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gBSTRACT

Indonesia is the second-largest vanilla production and the third-largest cocoa pro-
duction in the world, but it sustained for a short period. The unsustainability of
these crops is speculated to occur because of the change in leaf litter accumulation
which affected the sustainability of soil organic carbon that plays an important role
in maintaining soil health and fertility. To find out methods that could improve the
sustainability of the production, a literature review was conducted. The articles,
related to the sustainability of vanilla and cacao production, were collected using
Google Scholar, Wiley Online Library, ResearchGate, and Google Chrome brows-
er. Keywords were employed to find the articles including soil organic carbon, co-
coa plantation, vanilla, leaf litter, and allelochemical. This current atticle review
found that introducing crop by clearing of previously existing vegetation could
sevetely reduce the rate of leaf litter accumulation. Consequently, in a prolonged
period, the soil organic carbon and soil fertlity are very low and are unable to sup-
port the healthy growth and production of the crops. To restore production, the
plantation then is retumed to more traditonal agroforestry such as replanting
shading trees and addition of mulch. However, in the higher density of canopy, the
crop production is low attributed partly to the decreasing soil pH which increases
the impact of allelochemical. This review concluded that the sustainability of leaf
litter accumulation is crucial to maintain soil health, but mitigation is required ©
reduce the impact of allelochemical accumulation.

Copyright: © 2022, ]. Tropical Biodiversity Biotechnology (CC BY-SA 4.0)

Q\ITRODUCTION

Indonesia is the second-largest vanilla production in the world after Mada-
gascar (Arya & Lenka 2019), but this achievement is not sustainable as the
case found in Bali (Figure 1). The production was slowly increased into the
top production and then decreased very sharply. The ensuing increase in pro-
duction was not found for more than 5 years after the top production (BPS
Bali. a). Indonesia is also an important cacao producer, the 3« largest in the
world, but the production is also not sustainable (Schaad & Fromm 2018).
In Bali, the production of cacao was showing a slightly similar trend to that

of vanilla production, i.e. slow increased into top production and followed by
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a sharp decrease (BPS Bali. b). The period of decreasing production occurred
for ca. 4-5 years (Figure 1). Since these two crops, particularly cacao, is the
source of income for millions of smallholder farmer and family in Indonesia,
a majority in Sulawesi Island (Witjaksono & Asmin 2016), the sustainability
of these crop production is regarded as very important to be maintained.
Various factors may involve in the fluctuation of production, but this review
focusing discussion on the accumulation of leaf litter and allelochemical in
the plantations to find out sustainable methods. Both, the accumulation of
leaf litter and allelochemical are related since the accumuladon of leaf litter

decreases soil pH and increases the impact of allelochemical.
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Figure 1. Production of vanilla and cacao in Bali from 2000-2018. Data were col-
lected from BPS Bali (https://bali.bps.go.id/dynamictable).

This study is regarded as very important, firstly, it is because clearing
up trees before the introduction of new crops will cur off organic carbon
supply from the leaf litter of the trees which subsequently could deteriorate
soil organic carbon. This organic carbon is responsible for soil health and
fertility. Secondly, clearing up trees affects the hydrological mechanism and
leads to drought during the dry season and flooding during rainy seasons.
After the plantation then unproductive, the abandoned landscape is unable to

support people economically and environmentally.

MATERIALS AND METHODS

This review was written after reading and understanding literature collected
using search engines, such as Wiley Online Library, Google Scholar, Re-
search Gate, and Google Chrome browser. Free access relevant articles from
a journal found in those search engines were then opened and downloaded.
There were more than 100 articles found related to leaf litter, soil organic
carbon, cacao production system, allelochemical, and nutrient release from
decomposing plant materials. About 30 papers were selected for this review

based on the publishing date and its relevance to the written topic. Data col-
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lected from these papers include leaf litter accumulation and soil organic car-
bon level, the decomposition rate of leaf litter, and the type of allelochemical
produced by plants. Fach data variable was then analyzed descriptively and

presented in tables,

RESULTS AND DISCUSSION

Leaf litter accumulation and soil organic carbon level

The trees vegetation in agroforestry could produce a substantial amount of
leaf litter (Table 1) which becomes an important source of soil organic car-
bon and nutrients (Ampitan et al. 2021; Ledo et al. 2020; Sauvadet et al.
2020; McGrath et al. 2000; Mehta et al. 2013; Mutshekwa et al. 2020). Whilst
soil organic carbon improves soil porosity and water percolation, the in-
creased amount of available nutrient in soil improve growth and production
of the crop (Shaxson & Barber 2003; Sanz et al. 2017).

Table 1. The accumulation of leaf litter in various types of vegetations. By using
litter traps, accumulation of leaf litter was observed for 1-2 years and using carbon

dating, the accumulation of carbon was observed for 256 years.

No Typeof Tree species Leaflitters References
vegetation (kg/ha)
1 Dry forest Cordia alba 1134 (Castellanos-Barliza et
al. 2018)
2 Boreal forest 7250 {Kyaschenko et al.
2019)
3 Agri-horri- Okra, Manggo, 831.25 (Singh et al. 2019)
silvi culture  Teak
1 Cacao Cacao 3130 {(Muoghalu & Odiwe
plantation 2011)
5 Agroforest Celtis australis, 2190 (Singhal et al. 2019)
tree Grewia optiva,

Bauhinia variegata &
Flicus mxchurghii

Relative to the boreal forest, the accumulation of leaf litters in the
plantation is much lower (Table 1). In cacao plantations (Muoghalu & Odiwe
2011), the production of leaf litter was about 43 % of that found in the bore-
al forest (Kyaschenko et al. 2019). In agri-silviculture, the accumulation of
leaf litter reported was 831.25 kg/ha (Singh et al. 2019), but in the boreal for-
est, the accumulation was 7250 kg/ha (Kyaschenko et al. 2019). The data in-
dicated that decreasing plant diversity in the plantation relative to the diversi-
ty of plants in native forest resulted in a decrease amount of leaf litter accu-
mulation. This decrease subsequently then reduces soil organic carbon which
is vera'nport:mt for the soil health and nutrient available in the soil.

The contribution of leaf litter t(uhe accumulation of soil organic car-
bon has widely been studied. Novara et al. (2015) reported that the addition
of leaf litter to soil increased soil organic carbon by up to 13% relatively to
the soil without the addition of leaf litter. This increase in soil organic carbon

is mainly attributed to worm activity. More recent reports (Liebmann et al.
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2020) show that the contribution of litter to mineral related organic caghon in
topsoil was 1.88 g C m? for 22 months which is equal to ca 18.800 kg C Ha'!.
Therefore, soil organic carbon in the plantation is lgaver than in the forest
after the conversion of forest into cropland (Aryal et al. 2018; Kassa et al.
2017; Machado et al. 2017) have taken into account to sustain the newly in-
troduced crop production.

Under the various conditions of the agricultural system employed and
the type of crop introduced, the landscape of the crops might continuously
deteriorate which eventually makes the soil unable to provide a healthy
growth condition. This deterioration can be estimated by assuming that crop
production is linearly correlated with the soil conditions. In cacao planta-
tions, the deterioration is commenced ca 6 years after the initial productions
which are indicated by a sharp decrease in productions (Figure 1). This sharp
decrease occurred just after the crop showing the top productions. In the
vanilla plantation, the deterioration is commenced ca 4 years later than that in
cacao plantation. This is very likely attributed to the higher commercial yield
produced by cacao, ie. more than 7000 tons rather than vanilla, i.e. ca 55
tons during the period of the first top production. The removal of the yield
from the plantation, particularly during the top production, possibly causes a
substantial decrease of nutrients available in the soil. Although this nutrient
loss could be replenished by increasing input, such as fertilizer, the decrease
of soil organic carbon content is unable to be replenished instantly.

In the ensuing period, production of cacao can still be restored but the
top production is about 870 tons lower than the first top productions. Unlike
the cacao, in vanilla plantations, restoring production did not occur for more
than 5 years. Indicating that the deterioration of soil growth medium in the
crop landscape is relatively hard to heal possibly because the agricultural sys-
tem employed does not support the sustainability of soil organic carbon
which is regarded as central to soil health (Ramesh et al. 2019). Thus, the ad-
dition of mulch to a crop plantation draws more attention to the sustainable
production of the crop (Shaxson & Barber 2003). For example, to heal the
landscape in cacao production, Acheampong et al. (2019) have experimented
by mulching cocoa plants using cotfee husk. These authors concluded that
simple mulching techniques could significantly improve the cropping of ca-
cao. The other experiment was reported by Riedel et al. (2019) using agrofor-
estry and rehabilitation pruning. These authors highlight the potential of ag-
roforestry to reconcile ecologically sustainable land. Since both mulching and
agroforestry improve soil organic carbon, those experiments suggesting that
the sustainability of cacao production can be improved by maintaining soil
organic carbon. For sugarcane crops, it was estimated that sustaining soil or-
ganic carbon after the removal of crop yield requires the addition of ca 3
ton/ha organic materials (Gmach et al. 2021). This kind of technique may be-
come an important method for improving the sustainability of cacao or vanilla

plantations.
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Soil fertility

Litterfall and litter decomposition are key elements of nutrient cycling in
tropical forests (Cole et al. 2020; Froufe et al. 2020; Castellanos-Barliza er al.
2018; Mchta et al. 2013). Before providing crop plants with nutrients, the leaf
litter produced by trees in plantations undergo a complex interaction with
soil involving biotic and abiotic factors (IKeller & Phillips 2019). This interac-
tion which then leads to leaf litter decomposition is also affected by the type
of agricultural system employed (Sauvadet et al. 2020). In agroforest cocoa
plantation, the time required for 99% leaf litter decomposition was 2.6 years,
much faster than in conventional cocoa plantation, ie. 3.5 years (Asigbaase et
al. 2021). This is indicating that the supply rate of organic carbon into the soil
of agroforest plantations was faster than the supply in the conventional plan-
tations. This enhancement, according to the authors, is attributed to the im-
provement of soil conditions. It has been acknowledged that under harsh
environmental conditions such as low temperatures, waterlogging, anoxic,
acidic sites, and drought, the decomposition rate of leaf litter is low (Aerts et
al. 2012; Xie et al. 2020). The faster accumulation and subsequent decompo-
sition of leaf litter in agroforestry, the likely make higher soil perforation ena-
bles better drainage and lengthens soil moisture. This mechanism is in agree-
ment with reports which showed that forest soil has the highest soil perfora-
tion and moisture followed by agroforestry and pasture (Suarez et al. 2021).
This is also indicating that higher plants diversity in plantations resulted in

more healthy soils. Among the type of trees, the decomposition rate is varied

(Table 2).

Table 2. The decomposition rate of leaf litter in various plant vegetations.

No  Plant type Decomposition References
i rate (k)
1 Theobmma cacao 1.03 (Muoghalu & Odiwe
2011)

2 Grewia optiva 2.12 (Singhal et al. 2019)
3 Celtis aunstralis 2.30

1 Bahinia variegate 1.64

5 Ficus roschurghii 1.05

Angiospermae (include (Liu et al. 2014)
6 Magnoliid) 252
7 Fudicot 6.18

Since the supply rate of nutrients available in the soil is the function of
the rate of the leaf litter decomposition, the sustainability of crop production
in a plantation then depended upon the type of shading tree in the crop plan-
tation. The crop plant or shading tree that produces leaves with a high de-
composition rate will provide nutrients faster than the plants that produce
leaf with a lower decomposition rate. For example, the decomposition rate of
cacao leaf was 1.03 (Muoghalu & Odiwe 2011) and the decomposition rate of

Angiospermae was 2.52 (Liu ct al. 2014). Assuming that cacao plantation is
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developed using a monoculture system and Angiospermae trees are also
grown in a monoculture, the time taken by the cacao plants to acquire recy-
cled nutrients was twice longer than the Angiospermae plantation. Conse-
quently, if the cacao plantation is established by clearing off previous vegeta-
tion, the supply of soil organic carbon into the soil will undergo a lag period
tor a relatively long period which then deteriorates the previously accumulat-
ed soil organic carbon. Resuming process by the cacao plants is very low and
after reaching a certain low soil organic carbon level, the soil could not pro-
vide a condition for healthy production. This includes soil moisture and nu-
trient available in the soil. The production then drops sharply and the planta-
tion is then abandoned because of its economically inefficiency. It is specu-
lated that by establishing cacao plantation in an agroforest system that con-
sists of crop plants and forest trees, the supply of leaf litter can be main-
tained which subsequently provided soil with richer amount of organic car-
bon and nutrients.

However, although the agroforestry system provided a healthier
growth medium for the crop plants, the type of nutrient release and environ-
mental condition generated by the shading trees might not complement the
requirement or growth condition of the crop. This is particularly because the
nutrient requirement of a particular crop is specific to species. Various stud-
ies have been reported which showed various organic carbon, fertility, and
nutrients content in different vegetation diversity. Sudrez et al. (2021) evalu-
ated soil quality in various agroforestries in the Colombian Amazon. They
found that the general indicator of soil quality is decreasing from forest, ag-
roforestry, and pasture. Importantly, these authors found that the establish-
ment of agroforest cacao plantations improves soil fertility by 42% relatively
to degraded pasture. Matos et al. (2020) reported that litter quality supported
the restoration of soil and Saputra et al. (2020) reported that complex agro-
forest increases soil organic carbon. These studies collectively showed that
the more diverse the plant population, the higher soil organic carbon level
and soil fertility.

In the native forest, N content in soil was higher than in the plantation
(Machado et al. 2017), but in pasture monoculture, potassium was released at
a higher level (Piza et al. 2021). The type of nutrient in leaf litter produced by
non-agroforest and by different agroforest was studied by Rangel-Mendoza
and Silva-Parra (2020). This study compares the concentration of N, P, Ca,
Mg, K and it is found that leaf litter collected from mixed Cacao-A. peregrina
L. agroforestry contains a higher concentration of N, P, Mg and K. This is
indicating that different types of vegetation provided different supplemental
nutrients for the growth of crop plants and it was improved after the diversi-
ty of vegetation is increased. However, a very basic question remains unan-
swered whether or not the improvement of the soil health linearly correlated

with the crop vield as previously been proposed.
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The accumulation of allelochemicals in plantation

The agroforestry system is not a new system for vanilla plants because of
their growth characteristics. The vanilla plants are naturally grown in mixed
culture with trees as tutor or shading plants. Therefore, related to a monocul-
ture cacao plantation, the accumulation of soil organic carbon and nutrient in
the vanilla plantation can be considered as healthier. However, the yield of
the vanilla plants is also not sustainable, as the case found in Bali (Figure 1).
So, it is speculated that other factors associated with leaf litter, ie. allelo-
chemical, could also become an important constraint for the growth and pro-
duction of crops. The increasing amount of leaf litter accumulation in the soil
makes soil not only rich in organic carbon and nutrient but also allelochemi-
cal. Tkg is particularly because the compound is also present in the leaf
(Igbal et al. 2019). The higher amount of leaf litter accumulation, the more
likely allelochemical accumulated in the soil and the impact is more severe.

Plants have long been known to produce various organic compounds
to encounter adverse environmental conditions, such as drought, light, dis-
ease, and predators. The chemical compounds are known as secondary me-
tabolites comprised of phenolic compounds, alkaloid, and terpenoid (Macias
et al. 2019). A group of organic compounds that are released into the envi-
ronment for inhibiting the growth of other plants is known as allelochemical.
This compound can be released via volatilization from leaves, exudation
from the root, and leachate or release from plants residue (Zhang et al. 2021).
According to these authors, allelochemical released from plant residue has
the most negative effect on the performance of recipient plants since the alle-
lochemical consist of whether water or non-water-soluble compounds.

In plants, this toxic allelochemical may be stored in a membrane-
bound vesicle or released via the root system into the apoplast by exocytosis
(Bonanomi et al. 2006; Weston et al. 2012). The other allelochemical is pro-
duced and stored in leaves and then it released into the environment during
leaf litter degradation. Toxicity of the allelochemical is rapidly decreased un-
der aerobic condition but it is increasing and becoming stable under anaero-
bic condition (Bonanomi et al. 2006). Suggesting that crop plants developed
in an anaerobic condition, such as water logging during prolonged rain sea-
sons, will encounter an increasing number of toxic compounds when the ac-
cumulation of leaf litter increased. Therefore, since the leaf litter accumulated
on the soil surface could be originated from the crop itself, both agroforestry
and monoculture systems will be facing the allelochemicals problems. This is
particularly because toxic compounds previously stored in a membrane-
bound vesical in plants are then released freely into environments during de-
compositions. This toxic compound could inhibit the root system of whether
the crop or the shading trees. Allelochemical released by the crop and inhibit-
ed the growth of the crop is known as autotoxicity. This mechanism could
substantially reduce crop yield (Singh et al. 1999). The other toxic compound
could also inhibit the growth of other plants. Zhang et al. (2015) reported
that leaf litter from different plants species affected differently to the growth
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of seeds. For example, extract from Papulus canadensis inhibited the growth of
rape sced, but the extract from Prunus persica was beneficial to the germina-
tion of the rape. Indicating that a plant species may be sensitive or tolerant to
an allelochemical produced by other species.

Deheuvels et al. (2012) had previously reported that the production of
cacao was lower in plantations using a high density of canopy rather than in
high-density cocoa plants. These results deviate from the previous discussion
which showed that agroforestry increases soil organic carbon and nutrient
which should support a higher yield. The high organic carbon in the soil also
increased soil porosity which makes the soil healthier, i.e. it is more aerobic
and lengthens soil moisture. Thus, the negative correlation between soil
health and crop yield, under the high density of canopy (Deheuvels et al
2012), is very unlikely attributed to the increase of soil organic carbon and
nutrient nor by soil porosity. One of the various possible causes is the pres-
ence of allelochemical release from leaf litter of the crop and the canopy. Ac-
cording to Bonanomi et al. (2006), the effect of allelochemical is increased in
anaerobic soil conditions and in lower soil pH levels. So, the lower cacao

oduction in the higher density of canopy, most likely caused by lowering
soil pH level which increases the toxicity of allelochemical. This possibility is
in agreement with the report by Fang et al. (2017) which showed that soil pH
was lower under the condition of higher soil organic carbon and a report by
Cornelissen et al. (2018) which showed that crop yield positively correlated
with soil pH.

In other studies, Bhowmik & Doll (1982) showed that the addition of
corn residue reduced corn production and the addition of soybean residue
reduced production of soybean. It is suggested that allelochemical originated
trom the crop could also inhibit the root physiology of the crops themselves.
This also indicates that allelochemical previously stored in a safe vesical in
plants then can be dangerous for the plants after it is released into the envi-
ronment during leaf litter decompositions. This possibility then can be in-
terred for cacao productions, since cacao plantations accumulated ca 3130
kg/ha/year leaf litters (Muoghalu & Odiwe 2011). Under the condidon of
anaerobic and low soil pH, the impact of allelochemical released by cacao
leaf could be substantial to inhibit production. Therefore, to sustain produc-
tivity, whether, in agroforest or monoculture, soil porosity and good drainage
are required to enhance aeration and to improve soil pH level. In acidic soil,
the application of biochar or charcoal has been found to improve soil pH
and plant growth (Cornelissen et al. 2018).

The impact of the toxic compound is reported more severe in a shallow-
rooted crop than in deep-rooted crops (Chalker-Scott 2007) which highlight-
ed the difference between cocoa and vanilla. Unlike cacao plants which have
relatively deeper-rooted systems, vanilla plants that belong to the orchid fam-
ily are shallow-rooted plants and rarely shed their leaves. So, the contribution
of vanilla leaf litter to the landscape is much lower than that of cacao leaves

litter. Accordingly, less amount of allelochemical was originated from leaf
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litter of the vanilla plants. However, because vanilla is a shallowed-rooted
plant, they are very sensitive to drought and mulching is regarded as crucial
to inhibit water loss from the soil surface. Allelochemicals that could inhibit
the growth of vanilla are most likely originated from shading trees and mulch
materials. Vanilla plants are mulched with various types of plants marerials,
such as coconut husk, leaf litter of various trees, etc. Under the condition of
anaerobic and lower pH, allelochemical from the shading trees and mulch
materials could also affect the growth of vanilla. Metabolites produced by the
shading trees and mulch material that potendally inhibit the growth of vanilla
are shown in Table 3.

The effect of mulching on the vegetative growth of vanilla plants has
been reported (Adiputra et al. 2019). This study showed that the growth of
vanilla was reduced by the addition of taro clippings but increased by the ad-
dition of dry leaf and coconut husk mulch. These authors concluded that va-
nilla plants are sensitive to allelochemical released by taro clipping but toler-

ant to allelochemical released by dry leaf and coconut husk.

CONCLUSION

Maintaining soil organic carbon level previously existed in the plantation is
required to improve the sustainability of the newly introduced crop. This can
be achieved by retaining the tree population and addition of mulch. Howev-
er, since the increase of organic carbon could decrease soil pH which in-
creased the negative effect of allelochemical, the addition of biochar or char-

coal is regarded as crucial to increase soil pH.
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Table 3. Type of allelochemical released by plants species

No  Plant Family

Species

Compounds

Reference

1 Arecaceae

2 Dennstaedtiaceae
2 Rubiaceae

3 Fabaceae

4 Moraceae

5 Araceae

6 Moraceae

7 Sterculiaceae

8 Fabaceae

Cocos nucifera

Preridinm Giled. Ex
Seap
C@ﬁi’f arabica

Artocarpus heteraphylus
Colocasia escilenta
Artocarpus hetergphylus
Theobroma cacan

Lencaena lencocephata

Phenolic compounds

Selligueain A
Caffeine

Coumarine

Aqueous methanol
extract

Benzoic acid

squalene

Theobromine,
Polyphenol

Mimosine

(Gongalves et al. 2019)

(De Jesus Jatoba et al. 2016)
(Asfew & Dekebo 2019)
(Takemura et al. 2013)
(Noguchi & Takami 2015)
(Asao et al. 2003)

(Biswas & Chakraborty 2013)
(Hii et al. 2009)

(Sahid er al. 2017)
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