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Abstract

With the growing demand for cocoa, local farmers and other key players of the cocoa
industry were encouraged to boost production to secure supply. However, after many
decades of cocoa production, soil fertility and available cultivation areas are
shrinking. Land suitability evaluation was conducted in areas grown with cocoa in
Davao City, Philippines to determine the current suitability and soil-related
constraints for cocoa production intensification and expansion. Using the
environmental lapse rate, temperature of the area was determined and suitability were
evaluated using Food and Agriculture Organization framework with the aid of QGIS
software. Based on the result, six soil series were identified as suitable for cocoa. These
included the Cabantian, Bolinao (Inayangan), Bolinao (Paquibato), Miral, Tugbok
and undifferentiated soil. Cabantian, Miral and Bolinao (Inayangan) were moderately
suitable with limitations in slope and soil fertility. Bolinao (Paquibato) was moderately
suitable with limitations in soil depth and sloping topography. Tugbok was marginally
suitable due to low soil fertility and slight limitation in slope. Undifferentiated soil was
moderately suitable with sloping topography, shallow depth and soil fertility
constraints. The six suitable soil series had moderate to marginal limitations. The
constraints to cocoa production are manageable to some extent.

Keywords: current suitability, environmental lapse rate, intensification, land
evaluation, production constraints
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1. Introduction

Climate has profound effects on cocoa production (Daymond and Hadley,
2004; Carr and Lockwood, 2011; Adjaloo et al., 2012; Afoakwa, 2014; van
Vliet et al., 2015; Medina and Laliberte, 2017; Santosa et al., 2018) and the
primary determining factor for cocoa growth (Nair, 2021). Temperature and
rainfall beyond cocoa’s range decreases pod and bean yield (Daymond and
Hadley, 2008) as it decreases pod development due to reduced population of
the pollinators (Santosa et al., 2018; Nair, 2021); decreases biomass
accumulation (Hebbar et al., 2020); lower the light interception ( De Almeida
and Valle, 2007; Carr and Lockwood, 2011); decrease net photosynthesis
(Gateau-Rey et al., 2018; Lahive et al., 2019); affects regular stomatal
conductance; and increase transpiration rate (De Almeida and Valle, 2007;
Zakariyya and Indradewa, 2018; Kongor et al., 2019; Lahive et al., 2019).
Unfavorable climate can also increase diseases and mortality rate in cocoa
(Gateau-Rey et al., 2018).

In determining options for sustainable cocoa production, edaphic and crop
management, in addition to climate, are the key factors to consider (Medina
and Laliberte, 2017; Santosa et al., 2018). Soil texture and depth are important
parameters to consider in the establishment of cocoa as cocoa roots require
less root restriction from poor drainage and stoniness (Kongor et al., 2019;
Lahive et al., 2019). Cocoa roots extend to > 1 m and active root zone at 0-0.5
m (De Almeida and Valle, 2007; Carr and Lockwood, 2011; van Vliet et al.,
2015; Snoeck et al., 2016). Like other crops, cocoa removes nutrients from
the soil (Hartemink, 2005), and management of soil fertility is a determinant
in cocoa bean production (Wood and Lass, 2001; Kongor et al., 2019; Voora
et al., 2019; Hebbar et al., 2020; Marrocos et al., 2020).

Cocoa (Theobroma cocoa) is a native humid tropical crop cultivated for its
beans (Daymond and Hadley, 2008; Carr and Lockwood, 2011). It is one of
the important crops in the world, with an estimated bean output of 5.6 million
tons in 2019 (Food and Agriculture Organization [FAO], 2020). It has a global
cocoa market value of around 8.6 billion in 2017 and a compound growth rate
of 7.3%. The global cocoa market value is estimated to reach 189.89 billion
by 2026 (Voora et al., 2019).

Countries within 18 °N and 15 °S of the equator, known as the cocoa belt
(Wood and Lass, 2001), produces the majority of cocoa beans. The top cocoa-
producing country is Cote d'lvoire in Africa, which accounted for 39% of the
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total cocoa bean production of the world. Other countries in Asia, America,
and other parts of Africa produce the remaining 61% of the total cocoa bean
production of the world 2019 (FAO, 2020). These cocoa-producing countries
have humid tropical climate and rainforests where cocoa are suitable.

The Philippines is a cocoa-growing country with great potential for production
intensification and expansion as it lies within the cocoa belt. However, data
processed from the database of the Philippine Statistics Authority (PSA)
(PSA) (2021) revealed that the average cocoa yield is 0.3 mt per ha in 2020
lower than the yield potential of 0.8 to 2.5 mt per ha (Sys et al., 1993). This
shows that there is a wide gap between the potential yield and the actual yield
of cocoa in Philippine, thus land suitability evaluation for cocoa is needed in
order to identify the constraints in production and the potential area for
expansion of cocoa.

Despite the gap in yield and other supply issues, the local cocoa industry in
Davao City has positioned itself in the international market as one of the best
producers of high-quality cocoa beans. To contribute to the continuing efforts
for poverty reduction and for inclusive growth in rural areas, the local cocoa
industry should leverage opportunities such as those offered by the country’s
domestic and foreign cocoa markets. Increased production will simply mean
supplying a bigger share of the existing demand and improving farmer’s
income. Increasing the current level of production could be started by
conducting a proper land evaluation.

Land evaluation provides a rational basis for making land-use decisions based
on the analysis of the relationship between land use and land, giving estimates
of required input and projected outputs (Ahukaemere, 2018). The objective of
land evaluation is to select the optimum land-use for each defined land unit,
taking into consideration both physical and socio-economic considerations
and the conservation of environmental resources for future use. Proper land
suitability evaluation will result in the identification of area suited for specific
uses (Ceballos-Silva and Ldpez-Blanco, 2003; Bandyopadhyay et al., 2009;
Akinci et al., 2013; Ahukaemere, 2018); determination of soil constraints
(AKinci et al., 2013; Adeyolanu et al., 2017; Ahukaemere, 2018; Neswati et
al., 2019; Syarif et al., 2020); delineation of areas to avoid conflicts (Chen,
2014); and support for the decision-making in any land-use plans and
policymakers (Brinkman and Young, 1976).
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One of the evaluation methods to evaluate the land use system and determine
the crop suitability is adapting the FAO framework (FAO, 1976), which is a
method use to assess the land use system components and its compatibility —
the land use type and the land unit. The land unit is described based on its
characteristics that indicate land qualities. This is matched with the land use
requirement of the land use type (existing or for development) (Rossiter,
1996). The FAO framework for land evaluation can identify the most limiting
land qualities for specific land utilization types and suitability of crops
(Chinene, 1992; Alemu et al., 2013; Ashraf and Normohannadan, 2011; Aini
et al., 2020) and recognize mitigation strategies to crop limitations and soil
conservation practices (Ashraf and Normohannadan, 2011).

In the Philippines, no published land suitability evaluation study has been
carried out for cocoa. Thus, this study aimed to determine the suitability of
land for cocoa production by evaluating relevant soil characteristics and land
qualities using the FAO framework. Cocoa production-related constraints
were determined as well as the corresponding corrective measures for future
production intensification and expansion.

2. Methodology
2.1 Description of the Study Area

Davao City, Philippines is located at 6° 58" N to 7° 34’ N and 125° 14’ to 125°
45’ E. It is bounded in the north and east by the Province of Davao del Norte,
in the west by North Cotabato Province, and in the south by Davao del Sur
Province and Davao Gulf. It has a land area of 244,000 hectares (Figure 1).

The climate of Davao City is Type IV based on modified Corona
classification. Rainfall in the area has an annual average of 1,968 mm and the
average mean annual temperature 31.8 °C maximum and 24.0 °C minimum
(2006-2015) (Philippine Statistics Authority [PSA], 2016).
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Figure 1. Location of the study area
2.2 Data Gathering and Sourcing

Map on soil type was extracted in PhilGIS website (PhilGIS, n.d.). For
elevation, digital elevation model (DEM) data was acquired from Shuttle
Radar Topography Mission (SRTM) 1 Arc-Second Global of United States
Geological Survey (USGS) with spatial resolution of 30.8 m pixel size (USGS,
n.d.) A 10-year annual temperature data (2006-2015) of Davao City published
by PSA 2016 was used. The spatial data were processed using QGIS program
(GSIS Association, 2021) and was checked to coincide with UTM Zone 51N
of WGS 1984.

2.3 Delineation of Temperature Suitable Areas for Cocoa Production

The data on temperature (Table 1) was gathered at an elevation of 18 masl
(elevation of the Philippine Atmospheric, Geophysical and Astronomical
Services Administration [PAGASA] Davao City Monitoring Station) (PSA,
2016). However, the temperature of the landscape varies with the elevation
(Arya, 2001). Adiabatic lapse rate explains the rate at which temperature
changes in response to elevation change (Hemond and Fechner, 2014).
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Furthermore, the environmental lapse rate measures the actual rate at which
atmospheric temperature changes from the ground (Shuttleworth, 2012) and
is 6.5 °C km? (Pratap et al., 2013). Thus, temperature of the area was
determined based on elevation using the environmental lapse rate at 6.5 °C
km™. This was spatially presented using QGIS program and highly suitable
areas for cocoa (S1) based on temperature requirement using suitability
classification by Sys et al. (1993). S1 area based on temperature (as function
of elevation) was delineated by reclassifying the DEM image. The reclassified
DEM was polygonised and geometric attributes were added.

Table 1. Temperature of Davao City from 2001 to 2015 (PSA, 2016)

Temperature (°C)

ear Maximum Minimum
2001 31.0 22.0
2002 317 212
2003 31.6 243
2004 32.2 24.5
2005 318 24.4
2006 317 24.5
2007 316 24.3
2008 314 24.0
2009 31.9 24.4
2010 322 24.4
2011 31.6 24.2
2012 318 24.3
2013 321 24.4
2014 323 24.8
2015 327 25.0
Average 31.8 24.0
SD 04 1.0

2.4 Soil Survey, Collection of Soil Samples, and Soil Physicochemical Analysis

A soil survey was conducted within the temperature suitable areas for cacao
production in Davao City to identify the different land units. The individuality
of the land units was determined based on the established soil series. A pedon
was examined in every land unit and corresponding soil samples were
collected for laboratory analysis to determine the physicochemical properties
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of the soil. The list of the physicochemical properties and the methods used in
the analysis are shown in Table 2.

Table 2. Methods for soil physicochemical analysis

Soil Properties Methods

Chemical analysis

pH 1:1 Soil:water pH method
Electrical conductivity (EC) ds/m 1:1 Soil:water electrical conductivity
method
OC % Walkley and Black method
(Walkley and Black, 1934)
N % Modified Kjeldahl method
(Campbell and Hanna, 1937)
CEC (cmol(+) Ammonium acetate method at pH 7
(Chapman, 2016a)
Exchangeable bases (Ca, Mg, K and Na) Ammonium acetate method

(Chapman, 2016b)
Physical analysis

Soil Texture type and particle size proportions Hydrometer method
(Gee and Bauder, 2018)

2.5 Land Suitability Classification Methods using Limitation Approach

Land suitability evaluation was done following FAO framework (1976) and
Sys et al. (1993). This involved matching the established land qualities and
crop requirements. Soil quality attributes was based on the physicochemical
properties of soil. The crop requirements for cacao were based on Sys et al.
(1993) as shown in Table 3. Evaluation of soil quality attributes for cocoa
production suitability was done through a relative limitation scale or the
limitation approach by Sys et al. (1993). The suitability classes are divided
into the following: S1 — highly suitable; S2 — moderately suitable; S3 —
marginally suitable; N1 — currently unsuitable but potentially suitable; and N2
— permanently unsuitable. The crop requirement for cocoa is the basis for its
suitability as presented in Table 3.

Using the limitation approach by FAO framework (Sys et al., 1993), with
reference on the matching of the land characteristics of the different soil series
(Table 3) and the land quality requirement of cocoa (Table 2), the existing
land suitability of the soil series for cocoa production in Davao City were
determined.



M. C. A. Sales et al. / Mindanao Journal of Science and Technology Vol. 22 (1) (2024) 1-19

Table 3. Land quality requirements of cocoa plants (Sys et al., 1993)

Land characteristics Degree of limitation

S1 S2 S3 N1 N2
Topography Slope 0-4 4-8 8-16 16-30 30-50
®
Wetness (w) Drainage Good Good Moderate  Imperfect Poor to
very poor
Flooding None - - Slight Moderate
Soil (s) Texture C > 60s, SCL, C C >60v, Cm, C > 60s,
L, SC < 60v LfS, SL SiCm, LS, L, sC
SiCL, CL, LcS, fS,
SiL S, Cs
Soil depth > 200-150 150- 100-50 - <50
100
Fertility (f) Soil pH 6.4-6.2 6.0-5.5 5.5-5.0 <50 -
6.6-7.0 7.0-7.6 7.6-8.2
% OC >24 2.4-15 1.5-0.8 <08 -
CEC; >24-16 <16 (-) <16 (+) - -
(cmol* kg
soilt)
Base >50-35 35-20 <20 - -
saturation
(%)
EC(ds/m) 0-1.1 1.1-1.8 1.8-2.2 - >2.2

3. Results and Discussion
3.1 Delineation of Suitable Area for Cocoa based on Temperature

Using environment lapse rate calculation, highly suitable (S1) temperature
was attained at an elevation of 400-850 masl having a maximum temperature
of 26-29 °C and annual average temperature of 23-25 °C. Based on
temperature, 66% of the land area in Davao was suitable in cacao production
which include Baguio, Calinan, Marilog, Paquibato, Toril and Tugbok
District. Furthermore, 58% of the suitable areas was highly suitable (estimated
to be 70,281 ha), majority of which were located in Marilog and Paquibato
Districts covering about 22% of the total land area or estimated to be 52,490
ha (Figure 2 and Table 4). There were six soil series that was identified in
areas with temperature highly suitable for cocoa. These included Bolinao
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(Inayangan) (290.09 ha), Bolinao (Paquibato) (4,133.14 ha), Cabantian
(14,447.87 ha), Miral (33,908.63 ha), Tugbok (15,847.72 ha) and
undifferentiated soil in Calinan (1,654.12 ha) (Figure 3 and Table 4).

Temperature of the area decreased with increasing elevation. Cocoa suitability
varied with elevation as temperature changes with elevation. Cocoa was
highly suitable in high elevation areas (400-850 masl) with annual maximum
temperature of 26-29 °C and annual average temperature of 2325 °C.
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Figure 2. Highly suitable temperature areas for
cocoa production in Davao City
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Other studies showed that highly suitable temperature for cocoa was 25-28 °C
annual average temperature (Aini et al., 2020; Syahri et al., 2020).
Furthermore, based on Sys et al. (1993), highly suitable temperature is 23 to
25 °C, and the mean annual maximum temperature is < 30. According to
Daymond and Hadley (2004), warm temperature (26.6 °C) results in higher
wilting proportion from Cherelle disease and low fruit development. As the
temperature increases, the respiration rates also increase and reduce the
maintenance capacity of the cocoa tree for fruit loading.

Table 4. Soil series and their land area within highly suitable temperature zones for
cocoa in Davao City

Soil series Davao City District Area (ha)
Bolinao (Inayangan) Calinan 290.09

Bolinao Series (Paquibato) Paquibato 4,133.14

Cabantian Paquibato 14,447.87

Miral Marilog 33,908.63

Tugbok Calinan 7,872.58

Tugbok Toril 6,841.04

Tugbok Tugbok 1,134.10

Soil undifferentiated Calinan 1,653.12

Total 70,280.56

3.2 Physicochemical Properties of Soil Series within Highly Suitable
Temperature Zones for Cocoa

Identified soil found in highly suitable temperature zone of Davao City were
as follows, Bolinao (two variants: Inayangan and Paquibato), Cabantian,
Miral, Tugbok, and undifferentiated soil. The soil physicochemical properties
of the different soil series in temperature suitable zone for cocoa is presented
in Table 5. Based on standard laboratory result ranges, values revealed that
soil pH level of Cabantian, Miral, Tugbok and undifferentiated soil were
generally acidic for cocoa production (5.76, 5.69, 5.26, and 5.62,
respectively). On the other hand, Bolinao (Inayangan) was neutral (6.72)
which also reflected its electrical conductivity (EC) (0.88 ds/m). Organic
carbon was moderately limited, and N was below optimum level in Miral (1.18
and 0.13%), Bolinao (Inayangan) (1.39 and 0.19%), and undifferentiated soil
(1.18 and 0.13%), while very severe limitation on the percent base saturation
was recorded in Tugbok (10.44 cmol* kg? soil). Depth of soil was very
shallow for cocoa in Bolinao (Paquibato). No limitations were found in soil
texture (Table 5).

10
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Table 5. Physicochemical properties of soil series in temperature-suitable zones
for cacao in Davao City

Soil Soil series
properties  Capantian (ngtiirk;z(t)o) Miral ~ Tugbok (Iri(;/ggggn) Ugg:r
pH 5.76 6.64 5.69 5.26 6.72 5.62
EC ds/m 0.27 0.30 0.15 0.12 0.88 0.18
OC (%) 297 3.34 1.18 3.13 1.39 1.18
N (%) 0.26 0.32 0.13 0.24 0.19 0.13
CE%_E;“O" 54.45 4136 2212 3041 58.95 55.00
Exchangeable cations (cmol* kg™)
K 0.95 0.20 0.40 0.59 0.59 0.83
Na 0.24 0.31 0.36 0.33 0.43 0.32
Ca 18.89 19.66 3.64 127 39.95 16.15
Mg 15.48 0.99 3.85 1.13 7.79 16.66
Satur‘:ﬁg‘; o) 6515 50.88 3714 1044 82.96 61.75
% Sand 32.38 41.84 26.75 29.82 20.56 24.05
% Silt 39.15 36.35 41.86 18.47 17.27 41.43
% Clay 28.47 21.81 31.39 51.71 62.17 34.52
Texture type I((:) laan¥| Loam I((:) Lan% Clay Heavy clay Loam
SOi('C‘if)pth 88.00 42.00 84.00 >107.00 112.00 60.00
Slope (%) 6-13 6-13 1325 06 6-13 0-16

Samples analyzed were taken at the effective feeding root depth for cacao (> 20 cm).

3.3 Existing Suitability of Soil Series for Cocoa Production

Cocoa production was moderately suitable to Bolinao, Miral, Cabantian and
undifferentiated soil. Bolinao (Inayangan) was slightly alkaline while
Cabantian and Miral had soil acidity constraints for cocoa production. The
moderate constraints of Cabantian and Miral were the sloping topography and
the low nutrient level. For Bolinao (Paquibato), moderate constraints for cocoa
production were the shallow rooting depth for anchorage and susceptibility of
the soil to drought. Cocoa was found marginally suitable in Tugbok due to the
very low levels of nutrient and acidic condition of the soil (Table 6 and Figure
3).

11
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Figure 3. Suitability map for cacao

Nonetheless, these constraints to cocoa production are manageable to some
extent. Effective conservation and sustainable farming practices are some of
the techniques to manage the constraints brought about by the sloping
topography of the soil. In addition, intercropping of cocoa is encouraged
specifically in sloping areas to promote diversity and soil protection.

12
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The application of organic amendments, green manuring and reliable
irrigation techniques are recommended for land units with low organic carbon
and shallow solum. Organic matter improves water retention of the soil, thus
reducing the risk of drought. Similarly, organic matter improves aggregate
stability, aeration and tillage (Weil and Brady, 2017). Nutrient and pH of the
soil should be maintained at the optimum level for cocoa growth through
judicious application of correct fertilizer and amendments.

4. Conclusion and Recommendation

This study identified and evaluated the suitable areas for cocoa production
based on climate and soil quality of different soil series within the temperature
suitable areas in Davao City. Temperature-suitable areas (annual average
temperature of 23-25 °C) for cocoa production in the city were found at 400
to 850 masl elevation based on the environmental lapse rate estimation. A total
of six soil series were identified in the temperature suitable area. These
included the two variants of Bolinao, Cabantian, Miral, Tugbok, and the
undifferentiated soil. Limitations of the soil for cocoa production were
identified which were moderate (Bolinao, Cabantian, Miral, and
undifferentiated soil) to marginal (Tugbok). Establishment of soil
conservation measures, reliable irrigation facilities, and application of correct
fertilizer and soil amendments are the common corrective and improvement
measures. Nonetheless, these constraints to cocoa production are manageable
to some extent. The results of the evaluation revealed that cocoa production in
the city can be increased through intensification and possible expansion of the
production area by properly managing the limitations identified in the
different soil series.

5. Acknowledgement

The authors would like to thank the Commission on Higher Education of the
Philippines through the K-12 scholarship program (CHED K-12) and
ASTHRDP of the Department of Science and Technology (DOST-
ASTHRDP-NSC-UPLB) for their financial support. Special thanks go to
cocoa growers and members of Farmer’s Development Cooperative
(FARDECO), Ugnayan ng mga Nagsasariling Lokal na Organisasyon sa
Kanayunan (UNORKA) Mindanao, and Office of the Municipal Agriculturist-

14



M. C. A. Sales et al. / Mindanao Journal of Science and Technology Vol. 22 (1) (2024) 1-19

Baguio and Paquibato Districts, and Barangay Local Government Unit of
Saloy, Davao City, Philippines.

6. References

Adeyolanu, O., Are, K., Adelana, A., Denton, O., & Oluwatosin, G. (2017).
Characterization, suitability evaluation and soil quality assessment of three soils of
sedimentary formation for sustainable crop production. Journal of Agriculture and
Ecology Research International, 11(2), 1-10. https://doi.org/10.9734/jaeri/2017/31943

Adjaloo, M.K., Oduro, W., & Banful, B.K. (2012). Floral phenology of Upper Amazon
cocoa trees: Implications for reproduction and productivity of cocoa. ISRN Agronomy,
2012, 1-8. https://doi.org/10.5402/2012/461674

Afoakwa, E.O. (2014). Cocoa production and processing technology. Florida, United
States: CRC Press.

Ahukaemere, C.M. (2018). Suitability evaluation of some soils of Southeastern Nigeria
for oil palm (Elais guineensis) and cocoa (Theobroma cacao). International Journal of
Agricultural and Rural Development, 21(1), 3355-3361.

Aini, L.N., Mappiasse, M.F., & Mulyono. (2020). Land suitability evaluation for cocoa
(Theobroma cacao L.) in Gantarang sub district, Bulukumba, Sulawesi Selatan. 10P
Conference Series: Earth and Environmental Science, 458(1). https://doi.org/10.1088/
1755-1315/458/1/012001

Akinci, H., Ozalp, A.Y., & Turgut, B. (2013). Agricultural land use suitability analysis
using GIS and AHP technique. Computers and Electronics in Agriculture, 97, 71-82.
https://doi.org/10.1016/j.compag.2013.07.006

Alemu, W., Amare, T., Yitaferu, B., Selassie, Y.G., Wolfgramm, B., & Hurni, H.
(2013). Impacts of soil and water conservation on land suitability to crops: The case of
Anjeni Watershed, Northwest Ethiopia. Journal of Agricultural Science, 5(2), 95-109.
https://doi.org/10.5539/jas.v5n2p95

Arya, P.S. (2001). Introduction to micrometeorology (2nd ed.). Massachusetts, United
States: Academic Press.

Ashraf, S., & Normohannadan, B. (2011). Qualitative evaluation of land suitability for
wheat in Northeast-Iran using FAO methods. Indian Journal of Science and
Technology, 4(6), 703-707.

Bandyopadhyay, S., Jaiswal, R.K., Hegde, V.S., & Jayaraman, V. (2009). Assessment
of land suitability potentials for agriculture using a remote sensing and GIS based
approach. International Journal of Remote Sensing, 30(4), 879-895. https://doi.org
/10.1080/01431160802395235

15


https://doi.org/10.5402/2012/461674
https://doi.org/10.1088/%201755-1315/458/1/012001
https://doi.org/10.1088/%201755-1315/458/1/012001
https://doi.org/10.1016/j.compag.2013.07.006
https://doi.org/10.5539/jas.v5n2p95

M. C. A. Sales et al. / Mindanao Journal of Science and Technology Vol. 22 (1) (2024) 1-19

Brinkman, S., & Young, A. (1976). A framework for land evaluation. Wageningen,
Netherlands: Food and Agriculture Organization of the United Nations.

Campbell, W.R., & Hanna, M.I. (1937). The determination of nitrogen by modified
Kjeldahl methods. Journal of Biological Chemistry, 119, 1-7.

Carr, M.K.V., & Lockwood, G. (2011). The water relations and irrigation requirements
of cocoa (Theobroma cacao L.): A review. Experimental Agriculture, 47(4), 653-676.
https://doi.org/10.1017/S0014479711000421

Ceballos-Silva, A., & Lo6pez-Blanco, J. (2003). Evaluating biophysical variables to
identify suitable areas for oat in Central Mexico: A multi-criteria and GIS approach.
Agriculture, Ecosystems and Environment, 95(1), 371-377. https://doi.org/10.1016/S0
167-8809(02)00180-9

Chapman, H.D. (2016a). Cation-exchange capacity. In: A.G. Norman
(Ed.), Agronomy (pp. 891-901). Wisconsin, United States: American Society of
Agronomy, Inc.

Chapman, H.D. (2016b). Total exchangeable bases. In: A.G. Norman (Ed.), Agronomy
(pp. 902-904). Wisconsin, United States: American Society of Agronomy, Inc.

Chen, J. (2014). GIS-based multi-criteria analysis for land use suitability assessment
in City of Regina. Environmental Systems Research, 3(1), 20. https://doi.org/10.118
6/2193-2697-3-20

Chinene, V.R.N. (1992). Land evaluation using the FAO Framework: An example
from Zambia. Soil Use and Management, 8(3), 130-138. https://doi.org/10.1111/j.
1475-2743.1992.th00908.x

Daymond, A.J., & Hadley, P. (2004). The effects of temperature and light integral on
early vegetative growth and chlorophyll fluorescence of four contrasting genotypes of
cacao (Theobroma cacao). Annals of Applied Biology, 145(3), 257-262.
https://doi.org/10.1111/j.1744-7348.2004.th00381.x

Daymond, AJ., & Hadley, P. (2008). Differential effects of temperature on fruit
development and bean quality of contrasting genotypes of cacao (Theobroma cacao).
Annals of Applied Biology, 153(2), 175-185. https://doi.org/10.1111/j.1744-7348.2
008.00246.x

De Almeida, A.A.F., & Valle, R.R. (2007). Ecophysiology of the cacao tree. Brazilian
Journal of Plant Physiology, 19(4), 425-448. https://doi.org/10.1590/S1677-04202007
000400011

Food and Agriculture Organization (FAQ). (1976). A framework for land evaluation.
Rome, Italy: Food and Agriculture Organization.

Food and Agriculture Organization (FAO). (2020). Food and Agriculture Organization
Statistics. Retrieved from https://www.fao.org/faostat/en/#data

16


https://doi.org/10.1017/S0014479711000421
https://doi.org/10.1016/S0
https://doi.org/10.2134/agronmonogr9.2.c7
https://doi.org/10.2134/agronmonogr9.2.c7
https://doi.org/10.118%206/2193-2697-3-20
https://doi.org/10.118%206/2193-2697-3-20
https://doi.org/10.1111/j.%201475-2743.1992.tb00908.x
https://doi.org/10.1111/j.%201475-2743.1992.tb00908.x
https://doi.org/10.1111/j.1744-7348.2004.tb00381.x
https://doi.org/10.1111/j.1744-7348.2%20008.00246.x
https://doi.org/10.1111/j.1744-7348.2%20008.00246.x
https://doi.org/10.1590/S1677-04202007%20000400011
https://doi.org/10.1590/S1677-04202007%20000400011
https://www.fao.org/faostat/en/#data

M. C. A. Sales et al. / Mindanao Journal of Science and Technology Vol. 22 (1) (2024) 1-19

Gee, G.W., & Bauder, J.W. (2018). Particle-size analysis. In: A. Klute (Ed.), Methods
of soil analysis: Part 1 physical and mineralogical methods (pp. 383-411). Wisconsin,
United States: Soil Science Society of America.

Gateau-Rey, L., Tanner, E.V.J., Rapidel, B., Marelli, J.P., & Royaert, S. (2018).
Climate change could threaten cocoa production: Effects of 2015-16 El Nifio-related
drought on cocoa agroforests in Bahia, Brazil. PLoS ONE, 13(7), 1-17. https://doi.org/
10.1371/journal.pone.0200454

Hartemink, A.E. (2005). Nutrient stocks, nutrient cycling, and soil changes in cocoa
ecosystems: A review. Advances in Agronomy, 86, 227-253.

Hebbar, K.B., Apshara, E., Chandran, K.P., & Prasad, P.V.V. (2020). Effect of
elevated COz, high temperature, and water deficit on growth, photosynthesis, and
whole plant water use efficiency of cocoa (Theobroma cacao L.). International Journal
of Biometeorology, 64(1), 47-57. https://doi.org/10.1007/s00484-019-01792-0

Hemond, H.F., & Fechner, E.J. (2014). Chemical fate and transpory in the environment
(3rd ed.). Massachusetts, United States: Academic Press.

Kongor, J.E., Boeckx, P., Vermeir, P., Van de Walle, D., Baert, G., Afoakwa, E.O., &
Dewettinck, K. (2019). Assessment of soil fertility and quality for improved cocoa
production in six cocoa growing regions in Ghana. Agroforestry Systems, 93(4), 1455-
1467. https://doi.org/10.1007/s10457-018-0253-3

Lahive, F., Hadley, P., & Daymond, A.J. (2019). The physiological responses of cacao
to the environment and the implications for climate change resilience. A review.
Agronomy for Sustainable Development, 39(1). https://doi.org/10.1007/s13593-018-
0552-0

Marrocos, P.C.L., Loureiro, G.A.H.D.A., Araujo, Q.R.D., Sodré, G.A., Ahnert, D.,
Escalona-Valdez, R.A., & Baligar, V.C. (2020). Mineral nutrition of cacao
(Theobroma cacao L.): Relationships between foliar concentrations of mineral
nutrients and crop productivity. Journal of Plant Nutrition, 43(10), 1498-1509.
https://doi.org/10.1080/01904167.2020.1739295

Medina, V., & Laliberte, B. (2017). A review of research on the effects of drought and
temperature stress and increased CO2 on Theobroma cacao L., and the role of genetic
diversity to address climate change. Costa Rica: Bioversity International.

Nair, K.P. (2021). Tree crops. Springer, Cham: Switzerland.

Neswati, R., Asrul, L., Molla, A., Widiayani, N., & Nurgadri, S. (2019). Land
suitability for cocoa development in South Sulawesi: An analysis using GIS and
parametric approach. IOP Conference Series: Earth and Environmental Science,
280(1). https://doi.org/10.1088/1755-1315/280/1/012014

PhilGIS. (n.d.) Philippine GIS data. Retrieved from http://philgis.org/

Philippine Statistics Authority (PSA). (2016). Compedium of Philippine environment
statistics. Quezon City, Philippines: Philippine Statistics Authority.

17


https://doi.org/%2010.1371/journal.pone.0200454
https://doi.org/%2010.1371/journal.pone.0200454
https://doi.org/10.1007/s00484-019-01792-0
https://doi.org/10.1007/s10457-018-0253-3
https://doi.org/10.1007/s13593-018-0552-0
https://doi.org/10.1007/s13593-018-0552-0
https://doi.org/10.1080/01904167.2020.1739295
https://doi.org/10.1088/1755-1315/280/1/012014

M. C. A. Sales et al. / Mindanao Journal of Science and Technology Vol. 22 (1) (2024) 1-19

Philippine Statistics Authority (PSA). (2021). OpenSTAT. Retrieved from https://open
stat.psa.gov.ph/

Pratap, B., Dobhal, D.P., Bhambri, R., & Mehta, M. (2013). Near-surface temperature
lapse rate in Dokriani Glacier catchment, Garhwal Himalaya, India. Himalayan
Geology, 34(2), 183-186.

QGIS Association. (2021). QGIS geographic information system [Computer
software]. QGIS Association.

Rossiter, D.G. (1996). A theoretical framework for land evaluation. Geoderma, 72,
165-202.

Santosa, E., Sakti, G.P., Fattah, M.Z., Zaman, S., & Wahjar, A. (2018). Cocoa
production stability in relation to changing rainfall and temperature in East Java,
Indonesia. Journal of Tropical Crop Science, 5(1), 6-17. https://doi.org/10.29244/jtcs.5
.1.6-17

Shuttleworth, W.J. (2012). Terrestrial hydrometeorology. New Jersey, United States:
Wiley.

Snoeck, D., Koko, L., Joffre, J., Bastide, P., & Jagoret, P. (2016). Cacao nutrition and
fertilization. In: E. Lichtfouse (Ed.), Sustainable agriculture reviews (Vol. 19, pp. 155-
202). Berlin, Germany: Springer Nature.

Syahri, Y.F., Rauf, M., Paembonan, S.A., & Larekeng, S.H. (2020). Land suitability
evaluation and economic feasibility of cocoa farming. Environmental Research,
Engineering and Management, 76(3), 96-108. https://doi.org/10.5755/j01.erem.76.3.2
4701

Syarif, M.M., Rismaneswati, Asrul, L., & Kaimuddin. (2020). Strategy for improving
sustainable cocoa (Theobroma cacao L.) plant productivity in South Sulawesi based
on land suitability. IOP Conference Series: Earth and Environmental Science, 486(1).
https://doi.org/10.1088/1755-1315/486/1/012087

Sys, I.C., Van Ranst, E., Debaveye, 1.J., & Beernaert, F. (1993). Land evaluation part
I11: Crop requirements. Brussels, Belgium: Agriculture Publications.

van Vliet, J.A., Slingerland, M., & Giller, K.E. (2015). Mineral nutrition of cocoa: A
review. In: D.L. Sparks (Ed.), Advances in Agronomy (pp. 185-270). Massachusetts,
United States: Academic Press.

United States Geological Survey (USGS). (n.d.) Earth explorer. Retrieved from https://
earthexplorer.usgs.gov/

Voora, V., Bermudez, S., & Larrea, C. (2019). Global market report: Cocoa. Retrieved
from https://www.iisd.org/system/files/publications/ssi-global-market-report-cocoa.p
df

Walkley, A., & Black, I.A. (1934). An examination of Degtjareff method for
determining soil organic matter and a proposed modification of the chromic acid
titration method. Soil Science, 37, 29-37.

18


https://doi.org/10.29244/jtcs.5%20.1.6-17
https://doi.org/10.29244/jtcs.5%20.1.6-17
https://doi.org/10.1002/9781119951933
https://doi.org/10.5755/j01.erem.76.3.2%204701
https://doi.org/10.5755/j01.erem.76.3.2%204701
https://doi.org/10.1088/1755-1315/486/1/012087
https://www.iisd.org/system/files/publications/ssi-global-market-report-cocoa.p

M. C. A. Sales et al. / Mindanao Journal of Science and Technology Vol. 22 (1) (2024) 1-19

Weil, R.R., & Brady, N.C. (2017). The nature and properties of soil (15th ed., Vol.
148). London, United Kingdom: Pearson Education.

Wood, G.A.R., & Lass, R.A. (2001). Cocoa (4th ed.). New Jersey, United States:
Wiley-Blackwell.

Zakariyya, F., & Indradewa, D. (2018). Drought stress affecting growth and some
physiological characters of three cocoa clones at seedling phase. Pelita Perkebunan (A

Coffee and Cocoa Research Journal), 34(3), 156-165. https://doi.org/10.22302/iccri.ju
r.pelitaperkebunan.v34i3.330

19


https://doi.org/10.22302/iccri.ju

