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EFFECTS OF CLIMATE CHANGE ON POTENTIAL RANGE SHIFTS AND 

COMPOSITION OF T¦RKĶYEôS TERRESTRIAL ECOSYSTEMS 

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 provide vital insight into 

conservation efforts. The central aim of this thesis research is to estimate the current 

and future potential distribution of Türkiyeôs forests and their composition in the 

absence of anthropogenic landcover change, to calibrate the bioclimatic thresholds of 

certain key taxa to reflect their regional distribution in simulations using a process-

based dynamic regional-to-global vegetation model (DGVM) to introduce new taxa to 

the simulations where necessary and in this manner to contribute to past studies on the 

distribution of European forest taxa by filling an important spatial gap. For this 

purpose, potential distribution of 25 forest taxa, and a C3-grass type are simulated by 

means of LPJ-GUESS v. 4.1 for the Anatolian Peninsula, keeping a spatial window 

large enough to track temporal changes in the vegetation range and composition in its 

surrounding areas. The model was forced with ERA5-Land reanalysis data for the 

historical period (1961-2014), and five different global climate model (GCM) 

contributions to the 6th phase of the Coupled Model Intercomparison Project (CMIP6) 

for the scenario period (2015-2100). The GCM datasets were interpolated to ERA5-

Landôs resolution and bias corrected with the climatology of the reference period 1995-

2014 from the ERA5-Land dataset. The reference period for bias correction was 

selected in accordance with the 6th assessment report of Intergovernmental Panel on 

Climate Change (IPCC 2021), and in part, to reflect the current state of global 

warming. Shared Socioeconomic Pathways (SSP) 5-8.5, the high emissions scenario, 

was selected for all simulations. The bioclimatic tolerance levels of all plant functional 

types were calibrated using the temperature components of 1 km CHELSA dataset, 

and 9 km ERA5-Land datasets, calculating climatologies where necessary using 

Climate data operators (CDO) and R computing language; species distribution maps 

from European forest genetic resources programme (EUFORGEN); and the forest 

inventory data from General Directorate of Forestry (GDF) of Türkiye. In situ site 

visits were also undertaken to critical regions within the study area to further finetune 

the bioclimatic tolerance levels of certain key taxa, and further analysis of both 

observation data and the simulation results were made using R and ArcGIS. 

The simulation results from multiple model runs highlighted a consistent increase in 

woody species biomass 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 that is otherwise dominated by grasslands in simulations, in part 

reigniting the discussion over the past anthropogenic influence on the current 

vegetation composition of the Peninsula. The mountain systems also came out as 

important potential refugia for many cold-favoring woody taxa. Throughout the 

centennial simulations, the tree species prioritized an altitudinal move rather than a 
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latitudinal one, consolidating their ranges around high elevation massifs, occasionally 

giving up their density dominance but gaining 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 throughout the study area, without any 

particular prioritization for altitude or latitude. Temperate taxa with higher tolerance 

for drought increased their overall biomass and density, while the drought sensitive 

species gave up their dominance but continued to exist in smaller groups in areas where 

resource limitation became a determinant for the outcome of competition. All 

simulated taxa survived the 140-year simulation period at some capacity (there were 

no potential regional extinctions), finding some form of a footing along this ancient 

land bridge ï some giving up their largely monotypic/homogeneous forest ranges for 

mixed forest compositions; others either leaving their dominant presence and 

becoming a ñmember of the teamò; or exerting their dominance over a larger area. 

Overall, the results from these series of simulations, sans human presence, suggest a 

high potential for future forest cover throughout the study region by the end of the 

century under a high emissions scenario, and important changes in vegetation 

composition including encroachment of grasslands ecosystems by woody taxa. Our 

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 

human-nature co-existence, the region may continue to play its role as a cradle. 
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ĶKLĶM DEĴĶķĶKLĶĴĶNĶN T¦RKĶYEôNĶN KARASAL 

EKOSĶSTEMLERĶNDEKĶ POTANSĶYEL DAĴILIM VE KOMPOZĶSYON 

DEĴĶķĶKLĶKLERĶNE OLAN ETKĶLERĶ 

 

ÖZET 

Ķklim deĵiĸikliĵinin giderek somut bir hal aldēĵē i­inde bulunduĵumuz bu dönemde, 

özellikle biyolojik ­eĸitlilik bakēmēndan kritik ºneme sahip bºlgelerde, t¿rlerin 

potansiyel daĵēlēm alanlarēnēn modellendiĵi y¿zyēllēk ºngºrmeler/projeksiyonlar, 

orman kapasitesinin korunmasēna ºngºr¿ saĵlayabilmesi, hassas alanlarēn 

belirlenebilmesi, farklē t¿rlerin maruz kaldēklarē stres faktºrlerinin tespit edilebilmesi, 

kritik alanlarēn belirlenebilmesi ve koruma politikalarēnēn oluĸturulabilmesi ya da 

bilimsel kanēta baĵlē olarak bu politikalarēn ve yºnetim yaklaĸēmlarēnēn 

güncellenebilmesi için büyük önem arz etmektedir. Bu modelleme ­alēĸmalarēnda, 

birden fazla odunsu türün daĵēlēmlarēnē, rekabet ya da t¿rlerin tahribatlar karĸēsēndaki 

dayanēklēlēklarēnē da hesaba katarak hesaplayabilen dinamik vejetasyon modelleri, 

s¿rd¿rebilirliĵi destekleyen, bilimsel kanēta dayalē ºngºr¿lerin oluĸturulabilmesine 

yardēmcē olabilmektedir. Bu tez ­alēĸmasēnēn amacē, mevcut zamandan y¿zyēl sonuna 

kadar olan dönemde T¿rkiye ve komĸu bºlgelerde, odunsu t¿rlerin potansiyel yayēlēm 

alanlarēnē belirlemek, ve T¿rkiyeônin potansiyel orman kapasitesinin ve karasal 

ekosistemlerin ºnemli bir par­asē olan bu bitki topluluklarēnēn biyok¿tle ve 

yoĵunluklarēnēn y¿zyēl sonuna kadar, insan etkisinin olmadēĵē bir senaryoda nasēl 

deĵiĸeceklerine, t¿rlerin daĵēlēmlarēnēn ne yºne hareket edeceĵine, ve bu hareket 

esnasēnda potansiyel orman kompozisyonlarēnēn ne ĸekilde deĵiĸebileceĵine dair, 

türlerin potansiyel biyoklimatik adaptasyonlarēnē da hesaba katarak, ºngºr¿ler 

geliĸtirmektir. Bu minvalde bu ­alēĸma, benzer metodoloji kullanēlarak Avrupa 

ormanlarē ¿zerinde sēnērlē kalmēĸ ­alēĸmalara, hem çözünürlük (zamansal ve 

mekansal), hem de ­alēĸma bºlgesindeki mevcut lokal iklimsel adaptasyonlar 

öngörülerek bu bölge için odunsu t¿rlerin foksiyonel parametrizasyonlarēnēn 

yapēlandērēlmasē, ayrēca, simülasyonlara bölge için önem arz eden yeni türlerin 

katēlmasē itibari ile katkē saĵlamayē hedeflemektedir.  

Bu ­alēĸma kapsamēnda 25 odunsu tür, ve ekosistem sim¿lasyonunun baĸlangē­ 

noktasē olarak da C3-tip otsul tür grubunun daĵēlēmlarē, küresel dinamik vejetasyon 

modeli LPJ-GUESS v. 4.1 kullanēlarak, orman ekosistemlerin daĵēlēmē T¿rkiye ve 

doĵu, g¿ney ve kuzey yönlerini de içine alan bir ­alēĸma alanēnda modellenmiĸtir. Bu 

­alēĸma, tek bir t¿r¿n modellendiĵi t¿r yayēlēm modeli ­alēĸmalarēndan farklē olarak, 

iklim parametreleri ve olasē kaynak limitasyonlarē yanēsēra, baskēlar altēnda 

oluĸabilecek rekabet, tahribatlar ve türlerin bunlara ve birbirlerine gºsterdikleri olasē 

tepkiler gºz ºn¿nde bulundurularak yapēlan bir modelleme ­alēĸmasēdēr. ¢alēĸmada 

kullanēlan dinamik vejetasyon modeli, IPCCônin raporlarēnda da kullanēlan k¿resel bir 

ekosistem modeli olan LPJ-GUESSôin detaylanarak g¿ncellendiĵi son versiyonudur 

(v 4.1).  
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Simülasyonlar, tarihsel dönem için (1961-2014) ERA5-Land reanaliz verileri, senaryo 

dönemi için de (2015-2100) CMIP6ôda yer alan SSP5-8.5 yüksek emisyon 

senaryosuna gºre ger­ekleĸtirilmiĸ beĸ farklē global sirk¿lasyon modeli ­ēktēlarē 

kullanēlarak yapēlmēĸtēr. Her model ­ēktēsē kendi i­erisinde deĵerlendirilmiĸ, ve sonu­ 

deĵerlendirmesinde de t¿m model sonu­larēnēn  grid bazlē medyanlarē temel alēnmēĸtēr. 

Global sirk¿lasyon modellerinin yanlēlēk d¿zeltmeleri ERA5-Land reanaliz verileri 

kullanēlarak ve 1995-2014 referans dºnemi baz alēnarak ger­ekleĸtirilmiĸtir. Referans 

dönemi seçiminde hem IPCCônin 6. deĵerlendirme raporu (IPCC 2021), hem de 

k¿resel ēsēnmanēn mevcut durumu gºz ºn¿ne alēnmēĸtēr. Odunsu türlerin biyoklimatik 

tolerans seviyelerinin sēcaklēk parametrelerinin belirlenmesinde 1 kmôlik CHELSA 

iklim verisetleri, ve tüm diĵer iklimsel tolerans seviyeleri için de 9 kmlik ERA-5 

reanaliz verisi kullanēlmēĸ, Orman Genel M¿d¿rl¿ĵ¿ amenajman verileri, ve 

EUFORGEN t¿r daĵēlēm haritalarē kullanēlarak daĵēlēmlarēn doĵruluĵu tespit 

edilmiĸtir. Ayrēca, kritik noktalara yapēlan saha ziyaretleri de bu türlerin tolerans 

seviyelerindeki son kalibrasyonlarēn yapēlabilmesine, ve yeni t¿rlerin listeye dahil 

edilebilmesine yardēmcē olmuĸtur. Bu tez ­alēĸmasē kapsamēnda t¿rlerin biyoklimatik 

tolerans seviyelerinin tespiti i­in kullanēlan t¿m iklim verisetleri, simülasyonlarda 

kullanēlmak ¿zere hazērlanmadan ºnce, istasyon verileri ile bºlgesel olarak 

karĸēlaĸtērēlmēĸ, ve gerek ERA5-Landôin gerekse de CHELSA verisetinin sēcaklēk 

parametrelerinin  bu bºlgedeki ­alēĸmalar i­in istasyon verileri ile uyumlu olduĵuna 

karar verilmiĸ, yaĵēĸ parametrelerinin tespitinde ERA5-Landôe sadēk kalēnmēĸtēr. 

Reanaliz verisetleri istasyon verisetlerine istinaden bu tarz modelleme ­alēĸmalarda, 

homojen bir yapēya sahip olmalarē, ve uzun dºnem ortalamalarē hesaplanērken bu 

yapēnēn daha doĵru sonu­larē verebilme ºzelliĵi gºz ºn¿nde bulundurularak 

se­ilmiĸtir. Bazē kritik bºlgelerde farklē araĸtērmacēlarēn yaptēĵē saha ­alēĸmalarēnda 

elde ettikleri mikro-meteoroloji istasyonlarē verileri de, bu araĸtērmacēlar ile temasa 

geçilip, onlarēn bu verileri paylaĸēmē sayesinde, ­alēĸmanēn erken aĸamasēndaki 

biyoklimatik tolerans seviyelerinin parametrizasyonunda kullanēlmēĸtēr.  

¢oklu simulasyon sonu­larēnēn tamamē, tutarlē bir ĸekilde, t¿m ­alēĸma alanē i­in 

biyok¿tlede ºnemli bir artēĸa iĸaret ederken, bu artēĸēn ºzellikle bozkēr 

ekosistemlerinde meydana geliyor olmasē, bu simulasyonlar serisinin en önemli 

sonuçlarēndan birisi olmuĸtur. Bu alanlarda odunsu t¿rlerin biyok¿tlelerini artērarak, 

yer yer alanē ele ge­irmelerinin yanēsēra, soĵukcul t¿rlerin daĵlēk alanlar etrafēnda 

toplanmasē, ve alanlarēnē y¿ksek masifler ­evresinde konsolide etmeleri, yer yer 

sayēsal olarak baskēn olduklarē alanlarda geri ­ekilip, pop¿lasyonlarēnē k¿­¿lterek daha 

geniĸ alanlara yayēlma stratejileri, y¿zyēl sonuna kadar s¿ren sim¿lasyonlarēn diĵer 

önemli bir sonucudur. Sim¿lasyonlar s¿resince ºzellikle soĵukcul t¿rlerin enlemsel bir 

hareketten ziyade, tērmanmayē se­meleri, sayēsal ¿st¿nl¿kten ziyade biyok¿tleye 

yatērēm yapma tercihleri de ºnemli sonu­lar arasēnda yer almēĸtēr. Simülasyon 

sonu­larēndaki ormanlarēn ve aĵa­lēk alanlarēn kompozisyonlarē, t¿m sim¿lasyon 

s¿resi boyunca ama ºzellikle y¿zyēl sonunda aĵērlēklē olarak ēlēman t¿rlerden 

oluĸurken, bu t¿rlerin alanlarēnē enlem ya da y¿kseklik kaygēsē olmadan mutlak bir 

ĸekilde geniĸletme kapasiteleri de varēlan ºnemli sonu­lar arasēndadēr. Özellikle 

kuraklēĵa dayanēklē ēlēman t¿rlerin hem sayēsal ¿st¿nl¿klerini hem de biyok¿tlelerini 

artērma potansiyeli, ve bu minvalde kuraklēĵa hassas t¿rlerin, her ne kadar ēlēman 

olsalar da, sayēsal ¿st¿nl¿klerinden feragat etmeleri, ve kaynaklarēn sēnērlē olduĵu 

durumlarda rekabetten maĵlup olarak ­ēkmalarē da sim¿lasyon sonu­larēndaki 

ormanlēk alanlarēn kompoziyonlarēnē etkileyen en önemli geliĸmeler arasēndadēr.  
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Tüm türler, 140 yēllēk sim¿lasyon dºnemini, bir kapasitede, ­alēĸma bºlgesinde hayatta 

kalarak tamamlarken (herhangi bºlgesel bir yokolma sim¿lasyon sonu­larēna 

yansēmamēĸtēr), ya monotipik/homojen orman alanlarēndan feragat ederek karēĸēk 

orman formasyonlarē i­erisinde var olmaya devam etmiĸler, ya ñtakēmēn bir par­asēò 

olarak hayatta kalmēĸlar, ya da daha geniĸ alanlara yayēlarak dominant pozisyonlarēnē 

saĵlamlaĸtērmēĸlardēr.  

Özet olarak, çoklu simülasyonlarēn sonu­larē y¿zyēl sonunda, ve insan etkisinin 

olmadēĵē bir senaryo altēnda ­alēĸma bºlgesi i­in odunsu t¿rlerin biyok¿tlelerinde 

genel bir artēĸ ºngºr¿rken, vejetasyon komposizyonlarēnda da ciddi deĵiĸikliklere 

(örneĵin, bozkēr ekosistemlerinin ormanlaĸmasē gibi) iĸaret etmektedir. T¿m sonu­lar, 

yakēn zamandaki paleo ­alēĸmalarla da yer alan benzer ­ēkarēmlarēn altēnē ­izerken, 

Anadoluônun orman kapasitesini de ºne ­ēkarmasē a­ēsēndan ºnemlidir. Bilimsel 

kanētlara dayanan doĵru ­evresel politikalarla da hakkaniyetli bir insan-doĵa ortak 

yaĸamē bu bºlge i­in tasarlanabilirse, bu bºlge ekolojik bir beĸik olarak rºl¿n¿ y¿zyēl 

sonrasēna da taĸēyabilecektir. 
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1.  INTRODUCTION  

With anthropogenic climate change no longer only a hypothesis (Palmer and Stevens 

2019), and the projected increase in disturbances based on climatic extremes a reality 

(de Oliveira et al. 2019), the Intergovernmental Panel on Climate Change (IPCC) 

Working Group I in their contribution to the sixth Assessment Report put a special 

emphasis on the fragility of forest ecosystems, highlighting 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 scorched the forests of the southern coastal highlands in Türkiye 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 landslides caused mass fatalities around a streamôs 

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; The New York Times 2021). With compound 

events triggered by extreme weather conditions that are exasperated by climate change, 

and concurrent ecosystem fragmantation due to anthropogenic interference expected 

to increase, how terrestrial ecosystems (forests) will respond to these is a matter of 

fervent research.  

Prior regional scale studies on the ecological relationships inherent in the terrestrial 

ecosystems of Türkiye have focused on climate-biome relationships (Tatli and Dalfes 

2016), attempting to classify the ecoregions in the country with an emphasis on climate 

change (Erguner et al. 2019), while highlighting the effects of specific climatic drivers 

on regional biodiversity (Tatli and Dalfes 2021). There are numerous studies 

evaluating the climate dynamics of the region with an emphasis on anthropogenic 

climate change (Önol et al. 2013), focusing on temperature variability (Bozkurt et al. 

2019) and critical changes to the water budget in the region (Bozkurt et al. 2021). A 

previous study in lower resolution, using an early version of the process-based DGVM 

used in this study produced simulations for this region (Fer 2010, unpublished). 
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However, a detailed study focusing on the current potential distribution of Türkiyeôs 

key forest taxa with consideration for ecological notions such as competition and 

response to disturbances, and the potential future composition and structure of the 

countryôs forests at a centennial scale using high resolution climate data has 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 Africa-Arabia and Eurasia for 

millennia (Rögl 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; Güner et al. 2017), a significant number of present-day taxa 

are descendants of a lineage that survived major climatic shifts prior (Denk at al. 2019; 

Bouchal et al. 2018, Güner et al. 2017). Despite the heavy human footprint on its 

ecosystems, the region is still home to a critical but fragmented forest mass that is 

under threat by changes in climate such as: potential shifts in drought cycles, eclectic 

temperature gradients that may bring on untimely frost, or any potential change in the 

frequency and severity of disturbances such as wildfires (Pörtner et al. 2021; 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 come. The use of process based DGVMs 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 and forcing the model with different climate datasets (Ekberzade et al. 

2021; Wu et al. 2017) is an efficient way to also estimate potential ecological responses 

of taxa to concepts such as competition and disturbance (DôOnofrio et al. 2018; Gritti 

et al. 2006; Smith et al. 2001). The use of high-resolution 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 2011). Well-designed simulations aimed at forecast (Dietze 2017) can in 
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turn aid policy making by building a potential road map to an otherwise uncertain 

future (Ekberzade et al. 2021).  

At this critical juncture with anthropogenic climate change and a continuous threat of 

deforestation, we find it urgent to identify the potential ranges for Türkiyeôs forests 

and simulate some of the countryôs key forest taxa and their potential distribution using 

high resolution climate data. We also aim to fill an important gap 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 range and compositions of forests for the 

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

Glacial Maximum (Birks and Willis 2008; Hewitt 2000; Médail and Didema 2009; 

Svenning et al. 2008) and continues to act as a land bridge for the terrestrial ecosystems 

(Kuzucuoĵlu et al. 2019; Médail and Didema 2009) between two continents.  

1.2 Purpose and Thesisô Focus 

The Anatolian Peninsula and its immediate surroundings include a series of critical 

biodiversity hotspots for woody taxa, including old growth forests (Gerber et al. 2015; 

Naqinezhad et al. 2012; Kurdoĵlu and ķen 2005; Moreno-Sanchez and Sayadyan 

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 may also continue to act in part 

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

Totmaj et al. 2021; Médail and Diadema 2009) ï seeking shelter from a fast-changing 

climate (Ekberzade et al. 2022b; Bennet et al. 1991). However, 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 cover change (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 any potential migration, or an 

ñescape routeò under different climate change scenarios are timely and pertinent, and 

would provide a potential roadmap to policy makers in meeting the first two goals of 

the Kunming-Montreal Global Biodiversity Framework: maintaining connectivity 
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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 high-resolution climate data to determine the potential 

forest cover sans human presence, recently for Türkiye (Ekberzade et al. 2022a). 

However, resolving potential centennial forest composition and distribution using high 

resolution climate data and at a regional scale including Asia Minor, the Caucasus and 

northern part of the Middle East, is yet unprecedented.  

The aim of this research, which comprises of a series of model experiments involving 

the present (1961-2023) and the future (2024-2100), is to, 

1. evaluate the performance of a process-based DGVM (LPJ-GUESS), in modeling 

existing forest cover and species composition for Türkiye with high resolution climate 

data,  

2. introduce the bioclimatic tolerance levels of five native tree species, Pinus nigra, P. 

brutia, Cedrus libani, Alnus glutinosa, and Quercus macranthera  to the model to 

support future studies, 

3. calibrate the bioclimatic sensitivities of the European species pre-defined as plant 

functional types (PFT) into LPJ-GUESS to better represent their existing ranges in 

Türkiye. 

In doing that, the results from this research will shed light to three overarching 

questions under the worst-case scenario of future 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 there be 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 the country is located on the Eastern Mediterranean basin, and although home 

to different climate types due to its geographical positioning and topography, nearly 

half of Türkiyeôs surface area is under the influence of Mediterranean type climate 



5 

with seasonal disturbances. Process based DGVMs with built-in disturbance schemes 

using multiple, high resolution climate datasets, and ecological notions such as inter 

and intra-species competition, are powerful tools in assessing how the forest species 

may respond to changes in potential future climatic drivers. This thesis study combines 

the complex nature of DGVM modelling with big data, field observation, remote 

sensing, forest inventory datasets, PNV maps and detailed literature research of 

botanical studies conducted in the region, covering large timespans, from paleo to the 

present. 
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2.  STUDY AREA  

The study area is a rectangular window encircling the Anatolian Peninsula and its 

immediate surroundings to the north, east and south, between longitudes 24-50° E and 

latitudes 33-46° N, keeping a spatial window large enough to preserve continuity and 

to observe temporal changes in the vegetation range and composition in its surrounding 

areas, especially around large mountain systems (Fig. 2.1). It is home to diverse 

ecosystems in close proximity to each other, such as the critical vegetation belts on the 

highlands of the Peninsula towards the east and northeast, including a temperate 

rainforest along the North Anatolian/Pontic Mountains on the Black 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 inner Anatolia; and the 

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

Mesopotamia (Fig 2.2). 

2.1 Geography  

Modern day Türkiye comprises largely of the high Anatolian Plateau with a mean 

altitude of 1132 m (Kuzucuoĵlu et al. 2019) ï an ancient 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 (Bozkurt 2001; Brocard et al. 

2021; Görüm 2019; Görür et al. 1995; Sengor and Yilmaz 1981). The regionôs 

complex geomorphology acts as an agent in creating meso- and micro-climates (Atalay 

2015; Avcē 2005). Since the country is also situated at the juncture of three flora 

regions (Akkemik et al. 2018; Atalay and Mortan 2015; Avcē 2005; Davis 1971; 

Kuzucuoglu et al. 2019), the peninsula harbors high species diversity and endemism 

(Akkemik et al. 2018; Avcē 2005; Davis 1971), the later a significant 30%, higher than 

all of Europe (Avcē 2005). Despite its history of anthropogenic interference throughout    
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Figure 2.1 : Main mountain ranges and important segments within the study region, adapted from Global Mountain Biodiversity Assessmentôs 

2022 dataset (Snethlage et al. 2022).
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Figure 2.2 : Distribution of the terrestrial ecoregions within the study area adapted from the 2017 dataset by Dinerstein et al. (updated version of 

Olson et al. 2001). 
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the Holocene (Baird et al. 2018; Maddy et al. 2015), the country is still home to an 

important forest cover, including fragments of ecologically important old growth 

forests (Kurdoĵlu and ķen 2005; Oktan 2019). The forests currently constitute 29% of 

T¿rkiyeôs land cover (¢ķB 2021), are owned by the state, and 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 ranges that line up its southern 

and northern coastlines acting as reminders of a long history of tectonism and 

contributing to the peninsulaôs complex topography (Akkemik et al. 2022; Harzhauser 

et al. 2007). The main mountain folds of the peninsula join neighboring mountain 

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 

speciesô potential future range shifts. Figure 2.1 shows the main mountain ranges for 

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 distribution perspective ï 

both in actuality and in our simulations ï such 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 Forest Taxa 

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. Figure 2.2 shows the diverse ecoregions within 

the study area ï providing a higher resolution alternative from a biogeography 

perspective than biome distributions ï highlighting 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 

Köppen-Geiger climate classifications (Kottek et al. 2006). 
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Figure 2.3 : Köppen-Geiger climate classifications for the study area  (Kottek et al. 2006). 
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In the forests of the Anatolian Peninsula, dominance among taxa is often shared by 

different pine species (i.e. Pinus brutia, P. nigra, P. sylvestris and P. halepensis), other 

conifers (Abies nordmanniana and A. bornmuelleriana mainly in the north, A. cilicica 

along with Cedrus libani mainly in the south, and Picea orientalis in the northeast), 

and a diverse selection of temperate oaks and other deciduous woody species 

belonging to the Fagaceae and Betulaceae families (Akkemik et al. 2018; Atalay and 

Mortan 2015).  

Mediterranean type climate, represented by Csa in the Köppen-Geiger climate 

classification in Figure 2.3, with its typical seasonality is a factor that widely 

contributes to the floral diversity of the peninsula, and the regionôs topographic 

heterogeneity aids endemism through vicariance (Davis 1971). The Mediterranean 

regionôs maquis formations, along the narrow coastal regions and as an understory to 

its conifer forests mainly composed of P. brutia and P. halepensis, are adapted to 

seasonal drought and a respective fire regime (Akkemik 2019; Critchfield et al. 1966; 

Frankis 1999; Fyllas et al. 2008; Kayacēk 1954; ķahan et al. 2021). The pattern of 

species richness and diversity continues well into the inner parts of the country, 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; Kuzucuoĵlu et al. 2019). 

The Black Sea Region in contrast is home to a temperate rainforest in its eastern flank, 

with deciduous species such as Fagus orientalis and evergreen conifers such as P. 

nigra, A. nordmanniana, P. sylvestris and Picea orientalis forming dense mixed 

forests throughout 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 

façades of these mountain ranges, Central Anatolia with its fragmented and sparse 

forests and woodlands 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 lies the Aegean Region where the main mountain ranges are 

positioned perpendicular to the shoreline. With the seasonal help of the persistent 

northerly/northwesterly Etesian winds during the summer, and the cyclones over the 

Aegean Sea during the winter flowing through the valleys inland, the maritime effects 

infiltrate farther into the peninsula (Bozkurt and Sen 2009; Ezber 2018; Karaca 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 (Figure 2.3). 

In the east, elevation increases, landscape becomes fragmented and mountains such as 

Mount Ararat with a 5137 m peak start taking over the landscape (Kuzucuoĵlu et al. 

2019). All these differences in climate and geomorphology translate into differences 

in vegetation cover, density and diversity (Atalay and Mortan 2015; Davis 1971) and 

are factors that provide favorable conditions for forest taxa to exhibit plasticity or 

branch into sub-species through local adaptation with natural but somewhat limited 

distribution ranges (Akkemik et al. 2018; Atalay 2015; Davis 1971). 
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3.  METHODOLOGY  

3.1 Model Versions, Setup and Parametrization 

LPJ-GUESS is a process-based dynamic regional to global dynamic vegetation model 

which runs with a pre-defined list of species/PFTs for a given grid (called a stand from 

here on) (Smith 2007). The current version of the model (v. 4.1) runs with seven 

climatic drivers (mean temperature, total precipitation, mean solar radiation (or factor 

of cloudiness), relative humidity ï and wind speed, minimum and maximum 

temperatures required for the wildfire modules. It also requires as input, mean annual 

atmospheric CO2, and a gridded soil file. All drivers need to have the same resolution 

except the soil file, which can be coarser or finer than the climatic drivers (with an 

adjustment to the model code), and the atmospheric CO2 needs to be provided as a list 

of annual global CO2 levels. Figure 3.1 shows the basic workflow of the model.  

Figure 3.1 : The model workflow (Smith 2001). 



16 

Al l species defined in the modelôs instruction file are assigned to each stand at the 

beginning of the run, and those with bioclimatic preconditions that match the levels of 

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

initial condition (C3 grass only) but evolves independently from the others, as different 

PFTs survive under different climatic conditions and establish (Figure 3.2). 

 

Figure 3.2 : Stand/patch/vegetation dynamics in the model (Smith 2001). 

With no anthropogenic land-cover change introduced into the model for the purposes 

of this experiment, the only human presence is through the annual atmospheric levels 

of CO2 provided as an input. The outputs from a simulation, i.e. species density, LAI 

etc., are mere suggestions of a possible terrestrial ecosystem structure and composition 

for the species defined into the model only.  

The PFTs within the model are assigned taxon-specific bioclimatic thresholds as well 

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

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

modelôs instruction file are assigned to the stand at the beginning of the run, only those 

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

are able to enter into competition with their cohorts. Predefined plant traits mandate 
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the outcome for individual species, while patch (smaller partitions of the stand) 

specific disturbances finetune the nature of the final stand structure and composition.  

Since initially we had available to us the earlier version of the model, we ran our first 

series of simulations with LPJ-GUESS v. 4.0.1. This version runs with three climate 

datasets (temperature, precipitation and solar radiation) only, which is an important 

factor that shortens the simulation times considerably. Therefore, these early 

simulations offered us a faster alternative to both understand the modelôs inherent 

dynamics, and to test whether or not the DGVM was suitable to use for simulations in 

the study area. They also helped render the bioclimatic limits of three taxa, Pinus 

nigra, P. brutia and Cedrus libani for the study area, which we published in 2022 

(Ekberzade et al. 2022).  

LPJ-GUESS v 4.1 was made available to us by the model developers to use in our 

simulations in spring of 2023. This version requires the seven afore-mentioned climate 

datasets. The four additional input datasets in the new version (relative humidity, 

minimum and maximum temperatures, and wind speed) increased the simulation time 

considerably (more than doubling it), while offerring additional benefits such as a 

chance to further finetune the speciesô bioclimatic limits.   

Where LPJ-GUESS v 4.0.1 offered only a single fire model, the new version offered 

two fire models to choose from: GLOBFIRM, the original wildfire model used in the 

previous versions of the model and the new module BLAZE. For the simulations in 

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

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

to calculate the fire probability and intensity for each stand. A stand in our simulations 

corresponds to a grid in the climate datasets, and LPJ-GUESS v 4.1 runs an inherent 

algorithm where the stand burnt area is calculated by means of a trained simple 

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

rank, one which is adapted from IGBPôs biome classifications (CEOM 2022). These 

simulated biome states are then used to calculate the fraction of a grid-cell which will 

be consumed by wildfire. SIMFIREôs algorithm, by design, accounts for human 

presence. However, since the set of simulations within this experiment were aimed at 

forecasting the changes in the potential forest cover and vegetation composition of the 

study area without any human presence, minor alterations to SIMFIREôs calculations 

were made so that no human population density was assigned 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, LPJ-GUESS also assigns a generic patch destroying 

disturbance with a predefined return interval. In the simulations for the historical 

period, the default values of an average return period of 100 years for generic 

disturbance was used with a model spin-up period of 500 years. For the forecast 

simulations, the return time for the patch destroying disturbance was set as 200 years, 

and the spin-up period was adjusted to 600 years.   

3.2 Datasets  

3.2.1 Climate datasets 

For LPJ-GUESS, monthly or daily temporal resolutions for the climate datasets can be 

selected for a given experiment. For the purposes of these simulations a daily temporal 

resolution was chosen. The spatial resolution was kept at 9 km horizontal, same as the 

resolution of ERA5-Land reanalysis dataset used in the historical period simulations 

(Ekberzade et al. 2022a). This lend an 81 km2 area to each stand, which was divided 

into 1000 m2 patches with 25 replicates (default parameters). Each patch bore an 

inherent stochasticity in its simulations when the model was run in the cohort mode 

and the output files listed the year-end results.  

In our simulations for the historical runs which were conducted to calibrate the PFT 

bioclimatic limits and to assess the suitability of the DGVM for the study region, LPJ-

GUESS 4.0.1 was run with daily meteorological data calculated from ERA5-Land 

hourly reanalysis dataset with a 9 km horizontal resolution for the study area. The 

climatic input files were daily total precipitation, daily mean 2m temperature, and daily 

mean solar radiation, and the initial simulation period (for the historical experiment) 

was 38 years (1982-2020).  

For the 140-yr simulations with the new version of the model, ERA5-Land hourly data, 

calculated as daily sum for precipitation and daily mean for all other datasets was kept 

for the historical period. For the scenario period, five different GCM datasets, 

contributions to CMIP6 with daily temporal resolutions, were first interpolated to 9 

km horizontal resolution, and later bias corrected (explained in section 3.4) with the 

climatology of the reference period 1995-2014 from the ERA5-Land dataset. The 

reference period for bias correction was selected in accordance with IPCCôs sixth 
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assessment report (IPCC 2021), and in part, to reflect the current state of global 

warming. The high emissions scenario, SSP 5-8.5, was selected as the future scenario 

to run all simulations under. The GCM datasets that were used in this study are listed 

in Table 3.1. They were selected based on their spatio-temporal resolution and the 

following criteria: daily data with a timeseries that ran at least until the end of this 

century; spatial resolution no coarser than 100 km; using SSP5-8.5 as the emission 

scenario.  

Climate and additional bioclimatic indices such as Growing Degree Days (GDD with 

a 5°C base temperature) were calculated with CDO to determine climatic tolerances 

for species. ArcGIS and R programming language were used to process and plot the 

output files (Schulzweida 2019; R Core Team 2021). 

3.2.2 CO2 and soil datasets 

For the initial historical simulations with the earlier version of the model, annual 

atmospheric CO2 levels calculated as global mean by The Global Monitoring Division 

of NOAA/Earth System Research Laboratory, and a gridded global soil data derived 

from Food and Agriculture Organizationôs 2006 dataset (Fer 2010) were used. For the 

centennial simulations, a list of atmospheric CO2 levels calculated as global mean from 

The Global Monitoring Division of NOAA/Earth System Research Laboratory for the 

historical period (1961-2022), and a list of global CO2 projections for the scenario 

period (2023-2100) modelled with MAGICC7.0 by Meinshausen et al. (2018) were 

used. The gridded soil dataset required as input for the model to resolve vegetation 

distribution per stand was compiled using the GDFôs national soil dataset as the 

primary reference, which was initially converted to a raster dataset with 1 km 

resolution, and then resized to 9 km horizontal resolution, each grid representing the 

mode of 9 grids within its perimeters. The soil groups in this list was later converted 

into categories that matched LPJ-GUESSôs pre-defined soil properties representing 

percolation sensitivity per percentage of sand, silt or clay content. For areas where site 

visits were conducted, as deemed necessary, minor adjustments to the dataset were 

made. For regions outside of Türkiye, 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 was interpolated to a 9 km resolution. Figure 3.3 

shows the final version of the soil dataset used in the centennial runs. 
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3.2.3 Datasets used to verify simulation results 

The 2017 GDF dataset used for verification of the simulation results is the latest 

collection of field observations from forest plots across the country, that has been 

collated over a decade. Within the dataset, the entire country is divided into contiguous 

polygons with different sizes. Occurrence 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 relative dominance of forest species in that plot which are important 

from a forestry perspective. Often a set of letters that represent the relative state of 

canopy closure accompanies the code. Thus, a typical code starts with the letters for 

the dominant taxon (species with the highest number of individuals observed) within 

the plot, and if the plot is a mixed forest, is followed by the acronym for the second 

most abundant taxon, and so on (such as ÇzKL, which indicates a forest plot where 

primary dominance belongs to Pinus brutia (Çz), secondary dominance to Fagus spp. 

(K) and the tertiary to Picea 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 a letter representing canopy status. If a plot is not a state-owned forest 

area, itôs indicated as such (i.e. agricultural land, road, disturbed forest area, etc.).  

To further verify our simulation results for the historical period, a cross-comparison 

was made between NPP simulated by the DGVM and NPP estimates from 

MOD17A3HGF dataset with 500 m horizontal resolution, gap-filled to compensate for 

potential cloudy days and bad data (Zhao and Running 2021; NASA 2021). This 

remote sensing dataset is derived from 8-day estimates of the fraction of 

photosynthetically active radiation (FPAR) from NASAôs satellite mounted sensor 

Moderate Imaging Spectroradiometer (MODIS).  

The NPP estimates in MODIS datasets are results of a certain algorithm that includes 

ï in addition to FPAR ï daily estimates of PAR from GMAO; a landcover product 

with its own list of allometric calculations and classification; and 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 :  The list of GCMs used in this study: EC-Earth 3p-HR (Haarsma et al. 2020); CMCC-ESM2 (Lovato et al. 2022); INM-CM5 

(Institute for Numerical Mathematics 2020; Volodin and Gritsun 2018); MPI-ESM1-2-HR (Gutjahr et al. 2019); NorESM2-MM (Seland et al. 

2020). 

 

GCM name Time Period Resolution (km) Variant Label  Research Institution 

EC-Earth 3p-HR 1950-2099 50 r3i1p2f1 EC-Earth Consortium 

CMCC-ESM2 1950-2100 100 r1i1p1f1 The Euro-Mediterranean Center on Climate Change 

INM -CM5 1950-2100 100 r1i1p1f1 Russian Science Foundation 

MPI -ESM1-2-HR 1950-2100 100 r1i1p1f1 Max Planck Institute 

NorESM2-MM  1950-2100 100 r1i1p1f1 Norwegian Climate Center 
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Figure 3.3 : The 9 km soil dataset used for the centennial simulations 
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MOD17A3HGF dataset comes with an additional component, the quality control (QC) 

value, a rate that is assigned to each data cell after post-processing. Higher QC values 

indicate data which have been interpolated, and lower QC values indicate data with 

better quality. Post-processing is finalized at the end of each year, turning the final 

product into an annual dataset. We used the entire collection from 2001 to 2020 filtered 

for QC levels 50% or less to construct the timeseries. This way we had data for all 

available years, covering all our selected polygons in which we ran our comparisons. 

The MODIS dataset inevitably inherits uncertainties due to the multiple external 

influences on its algorithm ï the meteorological data used in its calculations, the 

chosen landcover classification method, and the gap-fill methodology applied as a final 

step to procure the annual time series. Studies have shown that it can overestimate NPP 

in different geographies where its climatology is not representative of the region, and 

results improve when higher resolution local meteorological data are applied to its 

algorithm (Neumann et al. 2016). Discrepancies also arise in areas where landcover is 

a combination of different classes, or where vegetation is sparse (Neumann et al. 

2015). The dataset employs a landcover classification scheme designed by University 

of Maryland (UMD; ISLSCP II 2021), which generates higher accuracy for pixels that 

are homogeneous (Zhao and Running 2021). The forest definitions in UMD Global 

Land Cover Classifications require at least 60% canopy closure, almost twice the 

requirement for CORINE Land Cover Classification (CLC; CORINE 2021) which we 

originally employed to assess simulated forest cover. 

To alleviate some of these uncertainties, comparisons were conducted in areas with 

different sizes that had a certain level of homogeneity in terms of forest composition, 

and little anthropogenic interference. However, since Türkiye is a country where 

anthropogenic interference is omnipresent especially in the central plateau, and forest 

areas are highly fragmented in the west and around the southern coast, this was not 

always possible. While selecting the polygons which were used in results comparisons, 

known forest areas were prioritized, finetuning their perimeters from Google Earth 

with Copernicus CORINE Landcover V.20 dataset with a 100m horizontal resolution, 

to ensure minimum anthropogenic interference. In this manner, the discrepancies 

could largely be explained as differences between the meteorological data applied to 

arrive at the NPP estimates in the MODIS dataset and ERA5 Land reanalysis that was 

used in the simulations. 
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3.3 Determining Study Area L imits and Verification of Model Results 

For the preliminary simulations, the study area was defined as a rectangular boundary 

between longitudes 25-45° E and latitudes 35-42° N that encapsulated Türkiye for 

which GDF occurence data was available for the forest taxa to verify the simulation 

results (GDF 2021). However, a reasonable margin outside the countryôs political 

boundaries on all sides was also kept, an area for which there was no occurrence data 

for verification (other than literature review), but one which acted to give a better idea 

for the direction of any potential migration of forest taxa within their natural 

boundaries. For the centennial runs, this area was expanded to reflect the continuity of 

the landforms, encapsulating the Caucasus Mountain system and the northern part of 

the Zagros Mountains (as explained above in section 2). The new study area covered 

the rectangular boundary between longitudes 24-50° E and latitudes 34-46° N. 

3.4 Bias Correction of the Scenario Phase for the GCM datasets 

All temperature datasets were bias-corrected using the delta change method, shown in 

equation 3.1. In the equation, T represents bias-corrected daily mean temperature 

value, te represents ERA5-Land reference period climatology, tgh represents GCM 

reference period climatology, and tg represents raw GCM daily temperature value from 

the scenario phase (2015-2100) which will be corrected: 

    ( )g e ghT t t t= + -     (3.1) 

For both precipitation and solar radiation rate change method was adopted as shown 

in equation 3.2. The variable X represents bias-corrected daily total precipitation 

and/or daily mean shortwave solar radiation downwards. ERA5-Land and GCM 

historical period climatologies for both precipitation and radiation are represented with 

xe, xgh, respectively: 
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To preserve the trend in the final datasets for precipitation and to keep the adverse 

effects of ñdrizzleò in the GCMs (extremely low daily precipitation amounts) to a 

minimum, mandatory lower thresholds of 1 mm/d and upper treshold of 10 mm/d were 

applied to the GCM values. 
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3.5 Finetuning the Bioclimatic L imits of PFTs 

Initially, LPJ-GUESS was run with the full set of European species defined into the 

model using their default European species parameters, and which have known 

distributions in Türkiye. The results from this initial run were compared with the GDF 

inventory dataset (further detailed in Section 4). In areas where there were 

dicrepancies, bioclimatic limits of the PFTs were calibrated using ERA5-Land dataset 

for the climatic ranges, and multiple runs were conducted to finetune the PFT list to 

reflect their bioclimatic tolerance limits for the region, taking into consideration any 

potential local climatic adaptation. These series of simulations also helped to better 

resolve the potential responses of certain key taxa to climatic drivers and identify their 

bioclimatic tolerance ranges for the study region so as to accurately reflect their known 

distributions.  

To calibrate the speciesô bioclimatic limits (simulating with different temperature 

ranges, and testing their response to precipitation) to match their known distributions 

in Türkiye, climate data averaged for 1990-2020 from ERA5-Land reanalysis was 

superimposed over the taxaôs recorded distribution in the GDFôs national forest 

inventory dataset, focusing on specific GIS coordinates acquired in our site visits for 

certain taxa (i.e. Cedrus libani, Pinus sylvestris, Picea abies, Abies spp.). To further 

finetune (and to a certain extent verify) calibrations for temperature, same 

methodology was followed with the 1 km CHELSA dataset. The cross-comprasions 

were done mainly in ArcGIS Pro, where the results of individual simulations were 

superimposed to GDFôs occurrence data for a regional show/no-show comparison. 

Also, the EUFORGEN distribution maps (EUFORGEN 2021), intensive literature 

review of regional studies were consulted, backed by field observation, and in-person 

dialogue with Turkish forestry and botanical experts. Once confident that the simulated 

distributions of the default list of species in the model matched these speciesô observed 

presence and their density dominance over a given stand (Ekberzade et al. 2021), three 

additional conifer species, P. nigra, P. brutia and Cedrus libani were introduced to the 

model, their bioclimatic tolerance levels calibrated through a number of simulations 

(Ekberzade et al. 2022).  

To identify the three new speciesô bioclimatic tolerance levels and to resolve instances 

where there were inconsistencies between simulation and observation, ERA5-Land 
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reanalysis dataset and CHELSA 1 km temperature dataset continued to be used to 

analyze, confirm, and finetune individual taxaôs bioclimatic sensitivities. While 

calibrating the PFT settings, regions where the species in question were known to have 

healthy populations that were least affected by anthropogenic interference were 

prioritized. A control run was conducted using the bioclimatic levels ascertained 

through the aforementioned palimpsest methodology, followed up by multiple 

additional runs with incremental changes to the initial parameters to see how the 

distribution ranges of the taxa would be affected under different simulations. These 

experiments, while finetuning the distribution ranges of species, also helped (1) to 

further identify critical populations of certain taxa outside their widely known 

distribution ranges (i.e. northerly presence of P. brutia and C. libani populations in 

Anatolia), (2) to better understand the extent of their individual bioclimatic tolerance 

levels and gain an insight to potential regional plasticity, (3) 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 under-compete as they reached their limits).  

At the end of each simulation run, plots from different parameter sets were 

superimposed over occurrence data from the GDF dataset (using simulated LAI of 

individual species) for visual comparison. These visual analyses between observation 

and simulation, although qualitative, were crucial to ascertain distribution; define the 

bioclimatic tolerance levels of the three additional taxa from scratch. Same approach 

was used in the introduction of two additional taxa, Alnus glutinosa and Quercus 

macranthera to 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. 

3.5.1 A case for the ñsisterò sub-species 

In the case of a number of taxa (i.e. Picea abies) that are pre-defined to LPJ-GUESS 

but with no significant natural distributions in Türkiye, their plant traits were calibrated 

to match their ñsisterò sub-species (i.e. P. orientalis) with a known and significant 

natural distribution in Türkiye. With minor adjustments to the particular speciesô 

sensitivity for precipitation mainly (i.e. changing root distribution ratios in PFT 

settings (Akkemik et al. 2018), LPJ-GUESS was quick to accurately simulate the 

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

* Abies spp. including A. nordmanniana, A. bornmülleria, A. borisiiregis and in limited capacity A. cilicica. Fagus spp. including F. sylvatica 

and F. orientalis; Carpinus spp. including C. betulus and C. orientalis; Picea spp. Including P. abies and P. orientalis. 

Species/PFT 

Tcmins 

(°C) 

Tcmine 

(°C) 

Tcmaxe 

(°C) 

Twmin 

(°C) 

GDD5min 

(°C) 

Root 

distribution  

Drought 

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 0.8 0.2 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 0.5  0.5 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  0.4 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 0.6 0.4 0.175 intolerant tree  

Quercus pubescens -6 -5 6 -1000 1900 0.6  0.4 0.175 intermediate tree  

Quercus robur -10 -9 6 5 1100 0.6  0.4 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  0.4 0.4 intermediate tree  

Boreal evergreen shrub -1000 -1000 -1 -1000 200 0.8  0.2 0.25 intermediate shrub  

Mediterranean raingreen shrub 0 1 1000 -1000 2200 0.9  0.1 0.01 intolerant shrub  

C3 herbaceous -1000 -1000 1000 -1000 0 0.9  0.1 0.01 - -  
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We made similar adjustments to Fagus sylvatica to also cover the range of F. 

orientalis, and for Abies alba (taxon defined in the modelôs default list of PFTs, but 

with no natural presence in Türkiye) we adjusted its bioclimatic tolerance levels ï 

especially sensitivity to drought ï to reflect the current northern distribution ranges for 

A. nordmanniana and A. bornmuelleriana. Where identifying bioclimatic tolerances 

of certain additional sub-species (i.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 

speciesô traits and occurrence, we favored the sub-species with known climatic 

responses in Türkiye.  

3.6 Processing Model Output 

For all simulation resultsô plotting and mapping, R programming language (R Core 

Team 2021) and ArcGIS Pro v. 3.0 were used. Annual results of the different 

simulations from individual GCM runs were initially plotted using R. Additionally, for 

the centennial simulations, 4 sets of 30 yr. means from the beginning (1961-1990), 

middle (1991-2020 and 2031-2060) and end of the timeseries (2071-2100) were 

calculated and plotted to observe patterns of convergence and divergence among 

individual model simulation results. Sum of absolute differences (SAD) was the 

chosen method in this initial analysis to understand in which areas the 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 diverged (App. B, Figures B.2-B.4).   

The ensemble medians 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 stand)) were 

aggregated to large datasets for the 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 simulations (1961-1990 and 2071-2100). To analyze the spatio-

temporal changes in our simulation results, we also added elevation as a variable to 

these aggregated datasets. For this, we used SRTM 1 Arc-Second Global dataset, 

resizing it to 9 km resolution of our simulation 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 necessary using R and ArcGIS Pro.  

For comprehensive analyses of individual taxaôs simulated responses, scales of taxon-

specific bivariate maps were adjusted for density across taxa, and for biomass, scales 

were adjusted for minimum and maximum values within hardwood and softwood 

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 selected a minimum 

number of 100 individuals/ha of a given taxon as our threshold (across all our bivariate 

analyses); for biomass we kept our minimum threshold at 1 kg C/m2 for softwood and 

2 kg C/m2 for hardwood species (we kept this threshold at 1 kg C/m2 in maps where 

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 selected our 

minimum simulated biomass thresholds in our analyses with a general consideration 

for the global values reported by Erb et al. (2017). For our minimum density 

thresholds, we picked a high enough number which would allow us to concentrate only 

in places where 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 b, shows in two different resolutions the GDF data, which was 

conditioned to show the most abundant species for a given polygon, indicating 

numerical dominance, and which acted as one of the primary references in 

qualitatively analyzing and verifying the results of species distributions simulated by 

LPJ-GUESS 4.0.1 (Fig. 4.1c and d). Figure 4.1a is the raw vector data rasterized to a 

resolution of 1 km, and Figure 4.1b is the same data in form of aggragated polygons 

with a resolution of ~10 km. White areas in both plots show non-forest areas as 

designated in the GDF dataset (i.e. private land, agricultural areas, wetlands, etc.)  

To be able to run comparisons with the non-numeric GDF observation data, we plotted 

our simulation results using the modelôs density output (number of individuals/m2), 

assigning to each stand the taxon with the highest number of individuals that the model 

simulated in that stand. Figure 4.1c includes all simulated taxa including shrubs, which 

are often naturally present as understory and are quick to take over a given stand in 

numerical dominance. To visually assess whether we are looking at a dense forest or 

a woodland in a given grid, we additionally plotted the biome distribution from our 

simulations. Figure 4.1d shows this distribution from the mean simulation results for 

the entire study period (1982ï2020), conditionally categorized according to IGBP 

classification. As can be seen in the figure, final set of PFT parameters from LPJ-

GUESS v 4.0.1 simulated the speciesô ranges and density dominance per stand fairly 

reasonably. 

Figure 4.2 shows the results of our final simulations at a species level for the three 

conifer taxa the bioclimatic limits of which were determined with LPJ-GUESS v 4.0.1. 

The figure shows observation data from the GDF dataset superimposed over simulated 

LAI. Overall, our simulation results for the three newly introduced taxa captured their 

natural distribution fairly reasonably as qualitatively confirmed by visual comparison  
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Figure 4.1 : Plots a and b: distribution of most abundant (dominant) forest tree 

species per plot (2017 GDF dataset), plotted as vector data and aggregated polygons 

with 10 km resolution, respectively. White areas represent non-forest areas. c: 

maximum number of individuals per stand from simulation results, d: same 

simulation results shown as biomes according to IGBP classification.  
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against GDFôs occurrence data, and through in person dialogue with experts 

throughout the course of this research. However, itôs worth noting that with no 

anthropogenic landcover change introduced into the model for the purposes of this 

experiment ð the main human presence being through the annual atmospheric levels 

of CO2 provided as an input to the model ð the outputs from our simulations, i.e. 

species density, LAI, etc., are mere suggestions of a possible terrestrial ecosystem 

structure and composition for the species defined into the model only, and thus, reflect 

a limited version of a potential distribution. 

4.1.1 Identifying climatic tolerances for P. nigra, P. brutia, and C. libani 

P. nigra and P. brutia are native to Türkiye 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; 

ķahan et al. 2021; Yēldēz et al. 2014). P. brutia, much like P. halepensis has fire 

adaptation, regenerating after a fire season due to its serotinous cones (Fyllas et al. 

2008; ķahan et al. 2021). P. nigra on the other hand can survive surface fires but is 

vulnerable to large intensity crown fires (Fyllas et al. 2008; ķahan et al. 2021). Both 

pine species are integral members of the Mediterranean climate-type ecosystems 

within the country, crossing paths with C. libani in their vertical distribution along the 

Taurus mountains, the latterôs native range. C. libaniôs temperature sensitivities from 

Turkish lots have been studied on site in the Western Taurus range (Messinger et al. 

2015), such as the two pine taxa in provenance trials (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 (Bannister and Neuner 2001). Its relative cold tolerance allows it to 

cohabit higher ranges with frost-loving species such as Fagus spp. and cold-loving 

taxa such as Abies nordmanniana and P. sylvestris. Its range overlaps in large part with 

P. sylvestris in the mountains along the central Black Sea coast in the northern part of 

the country forming mixed conifer forests, as well as in the higher altitudes of the 

Taurus range down in the south (Atalay 2015; Akkemik et al. 2018). Defining the 

bioclimatic limits for this taxon proved to be the least challenging considering its wide 

and well-known distribution. 
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Once we established P. nigraôs plant traits and ran our simulations with them, its 

affinity for the continental climate and its potential to expand its range and become 

dominant in Central Anatolia ï despite competition from different oak species present 

in the model ï came out as an important result, one which we considered in our 

research for the scenario simulations, and one which may also be considered in future 

reforestation, restoration and conservation policies (Fig. 4.2c). 

P. brutia, although has lower tolerance for sub-zero temperatures ï classified as a Zone 

7 species (Bannister and Neuner 2001) ï can nevertheless be found in the northern part 

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

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

Yēldēz et al. 2014; Kandemir et al. 2017). It flourishes under the Mediterranean climate 

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

P. halepensis in the south, and is able to infiltrate into continental climate zones with 

temperatures lower than which P. halepensis can tolerate (Akkemik et al 2020). Thus, 

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

since the taxon split into populations with differing cold tolerances in the north and 

the south of the country (Semerci et al. 2021), we chose a lower minimum temperature 

range for both survival and establishment favoring the northern and central Anatolian 

populations mostly under the influence of a continental climate, to better see the extent 

of the speciesô potential distribution. While this compromise did in fact give us a better 

idea of the speciesô potential distribution range for the entire country in our simulation 

results (Fig. 4.2b), the assigned bioclimatic limits resulted in a relative disadvantage 

for the speciesô southern population ï as manifested by a lower LAI ï in terms of 

competition and dominance (mainly against the two taxa defined as shrubs to the 

model: Q. coccifera and Juniperus oxycedrus). However, since P. halepensis and 

southern populations of P. brutia inherit similar bioclimatic limits, in our results we 

considered the PFT, representative of P. halepensis, representing P. brutiaôs southern 

distribution as well. 

Finetuning bioclimatic tolerances became even more challenging with the addition of 

C. libani, another key conifer species for the southern forest ranges in Türkiye, its 

vertical distribution overlapping with P. nigra on the mountains in the south. Its 

preference for cooler and relatively moist environments, yet with a high tolerance for 

drought (Atalay 2015; Güney 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 in the country (Fig. 4.2a). Our simulation results not only captured the 

southern distribution of this temperate conifer but also highlighted its small but 

important presence in Central Anatolia. 

Although compromises which we made in the three newly introduced speciesô 

bioclimatic limits to capture their potential ranges in full ð specifically to identify the 

critical northern populations of P. brutia, and C. libani ð may seem to have inflated 

their stand dominance in certain regions, comparison of simulated LAI to occurrence 

data was supportive of our overall calibration choices. Also, specifically for the 

western part of the country, forest fragmentation due to anthropogenic disturbance 

made it harder to compare speciesô simulated distribution to observation. During our 

field visits, we witnessed fragmentation contributing to an increase in ecotones in 

which vegetation composition reflected the transition and was recorded in observation 

data as such. For these forest patches with an increased edge effect, we relied on 

intensive literature review and expert opinion to verify our simulation results for the 

potential ranges of forest taxa.  

The addition of three main species native to Türkiye to the existing species list in the 

model improved our overall simulation results, rendering more realistic forest 

compositions. It also helped us to further calibrate the default taxaôs bioclimatic 

tolerances to closely match their local climatic adaptations and their distribution ranges 

in Türkiye. Upon adding the three Mediterranean conifer species with bioclimatic 

sensitivities falling in similar ranges or very close to the existing list of PFTs, 

competition for resources and space between species naturally took center stage. These 

introductions also helped identify the local adaptations of the existing PFTs, and better 

estimate their bioclimatic limits for this region. An interesting outcome in this regard 

was that of Q. pubescens and Q. ilex, the latter preferring coastal zones and mesic 

riparian sites in Türkiye (Akkemik et al.2020; Fotelli et al. 2000; Früchtenicht et al. 

2018). Following ensemble runs of the model, it soon became obvious that to more 

accurately reflect the distribution of P. nigra and P. brutia, we had to rearrange the 

pre-defined drought sensitivities of these two species of oak, making Q. pubescens 

more resilient to drought and Q. ilex more sensitive than already defined in the modelôs 

instruction file for European species (Table 3.2). This move was also in line with 

existing research on the individual speciesô response to drought stress, and our   
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Figure 4.2 : Speciesô ranges based on their mean simulated LAI over 2010-2020 

(corresponding to the aggregation period for the GDF dataset) with GDF occurrence 

vector data superimposed as orange polygons: A: C. libani, B: P. brutia, C: P. nigra. 
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adjustment was immediately reflected in the simulation results as a closer match of all 

four speciesô distributions to their observed ranges (Akkemik et al. 2020; Fr¿chtenicht 

et al. 2018). 

However, since the conifer species in Türkiye are known to establish in different 

altitudinal belts falling many times in the same grid in a 9 km horizontal resolution 

dataset, to more accurately determine their potential presence in a stand, climate data 

with higher resolution than that of ERA5-Land reanalysis is needed. Species 

introduced as shrubs into the model such as J. oxycedrus or Q. coccifera, sharing 

similar cold tolerances or drought sensitivities with i.e. P. brutia (Bannister and 

Neuner 2001), are commonly found in Mediterranean pine forests in Türkiye, 

frequently occupying the transitional edge of a forest line and/or establishing as 

understory (Fyllas et al. 2008; Akkemik et al. 2018). Determining the spatial 

distribution and dominance of the shrub versus tree taxa for a given stand proved to be 

a challenge in our simulations as Q. coccifera or J. oxycedrus would often take over 

the 81 km2 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 

these two taxa to be present largely as an understory shrub or a small tree in several 

low altitude ranges of mixed P. halepensis and P. brutia forests/woodlands in the 

southwest, and as either a shrub or a small tree as part of the maquis transitional zone 

along the Aegean Sea coast. Where J. oxycedrus was dominant in a simulated grid, in 

field observation it slowly thinned with altitude to allow P. halepensis or P. brutia to 

take over. Although identifying this fine altitudinal zonation was hard with a 9 km 

resolution, preparing conditional datasets according to the IGBP biome definitions 

from simulated species density, height and FPC helped, and by categorizing the shrub 

and maquis as such, we were able to see tree taxaôs simulated dominance for a given 

stand (Fig. 4.1c, d). Also, the higher resolution CHELSA dataset (1 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.  

4.1.2 Verification  of initial resul ts with the MODIS dataset 

During the verification phase of our simulation results from LPJ-GUESS v 4.0.1, our 

comparative time series which we created for NPP from the MOD17A3HGF dataset 
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and the model simulations showed a reasonable match between simulated and 

estimated NPP over forest plots with minimum anthropogenic interference, and were 

on par with both literature and our expectations (Fig. 4.4). The MODIS dataset 

inevitably inherits uncertainties as previously explained in section 3.2.3. However, if 

plots for comparison between simulated and estimated NPP can be chosen by taking 

these factors into consideration (i.e. if the study area is large enough to compensate for 

this), the dataset proves to be a valuable resource for model result verification. 

MOD17A3HGF dataset and LPJ-GUESS v 4.0.1 simulation results converged in five 

of our eight sample areas (polygons with timeseries 3, 4, 6ï8 in Fig. 4.4). In the 

remaining three (polygons with timeseries 1, 2, 5 in Fig. 4.4), the NPP estimates in the 

MOD17A3HGF dataset were higher than LPJ-GUESS simulation results. For polygon 

5, since the area, albeit fragmented, in actuality has a substantial forest cover where P. 

brutia is often the dominant taxon, and where LPJ-GUESS simulated a woody 

grassland according to IGBP classification (Fig. 4.3), we considered this as a plausible 

reason behind the discrepancy. For polygons 1 and 2 representing the two northerly 

mountain ranges where LPJ-GUESS simulated a transitional woodland and in part a 

woody grassland, we attributed the mismatch between the estimated and simulated 

NPP to a combination of the different climate input data used by each algorithm and 

the gap-fill methodology used to counteract the cloudiness factor in the MODIS dataset 

(a brief analysis is included in App. A).  

Figure 4.3 : IGBP biome classification applied to mean LPJ-GUESS simulation 

results for the same period as the MODIS dataset (2000-2020) with selected 

polygons for timeseries comparison superimposed. 
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Figure 4.4 : Mean NPP (kgC/m2) for years 2001-2020 with elevation detail included. Orange polygons mark plots with minimum anthropogenic 

interference where we compared simulated NPP from LPJ-GUESS with estimates from the MOD17A3HGF dataset: (1) Kºroĵlu Mountain 

range, (2) Ilgaz Mountain range, (3) Central Anatolia, (4) Ka­kar Mountain range, (5) Muĵla province, (6) Eastern Taurus Mountain range, (7) 

Amanos Mountain range, (8) Munzur Mountain range.
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4.1.3 An overview of initial results from the 1982-2020 simulations 

The historical simulations run with LPJ-GUESS v 4.0.1 for 1982-2020 period, while 

finetuning the distribution ranges of species, helped to (1) further identify critical 

populations of certain taxa outside of their widely known distribution ranges, (2) 

understand the extent of their individual bioclimatic tolerance levels (3) and gain an 

insight to competition for resources within their bioclimatic tolerance limits (as they 

started to under-compete when the taxa reached their limits).  

Although found in fragmented populations in the study area, adding C. libaniôs 

bioclimatic limitations to the list of simulated species highlighted competition for 

resources being the key driver for the composition of Türkiyeôs forests in the absence 

of human interference, especially for the Mediterranean climate type regions. Our 

simulation results identified additional potential niches for this southerly species with 

known nativity to the Taurus mountain range: in the Marmara and Black Sea regions. 

In both regions C. libani is known to maintain healthy populations once introduced 

(information which we verified with botanical experts, and 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 perspective. This is also an area that we explored further 

in our research of forest biodiversity and climate change affecting the Anatolian 

Peninsula and its immediate neighbors in the Eastern Mediterranean Basin during our 

forecast simulations. 

Our simulation results 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 

grassland with a foliage projective cover of 30ï60%) expanded well into western 

Anatolia ï 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 fragmentation of forests in the inner parts of this delicate peninsula is largely 

due to anthropogenic land-use land-cover change practices (Wick et al. 2003; 

Kaniewski et al. 2007; Bottema et al. 1986). Although the 9 km native resolution of 

ERA5-Land reanalysis was adequate for a regional study such as this one, higher 

resolution regional climate data are needed for simulations to better assess a potential 
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migration of forest taxa and to further finetune the bioclimatic tolerances of species 

defined to the model, 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 of PFT parameters defined with these initial simulations, helped finetune 

these thresholds with the new version of the DGVM.  

A challenge at the onset of this research to quantifiably verify the simulation results, 

was the lack of quantitative datasets based on ground observation which accurately 

represented the regionôs terrestrial biomass. While the GDF data were invaluable in 

qualitatively analyzing and verifying our early results, for quantitative verification, the 

annual, global MOD17A3HGF dataset for estimated NPP which we used, albeit its 

shortcomings, rendered a reasonably close match of our simulated NPP.  

Despite these challenges we faced in finetuning the PFTôs bioclimatic limits in LPJ-

GUESS v 4.0.1 to simulate the potential forest distribution and composition for 

Türkiye, our simulation results proved to be a reasonably close match for the known 

current and historical ranges of the species. The 39-year run provided us with 

important insight into the potential threats to Türkiyeôs forests, while forming a 

reference as we continued to explore the potential range shifts of forest species for the 

region under a changing climate. 

4.2 Forecast Simulations 

We used the bioclimatic thresholds which we identified in the initial phase of our 

simulations, for our experiments with LPJ-GUESS v 4.1,  in which the number of input 

climate datasets were increased from 3 to 7; the soil dataset was updated; and also the 

study region was expanded to account for topographic continuity especially in the 

eastern segment of our former study area.  

Figure 4.5 shows the final results of our bivariate analyses of total density and total 

woody biomass from our simulations for the beginning (1961-1991) and end (2071-

2100) of our simulation period. The simulated total density of woody taxa 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 

simulation 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 becomes a primary limitation to seedlingsô success.  

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 and above). North-central 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. Simulated changes in density in the 

Mesopotamian shrub and desert ecoregions by the end of the century duly hint at the 

distinct ecoregion ñbeltsò for this area. In the Zagros Mountains Forest Steppe 

ecoregion, with maximum altitudes between 2000 and 3000 m for the study area, a 

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

higher terrain is simulated for 2100. 

Our simulations further show a centennial increase in total density and biomass of 

woody taxa for the southern Black Sea region, 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 gain in both density and biomass. In 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 the century. The Rhodope and Balkan Mountains, 

and the eastern edge of the Carpathians also show high simulated biomass. 

4.2.1 Latitude 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 they 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 species ï with mostly Pinus sylvestris taking 

the lead ï 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 Hakkari 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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Figure 4.6 : Density and biomass relationship for the boreal taxa for the beginning 

and end of the simulation.  
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Figure 4.7 : Density and biomass relationship for the temperate taxa for the 

beginning and end of the simulation. 

 



46 

boreal taxa to a pull-back under a warming trend. The former not only increase their 

density, but their biomass as well, a pattern that largely explains the simulated 

centennial increase in total woody biomass and density in Central Anatolia. Their 

range expansion does not indicate any particular prioritization for altitude or latitude.  

The potential takeover of temperate taxa with the retreat in boreal taxa in our 

simulation results become more apparent when we cross-compare the relationship of 

boreal and temperate taxa density: the maps in Figure 4.8 show boreal taxa pulling 

back and consolidating their ranges around mountainous terrain, and the scatter plots 

highlight the noticeable centennial decrease in the boreal speciesô simulated density.  

Furthermore, when we compare the results of our simulations from a density-

dominance perspective, the taxon specific strategies when faced with changes in 

climatic drivers become clearer. Figure 4.9 shows the simulated spatial distribution of 

density dominance of taxa per stand, and their total biomass calculated as medians of 

individual GCM results from the means of the historical period, and three time periods 

from the beginning, middle and end of the simulation period (individual GCM results 

are shown in App. C). The potential increase in biomass of the four deciduous Quercus 

species, especially for the two taxa ï Q. pubescens and Q. macranthera, both with 

higher drought tolerance ï can be seen in the boxplots. Where the Quercus taxaôs gain 

in both total biomass and spatial dominance is significant within the study area, Fagus 

spp. (representing joint ranges of F. sylvatica and F. orientalis) seem to preserve their 

biomass in their strongholds in the Pontic Mountains, and in the eastern segment of 

the Taurus Mountains, occasionally at a relative cost to their dominance. This future 

pattern of Fagus spp. potentially 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 for P. sylvestris as well, where the taxon potentially loses 

its density dominance considerably in the Eastern Highlands, replaced by cold and 

drought tolerant Q. macranthera in the north and eastern Anatolia; and by the 

temperate conifer Pinus nigra tolerant of continental climates in 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 taxa (a) for the beginning 

(1961-1990) and (b) end (2071-2100) of our simulations. Scatter plots show biomass 

and density relationship within each group. 

4.2.2 Climate mandates limitation 

While the patterns in biomass and density of woody taxa are pronounced between the 

beginning and end of the 140-year simulation 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. This can in part be 




























































































































