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Abstract: Rice fields are the main source of rice production. Rice field expansion is one way to increase rice production.
Rice field expansion activities for the upland area in Indonesia are often overlooked due to limited information about
the availability of suitable land. In upland areas, rice terraces are often found. Until now, there has been no guideline
for determining the suitable location of rice terraces on upland areas. The purpose of this study was to develop a land
suitability assessment model for rice terraces using geographic information system (GIS) and the analytical hierarchi-
cal process (AHP) on upland areas like the Lake Toba catchment area. There were four important factors for selecting
rice terracing plantations: spatial planning, slope, texture, and distance from the river (hydrology). By using the AHP
method, a rating has been assigned to each theme layer. To create the suitability map for rice terraces in a GIS setting,
all the thematic layers were combined into a single layer using the weighted overlay approach. The results showed that
37.78% were highly suitable, 18.88% were moderately suitable, and 36.95% were marginally suitable for rice terraces.
The model can be used to determine the location of rice terraces on upland areas with a high accuracy of about 93%.
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Rice is one of the most important cereal grains
in the world, as a food source for more than half
of the world’s population (Baroudy et al. 2020). Its
demand will continue to increase as the population
increases. The shrinking area of fertile land for rice
is one of the challenges to overcome to increase
yields (Anwar et al. 2022). Rice field expansion
strategies can be a solution to this problem. Rice
field expansion needs location information which
is suitable for rice fields. Thus, a land suitability
analysis is essential.

A land suitability evaluation is very important for
many scientific investigations and policy applica-

tions to ensure food security and sustainable de-
velopment (Han et al. 2021). Any differences in the
soil properties, topographical position, and land use
in each part of the field cause variations in the land
suitability for each type of crop (Ostovari et al. 2019).

Generally, land suitability analyses are carried
out by considering the social, economic, and physi-
cal elements of the land, but if they are conducted
with only the physical elements of the land, they are
still allowed (Topuz and Denis 2023). Using many
factors may increase the complexity of long-term
sustainable management practices. Besides, it is
necessary to develop an agro-ecological model for
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land suitability based on physical environmental
factors (Tashayo et al. 2020). Physical environmen-
tal factors are relatively stable compared to social
and economic factors. Thus, a land suitability as-
sessment is mainly based on environmental factors
(Zhang et al. 2015).

Multiple criteria decision analysis (MCDA)
methods have been used for land suitability as-
sessments since the 1980s, and the interest of re-
searchers in integrating geographic information
system (GIS) with MCDA has grown steadily
(Seyedmohammadi et al. 2019). GIS-MCDA solves
complex decision-making problems based on evi-
dence of different quantities, qualities, guidelines,
and opinions of experts and considers various
decision criteria and constraints. Among all the
MCDA methods, the analytical hierarchical pro-
cess (AHP) method is generally used due to its
good understandability, ease of implementation,
and interpretability of the results by both model-
lers and decision-makers. It allows the researchers
to represent a full range of human decision-making
logic, considering both qualitative and quantitative
data, and combine them by decomposing complex
problems into systematic hierarchies to rank alter-
natives based on different criteria (Paul et al. 2020).
In recent years, AHP which is an MCDA for a land
suitability evaluation, has been preferred in the
evaluation of multi-heterogeneous factors, espe-
cially in the case of strategic and important crops
(Dedeoglu and Dengiz 2019). Many environmental
and agricultural problems have been solved using
AHP and GIS (Neissi et al. 2020).

Nowadays, Indonesia is experiencing increased
population growth along with rice field shrinkage
due to the conversion of rice fields. This contra-
diction creates a vulnerability to the availability
of rice as a staple food crop. Therefore, one of the
efforts to meet the national rice needs is by ex-
panding the area of rice cultivation. This activity
could work if there was information about the
land availability that is suitable for agro-ecological
purposes. These days, the expansion of rice fields
has been prioritised on lowland areas and guide-
lines are already available.

In Indonesia, the upland area is an area lo-
cated at an elevation of > 700 m a.s.l. and has
a hilly or mountainous topography (Djaenudin
2009). Both upland and lowland rice ecotypes are
cultivated on upland areas, where lowland rice
is a higher priority than upland rice. Hussain et al.
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(2021) found that lowland rice ecotypes contribute
a major portion to the rice production. Lowland
rice ecotypes on upland areas are known as rice
terraces. On hilly or mountainous regions, rice
terraces are often found, and they consist of a se-
ries of flat fields. They were cut into sloping land
for rice production (Sun et al. 2018). Terracing
is common in hilly and mountainous regions and
it is used for preventing soil erosion, conserving
water, and increasing the arable surface area and
agricultural production. It also contributes toward
the conservation of plant biodiversity on a local
scale (Deng et al. 2021).

Rice field expansion activities for the upland area
in Indonesia are often overlooked due to limited
information about the availability of suitable land.
Until now, there has been no guideline for deter-
mining the suitable location of rice terraces on up-
land areas based on physical environmental factors.
This study aims to develop a land suitability assess-
ment model for rice terrace fields using the GIS and
AHP on upland areas.

MATERIAL AND METHODS

Study area. The Lake Toba catchment area is one
of the upland areas in Sumatera Utara Province, In-
donesia. It is a catchment area of the Asahan Toba
watershed. Geographically, it is located at 98°20'-
99°15' East longitude and 2°10'-3°00" North lati-
tude. It is located in the Bukit Barisan mountains
with an altitude of 900-2 200 m. Nasution (2009)
stated that this catchment consists of 110 260 ha
of water and 259 594 ha of land, with hilly areas
(43%) and mountains (30%) (Figure 1).

The average temperature ranges from 20.6 to
23.0 °C. The annual rainfall ranges from 934 to
1 928 mm-year '. The rainy season’s peak occurs
in November with 185 mm-month™! of rainfall,
and the peak of the dry season occurs in June with
47 mm-month™! of rainfall (Nasution 2009). Ac-
cording to the Oldeman climate, Lake Toba catch-
ment’s climate is classified as E. Based on the Olde-
man climate type, the Lake Toba catchment area
is not suitable for the location of rice fields. How-
ever, in reality, there are huge areas of rice fields.
This proves that the existing paddy water needs
do not only depend on the rainfall, but they can
also be obtained from irrigation water sourced
from the river. This area is the mainstay for pro-
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Figure 1. Lake Toba catchment area

ducing rice, especially from rice terraces. One rice
planting season lasts for + 5 months. In the future,
this region is expected to be able to increase its rice
production. One of the ways is to increase the area
of rice terraces.

Data sources. For this study, the primary and
secondary data were collected from various sourc-
es (Table 1).

Methodology. To begin with, spatial planning,
climate, hydrology, topography and soil property

Table 1. Data sources for the research

factors were selected for the land suitability analy-
sis of the rice terrace cultivation in this study. Then,
four land characteristics, including the spatial
planning, river network (hydrology), slope and soil
texture, were selected based on a literature study
for the lowland rice cultivation, as well as the physi-
cal and chemical soil properties of the Toba catch-
ment; field observations were also conducted.
(1) Other use areas (Areal Penggunaan Lain/APL)
data layer. According to the law of spatial plan-

Data Source

ASTER DEM earthexplor.usgs.gov
Topographic map analysis of Aster DEM data
Slope map analysis of Aster DEM data

Distances from river map

analysis of Aster DEM data

Land unit map

Physical and chemical soil properties
of land unit Lake Toba cacthment area

Spatial planning map
Land use map scale 1:50 000

explanatory booklet of the Land Unit and Soil map of the Pematang Siantar
sheet (0718) and Sidikalang sheet (0618); Center for Soil Research, Agency
for Agricultural Research and Development; Department of Agriculture 1989

Nasution (2009)

regional spatial planning map of Sumatera Utara Province for 2017-2037

Indonesia Geospatial Agency (Badan Informasi Geospasial (BIG))
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ning in Indonesia, all lands were divided into two

groups: land on the forest area and other use area

(Areal Penggunaan Lain/APL). Agricultural ac-

tivities can only be conducted on non-forest ar-

eas inside the APL.

(2) Distance from river data layer. The main water
sources for terracing rice fields on the upland
area come from rivers. The river network and
order were generated from the digital elevation
model (DEM).

(3) Slope data layer. The slope was generated from
the DEM. A lower slope value indicates a flat-
ter terrain, and a higher slope value indicates
a steeper terrain.

(4) Soil texture data layer. The soil texture data for
Lake Toba catchment area were obtained from
the physical and chemical soil properties of the
land unit (Nasution 2009).

Later, making the land characteristics maps/layer
(other use areas (Areal Penggunaan Lain/APL), dis-
tance from the river, slope, category of the texture)
and the map that was suitable for the rice terraces was
performed with QGIS 3.22 Bialowieza open source.

Using the AHP method (introduced by Saaty
1980), the weights and ratings were assigned to each
land characteristic layer. In general, the work stages
are as follows (AHP analysis with the AHP online
calculator):

(1) Developing a pairwise comparison matrix based
on the numbers of land characteristics.

(2) Determining the relative importance of the land
characteristic to rice field terraces’ potential in-
fluence.

(3) Calculating the consistency ratio (CR) to check
whether the weights assigned are correct or not.
If the consistency ratio is less than 0.1, the pair-
wise comparison matrix is said to be consistent,
and if the CR > 0.1, the result has to be revised
due to the weights’ inconsistency.

Then, the land characteristic vector layers were
converted into raster layers. To create the suitabil-
ity map for rice terrace fields in the GIS setting,
all the land characteristics layers were combined
into a single layer using the weighted sum overlay
analysis. Later, the analysis layer (rice terraces land
use suitability map) was divided into four classes
of equal ranges according to the land suitability
classification of the FAO (1976), namely:

(/) Highly suitable: lands having no significant limi-
tations and the level of production is high with
the lowest possible costs.
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(ii) Moderately suitable: lands having moderate
limitations which will reduce the production lev-
els, but are still physically and economically suit-
able for rice field terraces use.

(iii) Marginally suitable: lands having a series
of limitations that will reduce the production lev-
els such that it is economically marginal for rice
field terraces use.

(iv) Not suitable: lands not suitable for rice field
terraces production.

RESULTS

APL data layer. According to the law of spatial
planning in Indonesia, all the lands were divided
into two groups: land on the forest area and APL.
The land on the forest area was designated for
forestry. The APL was an area outside the forest
area set for utilisation in the non-forestry sector,
such as agricultural land, settlements, industry, and
so on. Based on the law, the Lake Toba catchment
area that was permitted for the expansion of rice
fields is APL (Figure 2A).

Distance from the river data layer. The main wa-
ter source for terracing rice fields on the upland area
comes from rivers. Watering the rice fields is under-
taken by flowing the water through small channels
or ditches (simple irrigation) from the river to the
fields. There are differences in the buffer area that
can flow from the river body. Gholoobi et. al. (2010)
stated that the maximum buffer area of terraced rice
cultivation is at 120 m from the river body in Iran.
Research on terracing rice fields at Ifugao, Philippines
by Acabado (2012) stated that + 75% of terraced rice
fields are located 125 m from water sources (rivers
and irrigation channels). If there is a terracing rice
field that does not have an irrigation channel, it is
likely that the area has a spring as a water source.

Through the order analysis of the river flow,
it is known that the Lake Toba catchment area has
a river order from 1 to 9. A 4" river order and
above have influences on the existing rice fields.
Therefore, in this study, the river orders that were
used ranged from order 4 to 9. Orders 4 and 5 only
use a 50 m buffer; the others use a buffer of < 100 m
(highly suitable), 100-200 m (moderately suitable),
200-300 m (less suitable), and bigger than 300 m
(lowest suitable) (Figure 2B).

Slope data layer. On hilly areas, rice fields
formed as terraces might be found with various
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Figure 2. Lands used (A), distance from the river category (B), slope category (C), soil texture category (D) in APL

of the Lake Toba catchment area
APL - Areal Penggunaan Lain (other use area)

slope levels. Acabado (2012) stated that the aver-
age slope of rice terraces in Ifugao, Philippines,
was 17.9°, while most of the fields were on a slope
between 11.59° to 25.1°. Bokings et al. (2013) stated
that rice terraces in Jatiluwih, Bali had a slope di-
versity ranging from 15-30% (sloping) to > 65%
(very steep). The Japanese Ministry of Agriculture,
Forestry, and Fisheries stated that rice terraces are
terraced rice fields with an average slope of = 5%
(Kobayashi and Harada 2010).

The slope classification for the Lake Toba water-
shed rice fields is: < 16% (highly suitable), 16—30%
(moderately suitable), 30-50% (less suitable), and
> 50% (lowest suitable) (Figure 2C).

Soil texture data layer. According to Djaenudin
et al. (2011), soil factors of land characteristics that
need to be considered for irrigated rice cultivation are
the physical properties (drainage, texture, soil depth)
and chemical properties (pH, cation exchange capacity
(CECQ), base saturation). The land unit’s value of the
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Table 2. Four-point weighing scale for the pair-wise com-

parison

Description Scale
High suitability 7
Moderate suitability 5
Low suitability 3
Lowest suitability 1

physical-chemical properties for all the Lake Toba
catchment area was still a suitable category for irri-
gated rice cultivation, except for the texture (Table S1
in Electronic Supplementary Material (ESM)).

Rice is commonly grown in soils that contain
a high amount of clay, which is the most impor-
tant component of mineral soil due to its very high
specific surface area, also due its ability to hold
nutrients and water (Hamoud et al. 2019). Fine-
medium soil textures (sandy clay, clay, silty clay,
clay loam, sandy clay loam, silty clay loam, sandy
loam, loam, silt loam, and silt) are suitable for use
as rice fields. Soils that have a class of coarse tex-
tures (sand, loamy sand) are declared unsuitable for
rice fields because the soils have a high percolation
rate, so water usage becomes inefficient. In addi-
tion, nutrient losses on such lands are also high
(Dariah and Agus 2007).

The texture classification for the Lake Toba wa-
tershed terracing rice fields was: clay, sandy clay,
silty clay, clay loam, silty clay loam, sandy clay loam
(highly suitable), loam, silt loam, silt (moderately
suitable), sandy loam (less suitable), and loamy sand
(lowest suitable) (Figure 2D).

https://doi.org/10.17221/101/2024-RAE

AHP analysis. For determining the suitability
of the land, scores and weights were given for each
selected criterion. Higher weights were assigned ac-
cording to their suitability for rice terraces, and vice
versa. Zhang et al. (2015) determined the weight
of each factor that influences the land suitability,
which is a key step in a land suitability assessment
for crop production.

The fundamental scale for pairwise comparison
used in AHP was introduced by Saaty (1980). It used
scales from 1 to 9. In this study, a scale modification
was used on Saaty’s AHP analysis, from nine to four
scales (Table 2), and its suitability levels (Table 3)
can be seen as shown below.

Through the matrix comparison, according
to AHP analysis, the weight of each criterion can
be seen in the following (Table 4):

A further AHP analysis with the AHP online cal-
culator produced a CR value of 0.056 (CR value
< 0.1 means consistent and can be continued), with
the weight values of each criterion:

Distance from the river: 0.709 (ranking 1)

Slope: 0.179 (ranking 2)

Soil texture: 0.113 (ranking 3)

Land suitability map. All the used criteria maps
were combined and overlapped (overlay), and the
final results of the suitability map for rice terraces
in the Lake Toba catchment area were determined
by the equation model:

Land suitability map = X [criteria map x weight]

Suitability index = (0.709 x hydrology) + (0.179 x
x slope) + (0.113 x texture)

Table 3. Suitability levels of three criteria in the determination of the rice terraces suitability analysis

Scale Distance from river (m) Slope (%) Soil texture

High suitability <100 <16 Clag;’l ts;‘fcli‘;i?;n S’iltayng;yc,l;:;alyo l;ﬁim
Moderate suitability 100-200 16-30 loam, silt loam, silt

Low suitability 200-300 30-50 sandy loam

Lowest suitability > 300 > 50 loamy sand, sand

Table 4. Pairwise comparison matrix of the criteria

Distance from river Slope Soil texture
Distance from the river 1.00 5.00 5.00
Slope 0.20 1.00 2.00
Soil texture 0.20 0.50 1.00
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Table 5. Land suitability for rice terraces in the APL Lake Toba catchment area

Land suitability area (ha) (%)

Highly suitable (S1) 44 965.71 37.78

Moderately suitable (S2) 22 474.76 18.88

Marginal suitable (S3) 43 976.81 36.95

Currently not suitable (N) 7 596.12 6.38

Total 119 013.40 100.00

APL — Areal Penggunaan Lain (other use area)

The obtained interval value of the conformity
index was divided into four classes as FAO land
suitability categories (highly suitable, moderately
suitable, marginally suitable, and currently not
suitable) with the same interval distance, so that
the class division for rice terraces was obtained.
Based on this analysis, the total APL of the Lake
Toba catchment area was 119 013.40 ha, but only
7 596.12 ha (6.38%) were not suitable for rice ter-
races (Table 5 and Figure 2A).

DISCUSSION

For rice terraces, hydrological factors (distance
from water sources) were the most important fac-
tor, with the biggest weight value at 0.709. Followed
by the slope factor with a weight value at 0.179.
Then the soil factor (texture) had a weight value
at 0.113. The results were in line with the ecologi-
cal principles of irrigated rice fields, which require
a guarantee of water availability during the growth
period, which made it different compared to the
other rice cultivations. On hilly or mountainous
areas, the slope factor had a large influence for de-
termining the location that could possibly be used

to irrigate rice fields. It was different on flat areas,
where the usage of irrigated rice fields was limited
to a slope of < 8%. However, on hilly or mountain-
ous areas, a slope of < 50% may still be utilised, al-
though some researchers said irrigated rice fields
could still be established up to a 70% slope (Acaba-
do 2012; Boking et al. 2013).

The results were compared with the current rice
terrace area according to Badan Informasi Geospa-
sial (BIG) land use and land cover maps (Table S2
in ESM). Currently, on the APL of the Lake Toba
Catchment Area, there are 25 659.80 ha of rice ter-
races (Table 6 and Figure 2B). Field observations
were performed to obtain information about the
actual state of the field.

In Table 6, it can be seen that from 25 659.80 ha
of the existing rice fields, 98.95% were in the suita-
ble areas as rice terraces according to the GIS-AHP
method on the APL of the Lake Toba Catchment
Area. There were 18 906.81 ha (73.68%), including
those in the categories of highly suitable and mod-
erately suitable.

From BIG land use maps, it is known that the
APL Lake Toba catchment area currently has
25 659.80 ha of rice fields. This area might perhaps
increase because the results of the rice terrace suit-

Table 6. Rice terraces land suitability with GIS-AHP, the existing and reserved for the APL Lake Toba catchment area

o GIS-AHP Existing (BIG) Reserve
Land suitability
area (ha) (%) area (ha) (%) area (ha) (%)

Highly suitable (S1) 44 965.71 37.78 12 850.66 50.08 32 115.05 34.40
Moderately suitable (S2) 22 474.76 18.88 6 056.15 23.60 16 418.61 17.59
Marginal suitable (S3) 43 976.81 36.95 6 484.62 25.27 37 492.19 40.16
Currently not suitable (N) 7 596.12 6.38 268.37 1.05 7 327.75 7.85
Total 119 013.40 100.00 25 659.80 100.00 93 353.60 100.00

GIS — geographic information system; AHP — analytical hierarchical process; APL — Areal Penggunaan Lain (other use area);

BIG — Badan Informasi Geospasial
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Figure 3. Land suitability for rice terraces (A), existing and reserved rice terraces (B)

ability analysis using the GIS-AHP method proved
that there were still suitable areas for new rice fields.
The S1 and S2 classes were developed as priorities
because their limiting factors had a small influence
on production. From all of the land use types, the
land used for shrubs was the most potential to be
developed into new fields. By overlapping the map
of the rice terraces’ suitability in the GIS-AHP
method (S1 and S2 classes as priorities) with land
use (shrubs), the potential land that might possibly
develop into new fields was 13,995.70 ha (Figure 2B).
In the current study, the use of GIS-AHP model-
ling to generate a land suitability map for rice ter-
races was analysed for the Lake Toba Catchment
area (upland areas). The results of this study are
a good starting point for future rice terrace cultiva-
tion expansion on upland areas. The results showed
that water was the most important factor for rice
terraces, more than the slope, which is the main
characteristic of upland areas. This result is in line
with another earlier study that highlighted water
availability is the most important factor for devel-
oping rice planting areas (Makungwe et al. 2021).

CONCLUSION

Upland regions possess unique physical attrib-
utes, which have a promising condition to be devel-
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oped into new land for the expansion of rice field
production. In order to develop a model for de-
ciding the suitability of terraced rice fields on up-
land locations based on the physical characteris-
tics of the land, this research used the AHP-GIS
method. The important variables in determining
the model were the soil texture, slope, and distance
from the river (hydrology). The results showed that
37.78% were highly suitable, 18.88% were moder-
ately suitable, and 36.95% were marginally suitable
for rice terraces. The model can be used to deter-
mine the location of rice terraces on upland areas
with a high accuracy of about 93%. This method
provides an excellent model to find the appropri-
ate area for the rice terraces construction in the re-
search region.
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