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This study aims to analyze the impact of climate change on the climate suitability of Robusta
coffee in five main Indonesian coffee production centers namely Aceh, North Sumatera, South
Sumatera, Bengkulu and Lampung using the Maxent approach. The study used climate data,
and climate projections from Worldclim and coffee location data from maps of Indonesia's
main agricultural commodities. The results showed that Maxent had good performance in
modeling the climatic suitability of Robusta coffee at the provincial level, and the
corresponding production areas shifted with different patterns between provinces. The areas
with suitable and highly suitable climates for Robusta coffee were projected to decrease in all
provinces except for Bengkulu. The findings suggest a future challenge for Robusta coffee
sustainability in Indonesia. Aceh, North Sumatera, South Sumatera, and Lampung need to
develop adaptation strategies to anticipate the increasingly unsuitable environment. On the
other hand, Bengkulu can be considered a new area for coffee plantation. The projection of the
suitability of the coffee climate is crucial in determining the future coffee development areas
and for the rejuvenation of the existing coffee plantations, highlighting the significance of the

study's findings for policymakers, farmers, and other stakeholders.

1. INTRODUCTION

Coffee is an important crop in Indonesia, with the country
being the world's fourth-largest exporter of coffee after Brazil,
Vietnam, and Colombia. Coffee farming is the primary source
of income for 1.7 million farmers in Indonesia, with most of
them being Robusta coffee farmers (75%). Most of Indonesia's
coffee plantations are located on the island of Sumatra, spread
across five provinces, namely Aceh, North Sumatra, South
Sumatra, Lampung, and Bengkulu. These provinces contribute
around 70% of Indonesia's national coffee production [1].

However, climate change has been causing variations in air
temperature and changes in rainfall patterns and intensity in
Indonesia [2-5]. These changes have been associated with an
increase in extreme climate events such as El-Nifio and La-
Nifia [6, 7], which can disrupt coffee production, affecting the
economic livelihoods of coffee farmers in Indonesia [8-10].

Coffee is a crop that is highly sensitive to climatic factors
[11-14], and given that much of Indonesia's coffee is grown on
marginal land, the impact of climate variability is becoming
more noticeable in the country's coffee production [15].
Marginal land is known to be vulnerable to changes in abiotic
environments such as climate [16].

The increase in air temperature, changes in rainfall patterns,
and intensity cause variations in the climate suitability of crops,
cropping areas, and cropping intensity [17]. This change
causes a shift in areas suitable for coffee plantations. Coffee is
a perennial plant with long life, so long-term planning is
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needed to sustain its production system. Therefore, the
projection of the impact of climate change on the suitability of
the coffee climate becomes crucial in the development of
coffee in the future. Analysis of the suitability of climate and
cropland is an essential key to the sustainability of agricultural
production and development, and efficient management of
agricultural land [18].

As such, it is crucial to project the impact of climate change
on the suitability of the coffee climate in Indonesia,
particularly considering the shifting areas suitable for coffee
plantations. Several studies have been carried out on the
climate suitability of coffee plants in other coffee-producing
countries, including Nicaragua, Mexico, Ethiopia, Nepal and
Global [19-25]. However, these studies have been more
focused on Arabica coffee, with limited research on Robusta
commodities [26], which account for almost 70% of coffee
production in Indonesia [1].

To address this gap, this study aims to analyze the impact of
climate change on the suitability of Robusta coffee in
Indonesia using a species distribution model with the
Maximum Entropy (MaxEnt) approach. This approach offers
an alternative method of analyzing land and climatic
suitability for agricultural commodities, which is less
complicated and more accessible to regional agricultural
offices with limited resources. Moreover, the MaxEnt
approach has been widely used in species distribution
modeling and is known to perform well even with limited data
[27-29].
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All prior MaxEnt-based species distribution modeling
research utilized accurate species occurrence coordinates. In
this study we try to use a new approach to get occurrence data
from distribution map of the primary agricultural commodities
produced from satellite image. Then we select the area base on
land evaluation for agriculture commodities.

The results of this study are expected to provide valuable
information for the planning and development of coffee
centers in Indonesia in the face of climate change. By
analyzing the projected impacts of climate change on the
suitability of the coffee climate, this study could contribute to
the sustainability of agricultural production and development,
as well as the efficient management of agricultural land.

2. METHODOLOGY
2.1 Location

The suitability of the coffee climate in this study was
analyzed in five coffee center provinces, namely Aceh, North
Sumatra, South Sumatra, Bengkulu, and Lampung (Figure 1).
The data used in this study are coffee plantation location data
(occurrence data) and environmental data (environmental

modeling data), including climate data and land characteristics.

2.2 Data

The distribution map of coffee was obtained from the
distribution map of the primary agricultural commodities
produced by the study [30]. The climate data is bioclimatic
data downloaded from worldclim version 2.1 with a resolution
of 30 arc-seconds (1 km?) [31]. The types and sources of data
used in this study are presented in Table 1.

There are 19 bioclimatic variables available in Worldclim
(Table 2), but only 11 variables were used in this study
(variables in bold). The selection of these 11 variables was
based on research by the study [32], reporting that only 11 of
these variables affected bioclimatic data in the tropics. Other
environmental data used were altitude data and the slope of the
land.

Coffee climate suitability projections for the 2050 period
were analyzed using general circulation model (GCM) data.

GCM is a numerical model representing physical processes in
the atmosphere, ocean, cryosphere, and land. The GCM used
was CNRM-CM5-2. Based on the results of research by the
study [33], the CNRM-CMS5-2 model has the best performance
for climatological research in Southeast Asia. The scenarios
used in this research are Representative Concentration
Pathways (RCP) 2.6 and 8.5 scenarios. Scenario 2.6 is
optimistic and is an aggressive mitigation strategy, while RCP
8.5 is a pessimistic scenario.

The suitability of the coffee climate was analyzed using the
Maximum Entropy model with MaxEnt software version 3.4.1
[34] and downloaded from
https://biodiversityinformatics.amnh.org/open_source/maxent
/. QGIS software was used for data preparation and analysis
and display of the output of the MaxEnt model.

peel] , NORTH SUMATERA
% iy

7/ STUDY AREA

LAMPUNG

Figure 1. Study area

Table 1. Types and sources of data

Source of data
(Condro et al. 2020)

No Type of data
1 Coffee distribution map
Climate data (precipitation,

2 temperature, and relative Worldclim
humidity
3 Bioclimate data Worldclim
Slope and elevation / Digital Usgs

Elevation Model SRTM
5 Climate projection CNRM-CM5-
2

(https://earthexplorer.usgs.gov)
Worldclim

Table 2. Worldclim bio-climatic (Variables in bold were used in this study)

No Variable bioclimate Symbol Unit

1 The Average Annual Temperature BIO1  Degrees Celsius
2 Diurnal Temperature BIO2  Degrees Celsius
3 Isothermally (BIO2/B107) (><100) B103 Dimensionless
4 Temperature Seasonality (standard deviation ><100) B104 Degrees Celsius
5 Max Temperature of Warmest Month B105 Degrees Celsius
6 Min Temperature of Coldest Month B106 Degrees Celsius
7 Temperature Annual Range (B105-B106) BIO7  Degrees Celsius
8 Mean Temperature of Wettest Quarter BIO8  Degrees Celsius
9 Mean Temperature of Driest Quarter BIO9  Degrees Celsius
10 Mean Temperature of Warmest Quarter BIO10  Degrees Celsius
11 Mean Temperature of Coldest Quarter BIO11  Degrees Celsius
12 Annual Precipitation BI1O12 millimeters
13 Precipitation of Wettest Month BIO13 millimeters
14 Precipitation of Driest Month BlIO14 Millimeters
15 Precipitation Seasonality (Coefficient of Variation) BI10O15 Fraction

16 Precipitation of Wettest Quarter BIO16 Millimeters
17 Precipitation of Driest Quarter BIO17 Millimeters
18 Precipitation of Warmest Quarter B1018 Millimeters
19 Precipitation of Coldest Quarter B1019 Millimeters




2.3 Data analysis

The stages of the research are presented in Figure 2. The
study begins by identifying the coffee plantation area from the
Indonesian agricultural commodities distribution map. The
coffee plantation area is converted into a form of latitude and
longitude coordinates. Not all point data are used as input in
the MaxEnt model. The point data used are point data whose
climate characteristics follow the optimal climate prerequisites
for coffee plants. Considering the existing coffee area data, the
suitability has not been analyzed. The data points were
analyzed for climate suitability using criteria according to the
technical guidelines for land evaluation for agricultural
commodities [35].

Environmental Data }

[ Occurence Data ] [

Identificatin Coffee
distrubution map

Climate evaluation

Environmental Variable
(bioclim)

Selected bioclim

Selected coordinat
point of coffe area

MAXENT
MODELING

!

Model
distribution

Climatic suitability current
and projection

Figure 2. Stages of the research

The criteria used are presented in Table 3, and the review's
determination is calculated using an assessment (Table 4). The
coffee point is highly suitable (S1) when it has a value of less
than 12. It will have a suitability value of suitable (S2) when it
has a value of 16 <S2 <18. The Moderately Suitable class (S3)
values are in the range of 18 and 23, and unsuitable (N) when
it reaches the value of 24.

Table 3. Criteria for determining the suitability of the coffe
point (source: [35])

Land suitability classifications

Land and climate S1  S2 (moderately S3(marginal N (not
characteristics ~ (Highly suitable) ly suitable)  suitable)
Suitable)
Precipitation(mm)  1500- 2000-2500  2000-3000 <1000,
2000 > 3000
Temperature 22-25 25-28 19-22,28- <19, >32
32
Relative Humidity 45-80  80-90, 35-45 >90, <30
30-35
Dry Month (100 1-3 3-4 4-50r1-2 >5, <1
mm/month)
Elevation 300-500 500-600, 100- 600-700, O- >45
300 100
Slope (%) <8 8-25 25 -45 >45

The selected point data was randomized, where 75% was
used as a training model and 25% for testing and evaluating
the performance of the MaxEnt model using the Receiver

1071

Operating Characteristic (ROC) method, which is included in
the output of Maxent. The ROC works by comparing
sensitivity and specificity. Sensitivity shows how well the
model predicts attendance, while specificity shows how well
the model predicts absenteeism. The evaluation results are
described in the Area Under Curve (AUC) value. The AUC
value is used to assess the model's performance. The AUC
value is 0.6-0.7 the low performance, 0.71-0.8 in moderate
performance, 0.81-0.9 in a good performance, and above 0.91
in high performance. The closer the value to 1, the better
MaxEnt's performance in estimating climate suitability
opportunities based on information on coffee area points.

Table 4. Determination of the value of the climate suitability
of the coffee point

Suitability classification

Variable S1 S2 S3 N
Precipitation 1 2 3 4
Temperature 1 2 3 4

Relative Humidity 1 2 3 4
Dry month 1 2 3 4
Elevation 1 2 3 4
slope 1 2 3 4

Score 6 12 18 24

The contribution of environmental variables to building a
climate suitability model through the Jackknife test on Maxent
programming. MaxEnt will generate a probability estimate of
climate suitability that varies from 0 (low) to 1 (very high).
MaxEnt's output is data in ASCI (.asc) format. This data is
processed and converted into a raster in ArcGIS to produce
extensive information on the suitability of coffee climates and
other information. The area based on the coffee climate
suitability class was analyzed using current and projected
climatic suitability data for 2050 (projection climatic
suitability). Changes in coffee climate suitability are carried
out by comparing the current and projected suitability areas.

3. RESULT AND DISCUSSION
3.1 Identification of the coffee region

The points of the coffee area used in this study are presented
in Figure 3. The number of points and the percentage of
correspondence points for coffee plantations in the study area
are presented in Table 5. There are 1347 coordinate points for
coffee plantations in Aceh Province, 3190 points in North
Sumatra, 430 points in South Sumatra, 985 points in Lampung,
and 390 points in Bengkulu. North Sumatra and Aceh have the
most point.

The analysis of the suitability of the coffee point shows the
current climatic suitability coffee in Indonesia's main coffee
centres. In general, the level of suitability in each province is
moderately suitable (S2). The province with the highest highly
suitable (S1) climate suitability class is North Sumatra with
34.51%, while other provinces have highly suitable highly
suitable (S1) climate suitability below 20%. The province with
the lowest level of S1 compliance is Aceh, with only 12.25%.

This study's results align with the report by [15], who
reported that the majority of coffee production in Indonesia is
cultivated in dry acid marginal land irrespective of the
suitability of the climate zone.

The areas included in category S1 have few limiting factor



that can affect productivity, and therefore suitable for sustain
use. On the other hand S2 and S3 category have more limiting
factors that can impact productivity. The results also imply
that agricultural activities in S2 and S3 class of suitability
areas require careful planning to maintain high productivity.
Data from the Directorate General of Estate Crop (2020)
reveals that North Sumatra Province has the highest
smallholder farmer coffee productivity at 1.16 tons/ha, while
South Sumatra, Lampung, Bengkulu, and Aceh have lower
productivity ranging from 0,78 - 0.94 tons/ha [1].

3.2 Model performance evaluation and contribution of
environmental variables

Figure 4 displays the AUC values of this study, which are
0.926, 0.909, 0.981, 0.973, and 0.985, for Aceh, North
Sumatra, South Sumatra, Bengkulu, and Lampung,
respectively. All the AUC values obtained in this study were
greater than 0.9, indicating the model's projection is highly
reliable. According to the study [36], The AUC value close to
1 represented perfect prediction while AUC value of 0.5 or
below indicated a bad performance. Furthermore, researchers
[37] stated that the AUC value ranging 0.9 -1.0 categorized as
excelent. According this AUC values, MaxEnt scientifically
accepted to model climatic suitability of Robusta Coffee in the
study area. Furthermore, this method could be an alternative
method of analyzing land and climatic suitability for coffee in
provincial level.

The outcome of this study is in agreement with previous
research that has indicated MaxEnt's ability to accurately
capture the climate suitability of coffee. Several studies have
demonstrated the effectiveness of MaxEnt in capturing the
climatic suitability of coffee, including [19, 38, 39]. These
studies found that MaxEnt performed well in identifying the
areas with the most suitable climate for coffee cultivation.
Therefore, the current result aligns with the existing literature,
suggesting that MaxEnt is a reliable approach for estimating
the climate suitability of coffee.

The Jackknife test on the MaxEnt software was utilized to
determine the contribution of environmental variables to the
development of a model for coffee climate suitability. Table 6
presents the results of the Jackknife test, indicating the
environmental variables that significantly influenced the
climate suitability model in each province. Specifically, in
Aceh, the model was most affected by the diurnal temperature
and temperature of dries quarter, whereas in North Sumatra,
temperature of dries quarter and d annua temperature were
crucial. In South Sumatra, the average annual temperature and
diurnal temperature were the most influential variables,
whereas the temperature in the driest quarter and diurnal
temperature were the most significant in Lampung. Finally, in
Bengkulu, the temperature in the driest quarter and diurnal
temperature were the environmental variables that had the
greatest impact on the model's development.

Table 5. Suitability class of coffee plantation points

Province Suitability classification Total
S1 S2 S3 N Total
Number of Point 165 448 381 353 1347 613
Aceh Percentage 1225 33.26 28.29 26.21 100 455
North Sumatera Number of Point 1101 1371 472 246 3190 2472
Percentage 3451 4298 14.80 7.711 100 775
South Sumatera Number of Point 77 195 105 53 430 272
Percentage 1791 4535 2441 1233 100 63.3
Number of Point 134 500 272 79 985 634.
Lampung Percentage 13.60 50.76 27.61 8.02 100 644
Number of Point 71 200 82 37 390 271.
Bengkulu Percentage 18.21 5128 21.03 948 100 69.5
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a). Coffee distribution map (Condro et al. 2020)
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Figure 3. Coffee points in the research area
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The result find that temperature is key variable in the model
climatic suitability model for Robusta coffee. Bioclimatic
variable derived from temperature in Indonesia is projected to
increase [40]. Furhermore, researchers [41] reported an
increasing extreme temperature both intensity and frequency.
Distribution and quality of coffee have been linked with
altitude and its association to temperature [42]. As
temperatures rise, the climatically acceptable zones for
farming coffee will migrate upward.

The findigd in line with recent studies that have reached

: lln:l:hl:!_vl. 'I:I'-i-:rl'l'll.qu'ur J.I:.Ih‘ltlﬂﬂl ;

conclusions about coffee's vulnerability to increasing
temperatures. Some suggest the widespread loss, in excess of
50%, of suitable growing areas [43, 44]. The often cited
optimal mean annual temperature range of Robusta is estimated
to be between 22 and 26 or 22 and 30°C [45-47]. Our study
also higlight that rainfall influence climate sustainability of
Robusta Coffee. Rainfall had a notable negative effect on
yields in the flowering season [43]. Excessive rain and cool
conditions during the quiescent growth phase can repress
flowering and this has been linked to lower yields [45].
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Table 6. Percentage variable contribution

No Aceh Nort Sumatera South Sumatera Bengkulu Lampung
1  Diurnal Temp(45.7)  Temp of Driest Quarter Annual Temp (74.5) Temp of Driest Temp of Driest Quarter
(69.8) Quarter(36.8) (83.1)
2 Temp of Driest Annual Tempe (24.4) Diurnal Temp (19) Diurnal Temp (32.5) Diurnal Temp (6.4)
Quarter

(36.7)

3 Temp Seasonality Temp of Wettest Quarter Tempe of Wettest Annual Prec (14.9) PrecSeasonality (4.6)
4.7) (2.1) Quarter (2.4)

4 Prec Seasonality Prec of Driest Quarter Prec of Driest Month PrecSeasonality (9.9) Annual Temp (2.8)
4.7) (1.8) (1.6)

5 Annual Prec (3.9) Temp Seasonality (0.5) Temp of Driest Quarter Prec of Wettest Month Annual Precipitation (1.3)

(€] (3.3
3.3 Robusta coffee climatic suitability modeling Highly Suitable
25.00

In general, the area with highly suitable decreases in both
scenarios. In the scenario of an aggressive mitigation strategy,
namely RCP 2.6, climate suitability is reduced. The most
significant reduction occurred in the business-as-usual
scenario (RCP 8.5). The change area of suitability classes are
shown in Figure 5. South Sumatra Province in 2050 is even
projected not to have a suitability area with a highly suitable 0.00
class. The different results of the analysis are shown by the
results of the analysis in Bengkulu Province, where the area of
climatic suitability with highly suitable class is projected to
increase significantly.
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14.00 the area. In 2050, this area is projected to decrease to 0.56% in

— 12.00

scenario RCP 2.6 and 0.98% in scenario RCP 8.5. In the
10.00 province of Lampung, the suitability class of suitable and

8.00 moderately suitable are also projected to decrease. The only
6.00 class that is projected to increase is the unsuitable class.

4.00 The projection of the climatic suitability class Robusta
200 ™ | .I II coffee for Bengkulu Province shows a different pattern from

0.00 other provinces. The results of MaxEnt's analysis show that in
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to decrease is only the area with the unsuitability class.
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Figure 6. Current and projected Robusta coffee climate suitability a) Current, b) Projected 2050 RCP 2.6, and c) Projected 250
RCP 8.5

The class with a significant increase is the highly suitable
class where the area currently has 1.81%, in 2050. It is
projected to increase to 22.4% in the RCP 2.6 scenario and
17.26% in the RCP 8.5 scenario.

The current suitability map for Robusta coffee and its
projections is presented in Figure 6. Spatially, it is generally
seen that the climatic suitability of the Robusta coffee for 2050
is decreasing with a shift. However, Bengkulu Province shows
different results where the projected future climate suitability
of Robusta coffee is projected to increase. The projected
suitability in 2050 for both scenarios in Aceh and North
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Sumatra Provinces shifts to the south, Lampung Province
shifts to the west, and Bengkulu Province expands to the north,
south, and west.

Most current Robusta coffee areas will be severely affected
by climate change, especially in Aceh, North Sumatra, South
Sumatera, and Lampung. The highly suitable suitability class
is projected to decrease in all provinces except in Bengkulu
Province. Even then, South Sumatera may cease to grow
Robusta coffee in the upcoming decades since the highly
suitable coffee area is projected to disappear. The result this
study are in line with previous study that highly suitable coffee



area is projected to decrease i.e. Nicaragua dan Meksiko [20],
Ethiopia [21], Nepal [48] and global [24, 25].

In moderately suitable and unsuitable areas, coffee still can
be grown but the climate would be significantly different from
highly suitable areas. It predicts having an impact on coffee
quality and productivity since the sensitivity of coffee quality
to temperature, a rise in global may result in a drop in quality,
while a decrease in rainfall may lead to lower yields. For
sustainable production, adaptation strategy can include site-
specific management options [25], plant breeding research for
varieties that are better adapted to higher temperature [23], and
water management [49].

By 2050, Bengkulu would become more climatically
favorable for Robusta coffee due to rising temperatures,
making it one of the most climatically suitable sites for such
expansion of coffee production. Areas with an altitude above
800 meters sea level, which have been classified as unsuitable
for Robusta coffee due to the increase in earth's surface
temperature due to climate change, become suitable areas for
Robusta coffee [19]. However, research is still needed to
identify whether this area is a conservation area or a protected
forest.

4. CONCLUSION

The analysis of climatic suitability of Robusta coffee using
the maximum entropy model in the five study provinces
showed very good performance, indicated by the AUC values
exceed 0.9. Based on this performance, the MaxEnt approach
scientifically accepted for analyzing the impact of climate
change on the climatic suitability of Robusta coffee. Climate
change impacts on the climatic suitability of Robusta coffee.
In 2050, the Provinces of Aceh, North Sumatra, South Sumatra,
and Lampung had decrement in areas with highly suitable and
suitable classes. On the contrary, different results are obtained
for Bengkulu province, where in 2050, highly suitable areas
will expand. Information on the suitability of the coffee
climate is crucial for the future sustainability of the coffee
production system. The projection of the climatic suitability of
the coffee is critical to determining new coffee development
areas and the rejuvenation of the existing coffee plantations.
Areas with decreasing climatic suitability classes for future
sustainability are necessary to conduct research on adaptation
technologies to anticipate the increasingly unsuitable
environment.
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