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Abstract

Cultivation of tree crops such as coconut, oil palm and rubber are an important source of income in Southeast Asia, both for
the national economies and for the local population. Climate change has the potential to drastically affect the suitability for
growing these crops, but until now the impacts thereof on existing production areas have not been considered. This study
combines climate change projections with data on crop cultivation to analyze how suitability for coconut, oil palm and rubber
will change under different scenarios in Southeast Asia. We find that projected increases in total precipitation and longer dry
periods in the insular part of Southeast Asia will result in 127,000 ha of current coconut and 1.17 Mha of current oil palm area
will no longer be highly suitable under the most severe climate scenario. Conversely, increasing temperature in the mainland
part of the region will cause 97,000 ha of current rubber cultivation area to become highly suitable. Increasing temperatures
will also allow for potential expansion of rubber and coconut cultivation in the northern mainland part of the region, while
the potential highly suitable area for oil palm cultivation will decrease. These changes in crop suitability may result in impacts
on local farmers, including fall in yields and displacement of cultivation areas. This, in turn, may add pressure to biodiversity
conservation in the region since areas that become highly suitable are disproportionally located within Key Biodiversity Areas.

Keywords Crop suitability - EcoCrop - Land use change - Plantations - Smallholder agriculture

Introduction

Southeast Asia is a major region for cultivation for tree crops.
Countries in the region are responsible for 88% of global
palm oil production, 75% of global natural rubber production
and 56% of global coconut production (FAO 2021). This has
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implications for the region’s agricultural landscapes, large areas
of which are dominated by plantations with coconut, oil palm
and rubber. Cultivation of these three crops takes up more than
37 Mha, covering 31% of the cropland area in Southeast Asia
(FAO 2021). There has been a substantial increase in the area of
large-scale plantations over the past couple of decades, primar-
ily due to an increase in commercial oil palm growing in Indo-
nesia and Malaysia (Xu et al. 2020). The area of rubber culti-
vation has also increased considerably in mainland Southeast
Asia, primarily in Cambodia, Lao PDR, Thailand and Vietnam
(Hurni and Fox 2018; Kenney-Lazar and Ishikawa 2019), while
the size of the coconut area, primarily in Indonesia and the Phil-
ippines, has remained relatively stable in recent decades (FAO
2021). These developments have resulted in a decline in forest
area, with an annual forest loss of 3.2 Mha between 2001 and
2019 in the region (Feng et al. 2021), making Southeast Asia
one of the global deforestation hotspots (Hoang and Kanemoto
2021). With continued increases expected in the demands for
both coconuts (Alouw and Wulandari 2020), palm oil (Corley
2009; Khatiwada et al. 2021) and natural rubber (Laroche et al.
2022; Warren-Thomas et al. 2022), it is important to assess how
climate change affects the suitability of the existing crop areas
as well as in potential future cultivation areas.

The agricultural landscapes of Southeast Asia are domi-
nated by a mixture of smallholder farmers and large-scale
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holdings. Smallholder farmers range from traditional sub-
sistence-oriented farming households engaged in shifting
cultivation to intensive, market-integrated small-scale farm-
ers (Mertz et al. 2009; Rigg et al. 2016; Schreinemachers
et al. 2017), while large-scale holdings are mainly export
oriented and managed as industrial plantations (Miettinen
et al. 2012; Kenney-Lazar and Ishikawa 2019). Develop-
ment in smallholder agriculture is often associated with
positive impacts on income and mixed to positive impacts
on employment, food security and health for local commu-
nities (Appelt et al. 2022), but can in some cases also result
in negative impacts on local farmers, for instance due to
price volatility of newly introduced crops (i.e. ‘crop booms’)
(Ornetsmiiller et al. 2018; Kallio et al. 2019). Large-scale
plantations can often impact local communities negatively
across a range of livelihood dimension (Appelt et al. 2022),
including potentially increasing levels of conflict between
companies and local communities (Obidzinski et al. 2012),
and causing harm to income generation and food secu-
rity of local smallholder farmers (Andrianto et al. 2019).
Coconut is primarily grown in non-intensive smallholder
systems, where farmers rely heavily on the crop income for
their livelihood (Andriesse 2018; Alouw and Wulandari
2020; Davila 2020). For example, 79% of Filipino coconut
farmers have farms sizes below two hectare (PCA 2019).
In contrast, oil palm growing in Southeast Asia consists of
a mixture between both smallholders and large-scale pro-
duction (Bissonnette and De Koninck 2017). Smallholders
are responsible for 27% of the oil palm area in the region,
with national levels ranging from 15% in Malaysia to 71%
in Thailand (Descals et al. 2021). Oil palm can be attractive
to smallholders due to the large potential for income genera-
tion, but requires considerable capital investment and access
to processing infrastructure (Feintrenie et al. 2010a; Rist
et al. 2010). As a result, it exists in various configurations
of contract farming and out-grower schemes connected to
large-scale industrial style plantations (Gatto et al. 2017).
Similarly, rubber production in the region is a mixture of
smallholder farmers and large-scale plantations. Smallholder
farmers’ share of the rubber production ranges from 23% in
Lao PDR to 93% in Malaysia (Fox and Castella 2013). It is
an attractive crop for smallholders due to the income genera-
tion potential (Simien and Penot 2011), but a specialization
in rubber can increase the vulnerability of households due to
price fluctuations and market dependence (Jin et al. 2021).
Coconut, oil palm and rubber all require tropical con-
ditions to grow, which are found in most of the countries
in Southeast Asia. They need high average temperatures
and are, when grown without irrigation, dependent on
medium to high levels of precipitation (Sys et al. 1993).
Therefore, cultivation of these crops is centered in areas
around the equator (Gunn et al. 2011; Corley and Tinker
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2015; Priyadarshan 2017), although development of rub-
ber clones resistant to low temperatures and wind has
spread rubber cultivation to some historically ‘sub-opti-
mal’ areas including parts of mainland Southeast Asia,
southern China and northern India (Priyadarshan et al.
2005; Ahrends et al. 2015; Priyadarshan 2017). Previ-
ous studies of suitability for coconut (FAO and ITASA
2021), oil palm (Pirker et al. 2016; Paterson et al. 2017)
and rubber (Ahrends et al. 2015; Golbon et al. 2018) show
Southeast Asia as one of the globally best suited areas for
these crops. Yet, these studies also indicate that the area
available for expansion is limited (Ahrends et al. 2015;
Pirker et al. 2016).

Climate change is likely to affect the suitability for
cultivating coconut, oil palm and rubber. Impacts include
direct limitations for plant growth (Paterson et al. 2015;
Golbon et al. 2018), as well as impacts on flowering and
fruit development (Kumar and Aggarwal 2013; Cor-
ley and Tinker 2015), increasing climate induced stress
and susceptibility to diseases like stem rot and mildew
(Paterson et al. 2013; Liyanage et al. 2016) and directly
impacting harvest and productions, for instance through
changing latex flow rates in rubber trees (Ismail and Gohet
2021). Previous projections indicate that suitability for
oil palm could decrease in Indonesia and Malaysia due
to heat and dry stress (Paterson et al. 2015; Sarkar et al.
2020). Similarly, the suitability for rubber cultivation is
expected to decrease due to heat stress in the southern
parts of mainland Southeast Asia, while it could increase
in the northern parts of the region (Golbon et al. 2018).
These climate-induced changes can have serious impacts
on smallholder farmers in the region. Yet, they may also
create opportunities for crop expansion in other areas,
potentially leading to deforestation, harming natural habi-
tat in biodiversity-rich and valuable ecosystem (Ahrends
et al. 2015; Vijay et al. 2016). Despite previous studies on
general land suitability for oil palm and rubber (Paterson
et al. 2015, 2017; Golbon et al. 2018; Sarkar et al. 2020),
we do not yet have an assessment of how climate change
will impact specifically in the existing crop production
areas. With the construction of high-resolution crop maps
for oil palm (Descals et al. 2021) and rubber (Hurni and
Fox 2018), we have the possibility for projecting suit-
ability change in the exact areas where existing crop pro-
duction is taking place. Furthermore, while coconut is an
important export and smallholder crop in the Southeast
Asia, with demand expected to increase, there has not been
any regionwide studies on projected climate impacts on
coconut suitable area or impact on existing crop area.

In this paper, we analyze the impact of climate change on
the suitability for coconut, oil palm and rubber in Southeast
Asia, and compare these with the current crop extents, to see
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how climate change may impact existing production areas
and how the area for potential expansion in the region is
projected to change.

Materials and methods

This study uses a range of data sources to map the current and
future suitability for coconut, oil palm and rubber in South-
east Asia, under different climate scenarios, and compare
the suitability with the current crop extent and total suitable
area (Fig. 1). To that effect, we use historical and projected
future climate data under different scenarios from general cir-
culation models (GCMs) (Climate data) and process them as
input to the EcoCrop suitability model (Modelling crop suita-
bility). Subsequently, we compare our results with the current
extent of each of the three crops (Impact of climate change
on existing crop area) to see how the total suitable crop area
changes under different climate scenarios (Suitability of area
for future potential crop expansion). Southeast Asia is in this
study defined as the area of the ten member states of the
Association of Southeast Asian Nations (ASEAN). The data
sources and modelling approach are described below, while
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a complete overview of all model parameters is provided in
the supplementary material.

Climate data

To assess how climate will change in Southeast Asia, we
compared two future scenarios for 2041-2070 following
the Shared Socioeconomic Pathways (SSP) 1 and 5, and
the respective Representative Concentration Pathways 2.6
and 8.5 (SSP1-2.6 and SSP5-8.5). SSP1-2.6 represents a
development characterized by sustainable policies with low
climate change and low levels of mitigation and adaptation
challenges, while SSP5-8.5 represents a future with fossil-
fuelled development and larger climate changes, with high
levels of mitigation challenges, but low levels of adaptation
challenges (O’Neill et al. 2017). These two scenarios are
selected as they present a representative range of possible
future climate change scenarios, thus showing the range of
potential impacts on crop suitability.

Climate change projections are based on data from 5
GCMs available from the Climatologies at High resolution
for the Earth’s Land Surface Areas (CHELSA) v2 database
(Karger et al. 2017). CHELSA provides high resolution (30
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Fig.1 Methodology for modelling of crop suitability (example
for coconut under SSP1-2.6). Historical and projected climate
data on monthly average temperature and monthly total precipita-
tion (a) was used to produce temperature (red), precipitation (blue)
and precipitation seasonality (yellow) suitability maps (b). These

were then combined to produce total suitability maps for both the
historical and projected scenarios (¢), which were then combined
to show changes in suitability (d). This was done individually for
each included General Circulation Model (GCM) and results then
combined across models
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arc seconds) historical climate data (1981-2010) as well as
down-scaled data for a range of GCMs and SSPs from the
6th phase of the Coupled Model Intercomparison Project
(CMIP6). We included climate change projections from mul-
tiple different GCMs to explore the uncertainty within these
scenarios. The range of GCMs included in our study reflects
the data availability from CHELSA.

Modelling crop suitability

Crop suitability was assessed using the EcoCrop model
(Hijmans et al. 2001), building upon Ramirez-Villegas et al.
(2013). EcoCrop is a niche-based mechanistic model that
evaluates the crop specific suitability of an area based on cli-
mate conditions as a score ranging between not suitable and
optimally suitable. The model establishes crop suitability
based on monthly average minimum temperature, monthly
average temperature and total precipitation in the growth
period. The crops investigated in this study are all perennial
crops, and we therefore treated the full year as the growing
period (i.e. 12 months).

In the model, suitability is determined independently for
temperature and precipitation variables, based on a set of
crop-specific thresholds values describing optimal (100),
sub-optimal (between 0 and 100) and non-suitable (0) grow-
ing conditions. Sub-optimal suitability scores are calculated
by linear interpolation between the marginal values for non-
suitable and optimal conditions. The model multiplies these

variable scores to get a total suitability score ranging from 0
to 100. Threshold values used are based on reviewed litera-
ture on the crop-climate relationship for coconut (Peiris et al.
1995; Thomas et al. 2018), oil palm (Corley and Tinker 2015;
Pirker et al. 2016) and rubber (Ahrends et al. 2015; Priyadar-
shan 2017), as well as the original EcoCrop database (FAO
2022). In addition, we considered values used by the Global
Agro-Ecological Zones model (Fischer et al. 2021). Table 1
includes the crop-specific thresholds parameters used.

In addition to total annual precipitation, the included
crops are also sensitive to precipitation seasonality. To
account for this, we included the number of dry months as
a separate input variable to the EcoCrop model, to capture
the effect of precipitation seasonality. This seasonality was
implemented as another suitability score, with crop specific
threshold values for non-suitable and optimal conditions
from the literature on the included crops (Corley and Tinker
2015; Golbon et al. 2018; Nampoothiri et al. 2019), using
linear interpolation in a similar matter as for temperature and
total precipitation suitability (Table 1). More details on the
implementation of EcoCrop in this study is included in the
supplementary material (S1).

Impact of climate change on existing crop area
To investigate the impact on climate change for local farm-

ers and production areas, we compared suitability changes
for the respective crops with the current extent of each crop.

Table 1 Parameters used for modelling crop suitability. Climatic parameters were used to differentiate between unsuitable, sub-optimal and opti-

mal conditions

Crop type Climate condition Suitability
Unsuitable: 0 Sub-optimal suit- Optimal suitability: 100
ability: 1-99
Coconut Monthly average temperature <14 °C 14-22 °C 22-34°C
>38°C 34-38 °C
Monthly average minimum temperature <-1°C >—-1°C
Annual precipitation < 650 mm 650-1200 mm 1200 - 2400 mm
> 4000 mm 2400-4000 mm
No. of dry months (precipitation < 50 mm) > 7 4-7 <4
Oil palm Monthly average temperature <12°C 12-21 °C 21-32°C
>38°C 32-38 °C
Monthly average minimum temperature <0°C >0°C
Annual precipitation < 1000 mm 1000-1500 mm 1500-3000 mm
> 8000 mm 3000-8000 mm
No. of dry months (precipitation < 50 mm) >5 2-5 <2
Rubber Monthly average temperature <10°C 10-24 °C 24-30 °C
>45°C 3045°C
Monthly average minimum temperature <0°C >0°C
Annual precipitation < 1200 mm 1200-2000 mm 2000-4000 mm
> 6000 mm 4000-6000 mm
No. of dry months (precipitation < 50 mm) >5 4-5 <4

@ Springer
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High resolution, remotely sensed data on crop areas is avail-
able for the extent of oil palm for the natural production
range (whole region of Southeast Asia, except above 18°
North; Descals et al. 2021) and for the primary production
areas for rubber in mainland Southeast Asia (Hurni and Fox
2018). Additional data on rubber extent for Indonesia and
Malaysia was added from the Global Forest Watch data on
planted trees (Harris et al. 2019). The extent of coconut was
based on information on modelled harvested crop area from
the SPAM model (IFPRI 2019). Table 2 provides an over-
view of the data sources for crop area. We assumed that the
included crops were not cultivated in areas for which no such
data was available. For oil palm, this misses a small amount
of existing cultivated area falling outside the historical suit-
able range (Descals et al. 2021), for instance in northern
Thailand (Jaroenkietkajorn et al. 2021), while for rubber a
minor part of the existing cultivation area in eastern Thai-
land and the Philippines is not included (FAO 2021). Yet,
the available data covers the majority of all areas on which
oil palm, rubber and coconut are grown in Southeast Asia.
To facilitate analysis of change in suitable area, the suitabil-
ity scores were reclassified into areas that are unsuitable (0),
and low (1-50), medium (50-80) and high suitability (80—100).

Suitability of area for future potential crop
expansion

To assess potential future land use changes, we analyzed the
impact of climate change on the suitability of potential future
expansion areas for the three crops. To do this, we looked at
the change in the total area with high crop suitability (> 80
in EcoCrop), but excluded areas that are unsuitable for other
reasons than climate conditions, such as due to topography,
soil characteristics or existing land use (Table 3).

Threshold values for topography and soil were obtained
based on Sys et al. (1993) and Fischer et al. (2021). Data on
slopes was derived from the NASA SRTM elevation data
set (Farr et al. 2007), and information on soil characteristics
was obtained from the Harmonized World Soil Database

Table 2 Data on existing crop extent used in the study

(Nachtergaele et al. 2012) and from SoilGrids (de Sousa
et al. 2020).

Over the past decades, new tree crop cultivation has
mostly been developed in areas not yet in use for crop pro-
duction or as built-up land (Hurni and Fox 2018; Xin et al.
2021). We therefore also excluded areas that are currently
under other land uses and are therefore not suitable for
expansion of tree crop cultivation, including built-up area
(Corbane et al. 2018, 2019) and cropland area (Fritz et al.
2015). To get an indication of the potential environmental
impact of the climate induced changes in crop suitability,
we further overlayed the modelling results with data on Key
Biodiversity Areas (KBAs) (BirdLife International 2022).

Results

Future changes in crop suitability for oil palm,
rubber and coconut

Areas that are currently highly suitable for coconut are
primarily found in the southern part of mainland South-
east Asia, mostly in Cambodia and Thailand, and in some
of the insular parts of the region, while some areas along
the equator currently have low suitability due to high lev-
els of annual precipitation. We find that the suitability for
coconut is projected to increase in the northern, mainland
parts of Southeast Asia, but decrease in the insular parts
of the region, along the equator, and to a smaller degree
in the Philippines (Fig. 2b and c). The largest decreases
in suitability are projected on Borneo and New Guinea, as
well as along the eastern coast of Sumatra. The decrease
in suitability is primarily due to increasing total precipita-
tion (Fig. S2).

For oil palm, highly suitable areas are currently found
in the insular parts of Southeast Asia around the equa-
tor, while areas in the mainland are largely unsuitable
(Fig. 2d). Projections show little area with increasing
suitability, while projected decreases are largest in the

Tree crop Coverage Resolution Year

Unit and collection method Source

Coconut  Whole study area 10 km 2010
Oil Palm  Whole study area, except for northern 10 m 2019
Lao PDR, northern Thailand, north-
ern Vietnam and most of Myanmar
Rubber Cambodia, Lao PDR and parts of 231 m 2014
Myanmar, Thailand and Vietnam
Indonesia, Malaysia Polygons

2013-2015 Observed area; manual polygon

% harvested area; modelled from
production statistics

MapSPAM (IFPRI 2019)

Observed area; remote sensing Descals et al. (2021)

Observed area; remote sensing Hurni and Fox (2018)

Spatial database of
planted trees (Harris
et al. 2019)

delineation/supervised classification

@ Springer
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Table 3 Parameters used for defining suitable areas based on topographical and soil conditions
Suitable conditions Coconut Oil palm Rubber
Topography Slope < 25° < 25° < 30°

Soil characteristics Texture

All classes except heavy

All classes except heavy clay,

All classes except

clay loamy sand and sand heavy clay and

sand

Coarse fragments < 65 vol% < 65 vol% < 65 vol%

Soil depth > 40 cm > 40 cm > 50 cm

pH 4.5-8.5 3.5-7.5 3.5-7

Base saturation n.a. > 0% < 80%

CaCO;, <75% < 10% <1%

CaSO, <25% <3% <0.2%

Cation exchange capacity > 2 cmol/kg > 2 cmol/kg > 2 cmol/kg

Electric conductivity <20dS/m <4dS/m <2dS/m

Exchangeable sodium <45% <12% <2%

southern parts of Sumatra and southern Borneo (Fig. 2e
and f). This decrease is mainly due to an increase in total
precipitation and in precipitation seasonality (increased
number of dry months) (Fig. S2).

Areas with high suitability for rubber cultivations are
currently found in insular Southeast Asia around the equa-
tor, while areas in the mainland are less suitable (Fig. 2g).
High suitability is projected to continue in most of the
insular parts of Southeast Asia (Fig. 2h and 1), while some
lower suitability areas in the northern mainland parts are
projected to see an increase in suitability. This increase is
driven by increasing temperatures, in particular in the val-
leys and lowland areas of northern Lao PDR and northern
Vietnam (Fig. S2). In central mainland Southeast Asia,
the increasing precipitation is projected to increase suit-
ability, but precipitation seasonality as well as increasing
temperatures will continue to be limiting factors in this
area.

The changes in suitability for the tree crops in the
included climate change scenarios are highly consistent
in direction but differ in the magnitude of the changes.
As aresult, the trends described above are expected under
both SSP1-2.6 and SSP5-8.5, but generally with more
pronounced changes under SSP5-8.5.

Climate change impacts on existing crop areas

Climate change impacts on the suitability of currently
cultivated areas yield both improvements and deteriora-
tions (Fig. 3). For coconut and rubber, gains and losses
in the three suitability categories are somewhat similar,
resulting in only small net changes in the cultivated areas
in each category. For oil palm, changes in the low suit-
ability category are small, while both climate change sce-
narios show a net increase in medium suitable land and
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a comparable net decrease in high suitable land. For all
three crops, gross changes are larger under SSP5-8.5 than
under SSP1-2.6.

Just over half of the land cultivated with coconut is char-
acterized as highly suitable, while the rest is characterized as
medium suitable, low suitable and unsuitable, respectively
(Fig. 3a). We find a projected average net loss of existing
crop area located in high suitable areas of 180,000 ha and
127,000 ha under SSP1-2.6 and SSP5-8.5, respectively. The
range of results from the included GCMs is quite large, in
particular under SSP5-8.5, where four of the models show a
net loss of crop in high suitable areas, ranging from 20,000
to 430,000 ha, while one model (MRI-ESM2-0) predicts a
gain of 170,000 ha. This disagreement is primarily due to
differences in the projected annual precipitation in the crop
area in central Sumatra.

A large majority of existing oil palm production is in areas
which are currently highly suitable (Fig. 3b). We find an aver-
age net loss of 607,000 ha and 1.17 Mha of crop area located in
high suitable areas under SSP1-2.6 and SSP5-8.5, respectively
(Fig. 3e). All five GCMs show a decrease in crop in high suit-
able areas under SSP5-8.5, ranging from 0.55 Mha to 1.72
Mha, but three of the included models (MPI-ESM1-2-HR,
MRI-ESM2-0, UKESM1-0-LL) project a particular large
loss in southern Sumatra under SSP5-8.5, due to increase in
precipitation seasonality in that area.

Rubber is currently primarily cultivated in areas with high
climate suitability (Fig. 3c). We find an average net increase
of existing crop area located in high suitable areas of 115,000
ha under SSP1-2.6 and a slightly smaller increase of 97,000
ha under SSP5-8.5. The included GCMs show a large range in
the net gain and loss of crop in high suitable areas, with four
models showing an increase and one model (MRI-ESM2-0)
showing a net loss of crop in high suitable areas (of 268,000
ha) under SSP5-8.5.
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Crop suitability
1981-2010

SSP1-2.6

Change in suitability
2041-2070
SSP5-8.5

Coconut

Oil palm

Rubber

Fig.2 Current crop suitability score (a, d, g) (on a scale of 0—100) and climate induced changes in suitability score in 2041-2070 under SSP1-
2.6 (b, e, h) and SSP5-8.5 (c, f, i) for coconut, oil palm and rubber in Southeast Asia

Change in suitability for potential crop expansion
area

The high suitable potential expansion area for coconut in
Southeast Asia is projected to an average net decrease of 4.8%
(3.5 Mha) under SSP1-2.6, but a net increase with 4.5% (3.3
Mha) under SSP5-8.5 (Fig. 4a). Four of the five included mod-
els agree on a net increase in the high suitable potential expan-
sion area under SSP5-8.5 (ranging from 5 to 20%). The gross
changes in all suitability categories are much larger than the net
changes, with, e.g. the gain in high suitability potential expan-
sion area under SSP5-8.5 projected to 14-26% and the loss
of high suitability area to 6-26% across the included GCMs.
This indicates the models projecting larger local changes in
suitability, with increase in some locations generally being
accompanied by deterioration of suitability in other locations.

For oil palm, we find that the high suitable potential
expansion area is projected to an average net decrease of
5.3% (6.1 Mha) and 9.9% (11.3 Mha) under SSP1-2.6 and
SSP5-8.5, respectively (Fig. 4b). The net decrease in high
suitable area is consistent across the include GCMs, but
with three of the models (MPI-ESM1-2-HR, MRI-ESM2-0,
UKESM1-0-LL) projecting a particular a large decrease in
high suitable areas (11 to 15%), with much of the loss due
to increased precipitation seasonality in southern Sumatra.
The difference between gross and net changes for oil palm
is smaller than for coconut, with, e.g. projected gain in high
suitability potential expansion area under SSP5-8.5 of 2-4%
and projected loss of 6-14% across the included GCMs.
This indicates a more consistent projection of generally less
favourable conditions for oil palms in a number of areas in
Southeast Asia.

@ Springer



117 Page 8 of 14 Regional Environmental Change (2023) 23:117
Coconut Oil palm Rubber
z s »p
H— ]
B8 ET 5,4‘ 9.3
S e i 17.5 Mha o
3z
a @
08 @ 2 G 08 ®
0.4 1 0.4
w
8 R
-2 © © ©
[N < <
£ 0 0 g0
3 i
0.4 -1 0.4
08 & & SRS 2 & 8 S &8 08" & & © SRS
Sy & 8y & Sy &gy § Sy & oy &
S N S S S <
SSP1-2.6 SSP5-8.5 SSP1-2.6 SSP5-8.5 SSP1-2.6 SSP5-8.5

Fig. 3 Changes in suitability for existing crop areas. Top part of
the figure (a, b, ¢) shows the suitability of area currently culti-
vated with coconut, oil palm and rubber. Bottom part (d, e, f)
shows the gains and losses in low (1-50), medium (50-80) and
high (80-100) suitable areas in 2041-2070 for the existing crop

The high suitable potential expansion area for rubber is on
average projected to a net increase of 3.8% (4.7 Mha) under
SSP1-2.6 and 5.2% (6.4 Mha) under SSP5-8.5 (Fig. 4c).
The patterns of change in high suitable area are different
between models, but all of them show increasing high suit-
able area along the southern coast of Vietnam and in the

area under SSP1-2.6 and SSP5-8.5. Results show the average
over included GCMs included, while whiskers indicate the range
of gains and loss of area across these GCMs. Numerical results
for gain and loss in of potential expansion area can be found in
Table S1

highland areas of Indonesia and Malaysia, due to increasing
temperatures, and two models (GFDL-ESM4, MPI-ESM 1-
2-HR) show a large increase in high suitable area in eastern
Cambodia under SSP5-8.5, due to increase in precipitation
and fewer dry months (Fig. S2). All models show increase
in the amount of medium suitable area in highland areas

Coconut Oil palm Rubber
50 @ 25 ®) 2 ©
25 12.5 12.5
(7]
g o
- O © © ©
o < <
£ £ o0 0 g0
&g
-25 -12.5 -12.5
S0l & g S & s 25 2 & & S & 5 250 s & o & 8
S Ty & oy ® Ty Iy ®
S N S N S S
SSP1-2.6 SSP5-8.5 SSP1-2.6 SSP5-8.5 SSP1-2.6 SSP5-8.5

Fig.4 Average gain and loss in of potential expansion area for dif-
ferent suitability categories in 2041-2070 under SSP1-2.6 and SSP5-
8.5 across Southeast Asia for coconut (a), oil palm (b) and rubber
(c). Whiskers show range of gains and loss of area across included
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GCMs. Areas that are unsuitable due to soil conditions or slope, as
well as areas that are currently built-up, cropland or permanent water,
have been excluded. Numerical results for gain and loss in of poten-
tial expansion area can be found in Table S2
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in central and northern Lao PDR and in northern Vietnam
under both SSP1-2.6 and SSP5-8.5. The gross changes in
potential expansion area for rubber are considerable, in par-
ticular for medium suitable area, where the net change under
SSP5-8.5 is an increase of 6.7%, but this covers projected
gains of 29-51% and projected loss of 24-38% across the
included GCMs.

Key Biodiversity Areas (KBAs) cover approximately
18.4% of terrestrial Southeast Asia. We find that areas that
become highly suitable under both climate change scenarios
are disproportionally included in these areas (Table S3). For
coconut, only 16.7% of the loss of high suitable potential
expansion area happens in KBAs under SSP1-2.6, while
24.0% of the gain happens in these areas in the same sce-
nario. Similarly, the loss of high suitability area for oil palm
is relatively smaller in KBAs, constituting 12.7% and 12.4%
under SSP1-2.6 and SSP5-8.5 respectively, while 27.6% and
30.6% of the gains in high suitability areas are within KBAs.
For rubber, 20.6% and 18.0% of the losses in high suitability
areas are found within KBAs, for SSP1-2.6 and SSP 585
respectively, and 36.2% and 37.7% of the gains. Hence, for
all three tree crops, we find that climate change leverages
additional pressure on KBAs.

Discussion

Impacts of climate change on tree crops
and producers in Southeast Asia

Climate change will have both positive and negative
impacts on the suitability to grow coconut, oil palm and
rubber in Southeast Asia, depending on the location within
the region. We find overall improvements for coconut and
rubber in the mainland part of Southeast Asia, while we
also find a decrease in suitability for all three crops in the
insular part of the region. These findings are consistent
with previous studies, which have found that the global
area suitable for production of major food and energy
crops will shift towards higher elevation and areas further
away from equator (Zabel et al. 2014; King et al. 2018;
Hannah et al. 2020), but with some exceptions due to the
specific climate requirements of the individual crops, as
we discuss below. Our study provides new insights on
these impacts for coconut cultivation, while it is consistent
with previously reported increase in areas suitable for cul-
tivating palm oil (Pirker et al. 2016) and rubber (Ahrends
et al. 2015).

Net change in the area with high and medium suitability
for coconut is low for both SSP1-2.6 and SSP5-8.5 but
the underlying gross changes are considerable. As coconut
is mainly produced by smallholders, these developments
indicate a threat for the livelihoods of these smallholders.

This is pertinent especially as these farmers often lack
the capacity to adapt to climate change in areas where
negative climate change impacts are expected, includ-
ing in parts of the Philippines and on Sumatra (Landicho
et al. 2015; Davila 2020). At the same time, the expected
increasing demand for coconuts (Alouw and Wulandari
2020) could result in increase in prices and thus profits
for smallholders, potentially compensating decreases in
suitability. There are few areas where improved climate
conditions offer potential for expansion of coconut pro-
duction, the most significant one being parts of central
and northern Vietnam, where increasing temperatures are
projected to improve suitability. Our results show a large
share of existing coconut cultivation located in areas with
medium or low suitability (Fig. 3a). This could be due to
inaccuracy in the data and model used, i.e. the data for
coconut cultivation being on a coarse (10 km) resolution,
but might also be an indication that coconut is frequently
grown in lower suitable areas because it is often used as
a non-primary income source or is grown in systems with
other crops, e.g. as intercropping (Feintrenie et al. 2010b).

We project that between 0.6 and 1.2 Mha of oil palm
currently cultivated in areas that are highly suitable will
experience worsening climate conditions. As oil palm is
grown mainly on large-scale plantations (Descals et al.
2021), these changes are likely to mainly affect large-
scale industrial growers, potentially lowering yields and
making the plantations less profitable. At the same time,
the area under cultivation with oil palm has increased
considerably in recent year, and this is expected to con-
tinue due to increased demand (Corley 2009; Wicke et al.
2011). This development is already causing pressure for
conversion of natural areas into plantations, with defor-
estation and loss of ecosystem functions as a result (Savi-
laakso et al. 2014; Vijay et al. 2016). In addition to the
worsening conditions for parts of the existing production
area, we find that future climate change will decrease the
potential highly suitable areas not yet cultivated for palm,
thus limiting possible areas to replace loss from existing
plantations and creating further pressure on natural fron-
tier areas for oil palm expansion, such as on Borneo and
New Guinea (Descals et al. 2021; Runtuboi et al. 2021).
Climate change is also likely to be detrimental to small-
holder producers in the existing areas where suitability
is projected to decrease (southern Sumatra and parts of
Borneo). Smallholders often lack the capacity for relo-
cating production or adapting to changing climate condi-
tions. Increasing expansion in frontier areas is similarly
likely to have detrimental impacts on local population in
those areas, who often experience loss of land rights and
decrease in livelihoods and welfare as a consequences of
large-scale oil palm development (Andrianto et al. 2019;
Runtuboi et al. 2021). Since the main limiting factor for oil
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palm suitability in mainland Southeast Asia is the length
of dry season, irrigation may be a viable option for expan-
sion of oil palm cultivation in this area (Carr 2011), but
the needed investment would favour large-scale growers,
who have the capacity for large capital investments, over
smallholders.

On average, existing rubber productions areas will see a
small net improvement in suitability in both included climate
scenarios. This can partly be explained by a large amount of
the existing rubber area being located in the mainland parts
of Southeast Asia, in areas that have historically not had
optimal climate conditions for the crop (Priyadarshan et al.
2005; Ahrends et al. 2015). The area used to grow rubber
has increased considerably in recent years, and this trend is
expected to continue (Warren-Thomas et al. 2022), further
increasing the pressure on remaining ecosystems (Grogan
et al. 2019). Our results show that rubber will become more
suitable in several regions in mainland Southeast Asia, nota-
bly in southern Lao PDR, Vietnam and along the coast of
Cambodia, and natural areas in these regions may there-
fore become under threat of land conversion to rubber cul-
tivation. Furthermore, rubber clones have been developed,
like the ones used in parts of southern China (Priyadarshan
2017), that are more resistant to cold temperatures than is
reflected in the modelling in this study. If such clones are
introduced in mainland Southeast Asia, the area of suitabil-
ity could increase further which can result in additional con-
version pressure on natural areas in the region.

Expansion of tree crops, most notably oil palm, have
caused a loss in natural areas in recent years (Hoang and
Kanemoto 2021; Fagan et al. 2022). As a result, researchers,
international organizations and national policies responded
in order to prevent further deterioration of especially the
biodiversity rich tropical forests in the region, in particular
in the insular parts of Southeast Asia (Carlson et al. 2018;
Leijten et al. 2020). Our findings show that, especially for
oil palm, the locations of the most suitable areas are not
expected to change much. In addition, the changes in poten-
tial expansion area are disproportionally impacting impor-
tant natural areas, with smaller losses (coconut and oil palm)
in larger gains (all crops) in high suitable area in KBAs,
thus confirming the need to focus protection measures par-
ticular on vulnerable frontier areas, possibly by strategically
expanding the protected area network in these regions and
ensuring connectivity between protected areas (Scriven et al.
2015; Laurance 2016). At the same time, it is important to
identify alternative livelihood options for smallholders in
these areas, to decrease conversion pressures while ensuring
improvement in human wellbeing. Furthermore, the crop
suitability for production will worsen considerably for coco-
nut on Sumatra and in parts of the Philippines, and for oil
palm in southern Sumatra, highlighting a particular need for
climate adaptive measures for farmers in these areas.
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Increased suitability can also result in areas becoming
attractive for development of agro-industrial plantations
for the included tree crops, which can be a considerable
risk for the livelihoods of existing smallholders in these
areas. Development of large-scale agricultural plantations
in Southeast Asia is known to previously have caused dis-
placement of existing farmers (Kenney-Lazar and Ishikawa
2019) and resulting in undermining the natural resource base
and local livelihoods for communities in impacted areas
(Obidzinski et al. 2012; Andrianto et al. 2019). So while
improvement in suitability can potentially be beneficial to
some smallholder farmers engaged in tree crop production,
this can also constitute a risk to local communities due to
potential loss of land and resources from development of
agro-industrial production.

Limitations

The results of the five GCMs included in this study vary
widely, suggesting a significant uncertainty in the future
climate conditions in the study region. Consistently, the
projected changes in the suitability for different tree crops,
as well as the location of potential future changes, are also
equally uncertain. While there is a general uncertainty in
modelling of climate change in Southeast Asia (Kamwora-
pan and Surussavadee 2019), for our study of crop suitabil-
ity, this uncertainty pertains especially to the exact location
of the changes, as directions of change over the entire area
are generally more consistent across the included GCMs. In
other words, the uncertainty mainly affects the allocation
of climate change impacts, while the overall trends remain
valid regardless of the specific GCM scenario.

We added seasonality of precipitation to the EcoCrop
model to better represent climate conditions affecting the
suitability for growing coconut, oil palm and rubber. This
methodological innovation is especially relevant for the per-
ennial crops due to their sensitivity of the number of dry
months, which would otherwise have not been accounted
for in the model (Ramirez-Villegas et al. 2013). In addition
to precipitation seasonality, there are other climate change
aspects that could affect the suitability for these crops.
These include the occurrence of extreme weather events,
such as prolonged droughts (Carr 2011; Wang 2014; Corley
et al. 2018), heavy winds storms (Stromberg et al. 2011; Qi
et al. 2021) and extreme precipitation events (Corley and
Tinker 2015). It is expected that extreme weather events
will increase in Southeast Asia as a result of climate change
and that this will affect tree crops in locally variable ways
(Ahrends et al. 2015; Corley and Tinker 2015; Almazroui
et al. 2021; Malek et al. 2022). Flooding can both directly
impact plant growth in oil palm and rubber, by reducing
transpiration rates, impacting stomatal closure and pho-
tosynthesis, but long-term flooding can also cause rotting
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of roots (Corley and Tinker 2015; Hardanto et al. 2017).
Droughts affect both photosynthesis and stomatal closing
in oil palms and rubber, but can in oil palms also impact the
ratio of female-to-male flowers and abortion ratio (Corley
and Tinker 2015). Rubber can be impacted by cold spells
and high winds in parts of the existing production areas,
but breeding for specific varieties can increase wind resist-
ance (Priyadarshan 2017; Sterling et al. 2020). For all three
crops, increasing occurrence of extreme weather events will
decrease suitability, and it is therefore likely both that cli-
mate change impacts on existing production will be worse
and that that it will impact a larger area than our results indi-
cate. Yet, in the absence of data on such events, partly due to
their probabilistic nature, we could not include these in the
present study. As a result, we might have overestimated the
suitability in future time periods and underestimated suit-
ability loss due to impacts of climate change.

In addition, our study does not take into account differ-
ences in varieties of the crops or differences in production
methods, which both impact the general climate suitability
of the crops and the yield loss under extreme weather events
(Jayasooryan et al. 2015; Woittiez et al. 2017). Irrigation
may in particular be an option for maintaining oil palm pro-
duction in case of increased precipitation seasonality and
for expanding production into parts of mainland Southeast
Asia that are currently unsuitable for oil palm cultivation
(Silalertruksa et al. 2017). Different varieties might also be
more adapted to climate variations outside the parameters
used in this study and is already used in some areas (Priya-
darshan et al. 2005; Corley et al. 2018), including the use of
cold resistant rubber clones in southern China and northern
India (Priyadarshan 2017). Though considering the rota-
tion rates of the included crops, even if farmers have access
to more climate resilient varieties, replacement in already
existing crop areas could take years or decades.

Conclusion

Our results show that the insular parts of Southeast Asia
will continue to be highly suitable for cultivation of coconut,
oil palm and rubber, and that it is likely that the region as a
whole will continue to be a major production area for these
tree crops under future climate scenarios. But we also find
that increased precipitation and longer dry seasons will in
the future impacts existing crop areas negatively for coconut
and oil palm in Indonesia, Malaysia and the Philippines.
This, combined with improving conditions for coconut in the
mainland parts of Southeast Asia is likely to cause coconut
production to increasingly shift northward, while oil palm
production is more likely to move to other high suitable
areas in the insular parts of the region, causing increasing

conversion pressures on existing frontier areas in Indonesia
and Malaysia. For rubber, increasing temperatures in the
mainland part of Southeast Asia is likely to cause a contin-
ued pressure for opening of new areas for cultivation in the
already existing production areas in Cambodia, Lao PDR,
Malaysia and Thailand. Areas that become highly suitable
are disproportionally included in Key Biodiversity Areas,
indicating the need to protecting these areas as well as the
need for ensuring adaptation measures and alternative liveli-
hood options for smallholder farmers in areas where climate
change will have negative impacts on cultivation conditions.
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