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ABSTRACT

Rising demand for cacao requires nature-based solutions and improved cropping systems to
enhance yields, improve soil health, and store carbon. This study assessed the influence of different
cacao cropping systems and soil amendments on the yield of 14-year-old cacao (Theobroma cacao L.)
trees and soil carbon storage, conducted at the University of Southern Mindanao in Kabacan, Cotabato,
Philippines (2023-2024). Using a split-plot design and 2-way ANOVA, the trial evaluated two cacao
cropping systems: cacao-rubber-coconut (CS 1) and cacao-rubber (CS 2); and soil amendments
(control-C, inorganic fertilizer-RR, lime-L, organic fertilizer-OF, and lime + organic fertilizer-L+OF).
Two seasons trials, wet (2023) and dry (2024) seasons, revealed that CS 2 significantly increased the
yield of cacao (763.82 g/tree dried beans), elevated stored C in the soil, and maintained light intensity
within the range limit for cacao. The application of lime and organic fertilizer further enhanced yield
by 60%, improved soil organic carbon (SOC) levels, and stored soil C at 80.22 t/ha and 71.33 t/ha,
respectively. The increased CN ratio observed in these plots indicated enhanced stabilized carbon. The
study demonstrated that lime and organic fertilizer applications in a cacao-rubber system (CS 2) serve
as an effective management strategy for improving both cacao productivity and soil health.
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INTRODUCTION

Proper agricultural soil management could be the most effective strategy for reducing the
sector’s contribution to global carbon emissions. Soils, among other natural resources, sequester and
store a significant amount of carbon (C), the primary agent of global warming, and transform it from
one form to another, which benefits the ecosystem. C sequestration is the process of capturing CO»,
which can be stored in the soil as soil organic carbon (SOC) (Corning et al. 2016).

Agricultural soils containing around 5% organic matter (OM) or 3% organic carbon (OC) are
considered healthy soils capable of sustaining food production, soil microflora, and fauna (Brady and
Weil, 2008). However, the intensive and continuous practice of unsustainable farming decreases the

93


mailto:mcasales@usm.edu.ph

Cacao productivity and soil carbon storage....

ability of the soil to store C and sustain life. Employing tillage in soil has a negative impact on its OC
content (Szostek et al. 2022; Haddaway et al. 2017) as tillage hastens the decomposition process
through soil aggregate disruption, increasing aeration, and accelerating the SOC oxidation, resulting in
the loss of C in soil (Farahani et al. 2022; Lu et al. 2016; Toth et al. 2025). The rampant use of chemical
fertilizers is one of the drivers of greenhouse gas emissions in the atmosphere (Wang et al. 2017). The
synthetic nitrogen fertilizer supply chain alone is responsible for 2% of global heat-trapping gas
emissions, which is greater than the emissions from all aviation (Heimsoth 2023). If left unattended
and the land is degraded, it will impact food security, water availability, and ecosystem health, as well
as the loss of ecosystem services that will directly affect humanity (United Nations n.d.). Thus,
investment must be made to restore the health of the soil through sustainable land management
practices, such as the use of organic inputs and other nature-based solutions for production and the
practice of various cropping systems.

One of the strategies to improve soil fertility is through the continuous cycle of nutrients and
C and C storage in the soil by effective cropping systems and soil management. All simplifications in
tillage, reducing interference in the soil, and the use of organic fertilizers contribute to the improvement
of soil properties (Szostek et al. 2022), which assists in the assimilation of carbon and nutrients from
plants into the soil, affecting plant-soil interactions. Soil litter production is a major source of SOC and
plant nutrient cycles (Novara et al. 2015). As a perennial crop, cacao naturally produces litter and stores
C in the soil. Different soils grown with cacao in Davao City, Philippines, stored a considerable amount
of SOC, ranging from 1.18 to 3.34% (Novara et al. 2015). Similarly, cacao agroforest cropping systems
showed improved soil organic matter content (Monroe et al. 2016; Mustari et al. 2020; Schneidewind
2022; Silue et al. 2024), soil microbial activity (Schneidewind 2022), and soil carbon storage (Araujo
et al. 2013; Asigbaase et al. 2021; Miharza et al. 2023; Monroe et al. 2016; Mustari et al. 2020;
Schneidewind 2022; Silue et al. 2024; Somarriba et al. 2013), and improved soil quality compared to
cacao monoculture. Furthermore, the utilization of soil for perennial crops, such as cacao, improves
soil quality. The soil quality, SOC, and nutrient availability in the soil increased progressively with the
age of cacao in Ghana (Arthur et al. 2022).

With the continuously increasing demand for cacao beans, information on the effectiveness of
various cropping systems and nature-based solutions in improving the yield of cacao and its effect on
soil health, as well as on storing carbon (C), is becoming important for sustainability. In Mindanao,
Philippines, the productivity per hectare of cacao is declining at a fast rate of 5% from 0.4 to 0.2 tons/ha
from 2010 to 2023, and so with the level of income of the smallholder cacao families. A similar trend
was observed for the entire country based on cacao statistics (Sales 2025).

Cropping systems have a direct effect of the productivity of cacao where cacao yield under
different cropping system is correlated to shade trees associated. In cacao-cropping systems, cacao yield
is positively correlated to the amount of light received by the cacao trees (Asitoakor et al. 2022;
Chowdary et al. 2024; Koko et al. 2013; Saj et al. 2025). This can be influenced by the crop species
(Asitoakor et al. 2022; Jadan et al. 2015; Mattalia et al. 2022), its crop morphology (Ariza-Salamanca
et al. 2024), crop density (Koko et al. 2013; Silue et al. 2024), and planting distance (Koko et al. 2013;
Notaro et al. 2021). The legume tree Albizia lebbeck is a compatible shade tree for cacao intercropping
compared to Acacia mangium (Silue et al. 2024). There was an increase in cacao yield with Cedrela
odorata, Khaya ivorensis, Terminalia superba, and Millicia excelsa tree shades as compared to the
unshaded cacao plots (Asitoakor et al. 2022). The complementary effect of shade trees to cacao is a
result of the tree structure of these species that allows light penetration to cacao trees. The four species
mentioned in the study of Asitoakor et al. (2022) have morphological structures that allow higher light
penetration. Cacao yield and incident light are logistic functions of the distance between fruit trees
and cacao (Koko et al. 2013). Higher yield was observed in cacao cropping system with lower shade
tree density and cacao crops in full sun produced higher yield as compared to agroforest cacao cropping
systems (Chowdary et al. 2024; Jadan et al. 2015; Koko et al. 2013; Niether et al. 2017; Saj et al. 2025).
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Other than the amount of light received, competition for water and soil nutrients, species compatibility
(Ariza-Salamanca et al. 2024; Notaro et al. 2021; Silue et al. 2024) and the interaction of organism
diversity have influenced the cacao productivity (Ntsoli et al. 2025). Due to this range of factors which
vary across locations, assessment and management should be site specific (Mattalia et al. 2022). Given
this, it is essential to evaluate the cacao productivity in different cacao cropping systems in a site-
specific approach.

In the Philippines, cacao is the major crop planted under coconut trees, but some areas have
already established cacao-rubber systems, especially in North Cotabato, Central Mindanao, Philippines
(Mag-aso and Garcia, 2021). Given the rising trend of intercropping cacao to rubber and coconut,
research into these cropping systems is critical. An earlier published study on cacao-rubber was
conducted in Brazil, requiring validation to ensure the feasibility of cacao-rubber combinations (Alvim
and Nair 1986). The influence of cacao-rubber cropping systems on cacao productivity and C stocks
remains scarce. Also, no prior studies were conducted on the effect of soil amendment application in
cacao-rubber cropping systems, specifically for Kabacan loam soil. Therefore, this study was conducted
to assess and compare the effects of two cacao-cropping systems (cacao-coconut-rubber and cacao-
rubber) and selected soil amendments (control, recommended rate of inorganic fertilizer RR, lime L,
organic fertilizer OF and lime + organic fertilizer L + OF) applied within the cacao-cropping system
on the productivity of cacao, SOC content and stored C in the soil.

MATERIALS AND METHODS

Experimental design. Experiments were conducted in two (2) different cropping systems of cacao
planted in Typic Hapludepts (Carating et al. 2014) with the Kabacan loam type located in the
experimental field of the Philippine Industrial Crops Research Institute (PICRI), University of Southern
Mindanao Agricultural Research and Development Center (USMARDC), University of Southern
Mindanao, Kabacan, Cotabato, Philippines, from January 2023 to May 2024. The experiment was done
in a split-plot design having two (2) cacao-cropping systems: cacao-rubber-coconut (CS 1) and cacao-
rubber (CS 2) as the mainplot factor, and five (5) soil amendments (control, inorganic fertilizer-RR,
lime-L, organic fertilizer-OF, and lime + organic fertilizer-L + OF) as subplots. A two-way ANOVA
was used to determine the significant difference between the two cacao-cropping systems and among
different soil amendments applied within the cacao-cropping systems.

In CS 1, cacao plants were established as a rectangular double row, with distances within cacao
rows were 3 m x 3 m and 15 m between double rows (559 trees/ha). Coconut was intercropped 7.5 m
x 18 m in a rectangular design (74 trees/ha). While rubber is intercropped in a rectangular double row,
the distance within cacao rows were 5 m x 2.5 m and 13 m in between double rows (444 trees/ha).
Meanwhile, cacao plants in CS 2 were established in 3-row triangular design with 3 m distance between
plants having a double row with 10 m distance in between (864 trees/ha). Similarly, rubber in CS 2 was
intercropped in rectangular double row plants with 5 x 4 m distance and 10 m distance between double
row (329 trees/ha) (Table 1, Fig. 1).
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Table 1. Planting distance and layout design of the two cropping systems in PICRI Research Area,
USMARDC, USM, Kabacan, Cotabato.

Age of Planting Planting Density
Cropping the Planting . density of of the cacao-
. Planting .
System Crops crops Distance Design crops cropping system
(years) (m) (trees/ (trees/hectare)
hectare)
Cacao + Cacao 14 15x3 Rectangular 559
Coconut double row  double rows 1,077
+ Rubber 3x3
(CS1
Coconut 14 7.5x 18 Rectangular 74
Rubber 14 13x 2.5, Rectangular 444
double row  double rows
5x25
Cacao + Cacao 14 3x3 Triangular 864
Rubber 10 Double row 1,193
(CS2)
10x 4
Rubber 14 double row  Rectangular 329
5x4 double rows
Legend
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Figure 1. Planting design of the two cropping systems, cacao-coconut-rubber (CS 1) and cacao-rubber
(CS 2) in PICRI Research Area, USMARDC, USM, Kabacan, Cotabato.

Liming and fertilization. Application of lime and soil amendments started in October 2022 and was
done annually in the month of October for two (2) consecutive years (2022-2023). The lime (L)
application rate was 1 kg/tree. Inorganic fertilizer (RR) rate applied was 160g N - 60g P,Os - 120g
K,O/tree, and organic fertilizer application (OF) rate was 2,000 g/tree (Table 2).
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Table 2. Treatments and the types of fertilizer applied in the different cacao (Theobroma cacao L.)
cropping systems in PICRI Research Area, USMARDC, USM, Kabacan, Cotabato.

Treatments Application Rate Time of Application
(kg/tree)

T1- Control No fertilizer application

T2-RR 160g N - 60g P,Os - 120g Fertilization was done annually starting
K:O/tree October 2022.

T3- Lime (L) 1000 g/tree of lime Liming was done annually starting

October 2022.

T4- Organic Fertilizer 2000 g/tree of organic Fertilization was done annually starting

(OF) fertilizer October 2022.

T5- Lime + Organic 1000 g/tree lime + 2000 Liming and fertilization were done

Fertilizer (L + OF) g/tree organic fertilizer annually, starting in October 2022.

Soil analysis. Soil samples were collected from the experimental area before the application of each
treatment. One (1) composite sample, composed of 15 subsamples, was collected at a depth of 20 cm.
The samples were submitted to the USMARDC-Central Laboratory, where soil pH (1:2.5 soil: water),
organic C% (Walkey-Black method), total N% (Kjeldahl method), available P (Bray P2 method),
exchangeable K (Ammonium Acetate 7 method), cation exchange capacity (CEC Ammonium Acetate
7 method), and texture (Hydrometer method) were analyzed.

Chemical analysis of fertilizers. The organic fertilizer and lime used were also submitted to the
USMARDC-Central Laboratory for analysis. Organic C content (Walkley-Black method), P,Os%
(colorimetric method), and K>O (AAS determination) were determined for the organic fertilizer. For
the calcic lime, total Ca and CaCOs3 (acid digestion method) were determined.

Cacao yield. Data were collected at the onset of harvest from September 2023 to March 2024 (peak
season of cacao). A sample of six cacao trees per plot were used to estimate the number of cacao pods,
the bean weight per pod, and the bean weight (wet and dry) per tree. The number of pods per tree were
counted, bean weight per pod was recorded and the total bean weight per tree was calculated by
aggregating the bean weight in each sample tree. The beans were oven-dried at 70°C until a constant
weight was achieved. Both fresh and dried weights of cacao beans per tree were expressed in grams.

Soil C storage assessment. The soil samples were collected and prepared for each experimental plot.
Each soil sample was a composite of ten (10) subsampling points randomly selected within the
experimental plots, and collected using an auger to a depth of 20 cm. These were analyzed for soil
organic C (OC%) following the Walkley-Black chromic acid wet oxidation method (GLOSOLAN
2019) and bulk density using the core method (Jabro et al. 2020). Carbon stored in soil (t’ha) was
estimated using the C storage formula (Araujo et al. 2013; Morgan and Ackerson 2022; Tadiello et al.
2022) as follows:

Soil C storage (é) = 0C% x layer thickness x bulk density x (1 — RF) x 10*

where OC is the organic carbon content and RF is the rock fragment content fraction.

Total N (%) in the soil was also determined using the Kjeldahl method (GLOSOLAN 2021)
to determine the CN ratio.
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Light intensity (lux). Light intensity was determined using the lux light meter, collected at 10:00 am
and 2:00 pm on March 2024. The collection of light intensity using the light meter was done five times,
at a height of 1.5 m from the ground, within the experimental plots.

Litterfall production (t/ha). Litterfall production was gathered following the modified procedure of
Pitman et al. 2010. A litterfall trap was established by setting-up one (1) meter square mesh net with a
distance of 10 cm from the ground for litterfall collection in the center of each experimental unit. The
plant litterfall samples were collected monthly during the wet season 2023 (May to October 2023 ) and
the dry season 2024 (November 2023 to April 2024). Dry weight of leaf litter was determined using a
convection oven, and monthly data were consolidated for each season.

Statistical analysis. Two-way ANOVA was used to determine the differences between cropping
systems and among soil amendments. The difference between the two cropping systems was tested
using Least Significant Difference (LSD) at 5% level, and the differences among soil amendments were
separated using Tukey’s Honest Significant Difference (HSD). The Statistical Tool for Agricultural
Research (STAR 2013) was used to analyze the data.

RESULTS AND DISCUSSION

Soil initial analysis. Soil pH, available P, and cation exchange capacity had sufficient levels for cacao
production; however, soil OC, total N, and exchangeable K were deficient when compared to the cacao
nutrient threshold established by Snoeck et al. (2016) (Table 3). The soil of the experimental area was
moderately acidic (pH 5.62), which was within the optimal threshold of cacao. The available P content
was higher than the cacao threshold level (6-15 ppm) with a value of 77.91 ppm. Cation exchange
capacity (CEC) was slightly higher than the cacao threshold (12-30 cmol+ kg soil), which was 30.43
cmol: kg soil. The soil organic C content, total N, and exchangeable K analysis were lower than the
range for cacao threshold with values 1.24%, 0.17% and 0.09 cmol: kg soil, respectively. The soil
texture was loam.

Table 3. Initial soil analysis of the experimental area, PICRI research area, USMARDC, USM
Kabacan, Cotabato.

Soil analysis Value

Soil pH 5.62 S

Soil organic carbon (%) 1.24 D

Total nitrogen (%) 0.17 D

Available phosphorus (ppm) 7791 S

Exchangeable potassium (cmol+ kg soil) 0.09 D

CEC (cmol: kg soil) 3043 S

Soil texture Loam (46.08% sand, 29.18% clay, and

24.75% silt)

S — sufficient and D-deficient for cacao based on Snoeck et al. 2016

Chemical analysis of organic fertilizer and calcic lime. The organic C and organic matter content
of the organic fertilizer was 8.26 and 14.20%, respectively. The total N content was 1.69%, P,Os and
K>0 were 0.70 and 0.84%, respectively. The lime used in the experiment had 35.6% total Ca and the
total CaCO3z was 89.1% (Table 4).
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Table 4. Chemical analysis of organic fertilizer and calcic lime used in the field trials experiment.

Chemical analysis Organic Fertilizer Calcic Lime
Organic carbon (%) 8.26
Organic matter (%) 14.20
N (%) 1.69
P>0s (%) 0.70
K20 (%) 0.84
Total Ca (%) 35.7%
Total CaCOs (%) 89.1%

Yield of cacao

Cropping system. Significant interactions between the cropping system and soil amendment were
recorded in cacao yield, where liming under CS 2 resulted in the highest yield. Moreover, it was
observed that cropping system significantly increased the cacao yield which was notably higher in CS
2, having higher cacao plant density and a lower rubber population per unit area. Number of cacao pod,
weight of beans per pod and weight of wet beans per tree were significantly higher in CS 2 than in CS
1 (Table 5). The fresh (Table 6) and dried weight (Fig. 2) of beans per tree were also higher in CS 2 as
compared to CS 1.

Wider spacing between the cacao under CS 2 provided ideal conditions to produce higher fruit
numbers and weights of wet and dried beans. CS 1 has a larger number of tall trees, such as rubber and
coconut, which reduces the space for cacao and resulted in lower light received which is 9, 510 lux as
compared to CS 2 which have 31,636 lux light intensity (Fig. 2). Hence, pod production is lower in CS
1 with an average of 7 pods/tree (Table 5). This indicates that increasing the density and population of
rubber and coconut trees and decreasing planting distance will result in lower pod development and
reduced bean weight in pods.

Competition for light between tall trees and cacao might have affected cacao yield as light
intensity penetrating the CS 1 was lower than CS 2. (Fig. 2). Excessive shade in CS 1 indicated by low
light intensity (9,510 lux) is detrimental to the photosynthetic activities (Arévalo-Gardini et al. 2021),
resulting in reduced cacao growth and productivity. Although cacao is a shade-tolerant crop, it requires
a certain light limit ranging from 27,000 lux (De Santana et al. 2025; Lennon et al. 2021) to 81,000 lux
(De Santana et al. 2025), reaching up to 97,200 lux (Galyoun et al. 1996) which may vary depending
on the cacao genotype and season (Acheampong et al. 2013; Lahive et al. 2019). Several studies shows
that cacao yield in the cacao-cropping system is influenced by the associated shade trees, affecting light
inflexion and penetration to cacao. The amount of light received by the cacao trees in the cacao-
cropping systems is positively correlated with the cacao tree vigor and yield (Chowdary et al. 2024).
Light availability is the critical limiting factor for production in the cacao cropping system (Saj et al.
2025).

These results were consistent with an earlier study on a coconut-cacao system that revealed
higher cumulative cacao yield in higher cacao plant density with fewer coconut trees as an intercrop
(Osei-Bonsu et al. 2002). Similar findings were also shown by Silue et al. (2024), where cocoa
productivity is lower in cacao-Acacia mangium agroforests with lower cacao density and reduced
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distance between cacao trees and the shade tree Acacia mangium. Increasing the shade tree cover from
about 20% to 80% in the cacao system resulted in about a 60% decrease in cacao yield (Blaser et al.
2017). Cacao yield is lower in a cropping system having high density shade trees as compared to
monocrop cacao (Jadan et al. 2015) . Thus, shade management is key in balancing cocoa productivity
and carbon sequestration (Somarriba et al. 2013).

Soil amendments. The application of soil amendments significantly increased the cacao yield which
was found to be more effective in CS 2. Under CS 2, cacao trees treated with lime significantly
increased the yield of cacao in terms of the number of pods per tree (51 pods/tree), followed by cacao
trees treated with OF (37 pods/tree). The combination of L and OF application resulted in a yield output
of 30 pods/tree, similar to that of cacao trees treated with RR of inorganic fertilizer (31 pods/tree) (Table
5). Soil amendment can improve the yield of cacao cropping systems by providing nutrients in optimum
shade (Acheampong et al. 2015; Goudsmit et al. 2023) and full sunlight (Goudsmit et al. 2023).

Table 5. Number of pods/tree and weight of wet beans of cacao per pod (g/pod) under different cacao
cropping systems applied with soil amendments, during the wet 2023 and dry 2024 season.

Soil Amendments Number of pods/tree” Weight of wet beans per pod (g/pod)"
CS1 CS2 CS1 CS2

T1- Control 0£0.00 a 3 £1.22¢ 0.00 £0.00 ¢ 99.09 £8.23 ¢

T2- RR 7+4.18a 31 £4.33b 112.10+£7.04b 111.39+£13.38 bc

T3- Lime (L) 9+393a 51+10.68 a 116.04 +£1.00 b 12473 £4.33 b

T4- Organic Fertilizer 13+231a 37+9.24 ab 139.32+4.68 a 151.09 + 8.86 a

(OF)

T5- Lime + Organic 5+£252a 30+4.37b 109.76 + 168.83 b 127.14+£0.06 b

Fertilizer (L + OF)

Pr (GF), 0.0115 0.0159

Pr GF)s 0.0004 0.0000

Pr (>F)axt 0.0255 0.0000

In a column, means followed by the same letter are not significantly different at the 5% level according to
Tukey’s HSD test.

Soil amendment applications significantly increased the weight of wet beans per pod in both
CS employed (Table 5). The application of OF recorded the highest bean weight per pod in both CS 1
(139.32¢g) and CS 2 (151.09g). This was followed by the bean weight per pod applied with L (CS 1-
116.04 g and CS 2 124.73 g) and L + OF (CS 1 - 109.76 and CS 2 — 124.14 g), which did not differ
significantly from the results of RR (112.10g and 111.39g).

The wet bean yield of the cacao trees also increased significantly following the application of
soil amendments. Under CS 1, the highest wet bean yield per tree was observed in cacao trees treated
with OF (1,086.70 g/tree). The application of lime alone resulted in the wet bean weight increase of
36.72% relative to RR; however, the L + OF application resulted in a lower bean weight output of
331.37 g/tree as compared to L (653.02 g/tree) and OF (1,086.70 g/tree) application, which was not
significantly different from bean weight output of cacao applied with RR inorganic fertilizer (413.20
g/tree) (Table 6).
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In CS 2, the wet bean weight output of cacao trees treated with L was significantly higher than
those applied with RR. Wet bean weight of cacao applied with L was 3,743 g/tree, which was 84%
higher than that of cacao trees subjected to RR (2,034 g/tree). The application of OF produced a bean
weight yield output of 3,359.31 g/tree, which was at par with the output of cacao trees applied with L
(3,743.36 g/tree). However, the combination of L and OF resulted in a significantly lower wet bean
weight output of 2,263.28 g/tree compared to wet bean weight treated with L alone or OF alone (Table
6).

The dried bean yield per tree of cacao increased significantly when the soil amendments were
applied. Under CS 1, the OF application resulted in the highest dried bean yield (355.61 g/tree), which
was not significantly different from the dried bean yield obtained from cacao trees treated with L
(215.50 g/tree). However, significantly lower dried bean yield was obtained when lime and organic
fertilizer were combined (109.35 g/tree). Under CS 2, the application of lime resulted in a higher dried
bean yield (1,235.31 g/tree), which was at par with those that were applied with OF (1,108.57 g/tree)

(Fig. 2).

Table 6. Weight of wet beans (g/tree) under two cacao cropping systems applied with soil amendments,
during the wet 2023 and dry 2024 seasons.

Weight of wet beans per tree (g/tree)"

Soil Amendments cs1 CS 2
T1- Control 0.00 £0.00 a 17291 +£49.24 d
T2- RR 413.20+235.40 a 2,034.09 +358.25 ¢
T3- Lime (L) 653.02 +277.61 a 3,743.36+700.17 a
T4- Organic Fertilizer (OF) 1,086.70 £190.10 a 3,359.31 £ 918.60 ab
T5- Lime + Organic Fertilizer (L + OF) 331.37+168.83 a 2,263.28 +334.10 be
Pr (>F). 0.0132
Pr >F) 0.0003
Pr (>F)axb 0.0276

YIn a column, means followed by the same letter are not significantly different at 5% level Tukey’s HSD test.

. f ' P
Dried bean weight (kg/tree) - CS 1 Dried bean weight (kg/tree) - CS 2
- 40,000 S1.400 a a 40,000
@'1,400 1,
o 35000 5 g ; % x 35,000 5
E 1200 3
51 200 30000 3 E) 0 . x be 30,000 3
5 1,000 25000 & 5 1000 J 25,000 &
2 0 n o s
3, 200 2000 > 800 © 20000 &
E 600 x 15000 & § 800 l 15,000 E
a 400 x x e 10,000 £ 2 400 10,000 £
T x be 5 ° =)
2 200 . T T % 5000 5 2 00 5000 35
S . ! i g 4
T1Control T2RRof T3Lime T4Organic T5Lime + TiControl T2RRof  Tilime T4Organic T5Lime+
Inarganic Fertilizer Organic Inorganic Fertilizer Organic
. . . Fertilizer . . 1
Yield = Light Intensity Yield xLightintensity "'

*Cropping system significantly different at p-value <0.05 LSD

YWithin the cropping systems, bars followed by the same letter are not significantly different at the 5% level
according to Tukey’s HSD test.

Figure 2. Dried bean weight of cacao (kg/tree) in different cropping systems* and soil amendments.
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Both organic fertilizer application and liming significantly increased the wet and dry bean
yield of cacao. OF application improved the cacao yield by providing nutrients to the plants and
increasing nutrient uptake and efficiency (Muda et al. 2021; Mulia et al. 2019), contributed by the effect
of organic fertilizer on enhancing soil microbial activity, improving soil structure, and increasing
nutrient availability (Fungenzi et al. 2021). Furthermore, liming soil improves the pH of the soil and
the availability of nutrients, which increases yield (Ejigu et al. 2023; Qaswar et al. 2020) and is
liming increases the yield of cacao. However, combining lime to organic fertilizer did not significantly
increase the wet and dry bean yield of cacao. Similar results were found in the study of Islam et al.
(2021) were the combination of lime and organic manure (cow dung) resulted to lower first crop (T.
aman) yields compared to lime alone, with result comparable to control (no application). Ca in lime
may form inner and outer sphere complexes with OC (Adusei-Gyamfi et al. 2019; Galicia-Andrés et
al. 2021). These forms dense agglomerates which enhances OM stability and protect SOM from further
degradation (Galicia-Andrés et al. 2021). Stable OM from agglomeration through Ca-SOM
complexation might reduce the mineralization of nutrients making it temporarily unavailable for crop
uptake, hence, reducing cacao yield.

Soil pH

Cropping system. Soil pH was not significantly influenced by the different cropping systems and soil
amendments during wet season (2023), however, a significant difference was recorded during dry
season (2024) (Table 7).

Soil amendments. Soil pH was increased significantly in soil applied with OF in CS 2 (pH 5.95) and L
+OF in CS 1 (pH 5.90). However, liming soil in CS 1 (pH 5.40) and CS 2 (pH 5.55) did not significantly
increase the soil pH, while L + OF applied in CS 2 resulted in a lower soil pH (pH 5.27). Soil applied
with OF in CS 1 has a soil pH value (pH 5.59) similar to soil applied with RR under CS 1 (pH 5.56)
and CS 2 (pH 5.58), and control in CS 2 (pH 5.65) (Table 7).

OF application in CS 2 and L + OF in CS 1 have shown to increase the soil pH attributed to
the mechanism of organic matter decomposition that includes decarboxylation, where reaction products
may consumes proton (Yan et al. 1996) and the release of basic ions and salts which are products of
mineralization. Similar results were also found in the study of Islam et al. (2021) and Regasa et al.
(2025) where application of lime combined with organic amendment significantly increased the soil
pH as compared to lime alone. Liming soil without OF application did not significantly increase the
soil pH, as the amount of lime applied might be insufficient to increase the pH in soils. factors affecting
the change in pH with  Liming application rate, other than the type of liming material, timing, and
method (Jouichat et al. 2024). A low application rate of lime below the buffering capacity of the soil
will not effectively increase the soil pH (Fageria and Baligar 2008; Fageria and Nascente 2014). Similar
results were also found in an earlier study wherein application of lime at a rate of 0.5 to 1 ton per hectare
in wheat resulted in soil pH similar to control (without lime) (Ejigu et al. 2023).

It was also observed that soil pH in dry season (2024) was higher than the soil pH recorded
during wet season 2023 noticeable in CS 2. Soil pH was recorded as higher during the dry season than
in wet season based on the laboratory analysis of Solonetzs soil in Yinbei region, China (Jia et al. 2021).
This difference is attributed to the intensified leaching of basic ions by rainfall during the wet season,
which is reduced in the dry season, thereby maintaining a higher pH.
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and dry 2024 seasons.

Wet Season (2023)™ Dry Season (2024)"

Treatments cs1 p) cs1 p)
T1- Control 5.38+£0.08 a 5.074£0.03 a 5.3140.03b 5.65+0.08 ab
T2-RR 5.51 £0.04 a 5.43+0.16 a 5.56 £0.04 ab 5.58 £0.16 ab
T3- Lime (L) 5.37+0.01 a 5.13+0.09 a 5.40 £0.04 ab 5.55+0.09 ab
T4- Organic Fertilizer 5.55+0.13 a 5.47£0.09 a 5.594£0.03 ab 5.95+0.09 a
(OF)
T5- Lime + Organic 53740.19 a 537+0.13 a 590+0.14 a 5.27+0.13b
Fertilizer (L + OF)
Pr (>F). 0.1716 0.6943
Pr (>F) 0.1005 0.0684
Pr >F)ax» 0.6870 0.0013

Ranges of soil pH as follows: very strongly acid (4.5-5.0), strongly acidic (5.1-5.5), moderately
acidic (5.6-6.0), slightly acidic (6.1-6.5) (Ditzler et al. 2017)

VIn a column, means followed by the same letter are not significantly different at 5% level Tukey’s HSD test.
S - Not significantly different

Soil organic C and litterfall

Cropping system. Significant interaction was recorded between the cropping system and soil
amendments on their effect on the soil organic carbon content. The organic C (OC) content in the soil
increased significantly with the application of soil amendment in both cropping systems - CS 1 and CS
2. Over time, a noticeable increase in OC was observed, indicating an accumulation of OC in the
soil. The SOC content between cacao cropping systems tends to be higher under CS 2 compared to CS
1, specifically during DS 2024 (Fig. 3). The higher SOC accumulation observed in CS 2 might be
attributed to the higher biomass from total litterfall production in the system, owing to its higher cacao
plant density than CS1. The overall litterfall production tends to be higher in CS 2, where relatively
higher litterfall accumulated in CS 2 during the wet season (2023) (Fig. 3). Higher litterfall production
was observed in CS 2 in wet season (2023) brought about by cacao litter as CS 2 had higher cacao
density. Whilst, during the dry season (2024), higher litterfall was observed in CS 1, as this period was
wintering for rubber, where CS 1 had greater rubber density. Overall, CS 2 recorded relatively higher
litterfall production.

In a cacao agroforest system, the biomass and density of cacao trees were the determinants of
biomass production (Silue et al. 2024). The sources of this biomass in cacao were litterfall and litter
from cacao management, such as pruning, and the abundance of roots and fine root biomass (Monroe
et al. 2016).

Soil amendments. Soil organic C content is also significantly influenced by the application of soil

amendments. The highest significant increase in soil organic C content was achieved in CS 2 with L
and L + OF amendments (Fig. 3).
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During the wet season of 2023, the application of soil amendments to CS 1 significantly
influenced the soil organic matter content. The lowest SOC content (0.96 %) was recorded in soils
treated with inorganic fertilizer. Statistically, the application of L, OF, and L + OF gained SOC content
similar to the control. However, the application of OF recorded 14% higher SOC content (1.74%)
relative to control (1.52%) and was 58% higher than the application of RR. Under CS 2, soil organic C
content applied with soil amendment was not significantly different (Fig. 3).

During the dry season (2024), the addition of soil amendments increased soil organic C
content. Under CS 1, the SOC content of the soil subjected to RR (2.36%) increased, which was not
statistically different from the SOC content of the soil treated with L + OF (2.23%). An increase in
SOC was also observed in soils treated with OF (2.12%) and L (2.14%) relative to the control.
Similarly, a significant increase in SOC was also observed under CS 2. The highest SOC was observed
in the soil treated with L (2.93%), which was similar to the SOC level of the soil treated with L + OF
(2.68%). SOC content was also significantly higher in soil applied with OF (2.36%) as compared to
control where SOC content applied with OF was statistically similar to SOC content applied with RR
(2.50%) (Fig. 3).

Soil Organic € Content (%) CS 1 - Wet Season (2023) ! Soil Organic C Content (%) CS 2 - Wet Season (2023)
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VWithin the cropping systems, bars followed by the same letter are not significantly different at the 5% level
according to Tukey’s HSD test.

Figure 3. Soil organic carbon (%) under two cacao cropping systems after application of selected
soil amendments during the wet 2023 and dry 2024 seasons.

The increase in OC content in soil treated with OF is attributed to the OC content of the
amendment, which might be stable (Yilmaz and S6nmez 2017). Furthermore, a noticeable decline in
OC was observed in soil treated with RR, which might be attributed to the low C:N ratio (6.11) and
faster rate of SOC oxidation (Fig. 4). The retention of C in soil with inorganic fertilizer is much lower
(Ndung’u et al. 2021). Liming alone did not increase the amount of OC in the soil during the wet season
0f 2023, as liming delayed the effect of increased litter and other sources of C in increasing SOC levels.
The effect of liming on SOC was observed in the succeeding season (dry season, 2024) (Fig. 3).

The addition of L + OF and OF to the soil effectively increases the SOC in soil, as these soil
amendments might improve the conversion of litterfall to stable SOC, acted by decomposers (Paradelo
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et al. 2015). Additionally, Ca from the applied lime formed complexes with OC, flocculated the soil,
and stabilized SOC (Rowley et al. 2018).

Stored carbon (C) in soil

Cropping system. Cropping systems influenced the stored C in soil in two different seasons, wherein
higher stored C was noted in CS 2, having a high cacao tree density that distributes more leaf litter in
the soil (Fig. 4).

The density of cacao trees is a major determinant of the biomass in agroforest systems. This
is attributed to the reduced competition for light among cacao trees, increased photosynthetic activity,
and C assimilation, which results in higher biomass production (Silue et al. 2024). Furthermore, in the
cacao-rubber system, soil C storage was greater in the cacao rows than in the rubber rows, which is
addition, the addition of coconut, in a dense rubber-cacao system in CS 1, resulted in low turnover, as
coconut fronds are composed of a high percentage of lignin components (18-21%) and low N content
(Mohamad Aziz et al. 2018), making it resistant to decomposition.

Soil amendments. The application of soil amendments increased the stored C within the different
cropping seasons. The highest significant increase in stored C content was achieved in CS 2 with L
amendments (Fig. 4).

During the wet season of 2023 under CS 1, the highest C stored was observed in soil applied
with OF (46.10 tons/ha), which was not statistically different from soil applied with L + OF (41.04
t/ha), having a noticeable difference of 9.19 tons/ha of C stored in soil against the control (Fig. 4). The
application of L alone did not significantly increase the stored carbon (36.42 tons/ha), while RR
application decreased the stored C in soil by 13.19 tons/ha relative to the control. This implies that the
addition of organic fertilizer in CS 1 provided additional C in the soil, which is more stable, while
inorganic fertilizer resulted in greater OC release. This might be attributed to the faster rate of
mineralization as reflected in the low C:N ratio of the soil treated with inorganic fertilizer. Furthermore,
under CS 2, the level of stored C in the soil was not statistically different when soil amendments were
applied. Stored C in soil ranged from 37.07 t/ha (L + OF) to 43.48 t/ha (OF).

During the dry season of 2024, adding soil amendments to CS 1 increased the amount of C
stored in the soil compared to the control (46.81%). The increase was about 7.39 t/ha (L) to 10.27 t/ha
(RR). Similarly, a significant increase in stored C with applied soil amendments was observed in CS 2.
The highest stored C was recorded in soil treated with lime (80.22 t/ha), which was statistically similar
to that in soil treated with L + OF (71.33t/ha). The stored C applied with OF (60.97 t/ha) was
comparable to the stored C in soil applied with RR (67.29 t/ha), which increased stored C by 13 t/ha
and 6.67 t/ha, respectively, relative to the control (54.30 t/ha).

The addition of fertilizers and soil amendments improves the growth of crops in the system,
which effectively utilizes atmospheric CO,, sequestering it in the crops, and a portion of the C is stored
in the soil. L and L + OF applications resulted in a significant increase in stored C. Liming promotes
microbial activity that decomposes organic materials; however, over time, the decomposition process
provides more stable C, that is, humus, which is resistant to destruction and hence stored as stable
carbon (Greff et al. 2022; Rowley et al. 2018).
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Figure 4. Stored C in soil under the different cacao cropping systems* as influenced by the
application of soil amendments' during wet season 2023 and dry season 2024.

CONCLUSION

Cacao-cropping systems and soil amendment application influenced significantly the yield of
cacao, organic carbon content and the carbon storage of Kabacan loam soil. The cacao-rubber system
increased significantly the yield of cacao, elevated stored carbon in the soil, and maintained light
intensity within the acceptable light intensity limit. The application of lime, particularly in combination
with organic fertilizers, increased yield by 60%. This amendment strategy specifically improved soil
organic carbon (SOC) levels and elevated stored soil carbon. The improved C:N ratio observed in these
plots indicated enhanced stabilized carbon. Consequently, the study highlighted that the cacao-rubber
system, combined with lime and organic fertilizer applications, serves as an effective management
strategy for improving both cacao productivity and soil health. Similar research in other cacao-
producing areas in the Philippines would be worth considering for broader recommendations. Further
studies are needed to determine the best planting densities for rubber, coconut, and cacao intercropping
and to optimize the application rates of soil amendments to achieve maximum yield.
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