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This is anOp
Abstract – Palm oil is nowadays the first vegetable oil consumed worldwide. Given the world population
growth and the increasing demand in fat for food and fuel, the increase in oil palm production is expected to
continue. It is thus important to find ways of reducing the ecological impact of oil palm plantations at both the
agroecosystem and themill supply area levels, by improving agricultural practices and land uses. This iswhere
agroecology can play a very critical role. The present article gathers short stories on agroecological practices
currently taking place in oil palm plantations in South-EastAsia. Such stories notably highlight the importance
of the various palmco-products andhowappropriate recycling strategies can allow for reducingexternal inputs
to both the field and the mill. Besides limiting environmental impacts thanks to such savings, several co-
products used as organic amendments can even help tomaintain or enhance soil quality. Other stories explored
agroecological practices developed for biological controls. Although integrated pest management has been
applied in palmplantations for a long time, the underlyingmechanisms are still not fully deciphered and practices
still need to be improved.More knowledge is needed in order to better account for the holistic role of biodiversity
and arbitrate trade-offs between practices and ecosystem services, at both plantation and landscape levels.

Keywords: palm oil / agroecology / biological control / recycling / composting / soil quality

Résumé – Pratiques agroécologiques en plantations de palmier à huile : exemples de terrain. L’huile
de palme est aujourd’hui la première huile végétale consommée au monde. Étant donné la croissance
démographique mondiale et la demande accrue en corps gras pour l’alimentation et les biocarburants,
l’augmentation de la production d’huile de palme devrait perdurer. Il est ainsi primordial de trouver des
moyens de production permettant de réduire l’impact écologique des plantations de palmier à huile, à la fois
à l’échelle de l’agroécosystème et celle du bassin d’approvisionnement de l’huilerie, en améliorant les
pratiques et la gestion des usages des sols. Les principes de l’agroécologie peuvent aider à développer des
solutions à ces diverses échelles. Cet article rassemble diverses histoires courtes illustrant des pratiques
agroécologiques mises en place dans des plantations de palmier à huile en Asie du Sud-Est. Ces illustrations
mettent en évidence l’importance des nombreux co-produits issus du palmier et leur rôle clé dans les
stratégies de recyclage pour réduire le recours aux intrants externes pour la plantation comme pour
l’huilerie. Au-delà de la réduction des impacts environnementaux du fait de ces économies d’intrants,
certains co-produits restitués en plantation peuvent également permettre de maintenir, voire d’améliorer, la
qualité des sols. D’autres histoires courtes parcourent quelques autres pratiques agroécologiques dans le
domaine de la lutte intégrée. Bien que de nombreuses pratiques de contrôle biologique soient mises en
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œuvre dans des plantations de palmier à huile depuis de nombreuses années, les mécanismes sous-jacents
ont été encore peu explorés et les pratiques peuvent être améliorées. De nouvelles connaissances sont
nécessaires pour mieux caractériser et prendre en compte de manière holistique les enjeux et le rôle de la
biodiversité et pouvoir arbitrer les compromis entre pratiques et services écosystémiques, aux échelles de la
plantation et du paysage.

Mots clés : huile de palme / agroécologie / contrôle biologique / recyclage / compost / qualité du sol
1 Introduction

Palm oil is the first vegetable oil consumed worldwide.
Together palm oil and palm kernel oil represent more than one
third of the vegetable oil market for only 6%1,2 of the oil crops’
total production area (Rival and Levang, 2013). As generally
recognised, reasons for this pole position are the combined
high productivity per hectare compared to other oilseed crops,
the lower production costs and the great versatility in both oils’
usages that are used in a very diverse number of agro-food
products as well as in oleo-chemicals (Cock et al., 2016; Pirker
et al., 2016; Rival and Levang, 2013). Hence, for the last
20 years, oil palm plantation area has drastically increased. The
total productive area reached 18.7Mha in 2014 compared to
7.5Mha in 1994 according to the FAO1. This expansion was
particularly remarkable in Indonesia and Malaysia, where
productive areas increased over the same time period by a
factor of 2 and 7, respectively1. Given the world population
growth and the increasing demand in fat for food and fuel, the
increase in oil palm production is expected to continue, albeit
at a slower pace than in the last decade (OECD and FAO,
2013), and to extend to other developing or emerging countries
in Africa and Latin America, where governments are
promoting palm oil development to contribute to poverty
alleviation and energy security (Pirker et al., 2016).

Most of oil palms are currently grown between 15° latitude
North and South of the equator below 500m above the sea
level without irrigation (Cock et al., 2016). This zone, where
optimal conditions for palm oil production are met, also hosts
the most intact tropical forests and the largest tropical peatland
areas. Tropical forests and peatlands are valuable and rare
ecosystems that represent critical reservoirs for both biodiver-
sity and carbon. Conversion of those ecosystems into oil palm
plantations has led to severe biodiversity losses (Fitzherbert
et al., 2008; Foster et al., 2011; Koh and Wilcove, 2008;
Savilaakso et al., 2014) and greenhouse gas emissions (Achten
and Verchot, 2011; Bessou et al., 2014; Germer and Sauerborn,
2008; Reijnders and Huijbregts, 2008; Zulkifli et al., 2009).
Further ecosystem services, such as erosion prevention, soil
fertility or mitigation of extreme events, may be negatively
impacted following the conversion of natural forests to oil
palm plantations as an upper bound for possible changes in
ecosystem functions (Dislich et al., 2016). Conversion of
natural forests and peatlands to oil palm plantations or any
other agricultural activity should be avoided as often as
possible from an ecological point of view. This article is not
discussing this issue further. Some authors have already
.fao.org/faostat, data on harvested areas for 2014,
n 28.1.2017.
nd rapeseed total areas are, respectively, 6 and 2 times
oil palm area based on FAO data on harvested total areas.
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assessed the potential area for oil palm expansion without
deforestation and peat conversion (e.g. Afriyanti et al., 2016).
Definitely, the key issue is deforestation, and appropriate
strategic land use planning at macro level is mostly needed.
In addition, it is also important to find ways of reducing the
ecological impact of existing and future oil palm plantations,
by improving agricultural practices and land uses at the micro-
level of the plantation and mill supply area. This is where
agroecology can play a very critical role.

Agroecology is a paradigm shift in agronomy. Its
conceptual framework was developed recently, when the
limits of the green revolution were reached (Altieri, 1999;
Conway, 1996; Griffon, 2007; Wezel et al., 2009). However,
it can be perceived as a regain of more traditional views of
agricultural activities embodied in their environment, i.e.
acting in the present but thinking of the future. Agroecology
is about understanding and enhancing the mechanisms that
can ensure agroecosystem productions and resilience on the
long-term. One cycle of oil palm plantations lasts for 25 years
at least. The crop could last much longer but the harvest
becomes too complex and expensive as soon as the palms are
too high, hence palms are felled and another crop cycle
initiated. The crop stand goes through two main phases: the
immature one that lasts around 3 years during which bunches
are not harvested; and the mature phase during which bunches
are harvested all year long. These long and partitioned cycles
require a specific management that usually combines long-
term management strategies and short- or medium-term
adjustments. Moreover, it also implies complex and evolving
interactions with the ecosystem that affect the potential
performance of the crop and the efficiency of the manage-
ment. Indeed, management impact on the production may be
delayed due to the long-term development of the agro-
ecosystem and may be more or less directly efficient or
traceable due to internal buffer effects within the plant or the
whole agroecosystem. Hence, long-term management is
paramount for perennial cropping systems. In the search for
long-term efficiency as well as in reaction to observers’
critics, various agroecological practices have been developed
in oil palm plantations. Some have become quite standard,
such as the legume cover crop during the immature stage
(Corley and Tinker, 2016) or are being promoted through best
practice recommendations (e.g. Donough et al., 2009) and
incorporated as criteria in several certification schemes (e.g.
RSPO3, ISPO4). However, more data and scientific knowl-
edge are still needed in order to quantify more accurately their
3 Roundtable on Sustainable Palm Oil guidelines: http://www.rspo.
org/key-documents/certification/rspo-principles-and-criteria, con-
sulted on 28.1.2017.
4 Indonesian Sustainable Palm Oil guidelines: http://www.ispo-org.or.
id/index.php?lang=en, consulted on 28.1.2017.
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impacts on the agroecosystems and to develop further
agroecological practices.

This article does not aim at reviewing either all
agronomical practices or all potential affected or enhanced
ecosystem services across the diverse oil palm cropping
systems. Instead, it gathers several showcases of agroecolog-
ical practices that are taking place in palm plantations. It
proposes sound investigations of what is working and what
should be improved in order to allow palm agroecosystems
for being productive and resilient based on the understanding
and enhancement of agroecological mechanisms. Sections 2–
4 illustrate the opportunities and challenges related to the
recycling of palm oil co-products within the agroecosystem.
Then, Sections 5–7, highlight the role and importance of
maintaining functional biodiversity within the oil palm
landscape (Foster et al., 2011) through integrated pest
management strategies.

2 Recycling, i.e. harnessing the most of
thermodynamics’ principles

Any production system aims at producing an added value
to the inputs that enter the processes. Thermodynamics’
principles somehow signify that this added value can be
enhanced by recycling energy and materials as much as
possible but it always comes at a cost. In agricultural systems
notably, this cost is two-fold, economic and environmental.
Reducing costs is achieved by reducing the input-output
(leakage) flows and enhancing recycling internal flows. This is
actually quite critical in oil palm agroecosystems because of
the large internal fluxes over the whole perennial cycle (Pardon
et al., 2016) and the necessary close spatial connection to the
mill (within a radius of 50 km), and its in and out fluxes, due to
the perishable fruits that must be processed within 24 hours
after harvest (Lake et al., 2016).

Palm plantations require fertilisers, notably N, P, K, Mg,
Cl, B, albeit fertiliser types and rates highly vary with the
context. For instance, N doses ranges from 48 to 90 kgN.
ha�1.yr�1 for immature palms (Banabas, 2007; Choo et al.,
2011; Henson, 2004) and from 56 to 206 kgN.ha�1.yr�1 for
mature palms (FAO, 2004; Foster, 2003; Hansen, 2007;
Pardon et al., 2016; Wicke et al., 2008). In an established
palm plantation, fertilisers can account for 46 to 85% of field
costs (Caliman et al., 2001; Goh and Härdter, 2003; Goh and
Po, 2005; Pardon et al., 2016; Silalertruksa et al., 2012).
Moreover, part of these fertilisers may be lost to the
environment leading to potential environmental impacts such
as eutrophication or climate change. Fertiliser manufacturing,
transport and emissions in the field are one of the main
contributors to environmental impacts throughout the life
cycle of palm oil and palm biodiesel. Fertilisers are key
contributors to both eutrophication and acidification
(Schmidt, 2010; Stichnothe and Schuchardt, 2011; Vijaya
et al., 2009; Yusoff and Hansen, 2005), fossil resource
depletion (Papong et al., 2010) and climate change (Bessou
et al., 2014; Chase and Henson, 2010; Choo et al., 2011;
Schmidt, 2010).

The great share of environmental burdens related to
fertiliser is accentuated by the fact that the other stages of the
life cycle of palm oil production are low-input stages. In the
Page 3 o
field, in industrial estate as in smallholders’ plantations, most
operations are done manually (harvesting, pesticide spreading,
fertiliser application at young ages); the most fuel-intensive
operation is the transport of fresh fruit bunches to the mill
(Chase and Henson, 2010). At the mill, the whole operation
system is almost energy independent due to routine recycling
processes (Kurnia et al., 2016; Yusoff, 2006). Fibers and shells
recovered from palm oil extraction and kernel cracking are
burnt in the boiler providing heat and electricity to power oil
milling processes. Methane emissions during the anaerobic
treatment of palm oil mill effluents in open ponds are a very
critical source of greenhouse gas emissions, even in some
cases larger than those generated by fertilisers. However, the
impact of this conventional effluent treatment can be
significantly reduced if biogas is captured at the mill (Bessou
et al., 2014; Chavalparit et al., 2006; Choo et al., 2011;
Harsono et al., 2014) or, to a lesser extent, if raw or partially
treated effluents are injected in a composting process (Singh
et al., 2010; Stichnothe and Schuchardt, 2010). This captured
biogas can be flared and converted to electricity, in which case
excess electricity may substitute fossil electricity from the
grid.

Hence, palm oil co-products are numerous and provide
various alternatives to optimise recycling processes, reduce
external inputs, and further contribute to fossil input
substitution (Fig. 1 by Paltseva et al., 2016). On the basis
of their national assessment for Indonesia, the authors estimate
that around 24% of total palm residues (i.e. 4.5 tonnes [t] DM/
ha.yr�1, which is close to the weight of the concomitantly
yielded crude palm oil) could be used to produce and export
bioenergy outside of the mill (Paltseva et al., 2016). The total
solid biomass could allow for the production of advanced
biofuels that could substitute 15% of the total road fuel
consumption. The biogas captured from palm oil mill effluent
could further substitute 3% of total annual diesel and gasoline
demand (Paltseva et al., 2016). According to several authors,
the methane capture from all palm mills in Indonesia and
conversion to electricity would suffice to meet the GHG
reduction target for agriculture (Taniwiryono and Herman,
2016). However, there is still a long way to go. Indeed, in 2016,
roughly 39 out of the 740mills had implemented biogas
capture in Indonesia (Taniwiryono and Herman, 2016). In
Malaysia, 55 out of the 426mills had implemented methane
capture in 2011 and 16 other plants were under construction
(Chin et al., 2013).

Besides, there is also an internal need within palm
agroecosystems to substitute fossil inputs and reduce mineral
fertiliser inputs. Although fronds and stipes already provide
some organic material back to the system, further residues can
be used as soil amendments. In particular, empty fruit bunches
can be applied in the field in order not only to provide
potassium but also to contribute to the improvement of soil
fertility, notably on soils which are poor in organic matter (see
Sect. 3) (Carron et al., 2015a,b; Salètes et al., 2004a). Empty
fruit bunches can also be co-composted with palm oil mill
effluent and ashes, which can increase the nutrient value and
benefits from the amendment while also reducing transport
costs as compost is less bulky and more concentrated in
nutrients (Singh et al., 2010, 2011). Other types of co-compost
can also be explored such as a mix of palm fronds with palm oil
mill effluent sludge (Ahmad et al., 2011). Integrated
f 16



Fig. 1. Annual average per-hectare production, uses, and sustainable availability of oil palm residues in Indonesia according to Paltseva et al.
(2016). Further down the process chain, potentially useful waste or co-products are palm oil mill sludge, palm oil clinker and ashes
(Liew et al., 2006).

5 See for instance the Malaysian Environmental Air Quality
Regulation in 1978.
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combination of methane capture and compost production may
also be a suitable option (Stichnothe and Schuchardt, 2010;
Yoshizaki et al., 2013). The comparison of these different
options in order to harness the best from all potential recycled
materials need to account for both the benefits and risks for the
palm agroecosystem and the potential net input-output gain at
the whole supply chain level. Life cycle assessment (LCA)
allows for such a holistic analysis of various environmental
impacts over the whole supply chain, taking into account
potential substitutions and avoided impacts (Bessou and
Pardon, 2017; Chiew and Shimada, 2013; Stichnothe and
Schuchardt, 2010, 2011; Wiloso et al., 2015).

However, LCA of palm oil products still need to be
improved in order to better account for practices and impacts
along the whole chain (Stichnothe and Bessou, 2017). On the
one hand, data are still missing on the upstream emissions
during the various co-products’ treatments such as the
composting processes. On the other hand, knowledge and
data are also missing to better model the downstream processes
and emissions when recycling co-products. In particular, the
influence of practices on temporary storage of soil carbon,
improvement of soil quality and protection from soil erosion
are not currently part of the life cycle impact assessment
(Stichnothe and Schuchardt, 2011). In order to design the best
environmental friendly scenarios for residues and global
plantation managements, a proper modelling of impact on the
soil is crucial.

3 Feeding soil quality with empty fruit
bunches

Empty fruit bunches (EFB) are among the primary co-
products of palm oil production in terms of quantity: for each
tonne of crude palm oil, about 1 t of EFB is produced
(Caliman et al., 2001). In the early days of the oil palm
cultivation development, EFB were disposed or incinerated.
However, given the increase in fertiliser costs due to fossil
D305, Page
resource depletion and the raise in awareness concerning air
pollution5 and greenhouse gas emissions due to EFB burning
(Abu Bakar et al., 2011), the field application of EFB as an
organic amendment was progressively developed at the end of
the twentieth century (Caliman et al., 2001; Carron et al.,
2015a). Such EFB application as mulch is expected to have a
positive impact on soil quality, since organic matter is known
to play a key role in soil quality (Lal, 2004; Reeves, 1997). Soil
quality is defined as the complex resultant from various
chemical, physical and biological properties that determines
“the fitness of a specific kind of soil to function within its
surroundings, support plant and animal productivity, maintain
or enhance water and air quality, and support human health and
habitation” (Karlen et al., 1997). How can EFB field
application as mulch help to preserve or enhance soil quality
in oil palm plantations?

EFB application can first contribute to improving chemical
properties of the soil, in particular its nutrient content for the
purpose of fruit production, i.e. the “support function”. EFB
application rates depend on the soil context and also on the
management strategy. Recommended rates vary between 30 to
100 t.ha�1.yr�1, with a median rate at 40 t.ha�1.yr�1 (Etta
et al., 2007; Jantaraniyom et al., 2001; Loong et al., 1987;
Mohsen et al., 2014; Zin and Tarmizi, 1983). In terms of
nutrient content, 1 t of EFB is approximately equivalent to
6–7 kg of urea 1.7 kg of triple super phosphate or 2.8 kg of rock
phosphate, 16.3 kg of KCl or 19.3 kg of muriate of potash, and
3–4.4 kg of kieserite (Caliman et al., 2001; Singh et al., 1999).
Potassium is the most important nutrient provided by EFB,
given the fast EFB decomposition (Fig. 2) and quick release
rate (Zaharah and Lim, 2000). The release of nitrogen is much
slower, likely due to some immobilisation given the high C/N
ratio of EFB (52–63). Therefore, within the limit of the
available amount that approximates 3–5 t EFB produced per
4 of 16



T
o
p
ic
al

Is
su

e

1 month 3 months 6 months 12 months 18 months 24 months

Fig. 2. EFB decomposition in the field: 1, 3, 6, 12, 18 and 24 months after application. EFB decomposition leads to an improvement of global
soil quality, showing, among other improvements, higher soil macrofauna abundance and soil organic carbon content, Indonesia, Marc-Philippe
Carron ©Cirad.
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hectare per year, EFB can be used as total substitutes for K/Mg
for some 10% of the plantation but still complemented with
mineral nitrogen and phosphate. Besides the nutrient inputs,
EFB can also further improve physico-chemical properties of
the soil. Short-term and long-term studies (10 years applica-
tion) showed an improvement of soil chemical quality through
the following indicators: soil organic carbon, total nitrogen,
CEC, and available phosphorus (Abu Bakar et al., 2011;
Caliman et al., 2001; Comte et al., 2013). EFB application can
also improve some physical properties of the soil related to
both the addition of soil organic carbon and physical
mechanisms such as the mulch effect. Those allow for better
soil permeability (Caliman et al., 2001; Carron et al., 2015b),
higher water retention at field capacity, better soil aggregate
stability and hence lower erodibility (Moradi et al., 2015;
Zaharah and Lim, 2000).

While the impact of EFB recycling on chemical and
physical soil properties is well documented, attention has been
only recently paid to the impacts on soil biological properties,
i.e. soil biodiversity. Soil biota directly contributes to the
regulation and long-term maintenance of several ecosystem
functions and services including primary production, carbon
sequestration and nitrogen turnover (Brussaard, 2012; Lavelle
et al., 2006; Wagg et al., 2014). The influence of management
practices on soil biodiversity hence needs to be investigated
(Brussaard, 2012; Lavelle et al., 2006).

In Indonesia, at P.T. SMART research institute, building-up
on previous research projects on the impact of EFB application
on soil properties (Caliman et al., 2001; Salètes et al., 2004a,
b), new measurement protocols were designed in order to
assess the impacts on soil biodiversity (Carron et al., 2015a,b).
Results showed that EFB application:

–
 allowed for a global improvement of soil quality, showing
higher macrofauna and soil organic carbon content;
–
 impacts on soil characteristics varied in terms of affected
species depending on the assessment delay after applica-
tion (Carron et al., 2015a).
During the first 6-month period after EFB application, ants
and coleopteran densities increased to reach 349 ind.m�2 and
95 ind.m�2; respectively, as well as bacterial feeder nemat-
odes. On the contrary, the population of earthworms,
millipedes and nematodes followed a different trend, showing
a concomitant sharp decrease. In the following 12months, the
density of earthworms, millipedes and nematodes, as well as
the population of bacterial feeder nematodes, progressively
increased. Finally, during the final 6 months of EFB
decomposition, the increase in densities of macrofauna
(333 ind.m�2) and nematofauna (1068 ind/100g in the A0
and 788 ind/100g in the A1 layer) was confirmed. Soil
chemical and physical measurements also showed a reduction
Page 5 o
of soil bulk density with an induced increase in soil porosity,
together with higher soil organic carbon, N and Ca contents
(Carron et al., 2015a), thus highlighting the correlations
between physico-chemical and biological properties of the
soil.

The impact of EFB applications on soil bacterial diversity
was also investigated through a metagenomic approach
(Situmorang et al., 2014) using the terminal restriction
fragments length polymorphisms (TRFLP) technique. EFB
application increased soil bacterial diversity, especially of
species involved in soil functions improving fertility. In
addition, EFB decomposition was found to stimulate soil fauna
feeding activity as observed using the bait-lamina strips
method (Tao et al., 2016). This technique provides an indicator
of the soil fauna feeding activity related to the presence of
meso and microorganisms. Overall, these studies showed the
positive impact of EFB application on soil quality, i.e. on soil
physical, chemical and biological properties that confer to the
soil its capacity to function. Enhanced soil biological
properties encompassed increases in soil biodiversity, soil
organism abundance and stimulated biological activity.

Recent observations have highlighted the general positive
impact of EFB recycling on the biological fertility of soils, thus
adding key knowledge and information to previous studies that
were focusing on the physico-chemical properties of soils. The
effect of EFB application on soil micro- and mesofauna has
been poorly investigated and new approaches, like metage-
nomics or proteomics, are promising ways to assess soil
microbial diversity and functions. So are techniques based on
molecular biology approach aiming to assess soil microbial
diversity and functions. Moreover, the next step will be to
study more deeply the effects of EFB application on soil
functions, going beyond the simple sum of the physical,
chemical and biological parameters. This will allow for
quantifying the effect of EFB application under the framework
of an integrative view of soil ecosystem functions, in a multi-
functionality and holistic approach. A holistic assessment is a
key in order to design optimal co-product treatments and field
management practices based on a sound and comprehensive
understanding of all processes involved. Palm co-products are
diversified and represent sizeable amounts of biomass but each
of them, e.g. EFB or compost, may have different advantages
and drawbacks and hence represent each a precious limited
resource.
4 Composting oil palm mill co-products

Palm oil production is an industry generating large
amounts of organic waste, which may lead to significant
environmental concerns (Ahmad et al., 2011; Mohammad
f 16



Fig. 3. Field application of compost from palm oil residues, 2013,
Indonesia, Cécile Bessou ©Cirad.
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et al., 2012; Vakili et al., 2015). In Malaysia, in 2013, it was
estimated that 63.18 million t of palm oil mill effluent (POME)
and 7.26 million t of empty fruit bunches (EFB) were
generated (Bukhari et al., 2014). Such waste needs to be
treated in order to reduce its pollutant loads. Digestion of raw
POME, for instance, is mandatory in order to reduce its organic
content before being discharged into the environment.
Decomposition is not only important to avoid the harmful
accumulation of organic pollutants, it may be also essential for
recycling nutrients and organic matter, i.e. if wastes are
considered as useful co-products. These recycled co-products
may become useful to counteract the loss in quality of many
soils due to an inadequate supply of organic matter or improper
management, such as the loss of organic matter (Guillaume
et al., 2015) or the occurrence of acidity due to ammonium-
producing fertilisers (Dubos et al., 2016). Research work
undertaken on oil palm and other crops also showed that
compost or organic matter application can also enhance root
growth, improve soil structure and stability (Shindo et al.,
2006), increase CEC and soil biological activity (Chakraborty
et al., 2011), reduce iron and aluminum toxicity and
significantly increase phosphorus availability in the soil
(Budianta et al., 2010, Darmosarkoro and Sutarta, 2002).

These issues and opportunities have stressed the need to
develop alternatives to conventional oil palm waste treatments,
among which composting is a promising one. Composting can
be defined as the biological transformation of organic matter
by a succession of microorganisms under controlled environ-
mental conditions (Baharuddin et al., 2009), usually in aerobic
conditions with a thermophilic phase (60–75 °C) (Ceglie and
Adbelrahman, 2014). It results in the degradation of organic
matter and the emission of volatile compound (CO2, CH4, N20,
NH3, N2, H2O) but also in the stabilisation of the remaining
organicmatter (Bernal et al., 1998; Francou et al., 2005) leading
to the production of a humified, non-phytotoxic material
(Kavitha et al., 2016) with high potentials for providing
nutrients and increasingsoil carbon.Throughdecompositionand
stabilisation of organic matter, the composting process of palm
oil co-products aims to reduce the organic co-products to
essentials in terms of input qualities, i.e. nutrients and organic
matter more directly “valuable” for the soil. Moreover, the use
of a very significant part of POME volume within the process
can help to reduce pollution and potential losses to the
environment, notably greenhouse gas emissions (Stichnothe
and Schuchardt, 2010). Composting oil palm mill co-products
(EFB, decanter cake, fibre, POME, ashes) is an innovative
and quite recent development in the palm oil industry in South-
East Asia. In various countries, compost-manufacturing indus-
tries for palm oil residues are in constant development. In 2014,
70 composting plants, across 426mills, were in operation in
Malaysia, 80% of the plants are using the conventional open
system and 20% a closed system (Bukhari et al., 2014).

P.T. SMART Tbk., Indonesia, has carried out several
composting trials since 1997 in order to identify the most
interesting compositions and the best processing strategies.
Results showed that it is possible after 14weeks of composting
to reduce the initial volume and weight of EFB by 80%
and 55% respectively. Moreover, the high initial carbon to
nitrogen (C/N) ratio in EFB can be decreased by addition of
nitrogen-rich content products like urea or mature compost,
which improves the activity of microorganisms for a faster
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processing. The addition of mature compost at the initial stage
of composting, followed by an application of urea 2weeks
later, showed the best beneficial effect (Salètes et al., 2004b).
Schuchardt et al. (2002) obtained a C/N ratio of 15 in
12weeks, with a decrease in carbon of more than 60%. Solid
decanter waste (decanter cake slurry) addition can also
significantly speed up the decomposing process of the POME
and EFB mix (Yahya et al., 2010).

Another example is the innovative composting plant
developed at Bangun Bandar, Indonesia, by P.T. Socfindo
with aerated bunkers, which considerably reduces the
compost processing duration and avoids losses of nutrients
through leaching. Compost is made by using the pressed and
shredded EFB, solid decanter, a compost starter from a
previous batch and raw POME, which is sprayed onto the
compost batch daily. Since the launching of the compost plant
in 2012, the quality of the compost has been continuously
improved through adjustments in the maturation time and
aeration rate. Composting enables the recovery of nutrients
from raw POME. About 50% of the POME from the mill is
used in the composting plant. The nutrient content and the C/
N ratio (below 20 in 2015) have been continuously improved
through process adjustments and K content reached 2.5% DM
with a better recycling of the POME.

From a practical point a view, composting is interesting in
order to reduce the weight and volume of EFB, making it easier
and less expensive to apply in the field (Fig. 3). The nutrient
content of compost is higher than EFB for P, K and Mg.
Compost also enables a good recovery of nutrients from raw
POME, without the need for previous treatment. The K release
from EFB applied directly to the field is very quick; indeed
half of the potassium is released in less than a month
(Caliman et al., 2001). This could result in a very low
efficiency of high doses of K brought to the field through the
current method of EFB application (which varies from 40 t
up to 60 t/ha at once). With lower doses and a source of K
partially incorporated in the microbial biota, it is likely that
compost can improve K nutrition efficiency. However, the
kinetics of K release after compost application would need to
be measured and further investigated.
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At Bangun Bandar estate, in some mature plantation
blocks, compost has been used for 4 years as a substitute to the
standard mineral P, K, Mg and to part of the N fertilisers
applied. The rate of 15 t/ha of compost applied can reduce
the mineral fertilisers applied by up to 55%. In the last 3 years,
the average yield and the average leaf contents of major
elements in these blocks were not significantly different from
blocks with a standard exclusive mineral fertiliser treatment.
Another study showed that a rate of 10 t.ha�1 of compost (i.e.
70 kg/palm/year) can be used as a substitute for mineral
fertilisers regarding N and P nutrition (Tohiruddin and Foster,
2013). Under such conditions, compost would increase FFB
yield by 2 t FFB.ha�1 compared to mineral fertilisers used at
the same rate. This 10 t.ha�1 compost-based fertiliser
management halved the cost of fertilisers compared to the
same nutrients supplied with mineral fertilisers only. The
study showed an increase in fertiliser efficiency of þ66%,
þ37%, þ20% and þ20% for compost compared to urea, rock
phosphate, muriate of potash, and dolomite, respectively
(Tohiruddin and Foster, 2013). However, a compost rate of
around 10–15 t.ha�1.yr�1 is much more than the amount
available at the plantation scale. The compost is hence a
limited and precious resource. How to make then the best use
of compost ingredients and of the compost itself?

The process of composting is complex as it is influenced
by a wide range of variables. Moisture, temperature and
aeration are very sensitive factors so that compost quality can
be fluctuating. While the composting process proved to be
efficient in reducing the amount of waste, the efficiency of
nutrient recycling (recovery ratio) is not always optimised. The
environmental performance of POME and EFB co-composting
was stressed by Stichnothe and Schuchardt (2010), when the
recovery ratio is near 100% for every chemical element, but in
open composting systems, rainwater dilution, leaching of
effluents and volatilisation can result in the loss of 35% of total
nitrogen and up to 70% of potassium (Salètes et al., 2004a,b).
Minimising volatilisation and leaching through better POME
uptake and leachate recycling are necessary to improve the
agronomic value of compost and the environmental footprint
of palm oil production. Compost-based fertiliser management
is still new in the oil palm sector and many questions are
still pending. Amongst research topics, the specific kinetics of
various compost compositions (nutrient release rates) and
their impacts on the soil quality (biological activity, physical
characteristics, organic matter content, root density, CEC, etc.)
are paramount in order to ensure the absorption efficiency of
each element. Many factors need to be taken into consideration
and further investigated in order to improve both compost
composition and global recycling processes and to develop
optimal strategies combining mineral and organic fertilisers.
Such strategies would need to integrate research results on the
most efficient compost use regarding the crop age, the soil
type, the rates, the interactions with mineral complements, and
the potential long-term effect on soil quality. Research is also
needed in order to investigate trade-offs in terms of other co-
product uses and environmental and economic costs of
application according to processes, applied doses and distances
from the compost unit. The agro-economic optimum needs to
be calculated at the plantation scale, taking into account that
compost is a limited resource. Better estimates of the crop
needs and reducing losses with the right time and forms of
Page 7 o
nutrient applications are also concomitant factors that need to
be accounted for in order to improve soil quality in the long-
term and to preserve the environment.
5 The beetle disillusion

The rhinoceros beetle Oryctes rhinoceros L. 1758
(Coleoptera: Scarabaeidae) is one of the major pest affecting
oil palms in Southern and South-East Asia and the western
pacific islands (Corley and Tinker, 2016; Howard et al., 2001).
Damages are caused by the adult feeding on the palm crown
and the apex. During the immature stage of oil palm
plantations, a large amount of decaying organic matter is
available from the previous stand, i.e. former palm stipes
felled and left over in the field. This decaying oil palm is a
highly suitable habitat for breeding sites (palm residues in
windrows, empty fruit bunches...). O. rhinoceros affects
immature palms for 3 to 4 years after planting by reducing
growth and then yield; severe single attacks can also cause the
death of the palm.

In South-East Asia, phytosanitary measures such as
burning must be avoided because of their environmental
impacts and in accordance with best practice recommendations
such as RSPO principles and criteria (Principles & Criteria
4.5 and 4.6, 2013). Either preventive or curative, Oryctes
control was originally based on chemical treatments. However,
several insecticides used for management and eradication also
raise critical environmental and health concerns. Biopesticide
tracks have been investigated and commercial strains are
now available such as Metarhizium anisopliae (Metchnikoff)
Sorokin, 1883, which has been successfully tested in the field
as integrated to pheromone traps (Cik Mohd Rizuan et al.,
2016). The O. rhinoceros nudivirus (Nudiviridae) has also a
potential to reduce O. rhinoceros population and damages by
adult infections and releases to contaminate the breeding sites
(Bedford, 2013).

In 1997–2001, a selective trapping was developed in
collaboration between CIRAD, IOPRI and INRA using
synthetic attractants (Purba et al., 2000). The aggregation
pheromone, i.e. attracting both males and females, ethyl
4-methyloctanoate (E 4-MO), which is produced by
O. rhinoceros males, leads to substantial captures of adults,
both males and females (Hallett et al., 1995). A dose/response
effect was found: the higher the dose, the larger the captures.
In the field, empty fruit bunches (EFB) attraction combined
with the pheromone (acting as synergist) resulted in catches
2 to 4 times larger than with pheromone alone. Up to date,
no synthetic synergists are able to replace EFB. The trap has
been further improved by using a 2m high PVC trap, which
allowed for 30% more captures without any use of water or
insecticide (Morin et al., 2001); this trap has a large capacity
and can remain in place for several months, as long as the
attractant does not run out.

The use of pheromone traps allows for reducing pest
pressure without the use of toxic insecticides. Oehlschlager
(2005) reports that a trapping rate of one pheromone lure per
2 ha reduced oil palm damage by more than 90%, while being
less expensive and more effective than chemical control
practices. In other cases, however, trapping may not be
sufficient to control O. rhinoceros population (Moore, 2011)
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Fig. 4. A nest box for barn owls (Tyto alba) in oil palm plantation,
2010, Indonesia, Aude Verwilghen ©Cirad.
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and an assessment of the efficiency and cost of the trapping
method in immature plantations compared to a conventional
chemical control is still needed. Pheromone traps attract
beetles and hence affect the palms at the vicinity of the traps,
which can also enhance the pressure up to a certain point. Are
those beetles damaging palms receptive to the pheromone or
not? Which fractions of the beetle population go to or ignore
the traps to go and feed on palms? Can trapping actually help to
control the pest in a satisfactory way alone or could it have a
vicious counterproductive attraction?

Allou et al. (2008) demonstrated that synthetic pheromone
and EFB as the co-attractant mimic Oryctes monoceros
reproduction sites only, where males emit this specific
aggregation pheromone. Immature females or those having
just laid eggs need to feed on fresh palm tissue to initiate a new
oogenesis process and are hence not attracted by the
pheromone lure. Consequently, trapping can only have a
partial effect in attracting insects and reducing their damage
(Allou et al., 2008). Moreover, a trial was conducted in
Indonesia, in order to investigate the spatial correlation
between the resident population, pheromone traps and
damages on palms (Beaudoin-Ollivier et al., 2007). It is
commonly assumed that the attraction potential of the traps
depends on O. rhinoceros flight abilities and is influenced by
landscape configuration. The study compared infestation in an
immature plantation when trapping is launched either several
months before planting or right at the time of planting. It
confirmed the importance of the spatial configuration to
address the efficiency of the trapping control. However, more
knowledge on dispersal abilities is still needed to refine
recommendations in order to further improve these biological
control practices.

In conclusion, pheromone traps combined with EFB cannot
be used alone as a pest control but may be a useful tool in order
to detect and monitor the spread of the beetles (Moore, 2011).
Combined with phytosanitary measures, such as the spreading
of bio-pesticide on beetle breeding sites, pheromone trapping
may help to keep O. rhinoceros population at an acceptable
economic level within an integrated pest management strategy.
Further studies are still needed to further improve and promote
such bioregulation strategies.
6 The rat, the barn owl and the leopard cat

Rodent pests are a major source of crop damage
worldwide, hereby highly impacting food security (Singleton
et al., 2010; Stenseth et al., 2003). In South-East Asia, rats are
invasive pests in oil palm plantations, causing significant
damages (Turner and Gillbanks, 2003; Wood and Liau, 1984).
Estimated potential loss may reach up to 10% of the production
(Liau, 1990;Wood and Chung, 2003). Rats feed predominantly
on the pericarp of oil palm fruit, whether directly on the fruit
bunches on the palms or on loose fruit that fall to the ground
when ripe; they are also found to eat apical tissues of oil palm
seedlings in the nursery, as well as the petiole bases of
immature palms; in addition, they also supplement their diet by
feeding on the pollinating weevil Elaeidbobius kamericus,
thereby affecting pollination success and fruit setting (Chiu
et al., 1985; Chung, 2013;Wood, 1976). In oil palm plantations
in South-East Asia, three species are dominant and represent
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major pests for the crop (Corley and Tinker, 2016; Liau et al.,
1993; Wood and Chung, 2003):
8

–

o

the Malaysian field rat, Rattus tiomanicus Miller;

–
 the ricefield rat, Rattus argentiventer Robinson and Kloss;

–
 the oriental house rat, Rattus tanezumi Temminck
(synonym: Rattus rattus diardii Jentink).
In Malaysia and Indonesia, rat control originally relied on
field treatment using anticoagulant rodenticides to maintain rat
population at an acceptable level (cost of losses versus cost of
control). However, rodenticide use is expensive (Wood and
Chung, 2003) and can indirectly poison non-target species
such as rat predators (Duckett, 2008; Naim et al., 2011).
Moreover, rats have become more resistant to rodenticide
following long-term exposure (Andru et al., 2013; Chia, 2005).
Biological control of rodent pests is an interesting alternative
to rodenticide treatment, from both biodiversity conservation
and economic points of view. Enhancing barn owl (Tyto alba)
populations into oil palm plantations for rat control was first
developed in West Malaysia in the late 1970s, and provision
of nest boxes within plantation led barn owl population to
rapidly build up (Duckett, 1976; Lenton, 1980). It is now
widely practiced by large oil palm companies in Malaysia and
Indonesia (Fig. 4), in combination with rodenticide treatment
or as the sole approach to rat control (Wood and Chung, 2003).
The barn owl has long been reported to be effective in
controlling rats in oil palm plantations (Duckett, 2008; Ho and
Teh, 1997; Hoong and Hoh, 1992; Lenton, 1980). However,
the actual impact of barn owl on rat population dynamics
remains inconclusive since not clearly evidenced by relevant
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Fig 5. Relationship between estimated rodent damage and estimated small carnivores abundance in Riau and Bangka plantations. One point
represent one year (from 2010 to 2012) on one plantation. Small carnivore community include domestic cats, small wild carnivores exclude
domestic cats, Source: Verwilghen et al., 2016a.

Fig. 6. A leopard cat (Prionailurus bengalensis) foraging in an oil
palm plantation during night time, 2012, Indonesia, Aude Verwilghen
©Cirad.
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protocols (Wood and Chung, 2003). It is unlikely that barn
owls keep rat populations at low numbers on their own when
rat infestation is very high (Chia et al., 1995; Khan, 2004).
Rodent pest management in agricultural landscape is a
complex issue where prey(s), predator(s), practices and
landscape are in interaction, as suggested by the multi-factor
hypothesis for rodent population dynamics (Krebs, 2013).
Within the assemblage of rat predators, small carnivores6 such
as felids, civets and mongooses may also contribute to rodent
population regulation (Koh and Gan, 2008; Rajaratnam et al.,
2007; Scott et al., 2004). However, persistence of small
carnivores within oil palm plantations, their habitat uses, their
diets and contributions to rodent control have been poorly
investigated.

A study7 was conducted in Indonesia, over three
consecutive years (2010–2012), aiming to investigate further
the contribution of small carnivores in rat control in oil palm
plantations in relation with other factors such as agricultural
practices (notably rodenticide use) and landscape character-
istics (Verwilghen, 2015; Verwilghen et al., 2016a,b). The
research work was carried out in mature oil palm plantations
located in Riau and Bangka provinces of Sumatra. In both
areas, barn owls have been successfully introduced. In Riau,
rat populations have been kept at an acceptable level without
the use of rodenticide for more than 10 years. In Bangka, on the
6 The term “small carnivores” is used herein for small-bodies
(weighing< 15 kg) members of the order Carnivora as categorised by
IUCN (Schipper et al., 2008), to which we also include small felids
and small-to-medium-size canidae such as dholes (Cuon alpinus) and
foxes.
7 The research study was initiated by CIRAD (Agricultural Research
for Development, France), UFC (University of Franche-Comté,
France) and SMARTRI (SMART Research Institute), in collaboration
with CBGP (Center for Biology and Management of Populations,
France), RCB-LIPI (Indonesian Institute of Sciences, Research
Center for Biology) and MNHN (Muséum national d’histoire
naturelle, France).
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contrary, intensive rodenticide applications could not prevent
high levels of rat damage. What can we learn from the analysis
of rat predators’ community that might explain the contrasted
efficiency of rat control?

These two contrasted systems, namely Riau and Bangka,
were compared in terms of predators’ community (barn
owls and small carnivores) abundance and/or diet. Using a
kilometric abundance index yielded from spotlight and faeces
counts, field investigations showed that small carnivores were
much more abundant in Riau than in Bangka (the index was 2
to 10 times higher in Riau), and that small carnivore abundance
was negatively correlated with rodent damage (Fig. 5). In
particular, the leopard cat (Prionailurus bengalensis) (Fig. 6)
was the dominant species encountered in Riau (about 62% of
wild small carnivores observed during spotlight counts),
whereas it was absent from Bangka. Moreover, the diet of the
small carnivore community, as assessed from faeces collected
f 16
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in the field, relied more on vegetable food in Bangka compared
to Riau, thereby reflecting differences in the small carnivore
community composition or behavior between the two areas.
For barn owls, analysis of nest boxes occupancy did not prove
that barn owl population in Bangka was lower than in Riau.
However, analysing the content of barn owls’ pellets and the
number of eggs laid in nest boxes, it was found that:

–
 the diet of barn owls in Bangka was more diversified and
had a slightly lower proportion of rats compared to Riau;
–
 barn owl breeding season was limited to one peak in
Bangka compared to two peaks in Riau, thereby probably
leading to a lowest food requirement in Bangka.
8 Roundtable on Sustainable Palm Oil guidelines: http://www.rspo.
org/key-documents/certification/rspo-principles-and-criteria, con-
sulted on 28.1.2017.
The most probable explanation of a restricted breeding
season in Bangka is related to the effects of secondary
intoxication from rodenticide, as suggested by results from
Salim et al. (2014) and Taylor (1994). In Bangka, reduced
hunting success and food intake by barn owls could be caused
by sub-lethal effects of rodenticide interfering with locomotion
(Stone et al., 2003). To conclude, the rat prey intake by barn
owls and small carnivores tends to be lower in Bangka than in
Riau. These findings support the hypothesis that, in Riau, the
abundance of small carnivores and notably of leopard cats
probably plays a key role in rat control, whereas, in Bangka,
predator community seems not suitable (in terms of composi-
tion, abundance and diet) to ensure an efficient biological
control of rat population. What could be improved in order to
favour a larger development of predator community?

It is commonly assumed that the composition and distri-
bution of a given predator community is influenced by
landscape configuration (Delattre et al., 1992; Giraudoux
et al., 1997; Lidicker, 2000). The spatial distribution of small
carnivores within oil palm plantations and its correlation
to habitats was thus further investigated, with a view to
suggesting appropriate land use for small carnivore persistence
within oil palm plantations. During nighttime (spotlight
count), there was no specific attractive effect of forest habitat
and oil palm plantation edge for either the leopard cat or the
common palm civet (Paradoxurus hermaphroditus), which
were both encountered deep within the oil palm habitat,
whereas the Malay civet (Vivera tangalunga) was always
observed at the edge of the oil palm habitat. At the community
level, the analysis of faeces’ spatial distribution (thereby
reflecting both day and night activity from various species)
showed an attractive effect of forest and oil palm edge habitats.
These results support the hypothesis that the oil palm habitat
may be suitable for some wild small carnivore species such as
the leopard cat, where they supposedly forage at night, but that
most species still need forest habitat for their survival in oil
palm landscapes.

The whole study (Verwilghen, 2015) deciphered some
agroecological mechanisms and practices involved in the
biological control of rodents in palm plantations. It suggested
that the efficiency of biological control would depend not only
on the presence of a single predator, the barn owl, but rather on
an assemblage of predators, including small carnivores. Hence,
the settlement of barn owls within the oil palm plantations is
not sufficient and must be associated with the provision of
appropriate habitats for other rat predators, such as creating
suitable rest sites within oil palm habitat and retaining forest
habitat for the long-term persistence of small carnivores within
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oil palm landscapes (Chua et al., 2016; Jennings et al., 2015;
Mudappa et al., 2007; Rajaratnam et al., 2007). The
comparison between two contrasted agroecosystems (Riau
and Bangka) also suggested that the long-term rodenticide
treatment may have the opposite effect to the one originally
intended, and that it can hardly go in hand with an effective
biological control (e.g. indirect intoxication of natural
predators). In order to promote bioregulation of rats by their
natural predators, palm oil producers should therefore adapt
agricultural practices (e.g. reducing/avoiding rodenticide use,
managing understorey vegetation) and favour appropriate land
use and landscape management, thereby enhancing the
persistence of rat predators such as small carnivores within
the oil palm habitat.

This study supports the hypothesis that enhancing
biodiversity (a larger number of rat predators species) in oil
palm plantations may improve the provision of ecosystem
services, such as biological pest control, that are beneficial to
oil palm management; it is a win-win strategy for both
conservation and production. Further research work is still
needed to provide more accurate recommendations notably
on the landscape shaping and habitat fragmentation thresholds
for leopard cats and other predators, as well as on limitations
of rodenticide treatments and their negative secondary effects.

7 Towards an agroecological control of the
root caterpillar?

In South-East Asia, oil palm expansion has increasingly
occurred on peat soils due to land pressure (Afriyanti et al.,
2016; Page et al., 2011). Tropical peatland is one of the largest
global long-term repositories of terrestrial organic carbon, with
the greatest extent (about 247,778 km2) and amount of carbon
stored (about 68.5 Gt) in South-East Asia (specifically
Indonesia and Malaysia) (Page et al., 2011). The conversion
of peat land forest to agricultural land requires dense drainage,
which leads to increased surface peat aeration, decomposition
and carbon losses, and may turn peat ecosystem from a net
carbon sink to a net carbon source (Page et al., 2011). Besides
the issue of carbon loss, a too deep drainage may cause
irreversible change in the water table, potentially leading to
peat subsidence, indirect effects at the watershed level and
potential subterranean fires. Hence, good practices for the
management of oil palm plantations on peat soils require to
actively manage the water table (RSPO P&Cs 20138).

Peat cultivation also poses further challenges. Pest pressure
can be higher than on mineral soil. The moth Sufetula
sunidesalisWalker (Lepidoptera: Crambidae: Spilomelinae) is
a root mining insect damaging oil palm root system, which is a
limiting factor of root development and yield in both Indonesia
and Malaysia (Desmier de Chenon, 1975; Wahyu et al., 2001).
The highly mobile caterpillar attacks the tender tissues of the
primary root tip to feed and develop. It penetrates the apex
and moves from root to root to feed, remaining inside the
gallery only for short periods to continue and complete its
development. Severely attacked root system can be observed
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Fig. 7. Oil palm roots showing traces of successive reiterations right
from an early stage due to Sufetula attack, Xavier Bonneau ©Cirad.
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when oil palms are grown on peat soil, whereas the oil palms
display a relatively healthy root system in an infested area on
mineral soil (Beaudoin-Ollivier et al., 2011). This pest pressure
on the root systems of oil palms in plantations on peat has a
negative effect on the physiology of the palm through
progressive exhaustion. Indeed, when caterpillars attack the
roots, these roots generate new apices nearby the point of
attack and the palm spends too much energy regenerating a
continually attacked root system to the detriment of the aerial
parts (fronds responsible for photosynthesis and bunches
ensuring yields) (Fig. 7). The balance of carbon and energy
partitioning between the different organs of the palms is thus
changed (Bonneau et al., 2007).

Insecticide application has been tested using Rope 25 EC
but only repeated applications might provide some protection
and has not proven to be very effective (Wahyu et al., 2001).
The caterpillar is difficult to reach with the pesticides when it is
located inside the root apex. Moreover, the quantities of
insecticide needed to achieve a significant reduction in damage
would be excessive and such a phytosanitary method is not
economically and environmentally sustainable (residues in
peat and water).

To date, the alternative to insecticides are phytosanitary
practices that would imply to clean plots by removing all
vegetation or debris likely to provide shelter to S. sunidesalis
adults during daytime. In coconut plantations, it was observed
that Sufetula adults usually shelter in ferns, whereas they do
not stay in the mosses that are left over when the vegetation
cover is cleared (Bonneau et al., 2007). This involves,
however, constraints in terms of labor and costs, and requires
the burning of debris such as dry fronds fallen to the ground,
which goes against zero burning policies that are in force in
most producing countries9.
9 See for instance the ASEAN Policy on Zero Burning 2003.
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Agroecological alternatives could be developed pursuing
two different tracks. First, as Sufetula sp. is harmful for oil
palms growing on peat soil, it would be interesting to take
advantage from the natural water load of the soil and optimise
water table management to reach several targets. The active
management of water table could be adjusted to a minimal
depth in order to minimise the soil depth where larvae can
develop. In case of a severe attack, the contaminated
plantation blocks could also be shortly flooded to reduce
the level of the caterpillar population. This technique would
be repeated once or twice a year depending on the pest
pressure (Wahyu et al., 2001). At the same time, this would
give further incentive to actively manage the water table in
order to avoid too deep drainage and irreversible con-
sequences.

Second, studies have been implemented so as to study the
behavior, chemical ecology and biological enemies of S.
sunidesalis in order to establish the baseline for a targeted
biological control (Lavogez, 2012). Studying relation between
caterpillar/moth and host plant allowed for the discovery of
two molecules possibly constituting a kairomone emitted by
root apex. These molecules might be synthetized in order to
develop a new biological control based on diffusers and
traps. Moreover, indigenous nematodes leading to a significant
mortality rate in S. sunidesalis larvae have been discovered in
Sumatra plantations. Such preliminary results (Lavogez, 2012)
will feed new agroecological practices to fight S. sunidesalis
through biological control means.
8 Discussion and conclusion

Enhancing agroecosystem properties through the develop-
ment and implementation of agroecological practices can
generate high palm oil yields while reducing external inputs
such as mineral fertilisers and pesticides. It is of paramount
interest to reduce such external inputs as much as possible,
given the large environmental burdens they may carry along
accounting for emissions and impacts both upstream the
supply chain and in the field. The recycling of oil palm and
palm oil co-products at both the plantation and mill stages
makes it possible to reduce the amounts of mineral fertilisers
without depleting the soil nutrient resources or stressing the
palms. Our story about the impact of palm empty fruit bunches
application on soil quality showed that the use of these co-
products, in particular on fragile soils, could help to maintain
or improve soil nutrient resources, soil permeability or soil
biological activity. At the same time, the recycling of co-
products reduces the polluting emissions and environmental
impacts related to waste treatments. The co-composting of
empty bunches together with palm oil mill effluent drastically
reduces methane emissions during the conventional anaerobic
effluent digestion.

Altogether, the stories about recycling, with the examples
of empty bunches and compost, highlight the great potential
in the use and valuing of the numerous and diversified palm
oil co-products. However, they also show some potential
problem shifting and trade-offs that need to be considered.
First, the oil palm co-products recycled in the field can
contribute to some environmental issues, such as the
provision of habitats to pest such as O. rhinoceros or
of 16
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S. sunidesalis, in South-East Asia notably, or Fusarium in
Africa, or the high nitrogen leaching during the palm
immature phase (Pardon et al., 2016). Second, there may be
competitive uses for co-products either as amendment
brought back to the field or as bioenergy feedstock exported.
It is hence necessary to assess and compare various options
considering relative beneficial as well as detrimental impacts
all along the supply chains, i.e. accounting for potential
substitutions or problem shifting across a range of
environmental impacts. Life Cycle Assessment (LCA) allows
for assessing various environmental impacts of a product
over the whole supply chain. This multicriterion approach
does not emphasize any one impact but pinpoints the greatest
impacts and their origins at certain production stages. The
necessary trade-offs and arbitrations can thus be documented
(Bessou et al., 2016). However, impacts related to
covariations in the connected physico-chemical and biologi-
cal soil properties and soil functions are still hardly addressed
in LCA (Stichnothe and Bessou, 2017). Potential improve-
ment of soil quality or protection from soil erosion due to
the organic amendments are not yet properly part of the life
cycle impact assessment due to still limited knowledge in
order to model all potential correlated processes and impacts.
In order to design the best environmental friendly scenarios
of residues and global plantation managements, a proper
modelling of impact onto the soil is though crucial
(Stichnothe and Bessou, 2017). More research is needed
conveying soil, agroecological and LCA scientists in order to
better understand and model the involved mechanisms and
develop further efficient agroecological systems.

Some trade-offs may also be critical when analysing
mechanisms of pest biological control. The use of pheromone
to trap pests has proven useful in some plantations but merely
sufficient. The net benefit over detrimental side effects and in
synergy with complementary management practices need to be
optimised based on a better understanding of the beetle
population dynamics and on the influence of the plantation
configuration and management practices. In order to improve
or develop biological control strategies, there is still a need for
a more comprehensive understanding of the underlying multi-
factor mechanisms that may involve complex networks of prey
and predators and depend on both the practices within the palm
plantation and the landscape management beyond the palm
plantation edges.

The story about “the rat, the barn owl and the leopard cat”
clearly shows that preserving the benefits of auxiliary
predators in oil palm agroecosystems could maximise the
ecosystem services of natural pest suppression, to the benefit of
both production and conservation. Hence, wildlife-friendly
management practices can go in hand with enhancement of
yields according to the concept of agroecology and ecological
intensification (Altieri, 1999; Chevassus-Au-Louis, 2006;
Griffon, 2013). Foster et al. (2011) stressed the importance
of conserving biodiversity and ecosystem processes within the
oil palm habitat itself. However, little is known about the effect
of local management practices and landscape design on
biodiversity and its relation to ecosystem services or dis-
services (Tscharntke et al., 2005; Zhang et al., 2007),
specifically in the oil palm agroecosystems (Foster et al.,
2011; Savilaakso et al., 2014). To our knowledge, little
research on this topic has been carried out in oil palm
D305, Page
landscapes; the BEFTA project (Biodiversity and Ecosystem
Function in Tropical Agriculture; http://oilpalmbiodiversity.
com/) and the biodiversity enrichment experiment EFForTS-
BEE (Teuscher et al., 2016) being valuable exceptions.
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