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FOREWORD

This thesis is the culmination of half a century of amateur observation, much curiosity,
and a desire to findome form ofa meaning behind patterns of change in ecosystems
and their potential drivers; coupled with four years of intense study at the dfands
some of the best in their field in this country, to whom | hereby would like to express
my gratitude for their patience and generosity in sharing their knowledge and
expertise: ProfDr. H. Nizhet DALFES, Prof. Dr. Meral AVCI, Prof. Dr. Tolga
GORUM, Assoc. Dr. AhsenYUKSEK, Prof. Dr. Unal A K K E M,KKof. Dr. Nesibe
KOSE and last but not least to both my thesis advisors ProDmer Liitfik E Mnd

Asst. Prof.Dr. OmerYETEMEN. | would also like to express my heartfelt gratitude

to Assoc Dr. Aylin GUNEY for sharing her micr@limate datat the very early stages

of my researchand helping me establish the bioclimatic treshold€fdibani, and to
several other colleagues for their support and guidance throughout my academic
struggles.

There is one mer person without whom | would not be here, nor without whose
patience and support this thesis would not have seen the light of day, my mother,
Semiray @ BKL.EN

Thisthesisis an accumulation and aggregation of 4 years of work which rendered two
articlesSi mul ating the potenti al forest range
forests(2022) and_atitude or altitudeas the future refugiutA case fothe future of

forests inAsia Minor and its immediate surroundin@)24), and numerouabstracts
andpresentationsyoth in poster and in oral forrhwould like to thankhe editorsof

both journaldor taking a chance in these articles written by an early career scientist,

for boldly standing by them, and the anonymous judges of both articles whose input

not only made the final output clear and concise, but also thought me a lot about
academic publishingAlso, the research leg of this thesis has been supported by
TUBITAK project s 1 1 8AC®&velytiondry modelling system for watsuil-

vegetation interactions in Turkish semiarid landscpaes for sustainable natural
resources ; 1 2 3TORr4k8i,y d&ibdeki anahtar orman tirl
antropojenik tahribatlarave d i k1 er i t epki czeri marmdn daj é
K T-BAP project MDK20234 4 5 4Kk | ifim deJ i Ki mi penceresi
odunsu tg¢grl er i n.l lolda@ammeadueable thanKs ttoi b&th granting
organizations and the judges for helping realize my research.

Finally, I would like tothanknot only to all the developers of LIEIJUESS over time,

but to the technical staff that maintain it, as well as researchers actively using the
model, testing, benchmarking and generously sharingelkperiencesAnd last but

not least, a big heartfelt thanks to also all my fellow students, togethtilea on

our individual paths to quinch the thirst of our curiosities, with science as our
playground.

February2024 Bikem EKBERZADE
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EFFECTS OF CLIMATE CHANGE ON POTENTIAL RANGE SHIFTS AND
COMPOSI TI ON OF T, RKKYEOEESOSYEIERE STRI AL

SUMMARY

At the current critical juncture with climate change, centennial projections of potential
species distributions in biodiversity hotspots, using dynamic vegetation models with
integrated ecological notions such as competition, may peovital insight into
conservation effortsThe central aim of this thesis research is to estimate the current
and future potential distribution oftrkiyeb s f or est s and thehei r
absence of anthropogenic landcover chatwealibrate the ficlimatic thresholds of
certain key taxa to reflect their regional distributiansimulations using @rocess
basedlynamic regionato-global vegetation model (DGVMb introduce new taxa to

the simulations where necessand in this manner to contrileuto past studies on the
distribution of European forest taxa by filling an imfamt spatial gap. For this
purpose, potential distribution ob2orest taxaanda C3-grass type are simulated by
means of LPIGUESS v. 4.1 for the Anatolian Peninsula, kegpaspatial window

large enough to track temporal changes in the vegetation range and composition in its
surrounding areasThe model was forced with ERASNd reanalysis data for the
historical period (1962014), and five different globallimate model (GCM)
contributions tahe 6" phase of the Coupled Model Intercomparison PrgjebtIP6)

for the scenario period (2048.00). The GCM datasets were interpolated to ERA5
Landds r esol ut iwtmthealimdtoldyy oétlse referemce perood 1996
2014 from the ERAH.and dataset. The reference period for bias correction was
selected in accordance with tB® assessmeneportof Intergovernmental Panel on
Climate ChanggqIPCC 2021), and in part, teeflect the current state of global
warming. Shared Socioeconomic Pathways (SS®p5the high emissions scenario,
was selected for all simulationBhe bioclimatic tolerance levels of all plant functional
types were calibrated usirige temperature coropents ofl km CHELSA dataset
and 9 km ERAS5Land datasets, calculating climatologies where necessary using
Climate data operator€pP0O) and R computing languagspecies distribution maps
from European forest genetic resources programiléFORGEN; and tre forest
inventory data fronGeneral Directorate of Forestr¢6DF) of Turkiye. In situ site

visits were also undertaken to critical regions within the study area to further finetune
the bioclimatic tolerance levels of certain key tagad further analysisf both
observation data and the simulation results were made using R and ArcGIS

The simulationresultsfrom multiple model rurs highlighted aconsistenincrease in

woody speciebiomass for the entire study region, by the end of the century. The
increase in biomass, mainly in the grasslands ecosystems was an important outcome
of these series of simulations, which highlighted a consistent encroachment of woody
taxa into terrain thais otherwisedominatedby grastandsin simulations in part
reigniting the discussion over the past anthropogenic influence on the current
vegetation composition of the Peninsuldhe mountain systems also came out as
important potential refugi for mary cold-favoring woody taxa. Throughout the
centennialsimulations, the tree specipsoritized an altitudinal move rather than a

XXi



latitudinal one, consolidating their ranges around high elevation massifs, occasionally
giving up their density dominance tlgdining biomass. The composition of forest and
woodland ecosystems shifted in large part in favor of the temperate taxa, as these
species expanded their distribution ranges througtimitstudy areawithout any
particular prioritization for altitude or fidude. Temperate taxa with higher tolerance

for drought increased their overall biomass and density, while the drought sensitive
speciegave up their dominance but continued to exist in smaller groups in areas where
resource limitation became a deternmihdor the outcome of competition. All
simulated taxa survived the 148ar simulation period at some capacity (there were

no potentialregional extinctions), finding some form of a footing along this ancient
land bridgei some giving ugheir largely montypic/homogeneous forest ranges for
mixed forest compositions; others either leaving their dominant presence and
becoming a Aimember of the teamo; .or exerting

Overall, the results from these series of simulatisaas hman presencesuggest a

high potential forfuture forest covethroughout thestudy region by the end of the
century under a high emissions scenaaod important changes in vegetation
composition including encroachment of grasslands ecosystems by waadyQur
findings also corroborate recent paleo studies that highlight the early forest capacity
of Asia Minor, and with the right environmental policies in place to ensure a fair
humannature ceexistence, the region may continue to play its role asdecra

XXIi



KKLKM DEJKKKKLKJKNKN T!RKKYEO6NKN KAR
EKOSKSTEMLERKNDEKK POTANSKYEL DAJILIM VE
DEJKKkKKLKKLERKNE OLAN ETKKLERK

OZET

Kkl im dejikikliJininiginee elkuumindntig bmu z h
Ozellikle bi yol oj i k -eki tlilik bakéméndan Kri
potansi yel daj el edipi alyanzlyaérl d neékn °mmog®erImed ne
or man kapasitesinin korunmaséna °ng°r ¢
belirl enebi limesmar ufzarkkaléd étkslralreer st res f ak
kritik alanl ar eéknorbuentai rg elnietbii K arleasri € nvéen o |
bilims e | kanéta bbuaj lp®I iotliakraalkar én vV e y°ne
guncellenebilmesicin bayik énem ar2at me kt ed i r . Bu model |l em
birden fazlaodunsu tiiind aj €l éml ar éné, rekabet ya da t
dayaneéekl él ékl ar éesaplgabien dinaengk ardjetasydn anodeltera k

sscrdegrebi i r lbiijlii mbaed O ekkalnéey e 1P nugifabilmgebirer i - o
yardémceée ol abil mekt ed,mevcutzBaumatnedza n- ayl¢&kmd s

kadarolandonemdel ¢ r ki ye ve kodwwmshi®°ltgellerden pot a
al anl ar én éve Toeerl ki iryl eedmreiknrmap Gapasitesini W &drasalo

ekosistemlerin °neml i bir par - aseé ol an
yojunl ukl arénén yg¢zyel sonuna kamasél i ns
dej i keg ektl¢errlier i nne ay @ heée mlhameevkedu harekdte c e ] |
esnasénda potansiyel or man komepaczi $ pyenlds
turlerin potansiyel biyolkmati k adaptasyonl aréene da hes:
gel i kt iBumenkitnnwral de bu - al ek ma, benzer m €

ooman | ar é czerinde s é nleeml ¢cézinikliagk (zamamsal vea | & Kk m:
mekansal) hem de- al & kK mandek tévguelskal iklimsel adaptasyonlar
ongorilerek bu bolge icinodunsu terl erion foksiyonel
y a p 8 tmea sady r simidasynlara bolge icin dnem arz eden yeni tirlerin

kat étibardileleat ke sajl amayé hedefl emektedir.

Bu - al ékma 5Skoaynhsuaineerka sRstem sim¢gl asyonu
nokt as é& Catipatsubtiurgrubanund a j € |, kinesehdin@mik vejetyon

modeli LPAIGUESS v . 4 . lormanelklosn &ltemdlker i n daj el ¢
doj u, g¢ n goplerini ekicikeualareby- al € Kk mdamatd ah B eBumi Kt i r
-al etkemka ,bir teegrtear mpaegéll emldanpa@red an -, fad €k Imé
iklim parametrelerive ol as é kaynakydnas é&rass,yomlaaske& | :
o | u Kk a bekdbet, ¢a@ribatlar ve tirlerin bunlara birbirlerineg © st er di kIl er i

tepkiler g%z °n¢gnde bulunaldrkimagaldeyx mpdlh
kulllamédi nami k vejetasyon model i, | PCCOnNI
ekosistermodel olan LPFJGUESS idnet ayl anar ak g gyomueur | endi
(v4.1).
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Simulasyonlartarihsel donem ici(l961-2014)ERAS5-Land reanat verileri, senaryo
donani icin de (20152100) CMI P6 6 da  $SP88.5 giksekn emisyon
senaryosuna g°rleekgefrarekll @ kgl obib-hékd iéd lkagléasyo

kull agyapeaerehéxtmodel -éktésé kendi i -erisinde
dejerl enditrgme snomdeéée dsgeo®nu-1 ar énén grid bazl e
Gl obal sirk¢l asyon model | -eand reanak vesilecin | €l e k d ¢ .
kul | anél aZr0alk4d vree f1e9r98bns d° n e mi baz al énarak g
donemi secimindénem IRCC O n6idg er | endi r(IM@&C 2024)henr de

k¢resel ésénmanén mev c uQdundutimeanrbiyoklighdtik ©°n¢ne al
tolerans seviyelemins € c a k | &€ k mnabelidemeesimdé. knadik CHELSA

iklim verisetleri,ve tumd i Jildimsel tolerans seviyelericin de 9 kmlik ERA-5

reanal i z vmeerkOsmank uGeé melel M¢eder |l ¢ ¢ amenaj ma
EUFORGEN t ¢ dajéelemdlaaeéeil eanll ar €espk diof awmé lud u
edi | mi kea,kritiAyr okt al ar ler dg buglgldria toleraaha zi yar

seviyelerid e Kk i son kalibrasyonlarén yapél abil mesi
edilebilmesineg ar démc éBol meakt ual ékmasé kapsaménda t ¢
tolerans seviyelerinin tesap,isimilasyprdaidan kul | aneé
kull anél mak czere hazérl anmadan °nce, i st a
karkeéel akt ér el meakndoven @errekk seRAIZe CHELSA veri
parametrelerinin bu b°l gedeki -aune& kmal ar i -
karar veril mi kK, yaj ek phamadéer slhdeknikml € @ mg

Reanaliz verisetleri istasyon verisetlerine istinaden burteodelleme- al é k mal ar d a,

homojen bir yapegauzsami g° némabatal amal ar é h
yapnéndaha dojru sonu-1I| ar e verebil me °czel li
se-i | Baizkét ikrr.i t ifkarik®lleg ealrearkdteSmamac € lad re&kmay ap € & j
elde dtikleri mikromet eor ol oj veilisteasiyodéar Bu ar akt ér mac
gecilip, onar duinverileripay !l akémég - slhgemamé&€me er ken akama
bi yoklimati k tolerans seviyel.erinin parametrtr

okl u simul asyon tswtnaur-Iléa rteinne nk alleénarchae ,, al aneé i

bi yok¢tl ede ° nemet bder kemt,ékbu i aat ékKeén 0 Z
ekosi stemlerinde mbéudnaulasyonlayg edrisinpncen onenlima s &

sonu¢ ar éhrissano |l muBwwural anl arda odunsu tg¢grlerin b
yer yer al annéi nelyea nggestéirmarye llseonjiiurk cdiaj | ék al anl
topl anmaseé, ve alanlaréné y¢ksek masi fler -
sayésal ol arak baskeén ol duklaré alanlarda ge
geni kK alanlara yayél madatrattepen|l esnim¢el psypal
onemli bir sonucdur. Sim¢gl asyonl ar s¢resince °zellikle
hareketten ziyade, térmanmayé se-meleri, S a
yatérém yapmadnemlrici Bloawuielr ahmee K dSiedilasgon d a vy

sonu-I|l aréndaki or manl arén ve aja-1é&k alanl a
s¢resi boyunca ama ©°zellikle yé¢zyel sonund
ol ukur ken, bu te¢rlerin alanl ar érdagbirenl em ya
Kekilde geni k|l evtame® Ineanplaisi $ @ h @€ lOaeliklear as énda
kurakl|l @&ja dayanékl é& él éman tg¢rlerin hem sayeé
artérma potansiyel i, ve bu minvalahe Kkurakl é
olsalard a , sayésal csteéenl ¢kl erinden feragat et m
durumlarda rekabetten fiap ol ar ak -ékmal ar e da sim¢gl asyo
ormanl eék al anl ar énnénomemigzei yameaeénaraskndaye
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Tumtirlet1 40 yéll ék sim¢glasyon dP°nemini, bir
kal ar ak tamaml ar ken (herhangi b°l gesel
yansmwemad érya monotipi k/ homojen orman al an
or man f or ma sdeoan dblraayaédevamrad rkjl seyra At ak émén bi
olarak hayatta kahélax, yadad aha geni k al anl ara yayél ar a
sajl amé mlkaedér

Ozet olarak, coklusimiilasyoh a rséom u yl,ary & | sonunda, ve i
ol madeéer]j ésebnaryo altéenda -al ékma b°l gesi
genel bir artexk °ng°r¢rken, vejetasyon |

ornepomkér ekosi st eml girkianrient oertmmaenkl taekdmars.é
yakén zpmadhmedakial gekalaab eanrzlear d-a@ kar éml ar én
Anadol udnun orman Kkapasitesini de ©°ne -
kanétl ara dayanan dojru -evr esdeol]j ap oolrittaikk
yakamé bu b?lagabidiimsteasdu b°l ge ekol oj i
sonraséna da takeyabilecektir.
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1. INTRODUCTION

With anthropogenic climate change no longer only a hypothesis (Palmer and Stevens
2019),and heprojected increase in disturbances based on clireatiemes reality

(de Oliveira et al. 2019)he Intergovernmental Panel on Climate Change (IPCC)
Working Group | in their contribution to thexth Assessment Repoput a special
emphasis orthe fragility of forest ecosystembighlighting Mediterranean climate

type zones (IPCC 2021). As unprecedented wildfires swept Mediterranean Europe in
the summer of 2021 (Giannaros et al. 2022; UNEP 2022; see also, Leone et al. 2009),
those that scorchetie forests of the southern coastal highlandsirkiye came on

the heels of a heat wave and at the peak of the arid season (WMO 2021).
Simultaneously in the north of the country following an extreme precipitation event
(Meteologix 2022, floods and landsi des caused mass fatalit
natural watershed which used to course inside a dense temperate rainforest before the
area was cleared by timber production, and subsequently opened up to agriculture and
urban expansion (Devranoglu 2021; Thew York Times 2021)With compound

events triggered by extreme weather condittbasareexasperated by climate change

and concurrent ecosystem fragmantatiole to anthropogenic interferenegpected

to increase, how terrestrial ecosysteffiasesty will respond to theeis a matter of

fervent research.

Prior regional scale studies on the ecological relationships inherent in the terrestrial
ecosystems of urkiye have focused on climat@ome relationships (Tathnd Dalfes
2016), attempting to classify the ecoregions in the country with an emphasis on climate
change (Ergner et al. 2019), while highlighting the effects of specific climatic drivers
on regional biodiversity (Tatland Dalfes 2021). There are numesostudies
evaluating the climate dynamics of the region with an emphasis on anthropogenic
climate change (Onol et al. 28)] focusing on temperature variability (Bozkurt et al.
2019) and critical changes to the water budget in the region (Bozkurt é24a). 2
previous study in lower resolution, using an early version of the prbesesl DGVM

used in this studyroducedsimulations for this region (Fer 2010, unpublished).



However, a detailed study focusing on the current potential distributidir&fyed s
key forest taxawith consideration for ecological notions such as competition and
response to disturbanceamd the potentialuture composition and structure of the
count r vy @atsa cénemnialsscalesing high resolution climate dakes been

missing.

1.1 Motivation

Paleo records indicate that the Anatolian Peninsula acted as an efficient land bridge,
allowing the migration of taxa mainly between AfrBaabia and Eurasia for
millennia R0Ogl 1999;Xafis et al. 2021). These records also indicate that although the
vegetation composition in this important seed bank went through changes over
geological time as did the climate of the Peninsula (Akkemik et al. 2023; Denk et al.
2019; Denk et al. 2017; Génet al. 2017), a significant number of presday taxa

are descendants of a lineage that survived major climatic shifts prior (Denk at al. 2019;
Bouchal et al. 2018, Guner et al. 2017). Despite the heavy human footprint on its
ecosystems, the region $sill home to a critical but fragmented forest mass that is
under threat by changes in climate suchpasential shifts in drought cycles, eclectic
temperature gradients that may bring on untimely frost, or any potential change in the
frequency and seveyi of disturbances such as wildfird3dftner et al2021; IPCC
2021).

Since the future bears much uncertainty, modelling exercises with different high
resolution datasets under probable emission scenarios are one way of preparing for
what is yet to comé he use of process bade@VMs in predicting possible long term
outcomes of forest composition, production, density, and distribution (Ekberzade et al.
2022; Usman et al. 2021; Morales et al. 2007; Hickler et al. 2004) by integrating
climatic drivers andiorcing the model with different climate datasets (Ekberzadé

2021; Wu et al. 2017) is an efficient way to also estimate potential ecological responses
of taxa to concepts such as competition and
et al. 2006 Smith et al. 2001). The use of higksolution climate datasets in these
simulations may contribute to minimize uncertainties by taking into consideration
spatial heterogeneity, thus improving forecast accuracy (Frnda et al. 2022; Matsueda
and Palmer 2Q1). Welldesigned simulations aimed at forecast (Dietze 2017) can in



turn aid policy making by building a potential road map to an otherwise uncertain
future (Ekberzade et al. 20

At this critical juncture with anthropogenic climate change and a eaonisthreat of
deforestation, we find it urgent to identify the potential range§ifokiyeb s f or est s
and simulate some of the countryds key fo
high resolutiorclimatedata. We also aim to fill an importagép in previous studies

on the distribution of European forest species (Badeck at al. 2001; Hickler et al. 2012;
Smith et al. 2001) by simulating the potential raage compositionsf forests for the

Anatolian Peninsula, a region that acted as an imporegugium during the Last

Glacial Maximum Birks and Willis 2008; Hewitt 2000; Médail and Didema 2009;
Svenning et al. 20Q0&nd continues to act as a land bridge for the terrestrial ecosystems

(Kuzucug lu et al. 2019Médail and Didema 20Q%etween twaontinents

1.2 Purposeand Thesi$Focus

The Anatolian Peninsula and its immediate surroundings include a series of critical
biodiversityhotspots for woody taxa, including old growth forests (Gerber et al. 2015;
Naqgi nezhad et al . 2 051 Morenckanchelz caipdl Sayadyamd k e |
2015; Nakhutsrishvili 1998; Davis 1971 These natural seed banks are vital hubs

which may become critical sources for future conservation, rewilding and restoration
efforts. The heterogeneous topography of the region maycalstinue to act in part

as potential future refugia for takas it has in the past (Akkemik et al. 2022; Homami

Totmaj et al. 2021; Médail and Diadema 2008geking shelter from a fashanging

climate (Ekberzade et al. 2D2 Bennet et al. 1991). Weever, the diverse terrestrial
ecosystems that are present in this unique region with close proximity to each other

are under continuous pressure from anthropogenic interferences, including severe
ecosystem fragmentation due to land use and land citnagrge (Sefidi at al. 2022
Nikolaishvili and Dvalashvili 2015; Sekercioglu et al. 2011; Dolukhanov 1978
Therefore, simulation experiments designed to forecast the potential distribution of
woody species for the region, including the direction of anyrpiaienigration, or an
fescape routeo under didreinelyam pertiventjandat e ¢
would provide a potential roadmap to policy makers in meeting the first two goals of

the KunmingMontreal Global Biodiversity Framework: maintaigirconnectivity



between ecosystems to limit and eventually halt biodiversity decline, and restoring
critical ecosystems that have been degraded (COP15: final text, 2022).

Similar studies aimed at forecast have been conducted in the past for Europe (Hickler
et al. 2012), or at a coarser scale globally (Smith et al. 2001; Sitch et al. 2003), and for
the historical period, using higlesolution climate data to determine the potential
forest cover sans human presence, recentlyTtokiye (Ekberzade et al. 2022
However, resolving potential centennial forest composition and distribution using high
resolution climate data and at a regional scale including Asia Minor, thef€awand

northern part of the Middle East, is yet unprecedented.

The aim of this reseeh, which comprises of a series of model experimamslving
the present (1962023) and the future (20221L00) is to,

1. evaluate th@erformance of a procetssed DGVM (LPJIGUESS), in modeling
existing forest cover and species compositionTfikiye with high resolution climate
data

2.introduce the bioclimatic tolerance leveldigE native treespeciesPinus nigra, P.
brutia, Cedrus libani,Alnus glutinosaand Quercus macrantherato the modelto

supportfuture studies

3. calibrate the bioainatic sensitivities of the European speciesge@ned as plant
functional types (PFT) into LPGUESS to better represent their existing ranges in
Tarkiye.

In doing that, the results from this research will shed lighthtee overarching

questions undeahe worstcase scenario dfiture atmospheric emissions:

1. if climate change progresses under a business as usual scenario of anthropogenic
emissions for this century, how will the potential forest ranges of this ancient land be

affected?
2. will therebe observed regional extinctions among the key forest taxa simulated?

3. will any site emerge as a potential refugium for certain taxa in a warmer and less

predictable world?

Since hecountryis located on the Eastern Mediterranean basin, and although home
to different climate types due to its geographical positioning and topography, nearly
half of Tiurkiyed s sur face area is wunder the infl

uenc



with seasonal distbencesProcess based DGVMs with buiit disturbance schemes
using multiple high resolutiorclimate datasets, and ecological notions such as inter
and intraspecies competitiorare powerful tools in assessing how the forest species
mayrespond to changenpotential futureclimatic driversThis thesis study combines

the complex nature of DGVM modelling with big dafeeld observation, remote
sensing, forest inventory datasets, PNV maps and detailed literature research of
botanical studiesonductedn the region, covering large timespans, from paleo to the
present.






2. STUDY AREA

The study area is a rectangular window encircling the Anatolian Peninsula and its
immediatesurroundings to the north, east and south, between longRdess’ E and
latitudes 3346° N, ke@ing a spatial window large enoughpgreserve continuity and
toobserve temporal changes in the vegetation range and composition in its surrounding
areas especially around large mountain systefifgy. 2.1) It is home to diverse
ecosystems in close proximity to each otkach as the critical vegetation belts on the
highlands of the Peninsukawards the east and northeast, including a temperate
rainforest along theNorth AnatolianPontic Mountains on the |8k Sea coast
extending all the way to the Caucasus Mountain Range in the northeast; the lush forests
along the Elbruz Mountains on the western shores of the Caspian Sea; the largely xeric
Zagros Mountain Range to the southeast; the grasslands of inatliAnand the

xeric shrublands and desert regions that expand on the northern extremes of

MesopotamigFig 2.2).

2.1 Geography

Modern dayTurkiye comprises largely of the high Anatolian Plateau with a mean

altitude of 1132 m (Kuzuclidu et al. 2019) an arient peninsula that has been acting

as a natural corridor between western Asia and southeastern Europe (Bottema et al.
1986; Davis 1971). The country is surrounded by seas on three sides, and its
topography is morphed by a long history of tectonism (BdzR001; Brocard et al.

2021; GOrum 2019Gorur et al. 1995Sengor and Yil maz 1981)
complex geomorphology acts as an agent in creating-rapdanicreclimates (Atalay

2015; Avcé 2005) . Since the coheatloray i s |
regions (Akkemi k et al . 2018, At al ay ani
Kuzucuoglu et al. 2019), the peninsula harbors high species diversity and endemism
(Akkemi k et al. 2018; Avcé 2005; Davis 1¢
all of Eur olpespiteitd\istorg of anthrodmgemnterference throughout
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the Holocene (Baird et al. 2018; Maddy et al. 20153, countryis still home to a
important forest cover, including fragments of ecologically impottald growth

forests (Kurdplua n d 2R0&;©Oktan 2019). The forests currently constif@% of

T¢r kil yaen@s cover, arg ovn&l by the?sigjand are mostly under
pressure from mining leases (Sezer and Gencay 2017), urban expansion, energy
contracts, and timber production, posing great challenges to conservation efforts
(Sekercioglu et al. 2011).

The mountainous terrain of the peninsula rests on a high plateau crisscrossed by
several active fault lines underneath, with the mountain rangds#hap its southern

and northern coastlines acting as reminders of a long history of tectonism and
contributing to the peninsul aobHWarzbaoserp | e x
et al. 200J. The main mountain folds of the peninsula join neighlgprimountain
systems such as the Caucasus Mountains in the northeast and the Zagros Mountains in
the southeast, which we kept within our study area to better monitor the direction of
speciesbd6 potent i al 21shdaws theemain mountaangesiarf t s .
the study region that contribute to the natural distribution of taxa within the region
both as agents of vicariance and islands of biodiversity. Smaller yet critical mountain
systems which also play a significant role from a species distribpgmspective

both in actuality and in our simulatioinssuch as Munzur Mountains that are part of

the Anatolian highlands, and Hakkari Mountains that are part of the eastern segment

of the Taurus range are also marked for reference.

2.2.Woody ForestTaxa

While the woody forest taxa, distributed along different climatic belts of these
mountain systems show continuity throughout the high terrain, vegetation composition
changes due to climate and topography. Figutetibws the diverse ecoregions within

the study ared providing a higher resolution alternative from a biogeography
perspective than biome distributionshighlighting the close proximity of diverse
vegetation combinations and forest, shrub and grassland distributions (Olson et al.
2001). Figure 2.3 shows the different climate regions in the study area based on

KoppenrGeiger climate classifications (Kottek et al. 2006).

10

topo

Fi



24 25 2 27 28 29 30 31 32 33 34 3B 3B 37 38 32 40 41 42 43 44 45 46 47 48

[ | I 7 T e 000 e | ]
Af Am As Aw BSh BSKBWhBWk Cfa Cfb Cfc Csa Csb Csc Cwa Cwb Cwc Dfa Dfb Dfc Dfd Dsa Dsb Dsc Dsd Dwa Dwb Dwc Dwd EF ETOcean

Figure 2.3 : KoppenGeiger climate classifications fire study aregKottek et al. 2006)

11



In the forests of the Anatolian Peninsulajmdnance among taxa is often shared by
different pine species (i.Binus brutig P. nigra P. sylvestrimndP. halepensis other
conifers Abies nordmannianandA. bornmuellerianamainly in the northA. cilicica

along withCedrus libanimainly in the south, anBicea orientalisin the northeast)

and a diverse selection of temperate oaks and other deciduous woody species
belonging to théagaceaeandBetulaceadamilies (Akkemik etal. 2018; Atalay and
Mortan 2015).

Mediterranean type climaterepresented by Csa in the Kopg@aiger climate
classification in Figure 2.3with its typical seasonality is a factor that widely
contributes to the floral diversity of the peninsula, anth e r e¢ogagraphié s
heterogeneity aids endemism through vicariance (Davis 1971). The Mediterranean
regionds maqui s nhrow coastaliregions and aslaroumdgrstornte
its conifer forests mainly composed Bf brutia and P. halepensisare adapted to
seasonal drought and a respective fire regime (Akkemik 2019; Critchfield et al. 1966;
Frankis 1999; Fyllas et al . 2008; Kayaceék
species richness and diversity continues well into the inner pahts obtintry, despite

the inner regions being largely cut off from the maritime effects by the karstic Taurus
Mountain range running parallel to the coastline and forming a natural barrier from the
sea (Atalay and Mortan 2015; Kuzuglwet al. 2019).

The Black Sea Region in contrast is home to a temperate rainforest in its eastern flank,
with deciduous species such Bagus orientalisand evergreen conifers such Rs

nigra, A. nordmannianaP. sylvestrisand Picea orientalisforming dense mixed
forests thraghout different altitudinal belts in the mountains that are also positioned
parallel to the coast (Akkemik et al. 2018; Atalay and Mortan 2015). On the southern
facades of these mountain ranges, Central Anatolia with its fragmented and sparse
forests andvoodlands hosts species including a wide selection of oaks that are largely
adapted to its arid continental climate (Akkemik et al. 2018; Atalay and Mortan 2015).

In western Anatolia lieshe Aegean Regiowherethe main mountain ranges are
positioned peyendicular to the shoreline. With the seasonal help of the persistent
northerly/northwesterly Etesian winds during the summer, and the cyclones over the
AegeanSeaduring the winter flowing through the valleys inland, the maritime effects
infiltrate farthe into the peninsula (Bozkurt and Sen 2009; Ezber 2Ra8ca et al.
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2000; Romem et al. 2007), expanding the range of the Mediterranean climate and
vegetation well into Western/Central Anatolia (Figurg).2

In the east, elevation increases, landstmoemes fragmented and mountains such as
Mount Ararat with a 5137 m peak start taking over the landscape (Kyducetcal.
2019). All these differences in climate and geomorphology translate into differences
in vegetation cover, density and diversity (l@taand Mortan 2015; Davis 1971) and
are factors that provide favorabdenditions for forest taxa to exhibplasticity or
branch into suspecies through local adaptation with natural but somewhat limited
distribution ranges (Akkemik et al. 2018; Atal2@15; Davis 1971).
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3. METHODOLOGY

3.1 Model Versions, Setup and Parametrization

LPJGUESS is a procedsased dynamic regional to glolihinamicvegetation model
which runs with a prelefined list of species/PFTs for a given grid (callsteadfrom
here on) (Smith 2007)The current version of thenodel (v. 4.1) runs with seven
climatic drivers (mean temperature, total precipitation, mean solar radjatitactor
of cloudinesy relative humidity i and wind speed, minimum and maximum
temperatires required fothe wildfire modules It also requires as inpuhean annual
atmospheric C@ and a griddedsoll file. All driversneedto havethe same resolution
except the soil file, which can be coarser or finer than the climatic di(wéis an
adjustment to the model codend the atmospheric G@eeds to be provideas a list
of annualglobal CQ levels Figure 3.1 shows the basic workfl@ithe model.

temperature, precipitation, radiation, CO,

ﬁaily processes ecosystem state annual processﬁ
biomass allocation

soil hydrology eilbaten & growth
5

vy

4 M

Vegetation structure

% and composition
\ J

stomatal
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. ()
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}

reproduction

establishment

. plant respiration mortality
i f co,
i k)
v leaf & root / Hiter ) fire
CcoO, phenology disturbance
3
“, /v Soil organic matter

. microbial
| decomposition

\\\\\\\%\ /

leaf, root,
sapwood turnover

Figure 3.1 : The model workflow (Smith 2001).
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All species defineth the moded s

I n sfilerane adsignednteachstand at the

beginning of the rumndthose withbioclimatic preconditions that match the levels of

the input climatic and pedaphidrivers survive. Each stand starts up with the same

initial condition (C3 grass only) but evolvieslependently from the otheessdifferent

PFTssurviveunder differentlimatic conditions and establigRigure 3.2).

Vegetation representation in LPJ-GUESS
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Figure 3.2 : Stand/patch/vegetation dynamics in the model (Smith 2001).

With no anthropogenic lanrdover change introduced into the mofielthe purposes

of this experimentthe only human presence terough the annuatmospheridevels

of COz provided as an inpuheoutpus from a simulation i.e. species density, LAI

efc., are mersuggestions adpossible terrestrial ecosystestnucture and composition

for the species defined into the model only.

The PFTs within the model are assigned tagpecific bioclimatic thresholds as well

as additional plant traits (i.e. shaated drought tolerance, phenology, root distribution,

fire resistance, leaf turnover; longevity etc.). Although all species defined in the

model 6s instruct.

with bioclimatic precondions that match the levels of the climatic drivers survive and

are able to enter into competition with their cohorts. Predefined plant traits mandate

on
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the outcome for individual species, while patch (smaller partitions of the stand)
specific disturbancesrfetune the nature of the final stand structure and composition.

Since initially we had available to tise earlier version of the model, we ran dwst

series ofsimulations with LPJGUESS v 4.0.1. Thisversionruns with three climate

datasets (tempetae, precipitation and solar radiatiooly, which is an important

factor that shorters the simulation times considerablyrherefore, these early
simulationsof f er ed us a faster alternative to
dynamics, and to test whether or tiee DGVMwas suitable to ustr simulationsn

the study areaThey also helped render the bioclimatic limits of three teRimus

nigra, P. brutia and Cedrus libanifor the study area, which we published in 2022
(Ekberzade et al. 2022).

LPJGUESS v 4.1 was made availaliteusby the model developets use in our
simulations irspring of 2023. This version requirdge seven aforenentionectlimate
datasets. Théour additionalinput datasetsn the new versior(relative humidity,
minimum and maximum temperaturasadwind speed)ncreasedhesimulation time
considerably (more than doury it), while offerring additional benefits such as a

chane to further finetune the speciesbd bio

Where LPJGUESS v 4.0L offered only a single fire modehe new versiomffered

two fire models to choose frafeLOBFIRM, the originalwildfire model used in the

previous versions of the model atige new module BLAZEFor the simulations in

this study, the wildfire combustion model BLAZE was seleeied run coupled to the

DGVM. BLAZE requires minimum and maximum temperature as well as wind speed,

to calculate the fire probability and intensity &ach stand. A stand in our simulations
corresponds to a grid in the climate datgsatsiLPJGUESS v 4.1 runs an inherent
algorithm where thestandburnt area is calculated by means ofrained simple

statistical model, SIMFIRE. During these calculasipeach stand is assigned a biome

rank, one which is adapted fromG B Biorse classifications (CEOM 2022). These
simulated biome states are then used to calculate the fraction ofaelyrchich will

be consumed by wildfire. SI MFI RE6s al go
presence. However, sintee set of simulations wiin this experiment weraimed at
forecasting the changes in the potential forest cover and vegetation compoghien of

study area without any human presemomor alterationst®& | MFI RE6 s cal cul

were madeso that no human population density wasigned to any stand simulated.
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Other than wildfire as a disturbance, which is dependent on requirements such as fuel
build up and fire weather, LRJUESS also assigns a generic patch destroying
disturbance with a predefined return interval.the simuldions for the historical
period, the default values o&n average return period 400 years for generic
disturbance was used with a model spmperiod of 500 yeard~or the forecast
simulationsthe return time for the patch destroying disturbance etas200years,

and the spirup period was adjusted &@0years
3.2 Datasets

3.2.1 Climate datasets

For LP3IGUESS, nonthly or daily temporal resolutions for the climate datasets can be
selected for a given experiment. For the purposes of these sonsladaily temporal
resolution was choseffihe spatial resolution was keptakm horizontal, same as the
resolution of ERAS.and reanalysis dataset usadhe historical period simulations
(Ekberzade et al. 2022a). This lend an 8% knea to each ahd, whichwas divided

into 1000 M patches with 25 replicates (default parameters). Each batchan
inherent stochasticity in its simulations when the mads run in the cohort mode

and the output files lisflthe yeafrend results.

In our simulationsfor the historical runs which were conducted to calibrate the PFT
bioclimatic limitsand to assess the suitability of the DGVM for the study re¢iBd
GUESS4.0.1was runwith daily meteorologicablata calculated from ERABand
hourly reanalysisdataset with a 9 km horizontal resolution fdahe study arearhe
climatic input files were daily total precipitatiosiaily mean 2m temperaturanddaily
mean solar radiatigrand the initial simulation period (for the historical experiment)
was 38 year£19822020).

For thel40-yr simulationswith the new version of the mod&RAS5-Land hourly data
calculated as daily sum for precipitation and daily mean for all other datzsekept
for the historical period For the scenario period, fivdifferent GCM datasets,
contributions to CMIP6 with daily temporal resolutsomere first interpolated to 9
km horizontal resolution, and later bias corredgexplained in section 8) with the

climatology of the reference period 199614 from the ERA3.and dataset. The

reference period for bias correcdixthon was
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assessmenteport (IPCC 2021), and in part, to reflect the current state of global
warming.The high emissions scenar®SP 58.5 was selected as tlfieture scenario

to run all simulations under. The GCM datasets that were used in this study are listed
in Table3.1. They were selected based on their spatioporal resolutiorand the
following criteria: daily data with a timeseries that ran at least uhel end of this
century; spatial resolution no coarser than 100 km; uSBB58.5 as the emission

scenario.

Climateand additional bioclimatic indicesich as Growing Degree Days (GRiith
a 5°C base temperaturevere calculateavith CDO to determineclimatic tolerances
for speciesArcGIS andR programming languageere used t@rocessand plot the
output files(Schulzweida 2019; R Core Team 2021).

3.22 CO2 and soil datasets

For the initial historical simulations with the earlier version of the moaehual
atmospheric C@levelscalculated as global mean biie Global Monitoring Division

of NOAA/Earth System Research Laboratagda gridded global soil datderived

from Food andAgricultureOrganizatio® s 2 0 €egFerd2@10) avere usedor the
centennial simulations, list of atmospheric Cevels calculated as global mean from
TheGlobal Monitoring Division of NOAA/Earth System Research Laboratory for the
historical period (19622022), and a list of global GQprojections for the scemio

period (20232100) modelled with MAGICC7.0 by Meinshausen et al. (2048)e

used The gridded soil dataset required as input for the model to resolve vegetation
di stribution per stand was compiled usi |
primary reference, whichwas initially converted to a raster dataset with 1 km
resolution, and theresizedto 9 km horizontal resolution, each grid representing the
mode of 9 grids within its perimeterBhe soil groups in this list wdaterconverted

into categries hat matched.PJ}G U E S S 6-definedrseil properties representing
percolation sensitivity per percentage of sand, silt or clay content. Fomdreaesite

visits were conductedas deemed necessamginor adjustments tthe datasetwvere

made For regions outside oftrkiye, the relevant sections of the 0.5° global soil
texture dataset compiled by Ben Smith and provided along with the model code, with
his permission were used. This set wagerpolated t@a 9 km resolutionFigure 3.3

shows the finkiversion of the soil dataset used in the centennial runs.
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3.23 Datasets used to verify simulation results

The 2017 GDF datasetused for verificationof the simulation resultss the latest
collection of field observations from forest plots across thentrguthat ha been
collated over a decade. Within the datasetetit@ecountry is divided int@ontiguous
polygonswith different sizesOccurrence data for the forest taxa are assigned to the
individual polygons in form of a text code. The final text code per polygon documents
the presence and relativerdinanceof forest species in that plathich areimportant

from a forestryperspectie. Often a set of letters that represent the relative state of
canopy closur@accompanies the codéhus, atypical code starts with the letters for
the dominant taxofspecies with the highest number of individuals obserwatthin

the plot and f the pbt is a mixed forest, is followed by the acronym tioe second

most abundant taxgmand so on (such as CzKL, which indicates a forest plot where
primary dominance belongs Binus brutia(Cz), secondary dominancefagus spp.

(K) and the tertiary t®icea spp(L)). The code occasionally includes small case letters
indicating the age of the stand from a forestry perspective (diameter at breast height)
and ends with &tter representing canopy status. If a plot is not a-stateed forest

area,té indicaed as such (i.e. agricultural land, road, disturbed foresteicer,

To further verify our simulation results for the historical period, a ecogsparison

was made between NPP simulated by the DGVM &P estimates from
MOD17A3HGF dataset with 500 horizontal resolution, gafilled to compensate for
potential cloudy days and bad dg#zhao and Running 202INASA 2021) This
remote sensing dataset derived from 8day estimates ofthe fraction of
photosynthetically etiver adi at i on ( FPAdtelitefmountad sBhads A 6
Moderate Imaging Spectroradiometer (MODIS)

The NPP estimates in MODIS datasets are results of a certain algorithm that includes
i in addition to FPAR daily estimates of PAR from GMAQ3 landcover product

with its own list of allometric calculatiors and classificationand daily global
meteorological reanalysis data provided by GMAO with a half degree horizontal

resolution(Zhao and Running 2021
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Table 3.1

GCM name
EC-Earth 3p-HR
CMCC-ESM2
INM -CM5
MPI-ESM1-2-HR

NorESM2-MM

. The list of GCMs used in this studyC-Earth 3pHR (Haarsma et al. 2020); CMGESM2 (Lovato et al. 2022); INNCM5
(Institute for Numerical Mathematics 2020; Volodin and Gritsun 2018)-E8N1-2-HR (Gutjahr et al. 2019); NorESMZM (Seland et al.

Time Period

19562099

19562100

19562100

19562100

19562100

Resolution (km)
50

100

100

100

100

2020).

Variant Label
r3ilp2fl
rlilpifl
rlilplfl
rlilplfl

rlilpifl
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Research Institution

EC-Earth Consortium

The EureMediterranean Center on Climate Change
Russian Science Foundation

Max Planck Institute

Norwegian Climate Center



Soil Data

44°N

42°N
LPJ-GUESS
Soil Types

40°N

38°N

36°N

34 %”E 26°E 28°E 30°E 32°E 34°E 6°E 38°E 40°E 42°E 44°E 46°E 48°E 50°E

Figure 3.3 : The 9 km soil dataset used for the centennial simulations
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MOD17A3HGF dataset comes with an additional componenguhkty control (QC)
value, a rate that is assigned to each data cell afteppmstssing. Higher QC values
indicate data which Iv& been interpolated, and lower QC values indicate data with
beter quality. Posprocessing is finalized at the end of each year, turthiedginal
productinto an annual dataset. We used the entire collection from 2001 t&ilR&20

for QC levels50% or lessto construct the timeserie$his way we hadlata for all

available years, covering all oselectegolygonsin which we ran our comparisen

The MODIS datasetinevitably inherits uncertaintiedue to the multiple external
influences on its algorithni the meteorological data used in its calculations, the
chosen landcover classification method, and thefilapethodology applied as a final
step to procure the annual tiseries. Studies have shown tit@an overestimate NPP
in different geographies wheits climatology isnot representative of the regi, and
resultsimprove when higher resolution local meteorological data are appliet$ to
algorithm(Neumann et al. 2016iscrepanciealsoarise in areas where landcover is
a combination of different classes, or where vegetation is spidesenann etl.
2015) The dataset employs a landcover classification scheme desighkiMeysity

of Maryland (UMD;ISLSCP Il 202}, which generatefigher accuracy for pixels that
are homogeneouZhao and Running 2021The forest dinitions in UMD Global
Land Cwer Classifications require at least 60% canopy closure, almost twice the
requirement fo€CORINE Land Cover Classification (CLC; CORINE 202dich we

originally employedio assess simulated forest caver

To alleviatesome ofthese uncertaintiegsomparisos were conducted iareas with
different sizes that ltba certain level of homogeneity in terms of forest composition,
and little anthropogenic interference. However, singekile is a country where
anthropogenic interference is omnipresespecially inthe central plateawand forest
areas are highly fragmented in the west aralindthe southerncoast, this was not
always possiblé/Nhile selecting thpolygons which wee used in resultsomparisons
known forest areas were prioritized, finetuning their perimdtera Google Earth

with Copernicus CORINE Landcover V.20 dataset with a 100m horizontal resolution,
to ensureminimum anthropogeniinterference. In this manner, the discrepancies
could largey be explained as differences between the meteorological data applied to
arrive at the NPP estimates in M©DIS dataset and ERAS Land reanalyiatwas

used inthesimulations.
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3.3 Determining Study AreaLimits and Verification of Model Results

Forthepreliminary simulations, the study area was defined r@stanglar boundary
between longitudes 285° E and latitudes 382° N that encapsulaté Ttrkiye for
which GDF occurencelatawas available for the forest taxa verify the simulation
results(GDF 2021) However, a reasonable marggnut si de t he countryaos
boundaries on all sidegas also keptan area for whickhere washo occurrence data
for verification (other than literature review), but one which atieglve a betteidea
for the direction of any potential migration of forest taxaithin their natural
boundariesFor the centennial runs, this area was expandezflext the continuity of
the landformsencapsulang the Caucasus Mountaisystemand the northern part of
the Zagros Mountains (as explained above in sectiomt new study arezoveed
therectangular boundatyetween longitudes4250° E and latitudes846° N.

3.4 Bias Correction of the Scenario Phase for the GCM datasets

All temperature datasets were b@®rected using the delta change method, shown in
equation3.1. In the equationT represents biasorrected daily mean temperature
value, t represents ERAband reference period climatologig represents GCM
reference period climatology, atdepresents raw GCM daily temperature value from
the scenario phase (202900) which will be corrected:

T=t, {1, ) (31)

For bothprecipitation and solar radiation rate change wetvas adopteds shown

in equation 3.2. The variableX represents biasorrected daily total precipitation
and/or daily mean shortwave solar radiation downwards. ER#6 and GCM
historical period climatologies for both precipitation and radiation are represented with

Xe, Xgh, respectively

(3.2)

e

X =X

gh

L)

To preserve the trel in the final datasets for precipitation and to keep the adverse
effects of Adrizzled in the GCMs (extremely
minimum, mandatory lower thresholds of 1 mm/d and uppshold of 10 mm/d were

applied to the GCM values.
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3.5 Finetuning the Bioclimatic Limits of PFTs

Initially, LPFGUESSwas runwith the full set ofEuropean species defined into the
model using their default European species parameters,wdnich haveknown
distributiorsin Turkiye. The results from this initial run were compared with the GDF
inventory datasef(further detailed in Section 4)In areas where there were
dicrepancies, bioclimatic limits of the PFTs were calibrated using EFaWS dataset

for the climatic ranges, and multiple runs were conducted to finetune the PFT list to
reflect ther bioclimatic tolerance limitgor the region taking into consideratiomg
potential local climatic adaptation. &beseries of simulationalso helpedto better
resolvethe potentialresponsesf certain key tax#o climatic drivers and identify their
bioclimatic tolerance ranges for the study region so as to accurtielsttheir known

distributions

To calibrate lhe specieSbioclimatic limits (simulating with different temperature
rangesandtesting their response to precipitati@a)match their known distributien

in Turkiye, climate data averaged for 192020 from ERA5Land reanalysisvas
superimposed v e r the taxabds r ecor dnatidnal dorestt r i b u:
inventory dataset, focusing on specific GIS coordinates acquired in our site visits for
certain taxa (i.eCedrus libani, Pinus sylvestris, Picea abies, Abies)spjp. further
finetune (and to a certain extent verifyyalibrations for terperature, same
methodology was followed with the 1 km CHELSA data3éie crosscomprasions
were done mainly in ArcGIS Pro, wheilgetresultsof individual simulationsvere
superimposed t&DFs occurrencedatafor a regional show/nshow comparisan

Also, the EUFORGEN distribution mag&UFORGEN 2021)jntensive literature
review ofregional studiesvere consultedhacked byfield observationand in-person
dialogue with Turkish forestry and botanieapertsOnce confident that thr@mulated
distributiors of the default list obpeciesn the model matched thespeciedobserved
presence and thadensitydominanceover a given stand (Ekberzade et al. 2081tge
additionalconifer specied”. nigra, P. brutiaandCedrus libanwere introducedo the
mode| their bioclimatic tolerance levels calibrated through a number of simulations
(Ekberzade et al. 2022)

To identify the three new speciesodo biocli

where theranvere inconsistencieBetween simulén and observatiorERA5-Land
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reanalysis datetand CHELSA 1 km temperature datasentinued to baisedto
analyze, confirm, and finetune individual tax 0 soclimatic sensitivities While
calibrating the PFT settingsgions where the species in qu@sivere known to have
healthy populations that were least affected by anthropogenic interfenaree
prioritized A control runwas conductedising the bioclimatic levels ascertained
through the aforementionedpalimpsest methodologyfollowed up by mulple
additional runs with incremental changesthe initial parameters to see how the
distribution ranges of the taxa would be affeabeder different simulations’hese
experiments, while finetuning the distribution ranges of species, also helped (1) to
further identify critical populations of certain taxa outside their widely known
distribution rangesi.g. northerly presence d®. brutia andC. libani populations in
Anatolia), (2) to better understand the extent of their individual bioclimatic tolerance
levels and gain an insight to potential regional plasticiy) to understand the
dynamics behind the composition and structure of the forests in the region through the
interplay between the taxa while they competed for resources within their bioclimatic

tolerance limits (and started to und®mpete as they reached their limits).

At the end of each simulation runjots from different parameter setwere
syperimpogd overoccurrence data from the GDF data@eting simulated LAl of
individual speciesfor visual compason These visual analyses between observation
and simulation, although qualitative, were crucial to ascertain distribution; define the
bioclimatic tolerancéevelsof the three additional taxa from scrat@&ameapproach

was used in théntroduction of two additional taxalnus glutinosaand Quercus
macrantherao the list of PFTs for the centennial runs as they were deemed necessary

following site visits. Final list of PFTs are shown in Table 3.2.

35.1A case fo thefi s i sstbespeodes

In the case ofa number of taxa (i.dRicea abieythatarepre-defined to LPJGUESS
but with no significant natural distributiem Turkiye, theirplant traitsvere calibrated
to match theifi s i sstibspeadiesi(e. P. orientalis) with a known and significant
natural distribution in TurkiyeWith minor adjustmestto the particular specigs
sensitivity for precipitation mainly(i.e. changing rootdistribution ratios in PFT
settings(Akkemik et al. 2018) LPJGUESSwas qiick to accuratelysimulate the

taxonds known distribution range.
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Table 3.2 :Climatic limits for the PFTs as used in ttentenniabimulationg(abbreviations are explained on page xiii).

Tcmin®  Tcmin®  Tcmax®  Twmin GDD5min Root Drought
Species/PFT (°C) (°C) (°C) (°C) (°C) distribution tolerance  Shade tolerance Growth form

Abies spp* -8 -7 0 10 1200 0.7 0.3 0.25 tolerant tree

| Alnus glutinosa -20 -20 3 5 600 0.80.2 0.4 intermediate tree |
Betula pendula -30 -30 7 5 700 0.8 0.2 0.42 intolerant tree
Betula pubescens -30 -30 3 5 350 0.8 0.2 0.45 intolerant tree
Carpinus spp.* -8 -8 5 5 1100 0.8 0.2 0.25 intermediate tree

| Cedrus libani -9 -8 2 16 2200 0.6 0.4 0.05 intolerant tree |
Corylus avellana -11 -11 7 5 800 0.8 0.2 0.3 intermediate shrub
Fagus spp.* -3.5 -3.5 6 5 1500 0.8 0.2 0.2 tolerant tree
Fraxinus excelsior -16 -16 6 5 1100 0.8 0.2 0.4 intermediate tree
Juniperus oxycedrus 0 1 1000 -1000 2200 05 05 0.01 intolerant shrub
Picea spp.* -30 -30 -1.5 5 600 0.9 0.1 0.43 tolerant tree

| Pinus brutia -2.5 -2 9 -1000 1500 0.6 0.4 0.05 intolerant tree |
Pinus halepensis 3 3 9 21 3000 0.6 0.4 0.05 intolerant tree

| Pinus nigra -8 -7 5 10 1250 0.6 0.4 0.1 intolerant tree |
Pinus sylvestris -30 -30 -1 5 500 0.6 04 0.25 intermediate tree
Populus tremula -31 -30 6 -1000 500 0.7 0.3 0.4 intolerant tree
Quercus coccifera 0 0 11 21 2200 0.5 0.5 0.1 intermediate shrub
Quercus ilex 3 3 7 5 1800 0.5 0.5 0.2 intermediate tree

| Quercus macranthera -16 -15 5 -1000 900 0.60.4 0.175 intolerant tree |
Quercus pubescens -6 -5 6 -1000 1900 0.6 04 0.175 intermediate tree
Quercus robur -10 -9 6 5 1100 0.6 04 0.25 intermediate tree
Tilia cordata -12 -11 5 5 1100 0.8 0.2 0.33 intermediate tree
Ulmus glabra -10.5 -9.5 6 5 850 0.6 04 0.4 intermediate tree
Boreal evergreen shrub -1000 -1000 -1 -1000 200 0.8 0.2 0.25 intermediate shrub
Mediterranean raingreen shrut 0 1 1000 -1000 2200 09 0.1 0.01 intolerant shrub
C3 herbaceous -1000 -1000 1000 -1000 0 0.9 0.1 0.01 - -

* Abies sppincludingA. nordmanniangA. bornmilleria A. borisiiregisand in limited capacityA. cilicica. Fagus sppincludingF. sylvatica
andF. orientalis Carpinus sppincludingC. betulusandC. orientalis Picea sppIncludingP. abiesandP. orientalis.
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We made similar adjustments fagus sylvaticato also coverthe range offF.
orientalis, andfor Abies alba(taxon definedit he model 6s debdlitaul t
with no natural presence ihirkiye) we adjusted its bioclimatic tolerance levéls
especially sensitivity to droughtto reflect thecurrent northern distributiormangedor

A. nordmannianaand A. bornmuellerianaWhere identifying bioclimatic tolerances

of certain additional subpecieqi.e. A. cilicica) proved to be a challenge either due

to the resolution of the climate data (species inhabiting small but frequent pockets,
sharing close altitudinal ranges with other species) or lack of sufficient studies on
speciesod6 tr ae,tws fawredthe csefimedceas wihnkaown climatic
respnses infurkiye.

3.6 ProcessingM odel Output

For all simulation result8 p | and mappingy, R programming language (R Core
Team 2021) and ArcGIS Pro v.03were used. Annual results of the different
simulations from individual GCM runs were initially plotted using R. Additionddly,

the centennial simulationd, sets of 30 yr. means from the beginning (12620),

middle (19912020 and 2032060) and end fothe timeseries (2072100) were
calculated and plotted to observe patterns of convergence and divergence among
individual model simulation resultsSum of absolute differences AB) was the
chosen method in this initial analysis to understand in whiehsathe simulation
results for biomass and density showed differences, and the same was done for the
input datasets of precipitation and temperature of individual GCMs to discern areas
where the datasets divergegpp. B, FiguresB.2-B.4).

The ensemble sdians of the period mean of different output files (biomass, density,
as well as dominant species per stand (calculated from density) and dominant
bioclimatic zone (calculated from dominant species of taxa per 3tamebe
aggregated to large datasetstfar beginning and the end of the simulations in R, and
transferred to ArcGIS Pro for detailed bivariate analysis. The temporal range of our
bivariate analyses consists of median of the 30 year means for the beginning and end
of the individual GCM simulatins (19611990 and 207-2100). To analyze the spatio
temporal changes in our simulation results, we also added elevation as a variable to
these aggregated datasets. For this, we G&€8M 1 Arc-Second Globabataset,

resizing it to 9 km resolution of ouinsulation results, and later joining the digital
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elevation values with the corresponding coordinates of our aggregated simulation
results. We conducted our various analyses over these final large datasets, making

statistical inferences where necessarygistrand ArcGIS Pro.

For comprehensive analyses of individual
specific bivariate maps were adjusted for density across taxa, and for biomass, scales
were adjusted for minimum and maximum values within hardwoabl saxftwood

groups. This allowed us not only to compare changes in biomass and density per taxon
overtime, but also differences between species in terms of range preference, response
to changes in climate and potential migration. For density, we selectéciraum

number of 100 individuals/ha of a given taxon as our threshold (across all our bivariate
analyses); for biomass we kept our minimum threshold atCl/kg for softwood and

2 kg C/m? for hardwood species (we kept this threshold at Cka? in mapswhere

multiple taxa were plotted). Values below these respective thresholds were classified
as both low density and low biomass for a given stand for the taxa in question, and
when they occurred in tandem, no color was assigned to those grids. We smiected
minimum simulated biomass thresholds in our analyses with a general consideration
for the global values reported by Erb et @017. For our minimum density
thresholds, we picked a high enough number which would allow us to concentrate only
in placeswhere there was a substantial number of individuals belonging to the taxon

for which we were conducting our analyses on.
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4. RESULTS AND DISCUSSION

4.1 The Historical Run

Figure 4.1 in a and bshows in two different resolutions the Gldata which was
conditioned to show the most abundant species for a given polygdinating
numerical dominance, and which acted as one of the primary references in
qualitatively analyzing and verifying the téts of species distributions simulated by
LPJFGUESS4.0.1 (Fig. 4.1c and dFigure 4.1a is the raw vector data rasterized to a
resolution of 1 kmandFigure 4.1hks the same data in form of aggragated polygons
with a resolution of ~10 km. White areas both plots show nofforest areas as

designated in the GD#atasefi.e. privateland, agriculturabreas, wetlands, etc.)

To be able toun comparisons with the narumeric GDF observation data, we plotted

our simulationr esul t s usi ng oauthue(numbeddf indiveluald2) si t vy
assigning to eacstand the taxon with the highest number of individualsttieatmodel
simulated in thastand Figure4.1cincludes all simulated taxa including shrubs, which
areoften naturally presenas understorand are quick to take over a given stand in
numerical dominance. Tasually assess whether we are looking at a dense forest or

a woodland in a given grid, we additionafiiotted the biome distribution from our
simulations. Figuré.1d shows this distriltion from the mean simulation results for

the entire study period (1982020), conditionallycategorized according to IGBP
classification.As can be seen in the figurnal set of PFT parameters frobPJF
GUESSVv40.5i mul ated t he snsiggdammance per standfaily and

reasonably

Figure4.2 shows the results of our final simulations at a species level for the three
conifertaxathe bioclimatic limits of which were determined with LBUESS v 4.0.1.

The figure showsbservation dataom the GDF dataset superimposed over simulated
LAI. Overall, our simulation resultf®r thethreenewly introduced taxa captured their

naturaldistribution fairly reasonably as qualitativedgnfirmedby visual comparison
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Trees Shrubs Other

[ IPinus brutia I Abics sp. I Fagus sp. I Quercus coccifera [ Rocky outcrops

M Pinus sylvestris [ Cedus libani  [70] Quercus robur [ Juniperus sp. [_INon-forest area (agricultural land, road, urban center)
M Pinus nigra [ Picea arientalis [ Quercus pubescens [l Mediterranean raingreen shrubs

I Pinus halepensis [ ] Carpinussp. [ Quercus ilex

[ Pinus sp. I Tilia cordata B Other decidious (observation)

Figure 4.1 : Plotsaandb: distribution ofmost abundantominanj forest tree
specieger plot(2017 GDFdataset)plotted as vector data and aggregated polygons
with 10 km resolution, respectilye White areas represent nforest areasc:
maximum number of individuals per sthfrom simulation resultsl; same
simulation resuli shownas biomes according to IGBP classification.
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against GDF o6 s occurrence d at with expensd t hr c
throughout the course of this research However , itds hwort h n
anthropogenic landcovathange introduced into the model for the purposes of this
experimen® the mainhuman presence being through the annual atmospheric levels

of CQO, provided as an inpub the modeld the outputs from our simulations, i.e.

specis density, LAl,etc, are meresuggestions of a possible terrestrial ecosystem
structure and composition for the speaefined into the model only, and thus, reflect

a limited version of a potential distribution.

4.1.11dentifying climatic tolerances for P. nigra, P. brutia, and C. libani

P. nigraandP. brutiaare native td drkiye with a known and wide natural distribution

with different altitudinal preferences, and different responses to temperature and
aridity (Akkemik et al. 2018; Akkemik 2019; Fyllas et al. 2008; Semerci et al. 2021;
kahamn al . 2021; P .éblutigénzuch dike P. hdlepensigasifie) .
adaptationyegenerating after a fire season due to its serotinous cones (Fyllas et al.
2008; tkak20ZnP. regraon the other hand can survive surface fires but is
vulnerable to large intensityr own fires (Fyllas et al. 2 (
pine species are integral membefsthe Mediterranean climatgpe ecosystems

within thecountry, crossing paths with libani in their vertical distribution along the
Taurus mount ai ngnge@. hibaniblsatt teenpé®s am airieves ens
Turkish lots have been studied on siteéhie Western Taurus range (Messinger et al.

2015), such as the twpinetaxa in provenanctials (Semerci et al. 2021).

P. nigra although favoring a colder band, is a temperate species, listed under Zone 5
according to the U.S. Department of Agriculture (USDA) plant hardiness zone
classification(Bamister and Neuner 2001). Its relative cold tolerance allows it to
cohabit higheranges with frostoving species such d&agus gp. and coldloving

taxa such a8biesnordmannianandP. sylvestrislts range overlaps in large part with

P. sylvestrisn themountains along the central Black Sea coast in the northern part of
the country formingmixed conifer forests, as well as in the higher altitudes of the
Taurus range dowm the south (Atalay 2015; Akkemik et al. 2018). Defining the
bioclimatic limits for thistaxon proved to be the least challenging considering its wide

and weltknown distribution.
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Oncewe establishedP. nigrabs pl ant traits and ritan our S i
affinity for the continental climate and its potential to expand its rangebecome

dominant inCentral Anatolid despite competition from differentk speciepresent

in the modeli came out as an important result, one which we coreidar our

researcHor the scenario simulationandone which may also be considereduture

reforestation, restoration and conservation polifs. 4.2c)

P. brutig although has lower tolerance for szdro temperaturdsclassified as a Zone

7 species (Bannister and Neuner 200&3n nevertheless be found in the northern part

of the country and in Marmara Region, unable to breach into the boreal species zone

in theNortheastern Highlands (Atalay 2015; Akkemik et al. 2018; Semerci et al. 2021;

Y é | eta@. 2014; Kandemir et al. 2017). It flourishes under the Mediterranean climate

zones in Turkiye, forming mixed forests in lower altitudes largely with its sister taxon

P. halepensign the south, and is able to infiltrate into continental climate zones with
temperatures lowehan whichP. halepensisan tolerate (Akkemik et al 2020). U$

while defining the bioclimatidimits of P. brutia, we considered this plasticity, and

since the taxon split into populationsth differing cold tolerances in the north and

the south of the country (Semeetial. 2021), we chose a lower minimum terapere

range for both survival and establishmiworing the northern and central Anatolian
populations mostly under the influenceacfontinental climate, to better see the extent

of the speci es?d p othiseompronaide didlin factve us dbettei on. Whi |
idea of the speci es forthe entirecowniryaniourdimutatoni but i on
results (Fig. 4b), the assigned bioclimatic limits resulted in a relative disadvantage

for the speci esbasmanitestdd dy dowerpldlg unlteamsiofo n
competition and dominance (mainly against thive taxa defined as shrubs to the

model: Q. cocciferaand Juniperus oxycedrdsHowever, sinceP. halepensisand

southern populations @f. brutiainherit similar bioclimatidimits, in our results we

considered the PETepresentative d?. halepensisrepresenting®. brutiadd s s out her n

distribution as well.

Finetuning bioclimatic tolerances became even more challenging with the addition of
C. libani, another key conifer species for the southern forest rangesrkiye, its
vertical distribution overlapping wittP. nigra on the mountains in the south. Its
preferencdor cooler and relatively moist environments, yet with a high tolerance for

drought Atalay2015; Glney et al. 2020) guided us into defining a PFT representative
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of this taxon(Bugmann 1996) which, although fragmented, has an important southern
distribution inthe country (Fig. £a). Our simulation results not only captured the
southern dtribution of this temperate conifer but also highlighted its small but

important presence in Centrahatolia.

Al 't hough compromises which we made iin t
bioclimaticlimits to capture their potential ranges in f@illspecifcally to identify the

critical northern populations d®. brutia andC. libanid mayseem to haveflated

their stand dominanda certain regions, comparison of simulated LAI to occurrence

data was supportive of owverall calibration choices. Alsopscifically for the

western part of the country, forgsagmentation due to anthropogenic disturbance
made it harder t o cdstnbuteonte obsepvaieni Dudngours i mu |
field visits, we witnessed fragmentatiaontributing to an increase ecotones in

which vegetation composition reflected th@nsition and was recorded in observation

data as such. For these forest patches witiheneased edge effect, we relied on
intensive literature review and expert opinion to veafy simulationresults for the

potential ranges of forest taxa.

The addition of three main species nativd twkiye to the existing species list in the

model improved our overall simulation results, rendering more realistic forest
compositions.lt also helped us to fut her cali brate the def a
tolerances talosely match their local climatic adaptations and their distribution ranges

in Turkiye. Upon adding the three Mediterranean conifer species with bioclimatic
sensitivities falling in similarranges or very close to the existing list of PFTs,
competition for resources and spaetween species naturally took center stages&h
introductiors also helped identify thiecal adaptations of the existing PFTs, and better
estimate their bioclimatic linstfor thisregion. An interesting outcome in this regard

was that ofQ. pubescensand Q. ilex the latter preferring coastal zones and mesic
riparian sites inrirkiye (Akkemik et al.2020fotelli et al. 2000; Frichtenicht et al.

2018). Following ensemblains of the model, it sodmecame obvious that to more
accurately reflect the distribution &f nigraandP. brutia we had to rearrange the
pre-defined drought sensitivities of these two species of oak, m&kinmubescens

more resilient to drought arg@l ilex more sensitive than already definresdh t he model
instruction file for European speciesaple 3.3. This move was also in line with

existing research on the individual speci
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Cedrus libani
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adjustment was immediately reflectedlie simulation results as a closer match of all
four speciesd distributions to their obse
et al. 2018).

However, since the conifer speciesTirkiye are known to establish in different
altitudinal belts fallng many times in the same grid in a 9 km horizontal resolution
datasetfo more accurately determine their potential presence in a stand, climate data
with higher resolution than that of ERAband reanalysis is needed. Species
introduced as shrubs inthe model such ag. oxycedrusor Q. coccifera,sharing
similar cold tolerances or drougkensitivities with i.e.P. brutia (Bannister and
Neuner 2001), are commonly found in Mediterrangmme forests inTurkiye,
frequently occupying the transitional edgk a forest lineand/or establishing as
understory (Fyllas et al. 2008; Akkemik et al. 2018). Determirting spatial
distribution and dominance of the shrub versus tree taxa for a given standtprbeed

a challenge in our simulations s cocciferaor J. oxycedrusvould often take over

the 81 knd stand as the dominant species in density whether they exist as an understory
or in open form in that specific region in actuality. In field observations, we observed
thesetwo taxa to be present largely as amlenstory shrub or a small tree in several
low altitude ranges of mixed®. halepensisand P. brutia forests/woodlands in the
southwest, and asther a shrub or a small tree as part of the maquis transitional zone
along the Aegean Seaast. Wherd. oxycedus was dominant in a simulated grid, in

field observation it slowlyhinned with altitude to allow?. halepensisr P. brutiato

take over. Although identifyinghis fine altitudinal zonation was hard with a 9 km
resolution, preparing conditional datasatxording to the IGBP biome definitions
from simulated species density, height &R helped, and by categorizing the shrub
and maquis as such, we were able to sedtreex a6 s si mul at ed domin
stand (Fig.4.1c, d). Also, the higher resolidn CHELSA dataset(l km) for
temperature was an asset in aiding us to further finetune the bioclimatic limits of our
PFTs, especially when running our simulations and future forecasts with the new

version of the model.

4.1.2Verification of initial results with the MODIS dataset

During the verification phase of our simulation results from-GRIESS v 4.0.1our
comparative time seriaghich we created for NPP from thOD17A3HGF dataset
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and the model simulationshowed a reasonable match between simulatedi
estimatel NPPover forestplots with minimum anthropogenic interference, and were
on par with both literatur@and our expectation~ig. 4.4). The MODIS dataset
inevitably inherits uncertaintiess previously explained in secti@2.3.However, if
plots for comparison between simulated astimated NPP can be chosen by taking
these factors into consideration (i.e. if the stadia is large enough to compensate for

this), the dataset proves to be a valuable resoureaddel result verification.

MOD17A3HGF dataset and LRJUESSv 4.0.1simulation results converged in five
of our eight sample areas (polygons with timeseries 3,i 8, i6 Fig. 4.4). In the
remaining thre€polygons with timeseries 1, 2, 5 in Fy4), the NPP estimates in the
MOD17A3HGF datasetere higher than LRGUESS simulation results. For polygon
5, since the area, albdiagmented, in actuality has a substantial forest cover where
brutia is often the dominantaxon, and where LPGUESS simulated a woody
grasslanécording to IGBP classificatioFig. 4.3), we considered this as a plausible
reason behind the discrepancy. For polygomasd 2 representing the two northerly
mountain ranges where LIUJESS simulated a transitionabodland and in part a
woody grasslandwe attributed the mismatch between #stimated and simulated
NPP to a combination of the different climate input data useshblg algorithm and
the gapfill methodology used to counteract the cloudiness factor IMBBIS dataset

(a brief analysis isncluded inApp. A).

Figure 4.3 : IGBP biome classification applied to mean LBUESS simulation
results for the same period as the MODIS dataset (20Q0) with selected
polygons for timeseries comparison superimposed.
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4.1.3 An overview of initial results from the19822020simulations

The historical simulations run with LRGUESS v 4.0.Tor 19822020 period while
finetuning the distribution ranges of species, helped to (1) further identify critical
populations of certain taxa outside of their widely known distribution rar(@gs
understand the extent of their individual bioclimatic tolerance I€@3land gain an
insight to competitionfor resources within thebioclimatic tolerance limits G@they

started to undecompetewvhen the taxaeached their limits).

Although found in fragmented populations in the study aaelling C. libanid s
bioclimatic limitations to theist of simulated species highlighted competition for
resources being the key driver for the compositiohiokiye0 s f or est s i n t he
of human interference, especially for the Mediterranean climate type regions. Our
simulation results identified addinal potential niches for this southerly species with
known nativity to the Taurus mountain range: in the Marmara and Black Sea regions.
In both regiongC. libani is known to maintain healthy populations once introduced
(information which we verified wit botanical experfsand also observed in forest

plots during field visits and we recommend this to be considered in future forest
management decisions in places where their presence may be a contribution to species
richness from an ecological perspectivais is also an area that we exptbferther

in our research of forest biodiversity and climate change affecting the Anatolian
Peninsula and its immediate neighbors in the Eastern MediterraneardBasgour

forecast simulations

Our simulation rests also provided us with valuable insight into the main threats to
the distribution and composition of forests in the country. In the absence of
anthropogenic interference, the potential presence of forest taxa (in form of a woody
grasslandwith a foliage projective cover of 860%) expanded well intavestern
Anatoliai currently a heavily populated region with large patches of land dedicated
to agriculture. This is in support of the hypothesis that climatic stressors aside, the
current fragnentation of forests in the inner parts of this delicate peninsula is largely
due to anthropogenic lange landcover change practices (Wick et al. 2003;
Kaniewski et al. 2007; Bottema et al. 1988)hough the 9 km native resolution of
ERA5-Land reanalgis was adequate forragional study such as this one, higher

resolution regional climate data are neeftedsimulationsto better assess a potential
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migration offorest taxa and to further finetune the bioclimatic tolerances of species
defined tothe malel, introduce additional subspecies, and to identify differences
stemming from regional adaptations. While our research involves further analysis of
the bioclimatic tolerance levels of the forest taxa with higher resolution climate data,
our final set oPFT parameterdefined withthese initial simulationghelped finetune
these thresholds with the new version of the DGVM.

A challengeat the onset of this researtthquantifiably verifythe simulatiorresults

was the lack of quantitative datasets basedyround observation which accurately
represented the r eWhilethetGDF data wereisvaluableain bi o
qualitatively analyzing and verifying oearlyresults, for quantitative verificatiothe

annual, global MOD17A3HGF dataset forigsited NPPwhich we usedalbeit its

shortcomingsrendered a reasonably close match of our simulated NPP.

Despite these challenges we faced - n fin
GUESS v 4.0.1 to simulate the potential forest distribution esdposition for

Tarkiye, our simulation results proddo be a reasonably close match for the known

current and historical ranges of the speciese 38&year runprovided us with

important insight into the potential threats Tarkiyed s f or est ;)ga whi | e
reference as we contindieo explore the potential range shifts of forest speciethéor

regionunder a changing climate.

4.2 ForecastSimulations

We used the bioclimatic thresholds which we identified in the initial phase of our
simulationsfor ourexperiments with LRGUESS v 4.1jn whichthe number of input
climate datasetwereincreased from 3 to; The soil dataset was updated; and dls®
study region was expanded to account for topographic continuity especially in the

eastern segment of oformer study area

Figure4.5 shows thdinal results of our bivariate analyses of total density and total
woody biomass from our simulations for the beginnib@61-1991)and end207%+
2100)of our simulation period. The simulated total density of wotacka shows an
overall centennial decrease per stand from an average maximum of 6000

individuals/stands in part to below 4000; which is compensated by an increase in
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Figure 4.5 : Total woody biomass and density for the beginning and end of the
simulaton period. Scales of maps have been standardized for comparison.

biomass, a change that reflects the natural correlation between biomass and density: as
woody taxa grow and gain biomass both above and below ground overtime,
competition for space becomepa i mary | i mitation to seedlings:s

-

The simulated increase in woody biomass is largely consistent across our study area

and more pronounced for the central Anatolian steppe ecosystems, and the northern
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segment of our study area (latitudes 36°N @naolve). Northcentral and western parts

of Anatolia (especially southeast of the Marmara Sea) and the eastern highlands show

a simulated centennial increase in total woody biomass, as well as the Taurus
Mountains along the Mediterranean coast. Simulateah@bs in density in the
Mesopotamian shrub and desert ecoregions by the end of the century duly hint at the

di stinct ecoregion fdAbeltso for this are
ecoregion, with maximum altitudes between 2000 and 3000 m forutig atea, a

potential increase in density of woody taxa with a substantial increase in biomass in

higher terrain is simulated for 2100.

Our simulationsfurther show a centennial increase in total density and biomass of
woody taxa for the southern Black Segion, especially along the eastern segment of

the Pontic Mountains (the mountain system is also referred to as North Anatolian
Mountains),while the majority of the species in the northern part of the study area
appear to gaiin both density and biomasin the Caucasus Mountains, especially in
higher elevations, in the Pontic Steppes north of the Crimean Peninsula, and in the East
European forest steppes along the western Black Sea, higher potential biomass and
density can be seen by the end of thewgn The Rhodope and Balkan Mountains,

and the eastern edgetbe Carpathians also show high simulated biomass.

4.2 1Latitude vs altitude

When we further analyze simulated biomass and density for the two distinct
bioclimatic groups, a clear pattern emerges. Figure 4.6 highlights the potential shift
from high density and high biomass to low density and high biomass of the boreal taxa,
where hey consolidate their ranges on mountain regions, increase their biomass on
higher altitudes with negligible signs of a latitudinal movement by 2100. The maps
suggest a climbing tendency of the boreal spéoigith mostlyPinus sylvestrisaking

the leadi in eastern Anatolia, potentially converging around highland regions of
Munzur Mountains, with elevations over 3300m (and a natural distribution range for
P. sylvestris Also, albeit with lower biomass, they consolidate their southeastern

range around H&ari Mountains southeast of Lake Van.

Figure 4.7 shows the simulated takeover of our study area by temperate woody taxa
by 2100. Drought resistant temperate taxa step into dominance, potentially forcing the
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boreal taxao a pultback under a warming trend. Th@mernot only increase their
density, but their biomass as wed pattern that largely explains tlsenulated
centennialincrease in totalvoody biomass and density in Central Anatoligheir

range expansion does not indicate any particular prioritizaticaititude or latituce.

The potential takeover of temperate tawdh the retreatin boreal taxa in our
simulation resultbecome more apparewhen we crossomparethe relationship of
borealandtemperate taxdensity: he maps in Figurd.8 showborealtaxa pulling

back and consolidating their ranges around mountainous tearairthescatter plots

highlightthenoticeablecentenniad e cr ease i n t he boreal species

Furthermore, when we compare the results of our simulations fromnsityde
dominance perspective, the taxon specific strategies when faced with changes in
climatic drivers become clearer. Figure 4.9 shtivessimulated spatial distribution of
density dominance of taxa per staadd their total biomass calculated as medains
individual GCM results fronthe means of the historical perj@hdthree time periods

from the beginning, middle and end of the simulation pelidiidual GCM results
areshown inApp. ©). The potential increase in biomass of the four deciduouscQaie
species, especially for the two taka. pubescensnd Q. macrantheraboth with

higher drought tolerandecanbeseenn t he boxpl ots. Where the Qi
in both total biomass and spatial dominance is signifieéhin the study aredagus
spp.(representing joint ranges Bf sylvaticaandF. orientali§ seem to preserve their
biomass in their strongholds in the Pontic Mountains, and in the eastern sefment
the Taurus Mountains, occasionally at a relative cost to their dominancefulire

pattern ofFagus spppotentially pulling back from their dominant positions is most
pronounced in the central part of the Crimean Peninsula, and around the Marmara Sea,

where the taxa lose their density dominance in the mixed forest ecosystems.

A similar pattern emerges fét. sylvestrisas well, where the taxon potentially loses
its density dominance considerahiythe Eastern Highlangseplaced bycold and
drought tolerantQ. macrantherain the northand eastern Anatoliaand by the
tempera¢ coniferPinus nigra tolerant of continental climatas the south, on the

eastern segment of the Taurus Mountains and along the Zagros range.
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Figure 4.8 : Density for temperate and boreal woody taxddajhebeginning
(1961:1990) and (b) en(R071-2100) of our simulations. Scatter plots show biomass
and density relationship within each group.

4.2 .2Climate mandates limitation

While the patterns in biomass and density of woody taxa are pronounced between the
beginning and end of the 14@ar simulatn period, there is indeed a gradual and
steady shift in potential forest composition overtime, favoring drought tolerant taxa

with a survival capacity under a wider range of temperatures. Thia gantbe
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