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Abstract

Indonesia is one of the countries with highest forest loss rates in the world. Protected areas
(PAs) can have a key role in counteracting deforestation, especially if they are combined
with the active involvement of local communities, rather than be only based on strict nature
conservation. The study aims at assessing and measuring forest transformations in 1950—
2017 through GIS-based spatial analyses, and to evaluate the role of PAs in preserving
forests from deforestation. At national level forests dramatically decreased, passing from
78.3% of the total surface in 1950, to 63.8% in 1982 and to 46.8% in 2017. In the period
1950-2017, 35% of the national territory (over 66 million of hectares) has been affected
by deforestation at an average rate of 985,200 ha/year; the areas where deforestation pro-
ceeded at higher rates are Sumatra (356,100 ha/year) and Kalimantan (303,360 ha/year).
Deforestation occurred with higher intensity at lower altitudes and along the coast, due to
the spread of modern plantations. The only exception is represented by Java and Bali as
most of deforestation already occurred before 1950. PAs demonstrated to be effective in
slowing down deforestation rates, but not in stopping it as deforestation is also affecting
PAs. The study provided reliable spatial data on forest transformations in the last 67 years,
highlighting differences related to geographical zone and altimetry, allowing the identifi-
cation of the most vulnerable PAs. The amount of data produced at national and regional
level could support further studies aimed at recognizing the best strategies to counteract
deforestation, contributing to sustainable forests management and to forest preservation.
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Introduction

Indonesia is one of the countries with the highest primary forest loss rate in the tropics
(Turubanova et al. 2018; Margono et al. 2014) and deforestation is a topical issue at gov-
ernmental and environmental level. Understanding the origins, causes, and effects of defor-
estation can help in properly address forest planning and policies at national and/or local
level.

The most common cause of deforestation in Indonesia has always been related to the
conversion of forests into agricultural land, a driver that is largely recognized to be the first
cause of deforestation in most of the tropical countries (Pendrill et al. 2022). The cutting
of forests to obtain new spaces for agriculture does not always occur in the same way and
with the same techniques throughout the decades. In particular, there is the need to distin-
guish the spread of modern and intensive plantations on large surfaces from the small-scale
traditional shifting agriculture. Indonesia has been particularly affected in the last decades
by the spread of intensive palm plantations for palm oil production, that occurred with
higher intensity in Kalimantan and Sumatra (Singh and Yan 2021; Carlson et al. 2013). Oil
palm plantations are not the only cause of large-scale deforestation, as also fibre or timber
plantations are considered relevant causes of deforestation in Indonesia (Austin et al. 2019;
Petersen et al. 2016). Small scale and shifting agriculture have, and had, a different impact
on deforestation in Indonesia and in other tropical countries, respect to intensive agricul-
ture. Shifting agriculture in the past decades was usually reputed as a major threat to bio-
diversity and one of the main causes of deforestation in the tropics (Myers 1992; Lawrence
et al. 2010). More recently, the impact of shifting agriculture on the environment has been
reassessed, highlighting the reduced impact on soil erosion and water quality, the capabil-
ity in preserving high levels of agrobiodiversity and traditional knowledge, and in some
cases also contributing to counteract large-scale deforestation, especially if local indige-
nous communities are involved in forest planning and management (Brown and Schrecken-
berg 1998; Jinggut et al. 2012; Hernandez Marentes et al. 2022; Shimrah et al. 2015).

Another major cause of deforestation at national level is related to mining activities,
especially considering that a significant part of Indonesian unprotected forests falls within
mining concessions (Giljum et al. 2022; Abood et al. 2015). Finally, anthropic expansion,
including new buildings or new infrastructures can also represent a threat to Indonesian
forests at local level, but with a reduced impact concerning the overall surface compared to
the aforementioned causes.

Despite the cause, tropical deforestation has serious effects on different environmental
and social aspects, both in the short and long term. Tropical deforestation is considered a
major source of greenhouse gases (GHG) (Houghton 2005), and according to Olsson et al.
(2019) tropical deforestation and forest degradation emit several tons of CO,/year. Tropical
deforestation can lead to increase in surface temperature and a decrease in evapotranspira-
tion and precipitation (Shukla et al. 1990), without considering the indirect effects caused
by the emissions of new human activities. Deforestation means the shrinking of habitats for
fauna and flora species, and therefore a significant loss of biodiversity (Symes et al. 2018;
Enuoh and Ogogo 2018; Vijay et al. 2016), also at soil level (Franco et al. 2019). Soil, one
of the most important natural resources, is also directly threatened by deforestation, partly
due to the increased risks of erosion that can occur right after forest cutting where there is
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no vegetation that can intercept heavy tropical rains, and partly due to the opening of new
logging roads combined with the use of heavy tractors and trucks that compact the soil
making it more difficult for the water to infiltrate and therefore favouring runoft and ero-
sion (Moisa et al. 2022; Mohammad and Adam 2010; Karamage et al. 2016). In addition,
deforestation is also directly related to forest fires; as reported by Adrianto et al. (2019)
for Riau Province, Indonesia, the shrub vegetation developed after a cutting has a fire fre-
quency more than 60 times compared to the one of primary forest.

Finally, it is important to highlight that tropical deforestation has direct and indirect
effects on the wellbeing and health of local communities. Large-scale forest loss contrib-
utes to rising temperatures at local and regional level and to increasing the occurrence of
extreme weather events, that are considered important drivers of emerging infectious dis-
eases (Ellwanger et al. 2020; Thomson and Stanberry 2022). According to studies con-
ducted in Indonesia among rural farmers, these climatic modifications also affect the work
conditions, increasing the unsafe work time and the all-cause mortality, as well as declin-
ing the cognitive performance of rural workers (Wolff et al. 2021; Masuda et al. 2020).
Deforestation can favour the spread of malaria (Garg 2019), a disease that tends to dispro-
portionately infect women during their first pregnancy, causing greater harm to children
born from these pregnancies (Chakrabarti 2021).The following table (Table 1) summarizes
the main causes and the direct and indirect effects of deforestation at national level.

Protected areas (PAs) can have a key role in counteracting deforestation, even if they
are not exempt from illegal logging or burning to obtain areas for pasture and/or agri-
culture (Wade et al. 2020). According to Brun et al. (2015), who conducted a study
on Indonesian PAs comparing remote sensing data of 2000 and 2010, PAs exclusively
managed for biodiversity conservation were ineffective in slowing down deforestation
rates. The same risk is described by Curran et al. (2004), who reported that Kaliman-
tan PAs are becoming increasingly isolated, since their surrounding areas are more and
more degraded and deforested. However, deforestation rates inside Sumatran PAs in the
period 1990-2000 have been proved to be lower than adjacent unprotected areas or in
the wider landscape, therefore providing an important contribution in preserving local
forests (Brun et al. 2015). Other authors (Gaveau et al. 2007) highlighted that Sumatra
PAs failed to slow down overall forest loss rates caused by agricultural encroachment,
but have been effective in reducing large-scale mechanised logging and in favouring

Table 1 Main causes and effects of deforestation in Indonesia

Causes of deforestation Effects of deforestation

e Conversion to agricultural land (modern plantations) o Increase of greenhouse gases emission

o Conversion to agricultural land (traditional and shifting e Increase in surface temperature
agriculture)

e Mining activities o Loss of habitats and biodiversity
o Illegal logging o Increased risks of soil erosion
o Increased risks of forest fires
e Spread of infectious diseases and malaria
o Increased unsafe work time
o Increased all-cause mortality

o Declining the cognitive performance of rural
workers
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forest regrowth. Deforestation within Sulawesi PAs seems mainly caused by illegal
logging of most valued tree species, and by the growing demand of some agricultural
products (i.e. coffee and cocoa) with consequent agricultural encroachments by small-
farmers, rather than by intensive oil palm plantations (Supriatna et al. 2020). In this
regard, it has been proved both for Indonesia and other tropical countries, that forms of
protection based on the active involvement of local rural communities, who are author-
ized to conduct some traditional agro-silvo-pastoral practices, are much more effective
in counteracting large-scale deforestation, than PAs based on strict nature conservation
(Paiva et al. 2020; Hernandez Marentes et al. 2022; Santika et al. 2017).

Other initiatives at the international or governmental level have been promoted in the
last few years with the aim of reducing deforestation rates. The most important one at
the international level is probably the REDD+ (Reducing emissions from deforestation
and forest degradation in developing countries), that started in 2005 under the United
Nations Framework Convention on Climate Change (UNFCCC), with the aims of reduc-
ing GHGs and mitigating climate change through sustainable forest management and
reducing deforestation. Various national agencies followed one another with regard to
REDD+issues, until 2020 with the establishment of the Environmental Fund Manage-
ment Agency formed by the Ministry of Environment and Forestry (Suroso et al. 2020).
In 2012 Indonesian REDD+ Task Force released the REDD+ National Strategies to
spread the aims, vision and strategies related to forest management. In this document,
the sustainable forest management and an integrated planning approach involving for-
estry, agroforestry, agriculture, and mining are promoted to reduce the impact of defor-
estation and GHGs emissions (Indonesian REDD+ Task Force 2012). The use of spe-
cific subsidies for regional governments that fulfil the objectives of forests and peatlands
sustainable management can also be important to balance the reduction of local govern-
ments revenues (Tacconi and Muttaqin 2019). The REDD+ initiative demonstrated that
involving local communities, i.e. in mangrove forests conservation through payments
for ecosystem services scheme or in strengthening the rights of indigenous people liv-
ing inside or adjacent to forests, is a key factor for obtaining effective results (Fay and
Denduangrudee 2018). Unfortunately, the active involvement of local communities is
not yet widespread in Indonesia and especially when forests are directly managed by the
state, local rural communities are not enough considered in forest planning and manage-
ment. Despite this, virtuous examples have been reported, and initiatives as commu-
nity-based forest management or ecotourism, can be a key-factor for REDD+ success at
site level (Sidik et al. 2018). Overall, even if important results have been achieved, the
REDD+ initiative seems to have only partly meet the initial expectations, and Indone-
sian forests continue to be threatened by several factors (Moeliono et al. 2020).

Considering the above, it is clear that deforestation in Indonesia continues to have
major impacts both on the environment and on the social context. Many studies have
been carried out in the last decades focusing on different aspects of deforestation in
Indonesia. Some of them focused on a reduced time interval or only on specific islands
or provinces, others were instead based on statistical data at national level, but without
any spatial information or mapping of deforestation. Therefore, the study presented in
this paper can contribute to fill some of the knowledge gaps, providing useful data for
the understanding of the historical origin and evolution of deforestation in Indonesia at
spatial level, comparing the findings outside and inside protected areas. In particular,
the aims of our study are to:
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1. Assess forest transformations occurred in the last 70 years at national and regional level,
also according to the different altitude ranges.

2. Compare resulting spatial data inside and outside protected areas to assess their role in
preserving the forest heritage from deforestation.

3. Identify the protected areas that actually have a higher degree of forest integrity.

Materials and methods
The study area

Indonesia is the world’s largest archipelagic state with over 17,000 islands, the 14th larg-
est country by area (1,904,569 km?), and the 4th most populous country (over 275 mil-
lion people). The climate of Indonesia is almost entirely constant, mainly thanks to the
uniformly warm waters that surround the country. Temperature varies little from season to
season, while the main variables are rainfall and altitude. According to the Koppen—Geiger
climate classification (Kottek et al. 2006), most of the country is characterized by a Tropi-
cal rainforest climate (Af), followed by Tropical monsoon (Am) or Tropical savannah (Aw)
climates. Few areas, corresponding to the ones located at higher altitudes, are instead char-
acterized by oceanic climates and subtropical highland climates (Csb, Cwb, Cfb) between
1,500 and 3,500 m a.s.l., and by tundra (ET) or by Subpolar oceanic climate (Cfc) on the
highest Papuan highlands and peaks above 3,500 m a.s.l.

The country is characterized by different types of forests, mainly depending on rainfall
and altitude: mangrove forests along the coast, lowland tropical rainforests, and mountain
forests in inland areas of Sumatra, Sulawesi, and Borneo. Peat swamp forests are instead
found in the southern parts of Kalimantan and Sumatra, while the highest altitudes of
Papua are occupied by subalpine and alpine vegetation (Tsujino et al. 2016). Soils too are
very different one another, due to the morphological and climatic variability, and to the
extension of the country.

Materials

Different sources have been used and compared to analyze the forest surface changes in the
last 67 years.

Two different historical maps in raster format referring to the years 1950 and 1982 have
been used as the basis for investigating the forest surfaces in the past. The oldest map with
a sufficient level of detail about the vegetation types that is possible to find for all the coun-
try is the Vegetation Map of Indonesia published in 1950 and produced by the Planning
Department of the Forest Service, under the supervision of L.W. Hannibal, with a scale
1:2,500,000; this map is available as a raster file on the website of the European Digi-
tal Archive of Soil Maps (EuDASM) (https://esdac.jrc.ec.europa.eu/Eudasm/DVD/asia/
lists/cid.htm) (Selvaradjou et al. 2005). There are also some maps older than the 1950 one,
but according to van Steenis (1958) they have to be considered inadequate or not precise
both for the level of accuracy of the forest types’ identification and for the scale. Cornelis
Gijsbert Gerrit Jan van Steenis was a Dutch botanist who substantially contributed to the
knowledge of Southeast Asia vegetation. He also produced a Vegetation map of Malysia
1:5,000,000, published in 1958 for the UNESCO Humid Tropics Research Project. This
map is really similar to the one of 1950, that according to van Steenis it is of a “greater
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precision” compared to the older ones; therefore, the 1950 Vegetation Map of Indonesia
produced by the Planning Department of the Forest Service can be considered the more
accurate and, at the same time, the older historical document mapping the different types of
vegetation in Indonesia at national level.

The second map that has been used is the Land Use (Map 10) and 1982 Forest Clas-
sification, compiled in 1990 using different data sources, through a collaboration between
Land Resources Department, Overseas Development Natural Resources Institute, United
Kingdom and Bina Programme Directorate, Directorate General for Settlement Prepara-
tion, Department of Transmigration, Republic of Indonesia; this map has been downloaded
in raster format from FAO online Map Catalogue.

Concerning the most recent spatial data of forest types in Indonesia, we used the for-
est types of 2017 provided by the Indonesian Kementerian Lingkungan Hidup dan Kehu-
tanan (Ministry of Environment and Forestry) and downloaded as separate shapefiles from
https://mapforenvironment.org/group/IndonesialLandCover.

Regarding the forest type classification, each of the aforementioned maps have a differ-
ent legend, that is based on different features (Table 2). L.e. the map of 1982 differentiate
among the forest types on an altitudinal basis, while the 1950 map is based on general for-
est types. In addition, the 1950 Vegetation Map of Indonesia uses some symbols to charac-
terize the forest type according to the main species, but since this data is not available for
1982 and 2017, it has been decided not to consider this additional level of detail. To avoid
excessive simplification regarding the description of the forest types for each year, it has
been decided not to carry out a reclassification of the legend; for the overlapping of the
different years, instead, only the forest presence/absence has been considered, and “planta-
tions” have been included among non-forest areas, as they mainly correspond to oil palm
plantations and other tree plantations.

Regarding the presence of Protected Areas (PAs), the World Database on Protected
Areas (WDPA) has been downloaded as shapefiles from ProtectedPlanet website for Indo-
nesia, updated in November 2022 (UNEP-WCMC and IUCN 2022).

Country boundaries have been downloaded from GADM.org (Database of Global
Administrative Areas) in November 2022. Islands less than 500 ha has been deleted from
this shapefile, as no info about the forest type in historical maps was available for these
territories. In addition, to present and analyze the results more clearly it has been decided
to divide the national territory into 7 geographical zones, instead of presenting the results
according to the 38 provinces (Fig. 1).

Table 2 List of forest types for 1950, 1982, and 2017 maps

Forest categories 1950 Forest categories 1982 Forest categories 2017
Primary rain forest Submontane and montane forest Primary dry forest
Secondary forest Lowland aseasonal forest Secondary dry forest

Teak forest reservation Lowland seasonal forest Primary swamp forest
Forest reservation other than teak Recently logged forest Secondary swamp forest
Plantations Reforestation/ forest plantation Plantations

Swamp forest Peat swamp forest Primary mangrove forest
Tidal forest Mangrove and other tidal forest Secondary mangrove forest

Coastal forest
Wetland forest
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Fig.1 The division in seven geographical zones used to present the results of the study

A Digital Terrain Model (DTM) with a resolution equal to about 230 m has been used
for statistical elaborations of the results according to the altimetry. The DTM used is the
Global Multi-resolution Terrain Elevation Data 2010 (GMTED2010), downloaded from
EarthExplorer.usgs.gov and developed by the US Geological Survey (USGS) and the
National Geospatial-Intelligence Agency (NGA). Each tile contains different geotiff files,
including minimum elevation, maximum elevation, mean elevation, median elevation, and
standard deviation of elevation. All the elaborations according to the altimetry have been
performed using the mean elevation raster file.

Methodology

The applied methodology is depicted in Fig. 2.

The first step has been the georeferencing of the 1950 and 1982 maps into a GIS soft-
ware; georeferencing has been manually made with the software QGIS 3.22.8. After this
step, the two historical maps of 1950 and 1982 have been manually digitalized to obtain
two vector files of the forest types. Not all the land uses have been digitalized, but only the
ones related to forests and plantations, listed in Table 2.

All the following spatial analyses have been performed with QGIS 3.22.3 and GRASS
GIS 7. The three different layers referring to the three years (1950, 1982, 2017) have then
been overlapped with the geographical division of Indonesia. To evaluate forest changes,
the 1950, 1982, and 2017 forest surface layers have been intersected, allowing to identify
the unchanged surface, the forest gain and the forest loss. The resulting shapefiles have
then been clipped with the boundaries of the PAs to evaluate the differences regarding
forest surface changes inside and outside them; the original PAs database has previously
been modified, deleting the 196 features (on a total of 688) that were classified as maritime
protected areas, and, since the aim of this study focuses on the presence of any kind of
nature protection, all the remaining features have been merged in order to avoid overlap-
ping among different types of PAs with similar boundaries in the same place.
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Fig.2 Scheme of the methodological approach

Concerning the elaborations of the results according to the altimetry, the original DTM
has been reclassified into elevation classes. Instead of dividing the territory in homogene-
ous classes with the same altitude, it has been decided to apply variable classes to facilitate
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the analysis of the results; in fact, after some attempts, it has been decided that the follow-
ing variable altitude classes are the most suitable for representing the complex morphology
and altimetry of the territory. The class altitudes are the following: 0-25 m a.s.l., 25-50 m
a.s.l., 50-100 m a.s.l., 100200 m a.s.1., 200-500 m a.s.l., 500—1000 m a.s.l., 1000-2000 m
a.s.l., above 2000 m a.s.l. After that, the classified raster file has been transformed into a
vector layer to perform spatial analyses with the forest types and the forest changes layers.

Some limitations related to the materials used during this research have been identified.
Data resulting from GIS elaborations of historical maps must be used and understood con-
sidering possible causes of inaccuracy (Stduble et al. 2008). The first cause is related to the
historical maps themselves and to the fact that these maps have been created in different
years and by different people. This means that maps were produced using different meth-
odologies, level of detail, classification, spatial accuracy, tools and scientific knowledge;
even the basic definition of forest may vary between different years. The period of the year
in which field survey were performed can also be important, especially for tidal and man-
grove forests or for places with distinct dry and wet seasons. A second problem can be
related to georeferencing historical maps, as the perfect overlay is almost impossible, even
using a high number of control points. To partly avoid this last problem, the original maps,
in some cases, have been divided in smaller parts and georeferenced separately to obtain a
more accurate georeferencing. Finally, also the manual digitalization of historical maps can
represent another cause of inaccuracy if not performed at a suitable scale. Despite these
limitations the use of historical maps is already largely assessed in studies dealing with
changes of landscape and environment, representing crucial databases to investigate and
understand the main trends through the centuries and the decades (Vellend et al. 2013).
For the current research all the manually performed GIS elaborations have been carried out
with the highest possible level of accuracy and precision.

Results
Forests in 1950

In 1950, about 78.3% of the total national surface was covered by different types of forests.
Most of the national territory was covered by primary rain forests (Table 3), that accounted
for 45.3% of the national surface or 57.8% of the total forest surface. Swamp forests, that
included mangrove areas, occupied 12.8% of the total surface, followed by forest reserva-
tion other than teak (9.9%) and by secondary forests (8.2%). Other forest surfaces were
composed by teak forest reservations (0.5%) and tidal forests (1.6%), while plantations
were at that time still limited to 1.2% of the national surface.

The distribution of the different forest types was not uniform within the country (Fig. 3).
Primary rain forests were concentrated in Papua, Maluku islands, Sulawesi, Kalimantan
and part of Sumatra, while they were really rare in Java and Bali. Secondary forests were
mainly found in western Kalimantan, Nusa Tenggara and Sumatra, while swamp and tidal
forests occupied smaller areas in the north-eastern part of Sumatra, and big portions of
coastal Kalimantan and Papua. Areas classified as non-forest, corresponding to cultiva-
tions and grasslands, were mainly concentrated in Java and Bali (65.3%), in Nusa Teng-
gara (59.9%), and in the south-western part of Sulawesi. Plantations were mainly located in
Sumatra, Java and Bali.
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Fig.3 Map of the forest types for 1950

Forests in 1982

In 1982 about 63.8% of the total national surface was covered by different types of for-
ests, most of them classified as lowland aseasonal forests (Table 4), that occupied 39.3% of
the national surface, representing 61.7% of the total forest surface. According to the 1982
map, peat swamp forests were found on 9.6% of the national surface, followed by submon-
tane and montane forests (7.7%) and by recently logged forests (2.5%). Other forest types
were represented by mangrove and other tidal forests (2.4%) and by wetland forests (1.3%),
while lowland aseasonal forests and coastal forests were limited to less than 1.1% of the
total surface.

Lowland aseasonal forests were mainly located in Maluku (where they cover 70.1%
of the surface), Papua (54.2%), Kalimantan (50.7%) and Sulawesi (44.2%) (Fig. 4). Peat
swamp forests were also common, particularly in Papua (12.4%), Sumatra (13.6%) and
Kalimantan (11.3%), while submontane and montane forests (above 1000 m a.s.l.) were
mainly found in Papua (13.3%), Sulawesi (11.9%) and Sumatra (6.9%). Mangrove and other
tidal forests were instead common along the coasts of Papua (where they cover 4.7% of the
surface) and Maluku (3%). Areas classified as non-forest were mainly concentrated in Java
and Bali (83%), in Nusa Tenggara (68.4%), and in the south-western part of Sulawesi and
south Sumatra. Plantations were almost all concentrated in Java.

Forests in 2017

In 2017, the area with the highest percentage of forest cover was Papua (82%), followed by
Maluku (64.3%) (Table 5). The most widespread forest types at national level corresponded
to primary dry forests (20.8%) and to secondary dry forests (18.9%), both mainly located in
Papua, where they represented, respectively, 47.1% and 16.4% of the total surface. Primary
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Forest types - 1982

["1 Non forest
[ Coastal forest
[71 wetland forest
7] Lowland aseasonal forest
[0 Lowland seasonal forest
Il Mangrove and other tidal forests
Il Peat swamp forest

I Recently logged forest 0 500 1.000 1.500 2.000 km
[ submontane and montane forest (above 1,000 metres)
[ Reforestation/forest plantation

Fig.4 Map of the forest types for 1982

dry forests were also found in Kalimantan (17.7% of the surface) and Sulawesi (21% of
the surface), while secondary dry forests were common in Maluku (50.6% of the surface),
Sulawesi (27.1% of the surface), and Kalimantan (23.7% of the surface) (Fig. 5). Primary
and secondary swamp forest accounted respectively for 2.7 and 3.1% of the national surface
and were mainly located in Papua, where primary swamp forests occupied 4,876,615 ha,
corresponding to 11.8% of the surface. Other forests were composed by primary and sec-
ondary mangrove forests, whose total surface was limited to 1.5% of the national territory.
Plantations were also common, with a total surface corresponding to 8.2% of the national
territory, especially in Sumatra (where they account for 18.7% of the total surface) and
Kalimantan (10.5% of the total surface). Non forest areas in 2017 were found on 44.9% of
the national inland territory, primarily corresponding to cultivations and grasslands, and
were mainly located in Java and Bali where they reached 90.7% of the surface, in Nusa
Tenggara (58.7%), in the southern part of Sulawesi and Sumatra, and in the southern, east-
ern, and western parts of Kalimantan.

Forest changes in the period 1950-2017 inside and outside protected areas

The intersect of the layers of 1950 and 2017 allowed to obtain spatial data about the
changes that involved forests in the last 67 years, while the overlay with PAs boundaries
provide data about the role of protected areas, allowing to compare the forest changes
inside and outside PAs.

Data at national level highlight that 35% of the national territory (over 66 million of
hectares) has been affected by deforestation in the last 67 years, at an average rate of around
985,200 ha/year. In addition, considering the two different time intervals (1950-1982,
1982-2017), deforestation rates are really similar, highlighting no big differences at
national level between “old” and “recent” deforestation.

Significant discrepancies can instead be found between the different geographical zones
(Fig. 6). In Sumatra deforestation occurred on 52.8% of the territory at an average rate
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Forest types - 2017

[_1 Non forest

Il Primary dry forest

I Primary mangrove forest
[1 Primary swamp forest
[ Secondary dry forest

B Secondary mangrove forest 0 500 1.000 1.500 2.000 km
Secondary swamp forest
[T Plantation
Fig.5 Map of the forest types for 2017
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Fig.6 Forest surface changes for the period 1950-1982-2017 in the different geographical zones

of 372,300 ha/year, followed by Kalimantan (40%, 319,400 ha/year) and Sulawesi (33%,
91,500 ha/year). Papua is the zone that still preserves the highest percentage of “original
forest”, as 78.9% of its territory was classified as forest both in 1950 and in 2017, but even
if the percentage of the total surface affected by deforestation is the lowest among the dif-
ferent geographical zones, it anyhow corresponds to 16.3% of the total surface, equal to
6.7 million of hectares, with an average rate of 100,450 ha/year (Figs. 6 and 7). The situa-
tion is quite different in Java and Bali, as in 1950 most of the surface was already devoted
to agriculture, but the study demonstrated that deforestation continued even in the last 67
years also in this part of the country; in fact, only 4.8% of the surface was classified as
forest both in 1950 and in 2017. The only part of the country where the comparison high-
lighted an overall increase in the forest surface is Nusa Tenggara, since 22.2% of its terri-
tory falls under the classification “forest gain”; despite this data can partly be explained
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Forest dynamics 1950-2017
forest gain

[ forest in 1950 and 2017

I forest loss

[ non forest

0 500 1.000 1.500 2.000 km

Fig.7 Map of the forest changes for the period 1950-2017

with the use of different historical sources produced with different methodologies, it is nec-
essary to consider that 21% of the surface of this area is anyhow affected by deforestation.

Considering the altimetry, results highlight a clear trend at national level, with most of
deforestation concentrated at lower altitudes and greater conservation of forest resources at
higher altitudes, especially above 500 m a.s.l. In particular, only 19.5% of the national sur-
face below 25 m a.s.l. preserves the forest surface of 1950, while 54.3% has been affected
by deforestation. Going up in altitude, this percentage decrease to 45.1% in the range
25-50 m a.s.l., to 45.5% in the range 50-100 m a.s.l., to 34.1 in the range 100-200 m
a.s.l,, and to 19.6% in the range 200-500 m a.s.l. Above 500 m a.s.l. the percentage of
the territory affected by deforestation is comprised between 14.1% and 15.4%, while the
percentage of territory that is classified as forest both in 1950 and 2017 is between 61.7
and 72.6%. Moreover, it is interesting to notice that the in the altitude range 500-2000 m
a.s.l. around 5% of the surface is occupied by new forest surfaces, while in the class above
2000 m a.s.l. this percentage rise up to 14.1%. The only area that do not follows this trend
is the one of Java and Bali (and partly of Nusa Tenggara too), as deforestation is mainly
located in the range 200-1000 m as.l., due to the fact that in 1950 the areas at lower alti-
tudes were already deforested and turned into agricultural surface to support a particularly
significant population growth (Fig. 8).

According to the November 2022 update of the World Database on Protected Areas
(WDPA), Indonesian terrestrial PAs occupy a total surface of 21,665,522 ha, correspond-
ing to 11.5% of the national terrestrial surface (Fig. 9). The percentage of total protected
territory affected by deforestation in the period 1950-2017 is equal to 18.8% (with an aver-
age rate of 60,684 ha/year), that is a significantly lower value respect to the ones measured
for the areas outside PAs (37.1%, average rate equal to 924,544 ha/year). However, this
data does not seem to respect the evident differences at local level regarding the percent-
age of territory affected by deforestation inside and outside PAs. In most cases, the per-
centage of territory affected by deforestation is significantly lower inside PAs compared to
what happened outside PAs, especially in Sumatra (21.5% in PAs and 56.5% outside PAs),
Sulawesi (14.1% in PAs and 35% outside PAs), Maluku (8.3% in PAs and 27.8% outside
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Fig. 8 Graph of the forest changes for the period 1950-2017 according to altimetry classes

PAs) and Kalimantan (22.1% in PAs and 41.8% outside PAs) (Table 6). In Papua and Nusa
Tenggara these percentages are instead similar, while in Java and Bali the percentage of
territory affected by deforestation inside PAs is higher than the one measured outside PAs
(25.4% inside PAs and 24.4% outside PAs), probably due to the fact that the territory out-
side PAs was largely classified as non-forests already in 1950.

Comparing deforestation rates in PAs of the two different periods (1950-2017), it is
interesting to notice that for all the geographical zones, this rate is always higher in the last
35 years, with an average value at national level equal to 84,216 ha/year.

Results of the forest changes assessment in the period 1982-2017 also allowed to iden-
tify the PAs with a high level of forest integrity (all the PAs has been established after
1980), as well as those where deforestation occurred with high intensity (Fig. 9). Consid-
ering only the National Parks, the ones presenting lower deforestation rates in the last 35
years are the following: Kayan Mentarang NP, Betung Kerihun NP, Bukit Baka - Bukit
Raya NP (Kalimantan); Bogani Nani Wartabone NP, Lore Lindu NP, Ganda Dewata NP
(Sulawesi); Aketajawe Lolobata NP, Manusela NP (Maluku); Alas Purwo NP (Java); Keli-
mutu NP (Nusa Tenggara); Kerinci Seblat NP, Bukit Tiga Puluh NP, Bukit Dua Belas
NP, Siberut NP (Sumatra). On the contrary, the National Parks with highest deforestation
rates in the period 1982-2017, are: Danau Sentarum NP, Sebangau NP, Tanjung Puting
NP, Kutai NP (Kalimantan); Rawa Aopa Watumohai NP (Sulawesi); Gunung Merapi NP,
Gunung Merbabu NP, Gunung Halimun - Salak NP (Java); Gunung Rinjani NP (Nusa
Tenggara); Tesso Nilo NP, Berbak NP, Gunung Maras NP, Way Kambas NP (Sumatra).
It is also interesting to notice that deforestation in various National Parks follows a regular
pattern, clearly starting from the borders.

Discussion
The present research provided reliable spatial data regarding forest surface transformations

in Indonesia in the last 67 years, demonstrating that deforestation is still the main threat for
Indonesian forests. Indonesia, as other Southeast Asian countries is experiencing fast land
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el
Forest dynamics 1950-2017 Y
I forest gain

I forest in 1950 and 2017
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0 500 1.000 1.500 2.000 km

Fig.9 Map of the forest changes for the period 1950-2017 within Protected Areas

cover changes, therefore, it is crucial to monitor these changes at various scale through spa-
tial analysis for more accurate environmental planning and conservation (Miettinen et al.
2016).

According to Mackinnon (1997) almost all the total terrestrial area was originally for-
ested, and local population started to cut the forest to enlarge the cultivable area in different
periods in the different parts of the country. According to the present study, in 1950 forests
occupied 78.3% of the total terrestrial surface, a percentage close to the one reported by
Tsujino et al. (2016) for the same year (83.5% of total land area), considering that in our
case plantations have not been included among forests. Since in 1982 the total forest cover
has been found to be equal to 63.8%, it is evident that large scale deforestation started
immediately after WWII in most of the country and not in the last three decades, but with
significant differences among different areas. Until the ‘50s most of the lowland rainforests
were still managed through manually selective cutting practices that probably had reduced
impact on forest regeneration (Kartawinata et al. 2001), even if this management form can
modify the species composition in the long term.

An exception is represented by Java and Bali, as this study demonstrated that already
in 1950 forest occupied only 29.2% of their total surface. Around 1930, population den-
sity in Java was already high (313 person/km?) compared to the other big Indonesian
islands, where it was less than 25 person/kmz, and, therefore, there was the need to
increase rice production to feed the population, cutting large areas of primary forests
(Nawiyanto 2015; Darmayanti 2023). In fact, according to Boomgaard (1999), defor-
estation of mountain slopes in Java started to be perceived as a problem already around
1850, leading to the establishment of a colonial Forest Service and to the creation of
protected forests. Java, at that time, represented an isolated but significant case due to its
population density, while large-scale deforestation has a more recent origin in the rest
of the country (Smiet 1990). Despite most of the surface was already devoted to agri-
culture, after 1950 deforestation in Java continued with high intensity, representing one
of the main environmental problems at local level, especially due to the consequences
on erosion, landslides and soil loss (Haryadi and Andarwati 2019). Forests in Java are

@ Springer



Biodiversity and Conservation

largely fragmented and lower-altitude forests already disappeared decades ago as dem-
onstrated by our study, but according to Higginbottom et al. (2019) deforestation within
Javan protected areas greatly decreased in the last 20 years, almost ceasing after 2007.

It is also necessary to consider that, in the past, deforestation, as in most tropical
and subtropical countries, was related to the demand of local population for agricultural
land, firewood, charcoal, timbers and housing materials (Dagnachew et al. 2020), while
in the last two decades a big portion of deforestation has been caused by the spread of
industrial oil palm plantations, and partly also by mining activities. In addition, in the
period 2014 and 2016 small-scale farming was responsible of more than one-quarter of
all deforestation, a trend common to all Southeast Asia, where deforestation caused by
smallholder agriculture is accelerating due to the rapid population growth (Seymour and
Harris 2019).

At national level, as part of the REDD+initiative, Indonesia launched a forest morato-
rium in 2011 to suspend the granting of new concession for logging, oil palm and wood
fibre concessions within designated areas with the aim of reducing deforestation and CO,
emissions. The moratorium, initially planned for two years, was renovated until it became
permanent in 2019. The percentage of the total national terrestrial surface affected by the
moratorium was initially around 34-35%, and mainly focused on conservation and protec-
tion of peatlands and primary forests, as designated by the Indonesian Ministry of Environ-
ment and Forestry (Murdiyarso et al. 2011). Even if the moratorium increased the pressure
on forests excluded from this type of initiative, good results have been achieved, that could
be further improved considering the recent ban on new licenses for oil palm plantations
imposed by the Indonesian government for a period of three years (Leijten et al. 2021). In
the period 2001-2016 oil palm plantations had been responsible of 23% of total large-scale
deforestation in Indonesia (Austin et al. 2019), but with significant differences from one
region to another (Meijaard et al. 2020), as demonstrated by this study, without considering
that industrial oil palm plantations rarely bring direct benefits to rural communities, espe-
cially to the ones living near or adjacent primary forests (Santika et al. 2019). Since 2017,
the combination of the moratorium, of the decrease in oil palm price and of the increased
awareness among consumers, caused a slowing down of deforestation associated to indus-
trial plantations (Gaveau et al. 2019, 2022). Despite this positive trend, oil palm price has
doubled since the start of the COVID-19 pandemic and its demand is expected to increase
(Shigetomi et al. 2020; Leijten et al. 2021).

According to the findings of our study, the areas where deforestation is proceeding at
higher rates are Sumatra island (356,100 ha/year) and Kalimantan (303,360 ha/year) as
also confirmed by Nikonovas et al. (2020), who reported that the Sumatra and Kalimantan
islands, home to the majority of Indonesia’s carbon-rich peatlands, have been particularly
affected by loss and degradation of primary forests. A large part of deforestation has been
due to the spread of plantations, occurring at an average rate of 197,079 ha/year (+563%).

Despite these particularly high rates of deforestation, our study demonstrated that defor-
estation rates are significantly lower within PAs, especially in some parts of the country
(Sumatra, Sulawesi, Maluku, Kalimantan), as the percentage of surface affected by defor-
estation within PAs is often the half comparted to the percentage outside PAs. This is also
confirmed by other studies; in 1990-2000 deforestation rates inside Sumatran PAs have
found to be lower compared to adjacent unprotected areas or to the wider landscape, even if
deforestation and logging have not ceased within Sumatran PAs (Gaveau et al. 2009). Pre-
vious studies also reported that protection measures partly contributed to reducing large-
scale mechanized logging and to stabilize agricultural encroachments enabling forest re-
growth in Sumatra (Gaveau et al. 2007). Reducing forest fragmentation at the landscape
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level is also crucial to (re)connect different habitats and to preserve ecological corridors for
local fauna (Poor et al. 2019).

Conclusions

The first group of Indonesian National Parks was established in 1980, just before the inter-
mediate reference year that has been considered in this study, and at least 20-25 years
after the beginning of large-scale deforestation in most of the country. Our research con-
firmed the important role of PAs in slowing down deforestation rates compared to the situ-
ation outside PAs, especially in some parts of the country where plantations, mainly of oil
palms, have spread extensively in the last three decades. Results also proved that PAs are
not exempt from deforestation, even in the last 30 years, especially due to the deforestation
starting from the margins eroding the forests located along the border with the area outside
PAs. Therefore, along with the strengthening of PAs, there is a need to apply an effec-
tive sustainable forest management also to the forests not included in the PAs system and
to those located along their borders. The recent trend of promoting at national level both
social forestry and community-based forest management, seems to have positive effects in
improving community well-being, promoting sustainable forest management, and reduc-
ing overexploitation of natural resources (Erbaugh 2019; Putraditama et al. 2019). In addi-
tion, particular attention should be paid to the areas at lower altitudes, where deforestation
occurs with higher intensity, especially along the coasts, where mangrove and other tidal
forests have a key role also in protecting coastlines from erosion, as well as representing
unique ecosystems.

The applied methodology, despite the limitations already highlighted due to comparing
different sources produced with different procedures, allowed to provide reliable spatial
data on forest surface transformations in Indonesia in the last 67 years and regarding the
role of Protected Areas. The big amount of produced data at regional level have led to
the identification of the most vulnerable areas and of the ones that are still rich in forest
integrity and associated biodiversity. Further studies at local level or focusing on specific
PAs, could help in linking different forest management strategies with deforestation, con-
tributing to the identification of possible solutions that can be replicated for a sustainable
management of national forest resources and for their preservation towards future genera-
tions. This research can be considered as a starting point for such studies, and, at the same
time, can help in the identification of those management approaches that have been most
successful in protecting forest areas, those that most contributed to forest loss mitigation.
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