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Ongoing climate change is anticipated to shift the geographical  distribution 
range and impact local abundance of tree species by altering their ecological 
conditions.  Given the lower resilience of  populations at  the  species’ range 
edges, locally adapted range-edge populations are critical to the species’ sur-
vival  under  climate  change.  In  this  context,  the  distribution  of  holm oak 
(Quercus ilex L.) at the eastern border of its distribution range was assessed 
under current, past, and foreseeable future climate change scenarios, using 
species distribution models (SDMs). Current SDMs were developed using World-
Clim 1.4 climate data as baseline at 30-second spatial resolution by using Gen-
eralized Boosted Regression Models (GBM) and showed moderate model perfor-
mance. To compare temporal transferability and account for climate uncertain-
ties of two versions of future climate data (CMIP5 and CMIP6), we used 4 Glob-
al Circulation Models (GCMs), 2 emission scenarios (moderate RCP45/SSP245 
and pessimistic  – RCP85/SSP585) for 2 different periods in the future (2040-
2060 and 2060-2080).  We also made predictions about the past  (Mid-Holo-
cene, about 6,000 years ago) using 4 CMIP5 GCMs. Most important variables of 
SDMs  were  distance  to  the  sea,  isothermality  (BIO3),  annual  precipitation 
(BIO12), the mean temperature of driest quarter (BIO9), and the precipitation 
of driest month (BIO14). Our findings showed that the species’ potential distri-
bution range probably used to be much wider in the mid-Holocene, which im-
plies that the holm oak had a broader climatic niche during this period. The 
future  projections  indicate  that  its  distribution area in the eastern border 
might increase particularly in the Black Sea region, while decreasing in the 
Aegean region resulting in a likely northward range shift in Turkey. However, 
other variables not included in our models such as land use changes might 
drive future shifts. Due to its high resistance to dry conditions and resilience, 
this species might continue to spread in southwestern Turkey in 2050s and 
2070s. Finally, our study fills the gap in potential distribution predictions in 
context of climate change for the eastern boundary of the holm oak.
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Introduction
Quercus ilex L., commonly known as holm 

oak (or holly oak), is an evergreen broad-
leaved small to medium-sized tree or shrub 
that is characterized by dark green leathery 
leaves with a wooly lower side, and acorns 
which mature in one year. Holm oak acorns 
are  dispersed  by  animals,  especially  the 
Eurasian jay (Garrulus glandarius L.) and ro-
dents (Gómez 2003). The tree is usually dis-
tributed in the Mediterranean area and is 
widely  accepted  as  a  Mediterranean  ele-
ment,  but  it  also  grows in  the  Black  Sea 
and  Aegean  regions  in  Anatolia,  in  Mo-
rocco (Barbero et al. 1992), Northern Italy 
and France (De Rigo & Caudullo 2016), and 
appears  scattered  along  Africa’s  Libyan 
coast  (Schirone  et  al.  2019).  Holm  oak, 
which is highly adaptable to different envi-
ronmental  conditions,  various  soil  types, 
and a  wide variety  of  climatic  conditions, 
forms pure stands or mixed stands in the 
Mediterranean basin (De Rigo & Caudullo 
2016). In Turkey, which is the easternmost 
border  of  its  distribution  in  the  world,  it 

has a limited distribution that is discontinu-
ous and fragmented. The holm oak popula-
tions,  some  of  which  are  remarkably  re-
stricted, occur in few widely separated lo-
calities  near  the seaside  in  the Black  Sea 
and Aegean regions (Fig. 1). These popula-
tions do not penetrate into the inner parts 
of  Anatolia  but  are rather found close to 
the sea (Akkemik et al. 2020). Although the 
species is present as a maquis element at 
high elevations, it is found as middle-sized 
trees in pure or mixed forests in humid re-
gions throughout the Marmara and West-
ern Black Sea Regions of Turkey (Akkemik 
et al. 2021).

Knowing the current ranges of forest tree 
species  and  predicting  trajectories  of 
change of their distribution in the upcom-
ing period is valuable to reduce the nega-
tive  impact  of  climate  change  on  forest 
ecosystems  (Franklin  2010,  Keenan  2015, 
Guisan  et  al.  2017).  Understanding  how 
trees  can  change  their  distribution  in  re-
sponse to ongoing climate change is crucial 
to ensure the sustainable management of 
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the species and forests, especially for tree 
species distributed in fragmented popula-
tions far from each other or near the bor-
ders  of  their  range.  Although  forest  tree 
species  have  the  ability  to  respond  and 
adapt  to  future  climatic  conditions,  man-
agement strategies such as assisted migra-
tion should be used as a conservation op-
tion  in  response  to  predicted  climate 
change for the sustainable management of 
forest  communities,  especially  for  frag-
mented forests (Iverson & McKenzie 2013).

In the Mediterranean basin, which has a 
rich  species  diversity  and  high  endemism 
rate,  ongoing  climate  change  negatively 
impacts  biodiversity  through  loss  of  spe-
cies. Further, the loss of species in this re-
gion can translate into greater loss in terms 
of  global  biodiversity  (Newbold  et  al. 
2020).  Climate  change,  particularly  in  the 
Mediterranean basin,  is predicted to shift 
the natural distribution range of tree spe-
cies because it alters their ecological condi-
tions  (Ruiz-Labourdette  et  al.  2012).  The 
shift  due to climate change will  be more 
evident  at  the  species’  range  edges  as 
edge  populations  are  more  affected  by 
habitat changes than the ones in the cen-
ter  (the  range  edge  effect  sensu Banks-
Leite et al.  2022). The range-edge popula-
tions have a critical  role in persisting and 
expanding their species distributions in the 
rapid ongoing climate change (Rehm et al. 
2015).  These  populations  are  also  impor-
tant  for  biodiversity  conservation,  espe-
cially rear-edge populations which are con-
fined to small and isolated habitat islands, 
are more prone to extinction and thus are 
of  particular  importance  for  conservation 
(Hampe & Petit 2005, Picard et al. 2022).

Species  distribution models  (SDMs)  pre-
dict the potential distribution areas of the 
species by using the known distribution of 
the species in a given region and the habi-
tat  conditions  of  the  species  (Elith  et  al. 
2008).  They are also used to simulate fu-
ture habitat suitability of the species (Gui-
san et al. 2017,  Dyderski et al. 2018) to as-
sist managing forests (Booth 2018), and to 
support  conservation  decisions  (e.g.,  pre-
venting  biological  invasions,  targeting 
monitoring  and  conservation  in  areas  of 
potential future occupancy, assisted migra-
tion, targeting other species with positive 
interactions – Guisan et al. 2013) in the con-
text  of  global  climate  change.  Since  the 
correlative species distribution models uti-
lize  the  statistical  relationship  between 
spatial environmental variables and species 
presence-absence data to find indirect fac-
tors that  limit  the distribution of  species, 
they make ecologically realistic predictions 
(Guisan et al. 2017). Presence and absence 
data required for these models can be col-
lected  via field  expeditions,  observations 
made  by  citizen  scientists,  sensor  net-
works, or they can be obtained from her-
barium  records,  atlases,  large  databases 
such as national or regional inventories.

Under  the  effect  of  climate  change,  cli-
mate in the  Mediterranean region is  pro-

jected  to  be  warmer  and  drier  (Giorgi 
2006),  and  the  distribution  of  Mediter-
ranean oak forests could be affected in a 
complex way (Acácio et al. 2017, López-Tir-
ado  et  al.  2018,  López-Tirado  &  Hidalgo 
2018).  Cheaib et al.  (2012) forecasted that 
the Mediterranean broadleaved evergreen 
species (including holm oak) would signifi-
cantly  expand  their  distribution  across 
western  France.  For  these  species,  vast 
range expansions have been forecasted by 
their models, but estimates for the size and 
location of the changes are highly varied. 
Since model  uncertainties stemming from 
factors such as spatial biases, model fitting 
algorithms and parameters, and choice of 
predictors lead to wide variations in predic-
tions of the rate and direction of migration 
under the influence of climate change, it is 
not certain that many of these species will 
actually be able to achieve such rapid mi-
gration (Dyderski et al. 2018). Interpreting 
their  current  and  future  projections  pro-
duced by  taking Topographic  Wetness In-
dex  (TWI)  into  account,  Petroselli  et  al. 
(2013) found that the holm oak is expected 
to increase its  distribution area in the fu-
ture.  They  stated  that  among  the  ever-
green oak species found in the Mediterran-
ean basin, holm oak has one of the highest 
tolerances  to  extreme  summer  tempera-
tures and water scarcity.

The current distribution range of the spe-
cies (De Rigo & Caudullo 2016) and also its 
future potential  distribution are known in 
the  Mediterranean  Basin  and  Europe  be-
cause several studies have been conducted 
around Europe, where the species is mainly 
distributed (Attorre et al. 2008,  Cheaib et 
al. 2012,  Delzon et al. 2013,  López-Tirado & 
Hidalgo 2018, Mauri et al. 2022, Fyllas et al. 
2022). However, regarding Turkey, current 
distribution  of  the  species  is  not  fully 
known since it is indicated only as Oak in 
the forest  management plans.  Further,  in 
the context  of  global  climate  change,  fu-
ture distribution projections of the species 
in  Turkey  are  also  lacking.  It  is  crucial  to 
know  the  possible  effects  of  climate 
change on the distribution of the species at 
the range limits, because in these regions 
there may be a more pronounced effect as 
the growing conditions are usually close to 
the tolerance limits of the species (De Me-
deiros et al. 2018).

Due to the holm oak’s crucial importance 
for  forest  management and urban green-
ing,  its  distribution area at current and in 
the future should be identified. Hence, the 
purpose of the study is to model  the po-
tential distribution of holm oak in response 
to climate change, in several time periods 
of  the  past  (Mid-Holocene,  about  6,000 
years ago), current (1960-1990), and future 
(2050s,  2070s).  Using  a  machine  learning 
approach,  we investigated the actual  and 
potential  distribution  of  holm  oak  at  the 
eastern edge of the species’ where this in-
formation was previously missing. The aims 
of this investigation were (i) to predict the 
current  potential  distribution  of  the  spe-

cies, (ii) to predict potential mid-Holocene 
distribution  and  compare  it  with  current 
distribution, and (iii) to forecast its poten-
tial  distribution  according  to  different  fu-
ture climate change scenarios.

Materials and methods

Study area and species data
The  study  covers  all  known  distribution 

areas in the Black Sea,  Marmara,  and Ae-
gean  regions  in  Turkey,  which  form  the 
eastern range edge of the holm oak (Fig.
1). The study area is characterized by con-
siderable climatic, topographical, and geo-
logical  variability,  including  the  humid  ar-
eas  in  the  northern  and  northwestern 
parts, and the semi dry and semi humid ar-
eas in the western and southern parts of 
Turkey.  During  field  studies,  it  was  ob-
served that except for well-developed pop-
ulations  within  protected  areas,  the  spe-
cies’  habitats  have  been  severely  altered 
and  contracted  due  to  land  use  change. 
These  destroyed  areas  have  been  trans-
formed into hazelnut  groves  in  the  Black 
Sea region and olive groves in the Aegean 
region. In addition, since the species is lo-
cated on the coastline, some of these areas 
have  been  developed  into  residential  ar-
eas or summer residences (Akkemik et al. 
2020). This situation makes it necessary to 
focus  on the locations  where the species 
could exist but no occurences were found. 
During field works for this study, two new 
distribution areas (one in Datça, and one in 
Izmir)  were  discovered  (Akkemik  et  al. 
2021). Unlike its general distribution in the 
Mediterranean, the species appears almost 
like a rare species in Turkey due to its cur-
rent limited distribution.

It is known that the species is distributed 
in  7  main  regions  where  it  forms  forest 
stands in Turkey (Fig. 1). The distances be-
tween these regions range from 100 to 300 
km.  In  these  regions,  the  minimum  area 
covered by the distribution of the species 
is about 50 ha and the largest area is about 
2500 ha. Except for herbarium records and 
some  academic  studies  (Gunal  2011,  Ak-
kemik et al. 2020), there is no information 
on the distributions of the species in Tur-
key.

Location of 21 different holm oak records 
in the ISTO Herbarium were selected to be 
used  as  the  “presence”  data.  Upon  field 
examinations  to  verify  the  locations  of 
these  points,  16  of  them  were  taken  as 
presence  data.  In  addition,  within  the 
scope of the study on holm oak (Akkemik 
et  al.  2020),  102 sample plots (20  × 10 m 
quadrat) taken from 7 known distribution 
regions  were added as  presence  data.  In 
most of the sampling plots, holm oak is the 
dominant tree species except for plots that 
have old  Pinus brutia Ten.  individuals.  Po-
tential presence areas of the species were 
visited during the field trips for this study. 
Combining the verified locations from the 
records of ISTO Herbarium (16 verified lo-
cations)  with  the  species  found  in  these 
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sampling plots (102 sampling plots), a total 
of 118 presence locations were obtained. A 
total  of  210  locations  where  the  species 
could not be found were recorded as ab-
sence data.  The geographical  coordinates 
of  all  the presence-absence locations  col-
lected in the field were recorded with the 
mobile  phone GNSS with  the accuracy of 
<5 m.

During this process of recording presence 
and  absence  data,  potential  locations  of 
the species in anthropogenically damaged 
and affected areas – urbanized or changed 
vegetation type to olive (Olea europaea L.) 
or hazelnut (Corylus avellana L.) planted ar-
eas – were not taken into account. Since it 
is known that the holm oak tree in Turkey 
does not spread very far from the coastal 
areas, an additional 90 randomly assigned 
absence locations to the area at least 170 
km  from  the  coast  (inner  Anatolia)  were 
added to the absence data. In order to min-
imize spatial autocorrelation, points within 
1 km of each other were eliminated which 
reduced the presence locations from 118 to 
75 and absence locations from 300 to 286. 
The  species’  dispersed  and  discontinuous 
distribution in Turkey is the main reason for 
the prevalence of absence data over pres-
ence data. Background data was not used 
because the accuracy of the presence data 
in  terms  of  spatial  and species  identifica-
tion as well as the accuracy of the absence 
data  affects  the  success  of  the  model 
(Beaumont et al. 2016).

The extent of the study region affects the 
model  results  (Anderson  &  Raza  2010). 
Therefore, a polygon area covering all the 
presence-absence data of the species was 
created  as  a  “minimum  enclosing  circle 
area”  and used for  current,  past,  and fu-
ture  distribution  estimates  in  model  cali-

bration  and  projection  (Fig.  1).  We  used 
QGIS  software  (QGIS.org  2022)  for  the 
preparation of species data.

Environmental variables
In this study, we used 19 bioclimatic vari-

ables (Tab. 1), which are widely used in spe-
cies distribution models, and the “distance 
to sea” variable as environmental data. The 
"distance to sea" variable was selected for 

inclusion due to the experiences gained in 
field  observations  and  iterative  modeling 
experiments.  We  used  WorldClim  1.4  cli-
mate data (1960-1990) as the current base-
line. In order to reveal the change in the fu-
ture  distribution  of  the  species,  we used 
four general circulation models (GCMs) for 
each version of the climate data, which are 
HadGEM2-ES,  IPSL-CM5A-LR,  MIROC5  and 
MPI-ESM-LR  for  WorldClim  1.4  and  Had-
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Fig. 1 - Current main distri-
bution sites and occur-

rences of the holm oak in 
Turkey. Yellow points rep-

resent the species’ pres-
ences, pink points repre-

sent the species’ absence. 
The training area used in 

SDMs is the polygonal area 
drawn with a black line.

Tab. 1 - The correlation coefficients between the selected variables affecting the distri -
bution of the species (WC14) and the bioclimatic variables of WorldClim 1.4 Data. (*):  
P<0.05.

- BIO3 BIO9 BIO12 BIO14 Description

BIO1 - 0.97* - - Annual Mean Temperature

BIO2 0.75* - - - Mean Diurnal Range

BIO3 - - - - Isothermality

BIO4 - - - - Temperature Seasonality

BIO5 - 0.92* - - Max Temperature of Warmest Month

BIO6 - 0.88* - - Min Temperature of Coldest Month

BIO7 - - - - Temperature Annual Range

BIO8 - - - - Mean Temperature of Wettest Quarter

BIO9 0.42 - - - Mean Temperature of Driest Quarter

BIO10 - 0.99* - - Mean Temperature of Warmest Quarter

BIO11 - 0.92* - - Mean Temperature of Coldest Quarter

BIO12 -0.09 0.32 - - Annual Precipitation

BIO13 - - 0.90* - Precipitation of Wettest Month

BIO14 -0.48 -0.34 0.36 - Precipitation of Driest Month

BIO15 - - - - Precipitation Seasonality

BIO16 - - 0.91* - Precipitation of Wettest Quarter

BIO17 - - - 0.99* Precipitation of Driest Quarter

BIO18 - - - 0.98* Precipitation of Warmest Quarter

BIO19 - - 0.88* - Precipitation of Coldest Quarter
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GEM3-GC31-LL, IPSL-CM6A-LR, MIROC6 and 
MPI-ESM1-2-LR, for WorldClim 2.1. We con-
sidered  projections  to  the  2050s  (2040-
2060) and 2070s (2060-2080) periods and 
two  emissions  scenarios  from  the  four 
available  GCMs.  The  Representative  Con-
centration  Pathways  (RCPs)  RCP4.5  and 
RCP8.5  were  selected  for  the  CMIP5 
(downscaled  and  calibrated  with  World-
Clim v1.4). For the CMIP6 (downscaled and 
calibrated  with  WorldClim  v2.1),  SSP245 
and  SSP585 Shared  Socio-economic  Path-
ways (SSPs) were used. The purpose of us-
ing two different datasets is to reveal po-
tential differences between projections us-
ing CMIP5 and CMIP6, as well as the impact 
of climatic uncertainty and data quality. We 
also  projected  the  model  under  past  cli-
mate conditions in the Mid-Holocene using 
the four CMIP5 GCMs (HadGEM2-ES, IPSL-
CM5A-LR,  MIROC-ESM,  MPI-ESM-P).  After 
all  data was downloaded from the World-
Clim website (Hijmans et al. 2005, Fick & Hi-
jmans 2017) with a spatial resolution of 30 
arc seconds, the layers were preprocessed 
(i.e.,  clipping,  masking,  stacking)  for  their 
use in SDM creation (Hijmans 2023).

Species distribution modeling and 
performance

For the species distribution modeling of 
the holm oak tree, we used R software v. 
4.2.1  (23.06.2022)  “Funny-Looking Kid”  (R 
Core Team 2020) installed on a virtual com-
puter (Intel® Xeon® Gold 6238R processor 
x16  cores,  32  GB  memory)  with  Ubuntu 
22.04.1 LTS operating system. Throughout 
the data processing steps, for the creation 
of  models,  and  postprocessing  of  SDMs 
outputs, the R packages “biomod2 v. 4.2-
4” (Thuiller  et  al.  2023),  “terra” (Hijmans 
2023),  “sf”  (Pebesma  &  Bivand  2023), 
“usdm”  (Naimi  et  al.  2014),  “ggplot2” 
(Wickham  2016),  and  “doParallel”  were 
used in the R environment. Species distri-
bution models were created by using holm 
oak presence-true absence data and envi-
ronmental  variables.  At  this  stage,  we 
tested  the  algorithms  commonly  used  in 
species  distribution  modeling  included  in 
the  biomod2  package  (“GLM”,  “GBM”, 
“GAM”,  “CTA”,  “ANN”,  “SRE”,  “FDA”, 
“MARS”,  “RF”,  “MAXENT.Phillips”,  and 
“XGBOOST”).  We  employed  Generalized 
Boosted  Regression  Models  (GBM)  algo-
rithms that gave the best and the highest 
accuracy scores. Since the “Maxent” mod-
el works better with “presence only (with 
pseudo-absence)”  data  (Phillips  &  Elith 
2013), this algorithm was not successful in 
the  pre-test  due  to  the  use  of  presence-
true  absence  data  in  our  study.  Layers 
showing multicollinearity among the envi-
ronmental  data  were  excluded  by  using 
the “variable inflation factor” (VIF) method 
(Naimi  et  al.  2014)  and the  remaining  six 
bioclimatic layers (Isothermality-BIO3, Tem-
perature Seasonality-BIO4, Mean Tempera-
ture of Wettest Quarter-BIO8, Mean Tem-
perature  of  Driest  Quarter-BIO9,  Annual 
Precipitation-BIO12,  Precipitation of  Driest 

Month-BIO14) and distance to the sea were 
used in the models.

The  Generalized  Boosted  Regression 
Models (GBM) used in the study is  a ma-
chine learning method and has important 
advantages for tree-based algorithms. We 
used the “gbm” package (Greenwell et al. 
2022)  from  the  R  statistical  environment 
which uses the aforementioned algorithm 
for  fitting  the  models,  assessing  relative 
contributions,  making  predictions,  and 
mapping  distribution.  To  prevent  overfit-
ting and determining user-defined parame-
ters,  the  “biomod2”  package  includes  a 
function (“BIOMOD_Tuning”) to define the 
optimum model parameters. Based on tun-
ing results,  we selected  0.5  for  bag frac-
tion, 7 for interaction depth, 5 for n.minob-
sinnode,  0.05  for  shrinkage  and  750  for 
n.trees. Subsequently, for spatial cross-vali-
dation of species data, we tested “block”, 
“strat”,  and  “user-defined”  cross-valida-
tion strategies of biomod2 and decided to 
use  the  “block”  strategy.  The  SDM  was 
built  with  tuned parameters  and spatially 
cross-validated species data. Upon calculat-
ing  the  importance  of  the  variables,  two 
bioclimatic variables with low contribution 
levels were excluded in the final model. To 
avoid confusion, the dataset containing se-
lected climate variables will be referred to 
as  “Wc14”  for  WorldClim  version  1.4  and 
“Wc21” for WorldClim version 2.1. The data 
set containing these four climate variables 
and the distance to the sea variable will be 
referred  to  as  “env14”  and  “env21”  in  a 
similar way.

We  evaluated  the  performance  of  GBM 
algorithm with area under the receiver op-
erating characteristic curve (AUC) and true 
skill  statistics  (TSS)  with  validation  data. 
AUC is calculated from the receiver operat-
ing characteristic (ROC) plot that gives the 
false-positive error rate and the true posi-
tive rate. TSS takes into account both omis-
sion and commission errors, and success as 
a  result  of  random  guessing.  Internal 
biomod2 function which maximizes the TSS 
score was used to convert continuous val-
ues into binary ones. After the model per-
formance and the importance of the vari-
ables were determined again, the current 
distribution maps of the species were cre-
ated for spatially cross-validated 4 replica-
tions by projecting the model to the area 
covered  by  the  minimum  enclosing  circle 
(i.e., training area – Fig. 1). These four spa-
tially  cross-validated  current  model  out-
puts were used for ensemble modeling of 
current  distribution.  Afterwards,  projec-
tions for the selected GCMs and emission 
scenarios were generated for each climate 
data  version  (4  models  × 2  scenarios  × 2 
time periods × 2 climate data version = to-
tal 32 projections) using the “BIOMOD_En-
sembleForecasting”  function  of  biomod2. 
In  addition,  the  paleo  distribution  (Mid-
Holocene)  of  holm  oak  based  on  the 
WorldClim 1.4  baseline (as  paleo data  for 
WorldClim 2.1 has not yet been published) 
were also projected (4 models × 1 scenario 

× 1 time period × 1 climate data version = to-
tal 4 projections) using ensemble hindcast-
ing.

By comparing these future and past distri-
bution projections with the current  distri-
bution projection of the species, the “dis-
tribution range size change” areas of  the 
holm oak were  calculated with  the “BIO-
MOD_RangeSize” function of biomod2 and 
their maps were plotted. According to the 
future/past  ensemble  SDMs,  the  percent-
ages of loss (PercLoss) and gain (PercGain) 
of  the  species  were  calculated compared 
to the current ensemble SDM. To create re-
producible  results,  we  used  seed  value 
where  applicable  to  guarantee  that  the 
same results  are  produced  each  time we 
run the code.

Results

Model evaluation and variable 
contribution

The selected  climate  variables,  resulting 
from  a  two-step  procedure,  are  listed  in 
Tab.  1 along  with  their  correlations  with 
other climatic variables. Since the correla-
tive species distribution model is based on 
a statistical  relationship between environ-
mental variables and species data, the vari-
ables used to model the distribution of the 
species may be obscuring the true variable 
as a result of the method followed in the 
reduction and selection of variables (Dor-
mann  et  al.  2014,  Smith  &  Santos  2020). 
Therefore, to strengthen the case for cau-
sality,  consideration must be given to the 
correlations  between the variables affect-
ing the distribution of the species (Tab. 1). 
Since some of the variables had very little 
effect,  they  were  removed  and  a  final 
model was calibrated using five variables. 
The  distance  to  the  sea,  isothermality 
(BIO3),  mean temperature of  driest  quar-
ter  (BIO9),  annual  precipitation  (BIO12), 
and precipitation of  driest month (BIO14) 
made the most important contributions to 
the SDMs (Fig. S1 in Supplementary mate-
rial).  Four  spatially  cross-validated  SDMs, 
with average AUC and TSS values of 0.82 
and  0.54  (Fig.  2a),  respectively,  showed 
moderate  model  performance  (Franklin 
2010). While distance to sea was the most 
important predictor for current model, the 
least  important  variable  was  the  mean 
temperature of driest quarter (BIO9  – Fig.
2b). The optimal isothermality (BIO3) was 
approximately  0.30  for  the  probability  of 
presence (Fig. S2 in Supplementary mate-
rial). The response curve for the mean tem-
perature of  driest  quarter  (BIO9) showed 
that 21 to 24 °C was suitable for holm oak. 
Based on the response curve for precipita-
tion during the driest  month (BIO14),  the 
suitable  precipitation in  the  driest  month 
was  approximately  under  20  mm,  which 
further confirmed that holm oak is drought 
resistant.
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The missing part of holm oak SDMs

Current, past and future projections of 
holm oak distributions

Current distributions
Initial  modeling  using  presence-true  ab-

sence  records  and  current  environmental 
conditions revealed where current suitable 
habitats for holm oak are. The result of the 
current  projection  for  env14  suggested 
that the suitable habitats for holm oak are 
mainly located in areas close to the coasts 
in Black Sea, Marmara, and Aegean regions 
of  Turkey.  This  was  compared  with  the 
known distribution  of  species  in  order  to 
determine  if  the  models  are  ecologically 
plausible.  The  projected  current  distribu-
tion of the species is close to the real situa-
tion observed in the field. However, certain 
areas,  where  the  species  is  not  currently 
present  due  to  degradations,  were  pre-
dicted to be part of the potential  habitat 
by  the  projections.  Overall,  the  model’s 
performance was considered to be accept-
able (Fig. 3).

Past distributions
The past (mid Holocene), current, and fu-

ture potential distribution of holm oak un-
der the selected global climate change sce-
narios for the 2050s (2040-2060) and the 
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Fig. 2 - (a) Model performance of Generalized Boosted Model (GBM) with the valida-
tion data calculated using two different performance metrics (TSS, True Skill Statis -
tics; ROC, Receiver Operating Characteristics). (b) Variable contributions used in the 
models constructed with Generalized Boosted Model (GBM) method.

Fig. 3 - Holm oak training 
area projections. (a) Past 

projections; (b) current dis-
tribution projections; (c) 
2050s RCP45 projections 

for CMIP5; (d) 2050s 
RCP85 projections for 

CMIP5; (e) 2070s RCP45 
projections for CMIP5; (f) 
2070s RCP85 projections 

for CMIP5.
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2070s  (2060-2080)  are displayed in  Fig.  3 
and Fig. S3 (Supplementary material). The 
projection of the current suitable climatic 
range of  holm  oak  compared  to  the Mid 
Holocene indicates an average reduction of 
more than 367% in the availability  of suit-
able ranges (i.e., range gain) for env14 (Fig.
4).

Future projections of CMIP5 and CMIP6
The projections  of  habitat  suitability  for 

holm oak under future climate conditions 
varied depending on the climate data ver-
sion,  GCMs,  and  RCPs/SSPs  used  (Fig.  4, 
Fig.  5).  To  understand  the  internal  range 
shifts of holm oak, we partitioned the total 
range  changes  into  two  components: 
range loss (PercLoss) and range gain (Perc-
Gain – see Tab. S2 in Supplementary mate-
rial). When the two different climate data-
set versions are evaluated in general,  the 
difference in SRC between GCMs is large in 

CMIP5, but is small in CMIP6. Since CMIP6 
is  newer than CMIP5,  CMIP6 GCMs make 
estimates  that  are  closer  to  each  other 
(Fig. 4, Fig. 5). CMIP6 GCMs were generally 
much  higher  in  species  loss  than  CMIP5 
GCMs across all scenarios and periods, but 
species gain was much lower. Although sig-
nificant range loss and gain have been ob-
served in holm oak, its average total range 
change was about 20% in 2050 and 12% in 
2070 for CMIP6 and 70% in 2050 and 62% in 
2070 for CMIP5, which may reflect obvious 
range shifting between current and future 
scenarios  (Fig.  4,  Fig.  5).  The discrepancy 
between CMIP5 and CMIP6 is also evident, 
although  this  might  be  attributed  to  the 
species’ limited range size. Based on future 
projections  obtained  using  the  HadGEM, 
IPSL, MIROC, and MPI GCMs, average SRC 
rates  in  the  2050s  were  calculated  to  be 
168%, -58%, 124%, and 45% for CMIP5 and 7%, 
16%, 13%, and 44% for CMIP6, respectively. 
In the 2070s, CMIP5 and CMIP6 the aver-
age  SRC  rates  from  the  same  GCMs  for 
were 202%, -73%, 84%, and 33%, and -5% for 
CMIP5 and 14%, 12%, and 29% for CMIP6, re-
spectively.  In the 2050 CMIP5 and CMIP6 
ensembles, the average SRC rates for the 
HadGEM,  IPSL,  MIROC,  and  MPI  GCMs 
were 168%, -58%, 124%, and 45%, and 7%, 16%, 
13%,  and  44%,  respectively.  In  the  2070 
CMIP5 and CMIP6 ensembles, the average 
SRC rates for the same GCMs were 202%, 
-73%,  84%,  and 33%,  and  -5%,  14%,  12%,  and 
29%, respectively. The average SRC rates in 
the  2050  for  HadGEM,  IPSL,  MIROC,  and 
MPI  GCMs  were  respectively  168%,  -58%, 
124%, and 45% for CMIP5 and 7%, 16%, 13%, 
and 44% for CMIP6. While for the 2070 the 
average  SRC  for  HadGEM,  IPSL,  MIROC, 
and  MPI  GCMs  were  respectively  202%, 
-73%, 84%, and 33% for CMIP5 and -5%, 14%, 
12%,  and  29%  for  CMIP6.  In  contrast  to 
CMIP5,  HadGEM  GCMs  showed  the  least 
gain among CMIP6 GCMs in both periods 
and scenarios. The highest gain for CMIP6 
GCMs were returned by MPI GCMs in both 
periods and scenarios.

According  to  the  future  projections  ob-
tained by using CMIP5 GCMs, it is projected 
that the distribution area of the species will 
expand in both periods (2050s and 2070s) 
and in both scenarios (RCP45 and RCP85). 
The average change ratio in GCMs is  67% 
for  RCP45  and  72%  for  RCP85  in  2050s, 
while in 2070s this  ratio is  57% for RCP45 
and 66% for RCP85 (Fig. 4). Although con-
siderable  range  loss  and  gain  have  been 
observed  for  holm  oak,  its  average  total 
range change was  more  than  55%,  which 
may  reflect  obvious  range  shifting  be-
tween current and future projections (Fig.
4).  The  range  loss  results  showed  slight 
differences between GCMs, RCPs, and peri-
ods whereas range gain had considerable 
differences (Tab. 2). According to the IPSL 
model, it is projected that the distribution 
area of the species will narrow in both peri-
ods  and  scenarios.  (Fig.  4).  Among  the 
CMIP5 GCMs, in both periods and scenar-
ios,  HadGEM  GCMs  generally  resulted  in 
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Fig. 4 -  Projected species range changes in distribution areas in the mid Holocene 
period (~6,000 years ago) and 2050s-2070s (percentage of per pixel of holm oak) of 
Turkey, according to WorldClim 1.4 baseline and CMIP5 paleoclimate and future sce-
narios.

Fig. 5 - Projected changes in distribution areas of holm oak in the 2050s and 2070s of 
Turkey (as %), according to WorldClim14 baseline and CMIP6 climate scenarios.
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The missing part of holm oak SDMs

the highest gain whereas the IPSL model 
returned the lowest  gain.  The areas  with 
the highest projected changes in the per-
centage  of  species  loss  by  2070s  were 
mostly located in the south part of Turkey 
whereas the highest projected changes in 
the percentage of species gain were most-
ly located in the north part of Turkey (Fig.
3).

Differences between GCMs for the mean 
species loss, gain, and range change were 
about the same for all periods and concen-
trations. The range loss and gain results for 
holm  oak  generally  showed  slight  differ-
ences between models, SSPs, and periods. 
According  to  the  future  projections  ob-
tained using four  CMIP6 GCMs, holm oak 
will expand its habitat range, with average 

change ratio of 17% for SSP245 and 22% for 
SSP585 in 2050s, and of 11% for SSP245 and 
14% for SSP585 in 2070s (Fig. 5 – see also 
Fig. S3 in Supplementary material).

Discussion

Model performance and variable 
contributions

BIOMOD is frequently used for many dif-
ferent  species distribution modeling stud-
ies (Hao et al. 2019), which we also chose 
to employ in our study. Since a single cli-
mate change scenario might not  be suffi-
cient to draw conclusions about potential 
threats,  we created past  SDMs  based  on 
the  four  CMIP5  GCMs  and  future  SDMs 
based on four  GCMs and two RCP/SSP in 

the old  (CMIP5)  and new updated future 
climate  projections  (CMIP6).  GBM  (Nor-
berg et  al.  2019),  which is  widely  used in 
species distribution modeling studies,  has 
been  used  in  our  study  because  it  stood 
out compared to other models in the pre-
liminary  tests.  Models  created  using  the 
presence only dataset did not provide ade-
quate performance in  the pre-test,  there-
fore we used presence-true absence data 
for SDMs.

For  the  current  model  created  with 
env14,  the  AUC  and  TSS  values  of  the 
SDMs’ performance were moderate. These 
results  indicate  that  it  is  possible  to  esti-
mate the distribution of holm oak in Turkey 
using  GBM.  The  AUC  and  TSS  values  of 
models produced using the env14 dataset 
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Tab. 2 - Holm oak distribution range change in the past and future projections compared the current distribution projection.

Version GCM Period Scenario PercLoss PercGain SRC Loss_ha Stable0_ha Stable1_ha Gain_ha

wc14 HadGEM 2050 RCP45 9 179 170 60945 38314167 587802 1136473

wc14 HadGEM 2050 RCP85 13 179 166 85427 38317356 563320 1133284

wc14 HadGEM 2070 RCP45 13 158 146 83053 38451468 565694 999172

wc14 HadGEM 2070 RCP85 15 273 258 99307 37726098 549440 1724542

wc14 IPSL 2050 RCP45 66 17 -49 426016 39340691 222732 109949

wc14 IPSL 2050 RCP85 88 21 -67 571988 39317244 76760 133395

wc14 IPSL 2070 RCP45 70 19 -51 453131 39328168 195617 122472

wc14 IPSL 2070 RCP85 98 4 -94 637037 39425464 11710 25176

wc14 MIROC 2050 RCP45 18 123 105 114669 38673169 534078 777471

wc14 MIROC 2050 RCP85 12 156 144 80453 38461790 568294 988849

wc14 MIROC 2070 RCP45 44 112 68 281817 38740087 366930 710553

wc14 MIROC 2070 RCP85 41 141 100 268807 38552847 379940 897793

wc14 MPI 2050 RCP45 48 89 41 307381 38885382 341366 565258

wc14 MPI 2050 RCP85 61 110 49 398104 38750610 250644 700030

wc14 MPI 2070 RCP45 49 112 63 316658 38737749 332089 712891

wc14 MPI 2070 RCP85 83 85 2 538010 38917117 110737 533522

wc21 HadGEM 2050 SSP245 52 50 -2 319964 39044361 297548 301637

wc21 HadGEM 2050 SSP585 52 67 15 319936 38938477 297576 407521

wc21 HadGEM 2070 SSP245 53 42 -11 325890 39091290 291622 254709

wc21 HadGEM 2070 SSP585 61 62 1 377372 38972246 240140 373753

wc21 IPSL 2050 SSP245 63 76 13 388892 38882736 228620 463262

wc21 IPSL 2050 SSP585 75 93 18 461473 38784790 156039 561208

wc21 IPSL 2070 SSP245 68 73 4 420130 38905572 197382 440427

wc21 IPSL 2070 SSP585 82 105 23 504035 38715358 113477 630641

wc21 MIROC 2050 SSP245 51 68 17 311895 38933293 305617 412705

wc21 MIROC 2050 SSP585 56 65 9 346711 38949518 270801 396480

wc21 MIROC 2070 SSP245 56 77 20 347015 38879725 270497 466273

wc21 MIROC 2070 SSP585 64 69 4 395881 38926135 221631 419863

wc21 MPI 2050 SSP245 53 94 40 328604 38779392 288908 566607

wc21 MPI 2050 SSP585 48 96 48 297295 38764057 320217 581941

wc21 MPI 2070 SSP245 53 84 31 327030 38836923 290482 509075

wc21 MPI 2070 SSP585 62 89 27 381710 38811197 235802 534801

wc14 MIROC -1 Mid-Holocene 9 234 225 - - - -

wc14 HadGEM -1 Mid-Holocene 7 373 366 - - - -

wc14 MPI -1 Mid-Holocene 6 395 389 - - - -

wc14 IPSL -1 Mid-Holocene 6 495 490 - - - -
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for estimating the distribution of the holm 
oak were higher for three spatial cross-vali-
dated replicates. Furthermore, variable im-
portance of SDMs were determined in the 
model created with the env14 set and Iso-
thermality,  mean  temperature  of  driest 
quarter, annual precipitation, precipitation 
of driest month, and distance from the sea 
were found as variables affecting the holm 
oak distribution in Turkey. Whereas in Alge-
ria, mean annual temperature (BIO1), mini-
mum  temperature  of  the  coldest  month 
(BIO6) and altitude were found to be im-
portant  factors  in  the  distribution  of  the 
species, while distance from the sea was a 
less influential contributing variable (Tabet 
et al. 2018). In a recent study for the same 
species in the Southwest Iberian Peninsula, 
the  authors  reported  that  isothermality 
was one of the important variables that af-
fect tree cover modeling of holm oak simi-
lar to our results (López-Tirado et al. 2018).

Past-current changes
The  distribution  of  holm  oak  decreased 

from the Holocene, and the current distri-
bution of  the species  is  rather  limited,  in 
the form of discontinuous islets in Turkey 
(Fig.  1).  Increasing winter  precipitation at 
the start of the Holocene had an oscillatory 
decline  beginning  at  mid-Holocene  (Rob-
erts  et  al.  2011).  The resulting  increase in 
drought,  climate  fluctuation,  and  human 
activities  ensued  in  the  present  Mediter-
ranean plant formation, however it is not 
entirely possible to determine the effect of 
these factors on the distribution of the ev-
ergreen taxa (Sadori et al. 2013). The differ-
ences  in  the  mid  Holocene  and  current 
holm oak distribution in Turkey have been 
shaped by the long-term effects of human-
induced disturbances that have been going 
on in Turkey for centuries, as well as the cli-
mate. For centuries, holm oak lands in Tur-
key have been reduced and unfavored due 
to its consumption as fuel, its usage in coal 
production,  conversion  of  its  habitats  to 
farmland, and expansion of residential  ar-
eas, with the latter two factors still posing 
a  threat  in  present  day  (Akkemik  et  al. 
2020).

The current distribution of the species is 
also less than the suitable potential distri-
bution  area  of  the  species  based  on  cli-
matic niche models. This can be explained 
by human-driven disturbances which have 
been  affecting  the  territory  for  centuries 
(Akkemik et  al.  2020).  The fact  that  both 
the historical settlement remains and mod-
ern-day  cities,  especially  in  the  Black  Sea 
and Marmara Region, are intertwined with 
the holm oak distribution areas is an indica-
tor of human impact on its current distribu-
tion (Akkemik et al. 2020). Holm oak forest 
areas  have  been  replaced  by  agriculture 
and  urban  areas  due  to  human  influence 
and have not been able to realize their po-
tential distribution.

Current-future changes
The  future  projections  created  in  our 

study  using  CMIP5  GCMs  demonstrated 
50%  more  SRC  than  CMIP6  GCMs  projec-
tions. In contrast, when comparing the re-
sults  from  both  climate  datasets  for  the 
current and future projections of 4 virtual 
species with 2.5-, 5-, and 10-minute grid res-
olution in their study, Cerasoli et al. (2022) 
found no clear  difference.  This  difference 
could be due to the 1 km grid resolution in 
our  research,  which is  more  refined than 
what Cerasoli et al. (2022) used, or the nar-
row distribution of the species in our study 
area. These findings on holm oak may con-
tribute to the discussion on the differences 
between the two future climate GCMs ver-
sions (Cerasoli et al. 2022).

It is predicted that the future distribution 
of  evergreen  oaks  will  be  shaped  by  cli-
mate (Schirone et al.  2019) and will  most 
likely be positively affected by the climate 
change  and  expand  their  range,  forming 
mixed forests in larger areas (López-Tirado 
et al.  2018). Some studies considering the 
holm oak future distribution in light of cli-
mate change scenarios at  regional  (Tabet 
et al. 2018) and European scales (López-Ti-
rado et al. 2018) also show that the species 
range of  holm  oak  will  change.  Ruiz-Lab-
ourdette et  al.  (2012) reported that  there 
will  be a prominent increase of holm oak 
distribution  ranges  at  low  and  mid-eleva-
tions in the Iberian Peninsula during the 21st 

century.  Similarly,  López-Tirado & Hidalgo 
(2016) predicted that the species distribu-
tion will increase in Southern Spain, while 
Attorre  et  al.  (2008) stated  an  expected 
75% increase in central Italy.  Delzon et al. 
(2013) stated that  the colonization of the 
holm  oak  has  increased  in  France  since 
1880 and the projections made by  Cheaib 
et  al.  (2012) suggest  that  the distribution 
area of the species in western France will 
expand substantially by 2055. On the other 
hand,  Fyllas  et  al.  (2022) stated  that  the 
suitable habitat of Holm oak in Greece will 
decrease  slightly  during  the  21st century, 
while Tabet et al. (2018) estimated that the 
current  holm  oak  area  will  decrease  by 
80.32%  in  eastern  Algeria  and  spread  in 
higher  elevations.  The  projections  of  our 
models  are  consistent  with  modeling  re-
sults reported by Delzon et al. (2013) at the 
northern margin of holm oak’s distribution 
range.  According  to  these  results,  the 
north of the current bioclimatic range for 
the species will become favorable and the 
species  distribution  will  shift  northward. 
Similar to our results, it is seen that the dis-
tribution of  holm oak will  increase in  the 
Black Sea  region while  it  will  decrease in 
other regions according to the 10 km spa-
tial  resolution  future  prediction  maps  of 
holm  oak.  Future  prediction  maps  pro-
duced  for  European  trees  including  the 
holm oak by Mauri et al. (2022) agree with 
our  results  that  the  distribution  of  holm 
oak  will  increase  in  the  Black  Sea  region 
(Mauri et al. 2022). Holm oak, whose mois-
ture requirement is higher than other Med-
iterranean evergreen oaks (López-Tirado et 
al. 2018), is most widely distributed on the 

Black Sea coast in Turkey and the species’ 
distribution is  predicted to expand in the 
Black Sea region.

In response to climate change, plant spe-
cies persist through adapting to changing 
conditions,  migrate to more favorable ar-
eas  or  disappear  on  a  regional  or  global 
scale (Parmesan & Hanley 2015). Holm oak 
can  adjust  to  water  scarcity  by  reducing 
leaf areas and diameter of vessel size, in-
creasing  number  of  vessels  per  unit  area 
(Villar-Salvador et al. (1997),  Barbeta & Pe-
ñuelas  (2016),  Akkemik  et  al.  2021).  This 
drought adaptation of the species will sup-
port the continuation of its distribution in 
the southern Aegean region of Turkey, al-
beit at a reduced rate, as predicted in the 
2050 and 2070 periods. If the rate of adap-
tation does not keep up with the rate of 
change of the changing climatic conditions 
in the current environment, the species is 
likely to disappear in some local areas. On 
the other hand, in the future SDMs, a shift 
towards the northward, more humid Black 
Sea  Region,  where  the  species  has  more 
suitable habitats is predicted.

Based on future projections of the holm 
oak’s  habitat  suitability,  we  determined 
that its potential range in Turkey is approxi-
mately 100 times larger than its current dis-
tribution. (Fig. 4,  Fig. 5,  Tab. 2). We specu-
late that there are some limiting factors in 
reaching  this  predicted  area  size.  Chief 
among these factors is the dependence of 
the species distribution on the seaside and 
the  human  activities  intensity  in  the  cur-
rent and future prediction distribution ar-
eas.  It  has  also  been  reported  that  the 
species  has  low  competition  with  other 
maquis  species  and  low  shade  tolerance 
(De Rigo & Caudullo 2016). In the Aegean 
region, the low competition of the species 
with other sclerophyllous species is a disad-
vantage, while in the Black Sea region, due 
to the prevalence of  broadleaved species 
in the region, the species’ lack of shade tol-
erance is another limiting factor.

SDMs are the most  effective way of  as-
sessing the potential  distribution limits  of 
tree  species  under  climate  change.  How-
ever, it should be taken into account that 
some factors, such as topography, species’ 
traits  (e.g.,  seed  dispersal  mechanism  of 
the  species),  human  activities  and  local 
habitat  conditions  (Príncipe  et  al.  2022) 
that are not used in the modeling or can-
not be fully incorporated affect the robust-
ness of the species distribution model. Fur-
thermore, distribution of the species may 
change depending on different geographic 
and  environmental  conditions  under  the 
same climate regime (Jiménez-Valverde et 
al. 2008). Indeed, dispersal ability and colo-
nization  of  new suitable  habitats  are  key 
features constraining range shifts of plants 
(Iverson & McKenzie 2013). Considering the 
species’ relatively low dispersal ability that 
was  found  to  have  a  maximum  coloniza-
tion rate of 22 to 57 m year-1 (Delzon et al. 
2013) and the fact that the species’ disper-
sal ability is not incorporated into the mod-
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eling process, assisted migration alongside 
natural dispersion will be needed for future 
scenarios to occur.

Conclusions
The results reported in this study are valu-

able  in  terms  of  managing  the  existing 
holm  oak  populations  and  assuring  the 
continuity  of  the  species  in  its  extreme 
eastern range, which will become more im-
portant for the survival of the species un-
der future climate change. The distribution 
area of the species in the Black Sea Region 
of Turkey, which is the eastern border of its 
distribution,  is  predicted  to  expand.  The 
main problem here is that their distribution 
areas have been recently converted to ur-
ban or cultivated lands. Therefore, though 
the potential  distribution area of the spe-
cies  is  predicted  to  increase,  land  use 
change and urban expansion might hinder 
the species’  potential  expansion.  It  is  im-
portant that the drought-resistant species 
should be preferred more in forestry activi-
ties and that forestry decisions should be 
made in favor of this species in the distribu-
tion areas that will increase in the northern 
regions.  Southern  populations,  which  are 
in  drier conditions compared to other  re-
gions  and  some of  which  are  already  lo-
cated in protected areas, should be espe-
cially protected. The continuity of the spe-
cies in these populations can be ensured by 
selecting seed stands and establishing seed 
orchards in the conservation and manage-
ment plans to be prepared, the distribution 
potential of the species within the frame-
work of climate change and the threats to 
forest areas should be taken into consider-
ation,  as  well  as  the  current  distribution 
status of the species.
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