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The assessment of seed zones or regions of provenance (RoP) to preserve local
adaptation of tree species is an effective tool for the correct management of
forest reproductive materials. The RoP for a species or sub-species is the area
or group of areas subject to sufficiently uniform ecological conditions in which
stands or seed sources show similar phenotypic or genetic characters, taking
into account altitudinal boundaries where appropriate. However, the delin-
eation of RoPs is commonly based on estimates of intrinsic environmental ho-
mogeneity, mainly climate and/or soil characteristics. The integration of ge-
netic data into RoP maps is an important strategy to obtain a sound tool for
managing forest reproductive materials. A study on Quercus suber (cork oak)
in Sardinia (Italy) was carried out with the aim of determining ecological re-
gions of provenance, investigating the genetic diversity among populations at
the regional scale and identifying possible areas of interest for valorising the
available germplasm. Identification of these areas was performed by Reserve
Selection Analysis, which allows to identify priority areas by assessing the min-
imum number of sites required to include all the genetic diversity estimated
by genetic analysis. Four spatial clusters were obtained based on environmen-
tal data: the northern and northern-eastern parts of the island were included
in the Northern RoP; the second RoP covered the western part; and the third
RoP enclosed the south-eastern region. The last group was distributed on the
central part of the island (Central RoP) and includes the higher elevations. The
sampled populations showed a low differentiation among populations and low
diversity. According to the Reserve Selection Analysis, four conservation prior-
ity areas were identified. These indications can be useful at the local level be-
cause these sites can be proposed as stands for seed collection for future plan-
tations.

Keywords: Regions of Provenance, Quercus suber, Seed Collection Zones, Spa-
tial Genetic Structure, Sardinia

Introduction
The assessment of seed zones or regions

of  provenance  (RoP)  to  preserve  local
adaptation of tree species is an important
element  for  the  correct  management  of
forest  reproductive  materials  (FRM),  as
well  as  for  common  practices  in  forestry
and restoration activities (Williams & Dum-

roese 2013). “Local-is-best” is the rationale
underlying  the  delineation  of  tree  seed
zones (De Kort et al. 2014), whose popula-
tions are expected to share similar environ-
mental and climatic pressures; thus, plant-
ing populations adapted to local conditions
allows both to preserve genotypes that are
adapted  to  local  conditions  and  to  avoid

the introduction of  poorly  adapted geno-
types,  which  may  cause  loss  of  adaptive
potential (Jones 2013). In this perspective,
local populations can ensure higher fitness
in terms of survival, reproduction, produc-
tivity,  disease resistance and abiotic  resil-
ience, than non-local materials (Jones 2013,
De Kort et al. 2014), unless climatic condi-
tions change drastically.

In European countries,  the identification
of  RoPs  is  regulated  by  the  European
Union (EU)  directive 1999/105/CE and is  a
mandatory  tool  for  the  management  of
FRM. According to the directive,  the RoP
for a species or sub-species is the area or
group of  areas subject  to sufficiently uni-
form ecological conditions in which stands
or seed sources show similar phenotypic or
genetic characters, taking into account alti-
tudinal  boundaries  where  appropriate.  In
such a context, two main approaches can
be generally adopted, both based on clus-
tering  methods.  When  genetic  data  are
available, a hierarchical clustering on sam-
ple populations may be performed (Klein-
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schmit  et  al.  2004)  to  aggregate  stands
sharing  similar  genetic  traits.  Although
such a method represents the most accu-
rate and reliable, genetic data are generally
hard  to  be  obtained.  Moreover,  an  ade-
quate  sampling  scheme  would  be  highly
expensive and difficult to be implemented
for  wide  areas.  For  this  reason,  climate
(i.e.,  ecological  or  environmental  variabil-
ity)  is  generally  considered a  good proxy
for  genetic  variability.  Actually,  it  is  well
known that climate mainly represents the
most important driver for spatial  distribu-
tion of forest species and reliable time se-
ries are one of the most relevant data for
forest  monitoring (Ferrara et  al.  2017).  In
this  case, the delineation of  RoPs is com-
monly based on overall estimates of envi-
ronmental  homogeneity,  mainly  climate
and/or  soil  characteristics  (Nanson  2001,
Ducci 2015), and on a spatial clustering pro-
cedure. Main variables can be represented
by long-term (30 years at least) averages of
temperature and precipitation,  and/or de-
rived climatic indices which combine their
values  (e.g.,  aridity,  continentality,  etc.  –
Marchi  et  al.  2016).  However,  the lack of
species-specific  genetic  information in  es-
tablishing  RoPs  could  lead  to  underesti-
mate  the  area  of  species  range  showing
significant  genetic  differentiations,  which
may potentially  cause increasing levels  of
inbreeding  among  planted  trees  (Kremer
et  al.  2012).  Therefore,  integrating  RoP
maps  with  genetic  data  is  an  effective
strategy to obtain a sound tool for the leg-
islation of FRMs.

The climatic context of the Sardinia island
has often been described in the literature
as  an  example  of  a  thoroughly  Mediter-
ranean island. Recently,  Canu et al. (2015)
have classified the different environments
across  the island in 43 ecological  groups,
according to well know climatic belts. How-
ever, such groups are too many for a viable
and cost-effective management  of  Forest
Genetic  Resources  under  the  1999/105/CE
directive.  For  this  reason,  in  2016 the Re-
gional Government of the Autonomous Re-
gion  of  Sardinia  (Italy)  developed  a  pro-
gram aimed to screen seed sources and de-
limit  RoPs  with  a  specific  target  on  cork
oak (Quercus suber L.)  populations,  in or-
der to protect and valorise available gene
pools.  Cork  oak  is  a  widely  distributed
species  across  the  Mediterranean  basin,
both on the European side (Italy,  France,
Spain, Portugal) and North Africa (Tunisia,
Morocco,  Algeria).  The  species  is  widely
cultivated in the Iberian Peninsula (Portu-
gal, Western Spain, Catalonia and Balearic
Islands)  and  France  (Provence,  Corsica,
Aquitaine, Languedoc). In Italy, it is present
along  the  Tyrrhenian  coastline  (Tuscany
and Latium), on the main islands (Sicily and
Sardinia), on the ionic Calabrian side and in
Apulia. Cork oak is generally sporadic, and
best growing in areas with cold, moist win-
ters  and  hot  summers.  It  is  commonly
found at  300-600 m but can occur up to
1000 m a.s.l. It prefers acid soils and avoids

limestone and carbonated substrates. Sar-
dinian cork oak stands cover about 140,000
ha (INFC 2005) and have great socio-eco-
nomic importance in the region due to its
exploitation  for  cork  extraction  and  pro-
cessing, and for silvopastoral activities (Co-
rona et  al.  2005,  Sedda et  al.  2011).  How-
ever, the risk of losing cork forests is high
because of forest fires and diseases, over-
grazing,  land  abandonment  and  exploita-
tion, with subsequent biodiversity loss and
deterioration of ecosystem services (Costa
et al. 2010), exacerbated by the projected
climate changes (Giorgi & Lionello 2008).

Studies of  the genetic  and geographical
structure of Q. suber have been previously
reported on different  populations around
the  Mediterranean  range  using  different
molecular markers (Magri et al. 2007). First
molecular  characterization  of  Sardinian
germplasm  was  accomplished  by  RAPD
markers  in  several  economically  and agri-
culturally  strategic  stands  (Bullitta  et  al.
2011). However, to establish a detailed RoP
map  for  the  species,  an  updated  and  re-
fined assessment of the genetic structure
of Sardinian populations is required. To this
purpose,  microsatellite  markers represent
a valid method for the assessment of  ge-
netic  diversity  due to  their  high levels  of
polymorphism,  their  codominant  nature
and their transferability.

The objectives of this study are: (1) to de-
termine  the  ecological  regions  of  prove-
nance for Cork oak in Sardinia; (2) to inves-
tigate  the  genetic  diversity  among  Cork
oak populations at the regional scale; (3) to
identify possible areas of interest to be se-
lected as seed stands.

Materials and methods

RoP delineation based on 
environmental variables

An ensemble of current climate data and
soil characteristics was used to analyse the
environmental  variability  across  Sardinia.
The ClimateEU software (freely available at
https://sites.ualberta.ca/~ahamann/data/cli
mateeu.html)  is  a  standalone  software
which  can  be  used  to  downscale  4-km
raster surfaces at higher spatial resolutions
according to local elevation. Parameter-ele-
vation Regressions on Independent Slopes
Model (PRISM) monthly data (0.5° resolu-
tion) can be extracted and downscaled to
scale-free point data (Daly et al. 2008), and
the value of  seasonal  and annual  climate
variables for specific locations can be calcu-
lated based on latitude, longitude and ele-
vation. The original meteorological data is
derived  from  the  CRU-TS  3.22  database
(Harris  et  al.  2014),  which  includes  more
than  2000  meteorological  stations  across
the whole Europe and 13 stations in the re-
gion of  interest  (within the grid box cen-
tred  at  N37.5-E7.5  and  N42.5-E7.5).  Such
dataset has proven to be highly suitable for
local  studies  in  the Mediterranean region
even when long time series are required,
thanks to the fair representativeness of lo-

cal trends (Marchi et al. 2015). Variable sur-
faces  are  generated  using  lapse-rate  ad-
justments according to latitude and longi-
tude (Wang et al. 2012), based on the dif-
ference between the grid elevation and the
elevation of the location of interest. 

The software was used to generate high-
resolution (250 m) raster maps of 36 bio-
logically-relevant climatic variables (such as
growing and chilling degree days, heating
and cooling degree days, Hargreaves mois-
ture deficit and reference evaporation, etc.
– see  Tab.  S1  in  Supplementary  material)
for the 1981-2010 normal period in Sardinia.
A  routine  was  created  by  calculating  the
downscaled values for each pixel. In addi-
tion, soil data (pedology and soil character-
istics)  were  derived  from  the  Italian  eco-
pedologic map (Costantini et al. 2014). 

All the obtained maps were then geo-ref-
erenced  in  the  ETRS89/UTM32N  (EPSG:
25832) reference system and used to per-
form a spatial principal component analysis
(sPCA).  All  the  data  were  centred  and
scaled separately. A standardisation proce-
dure was applied as the variables were ex-
pressed  in  different  scales  (e.g.,  degrees
Celsius  for  temperatures,  millimetres  for
precipitation,  pure  numbers  for  indices).
The aim of sPCA was to include as much en-
vironmental variability information as pos-
sible in further analysis (clustering), avoid-
ing  at  the  same  time the  collinearity  be-
tween  variables.  As  PCA  compresses  raw
data  variability  into  few  uncorrelated
(new) variables, PC components are not af-
fected  by  collinearity  between  environ-
mental factors. Only a subset of PC compo-
nents was used and subjected to unsuper-
vised classification (Hastie et al. 2001) sum-
ming up to 99% of the explained variance.

Hierarchical clustering was applied to PC
data in a GIS environment (“i.cluster” and
“i.maxlik” functions  of  GRASS-GIS -  Grass
Development Team 2017) using as weight
the eigenvector of each ecological variable
for  each  component  obtained  from  PCA.
Pairwise Euclidean distances between pix-
els were calculated for each variable. The
maximum number of iterations was set to
50,  while  the  convergence  value  (the
points at which cluster means become sta-
ble) was set to 98% (Marchi et al. 2016). The
number  of  spatial  clusters  was  set  based
on a dendrogram computed using the PC
scores of 1000 points randomly distributed
across  Sardinia,  regardless  Quercus  suber
distribution.

Plant material and DNA extraction
A total of 277 individuals were randomly

sampled  at  10  sites  (Tab.  1)  for  genetic
analyses. Leaves were collected from indi-
vidual  trees  and kept  under  silica  gel  for
long-term  conservation.  Total  genomic
DNA was extracted by grinding 50-60 mg
of dry material in liquid nitrogen and using
the  DNeasy® Plant  mini  kit  (QIAGEN,
Hilden, Germany). The extracted DNA was
diluted to 5 ng µl-1 of working solution and
quantified  by  spectrophotometry  (Eppen-
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dorf  Biophotometer® D30,  Eppendorf  AG,
Hamburg, Germany).

Microsatellite analysis
Samples  were  analysed  with  a  set  of  5

polymorphic  nuclear  markers  (nuSSR  –
Tab. 2), previously developed for other oak
species  (QpZAG9,  QpZAG15,  QpZAG36,
QpZAG110  in  Q.  petrea  (Matt)  Liebl.;
QrZAG7 in Q. robur L.). As a rule, SSRs are
species-specific  markers,  which  must  be
developed de novo for each species, mainly
because they  usually  occur  in  non-coding
regions  of  the  genome,  which  are  not
highly conserved. However, Mendelian in-
heritance  and  transferability  of  nuSSRs
from  other  oak  species  to  cork  oak  had
been previously demonstrated (Hornero et
al. 2001, Soto et al. 2003). The initial set of
markers  also  included  MSQ4  (Dow  et  al.
1995), QrZAG20 (Kampfer et al. 1998) and
QpZAG46 (Steinkellner et al. 1997), though
they have been subsequently discarded for
poor/none  amplification  and/or  unreliable
scoring in most samples.

The  five  markers  selected  in  this  study
showed a pattern of allelic richness and di-
versity similar to that obtained using three
to  seven  nuSSRs  markers  in  cork  oak  by
Löpez-Aljorna et al. (2007), Da Costa (2011)
and  Zucca  (2011).  The  latter  author  ana-
lysed  three  populations  from  northern,
central and southern Sardinia using seven
nuSSRs, of which five are in common with
our study. Comparing the diversity at each
locus  with  our  results  (see  below),  we
found a double amount of alleles (22  ver-
sus 11) at locus ZAG110, while at the other
loci  (ZAG36,  ZAG9,  ZAG15  and  ZAG7)  the
number of alleles was similar, ranging be-
tween 4 and 10. Thus, we selected a poste-
riori the  five  markers  best  discriminating
among individuals and populations. More-
over,  the  unbiased  probability  of  identity
(uPI  – Paetkau et al. 1998) was computed
to detect the chance that two individuals
drawn at random from a sample will have
the same genotype at multiple loci. The es-
timated uPI for the combination of the five
selected markers over all populations was
1.3 × 10-4. 

PCRs were performed in triplexes in Ep-
pendorf Mastercycler® pro (Eppendorf AG,
Hamburg, Germany). Each sample was am-
plified in a 12.5 µl total volume reaction ac-
cording  to  QIAGEN  Type-it® Microsatellite
PCR kit (QIAGEN, Hilden, Germany). Cycling
protocol was as follows: 95 °C for 5 min; 28
cycles at 95 °C for 30 sec, 57 °C for 90 sec,
72 °C for 30 sec; 60 °C for 30 min. 1  µl  of
each amplification product was added to a
mixture of 20 µl HIDI formamide and 0.3 µl
LIZ and denatured at 95 °C for 5 min. Sam-
ples  were  run  on  ABI  Prism  3130® Avant
DNA sequencer (Applied Biosystems,  Fos-
ter  City,  CA,  USA).  Results  were analysed
by GeneMapper® Software (Life Technolo-
gies, Carlsbad, CA, USA), and allelic profiles
were scored by automatic binning and vis-
ual checking.

Statistical analysis
Number of  observed (Na)  and  effective

(Ne)  alleles,  observed (Ho)  and expected
(He) heterozygosity (Nei 1973) were calcu-
lated using GENALEX 6.5 software (Peakall
& Smouse 2006,  2012). The inbreeding co-
efficient (Fis) for each population and each
locus was obtained computing a hierarchi-
cal AMOVA using the software ARLEQUIN
ver. 3.5.2.2. Statistical significance was de-
termined by a non-parametric approach us-
ing 1000 permutations (Excoffier & Lischer
2010). The assessment of allelic richness by
measuring  allele  frequencies  must  take
into  account  the  variation  in  population
sizes  (Tab.  1).  For  this  reason,  allelic  rich-
ness (A) and the number of private alleles
(Pa) were computed using the rarefaction
method with the HP-RARE software (Kali-
nowski  2005).  Null  allele  frequency  for
each locus was estimated using the pack-
age FreeNA (Chapuis & Estoup 2007). Prin-
cipal coordinates analysis (PCoA) was per-
formed with GENALEX 6.5 using a pairwise
population  matrix  of  Nei’s  unbiased  ge-
netic  distance  (Nei  1973).  Correlations
among sites for measures of genetic, envi-
ronmental  and  geographic  distance  were
calculated by Mantel test and partial Man-
tel tests using the software PAST ver. 3.19
(Hammer et al. 2001), with 9999 permuta-
tions. Partial Mantel tests were conducted
to determine the strength of  the correla-
tion between two distance matrices aimed
at assessing the dependence between two

matrices of distances while controlling the
effect of a third distance matrix.

Genetic  structure  was  evaluated  by  a
Bayesian  approach  performed  using
STRUCTURE software ver. 2.3.4 (Pritchard
et  al.  2000).  Twenty  iterations  for  each
value of K between 1 and 10 were run with
a burning period of 10,000 and 105 Markov
chain Monte Carlo cycles.  The most  likely
number of clusters was determined by the
Evanno’s method (Evanno et al. 2005), us-
ing the STRUCTURE HARVESTER software
(Earl & Von Holdt 2012). Twenty runs were
averaged by CLUMPP ver. 1.1.2 web service
(Jakobsson & Rosenberg 2007) and graphi-
cally  represented using the software DIS-
TRUCT ver. 1.1 (Rosenberg 2004).

Selection of priority areas and overlay 
with regions of provenance

Grids for genetic parameters were gener-
ated in DIVA-GIS software ver. 7.5 (Hijmans
et al. 2001), based on a grid cell of 6 min-
utes and applying a circular neighbourhood
with a diameter of one degree. Four differ-
ent classes of alleles can be defined: (i) rare
alleles with local distribution (private); (ii)
frequent alleles observed with local distri-
bution; (iii) rare alleles observed in a large
area;  (iv)  frequent  alleles  commonly  dis-
tributed.  Priority  for  conservation  should
be  given  to  populations  that  retain  fre-
quent alleles with local distribution, indicat-
ing the presence of genotypes adapted to
specific  environments.  However,  the  Re-
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Tab. 1 - Main environmental characteristics of the sampling sites. (Pop): population
label; (Site): official forest name; (#ind): number of sampled individuals; (N): latitude
(°); (E) longitude (°); (Alt): altitude (m a.s.l.); (MAT): mean annual temperature (°C);
(MAP):  mean  annual  precipitation  (mm);  (AHM):  annual  heat:moisture  index
(MAT+10)/(MAP/1000); (RoP): region of provenance each population belongs to. Fur-
ther details of climate for each site are reported in Tab. S2 (Supplementary material).

Pop Site #ind N E Alt MAT MAP AHM RoP

LIM Limbara Sud 24 40.81 9.19 457 15.0 671 37 1
MOL Monte Olia 28 40.75 9.31 486 14.1 679 36 1

TER Terranova 26 40.68 9.38 594 14.0 670 36 1
LIT Sos Littos 30 40.64 9.48 145 16.3 545 48 3
FIO Fiorentini 25 40.52 9.05 799 13.1 827 28 4

BAR Barigadu 29 40.08 9.02 649 13.9 785 30 4
MAN Monti Mannu 19 39.38 8.67 558 14.3 708 34 2

MAR Marganai 19 39.35 8.57 686 13.7 751 32 2
SET Settefratelli 34 39.31 9.37 451 15.2 466 54 3
SUL Gutturu Mannu 43 39.10 8.88 328 15.5 604 45 2

Tab. 2 - nuSSR markers selected for molecular analysis. (Na): number of alleles; (Ne):
effective  numbers  of  alleles;  (He):  expected  heterozigosity;  (Fis):  fixation  index;
(ƒna): null allele frequency.

Accession # Reference bp Na Ne He Fis ƒna

QpZAG9 Steinkellner et al. 1997 197 2.7 1.1 0.10 0.030 0.009

QpZAG15 Steinkellner et al. 1997 134 2.9 1.4 0.28 0.007 0.018

QpZAG36 Steinkellner et al. 1997 220 6.7 4.3 0.78 -0.011 0.009

QpZAG110 Steinkellner et al. 1997 242 13.9 7.5 0.88 0.061 0.043

QrZAG7 Kampfer et al. 1998 150 6.7 4.3 0.79 -0.050 0.004
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serve  Selection  method  implemented  in
DIVA-GIS  and  developed  by  Rebelo  &
Siegfried  (1992) considered  all  these
classes for the identification of the priority
conservation areas. A point-to-grid analysis
was  applied,  selecting  the  “Complemen-
tary”  option  and  giving  equal  weight  to
each allele. This  method allows the selec-
tion of conservation priority areas not only
based on their allelic richness but also on
differences/complementarity in allelic com-
position, by identifying the minimum num-
ber of sites needed to include most of the
genetic  diversity  estimated  by  nuclear
markers. Then, the procedure ranks the ge-
ographic units  by  indicating the first  cho-
sen  area  as  that  with  the  highest  allelic
richness;  each  successive  area  selected
best aggregates the intra-specific diversity
already represented within the previously
selected priority area.

Finally,  the  selected  zones  (seed  stand
candidates) were overlaid onto the RoPs as
characterised above in the same GIS envi-
ronment.

Results

Regions of provenance
Four groups were selected by hierarchical

clustering as best matching between envi-
ronmental  variability  and spatial  fragmen-
tation. In the sPCA, 99% of the cumulated
variance was accounted for by five compo-
nents, which were selected as input for the
GRASS-GIS modules. As a result, four spa-
tial  clusters  were  obtained  (Fig.  1).  The
northern and northern-eastern part of the
island was included in a unique RoP, named
Northern  Region,  RoP1.  The  western  and
south-eastern parts were included in RoP2
and  RoP3,  respectively.  The  last  group
mainly included the higher elevation areas
in the central part of the island (Central re-
gion,  RoP4).  RoP1  and RoP4  were  colder
than RoP2 and RoP3 concerning mean an-
nual temperature (MAT); RoP1 was the dri-
est region and RoP4 the wettest. The aver-
age climatic  values and extremes of  each
RoP  are  reported in  Tab.  S2  (Supplemen-
tary material). 

Concerning the climate characteristics of
sampling sites,  the average values  of  the
36  climatic  variables  considered  are  re-
ported  in  Tab.  S3.  Two  main  clusters  of
sampling sites were detected by multivari-
ate analysis (PCA) based on the selected 36
climatic  variables  (Fig.  2).  One  cluster
grouped the southern sites SUL, SET, MAN
and MAR, including the northern LIT, which
also has the lowest altitude; the other clus-
ter grouped the northern sites MOL, LIM,
TER, FIO and BAR mainly according to the
directions  of  the  minimum  temperatures,
soils, the beginning of the frost-free period
and the variables related to seasonal pre-
cipitation  in  autumn  and  winter.  Accord-
ingly,  a  good  correlation  between  geo-
graphic and climatic distance matrices was
detected (r = 0.45, p < 0.05).

654 iForest 11: 651-659

Fig. 1 - The regions of
provenance (RoP)

obtained in this study
based on climatic vari-

ables.

Fig. 2 - Principal component analysis (PCA) of the sampling sites according to climatic
variables.
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Genetic diversity
In Tab. 2 genetic diversity parameters for

each locus are reported. The number of al-
leles per locus (Na) ranged from 2.7 for lo-
cus  QpZAG9  to  13.9  for  QpZAG110.  The
highest  number  of  effective  alleles  (Ne)
was observed at locus QpZAG110. Expected
heterozygosity  (He)  was  higher  for
QpZAG110 (0.88) than the other analysed
loci. Fixation index (Fis) showed no signifi-
cant  departure  from  the  Hardy-Weinberg
equilibrium.  Null  allele  frequency  ranged
between 0 and 0.043 (Tab.  2).  Global  Fst
for all loci and pairwise Fst were very simi-
lar  when  estimated  from  raw  allele  fre-
quencies or allele frequencies corrected for
null alleles (data not shown). Thus, null al-
leles had very little influence on this analy-
sis,  and  all  further  tests  were  performed
using uncorrected allele frequencies.

Tab.  3 reports  the  genetic  diversity  pa-
rameters estimated at each sampling site.
The number of alleles (Na) ranged from 37
(SUL)  to  28  (MAR).  Allelic  richness  (A)
showed values from 6.3 (SUL and TER) to
5.6  (MAR).  The  number  of  private  alleles
ranged from 0.0 (LIT,  FIO,  BAR, MAR) to
0.3  (SUL).  Expected  heterozygosity  (He)
showed  homogeneity  among  the  popula-
tions, varying around 0.56. Fixation indices
(Fis) showed no significant departure from
zero in all populations and varied between
-0.03 (MAN) to 0.07 (LIM).

AMOVA  analysis  (Tab.  4)  showed  a  low
differentiation  among  populations  (Fst  =
0.009, p = 0.49), not significantly different
from 0. The molecular variance among indi-
viduals within populations was Fis = 0.024.
Fis  was  not  significantly  different  from  0
(p = 0.06).  Molecular  variance  was  there-
fore mainly located at the individual  level
(Fit = 0.033, p < 0.05).

Genetic structure
Nei’s  unbiased  genetic  distance  (uNei)

values among populations varied between
0.001 and 0.059 (Tab. 5). Significant differ-
ences were observed among MAR and all
the  other  populations.  SET  and  SUL
showed  some  significant  distances  with
northern and central populations. Also the
distance between SET and SUL, the south-
ernmost populations, was significant.

Mantel test between genetic and the ge-
ographic distances (IBD = isolation by dis-
tance) showed a significant correlation co-
efficient (r = 0.23, p < 0.05). Differently, the
correlation  between  genetic  and  climatic
distances was not significant (r = 0.18, p =
0.12). These results were confirmed by the
partial Mantel test: when geographical fac-
tors were controlled a lack of isolation by
climatic distance (r = 0.16, p = 0.18) was ob-
served;  whereas  when  climatic  factors
were  controlled,  we  detected  significant
correlations  between  genetic  differentia-
tion and geographical distance (r = 0.32, p
< 0.05).

The  analysis  of  population  structure  re-
vealed that all populations belonged to the
same deme (data not shown).

Selection of priority populations and 
overlay with the regions of provenance

According to the Reserve Selection Analy-
sis,  four  priority areas could  be delimited
(Tab. 6). Priority 1 was assigned to TER in
the RoP1 Northern. Priority 2 was located
in SUL in the RoP2 Western. An area of Pri-
ority 3 was located in SET, in RoP3. The LIM
population was reported as an area of Pri-
ority  4,  located  in  the  RoP1.  These  sites
contained almost  the entire  set of  alleles
detected in the island in this survey, miss-
ing only one allele  (ZAG9_234) out  of  52,
present in only two sites (MAR and MAN)
with a frequency around 5%. At the oppo-
site, the four private alleles (measured only
in one site with a frequency averaging 3%)
were comprised in the selected sites (Fig.
S2 in Supplementary material).

Discussion
Environmental  features,  such  as  climate

and  soil  characteristics,  play  important
roles  in  determining  tree  population  dy-

namics.  Thus,  the  delimitation  of  RoPs  is
mainly  based on the  spatial  homogeneity
of  environmental  parameters.  Their  num-
ber and size vary greatly among countries,
due  to  different  approaches  and  criteria
used for their delineation, based on ecolog-
ical units or vegetation zones, phenotypic
or  genetic  similarities  (or  their  combina-
tion), the economic importance of the spe-
cies  (Konnert  et  al.  2015).  In  some  coun-
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Tab. 3 - Genetic diversity parameters estimated at each sampling site. (Na): total num-
ber of alleles; (A): allelic richness; (Pa): number of private alleles; (He): expected het-
erozigosity; (Fis): fixation index.

Pop Na A Pa He Fis

LIM 32 6.01 0.22 0.52 0.069

MOL 33 5.91 0.12 0.52 -0.015

TER 35 6.30 0.18 0.55 -0.015

LIT 35 6.27 0.01 0.58 0.063

FIO 31 5.95 0.02 0.57 -0.040

BAR 32 5.91 0.01 0.56 0.046

MAN 32 6.40 0.12 0.60 -0.034

MAR 28 5.60 0.01 0.57 -0.040

SET 34 5.91 0.16 0.58 0.057

SUL 37 6.31 0.33 0.56 -0.005

Tab. 5 -  Pairwise population matrix of Nei’s unbiased genetic distance. (*):  p<0.05;
(**): p<0.01; (***): p<0.001.

- LIM MOL TER LIT FIO BAR MAN MAR SET

MOL 0.001 0 - - - - - - -

TER 0.001 0.000 0 - - - - - -

LIT 0.010 0.009 0.000 0 - - - - -

FIO 0.004 0.005 0.000 0.000 0 - - - -

BAR 0.004 0.013 0.000 0.001 0.000 0 - - -

MAN 0.009 0.000 0.010 0.007 0.005 0.013 0 - -

MAR 0.029* 0.030** 0.025** 0.023* 0.027* 0.037** 0.038* 0 -

SET 0.042*** 0.024*** 0.015** 0.000 0.013 0.024*** 0.012 0.050*** 0

SUL 0.010 0.016* 0.014* 0.001 0.009 0.013* 0.001 0.059*** 0.019***

Tab. 6 -  Priority areas identified by Re-
serve Selection Analysis. The number in
parentheses  refers  to  the  correspond-
ing region of provenance (RoP).

Priority
area

Population name
(RoP)

1 TER (1)

2 SUL (2)

3 SET (3)

4 LIM (1)
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Tab. 4 - Results of the analysis of molecular variance (AMOVA).

Source of 
variation

df Variance
components

%
variation

F-stats Value Prob.

Among populations 9 0.013 0.94 Fst 0.009 0.49

Among individuals w/ populations 267 0.034 2.41 Fis 0.024 0.06

Within individuals 277 1.37 96.65 Fit 0.033 0.020

Total 553 1.41 100.00 - - -
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tries,  including  Italy,  RoP  delineation  is
done not at the national but at the regional
level. Concerning the whole Sardinian envi-
ronment,  four  regions  were  detected,
which  minimised  the ecological  variability
within  and  maximised  differences  among
RoPs. Although previous authors identified
a higher number of environmental groups
as  adequate  to  explain  and  characterize
the  whole  ecological  variability  of  the  is-
land (Canu et al.  2015), such studies were
always  referred  to  more  general  spatial
analyses (i.e., pure climatological classifica-
tions),  aiming  at  including  Sardinia  in  a
broad European context and matching the
local  climate  with  the  European ones.  In-
deed, a high number of groups is often un-
suitable for cost-effective and straightfor-
ward management of FGR at the regional
level. In fact, RoPs delineation should take
into account the trade-off between statisti-
cal accuracy and practical complexity (Kon-
nert et al. 2015), in view of seeds and FRM
transferability  (Vander  Mijnsbrugge  et  al.
2010).

Regarding  the  species-specific  RoPs  for
cork  oaks,  Varela  (1997) proposed  seven
RoPs for Portugal, based on environmental
parameters, such as climate, lithology and
management. Similarly to other studies for
different tree species (Jansson et al. 2013,
BFW 2017,  UKFC 2017), these regions usu-
ally overlap with well-delimited areas easily
identified  for  practical  operations.  In  this
study,  a  different  approach strictly  based
on  spatialised  ecological  parameters  was
used, also taking into account elevation. As
a consequence, our map shows numerous
small enclosed areas of RoP4, laying on the
more  elevated  portion  of  the  island,  sur-
rounded by areas belonging to a different
RoP.

As expected, the populations sampled in
this study revealed a low genetic differenti-
ation and diversity. Although the seed dis-
persal is too low to be a determining factor
in homogenising oak populations, the high
level of pollen flow could influence variabil-
ity  within  populations  and  contribute  to
decrease  the  inter-population  variability
(Löpez-Aljorna  et  al.  2007),  similarly  to
other species with an extensive gene flow
and  long  distance  anemophilous  pollina-
tion (Maliouchenko et al. 2007, Piotti et al.
2012, Beatty et al. 2015). In addition, in the
case of  cork oak,  anthropogenic pressure
cannot be excluded,  considering the long
(for at least 2000 years) exploitation of the
species with likely intentional acorn trans-
port (Toumi & Lumaret 1998).

Molecular  characterisation  of  Sardinian
cork oak populations has already been as-
sessed through RAPD markers (Bullitta et
al.  2011),  whose results  revealed a  signifi-
cant  differentiation  among  populations,
differently  from  our  study.  Although  the
sampled  populations  do  not  coincide  in
these  two  studies,  a  different  pattern
could  be  expected,  as  RAPD  markers  ex-
hibit a certain lack of reproducibility due to
mismatch  annealing  and  competition  for

amplification  among  various  fragments
(Demeke et al. 1997, Karp et al. 1997). More
recently,  Zucca  (2011) analysed  different
Mediterranean cork oak provenances in a
common garden by nuSSR, confirming the
low diversity of Sardinian populations com-
pared to other European provenances (on
average  lower  by  30%)  and  a  concurrent
low differentiation. Likewise, a low differ-
entiation among populations and diversity
within  population  was  shown  by  AFLP
markers  among  Portuguese  cork  oaks
(Coelho et al. 2006).

Based on the lack of well-defined differ-
ent gene pools, seed collection should be
sampled regardless  of  the location.  How-
ever,  through  Reserve  Selection  Analysis,
we determined the minimum number of ar-
eas to be sampled for including the highest
number  of  alleles  and private/rare alleles.
According to  Hoban & Schlarbaum (2014),
the goal  of  capturing all  alleles with high
probability may be unrealistic, while a rea-
sonable goal of sampling many but not all
alleles in the various categories (local rare,
local common, etc.) may be preferred. This
could help identify key sites for seed collec-
tion activities, because resources allocated
for  these  activities  are  frequently  scarce,
limiting the possibility to conduct massive
samplings  in  several  areas.  According  to
the Reserve Selection Analysis carried out,
the areas of high priority identified in this
study hold the majority  of  allelic  richness
and private alleles for cork oak in Sardinia:
each  selected  population  complemented
at best  the  intra-specific  diversity  already
represented within the previously selected
priority  area.  As  a  consequence,  the  sec-
ond-ranking priority area was not necessar-
ily  that  with  the  second  highest  diversity
(given that a large portion of this diversity
had already been enclosed in the first prior-
ity area), but rather areas showing the al-
lelic  composition  best  complementing  to
that of the already prioritised area. Indeed,
the four selected sites for cork oak in this
study were not those with the highest rank
of  allelic  richness,  nor  the  ones  with  the
highest rank of private alleles. The four pri-
ority areas were recognised in the northern
sites TER and LIM and southern sites SET
and SUL, mainly following the distribution
of common alleles at the local scale and se-
lecting  almost  the  whole  allelic  pattern,
without  missing  any  private  alleles.  The
sites covered three out of four RoPs, while
no population was selected in the high ele-
vation  RoP4.  Reserve  Selection  Analysis
has  widely  been  applied  at  broad  (conti-
nental) scale, for selecting in-situ conserva-
tion  areas  for  endangered  species  (Van
Zonneveld et  al.  2012,  Vinceti  et al.  2013),
but also for defining seed collection zones
(Hufford et al. 2016). Our findings support
previous suggestions about ex-situ conser-
vation and seed collection, confirming that
material should come from geographically
or ecologically distant populations to max-
imise  the  collection  of  genetic  diversity
(Whitlock et al. 2016). 

The selection of spatially distributed pop-
ulations may also better represent the ex-
isting  quantitative  variation  across  the
species range. In fact, it is known that neu-
tral molecular diversity of populations does
not always reflect their actual variation of
quantitative  traits.  On  the  other  hand,  it
has been reported that many plant popula-
tions  are  adapted  to  their  local  habitats,
i.e., populations often include genetic vari-
ants showing a higher fitness in the local
environment. Our study revealed a moder-
ate isolation by distance (IBD, the correla-
tion between genetic  and geographic dis-
tances), although the correlation between
genetic and climatic distance among sites
was not significant. However, we could ob-
serve  some  significant  genetic  distances
between  several  southern  and  northern
populations.  This  suggests  a  likely  influ-
ence  of  environmental  conditions  on  the
fitness of these cork oak populations, more
related  to  latitude  than  altitude.  The  hy-
pothesis  is supported by  Ramírez-Valiente
et al. (2009), who asserted that, in spite of
the  low  genetic  diversity  and  the  weak
among-population divergence using molec-
ular markers, cork oak was able to develop
local adaptations in response to natural se-
lection. Additionally, in cork oak seedlings
exposed to high irradiance and drought un-
der  controlled  environment,  provenances
from dry places exhibited higher tolerance
to these environmental  stressors,  despite
no relevant change in morphology (Aranda
et al. 2005, Rzigui et al. 2017). Other studies
analyzed the variability of candidate genes
related  to  different  environmental  condi-
tions,  suggesting  the  existence  of  local
adaptations  (Modesto  et  al.  2014,  Magal-
hães et al. 2015). Epigenetic regulation has
also been reported as an important factor
for adaptation of cork oak to specific envi-
ronmental stresses (Correia et al. 2013).

Therefore,  in order to improve this  first
assessment  on  the  genetic  resources  of
cork oak in Sardinia, common gardens and
transplanting along the island in different
RoPs will be necessary (Boshier et al. 2015):
these would provide tools to characterise
provenances according to their genetic dif-
ferentiation and plastic responses (Sáenz-
Romero et al. 2017), especially to drought,
the  main  threat  in  the  Mediterranean re-
gion.

Conclusions
This study integrated the information on

the  population  genetic  structure  of  cork
oak by nuSSR markers with environmental
characteristics of Sardinia in order to delin-
eate regions of provenance for the species.
Four RoPs were selected as best matching
between environmental variability and spa-
tial  fragmentation.  Almost  the  entire  ge-
netic diversity was observed at the individ-
ual level.  According to the Reserve Selec-
tion Analysis, four priority areas were iden-
tified  which are proposed as  seed collec-
tion  sites  for  cork  oak  in  Sardinia.  These
findings can be useful for future manage-
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ment of cork oak genetic resources and fu-
ture  plantations  in  the  island.  However,
further  efforts  aimed  to  investigate  the
functional  response  of  different  prove-
nances are necessary by common gardens
and provenance trials along the island.
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