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Abstract 

Tropical forests are essential for global biodiversity, carbon storage, and 

hydrological regulation, yet accelerating land-use and land-cover changes are 

rapidly eroding these functions across Southeast Asia. In Cambodia, forest 

conversion surrounding protected landscapes has intensified over recent 

decades, but its long-term ecological and economic consequences remain 

poorly quantified because few studies directly link field-based measurements 

of forest biodiversity with long-term land-cover change, ecosystem-service 

responses, and carbon value. 

This thesis aims to assess how land-cover change alters tropical forest 

biodiversity, ecosystem-service supply, and the economic value of forest 

carbon by integrating field measurements with satellite-based analysis in 

Cambodia’s protected forests. It combines field observations of forest stand 

structure, species diversity, functional traits, and soil condition with machine-

learning-based land-cover mapping, time-series mapping of land-cover 

changes (1991–2021), hydrological modelling, and carbon stock and valuation 

frameworks relevant to forest carbon accounting. This integration allows 

consistent assessment of ecosystem changes across spatial and temporal scales. 

The results show that conversion from intact evergreen forest to regrowth 

forest and cashew plantations leads to persistent simplification of stand 

structure, reduction in species and functional trait diversity, and substantial 

reductions in aboveground biomass. These ecological changes lead to long-

term declines in carbon storage and hydrological regulation, which are not 

compensated by forest regrowth over several decades. Regrowth forests 

exhibit intermediate conditions, whereas plantation systems provide only 

limited ecosystem services. When expressed in economic values, land-cover 

change results in lower biomass and carbon stocks in forests, reduces the 

opportunities for climate finances, and diminishes potential long-term 

revenues for both communities and governments. 

Overall, this thesis shows that land cover provides a central framework through 

which land-use decisions shape ecosystem functioning and what consequences 

this has for policy and management decisions, highlighting the critical 

importance of protecting intact tropical forests. 
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Popular summary 

Tropical forests are among the most valuable ecosystems on Earth, sustaining 

biodiversity, regulating climate, and maintaining water resources that underpin 

human well-being under the pressure of global population growth and climate 

change. However, rapid agricultural expansion, infrastructure development, 

and urbanization are transforming forest landscapes across Southeast Asia. In 

Cambodia, forest conversion around protected areas has intensified over recent 

decades, raising concerns about whether the degraded and regrowth forests can 

maintain the ecological functions and benefits provided by intact forests. 

Understanding how different forest conditions created by land-cover change 

affect ecosystem functioning, ecosystem-service supply, and economic value 

therefore remains a critical scientific and policy challenge. 

This thesis aims to assess how land-cover change alters tropical forest 

biodiversity, ecosystem services, and the economic value of forest carbon by 

integrating field-based ecological measurements with satellite-based analyses 

of Cambodia’s protected forests. It combines detailed field observations of 

forest structure, species diversity, functional traits, and soil conditions with 

machine-learning land-cover mapping, time-series analysis spanning 1991–

2021, hydrological modelling, and carbon stock and valuation frameworks 

relevant to REDD+. This integrated approach enables consistent assessment of 

ecosystem change across spatial and temporal scales. 

The results show that conversion from intact evergreen forests to regrowth 

forests or cashew plantations leads to systematic ecological degradation. 

Species diversity, functional trait diversity, stand structure, aboveground 

biomass, and soil conditions all decline along this land-cover gradient, with 

intact evergreen forests consistently supporting the highest ecological 

integrity. These patterns are expressed at the landscape scale, where three 

decades of forest loss, limited regrowth recovery, and rapid expansion of 

cashew plantations have reorganized the landscape in the region of the Kulen 

National Park in Cambodia into a mosaic in which biodiversity and ecosystem 

functions are increasingly concentrated within the remaining intact forest areas 

of the protected national park. 

These ecological degradations directly translate into weakened ecosystem-

service provisions in the landscape. Carbon storage has declined as forest loss 

and degradation have exceeded gains from regrowth, resulting in persistent 

reductions in forest carbon stocks. Hydrological regulation has also weakened, 

with reduced capacity to regulate dry seasonal water availability. Regrowth 
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forests and plantation systems fail to compensate for these losses over decadal 

timescales, highlighting the irreplaceable role of intact evergreen forests in 

sustaining carbon storage and water regulation. 

When expressed in economic terms, these biophysical changes have 

substantial societal implications. Declining forest biomass and carbon stocks 

reduce opportunities for climate finance and long-term revenues for 

communities and governments, while intact forests represent high-value 

natural capital for climate change mitigation and ecosystem-service provision. 

The findings demonstrate that delayed conservation results not only in 

ecological degradation but also in lost economic opportunities. 

Overall, this thesis demonstrates that forest condition, rather than forest extent 

alone, governs ecosystem functioning and long-term ecosystem-service 

provision, making land cover a decisive framework through which land-use 

decisions shape biodiversity, carbon storage, water regulation, and economic 

value. Protecting intact tropical forests is therefore the most effective strategy 

for sustaining ecological integrity and long-term benefits for society and 

should be prioritized over short-term land-use gains in conservation and land-

management policies.  
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Populärvetenskaplig sammanfattning 

Tropiska skogar är yttest värdefulla då de upprätthåller biologisk mångfald, 

reglerar klimatet och säkrar vattenresurser som är grundläggande för 

människans välbefinnande, särskilt i en tid av global befolkningstillväxt och 

klimatförändringar. I Sydostasien omvandlas dock skogslandskap snabbt 

genom jordbruksexpansion, infrastrukturutveckling och urbanisering. I 

Kambodja har saverkningen av naturskog intensifierats under de senaste 

decennierna, vilket väcker frågor om huruvida degraderade och återväxande 

skogar kan upprätthålla de ekologiska funktioner och nyttor som intakta skogar 

tillhandahåller. Att förstå hur olika skogstillstånd, skapade av 

markanvändningsförändringar, påverkar ekosystemfunktioner, 

ekosystemtjänster och deras ekonomiska värde utgör därför en central 

vetenskaplig och politisk utmaning. 

Denna avhandling syftar till att bedöma hur markanvändningsförändringar 

påverkar tropisk skogsbiodiversitet, ekosystemtjänster och det ekonomiska 

värdet av skogens kol genom att integrera fältbaserade ekologiska mätningar 

med satellitbaserade analyser i Kambodjas skyddade skogar. Avhandlingen 

kombinerar detaljerade fältobservationer av skogsstruktur, artdiversitet, 

funktionella egenskaper och markförhållanden med maskininlärningsbaserad 

markklassificering, tidsserieanalys som sträcker sig från 1991 till 2021, 

hydrologisk modellering samt ett ramverk för uppskattning och värdering av 

kolförråd relevanta för REDD+. Detta integrerade angreppssätt möjliggör en 

konsekvent bedömning av ekosystemförändringar över både rumsliga och 

tidsmässiga skalor. 

Resultaten visar att markanvändningsförändringar från intakta skogar till 

återväxande skogar eller cashewplantager leder till systematisk ekologisk 

försämring. Artdiversitet, funktionell diversitet, skogsstruktur, biomassa och 

markförhållanden minskar längs denna markanvändningsgradient, där intakta 

skogar konsekvent uppvisar högst ekologisk integritet. Dessa mönster 

framträder även på landskapsnivå, där tre decennier av skogsförlust, begränsad 

återhämtning och snabb expansion av cashewplantager har omformat 

landskapet runt Kulens national park i Kambodja  till en mosaik där biologisk 

mångfald och ekosystemfunktioner i allt högre grad koncentreras till 

kvarvarande intakta skogsområden inom nationalparken. 

Denna ekologiska försämring resulterar direkt i en försvagning av 

ekosystemtjänster på landskapsnivå. Kolförråden har minskat i takt med att 

skogsförlust och degradering överstigit vinster från återväxt, vilket resulterar i 



14 

långvariga minskningar av skogens kolinnehåll. Även den hydrologiska 

regleringen har försvagats, med minskad förmåga att reglera vattentillgången 

under torrperioden. Återväxande skogar och plantagesystem förmår inte 

kompensera för dessa förluster, vilket understryker den oersättliga roll som 

intakta skogar spelar för att upprätthålla kolförråd och vattenreglering. 

När dessa biofysiska förändringar uttrycks i ekonomiska termer får de 

betydande samhälleliga konsekvenser. Minskad skogsbiomassa och lägre 

kolförråd begränsar möjligheterna till klimatfinansiering och långsiktiga 

intäkter för både lokalsamhällen och statliga aktörer. Intakta skogar 

representerar ett högt värderat naturkapital för tillhandahållande av 

ekosystemtjänster, samt ökar landskapets förmåga att motverka 

klimatförändringar. Ett fördröjt naturskydd leder inte bara till ekologisk 

försämring, utan även till förlorade ekonomiska möjligheter. 

Sammanfattningsvis visar denna avhandling att skogarnas tillstånd, snarare än 

deras areella utbredning i sig, är avgörande för ekosystemfunktioner och 

långsiktig tillhandahållande av ekosystemtjänster. Markanvändning utgör 

därmed ett centralt ramverk genom vilket beslut om markutnyttjande formar 

biologisk mångfald, kolförråd, vattenreglering och ekonomiska värden. Att 

skydda intakta tropiska skogar är därför den mest effektiva strategin för att 

säkra ekologisk integritet och långsiktiga samhällsnyttor och bör prioriteras 

framför kortsiktiga markanvändningsvinster i naturvårds- och 

markförvaltningspolitik. 
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ជាមួយនឹខការផគួរផគខផផនទីគម្រមបដី ផដ បសខកីតសឡខីសោយសម្របីា៉ា េ ីនេវ័យេិក្ា
(machine learning) ចាប់ៃីឆាន ១ំ៩៩១ ដ ់២០២១ ការផម្របម្របាេ់ម៉ាូផឌ្ ជ សាស្តេត 
ការវាយតព្មាបរាិណរក្ាទ ក្កាបូន និខតព្មាសេដាក្ិចចរបេ់វា ផដ ពាក្់ៃ័នធនឹខគសម្រាខសរ
ដបូក្(REDD+)។ ការសធវីេាេរណក្មមព្នវធិីសាស្តេតទខំសនុះរមួបញ្ចូ  គ្នន  ជាវធីីសាស្តេត
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េមម្រេបមួយ ផដ អាចេន ញ្ហា តឱ្យសយខីសធវីការវាយតព្មាការផ្លា េ់បតូរម្របៃ័នធសេកូ្ឡូេ ីសៅ
តាមទំេាំម្រតោា ន និខសៃ សវោព្នការេិក្ាសផសខៗគ្នន ។ 

 ទធផ បងាា ញថា ការបផមាខៃីព្ម្រៃចាេ់ផដ ានេភាៃ អ សៅជាព្ម្រៃដ ុះសឡខីវញិ ឬចាក រ
សាវ យចនទី បណាត  ឱ្យានការខូចខាតព្នម្របៃ័នធសេកូ្ឡូេ ីរបេ់ព្ម្រៃស ។ី ភាៃេមបូរផបបព្ន
ម្របសភទ ភាៃចម្រមរុះព្ន ក្េណៈម ខងារ រចនាេមា័នធព្ម្រៃស  ីបរាិណជីវា៉ា េស ីដី និខ
 ក្េខណឌ ដី េ ទធផតែយច ុះសៅតាម ំនាពំ្នការផម្របម្របួ គម្រមបដី ក្ន ខខណៈផដ ព្ម្រៃចាេ់
សៅផតបងាា ញៃីភាៃ អម្របសេីរបំផ តព្នសេកូ្ឡូេ ីព្ម្រៃស រីបេ់វា សបីសម្របៀបសៅនឹខព្ម្រៃដ ុះសឡខី
វញិ ឬចាក រសាវ យចនទី។  ំនាទំខំសនុះ ម្រតូវបានបងាា ញសៅក្ម្រមិតតំបន់សទេភាៃ សោយក្ន ខក្ំ
ឡ ខសៃ បីទេវតសរព៍្នការទស្តនាទ នព្ម្រៃស  ីគួបផសជំាមួយភាៃានក្ម្រមិតក្ន ខការសាត រព្ម្រៃស ី
សឡខីវញិ និខការៃម្រខីក្ព្ផទដីោដំ ុះចាក រសាវ យចនធីយ៉ា ខឆាប់រេ័េ បាននឹខក្ំៃ ខគំរាមក្ំផេខ
តំបន់សទេភាៃភនំគូផ នឲ្យកាា យសៅទីជម្រាក្រវាខតំបន់ព្ម្រៃនិខដំណាកំ្េិក្មមចម្រមរុះោយឡំ
គ្នន (Mosaic) ផដ ជាសេត សធវីឲ្យានការម្រៃួយបារមភជាខាា ខំសៅស ីជីវចម្រមរុះ និខម ខងារ
ម្របៃ័នធសេកូ្ឡូេ សីៅក្ន ខតំបន់ព្ម្រៃចាេ់ផដ សៅសេេេ ់ក្ន ខតំបន់ឧទានជាតិ។ 

ការរចិរ ិព្នសេកូ្ឡូេ ីទខំសនុះ បានបងាា ញសោយផ្លទ  ់ៃីការធាា ក្់ច ុះព្នសេវាក្មមម្របៃ័នធសេកូ្
ឡូេ ីសៅក្ន ខតំបន់សទេភាៃភនំគូផ ន។ បរាិណរក្ាកាបូនសៅក្ន ខតំបន់បានធាា ក្់ច ុះ សោយ
សារការបាត់បខ់និខការទស្តនាទ នព្ម្រៃស  ីស ីេៃីេវីផដ ព្ម្រៃដ ុះសឡខីវញិអាចផត ់ឱ្យបាន ផដ 
ជាសេត នាឱំ្យានការែយច ុះជាបនតបនាទ ប់ព្នបរាិណកាបូនេត ក្របេ់ព្ម្រៃស សីៅក្ន ខតំបន់។ 
ម ខងារនិយត័ក្មមធនធានទឹក្ក្៏ម្រតូវបានប៉ាុះពា ់ផខផដរ សោយេមតថភាៃក្ន ខការសធវីនិយ័
តក្មមធនធានទឹក្សៅរដូវម្របាខំម្រតូវបានែយច ុះ។ ស ីេៃីសនុះ ព្ម្រៃដ ុះសឡខីវញិ និខម្របសភទ
ដំណាចំាក រ មិនអាចបំសៃញជំនួេនូវការបាត់បខ់ព្ម្រៃចាេ់ធមមជាតិ ក្ន ខរយៈសៃ ខាីម្រតឹម
ប៉ា នាម នបីទេវតសរស៍នាុះបានសឡយី។ ក្តាត ទខំសនុះ បានបងាា ញៃីតួនាទីយ៉ា ខេំខាន់ និខមិន
អាចជំនួេបានរបេ់ព្ម្រៃចាេក់្ន ខការរក្ាទ ក្បរាិណកាបូន និខនិយត័ក្មមធនធានទឹក្។ 

សៅសៃ ផដ សយខីគិតេំៃីតព្មាព្នសេដាក្ិចច បំផរបំរ ួព្នជីវរូបសាស្តេតខាខស ី ានផ ប៉ាុះ
ពា ់យ៉ា ខធំសធខចំសពាុះេខគមជាតិ។ ខណៈព្ម្រៃចាេ់តំណាខឱ្យមូ ធនធមមជាតិ ផដ ាន
តព្មាខាេ់េម្រាប់ការកាត់បនថយឥទធិៃ ព្នការផម្របម្របួ អាកាេធាត និខការផគត់ផគខ់សេវាក្មម
ម្របៃ័នធសេកូ្ឡូេ  ីានការធាា ក្់ច ុះព្នបរាិណជីវា៉ា េនិខបរាិណរក្ាកាបូនព្ម្រៃស រីបេ់វា 
បាននឹខក្ំៃ ខកាតប់នថយនូវឱ្កាេទទួ បាននូវេរិញ្ាទនកាបូនៃីការផម្របម្របួ អាកាេធាត  
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រមួទខំម្របាក្់ចំណូ រយៈសៃ ផវខសៅដ ់េេគមន៍និខរាជរោា ភិបា ។  ទធផ ព្នការ
េិក្ាសនុះ បានបងាា ញថា ការៃនាសៃ ក្ន ខការមិនេភិរក្សព្ម្រៃចាេ់ផដ សៅសេេេ ់ទខំ
សនាុះសទ មិនម្រតឹមផតបណាត  ឱ្យានការខូចខាតនូវម្របៃ័នធសេកូ្ឡូេ ីផតប៉ា សណាណ ុះសទ ផែមទខំ
នាឱំ្យបាត់បខ់នូវផ ម្របសយជន៍សេដាក្ិចចយ៉ា ខេំខាន់ផខផដរ។ 

េរ បជារមួ និសក្េបបទម្រសាវម្រជាវសនុះ បងាា ញថាការេិក្ាេំៃសីាថ នភាៃព្ម្រៃស  ីមិនគួរម្រតូវបាន
គិតគូរម្រតឹមផតៃទីំេពំ្ម្រៃស ផីដ ានសនាុះសទ ប៉ា ផនតគួរផតគិតបញ្ចូ  ទខំម ខងារម្របៃ័នធសេកូ្ឡូ
េ ី(ecosystem functioning) និខការផគត់ផគខ់សេវាក្មមម្របៃ័នធសេកូ្ឡូេ ីរយៈសៃ ផវខរបេ់
វាផខផដរ។ ដូសចនុះ ការេម្រមចចិតតក្ន ខការសម្របីម្របាេ់ដី អាចប៉ាុះពា ់ដ ់បំផរបំរ ួជីវចម្រមរុះ ការ
រក្ាទ ក្កាបូន ការសធវីនិយត័ក្មមធនធានទឹក្ និខតព្មាសេដាក្ិចចផដ ធនធានព្ម្រៃស អីាចផត ់
ឱ្យសយខី។ ការការពារព្ម្រៃចាេ់តំបន់ម្រតូៃិចឱ្យានេភាៃ អ គឺជាយ ទធសាស្តេតផដ ាន
ម្របេិទធភាៃខាេ់បំផ ត ក្ន ខការរក្ា ំនឹខម្របៃ័នធសេកូ្ឡូេ ី ក្៍ដូចជាេតថម្របសយជន៍រយៈសៃ 
យូរេផខវខេម្រាប់េខគមជាតិ សេយីគួរផតម្រតូវបានផត ់អាទិភាៃជាចមបខ ជាជាខការគិតគូរ
ផតៃីផ ម្របសយជន៍រយៈសៃ ខាីព្នការសម្របីម្របាេ់ដី ក្ន ខការសធវីសគ្ន នសយបាយេភិរក្ស និខ
ការម្រគប់ម្រគខធនធានដីធាី។ 
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Introduction 

1.1 Global importance of tropical forests for 

ecosystem services 

Rapid population growth, coupled with rising consumption, is intensifying 

global demands for food, water, and energy, placing unprecedented pressure 

on natural ecosystems and the services essential to human well-being (Llopis 

et al., 2022; Sethi et al., 2022). Climate change further amplifies this pressure 

by altering temperature and precipitation regimes, thereby affecting 

agricultural productivity, freshwater availability, and the feasibility of low-

carbon energy sources such as biofuels (Yang et al., 2024). These combined 

pressures are primarily expressed through land-use and land-cover change, 

including deforestation, agricultural intensification, and urban expansion, 

which fundamentally alter forest ecosystem structure and functioning 

(Madrigal-Martínez & Miralles i García, 2019; Duan et al., 2024). As a result, 

maintaining ecosystem-service integrity has become central to both 

environmental sustainability and long-term human well-being. 

Within this global context of escalating environmental pressure, tropical forest 

ecosystems emerge as one of the most critical yet vulnerable systems for 

sustaining biodiversity and ecosystem services. Tropical forest ecosystems, in 

particular, are highly vulnerable to these changes, with nearly half of their 

original extent already lost due to human activities (Muche et al., 2023). 

Tropical forests cover approximately 14% of the Earth's surface (Fichtner & 

Härdtle, 2021) and contribute significantly to global terrestrial biodiversity 

(Giam, 2017) and biogeochemical cycles (Males et al., 2022). They also 

account for at least 30% of the global terrestrial net primary production 

(Townsend et al., 2011; Joseph Wright, 2013) and approximately 70% of the 

global gross carbon sink (Pan et al., 2024). These attributes position tropical 

forests as a foundation of global ecosystem-service supply, linking local 

biophysical processes to regional and global human benefits. However, this 

capacity is increasingly reduced by accelerating global land-use changes, 

including deforestation, agricultural expansion, and urbanization, which have 
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led to substantial losses in forest cover and diminished service provision (Mo 

et al., 2023). 

The societal relevance of tropical forests is most clearly understood through 

the ecosystem services they generate and sustain. Ecosystem services are the 

benefits that nature provides to human well-being, supporting livelihoods, 

economic growth, and global environmental stability (Millennium Ecosystem 

Assessment, 2005). These services come from biophysical processes such as 

primary productivity, nutrient cycling, water regulation, and carbon 

sequestration, and they enable food production, climate regulation, flood 

mitigation, and soil fertility. Forest ecosystems, particularly tropical forests, 

are among the most critical global providers of these services due to their 

biodiversity hotspots, structural complexity, and capacity to store vast amounts 

of carbon and are vital to regulate water and climate (Costanza et al., 1997). 

Forests also supply cultural, spiritual, and recreational values that are central 

to many societies (Nolander & Lundmark, 2024). However, anthropogenic 

land-use and land-cover changes continue to put considerable pressure on these 

vital ecosystems, leading to declines in biodiversity, alterations in hydrological 

regulations, and reductions in carbon sequestration capacity (Guarderas et al., 

2022; Hasan et al., 2025). 

1.2 Linking land-cover changes to ecosystem-

service supply 

Translating the ecological importance of tropical forests into societal relevance 

requires understanding how land-use and land-cover change alters the 

processes that sustain ecosystem services (Fig. 1). Land-cover change modifies 

the biophysical processes that sustain biodiversity, ecosystem functioning, and 

ultimately ecosystem-service supply (Gomes et al., 2020). When forests are 

altered or replaced by agriculture and plantations, the composition, structure, 

and spatial arrangement of vegetation shift, disrupting ecological processes 

that underpin carbon storage, hydrological regulation, and habitat provision 

(Toro et al., 2022). These changes emerge through three tightly connected 

pathways: declining species diversity, altered stand structures, and shifts in 

functional traits. 

Biodiversity, particularly species diversity, is a fundamental aspect of how 

forest ecosystems function, crucial for maintaining the supply of services and 

enhancing resilience against disturbances and climate change (Hisano et al., 
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2018). Variation in species richness, evenness, and functional diversity 

determines how communities use resources, respond to disturbance, and 

maintain productivity (Tilman & Downing, 1994; Dı́az & Cabido, 2001). 

Functional diversity, an aspect of biodiversity, is a measure of differences in 

leaf traits, phenology, wood density, and physiological strategies and often 

explains ecosystem functioning more strongly than species richness alone, 

because it reflects how species differences translate into complementary 

resource use and resilience (Loreau, 1998; Cadotte et al., 2011; Migliavacca et 

al., 2021). In intact tropical forests, diverse trait combinations enable efficient 

light capture, sustained productivity, and stable nutrient cycling (Aguirre-

Gutiérrez et al., 2025). When forests are degraded or converted to regrowth or 

plantation systems, functional redundancy declines, niche space narrows, and 

communities become dominated by fewer species with similar traits (Aguirre‐

Gutiérrez et al., 2022). These shifts reduce ecosystem capacity to support key 

functions, including biomass growth, litter decomposition, and regeneration. 

By limiting the diversity of traits that govern energy and nutrient processing, 

such changes directly link biodiversity loss to diminished ecosystem 

functioning. 

Stand structure is another dimension of biodiversity that describes the physical 

characteristics of forest ecosystems and provides additional control over 

ecosystem functioning (Wang et al., 2024). Attributes such as tree height 

distribution, diameter variation, stem density, and basal area determine light 

interception, microclimate regulation, and competitive interactions 

(McElhinny et al., 2005). Structurally complex forests with large trees and 

multilayered canopies support greater carbon stocks, stronger 

evapotranspiration, and more stable hydrological processes (Ali, 2019; Soto et 

al., 2024). Fragmentation and land-cover transitions simplify these structures, 

lowering biomass, increasing exposure to edge effects, and reducing 

regeneration potential (Forzieri et al., 2022). Such structural simplifications 

diminish forest functioning by reducing productivity, altering nutrient cycling, 

and weakening resistance to climatic stress (Bourgoin et al., 2024; Marsh et 

al., 2025).  

Together, species richness, functional traits, and structural attributes regulate 

the ecosystem functions that form the foundation of ecosystem services 

(Tilman et al., 2014). Ecosystem functions such as productivity, nutrient 

cycling, water regulation, and carbon sequestration emerge from underlying 

ecological processes (Lovett et al., 2005). When land-cover change erodes 

species and trait diversity or simplifies stand structure, the capacity of 
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ecosystems to perform these functions declines (Keith et al., 2022). Regulation 

functions such as carbon storage and hydrological regulation weaken when 

biomass declines and evapotranspiration patterns change (Keith et al., 2022; 

Kull et al., 2024). Habitat functions decline as species lose suitable niches. 

Production functions, such as timber and non-timber forest products, decline 

with lower productivity. Information and cultural functions are also diminished 

as natural landscapes become fragmented and simplified (Leemans & De 

Groot, 2003). These functional declines cascade into reduced ecosystem-

service supply. 

Furthermore, these biophysical changes also have direct economic 

implications. Carbon stored in forests represents not only a regulating service 

but also a quantifiable economic asset within voluntary and compliance carbon 

markets (Nolander & Lundmark, 2024). When land-cover change reduces 

biomass and carbon density, it diminishes opportunities for climate finance and 

reduces potential revenues for communities and governments (Raihan, 2023; 

Nolander & Lundmark, 2024). Mechanisms such as REDD+ (Reducing 

Emissions from Deforestation and Forest Degradation and the role of 

conservation, sustainable management of forests, and enhancement of forest 

carbon stocks) link ecosystem function (carbon sequestration) to monetary 

value, enabling financing for conservation, forest monitoring, and local 

livelihoods. In Cambodia, forests hold significant carbon storage potential, and 

their degradation threatens not only ecosystem integrity but also opportunities 

to secure results-based payments and long-term conservation funding 

(Ministry of Environment (Cambodia), 2020). Therefore, ecosystem 

degradation creates both ecological and economic losses, making valuation 

essential for understanding the full consequences of land-cover change. 

Despite strong theoretical understanding that species diversity, functional 

traits, and stand structure jointly regulate ecosystem functioning and 

ecosystem-service supply, empirical evidence from tropical forests remains 

fragmented (Sovann et al., 2025b). Integrated field-based assessments that 

simultaneously compare intact forests, regrowth forests, and plantation 

landscapes along gradients of land-use intensity are rare, particularly in 

Southeast Asia (Sovann et al., 2025b). As a result, it remains poorly resolved 

how land-cover change alters biophysical processes and constrains ecosystem-

service provision and associated economic value in rapidly transforming 

tropical regions. 
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Figure 1. Conceptual framework illustrating the ecosystem-service cascade from 
landscape structure to human well-being (adapted from Haines-Young and Potschin (2010); 
Potschin-Young et al. (2018)) 

The model describes the interaction between environmental and social-economic systems. The 
environmental system is defined in this context as "Biophysical structures (and processes),” 
"Ecosystem functions," and "Ecosystem services"; it also encompasses their interactions (a, b). 
The social-economic system comprises "Human benefits" and "Values" derived from ecosystem 
services; it also encompasses their interaction (c, d). Furthermore, the framework shows the sum 
of pressures from “Values” (e) on the environmental system. These pressures will in turn 
influence people’s actions in the landscape, changing how the land is used (f) and changing the 
landscape and biophysical structures (g, h). 

1.3 Forest change in Southeast Asia and Cambodia  

Southeast Asia, a global hotspot of rapid forest loss, faces escalating threats to 

the ecosystem-services supplied by its tropical forests (Schmid et al., 2021). 

Although the region holds about 15% of global tropical forests (Stibig et al., 

2014), it has experienced the highest deforestation rates over the past two 

decades (Miettinen et al., 2011), and this alarming trend threatens over 40% of 

the region's biodiversity by 2100 (Sodhi et al., 2004). Forest loss and 

degradation reduce the capacity of ecosystems to provide essential services, 

including habitat provision, carbon storage, and hydrological regulation, all of 

which are fundamental to human well-being. 

Deforestation in Southeast Asia is driven primarily by timber harvesting 

(Pearson et al., 2017), shifting cultivation, and large-scale land acquisitions for 

agricultural expansion, including rubber, cashew, oil palm, eucalyptus, and 

acacia (Grogan et al., 2015; Chen et al., 2016; Johansson et al., 2020). 

Although secondary forests enhance biodiversity and partially restore 

ecosystem services (Tito et al., 2022), they seldom attain the carbon stocks or 

hydrological regulatory capacity of intact forests (Bourgoin et al., 2024). 
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Within this context, Cambodia reflects these regional trends. Forest conversion 

has accelerated since the early 1990s due to population growth, expanding road 

networks, large-scale land acquisitions for plantations, and strong market 

incentives for crops such as cashew and rubber (Riggs et al., 2020; Pauly et al., 

2022). These land-use transitions directly affect ecosystem services at the 

national scale, particularly in forested watersheds where carbon storage, 

groundwater recharge, and dry-season water regulation are essential for rural 

livelihoods and for sustaining culturally significant landscapes (Schmid et al., 

2021).  

Phnom Kulen and Virachey National Parks are critical examples. Situated at 

the headwaters of the Siem Reap River, Phnom Kulen supports evergreen and 

semi-evergreen forests that store carbon, maintain groundwater recharge, and 

regulate dry-season flows crucial for the local community and for sustaining 

the Angkor World Heritage site (Chim et al., 2021). However, rapid expansion 

of cashew plantations and other non-forest land uses has altered the 

characteristics of these ecosystems, raising concerns about declining carbon 

stocks, reduced hydrological services, and long-term reliability of ecosystem 

services (Chim et al., 2021). In contrast, Virachey retains some of the largest 

remaining intact forest blocks in Cambodia, yet has also experienced 

increasing pressure from illegal logging, land-use change, and socio-economic 

drivers over the past two decades (McCann et al., 2022; Chou & Cheb, 2023). 

These reflect that Cambodia’s protected forests hold significant carbon storage 

potential with direct economic value, and their degradation threatens not only 

ecosystem integrity but also long-term opportunities for international 

conservation and climate-mitigation finance mechanism initiatives such as 

REDD+ (Ministry of Environment (Cambodia), 2020). Therefore, it is 

essential to assess the economic value of forest carbon stocks to determine the 

feasibility of climate-mitigation financing and to facilitate evidence-based 

conservation planning in Cambodia's protected forest areas (Ministry of 

Environment (Cambodia), 2020). 

The preceding sections show that land-use and land-cover changes alter 

tropical forests through coupled changes in species richness, functional traits, 

and forest structure, with cascading consequences for ecosystem-service 

supply and economic value. Cambodia’s protected forests provide a critical 

setting to address this gap, enabling the simultaneous comparison of intact 

forests, regrowth forests, and plantation landscapes along gradients of land-use 

intensity, while supporting nationally important hydrological and carbon 

services under global population growth and climate change pressures. An 

integrated approach linking field-based ecological measurements with remote 
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sensing and long-term land-cover analysis is therefore required to quantify 

how forest conversion alters ecosystem structure, service provision, and 

associated economic outcomes. 
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Aim and objectives 

The overall aim of this thesis is to quantify and to improve our understanding 

of how land-use and land-cover changes affect tropical forest ecosystems and 

the ecosystem services they provide. The thesis integrates field-based evidence 

of changes in forest structure, species diversity, leaf functional traits, and soil 

conditions (Paper I) with remote-sensing approaches for accurate land-cover 

classification (Paper II). It further examines how three decades of land-cover 

change have altered hydrological ecosystem services and carbon storage 

(Paper III) and links these biophysical changes to the economic value of forest 

carbon and Cambodia’s REDD+ readiness (Paper IV). Collectively, these 

studies provide a comprehensive assessment of how forest conversion 

influences ecosystem condition, service provision, and carbon-related 

economic outcomes. 

To achieve this overall aim, the thesis addresses four interconnected specific 

objectives: 

1. Assess how land-cover change influences tropical forest stand 

structure, species diversity, leaf functional traits, and soil conditions, 

thereby identifying the ecological consequences of forest conversion. 

2. Evaluate the role of spectral, seasonal, and topographic variables in 

improving land-cover classification accuracy within tropical forest–

agriculture mosaics to strengthen landscape monitoring. 

3. Quantify the impacts of land-cover change from 1991 to 2021 on 

hydrological ecosystem services and carbon storage, providing long-

term insights into how ecosystem-service supply responds to ongoing 

landscape transformation. 

4. Determine the economic value of forest carbon storage and assess 

Cambodia’s REDD+ readiness, linking carbon stock estimates to 

policy-relevant frameworks for conservation and climate mitigation. 
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Methods 

Study area 

Cambodia serves as the national context for all four papers in this thesis. The 

country lies between 10° and 15° north and 102° and 108° east in mainland 

Southeast Asia and shares a border with Thailand, Laos, Vietnam, and the Gulf 

of Thailand (Fig. 2). Its physical geography ranges from lowlands around the 

Mekong River and the Tonle Sap Lake system, the largest freshwater 

ecosystem in Southeast Asia, to sandstone plateaus in the northeast and 

mountain ranges in the southwest and northwest that rise to 1,813 m at Phnom 

Aural (Gupta, 2005). Cambodia has a tropical monsoon climate that is affected 

by the southwest monsoon from May to October and the northeast monsoon 

from November to April. This causes rainfall to vary from about 1400 mm in 

the central plains to almost 4,000 mm in the southwestern coastal or 

mountainous areas (Gupta, 2005; Thoeun, 2015). The mean annual 

temperature is about 28 °C (Thoeun, 2015). Forest types include evergreen, 

semi-evergreen, deciduous, bamboo, and flooded forests, but national forest 

cover has declined due to agricultural expansion, infrastructure development, 

and plantation growth (Ministry of Environment (Cambodia), 2020; Pauly et 

al., 2022). These biophysical and socioecological gradients create strong 

variation in hydrology, carbon storage, and forest condition, making Cambodia 

an appropriate setting for investigating how land-use and land-cover changes 

alter ecosystem services in tropical forests. 

Phnom Kulen National Park is the primary study area for Papers I, II, and III 

(Fig. 2). The park is located about 40 km northeast of Angkor in Siem Reap 

Province and covers 37,380 ha of Jurassic to Cretaceous sandstone plateaus 

that rise to 500 m (Geissler et al., 2019). The area receives about 2,290 mm of 

annual rainfall (Sovann et al., 2025b) and in 2021 supported evergreen, semi-

evergreen, deciduous, bamboo, and regrowth forests that together covered 

about 72 percent of the landscape (Sovann et al., 2025a). As the headwaters of 

the Upper Siem Reap River, Kulen maintains the downstream water supply 

and supports the hydrological system of Angkor Wat, a UNESCO World 
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Heritage Site (Chim et al., 2021). The park and its 10 km buffer have 

experienced rapid land-use transitions driven by selective logging, smallholder 

expansion, and widespread cashew plantation establishment, causing forest 

loss (Chim et al., 2019). This ecologically diverse and multi-use landscape 

provides an ideal setting for improving land-cover classification (Paper II), 

examining how land-cover conversion alters stand structure, species diversity, 

leaf functional traits, and soil conditions (Paper I), and reconstructing multi-

decadal land-cover change to quantify hydrological and carbon storage 

responses (Paper III). 

Virachey National Park is the study area for Paper IV. It is Cambodia’s largest 

protected area, covering 332,500 ha across Ratanakiri and Stung Treng 

provinces (McCann et al., 2022). The park forms part of the Indochina dry 

evergreen forest ecoregion and lies within the Indo-Burma biodiversity hotspot 

(Olson et al., 2001; Trod et al., 2020). Virachey contains large intact forest 

blocks and supports evergreen, semi-evergreen, mixed deciduous, bamboo, 

and upland grassland vegetation (Baird & Dearden, 2003), along with habitats 

of rare and endemic mammals, birds, and herpetofauna (Roberts et al., 2024). 

The local indigenous communities depend heavily on forest resources and 

actively engage in local management, showing clear willingness to participate 

in incentive-based conservation such as REDD+ (Chou & Cheb, 2023). These 

features make Virachey well suited for assessing aboveground carbon storage 

and its economic value in one of Cambodia’s least fragmented forest systems. 

https://www.fauna-flora.org/wp-content/uploads/2024/12/Fauna-Flora-Virachey-Survey-Report-2024.pdf
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Figure 2. A map of Cambodia with the study areas of the four papers of this thesis. 

Overview 

This thesis integrates field ecology, satellite remote sensing, land-cover 

classification, disturbance detection, ecosystem-service modelling, and 

economic valuation to understand how land-cover change affects ecosystem 

structure, function, and services in two tropical forest landscapes in Cambodia: 

Phnom Kulen National Park and Virachey National Park. The methodological 

design follows a sequential and mutually reinforcing structure in which each 

analytical component builds on and strengthens the interpretation of those that 

follow (Fig. 3). 

Paper I establishes the ecological foundation by quantifying forest stand 

structure, species diversity, leaf functional traits, and soil conditions across 

distinct land-cover ecosystems. These field-based measurements provide 

essential context for interpreting variation in biodiversity and aboveground 

biomass among the three land-cover types.  
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Paper II scales these plot-level ecological insights to the landscape by applying 

machine-learning methods to Sentinel-2 imagery to map the current 

distribution and extent of land-cover types. This classification provides an up-

to-date spatial baseline characterizing ecosystem heterogeneity across the 

Kulen landscape.  

Paper III extends the analysis into the temporal domain by using a multi-

decadal time series of satellite data to reconstruct land-cover changes and 

assess its impacts on carbon storage and hydrological ecosystem-service 

supply. This temporal assessment uses the land-cover baseline from Paper II 

to track land-cover change over time and applies the ecological information 

from Paper I to interpret how these changes influence carbon storage and 

hydrological ecosystem-service supply. 

Paper IV complements the first three papers by applying the framework to a 

second landscape, Virachey National Park, where it analyzes land-use change 

and its drivers, quantifies forest carbon stocks, and adds an economic valuation 

component that was not included in Papers I–III. This extension links land-

cover change to carbon market value and completes the progression from 

ecological assessment to ecosystem-service valuation. 

These components form an integrated assessment framework that moves from 

ecological measurement to landscape mapping, temporal change analysis, and 

ecosystem-service valuation. This integration ensures methodological 

consistency and supports a robust assessment of how forest conversion 

influences ecosystem functions and economic value. 

 

Figure 3. Workflow linking Papers I–IV through the ecosystem-services cascade from land 
cover and ecosystem structure to ecosystem services and economic value. 
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Paper I: field measurements of ecosystem 

characteristics 

Field data were collected from nine 50 × 30 m forest inventory plots 

representing evergreen forest, regrowth forest, and cashew plantations in 

Phnom Kulen National Park. The forest inventory followed the Cambodian 

National Forest Inventory protocol (Than et al., 2018), recording species 

composition, diameter at breast height (DBH), tree height, and deadwood. Leaf 

functional traits were derived from samples collected from woody species, 

including fresh mass, leaf chlorophyll content, leaf area, and dry mass. 

Meteorological variables, photosynthetically active radiation, soil temperature, 

soil water content, and soil electrical conductivity were monitored using 

automated sensors. Leaf area index (LAI) was measured six times between 

2019 and 2021, in both the dry season and the rainy season. 

Species diversity was quantified using species richness and the Shannon–

Wiener index (Shannon, 1948; Hill, 1973). Functional trait composition was 

assessed using specific leaf area, leaf dry matter content, and chlorophyll 

content, summarized as community-weighted means. Stand structure was 

quantified using plot-level measurements of diameter at breast height, tree 

height, basal area, aboveground biomass, and deadwood biomass. 

Aboveground biomass was estimated using locally calibrated DBH–height 

allometric relationships combined with species-specific wood density. 

Differences in ecosystem characteristics among land-cover classes were 

analyzed using descriptive statistics, one-way analysis of variance, and 

Tukey’s Honestly Significant Difference. Pearson correlation and ordinary 

least-squares regression analyses were used to explore relationships between 

variables. 

Paper II: classification of land cover in 2021 

Sentinel-2 Level-2A imagery was used to generate annual, rainy-season, and 

dry-season median composites for 2021 within a 10-km buffer surrounding 

Phnom Kulen National Park. From these composites, spectral bands, spectral 

indices, tasseled cap components, and bi-seasonal differences were derived. 

Topographical variables were extracted from a 30 m digital elevation model 

(Farr et al., 2007). In total, 65 variables were assembled for subsequent 

variable selection and classification. Twelve land-cover classes were mapped 
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following the Cambodian national land-cover classification (Ministry of 

Environment (Cambodia), 2020), with an additional cashew plantation class 

(Singh et al., 2019). Reference polygons used to generate training and 

validation datasets were derived from Global Positioning System (GPS) field 

points, uncrewed aerial vehicle imagery, and PlanetScope satellite imagery 

(Planet Team, 2017). 

Land-cover classifications were performed using a Random Forest classifier 

(Breiman, 2001) with variable importance ranking, correlation-based filtering, 

and recursive feature elimination. Multiple model configurations were 

evaluated to quantify the contributions of spectral bands, spectral indices, bi-

seasonal differences, and topographic variables, and to assess the effects of 

variable selection and hyperparameter tuning on classification performance. 

Model performance was assessed using confusion matrices reporting overall 

accuracy, Kappa, F1 score, user and producer accuracy, and omission and 

commission errors (Congalton et al., 1983; Olofsson et al., 2014). One-sided 

Z tests were used to compare overall accuracies and isolate the contributions 

of spectral indices, bi-seasonal differences, topographic variables, variable 

selection, and hyperparameter tuning (Zhang & Yang, 2020; Sun & 

Ongsomwang, 2023). The optimized classification (KuLandCover) was 

compared with ESA WorldCover and SERVIR-SEA land-cover products 

(Congalton et al., 1983; Zanaga et al., 2021; SERVIR-SEA, 2024). See Fig. 4 

for an overview of the methodological workflow used in Paper II. 
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Figure 4. Overview of the methodological workflow used in Paper II. 

Dashed outlines indicate major workflow sections (image preparation, reference data, 
classification, and results), while solid boxes represent individual processing steps within each 
section; arrows denote the flow of data and model outputs. The classification section 
summarizes image preprocessing, reference data integration, variable selection, Random Forest 
model training, and accuracy assessment. Six Random Forest models were evaluated to isolate 
the effects of input variable combinations, recursive feature elimination (RFE), and 
hyperparameter tuning on classification accuracy: spectral bands only (Spectral), spectral bands 
with spectral indices (Spectral+SI), Spectral+SI with bi-seasonal differences (Spectral+SI+Diff), 
Spectral+SI+Diff with topographic variables (Spectral+SI+Diff+Topo), RFE-selected variables 
(RFEvar), and RFEvar with hyperparameter tuning (RFEvar-Hyper).  
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Paper III: changes in land cover and ecosystem-

service supply 

Normalized Burn Ratio (NBR) time series data for 1991 to 2021 were derived 

from annual dry-season Landsat Surface Reflectance composites processed in 

Google Earth Engine, followed by the Landsat-based detection of Trends in 

Disturbance and Recovery (LandTrendr) algorithm (Gorelick et al., 2017; 

Kennedy et al., 2018). The 2021 Sentinel-2 land-cover map (Paper II) served 

as the baseline for reconstructing historical land-cover trajectories. Reference 

data for land-cover validation included manually delineated forest-loss 

polygons and GPS points documenting cashew plantation establishment. 

Hydrological data were obtained from existing Soil and Water Assessment 

Tool (SWAT) simulations (Chim et al., 2021). Carbon stock inputs comprised 

field-measured leaf area index collected between 2019 and 2021 (Paper I) and 

Landsat-derived Normalized Difference Vegetation Index (NDVI) time series, 

including monthly NDVI for 2019–2021 and dry-season NDVI for 2021, 

preprocessed consistently with the LandTrendr workflow (Kennedy et al., 

2018). 

Land-cover maps from 1991 to 2021 were generated using the LandTrendr-

based breakpoint detection applied to an annual NBR time series processed in 

Google Earth Engine (Kennedy et al., 2018). Annual land-cover maps were 

generated by backcasting land-cover transitions from the 2021 classification. 

Changes in dry-season water yield and evapotranspiration were estimated by 

assigning SWAT scenario outputs to corresponding land-cover classes. Annual 

aboveground carbon stocks were estimated using class-specific NDVI–

aboveground biomass models derived from empirical LAI–aboveground 

biomass relationships (Paper I), with biomass converted to carbon using a 

constant fraction of 0.47 (McGroddy et al., 2004). See Fig. 5 for an overview 

of the methodological workflow used in Paper III. 
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Figure 5. Overview of the methodological workflow used in Paper III. 

Paper IV: carbon stock assessment and economic 

valuation 

Land-cover datasets for 2000, 2005, 2010, 2015, and 2020 in Virachey 

National Park were obtained from SERVIR Southeast Asia land-cover datasets 

(Saah et al., 2020). Socio-institutional data were collected through key 

informant interviews, focus group discussions, household surveys, existing 

literature review, and site observations to characterize ecosystem conditions, 

forest management pressures, and REDD+ implementation context. Interviews 

were conducted with the park director, rangers, Community Protected Area 

representatives, and officers from Fauna & Flora, the United Nations 

Development Programme, BirdLife International, and Conservation 

International. Four focus group discussions with rangers and local villagers 

were conducted to explore land-cover change drivers, management capacity, 

REDD+ implementation hotspots, and willingness to participate in REDD+ 

initiatives. Household surveys were also implemented to capture socio-

economic conditions, livelihood strategies, and perceptions of REDD+ 

participation in the landscape. 

Landscape-scale carbon stocks were estimated using the InVEST (Integrated 

Valuation of Ecosystem Services and Tradeoffs) carbon model (v3.11.0; Yang 
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et al. (2020), Wang et al. (2025)), parameterized with land-cover-specific 

aboveground and belowground biomass values from national and regional data 

sources (Fittkau & Klinge, 1973; Mokany et al., 2006; Ministry of 

Environment et al., 2021). Total biomass, as the sum of aboveground and 

belowground biomass, was converted to carbon stocks using a constant carbon 

fraction of 0.47. The economic feasibility of a 20-year REDD+ project was 

evaluated using a cost–benefit analysis combined with a benefit-transfer 

approach based on data from the Tumring REDD+ project (Brander et al., 

2024). Carbon revenues were estimated under multiple carbon price and 

discount rate scenarios to assess long-term economic outcomes and sensitivity 

to market variability (Ecosystem Marketplace, 2024; World Bank, 2024). 
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Results and discussion 

Shifts in ecosystem characteristics following land-

cover conversions 

Land-cover conversions from evergreen forests to regrowth forests and to 

cashew plantations consistently reduced species diversity, diversity in leaf 

functional traits, structural complexity, aboveground biomass, and altered soil 

conditions, demonstrating a systematic degradation of ecosystem 

characteristics across all measured parameters (Paper I, Fig. 6). 

Species diversity declined sharply along the gradient from evergreen forests to 

regrowth forests and was lowest in cashew plantations, as shown by reductions 

in species richness and Shannon–Wiener index, confirming the strong negative 

effect of forest conversion on community composition (Paper I). This shift 

reflects both the dominance of a few species in cashew plantations and the 

legacy of past disturbances in regrowth forests, consistent with the known 

sensitivity of tropical forest diversity to fragmentation and disturbance history 

(Whitmore, 1998; Van & Cochard, 2017). These findings demonstrate a clear 

loss of species diversity following a forest conversion. 

Leaf functional traits showed parallel declines, with community-weighted 

means of specific leaf area and chlorophyll content decreasing from evergreen 

forests to regrowth forests and cashew plantations (Paper I). Higher 

community-weighted mean specific leaf area and chlorophyll content in 

evergreen forests reflect greater photosynthetic capacity and resource-use 

efficiency under dense canopies (Green et al., 2020; Guerrieri et al., 2021), 

whereas lower values in regrowth forests and cashew plantations are associated 

with reduced water and nutrient availability and increased competition, and in 

cashew plantations specifically, with higher temperatures that induce 

photoinhibition and lower chlorophyll content (Rosa et al., 2020). These 

patterns indicate that forest conversion reduces functional trait diversity and 

ecosystem productivity potential. 
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Stand structure was substantially simplified after conversion, with regrowth 

forests and cashew plantations exhibiting markedly lower DBH, tree height, 

and basal area than evergreen forests (Paper I). The loss of large-diameter and 

tall trees in regrowth forests and cashew plantations directly reflects past clear-

cutting and management practices, consistent with the expectation that 

structural degradation reduces key ecosystem functions such as carbon storage 

and habitat heterogeneity (Díaz et al., 2007; Lutz et al., 2018). Stem density 

shifted from dominance by large trees in evergreen forests to small-diameter 

individuals in regrowth forests, reflecting early successional stages, while 

cashew plantations showed human-controlled planting densities. These 

patterns indicate a substantial reduction in canopy layering and spatial stand 

heterogeneity relative to evergreen forests. 

Aboveground biomass, estimated using locally calibrated DBH–height 

relationships, decreased dramatically following conversion, from 

312 ± 184 Mg ha⁻¹ in evergreen forests to 54 ± 14 Mg ha⁻¹ in regrowth forests 

and 17 ± 5 Mg ha⁻¹ in cashew plantations. The strong DBH–height 

relationships in evergreen forests and regrowth forests (R² = 0.92 and 0.78) 

reflect natural allometric patterns shaped by species composition and 

disturbance history, whereas the weak relationship in cashew plantations (R² = 

0.51) arises from monoculture and management practices that constrain height 

development. These differences demonstrate that forest conversion markedly 

weakens tree allometry and reduces aboveground biomass storage. 

Soil conditions also shifted in response to land-cover change. Soil temperature 

was higher in cashew plantations due to reduced vegetation leaf canopy 

shielding or shading, consistent with the effects of lower interception and 

higher irradiance (Haren et al., 2013; Geng et al., 2022). Soil water content 

was lowest in regrowth forests and cashew plantations, reflecting reduced 

canopy cover, altered root systems, and sandier soils in cashew plantations 

(Ibrahim & Alghamdi, 2021; Pickering et al., 2021; Tang et al., 2021). 

Evergreen forests maintained the highest soil moisture and electrical 

conductivity due to dense vegetation and greater organic matter input (Omuto 

et al., 2020; Luo et al., 2023). 

Land-cover conversions from evergreen forests to regrowth forests and cashew 

plantations resulted in consistent declines in species diversity, functional traits, 

stand structure, aboveground biomass, and soil microclimate, demonstrating a 

broad degradation of ecosystem characteristics. The simplified stand structure, 

weakened DBH–height allometry, and reduced community-weighted mean 

specific leaf area, community-weighted mean chlorophyll content, LAI, and 

biomass in regrowth forests and cashew plantations show that neither system 
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approaches the structural or functional conditions of evergreen forests. These 

integrated shifts in composition, traits, and structure form the ecological basis 

for the reductions in ecosystem services quantified in the subsequent sections. 

 

Figure 6. One-way analysis of variance summary of differences in stand structure, species 
diversity, functional traits, and soil conditions among evergreen forests, regrowth forests, 
and cashew plantations in Kulen.  

Asterisks denote statistically significant differences among land-cover types (*** p < 0.001; ** p < 
0.01). 

Current land cover as a stock of biodiversity and 

ecosystem functions, and its historical change 

The current land cover of the Kulen landscape reflects the accumulated effects 

of three decades of forest loss, or deforestation, regrowth, and agricultural 

expansion, forming the foundation of the present spatial distribution of 

biodiversity and ecosystem functions across the landscape. 

The 2021 land-cover map developed in Paper II reached 92% overall accuracy 

by integrating spectral, bi-seasonal, and topographic variables, providing a 

reliable foundation for interpreting the ecosystem characteristics measured in 

Paper I and the functional responses analysed in Paper III. In 2021, forests 

covered 37% of the Kulen landscape and were concentrated in the protected 

national park, where forest cover reached 72%. By contrast, forest cover in the 
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surrounding 10-km buffer was much lower, accounting for only 27% of the 

area.  

These spatial patterns can be integrated with the ecological gradients across 

land-cover types identified in Paper I to examine landscape-scale variability. 

Areas with greater forest extent consistently show higher ecological integrity, 

reflected in increased species diversity, greater functional trait diversity, more 

complex stand structure, and higher aboveground biomass (Sovann et al., 

2025b). The land-cover distribution mapped in Paper II thus provides the 

landscape context for understanding why the most extensively forested areas 

maintain the strongest ecological conditions. 

Historical land-cover dynamics from 1991 to 2021 (Paper III) clarify how these 

present-day conditions developed. Forest cover declined from 52% to 31%, 

with most losses occurring in the southern and southwestern parts of the study 

area and continued declines inside the Kulen National Park at 0.5% per year. 

Cashew plantations expanded rapidly by 6.0–8.3% per year, reaching 15.4% 

of the protected area in 2021, while regrowth forest increased only modestly 

(1.5–2.2% per year).  

These long-term shifts mirror the reduced species diversity, lower functional 

trait values, and simplified structure observed in regrowth forests in Paper I. 

The main drivers behind these transitions, road expansion, landmine clearance, 

in-migration, and adoption of cashew as a boom crop are consistent with 

pressures documented for Virachey National Park, where illegal logging, 

economic land concessions, shifting agriculture, and climate stressors have 

also reduced forest cover (Chanrith et al., 2016; McCann, 2016; Chou & 

Sovann, 2019). 

A major contribution of Paper III is the explicit detection of cashew 

establishment years using LandTrendr (R² = 0.84), addressing a key limitation 

of national and global land-cover datasets that frequently misclassify cashew 

as forest (Paper II). This distinction is essential because cashew plantations 

reduce species diversity, lower functional traits, simplify canopy structure, 

weaken DBH–height allometry, and drastically decrease aboveground biomass 

(Paper I; Paper II). Without mapping cashew accurately, long-term carbon 

losses and hydrological declines identified in Paper III would be 

underestimated. 

The current distribution of evergreen forest, regrowth forest, and cashew 

plantation and the historical processes that shaped them define the present 

gradient of ecosystem condition in Kulen. Evergreen forests support the 

highest biodiversity, structural complexity, leaf functional traits, and biomass; 
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regrowth forests display intermediate values; and cashew plantations represent 

the most simplified ecosystem state (Paper I; Paper II).  

These differences determine spatial patterns of carbon storage and 

hydrological regulation (Paper III), while the carbon-rich intact forests also 

hold the highest economic value and REDD+ potential described in Paper IV 

(Sovann et al., 2025a). Overall, land cover is the organizing framework that 

links biodiversity, ecosystem functions, and socio-economic value across 

Cambodia’s forest landscapes. 

The present Kulen landscape reveals the long-term consequences of 

cumulative forest loss: a spatial mosaic where intact forest persists only in the 

protected national park while agricultural land dominates the surrounding 

buffer zone. This uneven configuration governs the spatial distribution of 

biodiversity and ecosystem services today, concentrating ecological function 

in remnant intact forest patches while the surrounding landscape delivers 

minimal contribution. The historical trajectories also show that once forests are 

converted to cashew plantations or degraded regrowth forests, recovery is slow 

and functionally incomplete, creating a persistent service deficit across the 

landscape. 

Changes in ecosystem-service supply  

Land-cover transitions in Phnom Kulen produced clear, measurable declines 

in carbon storage and hydrological regulation, demonstrating that structural 

and biological degradation described in Papers I and II has propagated directly 

into weakened ecosystem-function performance (Paper III, Table 1). 

Carbon stocks declined steadily over the 30-year period. Total aboveground 

carbon in Kulen fell from 3.31 to 3.02 Tg C between 1991 and 2021 (-8.8%), 

driven primarily by a 13.8% (-0.46 Tg C) reduction in forest carbon, while 

gains in regrowth forest (+0.13 Tg C) and cashew plantations (+0.03 Tg C) 

were far too small to compensate for these losses (Paper III). Even inside the 

Kulen National Park, carbon stocks decreased by 4.6%, highlighting the 

persistence of forest degradation despite formal protection (Paper III). In 

Virachey, where forest cover remains relatively intact, total carbon storage is 

still high (28.42 Tg C) but has nonetheless diminished since 2000 in communes 

with the largest forest blocks (Paper IV). 
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These patterns confirm that carbon recovery in regrowth and cashew systems 

cannot match the density, height structure, or functional capacity of natural 

evergreen forests, locking in long-term deficits in carbon sequestration 

potential. 

Hydrological services showed parallel declines. Across the Kulen watershed, 

dry-season evapotranspiration decreased by 2.1%, and dry-season water yield 

declined by 8.7% from 1991 to 2021 (Paper III). Forest evapotranspiration 

alone dropped by 20%, and forest contributions to dry-season water yield were 

reduced by 24% over the same period (Paper III). Although annual runoff 

appeared stable, a pattern consistent with other tropical basins experiencing 

forest loss (Peña-Arancibia et al., 2019; Lucas-Borja et al., 2020), the internal 

seasonal distribution shifted: less baseflow, weaker groundwater recharge, and 

more surface runoff (Paper III). Regrowth forests and cashew plantations 

expanded in area but not in function; their shallower roots, lower LAI, and 

reduced functional performance generate far weaker hydrological buffering 

than evergreen forest (Papers I and III). 

The forests of the protected national park increasingly act as the watershed’s 

primary hydrological refuge, even as their own functional contribution is 

gradually eroded (Papers I and III). These results demonstrate that carbon and 

water functions decline immediately and disproportionately when structurally 

complex evergreen forest is replaced by simplified vegetation types. The 

imbalance between rapid forest loss and slow regrowth recovery confirms that 

each year of delayed protection compounds carbon deficits and reduces 

hydrological stability, emphasizing the central role of intact forest in sustaining 

ecosystem-service supply across the Kulen landscape. 

The observed declines in carbon storage and hydrological buffering confirm 

that the degradation of forest structure and traits translates directly into reduced 

ecosystem-service performance. Evergreen forests function as irreplaceable 

service reservoirs: neither regrowth nor cashew systems approach their carbon 

density, rooting depth, canopy complexity, or dry-season water regulation. The 

widening gap between rapid forest loss and slow functional recovery means 

that delays in protection lock in long-term carbon deficits and weaken 

watershed stability. These implications underscore that maintaining intact 

forests is not merely a conservation priority; it is the only viable pathway for 

sustaining carbon and water functions on which downstream communities and 

ecosystems depend. These conclusions provide the basis for evaluating the 

economic value, REDD+ potential, and policy relevance addressed in the 

subsequent sections of the thesis. 
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Table 1. Land-cover change and dry-season ecosystem-service responses in the Kulen 
watershed.  

Note: Dry-season values (January–April) are reported as mean ± 95% confidence interval for the 
5% and 95% forest scenarios from SWAT simulations (Chim et al., 2021). “-” indicates data not 
available.     

Category  Metric 

In this study 
SWAT-based forest-cover 
scenario simulations from 
Chim et al. (2021) 

1991 land 
cover  

2021 land 
cover  

95% forest 
scenario 

5% forest 
scenario 

Carbon 
storage 

Carbon (Tg 
C) 

1.56 1.45 - - 

Dry-
season 
hydrology 

Dry water 
yield (mil. m³) 

12.72 11.61 16.02 ± 3.09 9.53 ± 1.51 

Dry 
evapotranspir
ation (mil. m³) 

54.90 53.75 61.00 ± 7.45 52.58 ± 7.61 

Land 
cover 

Pristine forest 
(ha) 

25,279 16,689  38,684  2,036  

Cashew 
plantation 
(ha) 

1,729 5,869  - - 

Regrowth 
forest (ha) 

1,814 3,047  - - 

Hydrologi
cal 
stability 

Coefficient of 
variation of 
annual 
evapotranspir
ation  

- - 0.36 0.41 

Translating ecosystem-service supply into economic 

value 

Ecosystem services can be translated into economic value to reveal the societal 

costs of forest loss and the economic rationale for conservation. While 

biophysical metrics quantify carbon storage, biodiversity, and hydrological 

regulation, these metrics only gain policy traction when framed in terms that 

governments, investors, and communities can act upon (Raihan, 2023). 

Economic valuation provides this bridge: it converts ecosystem-service 

performance into tangible financial terms, exposing both the benefits of intact 

ecosystems and the opportunity costs of degradation (Brander et al., 2024). 

Paper IV demonstrates this explicitly. By valuing carbon storage in Virachey 

National Park through REDD+ price scenarios, the study shows that protected 
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evergreen and semi-evergreen forests represent not just ecological assets but 

substantial economic capital. The park stores over 28.42 Tg C, and even when 

only 10% of this stock is monetized under conservative assumptions, the 

potential revenue ranges from US$36 million at low carbon prices to over 

US$350 million under high-price scenarios (Paper IV). This emphasizes the 

economic value of forest carbon as a long-term income stream capable of 

supporting local livelihoods, strengthening enforcement, and financing 

conservation. They also reveal the substantial financial loss associated with 

deforestation: every ton of carbon emitted through forest clearance represents 

both immediate climate damage and the destruction of future revenue potential. 

This valuation linking forest condition to economic outcomes provides a 

powerful tool for sustainable forest management. It allows policymakers to 

compare the short-term profits of agricultural expansion against the long-term 

economic benefits of maintaining intact forests (Paper IV). It also enables 

communities and government agencies to justify conservation investments, 

negotiate REDD+ agreements, and design incentive systems that reward forest 

protection. When land-cover trajectories such as declining carbon stocks in 

Kulen or localized losses in Virachey are translated into monetary terms, the 

urgency of halting further degradation becomes both measurable and 

actionable. 

The economic valuation of ecosystem services clarifies that continued forest 

loss is not only an ecological failure but also a financial one (Paper IV). It 

shows that the high-functioning evergreen and semi-evergreen forests in Kulen 

and Virachey are economic assets whose value far exceeds the short-term gains 

from conversion to cashew or shifting agriculture. Without sustained 

protection, the region forfeits millions of dollars in potential carbon revenue, 

increases long-term costs associated with water insecurity, and undermines the 

natural capital base on which local livelihoods depend. 
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Conclusion and outlook 

This thesis demonstrates that sustained land-use and land-cover change drive 

consistent, long-term shifts in tropical forest structure and functioning, 

constraining their capacity to supply ecosystem services. By integrating field-

based evidence of changes in forest structure, species composition, leaf 

functional traits, and soil conditions with high-accuracy land-cover mapping, 

multi-decadal land-cover reconstruction, ecosystem-service modelling, and 

carbon valuation, the thesis establishes land cover as an organizing state 

variable linking human land-use decisions to ecosystem structure, functioning, 

and service provision across scales. The combined results show that land-cover 

trajectories govern not only ecological degradation and recovery pathways but 

also the persistence of hydrological regulation, carbon storage, and their 

economic value, thereby translating ecological change into policy-relevant 

consequences for forest management and climate mitigation. 

These findings demonstrate that land-cover trajectories structure tropical forest 

ecosystems in ways that extend far beyond changes in forest extent, producing 

persistent structural, functional, and service-level consequences. The 

ecological changes cause persistent long-term declines in carbon storage and 

hydrological regulation that regrowth forests and plantations do not fully 

restore compared to fully intact forests. Protecting remaining intact forests is 

therefore essential to sustain ecosystem services, maintain natural capital, and 

avoid long-term ecological and economic losses in tropical forest regions. 

The conclusions of this thesis are bounded by linked uncertainties in scaling 

field-based evidence, resolving land-cover trajectories through time, and 

translating biophysical change into ecosystem service and economic estimates. 

Plot-based measurements provide clear insight into forest structure, functional 

traits, and soils, but their spatial extent limits representation of landscape 

heterogeneity, particularly within regrowth and plantation systems. 

Uncertainty in allometric models and wood-density assumptions affects 

absolute biomass estimates but does not alter the consistent pattern of lower 

carbon stocks in regrowth forests and plantations relative to evergreen forests.  
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Uncertainty in this thesis arises from land-cover classification, long-term 

reconstruction, and simplified ecosystem service and valuation models, which 

affect absolute estimates of biomass, ecosystem services, and carbon value but 

do not change the robust conclusion that forest conversion imposes long-term 

constraints on ecosystem-service supply. 

Building on the integrated framework developed in this thesis, future research 

should prioritize expanding permanent field-plot networks across a wider 

range of tropical forest ecosystem types, including deciduous forests, to collect 

spatially representative measurements of forest structure, species composition, 

functional traits, and soil conditions that underpin ecosystem functioning and 

service provision. These expanded field observations should be integrated with 

high-accuracy, frequently updated land-cover products and long-term time-

series analyses to enable robust scaling from plot-level measurements to 

landscape-scale estimates of biomass, ecosystem services, and carbon value. 

Future studies should reduce uncertainty in carbon stock estimates. It remains 

a key priority that can be achieved through targeted destructive sampling or 

plot-scale terrestrial laser scanning combined with species-level wood-density 

measurements to improve locally derived allometric models. 

Future research should strengthen links between ecosystem science, carbon 

accounting, and economic policy by developing integrated, decision-relevant 

metrics that translate observed ecological change into actionable information 

for landscape planning, conservation prioritization, and REDD+ oriented 

climate finance under ongoing environmental and societal change. 
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