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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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Popularvetenskaplig sammanfattning

Tropiska skogar dr yttest vérdefulla d& de upprétthaller biologisk méngfald,
reglerar klimatet och sdkrar wvattenresurser som é&r grundliggande for
maénniskans vélbefinnande, sérskilt 1 en tid av global befolkningstillvixt och
klimatforédndringar. I Sydostasien omvandlas dock skogslandskap snabbt
genom jordbruksexpansion, infrastrukturutveckling och urbanisering. I
Kambodja har saverkningen av naturskog intensifierats under de senaste
decennierna, vilket vicker frdgor om huruvida degraderade och atervixande
skogar kan upprétthélla de ekologiska funktioner och nyttor som intakta skogar
tillhandahéller. Att forstd hur olika skogstillstind, skapade av
markanvindningsforindringar, paverkar ekosystemfunktioner,
ekosystemtjanster och deras ekonomiska virde utgér darfor en central
vetenskaplig och politisk utmaning.

Denna avhandling syftar till att beddma hur markanvindningsforandringar
paverkar tropisk skogsbiodiversitet, ekosystemtjanster och det ekonomiska
vardet av skogens kol genom att integrera faltbaserade ekologiska matningar
med satellitbaserade analyser i Kambodjas skyddade skogar. Avhandlingen
kombinerar detaljerade filtobservationer av skogsstruktur, artdiversitet,
funktionella egenskaper och markforhallanden med maskininlédrningsbaserad
markklassificering, tidsserieanalys som stricker sig fran 1991 till 2021,
hydrologisk modellering samt ett ramverk for uppskattning och vérdering av
kolforrad relevanta for REDD+. Detta integrerade angreppssétt mojliggor en
konsekvent bedomning av ekosystemforédndringar 6ver bade rumsliga och
tidsmassiga skalor.

Resultaten visar att markanvindningsfordndringar frén intakta skogar till
atervixande skogar eller cashewplantager leder till systematisk ekologisk
forsdmring. Artdiversitet, funktionell diversitet, skogsstruktur, biomassa och
markforhéllanden minskar lings denna markanvéndningsgradient, dér intakta
skogar konsekvent uppvisar hogst ekologisk integritet. Dessa monster
framtrader dven pa landskapsniva, dér tre decennier av skogsforlust, begrénsad
aterhdmtning och snabb expansion av cashewplantager har omformat
landskapet runt Kulens national park i Kambodja till en mosaik dér biologisk
mangfald och ekosystemfunktioner i allt hdgre grad koncentreras till
kvarvarande intakta skogsomréden inom nationalparken.

Denna ekologiska forsdmring resulterar direkt 1 en forsvagning av
ekosystemtjénster pa landskapsniva. Kolférrdden har minskat i takt med att
skogsforlust och degradering dverstigit vinster fran atervéxt, vilket resulterar i
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lingvariga minskningar av skogens kolinnehall. Aven den hydrologiska
regleringen har forsvagats, med minskad formaga att reglera vattentillgangen
under torrperioden. Atervixande skogar och plantagesystem formar inte
kompensera for dessa forluster, vilket understryker den oerséttliga roll som
intakta skogar spelar for att upprétthalla kolférrad och vattenreglering.

Nér dessa biofysiska fordndringar uttrycks i ekonomiska termer far de
betydande samhilleliga konsekvenser. Minskad skogsbiomassa och lagre
kolférrad begransar mojligheterna till klimatfinansiering och langsiktiga
intdkter for béde lokalsamhéllen och statliga aktorer. Intakta skogar
representerar ett hogt vérderat naturkapital for tillhandahéllande av
ekosystemtjinster, samt Okar landskapets forméga att motverka
klimatforédndringar. Ett fordrdjt naturskydd leder inte bara till ekologisk
forsdmring, utan dven till forlorade ekonomiska mojligheter.

Sammanfattningsvis visar denna avhandling att skogarnas tillstdnd, snarare dn
deras areella utbredning i sig, dr avgorande for ekosystemfunktioner och
langsiktig tillhandahéllande av ekosystemtjénster. Markanvédndning utgor
dérmed ett centralt ramverk genom vilket beslut om markutnyttjande formar
biologisk méngfald, kolforrdd, vattenreglering och ekonomiska virden. Att
skydda intakta tropiska skogar dr darfor den mest effektiva strategin for att
sikra ekologisk integritet och langsiktiga samhéllsnyttor och bor prioriteras
framfor  kortsiktiga  markanvdndningsvinster 1  naturvards-  och
markforvaltningspolitik.

14



tmﬁmtgvmmﬁmmimﬁs

hwhms

v

8“1 gﬁﬁnusmmmmwuﬂﬁmmmmtsﬂmmu gfn
mivighipiadisigimaus mimmyhansifsighthimtivivahigs
gautnyighimwss: iMuuilsmiguaiy tidusam mudﬁmmﬁtﬁ st
Ty Shipngisiaim e molsinpmssiyeininn ga Shnpumnas
oHE I 08T (intact forest) UM SRV RTHYIS Y Hig: MitwH il
a5 amisansmaipind iBvamusaimipaoutsmidimaid By
RGnuiglilyeiniungiHg & (ecosystem functivoning) migagasiiah
YUAgIHA Q‘Jﬁej(ecosystem-servvice supply) B SRATYIRAGIUAID 1slinth

23 =ZQ C?

R
S

o

[

3

2

U WwEE Gyl anigaienana Simusiun

c

ﬁUUngiLmits msimutinahwalgfnguismiagmgdim s

2

b

Wi e s MY URToE U IR AT iyl AYUASIHA SR
§hfﬁ%~gtm Agismysiuah iwidmas 598§UJH1&ﬁiHﬁ9‘jﬁej'fﬁmLUUEU
msisgidhu 3L;mawsmsswfmmamwmnummwmsmnytsinﬁ
dusminimghfisiig Ry Mignighiis: Jwuuminhatininuga
ﬁﬁiﬁmm:@f[}mﬂﬁ stand structure ) SWS]ﬁ'mIS'[JUth species diversity ) fUR
AN:g2ini(functional traits ) shmgengmsagswngnntnﬁmjﬁﬂ@gaurpm
ogwlamigighinsFapud MuvRadihhwidihasawann v
(machine learning) OUNEI9889 RAWOWY 7 "wﬁLUme{féfamﬁmqug
mihwaiguTnanipgamys ShnigiugAgiuad iRumangSaaiin
RUA(REDD+ )1 mit§umninnnayl ?ﬁmL@gﬁﬁts,gyurgmg ﬁﬁﬂ]fg

b=t

15



iUyt Rmorsanadndinimmwaigmip oyipi g g diel
mysinphs SnuiisMIdNRIM

ngruinm mivighfipoaitunsamany iemipdsgihin yowi
awof vamugsmsmigaanisuigmngduaigind moaggiuuls
wing mnog:isunan:yeint iosagsipind vioandit G §4
ngeni agiaswongimyisiismipyuapud ghaaniRnipos
isiauinmimanuidiogaismagaimindioash iy uie §aipgidia
USHIANWE ST S §INIs: Lﬁfmusummtsiﬁ@ﬁﬁuétsmmn MWk

neulsatnglismisissitnind puiimgwmossadaghmianiinind
igihim RuminiEalgRagonanwo§thhativia ns§hAnhanuAing

)

u
o

Gy 319mmmﬁmms@pwtmumnmhnUSthsﬁNMn AYOIY: MNWE]
0 (Mosaic ) IRumingifejms migwaig ikiglidiioy: fhygaing
UASIHAS

giaigiRis: msupmIwhimipAgisiuhAgUAgIHg

ssighdusipoituishunugausagnshi
»J

rgamngains g sinnnippmysisighdusmsmag: iw
amigissipnnd il iigiaipgaduinmoguyms Ro
miswgmuguvisuinanmysanuasipindisighdus

3

yeimiSwanynsmsFafgimstmuniii thwasgmaghmofiw
angnsms sl T hpimsswe: 1 Wadis: pgadiin Sange
tomogi Esmotinmigasimmavhiponnghi ghiwnufs
tgsisaigiiio:msigiw ameihis: msuipmignfunhains §hds
mokgunsivaipoaimuipgavTnanmys §hiwanygnsms§nd

3
S
5i-
c
pa~
Z/J Z'/.w Z/J

g
A 84
ishoniRuidiadiaiyisiwgho dhijuisijuanjyaind nstub:

masthadinhdimsiuthiy eanipoudamidjyunsaymha iRumns
algg i imImAUsWwagnnismiuyummaumagSamIgagauhay
iR g a msmimphg:isuie nnditnasShuTonninpmusipninbiuash
msShAnhmavgwsizmuggunsgitimasmysimiuyummumg

16



wARmAS NI NS R ATSERnRIhADUY ughismI
fANIS: MSuMd mingpinuatmMIBsHAIIn IR Uil R
i1 Ssifviauam mzjmsmaﬁmgiwﬁgmmﬂfﬁﬁim219 iSugin
siamavisiduun g SiugAgthhn skhin

uthjs SIguugpuiphiis: vipmhmigdApaiapsmnipind Ssaigims
fviafsWiipinditunsincis tigaiaAau mmmhazmimnsmngj
(ecosystem functioning) SMIBARATRNAY(Y §1Hn9jﬁjiw Ui e
hhineg gig: migodanhmufoad mot:muRaditudiog: mi
INNGAMUS A mmswnnaﬁ'smssn SuaigiugAgitunsmsippindmogu
2ilhg mimimip O RAUS{RG3MSumN 9mlﬁjmmms
Wwagmngaina aamuRnGiRuAgHA g HRUIUNRSTW N
ugiHiY hmmumhgmmmwmmwmsm; g ﬁqjh Rthamidag
infR s Siwinugismudinaid ﬁmﬁummsmmwﬁm Aj 8k

mijptphasmsag

o
e 2
o

17



List of papers

Paper I

Sovann, C., Tagesson, T., Vestin, P., Sakhoeun, S., Kim, S., Kok, S., & Olin,
S. (2025). Land-Cover Change Alters Stand Structure, Species Diversity, Leaf
Functional Traits, and Soil Conditions in Cambodian Tropical Forests.
Biogeosciences, 22(18), 4649-4677. https://doi.org/10.5194/bg-22-4649-2025

Paper 11

Sovann, C., Olin, S., Mansourian, A., Sakhoeun, S., Prey, S., Kok, S., &
Tagesson, T. (2025). Importance of Spectral Information, Seasonality, and
Topography on Land-Cover Classification of Tropical Land-Cover Mapping.
Remote Sensing, 17(9), 1551. https://doi.org/10.3390/rs17091551

Paper 11

Sovann, C., Tagesson, T., Chim, L., Mot, L., Vestin, P., Sakhoeun, S., Kim,
S., Kok, S., & Olin, S. Impact of Land-Cover Changes from 1991 to 2021 on
Supply of Hydrological Services and Carbon Storage of a Tropical Forest
Landscape. Manuscript in preparation

Paper IV
Chou, P., Fujikawa, K., Sovann, C., Khorn, V., & Chhinh, N. (2025).
Economic Valuation of Forest Carbon Storage and REDD+ Readiness:

Insights from Virachey National Park, Cambodia. Asian Economic Papers, 1-
24. https://doi.org/10.1162/asep.a.8

18



Author’s contribution to the papers

Paper I

Sovann, C.: conceptualization, investigation, data curation, formal analysis,
visualization, writing—original draft preparation, writing—review and
editing; Tagesson, T.: conceptualization, writing—review and editing,
supervision, funding acquisition; Vestin, P.: conceptualization, writing—
review and editing, supervision; Sakhoeun, S.: investigation, resources; Kim,
S.: investigation; Kok, S.: investigation, supervision, funding acquisition; Olin,
S.: conceptualization, writing—review and editing, supervision, funding
acquisition.

Paper 11

Sovann, C.: conceptualization, methodology, software, formal analysis,
investigation, data curation, writing—original draft preparation, writing—
review and editing, visualization; Olin, S.: conceptualization, methodology,
writing—review and editing, supervision, funding acquisition; Mansourian,
A.: methodology, writing—review and editing, supervision; Sakhoeun, S.:
investigation, resources; Prey, S.: software, data curation; Kok, S.: resources,
writing—review and editing, supervision, funding acquisition; Tagesson, T.:
conceptualization, methodology, writing—review and editing, supervision,
funding acquisition.

Paper 11

Sovann, C.: conceptualization, methodology, software, formal analysis,
investigation, data curation, writing—original draft preparation, writing—
review and editing, visualization; Tagesson, T.: conceptualization,
methodology, writing—original draft preparation, writing—review and
editing; Chim, L.: investigation, writing—original draft preparation; Mot, L.:
formal analysis, investigation, data curation; Vestin, P.: writing—review and
editing; Sakhoeun, S.: investigation, writing—review and editing; Kim, S.:
writing—review and editing; Kok, S.: writing—review and editing; Olin, S.:
conceptualization, methodology, writing—original draft preparation,
writing—review and editing.

Paper IV

Chou, P.: conceptualization, methodology, formal analysis, investigation, data
curation, writing—original draft preparation, writing—review and editing,
visualization; Fujikawa, K.: conceptualization, methodology, writing—review

19



and editing, supervision, funding acquisition; Sovann, C.: methodology,
formal analysis, writing—original draft preparation, writing—review and
editing, visualization; Khorn, V.: investigation, writing—review and editing;
Chhinh, N.: conceptualization, methodology, formal analysis, investigation,
writing—original draft preparation, writing—review and editing.

20



Abbreviations

AGB
DBH
GPS
LAI
NBR
NDVI
REDD+

SWAT
UNESCO

Aboveground biomass

Diameter at breast height

Global Positioning System

Leaf area index

Normalized Burn Ratio

Normalized Difference Vegetation Index

Reducing Emissions from Deforestation and Forest
Degradation and the role of conservation, sustainable
management of forests, and enhancement of forest carbon
stocks

Soil and Water Assessment Tool

United Nations Educational, Scientific and Cultural
Organization

21



Acknowledgements

I'would like to express my deepest gratitude to my supervisors, Dr. Stefan Olin
and Dr. Torbern Tagesson, whose guidance, encouragement, and unwavering
commitment have shaped every stage of my doctoral journey. Your belief in
my work, your patience during challenging phases, and your consistent support
have been invaluable. I am sincerely grateful for the many discussions,
fieldwork opportunities in Cambodia, and the academic freedom you entrusted
to me. Without your mentorship, it would not have been possible to reach this
milestone. I also thank Dr. Ali Mansourian for his support as my co-supervisor
and Dr. Madelene Ostwald for agreeing to serve as my faculty opponent.

I also extend my appreciation to Patrik for his ongoing technical advice and
encouragement, especially regarding instrument installation and field
operations in Cambodia. I also thank Andreas for closely monitoring my study
progress with care and dedication. I am also thankful to the Department of
Earth and Environmental Sciences at Lund University for providing an
inspiring research environment and to Ekaterina, Cheryl, Lars, Jonas, Per-Ola,
Petter, Jonathan, Cecilia, Martin, Eva, Yvonne, Rafael, Asli, Adrian, Hanna,
Xueying, and other colleagues and friends whose support and kindness
enriched my years in Sweden.

I owe a profound debt of gratitude to my family. To my beloved wife, Souhour,
you are the foundation of this achievement. Your unconditional support, your
strength in caring for our children, and your encouragement in moments of
doubt made this PhD possible. To my beloved children, Reachnu and Nylen,
thank you for your patience, strength, and understanding during the many
moments I was away. You motivated me to persevere, and your resilience gave
me the courage to continue. To my parents, Sovann and Vannak, whose
unwavering belief in education shaped my life, thank you for the sacrifices you
made, the care you provided to my children, and the stability you brought to
our family during this long academic journey. I also thank my sister, Nika, for
her support in caring for my parents and my children. I share this
accomplishment fully with all of you.

I also thank the Royal University of Phnom Penh (RUPP) for the opportunity
to pursue my academic training. My sincere thanks go to Dr. Chealy Chet,
RUPP rector, and Dr. Chan Ouern Chey, program coordinator, for their
dedicated efforts in coordinating the RUPP—Sida bilateral program. Special
thanks to Dr. Sothea Kok, my local academic supervisor and sub-program
coordinator, for his guidance, and to my colleagues at the Department of

22



Environmental Science, RUPP, for their support and for handling departmental
and teaching duties during my study period. I also express my appreciation to
my colleagues at RUPP for their continued administrative assistance.

This research was made possible through the generous support of the Swedish
International Development Cooperation Agency (Sida), through the ‘Swedish-
Royal University of Phnom Penh Bilateral Program—Contribution No.
11599,” which enabled me to pursue my PhD studies at Lund University. I also
gratefully acknowledge the International Science Program (ISP) for their
coordination and continuous support in Sweden. Your assistance has been
invaluable in helping me complete my degree. My special thanks go to
Annakarin Norling, Peter Sundin, Anna Wallin, Barbara Brena, Ulrika
Kolsmyr, and Olle Terenius for their kind coordination, encouragement, and
support throughout this journey. I would also like to thank the Royal
Physiographic Society in Lund for the equipment research grants supporting
my work in Cambodia.

I am grateful to Mr. Saingheat, a ranger at Phnom Kulen National Park
(Kulen), whose dedication and resilience made challenging fieldwork both
possible and memorable over these years. I also thank Mr. Sakada of the
Ministry of Environment (Cambodia) for his essential administrative
facilitation and his strong commitment to scientific collaboration in Kulen. My
appreciation extends to the park ranger team, including Sy, Chey, Chi, Sao,
Veng, Choy, Has, and others, as well as to the local community, for their
tireless field assistance and local expertise.

I also thank Dr. Kosal for his technical consultation and data sharing, and Dr.
Phanit for inviting me to collaborate as a co-author on his paper during this
PhD. I also truly appreciate my aunt Kim, whose kindness, encouragement,
and delicious Khmer food provided comfort and strength throughout my time
in Sweden.

I appreciate the support provided by Dr. Soben, Mr. Chomroeun, Mr. Sarun,
and colleagues at the Royal University of Agriculture for field support with
forest inventory in Kulen. My thanks also go to Lychheng, Ly, Vatey, Pheara,
Savuth, Vichet, and the many students who contributed to forest inventory, leaf
trait analysis, satellite image interpretation, GPS reference data collection, and
other essential research activities for my PhD.

I acknowledge the Ministry of Environment (Cambodia), the APSARA
National Authority, the Siem Reap Provincial Administration, the Department
of Water Resources and Meteorology, and the Department of Planning for

23



providing permissions, administrative support for fieldwork, and essential data
for my PhD work.

Finally, I appreciate all who contributed their knowledge, support, and
collaboration to this research. Your efforts made this work possible.

NYHIA ﬂ,ﬂt[ﬁs l; Tack s& mycket!; Thank you very much! :-)

24



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-Martinez & Miralles 1 Garcia, 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 &
Hardtle, 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; Diaz & 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 arecas (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 1V). 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.
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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 1 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 11
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.
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Figure 3. Workflow linking Papers I-1V 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 x 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

37



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+Sl), Spectral+S| 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 I1I: 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 LAl-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 lIl.

Paper I'V: 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 (Diaz 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 Mgha™ in evergreen forests to 54 + 14 Mgha™ in regrowth forests
and 17+5Mgha? in cashew plantations. The strong DBH-height
relationships in evergreen forests and regrowth forests (R? = 0.92 and 0.78)
reflect natural allometric patterns shaped by species composition and
disturbance history, whereas the weak relationship in cashew plantations (R? =
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.

Ecosystem characteristics of various land covers
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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 Il 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 (R? = 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 V).
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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 (Pefia-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.

SWAT-based forest-cover

In this study scenario simulations from
Category Metric Chim et al. (2021)
1991 land 2021 land 95% forest 5% forest
cover cover scenario scenario
Carbon Carbon (Tg 156 1.45 } )
storage C) ' ’
Dry- Dry water
season yield (mil. m?) 12.72 11.61 16.02+3.09 9.53+1.51
hydrology Dry
evapotranspir  54.90 53.75 61.00+7.45 5258 +7.61
ation (mil. m?)
Land Pristine forest o5 79 16,689 38,684 2,036
cover (ha)
Cashew
plantation 1,729 5,869 - -
(ha)
Regrowth ~ )
forest (ha) 1814 3.047
Hydrologi  Coefficient of
cal variation of
stability annual - - 0.36 0.41
evapotranspir
ation

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 V). 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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