucial  role  in 
plant  reproductive  adaptation  (Bezdečko-
vá & Matejka 2015). The amount of precipi-
tation during seed filling affects seed mass 
and size (Ferus et al.  2013). Other studies 
have also found a positive correlation be-
tween seed size and the annual precipita-
tion amount (Shu et al. 2017). In addition, 
mean  monthly  temperatures  during  the 
growth  period  can  affect  reproductive 
traits  (Despland & Houle  1997).  Tempera-
ture, as an environmental pressure factor, 
determines  the depth of  hibernation,  the 
timing and uniformity of germination, and 
thereby affects the adaptability of popula-
tions (Matías & Jump 2014). Differences in 
temperature  between provenances  affect 
seed size (Smaill et al. 2011).

In this study, we determined that average 
beech  seeds  length  and  width  was  16.75 
and  10.17  mm  respectively,  seed  mass 

amounted to 0.24 g, germination capacity 
was the smallest  for  the population BIH2 
(32%)  with  low  elevation,  high  tempera-
ture, and precipitation, and the largest for 
the population HRV1 (72 %) with the most 
significant amount of  precipitation during 
the whole year and during the seed grow-
ing period.

Our findings are very similar to those re-
ported in studies conducted in the Balkan 
Peninsula  area.  In  Croatian  provenances, 
the average seed  length  and  width  were 
smaller, at 14.89 mm and 9.53 mm, respec-
tively.  The absolute mass was 258 g,  and 
the germination capacity was 12% (Gradečki 
et al. 2003). In the territory of Velebit, seed 
length/width was 15.42/8.14 mm, mass 0.24 
g, absolute mass 118.9 g, germination per-
centage  was  37%  (Drvodelić  et  al.  2011); 
Croatian  provenances  had  15.90/8.43mm 
(Gavranović et al. 2018), seeds of eight Ser-
bian  provenances  were  somewhat  larger 
(17.15/9.7 mm), their mass was 0.24 g, abso-
lute mass 253 g and 78% germination capac-
ity percentage (Popović et al. 2015). In the 
territory  of  northern  Greece,  the  seed 
length and width were 16.74 and 9.61 mm, 
respectively (Varsamis et al. 2020). Accord-
ing to Smelkova (2002), the weight of 1000 
seeds,  i.e.,  the  absolute  mass  of  beech 
seeds, was 234 g, and 70% germination ca-
pacity.

Beech  seed  production  is  irregular  with 
significant variations between years (Hilton 
&  Packham  2003).  Seed  masting  (crop 
years) is strongly influenced by annual cli-
mate  conditions  and  occurs  irregularly  at 
intervals  ranging  from  three  to  fifteen 
years. Understanding fructification mecha-
nisms is crucial for improving knowledge of 
stand conditions, assessing the current and 
future  adaptability  of  forest  ecosystems, 
and developing management strategies in 
the  context  of  climate  change  (Wagner 
2011).  Fructification  positively  influences 
plant  reproductive  success  by  stimulating 
regeneration,  which  in  turn  determines 
species survival and plays a key role in sus-
tainable  forest  management  (Madrigal-
González et al. 2017).

The relationship between crop years and 
climate has been studied and modeled by 
various  authors,  and  it  has  been  proven 
that crop years are caused by specific cli-
mate conditions in previous years (Vacchi-
ano et al. 2017). Climatic factors directly in-
fluence  the  growth  and  reproduction 
phases,  as  well  as  flowering  and  pollina-
tion, and indirectly through the utilization 
of available resources (Bajocco et al. 2021). 
The  correlations  between  diameter  incre-
ment and production of beech seeds in re-
lation to climatic conditions support the hy-
pothesis of the distribution of assimilates.

The  climate  characteristics  in  the  years 
preceding fruiting are crucial for the repro-
ductive  ecology  of  beech.  A  hot  and  dry 
summer in the year preceding fruiting has a 
positive influence on seed crop occurrence 
(Gavranović Markić et al. 2024). A summer 
drought one year before flowering can be 
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associated  with  an  increased  C/N  ratio, 
which  in  turn  may  be  responsible  for 
flower formation. A wet summer two years 
prior to the seed crop can be considered a 
secondary factor in crop occurrence, as nu-
trient  reserves  accumulate  then  (Lebour-
geois  et  al.  2018).  Low temperatures and 
increased water  availability  two years be-
fore  seed  masting  have  been  shown  to 
promote  fructification.  A  significant  posi-
tive  relationship  was  observed  between 
seed crop and spring temperature and light 
availability  two  years  earlier  (Müller-
Haubold et al. 2015). Since temperature, ra-
diation,  and  drought  are  highly  intercon-
nected,  the  availability  of  solar  radiation 
can  positively  influence  the  accumulation 
of  reserve  nutrients  two  years  prior  to 
seed production (Bajocco et al. 2021).

Selective pressures are a limiting factor, 
especially at low elevations with drier, hot-
ter climatic conditions, which increase mor-
tality. Across the distribution range of tree 
species, the climatic characteristics of ele-
vation  and  latitude  gradients  that  drive 
plant survival, as well as the prediction of 
vegetation  responses  to  future  climate 
change scenarios, are the primary goals of 
ecological studies (Mazza et al. 2024). Tree 
distribution tends to retreat toward higher, 
colder  areas.  The  success  of  germination 
has  increased  in  hotter  regions,  but  sur-
vival has decreased, which prevents beech 
from thriving in hot and dry areas (Muffler 
et  al.  2021).  Our  research  revealed  that 
larger seed mass leads to higher germina-
tion percentages both at  lower mean an-
nual temperatures and moderate precipita-
tion at higher elevations. The obtained pat-
tern of seed mass and germination capac-
ity may be a hint of acclimatization of this 
species and its survival under drought and 
high-temperature conditions. Local adapta-
tion enables better fitness components in 
populations originating from maternal en-
vironments to which they are adapted. The 
plasticity  of  early  life  phases  and  local 
adaptation,  as  well  as  germination  rates 
and the successful regeneration of young 
trees, enable the expansion and preserva-
tion  of  the  range  in  response  to  climate 
change,  including  rapid  global  warming 
(Muffler et al. 2021). Adaptation strategies 
for germination and seedling growth to en-
vironmental conditions vary between pop-
ulations and provenances, and the physio-
logical mechanisms underlying these adap-
tations are highly complex. 

When conducting a breeding program, it 
is essential to consider the diversity of eco-
types  in  relation  to  specific  combinations 
of climatic factors. The selection of suitable 
beech  provenances  for  translocation  and 
afforestation in  new areas  is  crucial  (Var-
samis  et  al.  2020).  The maternal  environ-
ment is a key source of phenotypic plastic-
ity. To date, the variability of seeds, germi-
nation,  and  other  adaptively  important 
characteristics between maternal  environ-
ments  has  been  investigated  in  a  limited 
number of studies. Variability in phenology, 

including  fructification,  germination,  and 
seedling growth, across the species’ natu-
ral range, helps improve understanding of 
local  adaptation during the most vulnera-
ble  stages in  response to  climate change 
(Cochrane et al. 2015).

Conclusions
The  variability  in  seed  morphological 

traits and quality is linked to the conditions 
of the original maternal environments. Our 
findings offer valuable insights into the re-
productive ecology of  European beech in 
Southeastern  Europe,  highlighting  poten-
tial adaptations to naturally drier and hot-
ter, or colder and wetter habitat conditions 
at  the elevation  of  maternal  populations. 
According  to  multivariate  analysis,  eleva-
tion and temperature during the seed-fill-
ing period (September and October) have 
the greatest impact on population group-
ing. Populations with annual temperatures 
below 7 °C, precipitation ranging from 800 
to 1000 mm, and elevation above 1000 m 
a.s.l.  showed  a  positive  correlation  be-
tween mass and germination percentage, 
indicating  that  heavier  seeds  had  higher 
germination capacity. The variability in ma-
ternal  environments  and  reproductive 
characteristics opens opportunities for fur-
ther  research  and  breeding  programs 
aimed at enhancing the survival and repro-
duction of European beech under rapid cli-
mate change.
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