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Abstract: Amid urgent global climate and biodiversity crises, the strategic restoration of degraded forests
stands as a vital countermeasure. This study pioneers a novel approach for the identification and prioritization
of potential degraded forest areas suitable for restoration (PDFR), utilizing the advancements in Earth
observation data. Utilizing Landsat data within the Google Earth Engine, our PDFR method applies a nuanced,
phenology-based threshold classification to accurately map forest covers at a 30-m resolution, distinguishing
prime restoration areas such as evergreen, semi-evergreen, deciduous, and flooded forests, and categorizing
them into varying levels of degradation using Siem Reap, a province in Cambodia as a case study. The
projections indicate a promising potential for carbon sequestration through restoration of the critically (~96,693
ha), highly (48,878 ha), moderately (46,487 ha), and slightly degraded (75,567 ha) forests, estimating a capture
of 193.73 TgCO2 in Siem Reap from 2021 to 2030 upon comprehensive restoration initiatives. As Earth
observation technologies continue to evolve, the PDFR method emerges as a strategic blueprint for data-driven
policy formulation, fostering sustainable forest management and aligning with the global commitments
delineated in the Glasgow Forests Declaration for 2030.

Keywords: carbon sequestration; forest restoration; Google Earth Engine; innovation; REDD+

1. Introduction

The recent surge in forest restoration urgency has emerged as a pivotal response to the ongoing
global climate crisis and the continuous threat to biodiversity [1,2] (Griscom et al., 2020; Malhi et al.,
2020). Through appropriately devised forest management and restoration activities, it is feasible to
mitigate climate change and slow down the current pace of biodiversity loss, which is essential to
prevent a decline in ecosystem services that society heavily depends upon [2—4] (Karger et al., 2021;
Malhi et al.,, 2020; Turney et al., 2020). The most recent stride in global conservation efforts is
manifested in the Glasgow Forests Declaration, established at the 26th UN Climate Change
Conference of the Parties (COP26) of the UNFCCC in 2021 to further mobilize governments and
private entities in the pursuit of forest and ecosystem restoration on a grand scale [5] (UNFCCC,
2021). This declaration serves as a testament to the international community's dedication to fostering
collaborations and harnessing innovative solutions to address the pressing challenges of forest
degradation, climate change, and biodiversity loss [6] (Gasser et al., 2022).

Forest restoration has been accentuated by the Millennium Ecosystem Assessment as a prime
policy intervention to recover the deteriorated ecosystem services in forests [7] . Moreover, the
promotion of the Reducing Emissions from Deforestation and forest Degradation (REDD+) initiative
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as a strategy for augmenting carbon stocks has been highly recommended [8,9]. In 2011, the initiation
of the Bonn Challenge, later supported and expanded through the New York Declaration on Forests
(NDYEF), garnered the endorsement of over 200 governments and organizations. The NYDF laid
down significant milestones: putting an end to the loss of natural forests and restoring 350 million
hectares of degraded forests by the year 2030 [10]. Furthermore, in 2019, the United Nations General
Assembly proclaimed 2021-2030 as the UN Decade on Ecosystem Restoration, recognizing the pivotal
role ecosystem restoration holds in tackling the global climate crisis and the loss of ecosystem
services. This initiative encourages the rehabilitation of degraded ecosystems [11] and the
preservation of those still intact [10].

Implementing forest and ecosystem restoration necessitates various interventions and strategies,
such as ongoing monitoring to facilitate successful large-scale restoration activities [12,13]. A
fundamental strategy for effective forest restoration is the pinpointing of degraded lands that are
amenable to restoration, thus aligning with the goals of the NYDF to halt further forest degradation
and protect existing native forests [2,3,14,15].

In light of the increasing involvement of governments and private sectors in forest and
ecosystem restoration, several guidelines and frameworks have been formulated to foster successful
restoration. For instance, the Society for Ecological Restoration has promulgated specific guidelines
[16], and The Nature Conservancy has devised a practical framework for spatial restoration planning
[17]. Collaboratively, the International Union for Conservation of Nature and the World Wide Fund
for Nature introduced a site-based approach in 2003 for the rehabilitation of degraded forests [18],
followed by FAO's guidelines for restoring degraded landscapes in drylands in 2015, utilizing spatial
applications by IUCN [19,20]. Moreover, the IUCN recently formulated a Global Standard for Nature-
based Solutions, providing criteria and guidance for implementing effective NbS projects [21].

Certain studies have argued that passive restoration of intact forest lands could be a cost-efficient
approach [22,23], given that intact forests require lesser restoration compared to their degraded
counterparts. Sasaki et al. [12] proposed a methodical classification of degraded forests before
implementing restoration strategies. They suggested categorizing forests based on degradation
severity and adopting a phased approach to passive restoration techniques could potentially
minimize restoration costs. Nevertheless, passive restoration also presents challenges, including
determining suitable locations and cost-effective methodologies, and establishing supportive policies
to escalate restoration efforts [10,20]. Additionally, evaluating the potential carbon sequestration in
restored forests, especially in areas covered by the REDD+ scheme, remains a priority.

An earlier study by Lof et al. [23] unveiled that utilizing spatio-temporal information on forest
degradation and cover types can facilitate forest categorization and shape necessary changes to attain
restoration goals. The Google Earth Engine (GEE) platform offers an efficient solution for acquiring
and analyzing extensive remotely sensed data vital for these assessments. The platform enables swift
and affordable processing of data spanning over three decades for research and educational purposes
[24]. Despite the GEE platform's recent utilization in tracking global forest cover changes and land
use mapping [25], limited research has explored its potential in determining forest degradation levels,
a necessity underscored by global agreements such as the NYDF and the UN Decade on Ecosystem
Restoration.

This study aims to categorize degraded forests according to their levels of degradation to
facilitate effective forest restoration using the GEE and geographical information science tools. We
also envisage assessing potential carbon sequestration in restored forests, aligning with the carbon-
based incentives of the REDD+ initiative. The province of Siem Reap in Cambodia serves as the focal
point of this case study. Leveraging the increasing availability of remotely sensed data and cloud
computing technologies, the potential degraded forests for restoration method (PDFR) aspires to
significantly contribute to achieving the targets set by the NYDEF, the UN Decade on Ecosystem
Restoration, and and the Glasgow Forests Declaration by 2030.

2. Materials and Methods

2.1. Study area
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In 2019, Siem Reap province (study area) in Cambodia had a total population of approximately
1 million, with an annual growth rate of 1.1% [26]. It has a total land area of 10,299 km?, making it the
tenth largest province and ranked fourth in Cambodia in terms of area and population, respectively.
Siem Reap is major destination for domestic and international tourists, welcoming roughly 2.2 million
persons annually from 2015 until the outbreak of COVID-19 [27]. Siem Reap province hosts the
UNESCO World Heritage Angkor archaeological sites [28]. As shown in Figure 1, the landscape of
Siem reap is a mosaic of both flooded and upland forests, and rice fields. The province has five
designated protected areas: Kulen Promtept Wildlife Sanctuary, Phnom Kulen National Park,
Angkor Protected Landscape, Tonle Sap Multiple-use Area, and Beng Per Wildlife Sanctuary (Figure

1) [29,30].
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Figure 1. Map of Siem Reap province and major land cover categories in 2018.

Note: Data of economic land concession, protected areas, and village locations were collected
from the open development Cambodia (www.opendevelopmentcambodia.net/). Water bodies, river,
and stream data were collected from the DIVA-GIS (www.diva-gis.org/). Road data was collected
from the open street map (www.openstreetmap.org). The land cover map of 2018 was obtained from
Venkatappa et al. [31].

The protected areas are important for maintaining the intact ecosystems and biodiversity in the
region [29]. The great lake Tonle Sap which lies in the southern part of the study area (Figure 1) is a
reservoir for the larger Mekong River during the rainy season (May-November). Most people in the
province depend on rainfed agriculture and forest products for their livelihoods. Alternatively,
tourism is an important income source for people living near the Angkor archaeological sites and
Tonle Sap Lake [32].

Six categories of forests were classified in Siem Reap: evergreen, semi-evergreen, deciduous,
flooded, bamboo, and mixed wood and shrubland. Among the land cover categories, non-forested
land comprised the largest portion (65%) of the region in 2005 [33]. Attributed to anthropogenic
activities such as the clearing of forests inside the economic land concessions in the province, 322,694
ha of forest cover was lost between 1990 and 2018, representing an annual deforestation rate of 1.3%
[34].

2.2. Forest cover data
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Google Earth Engine (GEE) has acquired and stored satellite remote sensing data covering most
of the earth for over 30 years. It uses machine learning algorithms to assess and classify remote
sensing and spatial data. Various image processing approaches are also available for processing these
remote sensing data on the GEE for different needs [24]. Specifically, computed images at-sensor
radiance, top-of-atmosphere (TOA) reflectance [35], cloud score, cloud-free composites, and land use
land cover classification algorithms are made accessible to the public from the GEE and are ready-to-
use for educational and research purposes at any scale [36]. We used forest land cover change data
derived from Landsat 5 Thematic Mapper (TM) satellite between 1990 and 2010, and Landsat 8
Operational Land Imager (OLI) TOA ortho-rectified collections from 2014 to 2018 covering the whole
Siem Reap province using the JavaScript in GEE cloud. This included 159 satellite image collections
in GEE. We applied a newly developed phenology-based threshold classification method using
GEE to assess the forest land cover change in the study area [37]. A detailed assessment of the PBTC
method in GEE was described in our previous study [34].

2.3. Methodological framework for determining potential degraded forests for restoration (PDFR)

The Potential Degraded Forests for Restoration (PDFR) method is applicable for defining areas
of degraded forest suitable for restoration using appropriate restoration strategies. We developed the
PDFR methodological framework to assess forest degradation and degraded forest land available for
forest restoration along with their potential carbon stocks and sequestration by 2030 (Figure 2).
Landsat forest cover data at 30-m resolution between 1990 and 2018 were used to assess the forest
cover change in the study region. Forest cover data in 2010 and 2018 were applied for determining
the levels of forest degradation, as a high rate of forest degradation began in the region in 2010 [34].
Further, we applied the IDRISI Selva land change modeler tool from CLARKLABS
(www.clarklabs.org) to identify the forest transition from 2010 to 2018. This tool was used to assess
the percentage of forest degradation (Figure 2).
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Figure 2. Methodological framework for identification of degraded forests for restoration and related
carbon sequestration.

2.4. Levels of degraded forests

As high forest degradation has occurred in Siem Reap since 2010 [38,39], we selected the forest
cover data in 2010 as the base year and assessed the levels of forest degradation between 2010 and
2018. We then calculated the percentage of forest cover lost by using a land change modeler [40-42]
and classified the degradation levels by forest categories for restoration (Figure 3).

By employing these strategies for forest restoration [12], the percentage of forest degradation
between 2010 and 2018 was estimated. Accordingly, forest degradation and forest cover changes by
five forest categories were grouped by the degraded forests in each forest category. After the
percentage of change was obtained, we classified four levels of forest degradation for each category:
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slightly degraded forest (a loss of 10% or less); moderately degraded forest (10-30% of the forest was
degraded); highly degraded forest (30-70% degraded); and critically degraded forest (70-90%
deforested). If more than 90% of the area was degraded the area was not classified as a forest land
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Figure 3. Levels of forest degradation in Siem Reap as a percentage of forest cover change per hectare
(Source: Authors).

Note: Forest categories include evergreen, semi-evergreen, deciduous forest, mixed wood and
shrublands, and flooded forest [38]. The figure panels show the degradation levels as a percentage
per hectare (ha) adapted from the PDFR framework. Figure 3A refers to slightly degraded forest,
Figure 3B represents moderately degraded forest, Figure 3C shows highly degraded forest, and
Figure 3D is critically degraded forest. We did not consider the bamboo forest category in the PDFR
model because the portion of forest cover did not change compared to other forests, bamboo forest
areas were relatively small compared to other categories, and natural bamboo forests were in
undisturbed mountain regions in the study region during the PDFR modeling period [34].

2.5. Criteria for selecting areas for restoration

Population, accessibility, and costs should be considered when determining potential areas for
forest restoration. Previous studies have revealed that population growth, new road development,
and agricultural expansion are the major drivers of forest loss in recent decades [43—46]. In this study,
two criteria were considered to ensure a high potential for success when selecting locations of
degraded forests for restoration: distribution of urban areas (linked to population growth) and road
networks (accessibility).
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2.5.1. Population distribution

As forest restoration would not be practicable in populated areas or on roadways, such areas
should be excluded from the selection of degraded forests for restoration. The village location and
population data in 1988, 2008, and 2015 [47] were obtained from the ministry of planning, Cambodia
[48]. Distribution of the population density per square kilometer (km?) was extracted from village-
level historical population data and future population density predicted until 2050 [49] using
Equations (1) and (2). Village level historical population data [49] were used for assessing the
population growth and predicting the future population density by 2050 at the village scale using the
formula below (Haddock et al., 2008). We then generated the gridded population density data
(persons km?) using the Kriging interpolation methods available in the Esri ArcMap spatial analysis
density tool.

Population growth rate:

-1, 1)

p2015)\ ()

PR = (PE1988;)
where,

PR = Population growth rate (PR is assumed to be constant during the modeling timeframe
between 2015 and 2050).

P(2015) = Population living in Siem Reap province in 2015.

P(1988) = Population living in Siem Reap province in 1988.

n = Total years (17 years) between the two-time intervals.

Equation (2) was used for calculating the predicted population on the individual grids given the
current population and growth rate:

PP(2050) = P(2015) X [(1 + PR)™], )

where,

PP(2050) = Gridded population in 2050,

P(2015) = Population living in Siem Reap province in 2015, and

m =Total years (35 years) from the base population in 2015 and the ending period of the
population growth prediction in 2050.

The obtained raster data of the predicted population density in Equation (2) were used as criteria
for excluding degraded forests in the populated areas.

2.5.2. Datasets of road networks

To spatially allocate the predicted population described in the previous section, we assumed
that the growing population would settle along existing roads. Four road categories were considered:
main roads (national roads that are operational year-round), secondary roads (provincial roads
supplementary to the main roads), tertiary roads (district or community roads linking smaller
settlements and villages), and feeder trails (village roads that may or may not exist depending on
whether the locals use them). Feeder roads can also be roads linking villages to forest areas. Road
datasets of main roads, secondary roads, and tertiary roads were collected from open street map

(www.openstreetmap.org). The dataset of feeder trails was manually generated using Esri high-
resolution world imagery in ArcMap (Figure 1).

2.6. Degraded forests for potential restoration

To determine areas of degraded forest with potential for restoration, we created a 400-m road
buffer using the ArcMap buffer tool (Figure 2) to exclude potential restoration areas within 400 m of
both sides of existing roads. These areas are likely to be occupied by a growing population [50]. We
combined road buffer, population density, and degraded forest data to generate the PDFR dataset by
assigning a systematic weighting system in the ArcMap environment according to the IUCN ROAM
criteria [20]. When doing so, we considered the levels of degraded forest (Sasaki et al., 2011) in the
respective forest categories shown in Table 1. The weighted scores of individual degraded forests by
degradation levels were used to convert the forest, road, and gridded population data to a raster
dataset using ArcMap raster conversion tool. We then reclassified them accordingly. A weighted

doi:10.20944/preprints202310.0755.v1
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score of 1.5 [20] was applied for each of the levels of forest degradation. However, assessment scores
were assigned according to the forest degradation level (i.e., critically degraded forest = 4, highly
degraded forest = 3, moderately degraded forest = 2, and slightly degraded forest = 1).

CDF, HDF, MDF, and SDF =1 adopted from Sasaki et al. [12]. Forests with no detected
disturbance were assigned an assessment score of 0 because restoration was not applicable. The
following constraints were also applied: the forest restoration area should not be within a 400-m
buffer distance from all road types, should not be within the predicted 2050 population density
radius, and should not be within a rubber plantation. After the PDFR was determined, we assigned
one of four forest restoration strategies to each of the degradation levels (as proposed by Sasaki et al.
[12]. These strategies were: assisted natural regeneration (ANR), enrichment planting (EP),
preventing logging reentry (PLR), and reduced impact logging (RIL) (Table 1).

Table 1. Weighting system, assessment score, and restoration strategy for restoration of degraded

forests.
FA AGC
Original PDFR . Assessment . Restoratio i
da catego degradation score Constraint n Strateev* (MgC ha
8oty priority 24 )
- Suitable land Assisted
Critically degraded High (4) Ax15=55 use should be natural ' 7
forest degraded forest regeneratio
land. n
Highl - F Enrich
ighly degraded High (3) 3%15=45 orest . nricl ment 0
forest restoration planting
Moderately Medium land ‘sh(‘)uld not PreV?ntlng
2x15=35 be within a logging 60
degraded forest (2)
rubber reentry
. . plantation. Reduced
Slightly degraded Slightly 1x15=25 - Forest impact 148
forest 1) . .
restoration logging
land should not
be within 400
m of all road
types.
Eliminated - Forest Restoration
Not degraded 0) 0x0=0 restoration is not
land should not needed
be within the
2050 predicted
population

density radius.

Note 1: * adopted from Sasaki et al. [12]. Note 2: The weighted assessment score was applied based on the level
of forest degradation over 8 years and the weighted system was applied based on the potential opportunity for
forest restoration. PDFR = potential degraded forests for restoration and AGC = Above-ground carbon stocks
(MgC ha') in degraded forests. The weighted and assessment scores were applied for best area selection and
suitability assessment [20].

2.7. Carbon stocks and carbon revenues in restored forests

2.7.1. Carbon stocks per hectare in restored forests

Assessing the forest degradation levels, identifying lands with potential for forest restoration,
and predicting carbon sequestration or removal from the forest restoration categories provide spatial
estimates of where, and to what extent, forest restoration is likely to mitigate climate change [50].
Equations (3) to (5) were used to assess carbon stocks and sequestration in degraded forest lands [51].
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where,

CS:i (t): Carbon stocks of the degraded forests i at time ¢ (MgC ha™),

CSi (0): Initial carbon stocks of the degraded forests i in 2021 (MgC ha'),

Cwmaxi = Maximum carbon stock potential a restored forest can attain; and

ri= degraded forest growth rate i (%).

The initial values of carbon stocks in the respective degraded forests (CSi (to)) were taken from
Sasaki et al. [12] as follows: slightly degraded forest, 148 MgC ha; moderately degraded forest, 60
MgC ha'; highly degraded forest, 32 MgC ha"; and critically degraded forest, 27 MgC ha. Once
restored, forests are expected to grow logistically, reaching a maximum point equivalent to the carbon
stock value of intact forests, which is assumed to be 500 MgC ha" [52]. With this assumption, the
growth rate ri of the respective degraded forests can be calculated: slightly degraded forest, 0.008;
moderately degraded forest, 0.013; highly degraded forest, 0.260; and critically degraded forest, 0.046.

2.7.2. Total carbon stocks in all restored forests

Total carbon stocks in the restored forests over time can be derived by:
TCS;(t) = PDFR; X CS;(t), (4)

where,

TCSi(t): Total carbon stocks in degraded forests i at time ¢ (MgC year?) and

PDFRi: Area of the PDFR i (ha).

Carbon sequestration or removal due to forest restoration can be obtained by:

€SSy(t) = (TCS; (t)) — (TCS; (t,)) x g (5)

where,

CSSi(t): Carbon sequestration (removal) in the degraded forest i at time t (MgCOze year),

44/12 is the molecular weight of CO: over carbon, and

f2 and t1 are the different time intervals for calculating carbon sequestration (year).

2.7.3. Carbon-based revenues

As a forest area is restored, the annual increment of carbon sequestration or carbon removal can
be eligible for financial compensation under the result-based payment of the REDD+ scheme of the
UNFCCC. Carbon revenues (financial compensation) can be obtained by:

CR; (t) = CCSi(t) xCP, (6)
where,

CRi(t): Annual carbon revenues due to carbon removal in the restored forest (degraded forest) i
(US$) and

CP: Carbon price (US$ per Mg of COz).

For comparison, the following new carbon pricing instruments were used to estimate the carbon
revenues: US$4.32 was the price under China’s Emission Trading Scheme (ETS), US$10.00 under the
Voluntary market, US$24.80 according to the UK carbon price support, US$35.24 based on the
Netherlands carbon tax, US$49.78 under the EU ETS, and US$137.24 based on the Sweden carbon tax
[53]. The recent report by the World Bank [54] indicates that the carbon price corridors for achieving
the Paris Agreement are between US$60-120. The carbon sequestration and removal period used for
calculating carbon revenues is between 2021 and 2030, the implementation period for the next Paris
climate agreement in 2030.

3. Results

3.1. Forest cover change

Natural forest categories observed in the Siem Reap Province were evergreen forest, semi-
evergreen (SEG) forest, deciduous forest, mixed wood and shrubland, flooded forest, and bamboo
(Figure 4). Among the seven main forest categories, the evergreen forest coverage declined from

doi:10.20944/preprints202310.0755.v1
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19.5% to 10%, SEG forest coverage declined from 16.2% to 9.8%, deciduous forest coverage was
reduced from 23.2% to 19.7%, mixed wood and shrubland areas declined from 16.1% to 7.2%, and the
flooded forests sharply declined from 13.5% to 8% over 28 years (1988-2018). Approximately 89% of
the province was covered by forest in early 1990. The forested area decreased to 78% from 1998 to
2000, and sharply declined (to 55%) after economic land concessions (ELC) were granted from 2012
to 2018. The annual rate of forest change is approximately -0.013% between 1990 to 2018 and increased
to -0.016% between 2010 and 2018. Between 1990 and 2018, the province lost 322,694 ha of forested
area. Furthermore, the forested area sharply declined from 777,091 ha in 2010 to 546,760 ha in 2018
(Table 2).

An increase in population, new households, and ELC development in Siem Reap province
(Figure 1) also led to deforestation and forest degradation in the region [55]. The major causes of
forest degradation in the study region were an expansion of cropland (from 10.2% to 36.7%) and the
addition of rubber plantations (approximately 1%) under the ELC from 1988 to 2018 (Figure 4).
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Figure 4. Forest cover change between 1990 and 2018: A to G represent forest cover from 1990 to 2018
and H shows forest degradation from 2010 to 2018.
Table 2. Forest cover and rate of forest cover change in Siem Reap province.
Forest
Categ Total Forest Area (ha) 1990-2018 2010-2018
ory
Ann Rate Ann Rate

Chan  wual of Chan wual of
2000 2005 2010 2015 2018 ge Cha Cha ge Cha Cha
(ha) nge nge (ha) nge nge

(ha) (%) (ha) (%)

199 199

Evergr 188, 186, 1782 1573 1424 127, 91,2 9707 346 001 5119 284 002

een 332 923 49 50 51 240 54

8 7 8 7 4 0
Semi- - - - - - -
162, 159, 151,3 1444 143,2 116, 104,
evergr 797 084 25 30 1 251 520 5826 2,08 0.01 3869 215 0.01
een 8 1 3 2 0 5

Decid 240, 232, 2339 2289 2263 181, 173,
uous 205 976 40 43 31 153 010

Wood
and 130, 127, 121,7 136,0 1464 67,5 68,7
Shrubl 876 360 64 65 32 62 82

5 8 7 0 4 9
and

Bamb 616 560 o oo en 727 886 Lo o 001 o o 000

00 2 0 6 5 6 3

Floode 01 140, 1304 1125 1076 799 796 . - - ) - j
d ’ ' ’ ’ ’ ’ 6142 219 001 2795 155 001

et 083 315 02 14 66 62 ; 4 ; 2 ; 4
Rubbe 621 20,6 2027 155 401 17,98 0.37

. 0 0 0 88 2677 U, ; ; ) : 999 )
Total 00 82 8209 7874 7770 585 546, )¢ 115 001 2303 127 001

454 274 03 46 90 666 760 94 24 3 30 9% 6

3.2. Areal extent of degraded forests

Forest degradation can occur through the removal of trees or woody biomass (e.g., selective
logging or infrastructure construction) or through the collection of non-timber forest products (e.g.,
fruits, nuts, or bushmeat) [26]. By applying the PDFR framework, we identified 466,737.9 ha of forests
in Siem Reap province at critically, highly, moderately, and slightly degraded levels. This area was
comprised of 207,218.0 ha critically degraded, 75,894.0 ha highly degraded, 65,091.0 ha moderately
degraded, and 118,536.0 ha slightly degraded forests. These degraded forests were considered for
their potential suitability for restoration (Figure 5). By applying our PDFR framework in degraded
forest lands, we estimated potential lands for forest restoration in the Siem Reap province to be
96,693.0 ha in critically degraded forest, 48,878.0 ha in highly degraded forest, 46,487.0 ha in
moderately degraded forest, and 75,567.0 ha in slightly degraded forest (Figure 5d).

Approximately 16% or 69,915.0 ha of evergreen forests were degraded over the past 8 years
(2010-2018). Specifically, 7% (approximately 31,447.0 ha) of evergreen forests were highly degraded,
6% slightly degraded, and 3% critically degraded in the province (Figure SI-1). About 24% of the
semi-evergreen forest was degraded, but only 12% was at the moderately degraded stage. We found
that approximately 4% (110,485.0 ha) of the degradation in the province was caused by agricultural
land encroachment. Highly degraded evergreen and semi-evergreen forests were observed in Varin
and Chi Kraeng districts in the northern and northeastern part of the province where the ELC was
introduced. Most of the evergreen and semi-evergreen forest land was converted to rubber
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plantations. Moreover, we found that 14%, 10%, and 31% of the deciduous forests (142,766.4 ha) were
critically, moderately, and slightly degraded, respectively. Other categories of land cover such as the
mixed wood and shrublands also experienced critical degradation, accounting for about 21% of the
area in the province. These two categories were chiefly converted to cropland (25%, or approximately
118,942.0 ha of these categories was lost). About 24,63.0 ha of flooded forests remain in the critical
degradation (3%) stage. Across all forest categories, Siem Reap province forest lands remain
degraded, with 44% (207,218.0 ha) critically degraded, 16% highly degraded, 44% moderately
degraded, and 25% slightly degraded (Figure SI-1).
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Figure 5. Forest transition and level of forest degradation maps of Siem Reap province: a Population
density and road network data in the study area, b Forest cover in 2018 and predicted 2050 population
density, ¢ Forest degradation levels before the framework, d Forest degradation levels after applying
the PDFR framework and recommended restoration areas to achieve the maximum carbon stock
levels.

3.3. Strategies for restoring degraded forests

The NYDF calls for the protection and restoration of degraded forests as a method for mitigating
hazardous environmental shifts and contributing to fulfilment of the United Nations’ Sustainable
Development Goals (SDGs) [13]. However, questions remain related to the strategies and priorities
of global restoration efforts [11,56]. Our novel method for cheaply and quickly identifying candidate-
degraded areas for restoration provides a new capability for addressing this key enabling step
towards the fulfilment of the NYDF goals.

As a demonstration of the new PDFR method, we identified and prioritized potential degraded
forests for restoration in Cambodia’s Siem Reap Province. Our analysis suggests focused locations
and methods of restoration. Additionally, the PDFR method provides for estimating the amount of
potential carbon that can be sequestrated from the restored lands by 2030. In this study, we proposed
four plausible restoration strategies based on forest degradation levels: assisted natural regeneration
(~96,693.0 ha), enrichment planting (48,878.0 ha), preventing logging reentry (46,487.0 ha), and
reduced impact logging (75,567.0 ha; Figure 6).
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Figure 6. Map of areas in Siem Reap Province prioritized for forest restoration according to the level
of forest degradation. The colored areas show the potential degraded forests for restoration.

Note: in this assessment, we excluded forest-degraded areas within the 400-m road buffer and
projected 2050 population density grid zones. A = forest restoration strategies around Kulen
mountain and the boundary of the protected areas; B = assisted natural regeneration area and
undisturbed forest; C = Temple of Angkor wat, the UNESCO World Heritage Center protected area
covered by evergreen forest; and D shows the rubber plantation area, exiting evergreen forest cover
and needing prevention of logging reentry and reduced impact logging restoration approaches. The
background base map is ArcGIS high-resolution satellite imagery.

The PDFR model shown in Figure 7 helps illustrate the components of forest restoration
mechanisms using available spatial information datasets and areas identified as most beneficial and
feasible for restoration opportunities in Siem Reap province by 2030.

Figure 7. Mapping of strategies for the New York Declaration on Forests Restoration as applied to the
Siem Reap province forest landscape (Source: Authors).
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In Figure 7, the colored lined zones represent the present degradation levels (left) and proposed
forest restoration zones (right) to meet NYDF goals 1 and 5 by 2030. The green line above the FLD
and NYDF landscape shows native forests that are still intact or undisturbed to manage carbon
retention and REDD+ activities. PDFR terms and definitions are presented in Table 3.

Table 3. Definitions and possible interventions for restoring degraded forests.

Terms Definition and intervention

FLD Forest land degradation zone refers to the reduction of a forest area’s capacity to
provide the full suite of forest ecosystem services, such as biodiversity, carbon, or
hydrological services [13]. Tropical forests are degraded in a way that reduces tree
cover and carbon stocks through the removal of trees or woody material (e.g., logging
or infrastructure construction, shifting cultivation, and harvesting trees for charcoal
production) or through the collection of non-timber forest products [57-59].
Categorizing forests based on FLD levels; SDF = Slightly degraded forest, MDF =
Moderately degraded forest, HDF = Highly degraded forest, CDR = Critically degraded
Forest (Figure 3) can aid in preparing guidelines for critical decisions [12] concerning
the priorities and strategies for forest restoration (Figure 7).

NYDF  New York Declaration on Forest. Two of the declaration’s goals are to end natural forest
loss and restore forests by 2030 [2,10,15]. Further goals include the promotion of
sustainable and equitable development by supporting livelihoods that do not result in
further deforestation [3,14]. The PDFR model suggests selecting from among four
approaches (ANR, EP, PLR, and RIL). This should provide more assurance of the
success of the NYDF goals with low financial costs, better biodiversity, and social
environmental benefits (Figure 7). If proper restoration, protection, and forest
management initiatives are not implemented, then the FLD may continue and pose
serious environmental and socioeconomic problems that adversely affect people who
depend on forest products and services.

PDFR  The potential degraded forests for restoration model refer to the process of assisting the
restoration of forest land that has been degraded, damaged, or destroyed. The aim of
the PDEFR is to improve forest ecosystem services, such as biodiversity and carbon
sequestration using defined strategies to meet NYDF goals 1 and 5 by 2030 (Figure 7).

REDD+ REDD+ refers to the incentive mechanism defined under the UNFCCC to reduce
emissions from deforestation and forest degradation, effect the conservation and
sustainable management of forests, and enhance forest carbon stocks [60-63].
Introducing the REDD+ result-based financial scheme can combat deforestation and
forest degradation in the tropics where most forest disturbance takes place. If REDD+
activities are implemented where native forests are still intact or undisturbed, about
8,256,746 MgCO: of carbon emissions could be reduced in the Siem Reap province by
2030 [31]. If interventions (REDD+ or forest land restoration under the NYDF) are not
implemented, then deforestation and forest degradation emissions are likely to
continue. This may initially occur along roads and surrounding settlements, and may

extend into undisturbed and mountain forest lands (Figure 7).

Spatial and temporal information datasets and systematic mapping protocols on the extent of
forest degradation lands are essential for the development of detailed policy interventions and for
implementing forest management plans that allow for the restoration of degraded forests. However,
successful large-scale restoration faces many challenges, not the least of which are financial. In this
study, we estimated the cost of restoring degraded forest lands within the study area to be
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approximately US$ 535.2 M if all proposed restoration approaches are implemented (Table 4).
However, restoration costs vary depending on the method selected. The passive restoration approach
(ANR, PLR, and RIL) includes lower-cost alternatives [23,61,64]. Introducing these three passive
restoration methods could reduce costs by roughly US$ 437.4 M. Enrichment planting with native
tree species for active restoration using site preparation and planting would be a higher-cost
approach and may require US$ 97.7 M.

Table 4. Conservative estimated costs for forest land restoration in Siem Reap province.

PDFR
Degraded Forests by . .
Levels Restoration Strategies Forest Area Costs (US$
(ha) Millions)
Assi 1
Critically degraded forest - >oioted natura 96,693 193.39
regeneration
Highly degraded forest Enrichment planting 48,878 97.76
1
Moderately degraded Preventing logging reentry 46,487 92.97
forest
Slightly degraded forest Reduced impact logging 75,567 151.13
Total 267,625 535.25
Note: The cost of restoration (US$ 2000 per hectare) for the PDFR opportunities was estimated according to Lof
et al. [23].

The proposed forest restoration lands have different contributions to forest growth. The amount
of accumulated carbon in the biomass is related to tree cover, tree growth, and planting density [65].
While the proposed degraded forest land restoration may be undertaken to meet the NYDF goals,
more long-term benefits from ecosystem services, biodiversity, and carbon sequestration are
expected. Therefore, financial support is needed from the voluntary carbon market or funds from
UNFCCC REDD+ schemes.

3.4. Potential carbon stocks and sequestration in restored degraded forests

3.4.1. Initial carbon stocks in degraded forest lands

Income-generating forest ecosystem services expand with increases in carbon sequestration and
emission reductions [57,65,66]. With our model, it was possible to calculate the carbon stocks in all
degraded forest lands in 2018. The initial total above ground carbon stocks (AGC) in all degraded
forest lands in the Siem Reap province in 2018 were estimated to store approximately 17,714,336 MgC
yr! (Table 5).

Table 5. Initial above ground carbon stocks in degraded forest lands in Siem Reap province in 2018.

Forest PDFR
Forest degradation level Forest Area (ha) AGC (MgC yr)
Critically degraded forest 96,693 2,088,570
Highly degraded forest 48,878 2,003,989
Moderately degraded forest 46,487 3,495,838
Slightly degraded forest 75,567 10,125,939
Total 267,625 17,714,336

Note: AGC = Above ground carbon stocks per year (2018) in degraded forest lands. PDFR = Potential degraded
forests for restoration.

3.4.2. Potential carbon sequestration or removal through forest restoration
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The estimated carbon stocks growth in the restoration areas includes the assumption of RIL to
provide the consequent growth in carbon stocks [51,64] from point Ro to Ri (0 to 780 years) (Figure 8).
If reduced impact logging can gradually be restored, more carbon will be sequestrated and stored in
the Siem Reap province by 2030. Achieving and maintaining the maximum amount of carbon
through reduced impact logging would require a reduction in logging forces, a cessation of timber
harvesting, and the implementation of systematic management plans that increase the length of
cutting cycles [12]. RIL can even improve the biodiversity in the logged areas, especially if it is
implemented under the REDD+ scheme [64]. The maximum growth of carbon stock and
sequestration (500 Mg ha!) can be attained from point Po to point P1if proper forest management and
the protection of exiting forest is introduced (Figure 8). The degraded forest lands could be restored
by active liberation and other silvicultural treatment to enhance the growth of future trees and carbon
stocks from point Po to point P1over the period [12].
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Figure 8. Potential above-ground carbon stock growth over time in the proposed restoration forest
lands in Siem Reap province under the four PDFR strategies: the ANR curve represents the time to
achieve the maximum carbon stock using the assisted naturally regenerated restoration approach, the
EP curve represents the enrichment planting approach, the PLR curve shows the time required under
the preventing logging reentry strategies and the RIL curve depicts the time required with reduced
impact logging.

Forest lands selected for the assisted natural regeneration and enrichment planting approaches
have been reduced by over-harvesting of timber and fuel wood collection and are often burned then
overgrazed. At point Ao (ANR) and Eo (EP) in Figure 8, the risk of further degradation through
anthropogenic activities might be high. Lands selected for enrichment planting and assisted natural
regeneration still contain some small trees. However, as shown in Figure 9, the assisted natural
regeneration (Point Ao) carbon stocks have been reduced to <20 MgCO: ha' and those from
enrichment planting (Point Eo) have been reduced to <40 MgCO2 ha [12]. We suggest that initial
restoration activities in the critically degraded forest areas under the ANR, PLR, and RIL strategies
include a cessation of the causes of degradation. This will assist the natural recovery process.
However, depending on geographical locations and forest conditions, Agro-forestry restoration can
be introduced. Assisted natural regeneration is a simple approach that can effectively convert
deforested lands with degraded vegetation to more productive forests. Assisted natural regeneration
has been used to restore the Imperata grassland in the Philippines [67]. With growing forests, ending
the causes of forest degradation continues to be a significant factor in carbon sequestration under the
PLR and RIL strategies (points Po to Ro). Finally, through the final restoration phase, Ro to Ri, reduced
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impact logging (Figure 8) treatments become suitable for achieving maximum carbon stocks and
sequestration in Siem Reap province.

Slightly degraded forest contains some trees above the minimum harvest diameter and stores
high carbon stocks as compared to other degraded forest categories. Therefore, we propose reduced
impact logging for this forest category (Figure 8). Moderately degraded forests have lost their legally
harvestable trees but retain many that are just smaller than the minimum harvest diameter and still
maintain the maximum carbon stock. For this forest category, we suggest a strategy of preventing
logging reentry to enhance the maximum carbon stocks (Figure 8). Highly degraded forest lands
contain only trees much smaller than the minimum harvest diameter and the carbon stocks are at a
minimal level. Consequently, we prioritized the restoration approach of enrichment planting to
increase the carbon stocks in this forest category. Critically degraded forest retains few residual trees
of size in Siem Reap province. Therefore, this study prioritized a strategy of assisted natural
regeneration to achieve the maximum carbon stock (Figure 8).

By prioritizing these suggested restoration strategies in degraded forest lands, the Siem Reap
province could quickly increase carbon sequestration or removal (COz) at a rate of 193.73 TgCO:
(Teragrams CO2 or one million tons of COz2) of AGC. This figure is based upon sequestering 28 TgCO:
from assisted natural regeneration, 23.2 TgCO: through enrichment planting, 37.63 TgCO: by
preventing logging reentry, and 104.9 TgCO: by reduced impact logging between 2021 and 2030
(Figure 9). At the initial stage of the project, roughly 18.2 TgCO:2 per year (2021) can be sequestrated
and the total sequestration estimated could be increased to 20.64 TgCO: in Siem Reap province by
2030 (Figure 9). Reduced impact logging (54%) and preventing logging reentry (19%) have high
potential for carbon removal. We estimate that assisted natural regeneration and enrichment planting
can sequester <30% in Siem Reap province by 2030.
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Figure 9. Potential carbon sequestration (million tons) between 2021 and 2030 from the proposed
restoration strategies in Siem Reap province. Note: ANR = assisted naturally regenerated restoration,
EP = enrichment planting, PLR = preventing logging reentry, and RIL = reduced impact logging.

Prioritizing AGC would deliver a more balanced solution to encouraging extensive
implementation of forest restoration strategies under the REDD+ scheme [51,65,68]. By 2030, the
estimated potential accumulated AGC carbon of restored forests is estimated to equate to emission
reductions of approximately 194 TgCO2 between 2021 and 2030 (Figure SI-2).

By implementing REDD+ initiatives in the proposed Siem Reap province forest restoration
lands, carbon sequestration/removal could benefit by roughly US$ 837 M at the rate of US$ 4.32
MgCO: if the carbon is traded at the from China Emissions Trading Systems (ETS). This also equates
to US$ 1,937 M at US$ 10 MgCOx! for the Voluntary market, US$4,804 M at US$24.8 MgCO=! under
the UK carbon price support, US$ 6,827 M at US$ 35.24 MgCO:! according to the Netherlands Carbon
Tax, US$ 9,644 M at US$49.78 MgCO=x! under the EU EST, and approximately US$ 26,587 M at US$
137.24 MgCOz* with the Sweden Carbon Tax.
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Protecting the existing forest lands and tree restoration in degraded forest lands are mechanisms
to achieve multiple goals, including climate mitigation, biodiversity conservation, socioeconomic
benefits, food security, and ecosystem services. Forest restoration is not a new practice in the Asia
and Pacific regions with some countries such as Philippines, China, Japan, Republic of Korea, and
Vietnam having initiated massive nationwide restoration programs. These programs have effectively
doubled the forest cover of the initiating countries. The Philippines began reforestation efforts early
in the previous century (Le et al., 2014). China expanded its forest cover from 8.6% in 1949 to 22.1%
in 2015, increasing its forested area by over 120 million ha. The Republic of Korea introduced a
massive restoration program by planting 12 billion trees on 4.25 million ha. Vietnam introduced large
restoration programs in the 1990s, resulting in an increase of forest cover from 35.6% in 2000 to 47.6%
in 2018 [60]. The Philippines used an agroforestry approach to restoration that intercropped fruit tree
orchards and timber trees to increase food security up to 14 times [69]. A well-known large-scale
restoration program in Shinyanga, Tanzania demonstrated that restored lands provide an important
source of fodder production for livestock during the dry season, thereby securing protein sources for
local communities [70]. Furthermore, reforestation projects also create jobs and generate incomes for
villagers, which in turn could be used to purchase foods and provide food security when crops fail
or the local food supply is limited [69,71]. Therefore, introducing PDFR approaches proposed in our
study along with sound forest management could reduce further forest degradation and
deforestation while strengthening the existing forest restoration programs in the tropics.

5. Conclusions

In this study, we have devised an innovative Potential Degraded Forests for Restoration (PDFR)
methodology aimed at precisely identifying areas with significant forest degradation, thereby
facilitating effective restoration strategies, with Siem Reap province in Cambodia serving as a focal
study area. Leveraging the extensive dataset spanning over 30 years available on the Google Earth
Engine platform, this approach permits a swift and large-scale analysis of forest conditions using
high-resolution imagery from Landsat 5 and Landsat 8. Through automated processes, this system
categorizes forests into various levels of degradation, paving the way for prioritized and strategic
restoration endeavors. Incorporating elements such as mapped road networks and anticipated
population settlements has further enhanced the method's ability to pinpoint critical areas for
restoration. In alignment with identified degradation levels, we have also delineated restoration
strategies, providing a detailed projection of the restoration costs alongside potential revenues
generated through carbon sequestration. This groundbreaking PDFR methodology promises a
scalable solution for identifying degraded forests in tropical regions, aptly utilizing the burgeoning
resources in data pertaining to population distribution and road networks, in conjunction with earth
observation data and sophisticated cloud-computing technologies. The adoption of the PDFR
approach stands to significantly further the objectives delineated in the New York Declaration on
Forests' Goals 1 and 5, envisaged to be realized by the year 2030. Moreover, it offers a robust tool to
enhance the monitoring, reporting, and verification activities mandated by the UNFCCC's REDD+
scheme. Nevertheless, the wider application of the PDFR approach across various geographical
locales necessitates a tailored adaptation to accommodate the diverging forest categories and
degradation extents inherent to different regions. Additionally, distinctive population projections
and road network configurations characteristic of individual locations mandate the incorporation of
localized datasets to refine the accuracy of results and augment the effectiveness of devised
restoration strategies.

In the future, comprehensive studies delineating the cost-benefit aspects of restoration initiatives
will serve to enhance the prioritization strategies, particularly in scenarios characterized by
budgetary constraints, thereby nurturing a more sustainable and inclusive approach to global forest
restoration.

Supplementary Materials: The following supporting information can be downloaded at the website
of this paper posted on Preprints.org.
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