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Abstract: Ecosystem destruction and biodiversity loss are now widespread, extremely rapid, and
among the top global anthropogenic risks both in terms of likelihood and overall impact. Thorough
impact evaluation of these environmental abuses—essential for conservation and future project
planning—requires good analysis of local ecological and environmental data in addition to social and
economic impacts. We characterized the deforestation and biodiversity impacts of energy investments
in Southeast Asia using multiple geospatial data sources related to forest cover and loss data from
2000 to 2018, other landcover data, and the location, type, and characteristics of energy investments.
This study paid particular attention to different types of power plants and financing sources. We
identified critical buffer zones and forest structures impacted by these projects in accordance with
IUCN criteria and spatial ecology. The paper introduces a novel, replicable analytical framework
that goes beyond earlier studies in which all forests are treated as equivalent. It characterizes forests
based on spatial morphological structures such as core forest, edges, islands, and bridges, allowing
for a more nuanced understanding of deforestation and its impacts on biodiversity. Preliminary
findings suggest that projects financed by Chinese development banks pose different risks compared
to non-Chinese financing. The study also reveals significant differences in biodiversity impacts based
on the type of energy source, be it coal or hydro. The study offers critical insights into the trade-offs
between energy development and biodiversity conservation. It provides actionable metrics and
strategies for policymakers, conservationists, and development banks to prioritize forest and habitat
preservation in Southeast Asia and globally.
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1. Introduction
1.1. Biodiversity and Infrastructure Development in Southeast Asia

Southeast Asia is one of the regions with the world’s highest species richness and
endemism [1,2]. Its tropical ecosystems—freshwater, terrestrial, and marine—are character-
ized by rich biodiversity and complex biotic interactions among their species. Unfortunately,
today this region exhibits the world’s highest vertebrate extinction rates, primarily due
to severe habitat loss [3]. The countries in this region have seen deforestation rates that
are unchecked and higher than in any other major tropical region globally, while forest
cover has decreased anywhere from 20% to 70% in the past four decades. Southeast
Asia is expected to lose three quarters of its original forests by 2100 and up to 42% of its
biodiversity [4,5], a massive rate of species decline and extinction [6]. Anthropological
activities such as clear-cutting, illegal logging [6], agriculture, and, most importantly, infras-
tructure projects, including energy [7], are the underlying drivers of this loss. In addition,
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there are many other drivers of biodiversity loss, including the harvest of wild species for
luxury food, medicine, tonics, horns, and other trophy parts, and captive animals [8].

Prior studies have studied the culprits and mechanisms of deforestation and bio-
diversity loss, focusing on habitat fragmentation [9], increased roadkill [10], increased
wildlife trafficking [11], eroding indigenous populations [12], and biosecurity concerns
from the introduction of invasive species [13]. Deforestation often begins with the con-
struction of road networks and fences that have negative direct and indirect impacts on
biodiversity [14-17]. Indirect impacts from illegal logging, poaching, mining, and urban
encroachment often accompany or result from road construction [18-22]. Any existing
road in a forested area leads to further deforestation; about 5% of deforestation occurs
within a five-kilometer buffer of a road network or a one-kilometer buffer of a navigable
river [23,24]. The greatest threat to wild orangutan populations in Borneo and Sumatra is
the loss of their habitat to road development, which exacerbates agricultural expansion,
illegal timber harvesting, mining, and human encroachment. As connectivity within and
among remaining forest patches is compromised, the negative impacts to biodiversity
accelerate [20]. The infrastructure impacts on existing biodiversity and forests in the area
can further weaken ecosystems and increase anthropogenic carbon emissions [25]. Loss of
biodiversity also disrupts ecosystem processes, and ecosystem service flows that benefit
human well-being [3,26].

The trade-offs between biodiversity conservation and human development activi-
ties [27-29] can be analyzed at multiple spatial scales from both conservation and sus-
tainable development perspectives (ideally, they should be part of a single, systemic
perspective). At the landscape scale, forest loss and fragmentation severely affect biodi-
versity [30,31]. Deforestation creates patterns of remnant forest fragments and ecologically
degraded forest edges. Species richness decreases in fragmented forests because remnants
may be too small for species to persist, too exposed to edge effects, or too isolated to
be colonized from other remnants [32]. Edge effects and the spill-over of species from
secondary habitats [33] impacts species composition in fragmented forests. Thus, there is
a growing need to understand the impact of particular spatial patterns of deforestation
and degradation, as these areas may be open to strategic modification even if the overall
amount of deforestation is challenging to influence. The application of spatial ecology can
also establish a strategy for reforestation. All this should be incorporated into relevant envi-
ronmental impact assessments, environmental education programs, and management plans
to strengthen habitat protection and reforestation activities and other efforts to preserve
and protect natural habitats and biodiversity [34-36].

1.2. Development Finance and Energy Investment

Development banks and development finance institutions (DFIs) serve as important
channels for infrastructure finance and have adopted safeguards systems to minimize
and manage the environmental and social risks associated with their projects [37]. The
banks have to address the Sustainable Development Goals (SDGs), laid out by the United
Nations in 2015. Different development banks also apply differing levels of safeguards.
Development projects have to comply with various national and international biodiversity
regulations and protect the vulnerable and indigenous groups’ rights and sustainable
harvesting of forest products [38]. However, the effectiveness of these environmental
regulations in different countries is open to debate. We need timely and accurate spatial
data to analyze the impacts of development projects on biodiversity loss.

In 2013, China introduced the Belt and Road Initiative (BRI) to strengthen infrastruc-
ture, trade, and investment links between China and the participating countries. The
BRI has reached a vast portion of the world, particularly China’s neighbors in Southeast
Asia. All eleven countries in Southeast Asia—Brunei, Cambodia, East Timor, Indonesia,
Laos, Malaysia, Myanmar, Philippines, Singapore, Thailand, and Vietnam—have signed
BRI cooperation agreements with China. China’s policy banks have emerged as signif-
icant players in investing in development projects in Southeast Asia. Figure A1 shows
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international development finance commitments in the region between 2013 and 2019 (a
period when data is available for all the institutions listed). Figure Al also indicates that in
this period, the energy sector received a significant share of China’s development finance
in Southeast Asia (specifically, the power sector). Note that this investment amount is
greater than the combined amount of all the other major development banks active in
the region [36,39-43]. The two Chinese development banks that engage in international
businesses are the China Development Bank (CDB) and the Export-Import Bank of China
(CHEXIM). The total amount of development finance committed by the two banks over
this period has exceeded all other major development financiers in the region, including
the World Bank (WB), the Asian Development Bank (ADB), and the Japan International
Cooperation Agency (JICA). However, compared with the multilateral development banks
and some Western national development institutions, the Chinese development banks have
lax internal environmental standards and principles that defer to local regulations. While
the trend in the multilateral development banks safeguards is moving toward a country
systems approach, local regulations and local execution can be insufficient. Thus, China’s
development finance in the energy sector in Southeast Asia is critical in examining changes
in biodiversity.

Many parts of the BRI intersect terrestrial and marine biodiversity hotspots, wilderness
areas, and critical conservation areas in Southeast Asia, including primary dipterocarp
forests and the Coral Triangle [44]. Recent studies have investigated deforestation from the
BRI and its impact on biodiversity [45], species interactions, and ecosystem processes in
tropical forests [13,46].

Although prior studies have considered how electricity generation impacts other
aspects of the environment, few have looked specifically at how much land different energy
sources require [47]. Electricity production in the U.S. shows that coal, natural gas, and
nuclear power all feature physical footprints of about 4.85 hectares per megawatt installed
capacity. Solar and wind power, respectively, take up 17.6 and 28.6 hectares per megawatt
installed capacity, while hydroelectricity generated by large dams has a significant footprint
of 127.56 hectares per megawatt installed capacity [47]. Land cover changes associated
with power projects include the construction of the plant, resource production, and the
inundation of forested valleys by reservoirs. Transmission and transportation can also lead
to deforestation, fragmentation of habitats and migration routes, as well as pollution that
could harm the ecosystems.

The development of hydroelectric dams in the Mekong River basin illustrates the
trade-offs and impacts of energy development on biodiversity [48,49]. Hydropower pro-
duces relatively cheap and sustainable electricity for the lifetime of a dam (which is often
not very long), flood and drought protection [50], and new economic and employment
opportunities [51]. However, dam construction impacts water flow and fish migrations [52]
and ultimately can cause the loss of traditional livelihoods and a significant reduction in
the seasonal monsoon-driven flooding that has long brought nutrient-rich sediments out
onto the floodplain. The dams also impede the downstream flow of these sediments [53,54].
Such energy projects spotlight the need for strengthened project evaluation and monitoring
and reforestation and conservation plans in any future infrastructure development through
ecosystem trade-off analysis.

The previous literature highlights several knowledge gaps. There are no papers that
specifically focus on the biodiversity impacts of hydro and coal-fired power plant projects
in the different ecoregions of Southeast Asia. While some papers discuss deforestation
and environmental damage, they do not isolate the effects of land cover change [55-57]. In
addition, there is a lack of longitudinal studies that track the long-term impacts of power
plants on biodiversity in Southeast Asia. Understanding the impacts on biodiversity can
help in the risk assessment required under the UN SDGs. Our framework and analysis
address this growing challenge of analyzing biodiversity impacts due to investments in
coal and other energy sources.
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2. Materials and Methods
2.1. Framework

Our paper examines the increasing deforestation and threat to biodiversity fueled
by power generation projects across the region from China and other countries. We
adopt a “big data” spatial analytical framework to catalog deforestation and biodiversity
changes in different ecoregions that have potentially resulted from power generation
projects financed by China and other (including domestic) entities. The study utilizes a
time series of forest cover and loss data (2000-2018) derived from Landsat to map the
baseline information of forests, biodiversity, and energy investment locations to analyze
forested areas bisected by the BRI corridors. Forest cover data are analyzed four years
prior to and as of the commission of the project. In contrast to prior studies, our study
does not treat all forests as equivalent. We characterized the spatial structure of forest
cover distribution using distinctions such as core, edges, and bridges. The spatial data and
analysis enable us to investigate the morphological patterns of deforestation impact and
the specific biodiversity risks of power generation projects with different financing sources,
energy sources, characteristics, and locations. Specifically, this paper attempts to:

e  Based on forest cover and loss data from 2000 to 2018, inspect if deforestation patterns
four years prior to and as of the commission of energy projects are different and if
the potential impacts of projects financed by Chinese development banks differ from
non-Chinese financing.

e Investigate the biodiversity risks using IUCN criteria within critical buffer distances
from power generation investments with and without Chinese development finance.
Are there statistical differences?

e  Examine habitat criticality and forest cover changes near different types of power
plants (coal or hydro) with and without Chinese development finance in Southeast Asia
before and after the project’s commission to estimate if there are significant differences
in biodiversity risks and deforestation impacts. Do the biodiversity impacts differ
based on energy sources? How can our analysis inform policy on the ground?

e Using a forest spatial pattern methodology, we identify core, periphery, and other
spatial fragmentation metrics to analyze the relationships between forest core and
edge effects in more detail for energy investments in Southeast Asia.

e  Our project offers metrics and a replicable analytical framework to identify critical
areas where forest and habitat preservation should be most heavily emphasized in
Southeast Asia and other regions in the world. In particular, it demonstrates the merit
of looking at deforestation in ways that dig deeper into its particular causes and their
specific impacts on forest structure and ecological integrity.

2.2. Data

This study’s spatial domain covers eight countries in Southeast Asia—Cambodia,
Indonesia, Laos, Malaysia, Myanmar, Philippines, Thailand, and Vietnam—all of which
are also signatories of the BRI with China and are fit for comparison. Our methodology
requires a selection of biodiversity factors, including habitats, forest boundaries and cor-
ridors, locations of power generation facilities, and a list of endangered and threatened
species differentiated by ecoregions. China’s Overseas Development Finance Database [58]
provides the financial information of projects financed by Chinese development banks.
Figure 1 shows the data and methodology framework of the research.

2.2.1. Forest Cover

Infrastructure constructions are likely to erode forest cover and further exacerbate
impacts on biodiversity. We performed a time-series analysis characterizing forest extent
and change in Southeast Asia based on a published data product, Global Forest Change
v1.6 [59], processed using Google Earth Engine. In this product, the variables are defined
as follows:
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e Trees are defined as vegetation taller than 5 m in height and are expressed as a
percentage per output grid cell using the base year 2000 (denoted as ‘2000 Percent Tree
Cover’). Tree cover makes up 25% or more at the Landsat pixel scale (30 m x 30 m
spatial resolution) and represents forest cover in this scheme.

e  Forest Cover Loss is defined as a stand-replacement disturbance or a change from a
forest to a non-forest state during 2000-2018.

e  Forest Loss Year is a disaggregation of total ‘Forest Loss’ to annual time scales.

‘ >} ’ > « ‘

l

Yearly Forest Cover s Deforestation Weighted Range Size Rarity pumms Species Richness

L bae  Energy Investments Buffer Zones g

Figure 1. Research data and framework. Abbreviations used in this figure: GFC, Global Forest

Change; IUCN, The International Union for Conservation of Nature; GEE, Google Earth Engine; R, a
free software environment for statistical computing and graphics. WWEF, World Wildlife Fund; MSPA,
morphological spatial pattern analysis; MANOVA/ANOVA, (multivariate) analysis of variance.

Based on forest cover data, it is possible to describe spatial patterns of forests in
conjunction with non-forests, including fragmentations occurring within the forest and
along its exterior boundaries. These fragmentations have differential impacts on related
landscape properties, especially structural connectivity, that can be extracted and evaluated.
Figure A2 shows the deforestation loss in different countries. Every country in this region
has seen deforestation from 2000 to 2018, the most severe being in Indonesia and Malaysia,
at 17% and 28% of their total tree cover, respectively. The smallest amount of deforestation
is in Brunei (5.2%), mainly attributable to its leadership, and East Timor (3.8%) in the south,
which is dry and has little or no wet forest.

2.2.2. WWF’s Ecoregions

It is vital to interpret biodiversity loss in the context of ecoregions to account for the
magnitude and nature of the loss correctly. The World Wildlife Fund (WWF) defines an
ecoregion as a “relatively large unit of land or water containing a characteristic set of natu-
ral communities that share a large majority of their species dynamics, and environmental
conditions” [60]. Each ecoregion has its distinct species, whose populations in an area of
interest can be critically endangered or endangered, vulnerable, or relatively intact. We
consider twelve ecoregions (Figure A3) in Southeast Asia, identified by WWF ecoregions as
varying significantly in population density, type and amount of vegetation cover, biodi-
versity, and development projects. Thus, it is possible to compare and contrast relatively
undisturbed from more disturbed areas. For example, the Cardamom Mountains, a part of
the regional Indo-Burma hotspot, represent a rainforest ecoregion. It is (or was) home to sev-
eral large mammals, including the Asian elephant (Elephas maximus) and tiger (Panthera
tigris, now extinct). Its remote location, protected status, and investment in enforcement
had until recently prevented deforestation, and have now seen severe degradation.

In contrast, peat swamp and heath forests, characterized by sandy soils, have no large
mammals. The peat forest on the islands of Indonesia (Borneo, Belitung, and Bangka)
is home to some iconic specialist plants such as carnivorous Nepenthes pitcher plants
and myrmecophiles (or ant plants). These peat forests are impacted by two forces: rapid
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clearing for human settlements and large-scale development projects, resulting in a highly
vulnerable ecoregion [61]. Each ecoregion in Southeast Asia, characterized by a different
mix of plants and animals, is experiencing different threat levels due to human settlement
expansion and logging. Hence, the increasing threats fueled by energy investments across
the region by China and other countries further worsen biodiversity in Southeast Asia.
The WWF has produced a global ecoregion map of the world with 867 ecoregions.
In the present study, the Global Forest Change (GFC) is overlaid on the ecoregion map to
characterize deforestation and morphological spatial pattern trends in Southeast Asia.

2.2.3. The IUCN* Red List of Threatened Species

The world’s most complete inventory of the global conservation status of amphibians,
fish, birds, and mammals is the IUCN* Red List of Threatened Species (also known as the
IUCN Red List or Red Data List). This global analysis of all species’ status and distributions
is based on the best available data and expert analysis for each species. [62,63]. The IUCN
Red List classifies species into nine groups, established through criteria such as the rate
of decline, population size, area of geographic distribution, and degree of population and
fragmentation. The IUCN criteria recognize significant differences between species and
the circumstances leading to their extinction risk. This methodology categorizes each
species’ threat level based on the available data and the specified quantitative thresholds.
The IUCN's goal is to provide information and analyses on the status, trends, and threats
to species to inform and catalyze biodiversity conservation action [64]. The IUCN list
can inform global and regional biodiversity targets, aid conservation planning, evaluate
conservation actions, and inform legislative frameworks to protect species [65]. IUCN
Red List criteria cover three threatened categories—critically endangered, endangered,
and vulnerable. Species are allocated to one of the three types of extinction risk based
on population size, range area, and decline rate. This allocation can aid in studies of
biodiversity. There is also a probability of extinction in the wild associated with these three
categories. The Red List has become an increasingly powerful tool for global conservation,
management, monitoring, and decision making.

2.2.4. Power Generation Project Locations and Chinese Development Finance

In this paper we compared and combined the Global Power Plant Database published
by the World Resources Institute [66], the WEPP (World Electric Power Plant) database [67],
and the power generation project information in China’s Overseas Development Finance
database [58]. According to the data compiled, as of 2018, Southeast Asia has approximately
184.3 GW of installed power generation capacity. About 59.3% of the current installed
capacity is commissioned after 2000. However, the energy mix has remained almost
unchanged. Coal, natural gas, and hydropower are the dominant power generation sources
in the region (Figure 2). The China Development Bank (CDB) and the Export-Import Bank
of China (CHEXIM) are the two major Chinese state-owned development- and policy-
oriented banks that engage in overseas development finance (DF). Of the 109.3 GW power
generation capacity added between 2000 and 2018 in Southeast Asia, more than 19%
have some Chinese development finance involvement. According to China’s Overseas
Development Finance database, which is the best available database on the overseas lending
of the China Development Bank and Export-Import Bank of China compiled from public
sources during this period in Southeast Asia, the Chinese development banks only financed
coal and hydropower in the power sector. More than 36.9% of the coal power generation
capacity and over 10.2% of the hydropower added over this period in the region have the
Chinese development banks’ financial participation. Thus, to make a fair comparison, this
study only examines coal and hydropower projects in the region that are the foci of Chinese
development finance.
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a) Energy mix of the electricity sector in Southeast Asia
(as of 2018)

b) Involvement of Chinese development finance in the region’s
added power generation capacity between 2000 and 2018

Geothermal Others
% <1%

oil
4%

Coal Hydro
mCoal WGas WHydro ®Oil ®Geothermal m Others m With Chinese DF  ® Without Chinese DF

Figure 2. (a) Energy mix and Chinese development finance involvement of the electricity sector in
Southeast Asia, compiled from the Global Power Plant Database, World Resources Institute, the Platts
World Electric Power Plant Database, and China’s Overseas Development Finance database. Note:
(b) does not include projects whose commission year is not available. The power generation capacity
with Chinese development finance does not include project expansion of older projects commissioned
before 2000.

The spatial database also includes relevant spatial data related to forest cover and
biodiversity for assessing the impact of the energy investments. There are 398 coal or
hydro energy investments without Chinese development finance and 51 with Chinese
development finance in this database. The two sets of investments in coal and hydro are
shown in Table A1.

2.3. Methods

To visualize Southeast Asia’s biodiversity, we created a species richness map using
the IUCN Red List species geographic ranges at a raster resolution of the GFC dataset.
The IUCN has assessed terrestrial taxonomic groups and prepared polygon maps. This
study’s first step rasterizes the vector IUCN ranges to sum up across all species, resulting
in a species richness count representing the number of species potentially occurring in
each pixel. Figure 3 shows the IUNC’s species richness in Southeast Asia. Each panel
uses a range of colors from red to blue, indicating high to low species richness. Panel
3a displays amphibians, while 6b—6e shows reptiles, mammals, freshwater groups, and
marine fish. Each panel shows a different pattern of richness. Mammals (6¢) exhibit the
highest species richness in peninsular Malaysia, Borneo, Sumatra, northern Vietnam, and
eastern Myanmar. Reptiles are similar but are limited to only peninsular Malaysia, Borneo,
and Sumatra. Panel 6e shows sharks, rays, and chimaeras with the highest concentration
near Taiwan.

2.3.1. Species Richness and Weighted Range Size Rarity

Many studies aimed at identifying high-priority areas have utilized species richness to
highlight biodiversity hotspots. As high/moderate-resolution land cover and climate data
are more readily available from remote sensing, some studies have suggested rasterizing
TUCN geographic ranges with high-resolution cell size. However, doing so would overesti-
mate the actual species richness value due to scale mismatch [68]. Instead of using species
richness as a metric for biodiversity, we calculated species weighted range size rarity for
each energy investment buffer zone to address the scaling issue. We calculated a weighted
range size rarity for buffer zones in R (R Core Team, 2020) based on species range maps of
IUCN, which is defined as:

wrsi; = Z wiqij
j
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where w; is the weight assigned to species j in the prioritization and g;; is the fraction of
species j’s range falling within the buffer zone of energy investment i [69]. This measure
lowers the contribution of wide-ranging species to overall species richness and highlights
areas with a relatively high proportion of narrow-range species.

Our choice of weights assigned to species is guided by the severity level in the IUCN cate-
gories (Table A2). We assign the following weights: critically endangered = 8; endangered = 6;
vulnerable = 4; near threatened = 2; least concern = 1; data deficient = 2 [70].

A high value of weighted range size rarity within the buffer zone indicates that this
buffer zone can have one of the following:

High species count overall.

High species count with greater weight.
Species with narrow geographic ranges.
Any of the combination above.

Figure 3. Species richness of (a) amphibians; (b) reptiles; (c) mammals; (d) freshwater groups;
(e) marine fish; and (f) sharks, rays, and chimaeras.

2.3.2. Deforestation Estimation 2000-2018 in Southeast Asia

Deforestation is estimated using Hansen’s Global Forest Change. The Google Earth
Engine is utilized to estimate forest loss in every observation year in each Southeast Asia
country in the WWF ecoregions and energy investment buffer zones. The year 2000 is
selected as our baseline to estimate subsequent yearly forest loss. We also looked at the
forest cover changes for each energy investment four years before the commission year. A
four-year window was chosen because it is the average time from construction to a typical
power plant commission.

2.3.3. Geocoding and Buffering Power Generation Projects

The impact of power generation projects could reach beyond the site of the power plant.
For thermal power facilities, transporting fuels and electricity transmission are the main
factors that cause land use change; for hydropower, wind, and solar power, the generation
facilities are much more land intensive [47]. Meanwhile, indirect impacts such as other road
constructions, land clearing for agriculture, human migration, increased poaching, etc.,
might result from the construction of power facilities. As comprehensive location data are
only available for power generation facilities, this study only compares deforestation trends
near power plants, using spatial buffer areas to account for the transportation impacts of
fuel and electricity transmission.
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The power plants have two labels—type of fuel source and whether they involve
finance from Chinese development banks. They are geocoded as point information on the
map, and each location is buffered at 1, 2, and 10 km distances to estimate the biodiversity
or species richness that faces potential impact and deforestation [23]. The World Bank and
available local guidelines require buffer distances of within 1 km. We expand the minimum
buffer to 1 km for safe estimates. However, past studies find significant differences in dis-
turbance sensitivity between species groups and specific cases. Bird populations seem to be
affected within a few hundred meters of infrastructure. In contrast, a reduction in mammal
populations has been found at distances of a few hundred meters up to several kilometers
from infrastructure [71-74]. Therefore, larger buffer distances, which may better reflect the
impact on different species and footprints of transportation, transmission, or other indirect
impacts related to the power generation project, are also used in this study [23].

The section below elaborates the study’s specific methodology. On deforestation
trends, we analyzed deforestation in the buffer areas of projects commissioned between
2000 and 2018, four years before the commission of each investment. This scope limitation
narrows the number of projects studied in this paper down to 272 projects without Chinese
development finance and 30 with Chinese development finance. Past studies found that
mammal and bird population densities significantly declined with their proximity to
infrastructure from the perspective of biodiversity risks. Bird populations were more
impacted at a shorter distance from infrastructure than mammal populations. We categorize
three levels of risk based on buffer distances around each energy investment. Each level is
selected based on sensitivity to impact. Level 1 impact is defined with a buffer distance
of 1 km, considering the IUCN categories in the immediate vicinity, Level 2 impact is a
distance of 2 km, while Level 3 impact is a buffer of 10 km. Each IUCN level is examined
in each risk buffer, providing insights on conservation risk priorities resulting in a total of
18 combinations (3 risk categories, 6 species groups). We then examine those combinations
in each category using multivariate ANOVA (MANOVA) and univariate ANOVA tests. We
used MANOVA to extend ANOVA’s capabilities to assess multiple dependent variables
simultaneously. MANOVA tests helped differentiate the group significance of energy
investments based on five variables, weighted range size rarity, power capacity, and
changes in deforestation area, core, and bridge areas during the four-year period. ANOVA
enabled us to test the significance of one variable at a time. We used the R (R Core Team,
2020) to derive MANOVA and univariate ANOVA results.

2.3.4. Morphological Analysis

We estimated spatial forest pattern and landscape connectivity using a morphological
spatial pattern analysis (MSPA) toolbox (GuidosToolbox 2.6 version 4) [75]. The Global
Forest Change was preprocessed into binary foreground /background image (forest/non-
forest) for each year from 2000 to 2018. We selected a threshold of 900 m to define intact
forest patches, forest corridors, and islet forest-isolated patches. Due to Southeast Asia’s
geographic extent, the yearly tree cover image was recoded and split into tiles with di-
mensions of 9984 pixels (multiple of shardSize, an export parameter of GEE). This tiling
process allows for parallel processing and overcomes computing memory constraints
(10,000 pixels). The MPSA explicitly addresses the forest’s morphology and segments the
image into seven distinct forest landscape elements. Core forest refers to interior areas
of forest located at a distance of (>900 m) from the nearest forest edge, while edge forest
refers to external forest perimeter of (<900 m). The 900 m edge distance threshold is the
midrange indicator of the potential edge effect on forest patches [76]. Next, a loop refers to
a corridor connecting the same core area on either side, while a bridge refers to a corridor
connecting different sections of a core-forest patch. Islet refers to disjointed and small
locations of intact forest in contrast to a perforation that characterizes an internal object
perimeter [75,76]. We deploy the MSPA application to examine the deforestation process
and use the segmentation methodology to characterize differential impacts in China and
other countries’ energy investments.
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Workflow using the GFC dataset:

e  Using the tree cover of 2000 as a baseline, we can determine which forest cover pixels
are lost per year based on a simple differencing. Each loss is denoted by the specific
loss year.

e  Power plant buffer zones, country boundaries, and ecoregion boundaries were used
to generate deforestation areas (for the boundaries mentioned above).

e  The remaining forest cover each year (determined by Tree Cover 2000 and loss year),
were used as input for the GuidosToolbox for MSPA analysis.

o  The MSPA analysis results were tabulated with the power plant buffer zones, country
boundary, and ecoregion boundary.

2.3.5. Ecoregions

We used the WWF Global 200 ecoregion product and filtered Southeast Asia ecoregions.
Figure A4 shows each ecoregion’s distribution based on country boundaries. Indonesia
has the largest number of ecoregions. The two largest ecoregions in terms of area are the
Borneo lowland and montane forests and the Sumatran Islands lowland and montane
forests. An ecoregion can be distributed across one or multiple countries. For instance, the
Naga-Manapuri-Chin Hills moist forest is found mainly in Myanmar, while the Indo-China
dry forest is located over multiple countries: Vietnam, Thailand, Laos, and Cambodia.

3. Results
3.1. Characterizing Deforestation Trends in Southeast Asia Based on MSPA

First, we estimate the deforestation areas in countries during this period based on a
time series of global forest change, assessing deforestation impacts in forest patch mor-
phology. Most of lowland Southeast Asia was historically covered in hyperdiverse mixed
dipterocarp forest of various types, with higher altitudes under a lower stature but still
diverse montane forest. Nearly all of the original forest cover is already gone [77], with
bridges and loops the dominant deforestation morphological structures. Bridges connecting
different core areas (shown in red) are usually somewhat degraded and strongly modified
by edge effects. A single core forest patch can be broken up into smaller areas, connected
by loops (shown in yellow). Other morphological structures such as perforations or islets
are often not visible at this scale due to their small sizes. The net result is a degraded
forest in which only minimal areas are free of edge effects from some or all directions.
We have yet to examine the impact of this pattern of erosion on tree species loss, but it
could have a major impact on the current forest structure and its future trajectory. For
example, tree species that require deep shade to germinate and mature are likely to be at
higher risk than sun-tolerant forms. These tree species” composition shifts will likely have
knock-on consequences for animal communities as well as structurally dependent plant life
forms such as lianas and epiphytes, with multiplicative impacts on all other taxa. Figure 4
shows the MSPA analysis for Southeast Asia in 2000 and 2018 with an edge distance of
900 m. Figure A5 shows that deforestation is consistently increasing within the region,
particularly in Cambodia, Indonesia, Vietnam, and Laos, as viewed from the perspective of
a rapidly expanding matrix (green line) of non-forested land use. Core forest loss, shown
in pink, has been phenomenal, particularly in Indonesia in the last two decades. There
were very few intact core areas (shown in green) left in Indonesia during this time. The
MSPA analysis shows other countries, including Cambodia, Laos, Malaysia, and Vietnam,
as having experienced core and edge forest losses over the last decade. These are to varying
degrees but uniformly alarming with respect to the implications for biodiversity loss.
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Figure 4. MSPA for 2000, 2006, 2012, and 2018 with edge distance of 900 m; green represents core
forest area (interior intact forest) while red represents the bridges connecting different core areas,
often fragmented or deforested areas.

Next, we examine the types of significant differences in the morphological patterns of
deforestation in various ecoregions. The core forest in the Sulawesi moist forest and the
Sumatran lowland and montane forest has been roughly halved, dropping from around
50,000 km? to less than 25,000 km? in the last two decades. Even more dramatic is the core
forest loss in the Borneo lowland and montane forest ecoregion, which have dropped from
190,000 to 50,000 km?2. The Cardamom Mountains moist forest has similarly lost core forest
from 100,000 to less than 50,000 km? within the last two decades—this despite periods of
relative stasis when conservation measures were episodically effective.

The patch morphology called “bridge” is of critical importance for wildlife highways,
preserving the value of diminishing core forest patches by connecting them and maintain-
ing gene flow and population viability. Here changes in forest bridge habitat are shown
in purple. In some countries (Myanmar, Cambodia, Indonesia, Laos, Malaysia, Philip-
pines), forest bridges increase at first and then decrease, indicating forest encroachment,
followed by development and rising or total deforestation. The feature called “edge” is too
small to be displayed in these graphs but plays a vital role in the forest disturbance and
recovery regimes. Such morphological changes in deforestation have impacts on animal
ranges and habitats. Orangutans once lived in large contiguous areas of intact rainforest,
both in Borneo and Sumatra, but are now increasingly found at the edges of agricultural
(oil palm) plantations and forest fragments, placing them at considerable risk. Another
iconic species is the loris (Loris tardigradus), living in human-modified landscapes in Java,
needing to use bridges to move from one patch of forest to another. Increasing human
expansion [78] results in forest fragmentation, leading to an ever-greater reliance on bridges
connecting the population fragments of forest-dependent species. The morphological
change in the forest may have altered the loris” habitat, and now the loris is on the [UCN
critically endangered list.
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Figure A6 shows the MSPA results by ecoregion from 2000 to 2018, profiling tem-
porospatial change in forest patch morphology. The Cardamom Mountains rain forest’s
ecoregion (top right first row) spans 44,288.8 km? of rain forest plus some drier dipte-
rocarp forest, a part of the Indo-Burma global biodiversity hotspot. It contains or until
recently had included many rare, threatened, and endemic species, including the Asian
elephant (Elephas maximus), tiger (Panthera tigris), and clouded leopard (Pardofelis nebulosa).
It is also home to 450 birds and reptiles, such as the Cardamom Mountains wolf snake
(Lycodon cardamomensis) and the Cardamom Mountains bent-toed gecko (Cyrtodactylus
cardamomensis). Waterways in the Cardamoms are some of the last strongholds of many
critically endangered freshwater species, including the Asian arowana (Scleropages spp.)
and Siamese crocodile (Crocodylus siamensis). Its remote location and rugged terrain offered
some protection in prior decades, but now this region is experiencing rapid and rampant
deforestation. Its core forest has decreased from 9500 to around 2500 km?. Another ecore-
gion, the Borneo lowland and montane forests have experienced a loss in core forests from
close to 170,000 to less than 52,000 km? in this period [79]. This core forest loss has impacted
several endangered and iconic species, including the Bornean orangutan, twelve other
primate species, the Bornean bearded pig, and the Bornean yellow muntjac deer [76,80].
While these species vary in their degree of dependence on intact primary forest, its rapid
loss and the drivers responsible for this loss pose an imminent existential risk to them all.

3.2. Differences between Coal and Hydro Power Plants in Southeast Asia

We ran a similar MANOVA and ANOVA test on coal and hydro power plants to
determine if the corresponding differences emerge as with the previous tests. We found
no significant differences in deforested areas during the four years before commissioning.
However, there are critical differences between coal and hydro energy power plants with
regard to the changes occurring in the core and bridge areas in the same period (Table A3).
For hydroelectric investments, the morphological differences (Figures 5 and 6) are noticeable
in larger buffer zones (10 km). In general, flooding areas associated with a hydroelectric
reservoir result in the loss of core forest in the dam’s buffer zones. For example, Nam Ngum
2 Dam, located on the Nam Ngum River, one of the major tributaries to the Mekong, is a
Chinese-financed hydroelectric project in Laos. The forest cover decreased by 7.3 square
kilometers within the 10 km buffer area. Interestingly, the loss of bridge forest in buffer
zones of hydroelectric and coal energy investments is similar, but some hydroelectric
investment buffer zones lead to an extensive bridge area. Increasing forest area may
be related to tree plantations, including non-native species such as rubber, eucalyptus,
and acacia [81,82].

These patterns need to be understood based on the differences between coal and
hydropower projects. Coal power plants generally have greater power capacity. However,
four of the top five power plants in terms of power generation in Southeast Asia are
hydroelectric. Some morphological differences in the energy investments may stem from
the variation in coal and hydro power plants’ site selection factors. Coal power plants are
located in relatively densely populated areas with high end-use demand nearby. Since
large hydroelectric energy investments are constrained by proximity to rivers, they tend
to be situated in forested or unpopulated areas that would “only” directly impact the
indigenous population.

There are significant statistical differences in weighted range size rarity for amphibians
as well as for marine bony fishes, sharks, rays, and chimaeras. The weighted range size
rarity is much higher in the buffer zones of coal power plants than for hydro plants
(Figure 6). That is perhaps due to coal power plants’ location near major population centers
and major cities in Southeast Asia, mainly near the coasts.
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Figure 5. Bridge area and core area summaries in 10 km buffer shown four years before commission
years, at commission years, and differences during the construction of coal and hydro power plants.
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Figure 6. Biodiversity statistics of marine fish and sharks/rays/chimaeras for coal and hydro
power plants.

3.3. Differences between Power Plants with and without Chinese Development Finance in
Southeast Asia

Next, we examine the differences between the impacts of power plants with and
without Chinese development finance. The number of coal power plants with Chinese
development finance is slightly higher (19 vs. 11), while for hydro investments, Chinese
investments are lower (63 vs. 209). Chinese coal energy investments have greater power
generation capacity on average (661 MW) than their counterparts (501 MW). Similarly,
Chinese hydro investments have a greater average power generation, around 234 MW,
compared with the hydro plants without Chinese development finance (average around
110 MW). Chinese-invested power plants consistently have the same power generation
capacity. However, it is worth noting that power plants (coal or hydro) with the largest
capacity are non-Chinese investments. The maximum capacity of the Chinese-invested
coal and hydro energy power plants in Southeast Asia is 1244 MW and 790 MW; the
corresponding non-Chinese-invested coal and hydro energy project capacities in Southeast
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Asia are 4180 MW and 2400 MW, respectively. Figure 7 shows the total power plant capacity
in MW and GWh power production of power projects with Chinese investment (in red)
and projects without Chinese investments (blue). The breadth in the range of plant capacity
of the latter group is visible.
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Figure 7. Power plant capacities of energy investments with and without Chinese development finance.

3.3.1. Significance Testing of Differences in the Impact of Power Plant Projects at Different
Buffer Distances

We conducted MANOVA analyses to test if the impact of power plants with and
without Chinese development finance within critical buffer distances are significantly
different, with variables representing power plant characteristics and biodiversity metrics.
Table 1 shows differences in statistical significance between the two investments in terms
of buffer distances and species. We find that all three IUCN categories differ significantly
in Chinese vs. non-Chinese financing at various buffer distances. This signifies differences
between Chinese and non-Chinese energy investments, probably attributable to differences
in investment strategy and location.

ANOVA tests for marine fish like vertebrates are significant at all buffer distances.
The number of species in the buffer zone is also higher for power plants with Chinese
development finance (shown in Figure 6). This is probably because Chinese-invested power
plants are closer to the coast compared to their counterparts.

The weighted rarity for mammals in 1 km and 2 km buffer zones is significant, mainly
because of one Chinese-funded power plant with a relatively high weighted range size
rarity, the highest point in Figure A7. For example, PLTU Tanjung Kasam in Indonesia is a
coal plant with a power capacity of 110 MW. Although the 2 km buffer zone of this plant
overlaps with 49 mammal species, the weights based on the IUCN categories are high,
resulting in a biased estimate for the weighted rarity for mammals resulting from Chinese
coal investment. PLTU Tanjung Kasam is the highest point in Figure A7, and its weighted
range size rarity value is more than twice as large as the second highest power plant in the
lower right panel.

The deforested area is significant within the 10 km buffer in this analysis. Since the
capacity of Chinese-invested power plants is on average consistent and higher than non-
Chinese-invested power plants, this could explain that the deforested area is significant in
larger buffer zones.
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Table 1. Statistical significance testing at various buffer intervals between power plants with and
without Chinese development finance. * p < 0.1; ** p < 0.05; *** p < 0.01.

. Weighted Deforested Core Area Bridge Area .
Buffer Species MANOVA Rarity Area Change Change Capacity
Amphibians 0.010 * 0.196
Freshwater groups 0.013 * 0.540
Mammals 0.002 ** 0.027 *
1 km 0.445 0.692 0.785
Marine Fish 0.004 ** 0.028 *
Reptiles 0.013* 0.556
Sharks/Rays/Chimaeras ~ 3.85 x 1075 *** 6.79 x 1076 *
Amphibians 0.016 * 0.231
Freshwater groups 0.018* 0.514
Mammals 0.002 ** 0.035*
2 km 0.974 0.454 0.744 494 x 1074
Marine Fish 0.005 ** 0.015*
Reptiles 0.017 * 0.485
Sharks/Rays/Chimaeras 3.36 x 1076 #** 1.59 x 1077 #**
Amphibians 0.003 ** 0.233
Freshwater groups 0.004 ** 0.373
Mammals 0.003 ** 0.214
10 km - - 0.044 * 0.800 0.093
Marine Fish 0.001 *** 0.003 **
Reptiles 0.001 ** 0.066

Sharks/Rays/Chimaeras

5.09 x 10710 72D 5 10712 w4+

3.3.2. Significance Testing of Differences in the Deforestation Impacts of Power Plants with
and without Chinese Development Finance

We used ANOVA tests to find significant discrepancies between the two groups of
investments four years before and after the commission year. Figure A8 displays the
statistical differences in the size of the forested area impacted by Chinese and non-Chinese
investments at a 10 km buffer distance. We compare the top left panel in Figure A8 with the
lower right panel. The range in the size of the forest area before and during the commission
years is higher for Chinese than non-Chinese power investments. Also, both groups
show deforestation during the four-year period. The rate of deforestation and the area of
deforestation are greater for energy investments without Chinese development finance.
The proportion of hydro power plants is likely higher in the non-Chinese investment group.
Since Chinese-invested coal power plants are closer to the coast and population centers,
the available forest in their buffer zones is lower.

4. Discussion and Conclusions

Our study in Southeast Asia provides a big data spatial framework to analyze the
impact of energy investments on deforestation and biodiversity throughout Southeast
Asia. We use the Global Forest Change—an extensive remote sensing dataset to estimate
deforestation at 30 m resolution enabling us to examine yearly deforestation trends in
every location. We further enriched our analysis by capturing the forest’s morphological
structure through MSPA analysis. We utilized the IUCN data to analyze further biodiversity
risk, a proxy for the complex biotic interactions among component species in Southeast
Asia’s twelve ecosystems. Our study is one of the few studies to analyze deforestation
highlighting the forest’s morphological structure, a key to understanding the impact of
biodiversity loss in each ecoregion. Our study metrics would be relevant to developing
robust, smart conservation plans in each country as they grapple with energy development
and biodiversity trade-offs, the focus of a future study.
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The path to sustainable development in Southeast Asia emphasizes energy invest-
ments. China’s energy investments in Southeast Asia are compared with other countries’
investments to understand and compare the risk to biodiversity in both coal and hydroelec-
tricity. We analyzed the energy investments in terms of specific locations, power production,
and impacts at various buffer distances. There are statistical differences in energy invest-
ments with and without Chinese development finance, mainly driven by the capacity
differences and the locations of the two investment groups. We show the differential impact
of the forest core and edge relationships of each power plant type on weighted species
richness and species richness, based on statistical significance tests.

The rapid rate of tropical forest loss poses such a great and immediate threat to global
biodiversity that most authors have gone for the throat and looked exclusively at total forest
area lost. Operationally, however, the morphology of forest loss is of enormous biological
importance and is also the scale at which policy modifications could make a big difference
in species conservation, even independent of deforestation rates per se. The total forest
area remaining tells only half the story: if core forest vanishes and corridor habitats are
amputated, the days are numbered for all obligately forest-interior species. Prior studies
in biodiversity and energy development rarely consider either the extraordinary diversity
of forest types in Southeast Asia or their spatial disposition and morphology. A lack of
accurate representation of ecosystem processes or proxies for them at a regional scale is the
primary source of uncertainty in these studies. Our approach identifies the deforestation
and biodiversity risk at a regional ecosystem scale. We are able to differentiate biodiversity
impacts in the Borneo montane rain forest from the peat swamp ecosystem in Borneo using
existing data sources for species richness and the weighted rarity of species. While there
is ubiquitous globally relevant earth-observation data, challenges remain in translating
the resulting analysis into biodiversity strategies on a regional scale. In this paper, we
analyzed the morphological structure of the forest to further differentiate the impacts of
the loss of core and edge forests in each ecoregion. The loss of core forests is critical in
many regions. The apparent regeneration or restoration of corridor and bridge forests can
look good superficially, but if the trees involved are exotic species, this can result in the
substitution of weedy species for a large fraction of the native biota.

The tropical forest land of Southeast Asia is very close to ruin. However, the remaining
pockets and protected areas still provide a basis for maintaining much of the indigenous
biodiversity and for restoring viable tracts of forest habitat that could then be self-sustaining,
along with all of their contained wildlife, once again. For this to happen, in addition to
a development plan, each country and every major development initiative—particularly
the Belt and Road Initiative—must also have a rigorous conservation plan. First, they
must consider alternative development scenarios so that initial impacts can be minimized.
Second, they must include an aggressive restoration program and timeline complete with
the full extent of both remote and on-the-ground monitoring required for accountability
and adaptive management in the development process. We propose that deforestation and
afforestation morphology analysis, in conjunction with regular on-the-ground biodiversity
survey work, can be a valuable tool in providing the much-needed accountability to provide
metrics in assessing such trade-offs.

Our study underscores the importance of in-depth data analysis to reveal the envi-
ronmental consequences linked to investments. As of now, no verifications have been
made. From a theoretical standpoint, previous research by Lechner et al. [83], Ruland [84],
and Gallagher et al. [85] provides insights into environmental sustainability and Chinese
energy investments, offering context for the prevailing conditions. Gallagher et al. [85]
observed that none of the Southeast Asian countries receiving Chinese investments have
adopted environmental policies mandating cleaner or more efficient energy facilities. Our
research offers both theoretical and methodological insights into the effects of energy in-
vestments on deforestation and biodiversity in Southeast Asia. We specifically focused
on the biodiversity implications of land cover changes from power plant construction
projects, employing an extensive big data approach and a multifaceted analysis. This
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analysis considers deforestation, encompassing the forest’s morphological structure across
various ecoregions, and its impact on biodiversity. Our study contrasts China’s energy
investments in Southeast Asia with those of other nations, introducing a methodological
framework for gauging the relative threats to biodiversity. This methodology resonates
with the Sustainable Development Goals, especially when evaluating the trade-offs and
complementarities among various goals such as clean energy, health, and biodiversity.
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Figure Al. Development finance commitment from the main DFIs in Southeast Asia (2013-2019).
Compiled from development finance institution project databases and China’s Overseas Development
Finance Database. Global Development Policy Center, Boston University. WB: World Bank; ADB:
Asian Development Bank; JICA: Japan International Cooperation Agency; CDB: China Development
Bank; CHEXIM: Export-Import Bank of China.



Sustainability 2023, 15, 14461

18 of 25

Legend
Primary Fuel, Funding Category
B Coal, without Chinese DF
B Coal, with Chinese DF
A Hydro, without Chinese DF
A Hydro, with Chinese DF
Deforestation Area in sq. km.

Bl 0s0- 23741
[ 237.42- 1789225
[ 1789226~ 2587524
| [ 2587525 - 69,906.43
| I 69.906.44 - 225,950.43

Aratura Sea

Figure A2. Map showing deforestation between 2000 and 2018 where red indicates the highest area
of deforestation.
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Figure A3. WWF Global 200 Terrestrial Ecoregions in Southeast Asia.
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Figure A4. Spatial distribution of ecoregions in Southeast Asia. Area (Sq Km) by country.
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Figure A5. MSPA Results from 2000 to 2018 showing changes in forest morphology in the eight
countries of Southeast Asia.



Sustainability 2023, 15, 14461 20 of 25

MSPA Area by WWF Global 200 Ecoregion

Annamite Range Moist Forests | Borneo Lowland and Montane Forests G Moist Forests
e T T T T S e
b | 3000001 H . ool =
60,000 ///’
/
15,000
200,000 =T
40,000
10,000
// e
I _— | 100,000
20,000 —
N T e T L 5,000 \\
|—— Ll iz by~ MSPA Class
T o1 01 - 0 —_——— i S0pening
-
£ ISP PO DO P $ SIS PP O D> O D _ gy
g ST R N -
® [ Indochina Dry Forests | Kayah: Naga-Manapuri-Chin Hills Moist Forests Edge
2 [ ENEEE= 1 O S EEEN SREEW S Islet
=TT 11| afll] & LT T Loop
| 150,000 — Perforation
300,000‘ 200,000
2oo‘oooJ 100,000
|
‘ 100,000
100,000] —— — | so.0004 e bt
1 =~ ae==aEAENEEI
| ——— \‘\‘ — B T 1 s O O
of 0 0
S PP PO D> oD S PP PO D >R & RN RIS
ST ST E S5 ST S S s
year
MSPA Area by WWF Global 200 Ecoregion
[ North Indochina Moist Forests ninsular Malaysia Lowland and Montane F Philippines Moist Forests
] 0,000 Tt TC Y e ——————
400,000 -mtes e e §
— _— 60,000+ \\ LT |
300,0001 = | 100,000
,///
40,0004 =
200,0001 /7/
g (T 50,0001
100,000 20,0001 /\
e~ L1 MSPA Class
- = L = | J ] e e e or Opening
g ° o $ O o ’ & P $ O o QO . &N ® O O o 2 Do
d 3 RIEIRIRIK RIRIRJRIK RIEIRIRIK P
g TS FETET ST S8 ST e
© | Sulawesi Moist Forests matran Islands Lowland and Montane F¢ | Western Java Montane Forests Edge
Ewo‘ooo- s 11200,000 1t bl O B S Islet
jEEERENEES ™ 15,0001 Loop
A Tl — Perforation
75,0001 150,0004 -
10,0001
50,0001 100,000 =
\ = -
ettt / J 0 0 O
mmmawll] \\ >\/ L4001
25,0001 50,000 =
B INEE e
——
0 ————— T — — 04 == s 04 e
3 PRI PEIR IR IR RIS & RYRIRIRIR)
FEFFS ST ST ST S8 S s

year

Figure A6. MSPA Results from 2000 to 2018 showing changes in forest morphology in the
12 ecoregions of Southeast Asia.
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Figure A7. Differences in weighted range size rarity and number of species of mammals in 2 km
buffer zones of power plants with and without Chinese Development Finance.
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Figure A8. Forest area four years prior to investment and deforestation area during and four years
after the commission year of the power plants.

Table Al. Energy investments in Southeast Asia with and without Chinese development finance.

Countries Primary Fuel with Chinese DF without Chinese DF
. Coal 0 2
Cambodia Hydro 3 2
. Coal 19 59
Indonesia Hydro 1 41
L Coal 0 1
aos Hydro 13 15
. Coal 0 7
Malaysia Hydro 0 9
Mvanmar Coal 0 2
4 Hydro 2 17
T Coal 1 22
Philippines Hydro 0 17
. Coal 0 5
Thailand Hydro 0 10
Vi Coal 12 15
ietham Hydro 0 174
S Coal 32 113
um Hydro 19 285

Table A2. The total weighted rarity of species at PLTU Tanjung Kasam in Indonesia.

IUCN Categories Species Count Weight
Least Concern 24 1
Near Threatened 4 2
Vulnerable 7 4
Endangered 3 6
Critically Endangered 1 8
Data Deficient 10 2
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Table A3. Statistical significance testing at various buffer intervals between coal and hydro power
plants. * p <0.1; ** p < 0.05; *** p < 0.01.

Weighted

Deforested Core area Bridge area

Buffer Species MANOVA Rarity Area Change Change Capacity
Amphibians 2.47 x 10711 0.025 **
Freshwater groups 1.38 x 10711 # 0.145
1km Mamumals 205 x 1071 0338 0.588 0.465 0.989
Marine Fish 947 x 1075 #* 6,02 x 10719 ***
Reptiles 510 x 10711 #*+ 0.319
Sharks/Rays/Chimaeras ~ 5.56 x 10716 *** 2.61 x 1071 #*=
Amphibians 5.83 x 10712 ##= 0.029 **
Freshwater groups 3.35 x 10712 * 0.189
2km Mammals 584 10 e 0.518 0372 0.090 * 0618 9.22 x 1014 %+
Marine Fish 4.06 x 1072 #* 450 x 10724 ***
Reptiles 9.43 x 10712 #+ 0.248
Sharks/Rays/Chimaeras ~ 3.01 x 1071 ** 925 x 10715 ***
Amphibians 1.58 x 10714 *# 0.029 **
Freshwater groups 1.52 x 10714 *#* 0.434
10 km Mammals 411 x 107 e 0939 0.225 * 1.49 x 1075 *** 0.021 **
Marine Fish 9.47 x 10738+ 3,02 x 10731 ***
Reptiles 9.05 x 10715 ## 0.003 ***
Sharks/Rays/Chimaeras ~ 4.41 x 10712 *#* 6,78 x 10719 **
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