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INTRODUCTION

The cacao farming sector in Indonesia, a lead-The cacao farming sector in Indonesia, a lead-
ing global producer, facing global producer, faces substantial challenges 
due to climate change (Rahmah et al., 2024). Ris-
ing global temperatures, extended droughts, and 
changed rainfall patterns significantly impact 
cacao productivity, especially in areas reliant on 

traditional farming methods. (Sasmita et al., 2023). 
South Sulawesi, a key area of national cacao pro-
duction, has seen a marked decline in productivity, 
exacerbated by temperature fluctuations, plant ag-
ing, and growing pest and disease threats (Igawa, 
2022). According to the International Cacao Orga-
nization (ICCO, 2023) national cacao production 
dropped from 270,000 tons in 2017 to 170,000 
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tons in 2021, highlighting the sector’s growing 
vulnerability. This decline highlights the urgent 
need for effective adaptation strategies, especially 
for smallholder farmers, who frequently lack ac-
cess to advanced technology.

Climate change is degrading soil quality and 
causing a 17 to 23% reduction in cacao yields (O 
et al., 2024). Drying soil conditions, along with 
damage to soil structure, decreased water avail-
ability, and deficiencies in essential nutrients like 
nitrogen and phosphorus, greatly diminish the 
ability of cacao plants to endure environmental 
stress (Alfonso et al., 2024). Extreme tempera-
tures above 30 °C can increase evaporation from 
the soil and reduce moisture, worsening condi-
tions for cacao plants that rely on stable moisture 
(Budiastuti et al., 2018). In addition, prolonged 
drought inhibits water absorption by plant roots, 
resulting in decreased photosynthesis and overall 
plant growth (Alban et al., 2024). This decrease in 
soil quality disrupts the physiological processes 
of cacao plants, significantly inhibiting essential 
functions such as photosynthesis and transpira-
tion, which are necessary to overcome heat and 
drought stress (Mensah et al., 2024). Therefore, 
an innovative approach is needed that combines 
adaptation technology, selection of superior ca-
cao clones, and biomass management strategies 
to increase resilience to climate change and main-
tain sustainable cacao production.

The hedgerow system utilizes local plants 
such as coconut, banana, gliricidia, and setaria 
grass arranged in rows of plants, functioning as 
providers of organic biomass and shade for ca-
cao plants (Song et al., 2023). Shade plants in the 
hedgerow system play a vital role in regulating soil 
temperature and reducing the rate of evaporation, 
which is crucial in overcoming drought problems. 
Additionally, the biomass produced from pruning 
serves as organic mulch, enhancing soil structure 
and enriching nutrient content through decompo-
sition. (Numbisi et al., 2021). Shade plants in the 
hedgerow system play a key role in regulating soil 
temperature and reducing the rate of evaporation. 
In addition, the biomass from pruning functions 
as organic mulch that improves soil structure and 
enriches soil nutrient content through decomposi-
tion (Asigbaase., 2019). By fostering more stable 
soil and environmental conditions, the hedgerow 
system can mitigate the negative impacts of high 
temperatures and drought while being easily ad-
opted by smallholder cacao farmers significantly 
affected by climate change (Cataldo, 2021).

Using superior cacao clones resistant to en-
vironmental stress strengthens cacao’s resilience 
to climate change (Lahive et al., 2021). Research 
shows that soil temperatures can inhibit soil wa-
ter availability and worsen the activity of soil 
microorganisms, which in turn causes a decrease 
in cacao production of up to 37% (Sarjana et al., 
2021). In facing this challenge, increasing soil 
moisture is crucial in optimizing nutrient absorp-
tion by plant roots, especially during the vegeta-
tive phase. In addition, the instability of the soil 
microclimate risks triggering pests and diseases, 
such as fruit rot and cacao fruit borers (McMahon 
et al., 2015). Although several studies, such as by 
Acheampong et al, 2019 and Li et al. (2020) have 
examined the role of biomass and superior cacao 
clones in coping with climate change separately, 
very few have examined the interaction of these 
two factors in the context of sustainable hedge-
row farming systems. Most previous studies have 
focused more on the impact of biomass on soil 
fertility or the benefits of superior cacao clones in 
increasing stress tolerance.

This study aims to fill this information gap 
by analyzing the interaction between organic bio-
mass and high-yield cacao clones in a hedgerow 
system, focusing on their effects on soil tempera-
ture, soil moisture, and cacao plant growth under 
climate stress. The results are expected to provide 
valuable insights for cacao farmers in the tropics 
facing climate change challenges. Additionally, 
this research will contribute to the broader goal 
of enhancing the sustainability and resilience of 
cacao farming systems through innovative and in-
tegrated ecological engineering approaches.

MATERIALS AND METHODS

Place and time of research

This study was conducted on a community 
farm located in Macinna Village, Pataro Dis-
trict, Herlang Sub-district, Bulukumba Regen-
cy, South Sulawesi, Indonesia, at coordinates 
5°22’42.0” S and 120°22’24.4” E, from July to 
December 2023. This location has arid climate 
conditions with an average rainfall of 5.17 mm 
and a temperature of 31.02 °C during the re-
search (BMKG, 2024).

The community garden adopts a hedgerow 
farming system, where the plant spacing in-
cludes coconut (10 m), banana (5 m), Gliricidia 
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(2 m), and Setaria grass (0.3 m) between rows of 
hedgerow plants. The cacao plants used in this 
study were approximately 40 months old and 
planted in rows spaced at 3 m intervals. The ar-
rangement of hedgerow plants and cacao clones 
is illustrated in Figure 1. Figure 1a depicts the 
hedgerow rows, Figure 1b presents MCC 02 ca-
cao clones, and Figure 1c features Sulawesi 2 
cacao clones.

Research materials and tools

The biomass utilized in this study resulted 
from the dry pruning of leaves and twigs from 
hedgerow plants, as shown in Figure 2. The 

various types of biomass include coconut leaf 
biomass, depicted in Figure 2a, banana leaf bio-
mass, illustrated in Figure 2b, and litter biomass, 
presented in Figure 2c.

The research tools used included measuring 
tapes, diameter tapes, machetes, soil temperature 
meters, stationery, observation sheets, and other 
supporting agricultural equipment. To measure 
the hedgerow shade percentage on cacao plants, 
a simple shadow grid measuring 100 cm² was 
used, following the method by Nasution (2022), 
as illustrated in Figure 3. The shadow grid tool is 
shown in Figure 3a, the measurement procedure 
in Figure 3b, and the shade percentage measure-
ment under the cacao sub-canopy in Figure 3c.

Figure 1. Rows of hedgerow plants and cacao clones at the research location. rows of plants forming the 
hedgerow system (a), rows of MCC 02 cacao clones (b), rows of SULAWESI 2 cacao clones (c)

Figure 2. Hedgerow biomass from pruning. coconut leaf biomass (a), banana leaf biomass (b), litter biomass (c)

Figure 3. Equipment and procedures for measuring the percentage of shade using a shadow grid. measuring tool 
(a), measurement steps (b), shade percentage measurement under the cacao sub-canopy (c)
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Research design

This study employed a split-plot experimen-
tal design featuring two cacao clones as the main 
plot factor and four biomass treatments as the 
subplot factor (Figure 4). The cacao clones in-
cluded MCC 02 (K1) and Sulawesi 2 (K2). The 
biomass treatments included a control (B0) with 
no biomass application (Figure 4a), B1 with 5 kg 
of coconut leaf biomass (Figure 4b), B2 with 5 kg 
of banana leaf biomass (Figure 4c), and B3 with 
5 kg of litter biomass (Figure 4d). All biomass 
materials were uniformly applied to a 2.25 m² 
area (1.5 × 1.5 m) surrounding each cacao plant, 
extending from the stem base to the edge of the 
canopy, to ensure consistent coverage. Each treat-
ment was replicated three times, totaling twenty-
four experimental units from eight combinations 
of two cacao clones and four biomass types.

Observation parameters and data analysis

Measurements of soil temperature, soil mois-
ture, and shade percentage were conducted 14 
days after treatment, which were then repeated 
every week for three consecutive weeks. Mea-
surements were carried out in the sub-canopy 
area of the cacao plant, with a distance of 70 cm 
from the main tree and a depth of 10 cm from 
the ground surface. The process of measur-
ing the percentage of shade used a shadow grid 
with the tools and methods shown in Figure 3, 
which recorded data three times, namely morn-
ing (09.00–10.00 am), afternoon (1.00–2.00 pm), 
and evening (4.00–5.00 pm). For four months 
after treatment, observations were made of plant 

growth, which included plant height, lower stem 
circumference (15 cm from the ground surface), 
and canopy width on two sides of the direction 
(east-west and north-south). In addition, soil 
samples were taken at four points around the sub-
canopy of the cacao plant in each treatment at a 
depth of 1–10 cm. Soil samples were mixed ho-
mogeneously, cleaned from roots and stones, and 
about 500 g were taken for analysis in the labora-
tory with parameters included soil pH (measured 
in H₂O), soil organic carbon (SOC) using the 
Walkley–Black method, total nitrogen (N) using 
the Kjeldahl method, available phosphorus (P) 
using the Bray method, exchangeable potassium 
(K) using ammonium acetate extraction, and cat-
ion exchange capacity (CEC) determined by am-
monium acetate (NH₄OAc) saturation. 

The data obtained were analyzed using analy-
sis of variance (ANOVA). If the results showed a 
significant difference, the honest significant dif-
ference (HSD) test was continued at a significance 
level of α = 0.05. The interaction between cacao 
clones and biomass treatments was analyzed to 
determine the effect of the combination of the two 
factors on the observed variables. 

RESULTS AND DISCUSSION

Soil temperature

The analysis results in Figure 5 show a sig-
nificant difference in soil temperature between 
the MCC 02 and Sulawesi 2 clones, with MCC 02 
maintaining a lower soil temperature in the morn-
ing (29.39 °C) compared to Sulawesi 2 (30.89 °C), 

Figure 4. Biomass treatments in research plots. control treatment or without biomass (a), coconut leaf biomass 
treatment (b), banana leaf biomass treatment (c), litter biomass treatment (d)
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with a difference reaching 1.5 °C (p < 0.05). The 
HSD test revealed that the B3 biomass treatment 
significantly reduced soil temperature compared 
to the B0 treatment. This temperature difference 
indicates that the Sulawesi 2 clone, which has a 
more vertical and sparse canopy growth, is more 
susceptible to heating due to direct solar radiation. 
In contrast, the MCC 02 clone, which has a denser 
canopy, can reduce direct heating of the soil sur-
face by increasing light absorption efficiency, as 
explained by (Jaimez et al., 2022), which shows 
that a denser canopy can reduce soil temperature 
in extreme summers. These differences have an 
impact on the photosynthesis and transpiration 
processes, where MCC 02 has a higher potential 
in regulating micro-temperatures around the root 
zone and soil surface, reducing direct solar radia-
tion and reducing thermal stress in plants, which 
is also supported by the findings by (De Almeida 
et al., 2019), which showed that plants with dense 
canopies more effectively regulate soil tempera-
ture and increase plant growth.

The soil temperature during the day was re-
corded to reach its peak (31.85 °C) in the MCC 
02 cacao clone, lower than the Sulawesi 2 clone 
(32.19 °C), which was caused by increased di-
rect solar radiation on plants and the soil surface. 
This impacted the cacao plant biomass treatment, 
where treatments B1, B2, and B3 significantly de-
creased soil temperature compared to B0, which 
was not treated. In particular, the B3 treatment on 
the MCC 02 clone resulted in a decrease in soil 
temperature of 0.67 °C lower than B0 during the 

day, which reflects the thermal insulation effect of 
organic biomass, playing a role in reducing direct 
solar radiation to the soil surface and increasing 
soil moisture retention. This finding is consistent 
with the research by Rofner et al. (2022), which 
showed that organic mulch, such as litter and ba-
nana leaves, effectively reduces soil temperature 
fluctuations. Such temperature reduction helps 
minimize excessive water evaporation and mois-
ture deficits, critical challenges for cacao plants 
under hot weather conditions. Optimal soil tem-
peratures for root activity and microbial function 
range from 25 to 30 °C, while prolonged exposure 
to temperatures above 32 °C can inhibit root res-
piration and enzymatic processes (Yoroba et al., 
2019). These results underscore the effectiveness 
of banana leaf biomass in maintaining favorable 
thermal conditions that support cacao growth and 
resilience in tropical climates (Figure 5).

The soil temperature in the afternoon gradu-
ally decreased, with temperatures recorded at 
30.39 °C for the MCC 02 cacao clone and 30.69 °C 
for the Sulawesi 2 clone, indicating a significant 
decrease in temperature compared to the tempera-
ture during the day. This decrease in temperature 
was influenced by changes in the sun’s position 
and optimal shade from the hedge, which reduced 
the intensity of direct sunlight on the soil and ca-
cao plants. These results align with the findings 
by (Famuwagun et al., 2018), which stated that 
lower soil temperatures can increase soil moisture 
and support the survival of cacao plants, espe-
cially in the flowering process and production of 

Figure 5. Soil temperature affected by cacao clone and biomass treatments. The same letters (a, b), and (p, q) in 
each observation time are not significantly different based on the HSD test at the significance level α = 0.05 and 
(ns) not significant. The coefficient of diversity values at the observation time of 08.00–09.00 am are K = 0.34 
and B = 0.89, observations at 13.00–14.00 pm are K = 0.34, and B = 0.89, and observations at 16.00–17.00 pm 

K = 0.38, and B = 1.07



207

Journal of Ecological Engineering 2025, 26(8) 202–218

new shoots. Biomass treatments B1, B2, and B3 
showed a more significant decrease in soil tem-
perature compared to treatment B0, indicating the 
effectiveness of organic biomass in maintaining 
more stable soil temperatures and reducing ther-
mal stress. Previous research by (Mohamed et al., 
2022) This finding was also supported by the use 
of banana leaf biomass (B2), which effectively 
reduced soil temperature by 1.44 °C in the after-
noon. This shows biomass’s role in increasing mi-
cro-humidity and reducing temperature through 
evaporative cooling. These results indicate that 
organic biomass can be an effective soil protec-
tor, essential for the sustainability of cacao plant 
growth under extreme temperature conditions.

Long-term soil temperature fluctuations can 
affect the physical and chemical processes of the 
soil and the activity of microorganisms that play 
a role in the decomposition of organic matter and 
the release of nitrogen and phosphorus, which 
are very important for plant growth (Daunoras, 
2024). Higher soil temperatures during the day 
can accelerate the decomposition of organic mat-
ter and increase the risk of nitrogen loss through 
evaporation (Luo, 2025). This aligns with our 
findings, showing that mitigation strategies using 
organic biomass, such as banana leaf mulch, lit-
ter, and coconut leaves, can reduce the negative 
impacts of sharp temperature fluctuations. More 
effective biomass treatments, such as banana 
leaves, can maintain more stable soil tempera-
tures, increase water use efficiency, and reduce 

water needs during the dry season. Research by 
(Fan, 2024) also supports these findings, show-
ing that better soil temperature stability supports 
more stable enzyme activity and plant cellular 
metabolism, which can ultimately improve cacao 
plant growth. Thus, the use of organic biomass as 
a strategy to mitigate extreme soil temperatures 
plays a vital role in increasing the sustainability 
of cacao plant growth in increasingly uncertain 
climate conditions.

Soil moisture

The analysis results in Figure 6 show a sig-
nificant difference in soil moisture between the 
MCC 02 and Sulawesi 2 cacao clones at most 
observation times, with the HSD test showing 
a significant difference (p < 0.05). In the morn-
ing, soil moisture in the MCC 02 clone (35.22%) 
was significantly higher than in the SULAWE-
SI 2 clone (30.11%), indicating that MCC 02 is 
more effective in maintaining soil moisture at 
lower temperatures. In the afternoon, although 
there was a difference, soil moisture between the 
two clones did not show a significant difference 
(ns), indicating that the decrease in sunlight in-
tensity in the afternoon caused more minor soil 
temperature fluctuations, and the influence of the 
plant canopy became more homogeneous in both 
clones. The significant difference in soil moisture 
in the morning indicates that the MCC 02 clone 
has a more adaptive rooting mechanism, allowing 

Figure 6. Soil moisture affected by cacao clone and biomass treatments. The same letters (a, b), and (p, q) in 
each observation time are not significantly different based on the HSD test at the significance level α = 0.05 and 
(ns) not significant. The coefficient of diversity values at the observation time of 08.00–09.00 am are (K) = 2.18 
and (B) = 3.09, observations at 13.00–14.00 pm are (K) = 1.48 and (B) = 7.52, and observations at 16.00–17.00 

pm (K) = 0.71 and (B) = 2.25



208

Journal of Ecological Engineering 2025, 26(8), 202–218

for better water absorption and retention, espe-
cially under drought conditions (Zasari, 2020). 
In addition, the MCC 02 clone showed efficient 
nutrient absorption, such as nitrogen, which sup-
ports better soil moisture (Ruseani et al., 2022). 
Physiologically, this clone is also better at adapt-
ing to drought stress by increasing the production 
of abscisic acid (ABA) and proline, compounds 
that play a role in osmotic regulation and main-
taining water balance in plant tissues during the 
dry season. The decrease in soil temperature in 
the afternoon reduces soil moisture fluctuations, 
which explains why the differences between the 
two clones were insignificant at that time.

The analysis showed that the B2 biomass 
treatment, which used banana leaves, had the most 
significant effect on soil moisture, with the highest 
soil moisture recorded in the morning (36.50%) 
and afternoon (31.78%) compared to other treat-
ments. The ability of banana leaves to maintain 
soil moisture can be explained by the leaf structure, 
which has a large surface area that helps reduce 
direct sunlight exposure to the soil (Rodrigues et 
al., 2023). This finding is consistent with previous 
studies showing that banana leaf mulch maintains 
soil moisture for longer. The B1 (coconut leaf) and 
B3 (litter) biomass treatments also positively im-
pacted soil moisture, although not as optimal as 
B2. Coconut leaves, which have a stiffer and more 
elongated texture, tend to cover the soil unevenly, 
increasing soil temperature and moisture variabil-
ity. Meanwhile, litter has good water absorption 
capacity, but its rapid decomposition can reduce 
the stability of soil moisture in the long term. This 
variation in performance is important considering 
that optimal soil moisture for cacao root function 
typically ranges between 30% and 40%, as noted 
in international cacao cultivation guidelines (San-
tos et al., 2023). This difference in biomass effec-
tiveness indicates that organic matter’s physical 
and chemical characteristics, such as leaf surface 
area and decomposition rate, play an essential role 
in determining water retention capacity and its ef-
fect on soil microclimate.

The interaction between cacao clones and 
biomass significantly affected soil moisture in the 
morning and afternoon, with the combination of 
MCC 02 clones and B2 biomass treatment show-
ing the best results. This finding aligns with re-
search by (Rofner et al., 2022), which showed 
that using organic biomass, such as banana leaves, 
can reduce soil temperature fluctuations and 
maintain soil moisture, especially in hot and dry 

environmental conditions. In the afternoon, al-
though there was an interaction effect, the differ-
ence in soil moisture between biomass treatments 
became insignificant. This indicates that during 
this period, environmental factors such as de-
creased soil temperature and reduced solar radia-
tion are more dominant, according to the findings 
put forward by (Feng et al., 2023). In addition, air 
humidity, which tends to be higher in the after-
noon, especially after the air temperature decreas-
es, can reduce the difference in soil moisture be-
tween biomass treatments. Increased air humidity 
causes the evaporation process from the soil to be 
slower, which in turn reduces the role of biomass 
treatment in regulating soil moisture at that time.

Shade percentage

Based on the analysis graph (Figure 7), the 
study results showed a significant difference in 
the percentage of shade received by the MCC 02 
and Sulawesi 2 cacao clones during most obser-
vation times. The HSD test showed a significant 
difference (p < 0.05) in several observation peri-
ods, indicating time’s effect on the shade distribu-
tion received by the two clones. During morning 
observations, the MCC 02 clone received 57.44% 
shade, higher than the Sulawesi 2 clone, which 
only received 45.77% shade. This difference sup-
ports the findings of (Arévalo-G et al., 2021), 
which stated that photosynthesis in cacao plants 
can occur optimally at light levels of around 400 
μmol m−2 s−1, which is achieved at around (50%) 
shade. The shade that plants receive in the morn-
ing supports efficient photosynthesis, with tran-
spiration increasing due to optimal water avail-
ability after soil cools at night (Mathur et al., 
2018). This shows the importance of shade in 
supporting plants’ physiological balance, espe-
cially in facilitating photosynthesis and regulat-
ing soil moisture.

During the day, the percentage of shade re-
ceived by the MCC 02 cacao clone decreased to 
(54.43%), while the Sulawesi 2 clone received 
(43.47%) shade, along with the shift in the sun 
angle, which reduced the capacity of the hedge 
to filter direct solar radiation. This decrease 
causes plants that do not get enough protection 
to be more susceptible to air stress, which trig-
gers stomatal closure as an adaptation mecha-
nism to reduce air loss. However, stomatal clo-
sure also limits CO2 diffusion, which reduces the 
rate of photosynthesis and carbon assimilation, 
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potentially reducing plant biomass productivity 
(Gan et al., 2024). In addition, exposure to direct 
solar radiation increases leaf and soil tempera-
tures, accelerates evaporation, and reduces soil 
moisture, increasing plant thermal stress. Re-
search by (Araújo et al., 2019) states that thermal 
stress can affect gas exchange and plant hydraulic 
conductivity, essential for growth and productiv-
ity. Therefore, proper shade management, such as 
hedges, reduces thermal and atmospheric stress 
and improves cacao plants’ physiological perfor-
mance and productivity.

In the afternoon, shade increased again, 
reaching 70.40% in the MCC 02 cacao clone and 
71.58% in the Sulawesi 2 cacao clone. Although 
the soil temperature decreased again, the recov-
ery effect on soil temperature and soil moisture 
was not as high as in the morning. At this time, 
shade helps improve plant physiological condi-
tions by slowing down evaporation and decreas-
ing soil temperature, which can reduce hydric 
stress and increase photosynthesis and respira-
tion efficiency. Increased shade in the afternoon 
offers an opportunity for cacao plants to recover 
energy lost during the day, reduce water short-
ages, and maintain more stable physiological 
conditions at night (Mensah et al., 2024). The 
hedgerow system, integrated with organic mate-
rials such as banana leaves, provides additional 
benefits in maintaining soil moisture and reduc-
ing evaporation rates, which are very important 
for cacao plants exposed to direct sunlight. This 

study also revealed the importance of using or-
ganic biomass to increase water use efficiency 
and reduce heat stress. Cacao plants with B2 
treatment in the afternoon showed the highest 
shade of 80.58%, significantly reducing soil 
temperature and soil moisture loss. These results 
align with the findings by (Lewis et al., 2021) 
which shows that organic matter can increase 
water availability and optimize plant resistance 
to drought.

Plant height growth

The result analysis (Figure 8) revealed that 
the cacao clone factor had a statistically signifi-
cant effect on plant height (p < 0.05). The MCC 
02 clone reached an average height of 156.32 
cm, significantly higher than Sulawesi 2, which 
reached 129.17 cm. The HSD test confirmed a 
significant difference between the two clones, 
indicating that MCC 02 had more significant 
vegetative growth potential. This finding aligns 
with previous research by (Cho, 2022), which 
demonstrated that MCC 02 has higher photo-
synthetic efficiency and more effective nutrient 
and water absorption, contributing to enhanced 
plant growth under field conditions. In contrast, 
the biomass treatment factor did not significant-
ly affect plant height at all biomass types (B0, 
B1, B2, B3). However, a descriptive trend was 
observed, where applying coconut leaf biomass 
(B1) tended to support better plant height than 

Figure 7. Percentage of hedgerow shade at three observation time intervals. The same letters (a, b) and (p, q) in 
each observation time are not significantly different based on the HSD test at the α = 0.05 level, and (ns) is not 
significant. The coefficient of diversity values at observation time 8.00–9.00 am are (K) = 5.55 (K) and (B) = 
9.81, observation 13.00–14.00 pm are (K) = 15.12 and (B) = 9.35, and observation 16.00–17.00 pm are (K) = 

6.47 and (B) = 13.08
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other treatments. Although this effect was not 
statistically significant, the result suggests a po-
tential benefit of B1 in improving soil conditions 
that indirectly affect plant growth.

The tendency of higher plant height in B1-
treated plots may be attributed to improved soil 
microclimate conditions. According to (Rajão et 
al., 2023), coconut leaf biomass enhances wa-
ter retention and reduces evaporation, support-
ing stable soil moisture levels under the canopy. 
While not evident statistically, this microclimatic 
improvement likely contributed to better plant 
water availability, particularly under the MCC 02 
clone, which exhibited a more vigorous growth 
response. Furthermore, applying coconut leaves 
may contribute to higher organic carbon content 
(Silva et al., 2024), essential for improving soil 
structure and nutrient-holding capacity.

Additionally, a previous study by (Gopal et 
al., 2020) have shown that coconut biomass in-
creases microbial activity and enzymatic func-
tions (e.g., catalase, urease, sucrase), which are 
critical in nutrient cycling. These biological pro-
cesses may enhance the availability of key nutri-
ents such as nitrogen and phosphorus, even if not 
directly reflected in height measurements in this 
short-term study (Lu et al., 2024). Overall, the ob-
served trend highlights the potential of combining 
MCC 02 with coconut biomass (B1) to promote 
more favorable soil-plant interactions, although 
further studies are needed to confirm long-term 
effects. This may indicate that MCC 02 clones 
respond more positively to improved soil condi-
tions created by coconut biomass than Sulawesi 

2, highlighting the importance of matching clone 
types with site-specific organic inputs.

Plant canopy growth

The analysis results in Figure 9 indicate that 
cacao clone type significantly affected plant can-
opy width, while biomass treatments and their 
interaction did not yield significant effects. The 
MCC 02 clone developed more expansive cano-
pies (157.53 cm) than the Sulawesi 2 clone (89.76 
cm), with a statistically significant difference (p 
< 0.05). This suggests that MCC 02 possesses 
stronger vegetative vigor and canopy expansion 
potential, aligning with its superior physiologi-
cal adaptation to higher temperatures and limited 
water availability (Bolívar et al., 2022). A more 
expansive canopy likely reflects more efficient re-
source capture and stress tolerance, contributing 
to more effective light interception and microcli-
mate modification under field conditions.

Although the applied biomass treatments 
did not significantly influence canopy width, B1 
(coconut leaf biomass) and B3 (litter) tended to 
moderate microclimatic stress by reducing sur-
face temperature and increasing soil moisture. 
However, during periods of high thermal load, 
these benefits were insufficient to stimulate sig-
nificant canopy expansion. This finding supports 
previous results by (Fischer et al., 2021), who 
emphasized that genetic traits often play a more 
dominant role than environmental modifica-
tions in determining canopy development. Thus, 
the lack of significant biomass treatment effects 

Figure 8. Growth of cacao plant height. The same letters (a, b) in each observation time are not significantly 
different based on the HSD test at the α = 0.05 level, and (ns) is insignificant. The coefficient of diversity (K) 

value is 9.89
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suggests that short-term microclimate regulation 
may benefit root zone conditions but has limited 
influence on above-ground growth, like canopy 
width, especially under extreme climate stress. 
Despite the statistical insignificance, biomass 
covers still contribute to improving soil condi-
tions through enhanced moisture retention and 
reduced radiation exposure, which may indirect-
ly support physiological processes. Studies have 
shown that combining superior genotypes with 
organic amendments improves overall plant per-
formance by enhancing root development, nutri-
ent cycling, and stress-buffering (Hebbar et al., 
2020). The observed trends suggest that MCC 02 
may better utilize these soil benefits due to its 
inherent efficiency in resource use. Therefore, a 

long-term integrated approach combining adap-
tive clones and targeted organic biomass applica-
tion may provide more consistent improvements 
in canopy development under variable environ-
mental conditions. 

Plant stem circumference growth

The result analysis in Figure 10 shows that 
cacao clones significantly affected stem circum-
ference growth (p < 0.05), while biomass treat-
ments and their interactions did not. The MCC 
02 cacao clone exhibited a larger average stem 
circumference (27.0 cm) compared to Sulawesi 2, 
highlighting the influence of genetic factors. The 
superior performance of MCC 02 may be related 

Figure 9. Growth of cacao plant canopy. The same letters (a, b) in each observation time are not significantly 
different based on the HSD test at the α = 0.05 level, and (ns) is not significant. The coefficient of diversity (K) 

value is 5.38

Figure 10. Growth of the circumference of the cacao plant stem. The same letters (a, b) in each observation 
time are not significantly different based on the HSD test at the α = 0.05 level, and (ns) is insignificant. The 

coefficient of diversity (K) value is 0.38
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to its higher leaf area index (LAI), more excellent 
light interception, and efficient carbon assimila-
tion. This advantage allows MCC 02 to maintain 
higher physiological activity even under subopti-
mal conditions. Research results from (Matthews 
et al., 2023) further support that genotype-envi-
ronment interactions strongly influence clone re-
sponse to environmental stress.

Figure 10 shows that although biomass treat-
ments (B0-B3) did not significantly affect stem 
circumference, B2 (banana leaf biomass) showed 
a numerical increase, indicating a possible trend. 
This is consistent with the findings by (Bai et al., 
2022), who reported that rapidly decomposing 
biomass can enhance nutrient cycling and improve 
soil fertility. While the short-term effect was not 
statistically evident, improved soil conditions, 
such as better nutrient availability and moisture 
retention, could contribute to stem thickening in 
more responsive clones. However, under the cur-
rent study conditions, these benefits may not have 
been sufficient to produce measurable changes in 
stem circumference, especially when compared 
to the dominant influence of clone genetics.

The better stem development in MCC 02 
may also be linked to its more expansive canopy, 
which improves internal light distribution and 
promotes more efficient metabolic activity. This 
facilitates increased cell expansion and lignifi-
cation, contributing to thicker stem formation. 
A research result by (Sugiatno, 2022) notes that 
canopy structure plays a key role in regulating 
internal physiological processes. The lack of sig-
nificant interaction between biomass and clone 
treatment supports findings by (Ofori et al., 
2019), indicating that clone traits are more de-
cisive under moderate to high stress. Therefore, 
while biomass treatments can potentially im-
prove soil microclimate and fertility, their effect 
on stem circumference may only become appar-
ent when combined with physiologically adapted 
genotypes to utilize these improvements over a 
more extended growth period.

Soil fertility

The results of the analysis of cacao clone and 
biomass treatments on soil fertility parameters, 
as shown in Table 1, indicate a significant effect 
on several variables, including pH, SOC, and K. 
However, the interaction between biomass treat-
ments and cacao clones was not significant for 
N, phosphorus (P), and cation exchange capacity 

(CEC). The MCC 02 cacao clone showed bet-
ter results on most soil fertility parameters than 
SULAWESI 2, emphasizing the importance of 
genetic characteristics in influencing soil qual-
ity and plant growth. Although the SULAWESI 
2 clone exhibited a slightly higher soil pH (5.82) 
than MCC 02 (5.71), this did not directly corre-
late with improved field performance. The adapt-
ability of MCC 02 to stressful conditions and its 
efficient nutrient uptake likely enabled it to thrive 
despite lower soil pH. Although the pH ranged 
from 5.58 to 5.95 across treatments, these values 
are within the optimal range of 5.5 to 6.5 for ca-
cao cultivation, indicating suitable soil reaction 
for nutrient uptake. This supports the findings 
by (Dogbatse et al., 2020), who highlighted that 
superior clones can maintain growth across var-
ied soil conditions due to physiological and ge-
netic advantages. Furthermore, (Bhavishya et al., 
2024) emphasized that plant growth is not solely 
determined by pH but by the complex interaction 
of metabolic efficiency, root dynamics, and envi-
ronmental responsiveness.

SOC content varied significantly across 
treatments and cacao clones, with the Sulawesi 
2 clone, particularly under the B2 biomass treat-
ment, recording the highest SOC level (2.52%). 
In contrast, MCC 02 reached 1.78% in the same 
treatment. The rapid decomposition of banana 
leaf biomass in B2 likely enhanced SOC through 
increased microbial activity and carbon depo-
sition, supporting findings by (Nugroho et al., 
(2023) that fast-decomposing organic inputs 
stimulate microbial respiration and improve soil 
organic matter in tropical systems. SOC values 
above 1.5% (as found in B1 and B2 treatments) 
are considered moderate to high in tropical agro-
ecosystems (Morales et al., 2017), suggesting 
that applying banana and coconut biomass meets 
or exceeds critical thresholds for sustainable soil 
health. However, the superior growth of MCC 02 
despite lower SOC levels highlights the domi-
nant role of genotype-specific nutrient use effi-
ciency. CEC, though not significantly influenced 
by clone and biomass interactions, showed nu-
merical increases in treatments such as B1 (MCC 
02) and B2 (Sulawesi 2), reflecting SOC’s indi-
rect contribution to nutrient retention. Since CEC 
changes are gradual and strongly tied to organic 
matter and clay content, their impact may be more 
evident in long-term applications (Kong et al., 
2021). The trend suggests that repeated biomass 
input, especially from high-lignin and cellulose 
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sources like coconut leaves, could enhance CEC 
through stable humus formation. These findings 
emphasize that while organic biomass improves 
key soil fertility parameters, its effectiveness 
depends on the physiological response of each 
cacao clone, underscoring the need to integrate 
genetic adaptability with soil management prac-
tices for sustainable and climate-resilient cacao 
cultivation.

Nitrogen content also showed variable re-
sults across treatments. Sulawesi 2 generally had 
slightly higher nitrogen percentages than MCC 
02, particularly under B2, which reached 0.30%. 
This may be due to nitrogen-rich root exudates re-
leased by Sulawesi 2, which stimulate microbial 
activity and accelerate nitrogen mineralization 
in the rhizosphere. The highest nitrogen value of 
0.30% under B2 treatment meets the general criti-
cal N level for cacao growth, which ranges be-
tween 0.2% and 0.3% in tropical conditions, that 

genotypes with active rhizosphere interactions 
tend to have greater nitrogen uptake efficiency 
(Kumar, 2017). These findings suggest that while 
organic inputs contribute to nutrient availability, 
the clone’s ability to mobilize and absorb those 
nutrients is equally essential. A research result 
by (Paguntalan et al., 2023) supports that high-N 
availability is not always converted into biomass 
unless the genotype is responsive and metaboli-
cally active. Therefore, although Sulawesi 2 ben-
efits from higher soil nitrogen in specific treat-
ments, its overall growth remains limited com-
pared to MCC 02.

Regarding P, the differences between clones 
and biomass treatments were generally not sig-
nificant. However, there was a consistent trend of 
increased P levels in both clones under B1 and B2 
biomass treatments, indicating the role of organic 
matter decomposition in enhancing P availability. 
Organic acids produced during decomposition 

Table 1. Results of the analysis of the interaction of biomass and cacao clones on soil fertility parameters 

Parameter Cacao clone (K) 
Biomass (B) 

Average HSD 
α 0.05 (B0) (B1) (B2) (B3) 

pH 

K1 5.76 5.64 5.58 5.85 5.71b 
0.02 

K2 5.95 5.65 5.85 5.84 5.82a 

Average 5.85p 5.65r 5.72q 5.85p   

HSD α 0.05 = 0.05   

C-Organic/ 
SOC 
(%) 

K1 0.88𝑠𝑠𝑎𝑎 1.97𝑝𝑝𝑎𝑎 1.78𝑞𝑞𝑏𝑏 1.48𝑟𝑟𝑏𝑏 
 0.06 

K2 0.80𝑠𝑠𝑏𝑏 1.80𝑟𝑟𝑏𝑏 2.52𝑝𝑝𝑎𝑎 2.37𝑞𝑞𝑎𝑎 

HSD α 0.05 = 0.07   

N 
(%) 

K1 0.09𝑟𝑟𝑎𝑎 0.24𝑝𝑝𝑎𝑎 0.17𝑞𝑞𝑎𝑎 0.26𝑝𝑝𝑎𝑎 
 0.07 

K2 0.15b 0.06b 0.30b 0.24b 

HSD α 0.05 = 0.08   

P 
(ppm) 

K1 9.2𝑞𝑞𝑏𝑏 13.8𝑝𝑝𝑎𝑎 13.1𝑝𝑝𝑎𝑎 13.0𝑝𝑝𝑎𝑎 
 0.12 

K2 12.4𝑟𝑟𝑎𝑎 13.2𝑞𝑞𝑎𝑎 13.1𝑞𝑞𝑎𝑎 13.6𝑝𝑝𝑎𝑎 

HSD α 0.05. = 0.19   

K 
(cmol kg-1) 

K1 0.15𝑟𝑟𝑏𝑏 0.18𝑞𝑞𝑞𝑞𝑏𝑏  0.21𝑝𝑝𝑝𝑝𝑏𝑏  0.25𝑝𝑝𝑏𝑏 
 0.03 

K2 0.19a 0.41a 0.25a 0.36a 

HSD α 0.05 = 0.04   

CEC 
(cmol kg-1) 

K1 18.6𝑞𝑞𝑏𝑏 20.6𝑝𝑝𝑎𝑎 17.7𝑟𝑟𝑏𝑏 20.2𝑝𝑝𝑎𝑎 
 0.52 

K2 20.7𝑝𝑝𝑎𝑎 19.3𝑞𝑞𝑏𝑏 20.2𝑝𝑝𝑎𝑎 19.6𝑞𝑞𝑏𝑏 

HSD α 0.05 = 0.54   

 
 
Note: The numbers followed by the same letter in letters (a, b) and (p, q, r) are not significantly different in the 
HSD α 0.05 test.
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can mobilize phosphorus by breaking down P-
bound minerals. This aligns with findings from 
(Adiyah et al., 2023), who highlighted the poten-
tial of biomass in integrated systems to enhance 
P availability in weathered tropical soils. Despite 
this, the efficiency of P uptake again appears to be 
linked to genetic response, with MCC 02 showing 
better physiological development despite slightly 
lower soil P in some treatments.

K content increased significantly under B2 
and B3 treatments, with Sulawesi 2 consistently 
showing higher K levels in each biomass treat-
ment. The B2 treatment under Sulawesi 2 reached 
0.41 cmol kg⁻¹, compared to 0.21 cmol kg⁻¹ in 
MCC 02. The potassium values above 0.25 cmol 
kg⁻¹ are aligned with cacao nutrient demand under 
water stress. Research result by (Anokye et al., 
2021) emphasized that potassium is essential for 
physiological processes such as stomatal regula-
tion, osmotic adjustment, and enzyme activation, 
which influence drought resistance and growth. 
Similarly, (Kaba et al., 2022) also reported that 
potassium supports plant resilience under water-
limited conditions by enhancing root water up-
take and maintaining turgor pressure. However, 
the higher K values in Sulawesi 2 did not lead to 
better vegetative growth, further emphasizing the 
genotype’s dominant role in efficiently utilizing 
available nutrients.

Although biomass application improved 
several soil fertility parameters, the statistical 
analysis indicated that the interaction between 
biomass type and cacao clone did not signifi-
cantly affect most soil chemical properties. This 
suggests that while biomass has a clear role in 
improving soil conditions, its effectiveness de-
pends on the genotype’s capacity to utilize those 
conditions efficiently. Research result (Tosto et 
al., 2024) emphasized that genotype effects often 
surpass agronomic inputs like mulch or compost, 
particularly under stress conditions. These find-
ings underline the importance of selecting cacao 
clones based on aboveground vigor and below-
ground responsiveness to organic matter and 
soil nutrient dynamics. Optimizing soil fertility 
in sustainable cacao systems requires an inte-
grated approach that combines genetic potential 
with organic resource management tailored to 
specific environmental contexts (Baligar et al., 
2021). Thus, future research should explore the 
long-term interactions between organic biomass 
quality, soil chemistry, and clone-specific nutri-
ent acquisition strategies.

CONCLUSIONS

This study concluded that the combination 
of MCC 02 cacao clone with banana leaf organic 
biomass improved soil microclimate resilience 
and plant growth under climate stress. Due to its 
denser canopy, the MCC 02 clone showed superi-
or adaptation, maintaining lower soil temperature 
and higher moisture retention than the Sulawesi 2 
cacao clone. Biomass treatments, especially B2, 
significantly reduced soil temperature fluctua-
tions and improved soil fertility, with increased 
organic carbon and better nutrient availability. 
While biomass treatments did not significantly af-
fect plant height or stem circumference, the MCC 
02 clone showed better vegetative growth, which 
was associated with higher photosynthetic effi-
ciency and improved nutrient uptake. These find-
ings emphasize that genetic factors, particularly 
photosynthetic efficiency and drought tolerance, 
are vital for plant growth, while organic biomass 
enhances soil fertility and moisture retention. A 
limitation of this study is the narrow range of 
biomass types examined. Future studies should 
investigate more organic matter under diverse en-
vironmental conditions. Moreover, the short du-
ration of the study indicates a need for long-term 
evaluations to gauge the effects of biomass on soil 
health and cacao productivity while also account-
ing for other environmental stress factors, such as 
drought or pests.
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