N .

A ,
ﬁ, N Yok e LY
;' .O.Rg~ b A
ey PiY
A A
A
L)

_,‘ .
Mﬁﬁ“&j“' s 35 48
M‘
¥

C@urse Code : ESA-80436
Earth System and Global Change

MSc Thesis in Environmental Science
February 2025

WAGENINGEN

UNIVERSITY & RESEARCH

w? .ﬂ' z

;& ;

Superwsed;bv Dﬁ Solen Le Clech




Assessing the Impact of Changing Landscape
Structure on Ecosystem Service Supply in the
Palung - Mendawak Landscape

Habiburrachman Alfian H F

MSc Thesis in Environmental Science
Earth System and Global Change Chair Group

ESA-80436
February 2025

Supervisor
Dr S. (Solen) le Clec’h (solen.leclech@wur.nl)

Examiner :
Dr Aritta Suwarno (aritta.suwarno@wur.nl)

Disclaimer: This report is produced by a student of Wageningen University as part of his/her
MSc-programme. It is not an official publication of Wageningen University and Research and
the content herein does not represent any formal position or representation by Wageningen
University and Research.

Copyright © 2025 All rights reserved. No part of this publication may be reproduced or
distributed in any form or by any means, without the prior consent of the Earth System and
Global Change Group of Wageningen University and Research



Preface

This thesis is part of the completion of my Master’s in Environmental Science at Wageningen
University and WUR. The idea for this thesis comes partly from my internship journey in
Sangga Bumi Lestari and partly from my strong interest in bridging science (environmental
science and geopgraphy) and real-life applications, and | see ecosystem services as a unique
approach for this.

First, | would like to give praise to Allah SWT for the source of strength and guidance
throughout my master’s journey and my life. Second, | would like to thank my supervisor, Dr
Solen le Clec’h, for her support, guidance and valuable feedback throughout my thesis’s
journey. Her professional approach and kind personality are a constant source of inspiration.
Also, | would like to thank my examiner (and internship supervisor) Dr. Aritta Suwarno for her
insights and feedback. Finally, | express my eternal gratitude to my family and close friends
who have always been constant supporters in this journey.

| would also like to thank the Indonesian Endowment Fund for Education (LPDP) for providing
the financial support to pursue my Master’s degree. This has been an amazing opportunity to
learn and to give. A journey of sacrifice and insights in the pursuit of knowledge. Finally, | am
ready to answer the long-awaited question; | am prepared to serve my country to the best of
my ability.



Abstract

Understanding the relationship between landscape structure and ecosystem service (ES)
supply is crucial for sustainable management intervention. It enables targeted land-use
planning and interventions, balancing between conservation and human development needs.
Gaining a complete picture by assessing the supply areas of ES can add significant value to
landscape planning efforts. The aim of this study is to investigate the effect of possible
changes in landscape structures towards ecosystem services supply within the Palung—
Mendawak landscape.

Using Principal Component Analysis (PCA) and K-means clustering on landscape metrics
derived from land cover data, we identified three primary landscape clusters: Cluster 1 (highly
fragmented and diverse landscapes), Cluster 2 (fragmented landscapes), and Cluster 3 (intact
and homogenous landscapes). These clusters were further refined by adding dominant land
cover information, leading to the identification of eight unique landscape profiles that are
consistent across two time periods: 2021 and 2024.

To assess the ES supply variations, we employed expert-derived ES values using the Matrix
Model (Burkhard et al.), and we observed a variation in the variability of raters from the
respondents, highlighting shared knowledge and different opinions related to land cover
capacity to provide ES. Moreover, using Spearman correlation analysis, we found a weak
overall relationship between landscape metrics and ES supply values, with the only
statistically significant correlation occurring between Shannon’s Diversity Index (SHDI) and
Recreation and Aesthetic Values ES.

Furthermore, the comparison of land cover datasets between 2021 and 2024 revealed notable
changes in landscape profiles, particularly in forest-dominated areas experiencing
fragmentation and conversion into landscape profile. The most significant transitions were
observed in grids where Cluster 2 Forest to Cluster 1 Forest, indicating a decline in landscape
connectivity. Despite minimal change in the percentage of dominant land cover, small-scale
fragmentation within these grids contributed to shifts in cluster classification.

Overall, this study highlights the relationship between changing landscape structure and ES
supply. The findings emphasise the implication of degrading landscape caused by landscape
fragmentation and land cover change towards changes in ES supply value, such as shifts in
landscape profile followed by shifts in the provision of ES supply.

Keywords : Landscape Structure, Ecosystem Services Supply, PCA, K-Means Clustering,
Unique Landscape Profiles.
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1. Introduction

Loss of Natural Landscape and Ecosystem Services Approach

The rapid transformation of natural landscapes driven by human activities is affecting the
ecosystem’s capacity to provide services (IPBES, 2019). These pressures from human activities
alter the structures of natural landscapes and affect the delivery of services from the environment
to society. Changes in landscape structures into more fragmented and isolated patches by land
cover change and loss of natural landscape are now a global issue due to their impacts on the
ecosystems. Adding to the problem, other direct causes of changing natural landscapes include
climate change, pollution, and the spread of invasive species (IPBES, 2019). These impacts are
further intensified by indirect drivers that mainly come from human activities, such as societal
consumption patterns, population trends, and governance structures (IPBES, 2019).

The negative effects of changing natural landscapes have long been extensively studied,
particularly the impact of fragmentation on biodiversity and ecological functions. Studies have
demonstrated that habitat loss is associated with declines in species populations and restrictions
on species’ movements (Fischer & Lindenmayer, 2007). In other studies, changes in species’
geographic range resulting from landscape change are well linked to changes in species diversity,
behaviour, and morphology (Weiskopf et al., 2020). Furthermore, the shift in natural landscape
structure often extends to the welfare of humans, manifesting as the increased vulnerability to
extreme environmental events due to the reduction of buffer capacities of the natural landscape
that traditionally mitigate such impacts. These extreme events have been reported to be in the
form of flooding (Sanyal et al., 2014), droughts, and heat waves (Reed et al., 2023), which can
lead to severe consequences for humans, including the loss of human life, health risks, and
displacement of communities if not mitigated.

Environmental issues, such as the implications of changing natural landscapes, are often deeply
intertwined with human-related factors, including governance systems (Gok & Sodhi, 2021) and
income inequalities (Kopp & Nabernegg, 2022). Therefore, a holistic approach to addressing
these challenges must consider the role of society in shaping our environment. In this context,
the term holistic suggests the interconnected nature of ecological and social systems and views
the understanding of landscape as not limited to ecological units but also in relation to social and
economic dimensions.

The concept of ecosystem services, recognised from the Millenium Ecosystem Assessment
(MEA, 2005), provides a framework to understand nature's contributions towards human well-
being and further define nature or ecosystem services as the benefit that the society gains from
the ecosystems through its functioning or direct services such as crops growing from healthy soils
and wind that moves turbine. It was then further categorised into more specific groups:
provisioning, regulating, cultural, and supporting services (MEA, 2005). While it tries to define and
provide typologies of ecosystem services, the challenge lies in the framework's operationalisation.
To address this, Haines-Young and Potschin (2010) introduced the cascade model to illustrate
how ecosystem structures and functions translate into services that support human well-being. It
presents the opportunity to connect the form of the natural landscape, or what we call landscape
structure, with the generation of services from natural areas to the specific benefits or values that
humans gain.



Mapping Ecosystem Services in a Changing Landscape

In this research, the definition of landscape structure refers to the composition and configuration
of natural and human-modified landscapes, including the types, distribution, and spatial
arrangement of different land cover types and how these elements are organised within the
landscape (Haan et al., 2021; Rutledge, 2003). Concerning how ecosystem services are
connected with the structure of the landscape, Mitchell et al. (2015) argue that with the ongoing
degradation and loss of natural landscapes, ecosystem services are now provided by landscape
fragments. What is left of a fragmented landscape is now often called ‘patches’ or ‘fragments’,
and it is a common assumption that the loss of natural landscapes typically leads to a decreased
overall ES provision (e.g. a monotonous relationship between increased forest area followed by
an increase in overall ecosystem services bundles). However, Mitchell et al. (2015) argue that the
effects of such changes can be either positive or negative, depending on the specific ES being
assessed and the landscape processes influencing it, suggesting that changes in ES provision
can be explained by various landscape processes taking into effect, such as fragmentation, edge
effect, and diversity effects (Metzger, Villarreal-Rosas, et al., 2021).

Knowledge Gaps

To explore the relationship between landscape structure and the delivery of ecosystem services,
researchers often use land cover data as a proxy for landscape information to assess the extent
of ecosystem services delivered. These land cover data are often used as is, without
understanding the configuration and composition of the landscape and prior identification of what
type of landscape is being assessed. Furthermore, while the use of land cover data provides
insights into human activities happening in the area, methods depending solely on land cover
data are under criticism for their robustness and reliability (Eigenbrod et al., 2010). To address
the issue of robustness, scholars estimate the provision of ES not only limited to using proxies
but also using empirical and process-based models, as can be seen in works that emerged in the
recent decade (Arunyawat & Shrestha, 2016; Balkanlou et al., 2020; Hector et al., 2022; Rossita
et al., 2021). However, it still left out the important information on landscape spatial distribution
and configuration.

Additionally, in response to the pressures that human activities exert on the environment, efforts
to manage the drivers of environmental degradation have steadily been implemented over time.
Policies and conservation strategies have been implemented to address the degradation of
natural landscapes, such as in the form of landscape governance and land use zoning (Geneletti,
2013; Metzger, Fidelman, et al., 2021). Again, these interventions tend to overlook the interaction
between landscape structure and the provision of ecosystem services along with its components
(Assis et al., 2023), the configuration and composition of landscapes, resulting in interventions
that fall short of optimising ecosystem service provision and or create unwanted trade-offs. For
example, research by Metzger et al. (2021) suggests that changing the landscape structure can
significantly impact the provision of ecosystem services. Such changes often arise from
designated zones created through landscape interventions, but they do not always lead to an
overall increase in ecosystem service provision.

Therefore, identifying and understanding the key characteristics of the landscape in question,
along with the influence of landscape structure towards the ecosystem services provision, is
essential to supporting more sustainable management interventions. By analysing the structural
components of the landscape, researchers and policymakers can better assess how changes in
land use, fragmentation, and connectivity impact ecosystem functionality. A deeper understanding
of these dynamics allows for more targeted strategies on interventions, such as those that are
based on land use zoning or prioritisation of areas to conserve, optimising the balance between
ecological function and human development needs.



1.1. Purpose of the Study

This study aims to investigate the effect of changes in landscape structures towards ecosystem
services supply within the Palung—Mendawak landscape. Based on the mentioned issues and
background information, our General Research Question (GRQ) is as follows:

To what extent does landscape structure influence the ecosystem service (ES) in response to
landscape changes?

Using this general research question, our Sub Research Questions (SRQs) were identified as
follows:

1. What profiles of landscapes can be identified based on their composition and
configuration?

2. How can the variation of ES supply be characterized within the identified landscape
profile?

3. To what extent does ES supply vary across different landscape profiles in response to
landscape changes?

This study aims to fill the knowledge gap regarding the interaction between landscape structure
and ecosystem service delivery. The required knowledge would help to identify the extent of how
sustainable a landscape is by knowing i) whether ES supplies in specific landscape settings are
maintained sustainably (Villamagna et al., 2013) and ii) how ES supply varies along specific
landscape structures. Moreover, the desired information mentioned before could help actors
manage the landscape by either focusing their strategy to (i) increase natural capacity to provide
services, (ii) decrease pressure on the ecosystem, and (iii) explore technological options such as
intensifications instead of expansions (Villamagna et al., 2013).

The Palung-Mendawak landscape (PML) in West Kalimantan, Indonesia, was used as a case to
answer the RQs. The area provides a good example of the pressures that human exerts on the
ecosystem, evident in the existence of forest plantations such as oil palm, rubber, and a mining
centre for bauxite. On the other hand, the area is well known for the Orang Utan habitat as a key
species in the region, and within it, there exist several forms of protected areas, from national
parks to social forestry, highlighting the existence of biodiversity and ecosystem services supply
hotspots in the region. Therefore, the area exhibits a unique variation of landscape profiles while
also providing a plethora of ecosystem services to its surrounding area, with a form of government
intervention applied and efforts to promote the landscape to UNESCO’s Biosphere Reserve in the
area. However, beyond the case study, this thesis ultimately provides insights that can enhance
the effectiveness of future interventions in similar regions.



2. Methodology
2.1. Study Area

The Palung — Mendawak Landscape Case Study

The Palung-Mendawak landscape (PML) in West Kalimantan, Indonesia, is an ecologically rich
area covering approximately 500.000 ha in its terrestrial area, this region spans multiple
ecosystems such as mangroves, peatlands, primary dryland forests, and industrial plantation
forests that provide essential services like carbon storage, biodiversity preservation, water
regulation and timber production.

Palung - Mendawak Landscape :

Legend

D Biosphere Proposed Terrestrial Area

- Protected Area

Figure 1 The Palung - Mendawak Landscape Proposed Boundaries

The PML is located in Kalimantan Barat Province within four administrative boundaries or
regencies (Kabupaten): Sanggau, Ketapang, Kayong Utara, and Kubu Raya. The closest city to
the area is Pontianak, which also serves as the capital city of West Kalimantan Province. The
PML climate is characterised by two main seasons, dry and rainy seasons. Geographically, West
Kalimantan Province consists primarily of lowlands with hills extending from west to east along
the Kapuas River. Large areas of the province consist of swamps, peatlands, and mangrove
forests, which play a crucial role in maintaining biodiversity and regulating hydrological cycles.
The extensive lowlands contributed to the relatively low elevation of the mountains in the region.
In 2019, West Kalimantan had a population of approximately 5,440,030 people (BPS Kalimantan



Barat, 2020). The dominant sector in the province is agriculture and forestry, with 1,253,299
people working in this sector, based on 2012 data (BPS Kalimantan Barat, 2020). The province's
economy mainly relies on natural resource-based industries.

The landscape consists of terrestrial and marine ecosystems and, therefore, covers various
terrestrial and marine protected areas in the area, such as Karimata Island and three terrestrial
protected areas (depicted in green) shown in Figure 1. Additionally, protected areas that exist are
governed through various frameworks of landscape governance, such as Gunung Palung
National Park in the southern part of the region and two social forestry areas in Sungai Paduan
and Mendawak Protected Forest, involving a wide range of stakeholders. The PML is also home
to various indigenous communities, such as Dayak, Melayu, and many others.

To address the threats of natural landscape loss, local initiatives worked to promote it as a
UNESCO Biosphere Reserve. This effort aims to balance conservation with sustainable
development, where people and the environment can mutually benefit from the land (UNESCO,
2022). However, despite ongoing efforts to promote the landscape as a biosphere reserve, the
region is also recognised as a centre for agricultural activities, including rubber, oil palm, and other
commodities, where 20 concessions exist as focal stakeholders (Budiman, 2024). Additionally,
several conservation activities under the regulation of private institutions (such as the designation
of High Conservation Value or High Carbon Stock areas within concessions) and social forestry
schemes with the local community (mainly in the form of village forest and forest partnership
schemes) are established (Hadi, 2019).

With a lot of activity happening in the area, the region provided a good opportunity to examine
how the configuration and composition of landscapes influence the effectiveness of ecosystem
service provision. Especially with efforts to promote the PML as a biosphere reserve, it could bring
about significant changes in landscape structures that might manifest in various ways. One
potential outcome is the increase in the designation of protected areas within the landscape,
imposing restrictions on core areas. This, in turn, could lead to more connected landscape
structures while restricting access to visitors. On the contrary, it could also result in heightened
land-use pressures in surrounding areas as stakeholders seek to maximise agricultural production
and economic benefits from the land, which leads to an increased fragmentation of the landscape.

2.2. Conceptual Framework and Methodological Approach

Definition of landscape structure.

In this study, the term landscape structure is further divided into two, following Haan et al. (2021).
Composition is described as the number of different types of land cover (or habitat) in alandscape.
Configuration explains the size, shape, and spatial arrangements of individual land cover or
habitat types. Together, they were further operationalised and used to characterise the landscape
in our study area.

Definition of ES supply.

The cascade model of ecosystem services provides a structured approach to understanding the
benefits the natural landscape provides for human society by distinguishing two different realms,
which are the natural capital and the social economic system, therefore differentiating between
supply and demand (Groot et al., 2010) as can be seen in Figure 2. Ecosystem services supply
refers to the capacity of an ecosystem to provide services based on its ecological structure and
functions. It is referred to as the biophysical capacity of an ecosystem to generate services, such
as a forest’s ability to sequester carbon, regulate water flow, or provide a habitat for biodiversity
(Burkhard et al., 2009).



Within this research, we focus on ecosystem services supply (or ES supply) because shifts in
landscape structure mainly affect the supply of ES by dictating the amount or quality of a given
service, for instance, restricting the distribution and movements of organisms and matters across
the landscape (Mitchell et al., 2015). In this study, we hypothesise that the variation in ES supply
for each landscape profile is different based on its landscape structure (composition and
configuration), and these differences will potentially reveal the effects of changing landscape
structure towards ES supply. Figure 2 shows the conceptual framework used in this study, where
we positioned our study in the biophysical context of the cascade model that covers the structure,
function, and services along with the adaptation actions that humans exert on landscape
structure.

Ecosystem or land use s Livelihood and human well-being
(biophysical context) (socio-economic-cultural context)
v H u /
Structure Function Seryice Benefit (econ) Value
(e.g. vegetation (e_g_. biomass, (e.g. fué\\ér(md. (e.g. nutrition, (e.g. crops sale,
cover, crop consistent water subsistence knowledge, carbon credits,
patterns, ...) flow, ...) crops, i..) shelter, ) cultural integrity,
Soil, climate, topography, natural hazards, ... : Population dynamics, markets, traditions, ...
Adjusting structures < changing ES supply Adap‘taion Adjusting values < changing ES use
Land use change, degradation, climate change, I : { Policies, tenure, migration, price fluctuations, ... I
External drivers

Ecosystem Services Supply Ecosystem Services Demand
(addressed in this study) (Not addressed in this study)

Figure 2 Conceptual Framework adapted from Haines-Young and Potschin (2010) and Feurer et al (2019)

Figure 3 below shows the overall approach to answering our research question, based on four
main steps. First, we identified landscape structures based on their shape, fragmentation extent,
diversity, and connectivity using landscape metrics and developed unique landscape profiles
using a PCA and K-Means Clustering (RQ1). Second, we mapped the potential ES supply using
the matrix model that we adapted to Indonesia’s land cover classification system. Third, we
analysed the variation of ES supply and demand in each landscape profile derived from
classification techniques. Finally, in the fourth step, we identified changes to the landscape
structure based on two time steps, year 2021 as the baseline and year 2024, and explored the
connection between landscape structure and ecosystem services supply area to answer our final
research question. The choice of the period 2021 as the baseline and 2024 as the current year
was because, in 2021, there were fewer changes in the region compared with 2024’s ongoing
significant deforestation.
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2.3. RQ1:Landscape Structure Analysis
To answer the first research question of what landscape profiles can be identified within the PML,
we employ several identification methods, starting from dividing the area into 56 grids,
classification of land cover, estimation of landscape metrics, principal component analysis, and k-
means clustering combined with prior land cover information. Below, we start from partitioning the
landscape into operationalized units of 56 grid.

2.3.1. Landscape Partitioning and Land Cover Classification

To estimate the profile of landscapes in our research area, we partition the PML using a 20 by 20
Km grid. Gridding the whole landscape aims to lessen the computational workload of our analysis
and create a variation in our research area. By using this method, we create a total of 56 grids
covering all of the PLM'’s entire area, including a separate island to the southwest of the research
area, therefore producing 56 data points. The grid serves as the unit analysis when estimating
landscape metrics, where we observed the variation of landscape structure. The calculation of
landscape metrics and the assessment of ES supply value were done within the defined grid.
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Figure 4 Land Cover Raster with Grid ID

2.3.2. Land Cover Data and Classification

We used two land cover data for the PML to identify landscape structure; one serves as a baseline
of the year 2021, and the other will be the up-to-date data of 2024. The primary source for the
2021 land cover data will be the Ministry of Environment and Forestry of Indonesia, which is the
main custodian of land cover data in Indonesia. At the time this research was conducted, the
newest available data that was accessible was the 2021 land cover data. As for the 2024 land
cover data, we retrieve the data from NGO who conduct daily monitoring of the deforestation and
forest cover loss in the PML region. Rasterization of the land cover data was done in QGIS using



rasterize tools, and we exported it to R studio. However, before we rasterized the land cover data,
we reclassified it based on Table 1’s reclassification scheme. The original 22 land cover classes
from Indonesia’s Ministry of Environment were reclassified into four broader IPCC land cover
categories. This generalization simplifies computations, prevents the output of landscape metrics
from being overloaded with excessive land cover details, and makes interpretation easier for
readers by focusing on aggregated land cover types rather than a complex 22-class system.

Table 1 Land Cover Reclassification from IDN

Land Cover Class Reclass
Primary Dryland Forest Forest
Secondary Dryland Forest Forest
Primary Mangrove Forest Forest
Primary Swamp Forest Forest
Secondary Mangrove Forest Forest
Secondary Swamp Forest Forest
Forest Plantation Agriculture
Shrubs Other-Land
Swampy Shrubs Other-Land
Plantation Agriculture
Settlement Built
Bare Land Other-Land
Grass Agriculture
Dryland Agriculture Agriculture
Dryland Mixed Agriculture Agriculture
Paddy Agriculture
Pond Agriculture
Airport Built
Transmigration Built
Mining Built
Swamp Other-Land
Water Other-Land

2.3.3. Estimation of Landscape Metrics

The operationalisation of landscape structure (LS) is needed to answer the first RQ. Therefore,
landscape metrics were used as a proxy of LS components, which explain the configuration and
composition of landscape. The definitions and metrics used are further detailed in Table 2.

Table 2 Operationalization of Landscape Structure Components

Landscape structure

Landscape Metrics | Definition in the context of ES Source
components

Represent the shape and size of
ES supply area that affects
patch complexity,. Metric used

Mean Patch Size .
estimate the average area of a

Shape (configuration) (McGarigal et al.,

(MPS) patch (mean patch size) of 2015)
particular class in a specified
landscape
Measurement of landscape
Diversity (composition) Shannon’s Diversity | diversity. The more diverse a (McGarigal et al.,
Index (SDI) landscape is, the more variation | 2015)

of ES could be provided




Represent the degree of

) . ) fragmentation in the landscape,
Fragr.’nenta.non Effective Mesh Size | yescribe as the probability of (Rutledge, 2003)
(configuration) (EMS) any two locations are connected
and not separated by barrier

Number of patches from all

Fragmentation Number of Patches | class within the landscape. (McGarigal et al.,

(composition) More pathces 2015)
Measurement of the percentage

Connectivity Largest Patch Index | of the largest or dominant area, | (McGarigal et al.,

(configuration) the 2015)

We calculated five landscape metrics for each grid namely: Shannon’s Diversity Index (shdi),
Mean Patch Size (area_mn), Effective Mesh Size (mesh), Number of Patches (np), and Largest
Percentage Index (LPI; Table 2). The calculated metrics were all at the landscape level,
representing the spatial arrangements of the entire landscape. Thus, they are often interpreted
more broadly as landscape heterogeneity indices (McGarigal et al., 2015).

The calculation was performed using the R library “landscape metrics” from Hesselbarth et al.
(2019). This open-source R package contains an extensive selection of common landscape
metrics derived primarily from Fragstat software (McGarigal et al., 2015). The library allows its
users to estimate metrics at three levels: patch, class, and landscape and not limited to the
Windows operating system. We calculated the landscape metrics at the landscape level (not
patches or class) because landscape management and intervention are often applied at a
landscape level. Maps of landscape metrics/profiles were developed as the main output
visualisation.

2.3.4. Principal Component Analysis of Landscape Metrics

A Principal Component Analysis (PCA) was conducted on the five chosen landscape metrics to
reduce redundancy between variables. PCA aims to present a large amount of data (or variables)
by a reduced dataset of uncorrelated principal components (PC) while preserving a maximum
amount of information (Backhaus et al., 2021). PCA is considered important to minimise the
correlation between metrics by reducing the variable dimension and stripping correlated
landscape metrics (Grafius et al., 2017), incorporating it into components that retain the maximum
amount of information or proportion of variance. We conduct a correlation analysis while doing
the PCA and present it using a correlation and contribution plot of each landscape metric. The
selection of principal components is then determined by the proportion of variance each PC
retains and should usually contain at least 90% of the variance (Backhaus et al., 2021).

While PCA is a good method to minimise correlation, we recognise that correlation between
variables is unavoidable and is expected (Grafius et al., 2017), and the selection of landscape
metrics highly determines the degree of correlated variables. Therefore, in this research, we
chose metrics that can explain landscape structure and serve as its proxy while also minimising
the correlation between variables. The other downside of using principal components is
interpreting the results of PCs. While it is possible to qualitatively interpret the PCs using loading
information (Backhaus et al., 2021), the PC’s loading does not always form a clear pattern.
Therefore, in this research, we used boxplots with landscape metrics value to differentiate and
describe the characteristics of each PC.
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The input for the Principal Component Analysis (PCA) consisted of landscape metric values
estimated per grid (see section 2.3.1). In total, 56 data points (grids) of landscape metrics were
used in the PCA. The analysis was conducted in the R environment using the stats package (R
Core Team, 2023a). Given the varying ranges and units of different metrics, the scale option was
set to TRUE to standardise the data. This transformation ensures that each metric has a standard
deviation of 1, thereby mitigating the disproportionate influence of variables with large values (R
Core Team, 2023b), such as mean shape area, which is measured in hectares and typically
exhibits higher absolute values compared to an index metric such as the diversity index.

2.3.5. K-means Cluster Analysis and Dominant Land Cover Identification

We use the K-means classification algorithm to look for a unique landscape profile based on the
PC of landscape metrics. The input for the K-means classification consisted of real number values
derived from PC analysis (or PC scores), in our study, the score ranging from -2 to 7. However,
before conducting the classification (or partitioning), we conduct a hierarchical analysis of the PC
scores and plot the results to a dendrogram to visually determine the cutoff value with the biggest
gap (or the leap), thus producing the K (or centres). In this case, K-means clustering acts as an
improvement that minimizes the within-group deviation and maximizes the between-group
deviation (or distance) (Backhaus et al., 2021). The output of clusters is then plotted back to the
grids to observe and analyze the spatial pattern.

Although the use of Hierarchical analysis and K-means clustering provides an optimum number
of clusters based on the distance between groups (Backhaus et al., 2021), the resulting landscape
profile clusters do not give justice to pre-existing land cover information. We consider it important
to also observe the predominant land cover between grids and integrate these two to create a
unique landscape profile. Therefore, in this research, we calculate the dominant land cover for
each grid and show it as a percentage, adding to the information of cluster type. We did not
include it in the PC analysis due to the land cover being a factor instead of a nominal or ordinal
value. Finally, the result from the K-means and added info on predominant land cover resulted in
unique landscape profiles.
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24. RQ2:Mapping Ecosystem Services Supply and Its Variations

To map the ecosystem services supply in the landscape, we used the landscape matrix approach
developed by Burkhard et al. (2012). The matrix model is a widely used framework to assess ES
provision and is often categorised as an expert-based approach. The matrix model characterises
and links ES for each land cover type based on its capacity to provide each service, or users can
further develop an adapted version from a predefined score (Burkhard, 2012). The original model
is divided into three matrices, illustrating i) the natural land capacity to provide services (supply),
ii) the demand value per land cover type, and iii) their budget given the supply and demand value
for each landscape (Burkhard, 2012). For this research, we used only the supply model. A list of
ES that will be asses and their definition that serves as a basis for the adapted matrix is given in

Table 3 below.

Table 3 Ecosystem Services that will be asses in this study

= ng:ég)ICEs Definition of the services selected (Supply Context) Source
Area that can buffer and regulate flood events (e.g) :
Flood Protection - High Infiltration (Nedkov &

(2.2.1.3) - Low Surface Runoff Burkhard, 2012)
- Low Peak Flow

Hal_nltat Suitable habitat area to support life (can be in the form of (Burkhard, 2012)

Maintenance natural or semi-natural habitat) (Le Clech et al.,

(2.2.2.3) 2024)

Recreation &
Aesthetics Values
(3.1.1.1)

Area with high scenic quality/aesthetics

(Burkhard, 2012)

Carbon
Sequestration
(2.2.6.1)

High biomass area including forest (peat forest, primary
and secondary forest)

(Burkhard, 2012)

This study focuses on four key ecosystem services: Flood protection (CICES 2.2.1.3), Habitat
maintenance (CICES 2.2.2.3), Recreation and aesthetic values (CICES 3.1.1.1), and Carbon
sequestration (CICES 2.2.6.1). These ES were selected due to their ecological significance and
relevance to landscape management and vulnerability, given a changing landscape, particularly
in the context of balancing conservation efforts with human activities. Flood protection refers to
the ability of natural landscapes, such as forests and wetlands, to regulate water flow, mitigate
flood risks, and or provide coastal protection (Haines-Young & Potschin, 2017). Habitat
maintenance ensures the provision of suitable environments for biodiversity, maintaining the
nursery of habitat and population (Haines-Young & Potschin, 2017). Recreation and aesthetic
values represent the benefits of natural landscapes that enable outdoor activities and enjoyment,
influencing tourism, well-being, and place attachment (Haines-Young & Potschin, 2017). Lastly,
carbon sequestration is a critical service that helps mitigate climate change by regulating the
global climate by the reduction of greenhouse gas (Haines-Young & Potschin, 2017). By selecting
these ES, this study aims to provide a comprehensive understanding of how landscape structures
influence ecological functions and societal benefits.
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2.4.1. Questionnaire and Matrix Model

To estimate the capacity of each land cover type to provide ES, we developed an expert
questionnaire (see Error! Reference source not found.). The questionnaire was sent to 4
respondents: one person coming from a geography background, two experts coming from a
conservationist background, and the last one with a strong interest in landscape ecology.
Furthermore, the experts were asked to rate the capacity of each land cover to provide ES using
a likert scale of 0-5, with each score define as follows: zero as No Relevant Capacity, one as Low
Relevant Capacity, two as Relevant Capacity, three as Medium Relevant Capacity, four as High
Relevant Capacity, five as Very High Relevant Capacity.

Furthermore, to evaluate the variation of scores from our respondents, we present the matrix
along with the standard deviation across four raters. for assessing the degree of subjectivity in
ratings, helping to determine whether there is a shared understanding or consensus regarding
specific ecosystem services (ES) or whether differing perspectives lead to high variability in
responses. Another key reason for reporting the standard deviation is to highlight the extent of
agreement or disagreement among raters, providing insight into the consistency of their
assessments. This information is beneficial to understanding the reliability of the ratings and
identifying ES categories where interpretations may vary.

2.4.2. Relationship Between Landscape Metrics and ES Supply

To explore the relationships between landscape structure and ES, a Spearman rank correlation
analysis was conducted between various landscape metrics and ES supply values. Given that ES
values were derived from ordinal expert ratings (Likert scale: 1-5), Spearman’s correlation was
chosen as a non-parametric method to assess monotonic relationships, when one variable
increase is followed by another increase of the variable in question, and vice versa (Lund
Research, 2018). The null hypothesis of a Spearman rank’s correlation stated that there is no
monotonic association between the variables tested (Spearman, 1904). In Spearman correlation
coefficient, if variable one (or Y) increase as variable two (or X) increases, the coefficient is
positive. Conversely, if Y tends to decrease as X increases, the coefficient is negative.

2.5. RQ3:Influence of Landscape Structure on Ecosystem Services (RQ3)

2.5.1. Spatial Distribution and Characterization of ES within The Unique Landscape Profile

The expert questionnaire responses were averaged to generate an aggregated matrix model,
which was then assigned to the corresponding land cover classes within the study area. This
adapted matrix model provided a value to map the ES supply values per land cover type.
Following this assignment, the ES values were integrated into a Geographic Information System
(GIS) environment, where the land cover polygons were transformed into raster format. This
conversion allowed for the creation of four ES supply rasters, each representing a distinct ES
(Habitat Maintenance, Carbon Sequestration, Flood Protection, and Recreation & Aesthetic
Values) at a spatial resolution of 30 x 30 meters.

To facilitate the spatial analysis of ES supply within the PML region, the rasterised ES data were
then processed by extracting pixel values within each grid unit (see section 2.3.1; Figure 4). We
use a masking operation within the R Studio environment (Posit team, 2023) and R library “terra”
(Hijmans, J, 2025), applied across all 56 grid units. Furthermore, the extracted ES pixel values
were averaged within each grid unit, establishing a basis for comparative analysis across the
identified unique landscape profiles. The grid system serves as the unit of analysis, allowing for
identification and characterisation of ES supply variation within the unique landscape profile.
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2.5.2. Statistical Difference between Unique Landscape Profiles

To assess whether Ecosystem Service (ES) supply values significantly differ among the nine
unique landscape profiles, a Kruskal-Wallis test was performed for each ES type. The Kruskal-
Wallis test, a non-parametric version of one-way ANOVA, is a method suitable for comparing
multiple independent groups when the data does not meet the normality assumption or normal
distribution (Dinno, 2015; Kruskal & Wallis, 1952). Since our ES supply values were derived from
the questionnaire, expert-based Likert-scale ratings (1 to 5), this test was conducted to identify
whether at least one landscape profile exhibited a significant different ES supply compared to the
others.

Following the Kruskal-Wallis test, a post-hoc pairwise comparison was conducted using Dunn’s
test (Dunn, 1964) with Bonferroni correction (Dinno, 2015; Dunn, 1961). Dunn’s test allows for the
identification of specific landscape profile pairs that exhibit statistically significant differences in
ES supply. The results from this post-hoc analysis provide insight into which landscape profiles
significantly differ in ES supply and which profiles share similar ES characteristics.

All statistical analyses were conducted in R Studio (Posit team, 2023), utilizing the Kruskal.test()
function for the Kruskal-Wallis test from the stat package (Bolar, 2019) and the dunnTest() function
from the FSA package (Ogle et al., 2015) for post-hoc comparisons. The ES supply values were
grouped by unique landscape profiles, and significance levels were evaluated at 0.05. The results
were further visualised using heatmaps to illustrate ES supply variation across landscape profiles
and highlight significant pairwise differences identified in the post-hoc analysis.

2.5.3. Analysis of Changing Landscape Structure

To assess how changes could affect the provision of ES in the PLM, a comparison analysis was
conducted. The comparison was conducted by first using the two unique landscape profiles
derived from the land cover data between 2021 and 2024 and second by the changes in averaged
ES values from the two datasets. Using this analysis, we wanted to see the patterns of changes
between clusters and or dominant land covers. Furthermore, we visually interpreted the changes
that happened from cluster to cluster using a map.

In this step, we use the output of RQ1 and RQ2 and explore the patterns within the variation of
ES supply within each landscape profile in the baseline year (year 2021) and compare it to the
current up-to-date land cover of 2024. A comparative analysis was conducted on i) land cover
change between 2021 and 2024 and ii) averaged ES values across unique landscape profiles
visualised using boxplot and descriptive analysis, discussing the Interquartile Range (IQR) and
the changes of IQR, outliers, and whiskers of the boxplot between the two time steps.
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3. Results

3.1. Landscape Profile Identification

In the following section, the findings for landscape profile identification are presented. To answer
research question 1, we structured this chapter starting from the estimation of landscape metrics,
PCA analysis, clustering method, and finally, the unique landscape profile as a combination of
clustering and dominant land cover change per grid as the results.

3.1.1. Estimation of Landscape Metrics
Following the estimation of landscape metrics, here we present the result for five landscape
metrics calculated as shown in Figure 5.
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Figure 5 Five Landscape Metrics estimated within the PML area. (see Appendix 3 for higher resolution image)

A striking feature emerges in grid 70, located in the southern part of the study area, which shows
distinct landscape metric values. It has a relatively large mean shape area of 6.663 ha, a low
diversity index (0.05), and a minimal patch number (six patches). Additionally, the high Largest
Patch Index (LPI) of 99% and a mesh size of 39.410 ha suggest dominance by a single,
contiguous land cover type. Compared to other grids, grid 70 stands out with contrasting values
across all five estimated metrics due to its location within the core area of Gunung Palung National
Park, where strict government regulations prohibit human activities. Therefore, grid 70 may serve
as a valuable reference for assessing minimally fragmented landscapes.

The mean Patch Area (area_mn) metric reveals a minimum value of 3 Ha and a maximum of

6.663 Ha. As shown in Figure 5, the central region of the landscape exhibits higher mean patch
area values. However, the values on the western side (predominantly in the south) and the eastern
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side (extending from north to south) demonstrate considerable variability, ranging from 64 to 500
hectares in patch area.

The Number of Patches (np) metric reveals a minimum value of 1 patch and a maximum of 262
patches. The results of this metric reveal similar pattern as the previous metric, indicating that the
central part of the PLM exhibits a significantly higher number of patches compared to the edges
situated in the southwest and northeast. Zooming into the central area, we can observe the
maximum values of 262 patches in grid 66, which can be attributed to the presence of built
environments associated with mining activities. This explains the higher number of patches
observed in the landscape, primarily resulting from extractive mining operations. In contrast, the
southwest edges displayed a lower range, with values ranging from 4 to 13 patches in the island
region and 15 to 20 patches in the southwest PLM part. Additionally, Grid 70, located within
Gunung Palung National Park, was found to contain only six patches.

The Effective Mesh Size (mesh) metrics results reveal a minimum value of 7 Ha and a maximum
value of 39,410 Ha. The minimum value is located in the island region on the western side of the
PML, while the maximum value is located on the north side of the PML. A medium-range value,
falling between 4,000 and 8,000 hectares, is observed in the central region of the PML. Both
protected areas located within the PML exhibit a high value of 14,819 Ha for Mendawak Protected
Forestin grid 47 and 39,410 Ha for the Gunung Palung National Park in grid 70.

The Largest Percentage Index (Ipi) measures the percentage of the dominant land cover type
within the grid. This metric serves as a spatial structure perspective on how land cover is
distributed spatially, where it could reflect landscape connectivity and fragmentation. For instance,
a high LPI indicates a more homogenous landscape dominated by one patch, whereas a low LPI
suggests a more fragmented or diverse landscape. This metric reveals a minimum value of 16,2%,
which is located in the central area, and a maximum value of 100%, which is located in the west
of PML, indicating an island region. A value of 99% was observed in the Gunung Palung National
Park and 69% in the Mendawak Protected Forest, representing the maximum value observed.

The Shannon’s Diversity Index (shdi) reflects the diversity of patch types within the grid. The
higher value of shdi represents a more diverse class that resides within a grid. The findings exhibit
a similar trend to the Number of Patches (np), where a high value of shdi is located in the central
region ranging from 0,74 to 1.2 index, and a less diverse grid is situated along the edges of the
PML, particularly in the southwest and northeast areas. In the northeast part of the PML, a lower
diversity value ranging from 0.26 to 0.34 was observed. The calculation of five landscape metrics
was necessary as the basis for identifying landscape characteristics, followed by classifying
landscape profiles. The calculation of five landscape metrics was used in the PC analysis and will
be further described in the following section.

3.1.2. Principal Component Analysis

In this section, we present the result of the Principal Component Analysis by first describing the
correlation and contribution of each metric using the correlation and contribution plot, scree plot,
and then further explain the hierarchical analysis and K-means cluster result. Specific correlation
plot and analysis are available in Appendix 1 Correlation Results
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Figure 6 PCA Correlation and Contribution Plot

In Figure 6, we present a correlation plot derived from principal component analysis (PCA),
illustrating the relationships between the variables and the first two principal components (PC1
and PC2). The plot shows that 'mesh' and 'area_mn' exhibit a strong positive correlation,
indicating a direct relationship where an increase in one variable corresponds to an increase in
the other. Additionally, 'shdi' and 'np' demonstrate a strong positive correlation. In contrast, 'shdi’'
and 'lpi' show a strong negative correlation, suggesting an inverse relationship with high 'shdi'
values often associated with low 'Ipi' values. These findings align with the understanding that
intact landscapes may not necessarily exhibit high patch diversity and a higher patch diversity is
often situated in a landscape with a high number of patches

To assess the contribution (or loadings) of each metric to the principal components, the arrow and
colour in Figure 6 show how each metric contributes. We observe the highest contribution for PC
1 is Ipi, followed by mesh and area_mn with contributions of 0.58, 0.45, and 0.41, respectively.
for PC2, the highest contribution can be observed from the value of mesh, np, and shdi with
contributions of 0.60, 0.53, and 0.39, respectively, where these tree metrics represent a degree
of fragmented landscape (mesh) with a diverse patch (shdi) and a high number of patches (np).
The last PC shows a high contribution from the np (negative) and area_mn (positive) metrics with
contributions of -0.68 and 0.55, respectively.

Initially, five principal components are calculated from the PC analysis, however, not all principal
components were selected due to the proper cumulative variance gained from the first three PCs.
As can be seen in Figure 7, Principal Component 1 (PC1) accounts for 41.9% of the total variance,
indicating that it captures a significant portion of the information present in the dataset. The
second principal component (PC2) contributes an additional 30.5%, resulting in a cumulative
proportion of 72.4%. The third principal component (PC3) adds a further 18.6%, bringing the
cumulative proportion to 91%. Therefore, according to the summary, selecting three PC
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components is appropriate to represent our data and these PCs will be used to create clusters of
landscape profiles by using K-means.
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Figure 7 Scree Plot for cumulative variance

3.1.3. Hierarchical Analysis and K-Means Clustering

The result of the Hierarchical analysis is presented below using a dendrogram. This dendrogram
represents the hierarchical clustering of 56 grids based on their normalised landscape metric
values. The vertical axis represents the "height" or dissimilarity between clusters, the horizontal
axis shows the grids/items being grouped (Backhaus et al., 2021) , and the colour represents
each data that are categorised for each cluster using a 0.8 cut-off value. To determine the optimal
K for K-means clustering, we visually identified the largest gap between 0.5 and 1.0 compared to
the 1.0 — 1.5 gap and 0.2 — 0.5 gap in Figure 8 and chose to cut the dendrogram on 0.8, depicted
using a red dashed line. Using this cut-off line, we come up with 3 clusters that we assume could
best represent our PC value.

Dendrogram cut off in 0.8
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Figure 8 Dendrogram of Hierarchical Analysis

To qualitatively describe each cluster, we create a boxplot for each cluster that covers our five
chosen landscape metrics.
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Figure 9 Boxplot of Clusters and Landscape Metrics

Cluster 1:

Cluster 1 is characterised by a larger mean patch size in comparison to the other two clusters, a
low Largest Percentage Index value and an overall low Effective Mesh Size relative to Cluster 2,
which has a higher mesh value and a narrower range than Cluster 3. Cluster 1 was also
characterised by a medium level of patch quantity when compared to Cluster 2 and a high degree
of diversity as reflected in Shannon’s Diversity Index value. Therefore, based on the data
distribution observed in the boxplot analysis, we classify Cluster 1 as a landscape that is highly
fragmented and diverse, featuring a moderate amount of patches of size.

Cluster 2 :

represents a low overall patch size compared to the other two clusters, characterised by a
moderate Largest Percentage Index value and moderate Effective Mesh Size value relative to
Cluster 1. The Number of Patches metric for Cluster 2 indicates the highest level of patch quantity
when compared to the other two clusters, indicating a moderate amount of fragmentation with a
larger mesh size and less diverse patches compared to others. Therefore, based on the data
distribution observed in the boxplot analysis, we classify Cluster 2 as a landscape that is
fragmented with relatively diverse and relatively small patches marked by a high number of
patches
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Cluster 3 :

Cluster 3 represents a range of both small and large patch sizes, with a significant Effective Mesh
Size value indicating a less fragmented area. The high Largest Percentage Index value suggests
the presence of a predominant land cover within the grid. Additionally, this cluster is characterized
by a lower diversity of patch types and a limited number of patches. Therefore, based on the data
distribution revealed in the boxplot analysis, we categorize Cluster 3 as a landscape of
homogenous class with few patches and highly connected

The results of the K-means clustering analysis are illustrated in Figure 10 below. Analyzing the
patterns, it is shown that Cluster 1 is evenly distributed throughout the central region, with a few
number of grids scattered near the edges of the PML. Cluster 2 is primarily concentrated in the
northern to northwestern area, with a few instances in the southern region. Meanwhile, Cluster 3
is positioned along the edges and the western side of the PLM, covering areas within the Gunung
Palung National Park and the Mendawak Protected Forest.

Clusters of PCs
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Cluster

1
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Figure 10 Distribution of PC Cluster

Based on this result, we observed that the intact forest landscape located within the Gunung
Palung National Park in Grid 70 was correctly assigned as Cluster 3. Meanwhile, the more
fragmented and disconnected landscapes classified as Cluster 1 were positioned more towards
the central area of the PML region, where forest plantations dominated the area. Grids that were
assigned as Cluster 2 were situated dominantly to the north of the area, where mining activities
still occur and are ongoing.

Looking at this cluster's results, we see a correlation with human activities in the area and the
state of fragmentation processes experienced by each grid. However, further information is
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required to fully understand what drives this variation in landscape structure by using land cover
data as proxies to human pressures and activities that dominate these 20 by 20 km grids. In the
next section, we further discuss these clusters and add necessary information to create a unique
landscape profile

3.1.4. Unique Landscape Profile

Following the result of the PC Cluster and narrative description for each of the clusters, we
combine it with the predominant land cover information as a percentage shown below in Figure

11 and Table 4 shows the narrative description of our landscape profiles.

Table 4 Definition of Unique Landscape Profiles along with its number of grids represented

. Forest/Natural
Clusters/LC Agriculture . Other Land
Habitat
. Highly fragmented Highly fragmented
Cluster 1 g/g:rlg effgrl’?;imig Iand forest, featuring a Other-Land
Landsca % (n=9) moderate amount of (Swamp/Shrubs/Water
P patches of size.(n=15) | Body) (n=2)
Fragmented agricultural Frlagmelnted f ‘zreSt with
landscape with re at;7vey 5’377. h
Cluster 2 relatively small patches patches afn '9
(n=5) amount of patches
(n=6)
Dominant and Intact Highly Intact Forest
Cluster 3 agricultural landscape | with high gfac;W?;irz)Body or
with few patches.(n=9) connectivity(n-8) P

Table 4 above shows the unique landscape profile derived from K-means clustering and added
information on the predominant land cover class and the number of grid cells represented on each
landscape profiles. Below are the clusters information along with their range of predominant land
cover :

1. Cluster 1 Agriculture : Cluster 1 with dominant land cover of agriculture had a range of
dominant land cover area of 40% — 71%.

2. Cluster 2 Agriculture : Cluster 2 with dominant land cover of agriculture had a range of
dominant land cover area of 51% — 78%.

3. Cluster 3 Agriculture : Cluster 3 with dominant land cover of agriculture had a range of
dominant land cover area of 72% — 95%.

4. Cluster 1 Forest : Cluster 1 with dominant land cover of forest had a range of dominant
land cover area of 35% — 39%.

5. Cluster 2 Forest : Cluster 2 with dominant land cover of forest had a range dominant land
cover area of 54% — 92%.

6. Cluster 3 Forest : Cluster 3 with dominant land cover of forest had a range dominant land
cover area of 71% — 99%.

7. Cluster 1 Other-Land : Cluster 1 with dominant land cover of other-land had a range of
dominant land cover area of 52% — 53%.

8. Cluster 3 Other-Land : Cluster 3 with dominant land cover of other-land had a range of
dominant land cover area of 86% — 100%.
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We add information of the percentage of dominant land cover class into our three clusters using
the and identified nine unique landscape profiles as our answer to the first research question. To
give more clarity to the relationship between clusters and land cover, we further define the nine
classes with narrative descriptions, shown in Table 4. Due to the non-existent Clusters for Cluster
2 Other-Land, we did not include them in the definition above, and they are marked grey in the
table. Below is the map that shows the distribution of our landscape profiles.
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Figure 11 Unique Landscape Profile (% shows the dominant land cover within the grid, e.g. 99% in Cluster 3 Forest
represent 99% of the grid is covered in forested area)

Based on Figure 11, we perceived intact forest landscapes within Grid 70 and Grid 47, where
Gunung Palung National Park and Mendawak Protected Forest are situated. However, these
landscapes were surrounded by human activities and pressures such as clusters that are
dominated by agricultural land, suggesting the overall fragmentation condition to the whole PML
region. Moreover, it can be seen that Cluster 2 Agriculture often appeared near Cluster 3
Agriculture, suggesting a shift pattern in the region, as evident on the west side of the PML where
Cluster 3 Agriculture dominated. The same pattern was observed in Cluster 3 Forest and Cluster
2 Agriculture, where a side-by-side situation often appeared, evident in the centre and the west
side of the region.

Finally, in this section, we answered our research question one by developing eight unique
landscape profiles along with their narratives and characteristics. In the next section, we explored
the distribution of ES supply influence of changing landscape structure towards ES supply value
by first identifying changes that occurred between the two datasets, 2021 and 2024.
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3.2. Mapping ES Supply Variation

This chapter outlines the results of ecosystem services mapping and their integration with the
unique landscape profiles introduced in Chapter 1. To address the second research question on
how the variation in ES supply is characterised within the identified landscape profiles, the
analysis follows a structured approach. These approaches include the description of the
summarize matrix model from our questionnaire, the spatial distribution of ES types, the average
ES values across the 56 designated grids, and finally, exploring statistical correlation between
landscape profiles and ES supply value.

3.2.1. Summary Matrix Table
Table 5 below shows the summary of our Matrix Model derived from four respondents, and along
with it the standard deviation of the summarize matrix model.

Table 5 Summary of the Matrix Model derived from questionnaire response (Left: Average, Right: Standard Deviation)

ES with CICES CODE (for Further definition = oy 3 ES with CICES CODE (for Further definition = | & b4
of each service assessed see CECIS) : @ |e | 7:'“ of each service assessed see CECIS) : - |le [~ %
2l= L ] w |> - - o ] w |®
| (2 (2 ]g 2 o (e |2 (g [
HRIEEERERE: 2 (2158|235
s| |2 |c |22~ s | Z |2 |c 2|2~
155|285 » 15| |8 |a|5:
(SUPPLY MATRIX) 21218 |2 < |25 ||suPPLy MATRIX) 281212 |52
= | 2 s |g |B o s [ 2 s & |8 2B
2(e|glg|2|t 2|e|5|2|25
gl 2|5 (3|8 (2|22 (318
85|85 |8 ¢ |8|5|2|°(5
Indonesian Land Cover Aggregate & E % 4 Indonesian Land Cover Aggregate . E ,.% 3
Classification: Land Cover © Classification: Land Cover ClT o
Primary Dryland Forest Forest 5|5 |5 4 Primary Dryland Forest Forest 04[00/00 1.0
Secondary Dryland Forest |Forest 4 4 4 4 Secondary Dryland Forest [Forest 04]07]04 0,6
Primary Mangrove Forest |Forest 5 5 5 4 Primary Mangrove Forest Forest 0,0|00/|0,0 0,8
Primary Swamp Forest Forest 5 5 5 3 Primary Swamp Forest Forest 04(00]00 1,7
Secondary Mangrove Fores{Forest 4 4 4 4 Secondary Mangrove Forest [Forest 04)104[04 1,3
Secondary Swamp Forest |Forest 4 4 4 3 Secondary Swamp Forest  [Forest 07104(04 1,7
Forest Plantation Agriculture 313 ]2 2 Forest Plantation Agriculture 091107 2,2
Shrubs Other-Land 2 (2 ]2 2 Shrubs Other-Land 07(12]07 1,5
Swampy Shrubs Other-Land 2 2 3 1 Swampy Shrubs OtherLand 08[12]1,1 1,3
Plantation Agriculture 2 2 2 2 Plantation Agriculture 071104 2,2
Settlement Built 1 1 1 1 Settlement Built 08|05]|08 1,0
Bare Land Other-Land 1 1 1 1 Bare Land OtherLand 070711 1,0
Grass Agriculture 1 1 2 1 Grass Agriculture 120,009 1,3
Dryland Agriculture Agriculture 1 2 2 2 Dryland Agriculture Agriculture 0,7105[05 1.3
Dryland Mixed Agriculture |Agriculture 2 2 2 2 Dryland Mixed Agriculture Agriculture 11107107 0,8
Paddy Agriculture 1 1 2 3 Paddy Agriculture 1311111 1,5
Pond Agriculture 4 2 3 3 Pond Agriculture 1,7118[1.8 1,8
Airport Built 000 0 Airport Built 04 (04|04 0,5
Transmigration Built 0 0 0 0 Transmigration Built 00)04]|04 0,5
Mining Built 0 0 0 0 Mining Built 0404|004 0,5
Swamp Other-Land 4 3 4 3 Swamp OtherLand 08)0,7(0,7 1,3
Water Other-Land 413 ]4 3 Water Other-Land 0711807 1,3

Based on the result, we observed a relatively low variation of scores between raters for Habitat
Maintenance, Carbon Sequestration, and Flood Protection in Forest area ranging from 0.4 to 0.7.
These values indicate that experts largely agree on the capacity of forested areas to provide the
said ecosystem services. The low variation suggests a shared understanding among experts,
likely due to the well-documented relationships between these services and land cover
characteristics. For example, forests are widely recognised as essential for carbon sequestration
and habitat maintenance, while wetlands and vegetated areas play a crucial role in flood
protection. A similar pattern can be observed in Built areas, where it exhibits consistently low
values across all ES ranging from 0 to 0.5.

The high variation of scores for Recreation & Aesthetic Values (RAV) ES was observed across all
land cover except built areas. The difference in values ranging 0.5 to 2.2 and it indicates
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disagreement or variability in expert opinions. This finding is interesting and could be attributed to
personal views in how experts perceive aesthetic and recreational value, which may be influenced
by their backgrounds, professional expertise, or regional experience.

3.2.2. Spatial Distribution of ES within the PML

Using the expert’s response on the degree of land cover classes to deliver ecosystem services,
we develop a map of ecosystem services within the PML. These maps showcase the ES Supply
attributed to each land cover class shown in Table 1.
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Figure 12 Map of Ecosystem Services based on Expert's Questionnaire

Looking at Figure 12, we can observe that ES values, their hotspots, and distribution patterns
varied by ES types. However, one area is observed to consistently have a higher value, which is
Grid 70 where the core areas of the Gunung Palung National Parks are located.

The Hotspots of Recreation and Aesthetic Value ES are found in the mangrove area and coastal
area of the PML, which is mainly on the west side of the research area. As shown in Figure 12,
the cool spots or the minimum values of this particular ES type are located on the north side of
the research area where mining activities reside. Additionally, other natural areas and
homogenous forest plantations are observed to have lower RAV values. These areas mainly
consist of other-land, shrubs, bare land, swampy shrubs and swamps that are often left
unattended or used for agricultural activities.
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Hotspots of Flood Protection ES are primarily found in the core areas of the Gunung Palung
National Park on the southeastern part of the research area. Meanwhile, the cold spots or the
minimum values of this ES are also located in the mining areas in the northern region of the PML.
Moderate values of flood protection ES are located within the agricultural area on the west side
of the research area. Additionally, high-value areas were also observed in the riparian areas,
secondary forests, and wetlands.

Maximum values of Carbon Sequestration ES areas are found in the core areas of the Gunung
Palung National Park and the secondary forest scattered all over the research area. Meanwhile,
the minimum values of this ES are again located in the mining and built areas in the north.
Moderate values are observed on the west side of the area, which is predominated by intact and
large agriculture areas.

Hotspots of Habitat Maintenance ES follow the pattern of carbon sequestration, where high value
is observed in the forested areas and core areas of the Gunung Palung National Park. Meanwhile,
a minimum value is again centered on the mining activity on the north side of the region. At this
point, all of the lowest ES value is consistently found within the area with mining activities. This is
due to a consistently lower value given by experts via the questionnaire.

3.2.3. Averaged ES Values Across Designated Grids

To facilitate the characterisation of the ES supply within the PML region and its integration with
the unique landscape profiles from Chapter 1, we first calculated the average ES values per grid
by averaging the pixel values within each grid. These grid-level average values serve as the basis
for further analysis, aiming to characterise the variation in ES supply within the unique landscape
profiles and compare them. The average value per grid can be seen in Figure 13 below.
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Figure 13 Average ES Values per Grid
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The distribution of high and low average ES values is shown in Figure 13. Though the pattern of
hotspots and cool spots aligns with Figure 12, the co-occurrence between ES types suggests
synergies and trade-offs. For example, forested areas consistently show high ES values across
all types of ecosystem services, reinforcing their multifunctional role in delivering various ES,
including carbon sequestration, flood protection, habitat maintenance, and recreation & aesthetic
value in this research. In contrast, mining areas tend to have consistently low ES values, indicating
severe ecosystem degradation that limits their ability to provide critical services. These degraded
areas often appear as cool spots across multiple ES types.

3.2.4. Spearman rank Correlation

To explore the relationship between landscape structure and ES supply value, we present the
result of a Spearman rank correlation analysis. Table 6 presents the correlation for each ES type
with various landscape metrics.

Table 6 Spearman Correlation Results per ES Type

ES Type (Avg value) area_mn Ipi mesh np shdi
Flood Protection -0,04 -0,21 -0,11 -0,09 -0,20
Carbon Sequestration -0,01 -0,25 -0,09 -0,07 -0,16
Habitat Maintenance -0,04 -0,21 -0,16 -0,16 -0,20
Recreation & Aesthetic Values -0,21 -0,10 -0,18 -0,09 -0,29*

Table 6 shows that all of the correlations between landscape metrics and ES type were negative.
The strength of the correlation is shown to be low to moderate with ranges from -0,01 to -0,29.
The highest value with the only significant correlation (p<0.05) occurs between Recreation &
Aesthetic Values ES and shdi landscape metric with a value of -0,29, showing a weak correlation.
For the remaining ecosystem service (ES) types, no statistically significant correlation was
identified between Flood Protection, Carbon Sequestration, Habitat Maintenance, and the
selected landscape metrics.

3.3. Influence of Landscape Structure towards ES

In this section, we described the connection between landscape structure and ecosystem services
by first building the case of ES characteristics within specific landscape profiles, exploring the
statistical differences between profiles, and showing the result of changes towards landscape
profiles using the 2024 land cover data and its ES supply variation.

3.3.1. ES Value Characteristics per Landscape Profiles
In Figure 14, we can see the boxplots of averaged ES value per landscape profile and was further
described per land cover type.

Forest Dominated Landscape

Within the forested landscape profiles (Cluster 1 Forest — Cluster 2 Forest — Cluster 3 Forest), all
clusters exhibit high ES values across all ES types compared to other landscape profiles. These
higher values are consistent in all ES except for Recreation and Aesthetic Values; it can be seen
that the boxplot shows a higher variability in forested areas, especially in Cluster 3 Forest,
followed by Cluster 2 Forest and Cluster 1 Forest.
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Figure 14 Boxplots of Averaged ES Values per Landscape Profile (CS : Carbon Sequestration, FL : Flood Protection,
HM: Habitat Maintenance, RAV : Recreation and Aesthetic Values), the red dot represent the outliers

Between all three forested landscape profiles, Cluster 3 Forest has the highest median values,
particularly for carbon sequestration (CS), flood protection (FL), and habitat maintenance (HM).
These findings reinforce the role of intact forest landscape provides a various services to its
surrounding. Additionaly, a lower median can be seen in Cluster 2 Forest and Cluster 1 Forest
with little difference in median value between the two. The difference in fragmentation state with
less connectivity, for example, its density, composition, and patch diversity, between the forested
landscape might explain the difference in ES range and median values that could deliver the ES
supply to its surroundings.

Agricultural Landscape

Based on our findings, the agricultural landscape profiles generally show lower to moderate ES
values compared to forested landscape profiles, with a maximum value of less than three and a
minimum value reaching 1 with variability across ES types. Furthermore, Cluster 2 Agriculture
shows a higher median in carbon sequestration, flood protection, and habitat maintenance ES
with a lower variability value compared to Cluster 1 Agriculture. These findings suggest the
possibility of certain agricultural practices that could complement or enhance overall ES
contributions for agricultural landscape profiles (i.e. agroforestry, mixed cropping, silviculture).

A consistent lower median across all ES types is prevalent in Cluster 3 Agriculture, with some
variability in ES values. Even though this profile consistently exhibits a lower value compared to
the other two agricultural landscape profiles, it exhibits a similar value range to other landscape
profiles with a lower median value in recreation and aesthetic values ES. These findings suggest
that some agricultural landscapes might have visually appealing features (Ribe, 1989) (e.g.,
terraced fields, agroforestry, or proximity to natural areas), while others are purely functional
monocultures with minimal aesthetic value.

Other-Land Landscape

Finally, for the Other-Land landscape profiles, it shows a higher ES value compared to agricultural
landscape, especially for Cluster 3 Other-Land, except RAV ES. This finding is due to the fact that
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the classification that we use to define Other-Land includes the following: water, bare land,
swamp, swampy shrubs, and shrubs, as can be seen in Table 1. Meanwhile, Cluster 1 Other-Land
boxplot suggests a lack of sufficient data, similar to the built area landscape profile. A more fair
and robust interpretation would require ensuring comparable data points across landscape types,
or disregarding this class would probably be better, analysis-wise.

Furthermore, it is expected that such findings reflect the heterogeneous nature of the Other-Land
category, where certain land cover types within this classification (such as swamps and shrubs)
can contribute positively to ecosystem services. Wetlands and swampy areas, for example, are
well-known for their role in flood regulation and carbon storage, which could explain why Cluster
3 Other-Land shows higher ES values compared to agricultural landscapes within the flood
protection ES. Additionally, shrubs and bare land may still provide some habitat support,
particularly in transitional ecosystems where vegetation plays a role in biodiversity conservation.

However, the Recreation & Aesthetic Value (RAV) remains at the same level with agricultural
landscape. It is expected because swamps or bare land are not commonly perceived as
aesthetically valuable or recreationally significant. Unlike forests or structured agricultural
landscapes, these areas may lack accessibility, scenic appeal, or cultural significance, leading to
lower RAV scores. This suggests that landscape perception plays a significant role in ES
valuation, particularly for non-material ecosystem services like recreation.

3.3.2. Statistical Difference Between Landscape Profiles

In this section, we explore the statistical difference of unique landscape profiles to provide specific
ES supply. Error! Reference source not found. below shows the result of the Kruskal-Wallis
test that we conducted per ES Type. Based on the Kruskal-Wallis test result, we found that each
ES type tested has a significant difference between each landscape profile. The Kruskal-Wallis
result explains that one landscape profile differs significantly from others within each ES type
tested. Habitat Maintenance ES has the highest variability, which is shown in the higher H-statistic
value of 47.2 with a p-value of 1.40e-07, and Carbon Sequestration with H-statistic value of 46.8
with a p-value of 1.78e-07, followed by Flood Protection with H-statistic value of 46.6 with a p-
value of 1.66e-06.

Figure 15 below shows the results of the post-hoc test, which provides pairwise comparisons at

a 5% confidence level. The analysis reveals significant differences in ecosystem service supply
between landscape profile pairs.
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a) Cluster 3 Agriculture — Cluster 3 Forest,
b) Cluster 2 Forest — Cluster 3 Agriculture,
c) Cluster 2 Agriculture — Cluster 3 Forest,
d) Cluster 1 Forest — Cluster 3 Agriculture
e) Cluster 1 Agriculture — Cluster 3 Forest

Significant differences exist between agricultural and forested landscapes, while other landscape
profiles do not show any statistically significant distinctions.

3.3.3. Land Cover Changes Within the PML

we analyse land cover changes within the research area by comparing the 2021 baseline with the
current land cover in 2024. Table 7 shows the transition matrix of change between 2021 and 2024
land cover, and Figure 16 provides a visual representation of these changes, illustrating significant
shifts in one land cover category across the research area.

Table 7 Transition Matrix of Land Cover between 2021 and 2024 in Hectare

Transition Matrix Forest Agriculture Other-Land Built
Forest 562.011 27.421 95,85 -
Agriculture - 467.776 - -
Other-Land - - 190.082 -
Built - - - 7.985

The transition matrix in Table 7 presents the land cover changes between 2021 and 2024,
illustrating how different land cover classes transformed over time. The diagonal values represent
unchanged areas (Forest — Forest; Agriculture — Agriculture, etc), while other values indicate land
cover transitions. From the table, it can be seen that forest experienced the most significant
change, with 27.421 Ha converted to agriculture and 95.85 Ha converted to Other-Land.
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Figure 16 Land Cover of 2021 — 2024 (for high-resolution image, refer to
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Appendix 3 High Resolution Image)

One of the most notable changes observed is the conversion of forested areas into agricultural
land, particularly in the central region of the research area. The loss of forest cover in this region
may have important ecological consequences, including reduced carbon sequestration,
diminished habitat for wildlife, particularly Orangutans as the central region is located near the
habitat of Orangutans, and increased vulnerability to soil erosion and water runoff.

A similar pattern of forest conversion to agriculture also occurs in the northern part of the study
area, particularly within the Mendawak Protected Forest. It is important to highlight that the level
of protection afforded to Protected Forests differs significantly from that of National Parks, such
as Gunung Palung National Park, which is located south of the study area. National Parks are
designated for higher levels of biodiversity conservation and are strictly regulated through a
zonation system, which includes core zones, buffer zones, and utilization zones, each with varying
degrees of restriction and allowable activities. In contrast, Protected Forests primarily serve
ecological functions, such as water regulation, erosion control, and watershed protection, and are
subject to less stringent conservation regulations (L Ginoga et al., 2005). This distinction in
regulatory frameworks may influence the occurrence and extent of land use change from forest
to agriculture within these forested areas.

Lastly, the conversion of mangrove forests into agricultural land has been identified in the western
part of the Palung-Mendawak Landscape, a region where mangrove and swamp forests are the
dominant ecosystems.

3.3.4. Cluster Comparison between 2021 and 2024

To ensure the consistency of clusters derived from PCA and K-means clustering across the two
land cover datasets, we conducted a comparative analysis of the PCA results and clustering
outcomes between the 2021 baseline land cover and the 2024 updated land cover. This
comparison was visualized using boxplots shown in Figure 17, allowing for an assessment of
potential variations in cluster distributions between the two time periods.
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Based on the Principal Component Analysis (PCA) and K-means clustering conducted on the
2024 land cover dataset, we observed a consistent clustering pattern between the two land cover
datasets (2021 and 2024). The change in grid amount per cluster can be seen in Table 8 below.

Table 8 Cluster number changes in 2021 and 2024

Cluster PCA Freq. 2021 Freq. 2024 Diff
Cluster 1 26 34 8
Cluster 2 11 6 -5
Cluster 3 19 16 -3

The changes in cluster represent the changes that occur between 2021 and 2024, and shows the
number Cluster 3 and Cluster 2 decreases while Cluster 1 significantly increase in proportion to
the change.

As we can see in Figure 17, Cluster 1 of Land Cover 2024 exhibits the same pattern as Cluster 1
Land Cover 2021. These patterns are evident in a larger mean patch size compared to cluster 2,
however, followed by a significantly lower mesh size and largest patch index. This cluster is also
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characterised by a medium number of patches, higher than cluster 3 and lower than cluster 2,
with the highest diversity index. Therefore, we can conclude that cluster 1 land cover 2024
represents landscapes that are highly fragmented and diverse, with a patchy landscape.

Cluster 2, however, exhibits the most changes between land cover in 2021 and 2024. It can be
seen at a longer range of value in the largest patch index, mesh size, and number of patches
metric compared to the Land Cover 2021 boxplot. Figure 17 also shows a change in the median
value in the largest patch index, the number of patches, and Shannon’s diversity index metric.

Cluster 3 in Land Cover 2024 experienced almost no changes and is consistent with Cluster 3
Land Cover 2021. Cluster 3 in two different time steps represents a lower diversity of patch types
and covers a higher largest patch index value across all clusters. Therefore, Cluster 3 represents
landscapes that are highly intact and connected with a homogenous class.

Summarising the findings in this section, based on the comparison analysis using the Interquartile
Range (IQR) and median values visualised through boxplots of Land Cover 2021 and Land Cover
2024, we assume that the clusters derived from the PCA and K-means clustering results are
consistent and can be integrated into the unique landscape profiles. The observed similarities in
cluster characteristics suggest that these clusters were reliable to be used further for analysing
landscape changes over time.

3.3.5. Analysis of Changing Landscape Structure Towards Landscape Profiles

Figure 19 presents a side-by-side comparison of the unique landscape profiles derived from the
two different land cover datasets. This visualisation allows for a detailed examination of the spatial
variations and patterns resulting from land cover changes between 2021 and 2024. By comparing
these maps, we aim to highlight how changes in land cover have influenced landscape structure.

Noticeable changes were observed in Cluster 3 Forest to Cluster 2 Forest between 2021 and
2024, indicating forest degradation. These clusters include Grid 59, located in the centre of the
area, and Grid 47, located in the north of the study area within the Mendawak Protected Forest,
which experienced heavy forest cover loss over four years and were subsequently reclassified as
Cluster 2 Forest and Cluster 1 Forest, respectively, in 2024. Grid 47 experiences extreme changes
to Cluster 1 from Cluster 3 in four years. It may stem from the sporadic Bare-Land that appeared
in 2024, despite the fact that this grid is the core of Mendawak Protected Forest. Although we
believe that this should be classified as Cluster 2 instead of Cluster 1, the designation of Clusters
was determined solely on the spatial configuration of patches that were explained by landscape
metrics and further classified using K-means clustering.

Additional changes from Cluster 2 Forest to Cluster 1 Forest between 2021 and 2024 were
identified in Grid 31 and Grid 40, indicating an increase in landscape fragmentation. Although the
percentage of dominant land cover remained largely unchanged, there were notable land cover
changes from Forest to Other-Land during this period. A key driver of this change was the
conversion of mangrove forests into Other-Land. This finding suggests that even minimal forest
loss and small-scale changes within the forest matrix can significantly contribute to landscape
fragmentation and structural shifts.
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Appendix 3 High Resolution Image) (% shows the dominant land cover within the grid, e.g. 99% in Cluster 3 Forest
represent 99% of the grid is covered in forested area)

The most significant forest degradation was observed in Grid 59, where forest cover decreased
by 22%, dropping from 83% in 2021 to 61% in 2024 within the 20 x 20 km grid. This decrease in
forested areas was followed by changes in landscape structure, prompting a shift from Cluster 3
Forest (highly intact and connected) in 2021 to Cluster 2 Forest (moderately fragmented) in 2024.
A similar trend of forest loss and increasing fragmentation was also observed in Grid 58 and Grid
57. Notably, Grid 57, which contains mining areas, experienced further degradation, transitioning
from Cluster 2 Forest in 2021 to Cluster 1 Forest in 2024. This shift indicates a landscape that
has become highly fragmented with reduced connectivity, further highlighting the impact of mining
activities on forest connectivity.

3.3.6. ES Value Within Landscape Profiles Comparison Between 2 Time-Steps

Figure 17 presents the comparison between average ES values in our identified unique landscape
profiles from two time steps: 2021 (baseline) and 2024 (current). This comparison allows us to
assess how changes in land cover and landscape structure have influenced ecosystem service
(ES) supply across different clusters. By examining the differences in median values, interquartile
ranges, and outliers, we can determine whether certain landscape profiles have experienced
significant shifts in ES provision. Additionally, the visualisation helps identify whether some
clusters exhibit greater variability in ES values over time

Forested Land Cover

Based on the Figure 19 boxplot, we observed a significant shift in the Interquartile Range (IQR)
of Cluster 2 Forest and Cluster 1 Forestin 2024 compared to 2021. A higher median was observed
in Cluster 1 Forest 2024 compared to the 2021 boxplot with a wider IQR, suggesting that the
forest fragmentation that happened in the grids that we mentioned in previous sections was
consequently followed by an increase in the variation of ES supply. However, compared to Cluster
2 Forest, Cluster 1 Forest still has a consistently lower average ES value in Carbon Sequestration
and Flood Protection.

In Cluster 2 Forest 2024, both the median and average ES values for Habitat Maintenance and
Recreation and Aesthetic Values were lower compared to 2021. This suggests that a portion of
Cluster 2 Forest experienced increased landscape fragmentation within the four-year period,
primarily due to small-scale forest loss. Consequently, some areas shifted into Cluster 1 Forest,
exhibiting greater variability in ES values, as reflected by a wider interquartile range (IQR) in
Figure 19. The observed fragmentation likely reduced habitat connectivity, thereby weakening
ecological integrity, which is critical for Habitat Maintenance ES. Additionally, shifting clusters from
Grid 58 and Grid 59 suggests that encroachment from surrounding areas may have further
contributed to these structural changes, exacerbating habitat degradation and ecosystem service
loss.
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Agricultural Landscape and Other-Land

Within the agricultural landscape profiles, we observe no significant changes aside from the
increase in the proportion of dominant land cover, indicating an expansion of agricultural land over
the four-year period. These occurrences are particularly evident in Grid 66, Grid 67, and Grid 68,
where the overall percentage of agricultural land increased by approximately 2-12%. This
expansion was accompanied by a decline in forested areas to the west of these grids, as
illustrated in Figure 18, reinforcing the idea that encroachment from surrounding areas contributes
to the progressive conversion of forested land into agricultural use.

Such trends highlight the ongoing pressure on forested areas due to agricultural expansion, which
may lead to increased habitat fragmentation and reduced ES values. Additionally, this pattern
suggests a potential shift in landscape dynamics, where once-connected, intact forest landscapes
are gradually being replaced by agricultural land (Grid 59). Moreover, we identified no changes in
Cluster 1 Other-Land and Cluster 3 Other-Land within the four-year period, indicating little to no
land cover changes occurring in these landscape profiles, as can be seen in Figure 19.
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4. Discussion

In this study, we conduct a multi-step modelling approach to evaluate how changes in landscape
structure affect ES supply. The method that we employ starts from identifying landscape profile
through the use of landscape metric, followed by PCA and clustering analysis. Furthermore, we
mapped the distribution of ES supply using an expert judgement approach or Matrix Model and
explored the relationship between ES and landscape structure by evaluating the changes of ES
supply between two time steps within the identified unique landscape profiles.

The results show how landscape profiles are divided into three clusters, representing the extent
of composition and configuration of landscape, and adding land cover information, we identified
eight landscape profiles. Furthermore, these identified landscape profiles exhibit a distinct pattern
of ES supply value, evident from the result of the Kruskall Wallis test. Given the shift of land cover
in the area, we observed a change of landscape profile indicating an increase of fragmentation
due to the ongoing deforestation and degradation. However, the results were subject to the
strength and limitation of the methodology used, and is further discussed in this section.

On The Use of Expert Judgement on Ecosystem Services Mapping

Strengths
First, on the use of expert judgement, the matrix model, and a look-up table to map the distribution

of ES supply. This study used expert judgments derived from a structured questionnaire
(Appendix 2 Questionnaires) to assess Ecosystem Service (ES) supply values, following the
Matrix Model framework originally introduced by Burkhard et al. (2012). The flexibility and
adaptability of this method have been widely recognised in the literature (Campagne et al., 2020),
allowing ES assessments to be conducted across varied spatial settings, from data-rich regions
to areas with limited available information. This methodology is particularly advantageous in multi-
scale studies as it enables the integration of diverse data sources and knowledge, making it
applicable to a broad range of study areas.

Limitations

However, despite its strengths, the reliability and robustness of expert-based ES mapping have
been subject to academic debate (Eigenbrod et al., 2010; Willemen et al., 2015), with criticisms
primarily focusing on its robustness mapping practices, subjectivity, limited reproducibility, and
challenges in identifying consistent ES hotspots for multiple services across different scales. To
address these methodological concerns, Willemen et al. (2015) emphasise the importance of
incorporating accuracy estimates, uncertainty assessments, and reliability measures in expert-
driven ES evaluations or participatory mapping. Various constraints such as spatial scale,
landscape heterogeneity, budget and time limitations, knowledge and experience about the area,
societal relevance of the project, and accessibility of the study area can influence the quality and
reliability of ES assessments (Willemen et al., 2015). Therefore, in this study, we present the
standard deviation of the scores that the raters assigned and serve as the foundation of the matrix
model, providing insights into the degree of consistency among questionnaire responses and
identifying variability and uncertainties in the ES values generated. The standard deviation, in this
case, also serves as a simple uncertainty assessment given the variability of scores from the
respondents
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On the Identification of landscape profiles

Strengths
Second, on the use of landscape metrics to identify the landscape profile. In this study, we used

five landscape metrics to differentiate landscape profiles, which led to the creation of three
clusters and eight landscape profiles, given the dominant land cover information. The use of
landscape metrics to estimate landscape composition and configuraton heterogeneity has been
extensively used (Liu et al., 2020; Rutledge, 2003). The benefit of using landscape metfrics lies in
its descriptive value to compare spatial patterns among landscapes, and could reflect specific
ecological process with selected indices (Rutledge, 2003). Moreover, the use of PCA and K-
means clustering reduces correlation among metrics and optimises the clustering algorithm based
on the distance between groups (Backhaus et al., 2021). Finally, the use of a 20 by 20 Km was
proven to ease the computational load.

Limitations

However, the use of the above-mentioned methods introduces uncertainties and presents some
challenges to this study. The first one is the limitation on data availability on using landscape
metrics. Given that in this study, we use land cover data to estimate the landscape metrics, the
available data during the study period were limited to specific scales and periods. For instance,
the land cover 2024 was derived from daily monitoring of forest cover, indicating that the effort
was primarily focused on forest cover change rather than overall land cover change. Additionally,
we recognise that the use of a 20 by 20 Km grid in our research might potentially introduce
uncertainties including, but not limited to; a) increased edges, when an area is divided by box, it
could potentially affect the calculation of landscape metrics, b) scale dependency, where the
results of this research can only be interpreted in the context of grid area, ignoring the overall
structure of the whole PLM landscape.

The selection of a 20 x 20 km grid as the unit of analysis was intended to capture landscape-level
variations in ecosystem service (ES) supply while maintaining a manageable computational load.
The decision to use a 20 by 20 km grid size was based on previous research that argues that the
generation of ES Supply is scale-dependent and discusses how interventions often fail to address
scale-dependent issues, ignoring the importance of spatial scale and extent of ecological
processes (Lindborg et al., 2017). Therefore, the findings of this study are restricted to the 20 x
20 km scale and should be interpreted within this analytical unit

The limitations of the model were particularly evident in Grid 42 and Grid 79, where a detected
shift in landscape structure appears to be a false positive. Despite the model classifying these
grids as experiencing structural changes, our analysis suggests that no actual land cover changes
occurred within these areas. This is especially true in Grid 42, which is bisected by a large river,
suggesting that the detected changes may stem from the modeling process rather than genuine
landscape transformations. Therefore, given the absence of land cover changes in Grid 42 and
Grid 79, we assume that the model's ability to fully capture landscape structure in these grids is
depended on the spatial resolution of data used. As a result, these two grids likely represent
statistical outliers rather than true examples of landscape change, as we visualised in our boxplots
in Figure 17. Certain ES, such as carbon sequestration, depend on smaller-scale ecological
processes, including soil composition, biogeochemical cycling, and microclimatic variations,
which are beyond the scope of this study. Instead, this research identifies broader landscape
patterns, highlighting that specific landscape profiles, such as Cluster 3 Forest, consistently
exhibit higher carbon sequestration potential at the selected spatial resolution.
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Confrontation of results on existing literature

In this study, our findings suggest a relatively low variability between experts on forested areas
across three ES types and a higher variability in Recreation and Aesthetic Value on all land cover
types except for built areas. For instance, some experts rate (JMS & NLW) the Recreation and
Aesthetic Values within the primary dryland forest as three, while other raters valued it four or five
(JSU & MID). This could be attributed to personal views on access to forest (or protected forest),
which is often limited or not many people prefer to visit and in specific cases, are inundated or
restricted due to natural phenomenon (i.e. inundation, seasonal floods) such as primary and
secondary mangrove forest. This finding is aligned with previous research that views forested
landscapes as areas that may not always provide recreational opportunities due to limited
accessibility or not always being visually appealing (Ribe, 1989).

Furthermore, our findings demonstrate the variation of ES supply in specific landscape profiles,
derived from landscape metrics as a proxy for landscape configuration and composition. For
instance, we found that a higher overall supply of four selected ES were evident within the forest-
dominated landscape, especially in a highly intact and connected forest (Cluster 3 Forest),
compared to agriculture and other land-dominated landscapes. Our findings overall are aligned
with the findings from Kefalas et al. (2023), which suggest that the existence of high-density
forests leads to the optimisation of ES, especially in regulation and provision services. Other
studies suggest similar findings on the importance of forest patches that deliver fewer services
compared to large intact forests but with a higher potential benefit due to its fragmentation state
(Decocq et al., 2016), stressing the importance of positioning Cluster 1 Forest ranking higher
compared to agricultural landscape profiles.

Additionally, as we explored the relationship between ES supply and landscape metrics, we only
found a weak significant negative correlation between Recreation and Aesthetic Value with
Shannon’s Diversity Index, while other ES shows no significant correlation across all landscape
metrics. The finding suggests that with an increase in landscape diversity, Recreation and
Aesthetic Value will slightly decrease. Additionally, it is in line with a previous study that shows a
dominant negative correlation between landscape metrics, flood protection and water provision
ES (Zhang et al., 2019). Other previous research also indicates that a heterogenous landscape
with green linear elements that act as a barrier, for instance, hedgerows or other green barriers,
only increases aesthetic appreciation up to a certain point (Lindborg et al., 2017; Tieskens et al.,
2017). However, these findings also suggest that landscape structure alone may not sufficiently
explain ES supply variability, evident with the significant value only between Recreation and
Aesthetic Value and Shannon’s Diversity Index. The weak correlations from other metrics and ES
types highlight potential limitations in methods used in this research, scale effects, data types and
resolution or the complexity of ecosystem service provision.

Relevancy to real-life application

A challenge in maintaining and restoring landscape connectivity in the study area lies in the
designation of land functions, which have historically extensive agricultural patterns. The research
area has been a centre for forest plantations since the 1970s and 1980s, with large portions of
land being concessions that were allocated for state-owned and private plantations long before
ES concepts were introduced. As a result, these concessions have created spatial constraints
that complicate efforts to establish ecological corridors or conservation-driven landscape
management. Unlike protected forests and national parks, which have clear regulatory
frameworks prioritising biodiversity conservation, forest plantation landscapes are primarily
managed for economic productivity, limiting opportunities for landscape-scale ecological
restoration. Given the need to balance socio-economic with environmental goals, our research
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could contribute to the identification of ES supply hotspot areas within the identified landscape
profile, other than what has been established, such as national parks and protected forest.

However, it is important to acknowledge that this study approaches landscape structure from a
certain perspective, which is assessing landscape patterns and ecosystem service distribution
and variation without incorporating land-use governance aspects such as land zoning,
concessions, and ownerships. While the spatial patterns of fragmentation and connectivity are
evident, a more integrated approach that considers land-use governance and stakeholder
negotiations would provide a more comprehensive solution to the practical challenges of
implementing a management intervention to increase overall ecosystem services.

5. Conclusion

5.1. RQ1: What profiles of landscapes can be identified based on their composition and
configuration?

Based on our findings, we identified three primary clusters, each exhibiting distinct landscape
characteristics. Cluster 1 represents highly fragmented and diverse landscapes characterised by
a high number of patches. Cluster 2 consists of fragmented landscapes, where land cover is more
continuous but still interspersed with fragmented patches. Lastly, Cluster 3 represents
homogenous landscapes, where large, well-connected patches dominate the spatial
configuration.

These clusters, derived from Principal Component Analysis (PCA) and K-means clustering, were
further reinforced by incorporating dominant land cover information for both time steps (2021 and
2024). By combining cluster characteristics with dominant land cover types, we identified eight
unique landscape profiles within the research area, reflecting variations in landscape composition
and configuration. These unique landscape profiles include: i) Cluster 1 Forest, ii) Cluster 2
Forest, iii) Cluster 3 Forest, iv) Cluster 1 Agriculture, v) Cluster 2 Agriculture, vi) Cluster 3
Agriculture, vii) Cluster 1 Other-Land, and viii) Cluster 3 Other-Land.

This classification helps us to understand how landscapes function spatially, highlighting key
distinctions in fragmentation, connectivity, and dominant ecosystem types using the chosen
landscape metrics and land cover data. The distinction between fragmented and intact
landscapes provides insights into land-use pressures and conservation priorities. This
classification also serves as a baseline for landscape changes in 2024, enabling further
assessment of how land-use change affects landscape structure and ecosystem services.

5.2. RQ 2: How can the variation of ES supply be characterised within the identified
landscape profile?

The variation of ES supply can be characterised using the landscape profile derived from RQ 1
and the averaged ES value per grid. From our results, we found that Cluster 3 Forest, with an
intact and homogenous forest landscape, consistently provided the highest ES supply values.
These higher values were consistent in three ES types, namely carbon sequestration, flood
protection, and habitat maintenance, while recreation and aesthetics in this cluster show a larger
variability of average ES. Cluster 2 Forest and Cluster 1 Forest were the next landscape profiles
with higher values after Cluster 3 Forest, reinforcing the idea that forested areas deliver more
services compared to other profiles.

In contrast, Cluster 3 Agriculture, with a homogenous agricultural landscape like forest and oil

palm plantations, exhibited a lower median value across all ES types, followed by Cluster 2
Agriculture and Cluster 1 Agriculture. These findings were also consistent across all ES types.
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Meanwhile, Cluster 3 Other-Land exhibit a wider data range (IQR) with a low median across all
ES types.

5.3. RQ 3: To what extent does ES supply vary across different landscape profiles in
response to Landscape Changes?

Using Spearman correlation, we found a weak correlation between landscape metrics and ES
supply. The only statistically significant correlation was established between Recreation and
Aesthetic Values and Shannon’s Diversity Index. This finding highlights that landscape
composition alone does not fully determine ES provision. Instead, small-scale fragmentation, land
management practices, and ecological context might contribute to variations in ES supply within
each landscape profile. This is evident in Cluster 2 landscapes (fragmented), where slight
changes in patch configuration and connectivity resulted in fluctuating ES supply values between
2021 and 2024.

In response to landscape changes, the ES supply within unique landscape profiles demonstrated
noticeable shifts. For example, Cluster 2 Forest exhibited less variability of ES supply in 2024 due
to land cover changes between 2021 and 2024. This shift reflects how minor disturbances in
connectivity and configuration can result in fluctuating ES values. The transition of some grids
from Cluster 2 to Cluster 1 further emphasises how landscape management interventions—such
as deforestation, agricultural expansion, or conservation efforts—can alter the spatial structure,
subsequently influencing the level of ecosystem service provision.

While intact landscapes (Cluster 3 Forest) consistently maintained high ES values across all
types, fragmented landscapes experienced greater variability, indicating that ES supply is more
sensitive to structural changes in these areas (Cluster 2 Forest and Cluster 1 Forest). This
variability underscores the need for targeted landscape management practices that address
fragmentation and promote connectivity to sustain ecosystem functions.

6. Recommendations

Future Research

Based on the findings of this study, here, we discuss several recommendations to enhance future
studies related to our topic, including the identification of landscape structure, mapping and
valuing ecosystem services.

Reflecting on the results of this study, future research could emphasise the integration of
landscape structure within the assessment of ecosystem services (supply and or demand). This
research should also highlight the use of empirical field data or direct biophysical measurements
if the research situation allows. Most research often focuses on mapping ES through proxies of
land cover. Thus, we want to highlight the opportunity to connect the landscape structure
assessment on real ecological processes with tangible units, resulting in a more realistic indicator
of environmental state linked towards specific ecosystem services and landscape structure.

To identify unique landscape profiles in this study, we only used five landscape metrics that
correspond to our context (time and resource constraints). A better approach for future research
could consider using additional metric that covers fragmentation and connectivity such as
Contagion Index and Patch Cohesion Index. The use of additional metric should prove useful and
might provide researchers with more landscape profiles identified.
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Second, further research on how landscape structures provide ecosystem services provision in a
smaller-scale change could prove useful to understand the variation of ES supply within a detailed
grain size. In this research, our findings were only focused on a 20 by 20 Km grid, and insights
on a smaller scale processes that might influence ecological processes might help and increase
our understanding of the different behaviours of ES provision on different research scales or unit
analyses.

Environmental Management

In the context of the decision-making process, this research aimed at managers to prioritise
intervention management locations by identifying the influence of changing landscape structure
on ES supply. The findings presented in this study help to answer questions such as “where can
management intervention best be applied to within the PML region”. Using a hotspot analysis of
ES supply distribution, along with the information on landscape fragmentation and connectivity,
stakeholders can pinpoint the area to effectively increase natural capital to provide services or
decrease pressure on the ecosystem by enacting land-use zoning policy, in respect of each
landscape characteristic. Additionally, further research on demand areas within the PML could
help capture the bigger picture of the interactions between real-use or benefiting areas and
ecosystem service provision. Identifying demand areas and supply areas could properly map the
ecosystem services mismatch that potentially exists within the Palung-Mendawak Landscape.

The second recommendation would be the development of scenarios with more socio-economic
dimensions. For instance, on the implication of land function or forest status embedded in forested
areas in Indonesia and how this can translate to an increase/decrease of ES bundles. This should
prove beneficial to include more stakeholders to participate in the effort to conserve the Palung-
Mendawak Landscape. From our point of view, scenarios with sociodynamics dimension with
articulate narrative are urgently needed to engage not only smallholders but also private
institutions, international grants, and governments, with a plethora of agendas.
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8. Appendix

Appendix 1 Correlation Results

Before conducting the Principal Component Analysis (PCA), we examine the relationship between
the independent variables or chosen metrics to determine whether multicollinearity exists among
the landscape metrics used. Figure below presents a collinearity plot for the five landscape
metrics. The analysis of this plot reveals a moderate positive correlation between the Effective
Mesh Size (mesh) and Mean Patch Area (area_mn), with a correlation coefficient of 0.64.In
contrast, a moderate negative correlation is observed between the Largest Percentage Index (Ipi)
and the Shannon’s Diversity Index (shdi), indicated by a coefficient of -0.69. The remaining
metrics exhibit low correlation values, ranging from 0.26 to 0.37, specifically between the Number
of Patches (np) and the shdi, as well as between mesh and Ipi metrics.

area_mn
mesh
shdi

Ipi

np

area_mn  1.00 0.64 0.8
0.6
mesh 0.64 1.00 0.4
0.2
shdi 1.00 -0.69 0
-0.2
Ipi -0.69 1.00 0.4
-0.6
np 1.00 08
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Appendix 2 Questionnaires and list of experts
Questionnaire Template

ES with C_ICES CODE (for Further definition of @ _5 Q " w

each service assessed see CECIS) : g .5 8 = © o 2

(SUPPLY MATRIX) g *g & g = § o -; c ;5 =
o E 8 ?‘,’ﬁ 'c;s S 2F 8 3 Remarks on Value Assigned
g3 29| 5 5| g8

Indonesian Land Cover Aggregate Land ?'; E % % 8 « §

Classification: Cover | ) L

Primary Dryland Forest Forest

Secondary Dryland Forest Forest

Primary Mangrove Forest Forest

Primary Swamp Forest Forest

Secondary Mangrove Forest | Forest

Secondary Swamp Forest Forest

Forest Plantation Agriculture

Shrubs Other-Land

Swampy Shrubs Other-Land

Plantation Agriculture

Settlement Built

Bare Land Other-Land

Grass Agriculture

Dryland Agriculture Agriculture

Dryland Mixed Agriculture Agriculture

Paddy Agriculture

Pond Agriculture

Airport Built

Transmigration Built

Mining Built

Swamp Other-Land

Water Other-Land




List of Experts

9.

10.

11.

12.

Jarot Mulyo Semedi (JMS)
Graduated from Geography Department and currently a lecturer and a researcher in geography department of Universitas Indonesia. His
work focuses on ecosystem services and the use of GIS and Remote Sensing to assess ecosystem services’ supply and demand.

Jatna Suprijatna (JSU)
Chairman of Institute for Sustainable Earth and Resources and (I-SER) Universitas Indonesia, specialize in primates and conservation
science. His work focus on Primate Conservation, Environmental Science, and Sustainable Development.

Nurul L. Winarni (NLW)

She worked primarily as a field biologist, specialising in game animals, from birds to primates and butterflies. Graduated with a PhD from
Manchester Metropolitan University. Her studies mainly focused on bird population dynamics and community ecology on birds and butterflies.
She serves as a member of the Pheasant Specialist Group (PSG) and Partridge, Quail, and Francolin Specialist Group (PQFSG) of the IUCN
Species Survival Commission. Currently a lecturer at Department of Biology Universitas Indonesia.

Mochamad Indrawan (MID)
His work focuses on ecology, nature, and sustainable development. Graduated from the University of Aberdeen in Ecology and a member of
two IUCN specialist groups (World Commission on Protected Areas and Bird Red List Authority).
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Appendix 3 High Resolution Image
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Figure 17
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Figure 19
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Appendix 4 On the Use of Al

In this chapter, the use of Al to help with report writing and analysis is discussed. The Al programs
used were mainly from the website chatgpt.com and Grammarly to help brainstorm, debug R
code, and paraphrase paragraphs to look more academic. The prompts that | used to check for
errors in R debugging and brainstorming were as follows:

Prompt 1 (Debugging) :
“l use terra library package in R, but it returns as error Error in mask(es_raster, vect(grid)) :
unused argument (vect(grid)) How to debug this?”

Answer 1:

Ensure terra is used properly

If you have raster and sf loaded alongside terra, there may be conflicts.
Fix: Explicitly specify terra::mask():

clipped_raster <- terra::mask(es_raster, grid)

Link : https://chatgpt.com/share/67b32153-30e8-8000-8f38-f9¢13d55877d

Here is the example of prompt that | used to brainstorming problems encountered during the
identification of unique landscape profile :

Prompt 2 (Brainstorming) :

“In summary, what | did to develop a unique landscape profile is:

1. Estimate 5 Landscape Metrics

2. Do a correlation test to determine the usage of PCA,

3. Conduct a PCA analysis, choosing 3 PCs that explain 90% of the variance

4. Do a Hierarchical Analysis to estimate K

5. Directly do K-means clustering of PCA (3 PCs) values and combine the data back so that every
grid has its own cluster information

Next, | plan to do a descriptive analysis using a boxplot of produced clusters towards landscape
metrics values (without standardisation) to explain the landscape profiles qualitatively. However,
| am confused as to whether | should do discriminant analysis to do this or just stick to explaining
clusters using boxplot and directly interpret them using the boxplot. What do you think?”

Answer 2:

“In your analysis, you've effectively utilized Principal Component Analysis (PCA) and K-means
clustering to identify distinct landscape profiles. To further elucidate these profiles, employing
boxplots to compare the landscape metrics across the identified clusters is a valuable approach.
While discriminant analysis can be used to assess how well the clusters are separated based on
the landscape metrics, it may not provide additional insights beyond what the boxplots already
reveal....”

Link : https://chatgpt.com/share/67b32295-3d40-8000-aa71-fb627b3a89fa

In summary, the use of Al within this research is limited to the context of brainstorming, supporting
the development of R code by debugging, and a feedback tool for grammar and spell checker to
enhance readability of paragraphs to the reader.
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