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1. Executive Summary
Oil palm is Indonesia’s largest source of agriculture biomass. In 
2013, Indonesia is estimated to have produced 570 mil. t of oil 
palm biomass, among which 299 mil. t is OPF (oil palm fronds), 
134 mil. t is OPT (oil palm trunk), and 28 mil. t is EFB (empty 
fruit bunches). This biomass are conventionally applied in the 
oil palm plantations as soil mulch and fertilizer. This is because 
they contain large quantities of nutrients, and decomposition 
studies have shown that these biomass can fully decompose in 
the field within one to two years (two to three years for OPT), 
during which the nutrients stored in the biomass are released in 
a gradual manner into the soil. How fast and how much of these 
nutrients are released depend on how much biomass is applied 
in the field, how easily decomposable the biomass is, and 
how much nutrients the biomass contains. How the biomass is 
processed for mulching is also important. The industrial process 
of converting the EFB into a carpet-like material known as Ecomat 
(ECO), for instance, would effectively reduce the bulk volume of 
EFB, but at the cost of losing 30 to 70% of the nutrients in the 
EFB and lowering the rate of decomposition. In contrast, OPT’s 
much slower decomposition rate can be hastened by chopping 
or shredding the OPT into smaller pieces. This would increase 
the total surface area for a faster decomposition rate and in turn 
allow the OPT to release larger amounts of its nutrients.

Although different biomass types release their nutrients at 
different rates and quantities, they are generally effective in 
improving a myriad of soil physical and chemical properties (such 
as increasing soil pH and the soil nutrient and soil water levels) 
and, in some cases, increasing the oil palm yields. Increases in 

soil C levels have also been observed, where usually less than 
5% of the total C in the biomass in sequestrated in the soil within 
a year.

There is a growing competition today to use the oil palm 
biomass as either mulch and fertilizer in the fields or to remove 
this biomass from the fields for fuel, fiber, timber, animal 
feed, chemicals, and manufacturing bio-based products. 
Removing this oil palm biomass for the latter use could result in 
considerable nutrient losses. Complete FFB (fresh fruit bunches) 
removal at harvest, for instance, would result in 260 kg ha-1 yr-1 
loss of nutrients; this amount of loss is one third of the oil palm’s 
annual nutrient demand. Even if the FFB are returned to the 
fields and applied as EFB mulch, this would replenish only 27% 
of the nutrient losses. Furthermore, removing all the pruned oil 
palm fronds and trunks would exacerbate the nutrient losses by 
a further 740 kg ha-1 yr-1, considering that between 35 to 40 t ha-1 
of fronds are produced annually, and at the time of replanting, 
trunk dry weights could reach as high as between 37 to 75.5 t 
ha-1. At the end, these nutrient losses must be replenished with 
the addition of more fertilizers; otherwise, soil nutrient pools 
will eventually be depleted. The requirement of more external 
fertilizers counters sustainable agriculture practices. Moreover, 
fertilizer costs already make up 50 to 70% of oil palm field 
operational cost and that a third of all Indonesia’s fertilizers are 
diverted to oil palm plantations.

Nonetheless, some amount of biomass can still be removed from 
the fields, provided highly effective soil conservation methods 
are practised to greatly reduce the amount of nutrient losses due 
to erosion and leaching in the fields. This is so that the amount 
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of nutrients saved from such losses then becomes the maximum 
allowable amount of biomass nutrients that can be removed 
from the fields. Based on this premise, it is estimated that, 
very approximately, no more than 3 to 5 t ha-1 yr-1 of additional 
biomass can be removed from a mature oil palm plantation that 
is producing 30 t FFB ha-1 yr-1. Note that this amount of biomass 
removal (3-5 t ha-1 yr-1) is in addition to the 30 t ha-1 yr-1 FFB 
biomass that would be removed from the field at harvest, and the 
EFB would not be returned to the fields. In other words, a total of 
no more than 33 to 35 t ha-1 yr-1 of biomass can be removed from 
the field, without requiring additional amount of fertilizers than 
what is currently applied in the fields. Removing more biomass 
than this threshold level would require a considerable amount of 
fertilizers to replace nutrient shortfalls.

Accurately working out how much oil palm biomass can be 
removed from the fields would require a detailed life cycle 
analysis and economic analysis to ultimately determine the 
optimum utilization level of oil palm biomass. Finding this 
optimum level will be highly site specific partly because oil 
palm’s nutrient balance for achieving high FFB yields can vary 
considerably between different environments, palm age, and 
planting materials used. This optimum level also depends on 
whether the nutrient demand for high oil palm yields can be met 
by the nutrient sources in the field, after accounting for nutrient 
losses.

Lastly, converting EFB into biochar is one promising option to 
sequester soil C. The production of EFB biochar can be carbon-
negative (at least, for Malaysia), and EFB biochar is overall an 
effective soil amendment, especially in mitigating soil toxicity 
and soil acidity problems.

2. Background

Palm oil is the world’s most important vegetable oil; in 2012 
and 2013 palm oil comprised 39% of total world vegetable oil 
consumption. Furthermore, the demand for world vegetable oil 
is projected to increase to between 201 and 340 mil. t by 2050 
(Corley, 2009).

Palm oil is a major industry in Indonesia. It is the third largest 
export-earner in Indonesia, and the industry is estimated to 
directly employ a total of 7.5 mil. people in the country (3.72 
mil. people in the oil palm plantations and palm oil mills and 

a further 3.75 mil. people in the midstream and downstream 
activities) (TAMSI-DMSI, 2010). Indonesia and Malaysia are the 
two largest producers of palm oil in the world. Together, both 
these countries account for 87% of the 53 mil. t of world crude 
palm oil (CPO) (USDA-FAS, 2013). Indonesia however has been 
the world’s largest producer of CPO, having overtaken Malaysia, 
since 2006 (Yuliansyah et al., 2009). Between 1995 to 2006, 
the total land area in Indonesia planted with oil palm (Elaeis 
guineensis) has increased by three times to 6.6 mil. ha. In 2013, 
this single crop alone covered nearly 6%, or 10.5 mil. ha, of 
Indonesia’s total land area (Directorate General of Estate Crops, 
2014), and this is expected to further expand to 17 mil. ha by 
2025. With ample availability of land in Indonesia, high seed 
sales, and high energy and vegetable oil prices, USDA (2007) 
expects Indonesia to remain the world’s highest producer of 
palm oil for many more years.

According to Directorate General of Estate Crops (2014), oil palm 
is grown in 23 out of 33 provinces in Indonesia, with most oil palm 
plantations located in Sumatra (80%) and the rest in Kalimantan 
(17%), Sulawesi (2%), and Java and Papua New Guinea (1%). Over 
half of Indonesia’s oil palm plantations are private-owned (52%) 
and the remaining are owned by smallholders (39%) and the 
government (8%). The size of private- and government-owned 
oil palm plantations is between 3,000 to 20,000 ha, whereas 
smallholder plantations are smaller than 50 ha, averaging 2 ha 
each (Pauli et al., 2014).

Over the last 10 years, the average palm oil yield in Indonesia 
has been 3.3 t ha-1, with some plantations obtaining yields 
up to 6 to 8 t ha-1. Yield differences between plantations are 
large, but on average, government-owned plantations have the 
highest average oil yields (3.7 t ha-1), followed by private-owned 
plantation (3.2 t ha-1), and smallholders (2.8 t ha-1) (Directorate 
General of Estate Crops, 2014). Although many factors can 
affect palm yields, Donough et al. (2009) remarked that high 
palm yields are more strongly linked to better management 
practices than to more favorable environmental conditions. One 
essential management practice in oil palm plantations concerns 
conserving the soil fertility and water, but this practice is not 
widely followed, particularly by the smallholders (Comte et al., 
2012).

Protecting the soil against degradation is an important challenge 
in any agriculture field, but especially so for oil palm plantations. 
This is because more than 95% of oil palm in Southeast Asia is 

Table 1. Mean properties of some soils commonly planted with oil palm in Southeast Asia (adapted from Mutert, 1999).

Soil order pH Organic C 
(%) Total N (%) Available P 

(mg kg1)
Exchangeable (cmol kg1)

Ca Mg K Al
Histosols 3.8 24.5 1.1 35 0.85 1.56 0.24 9.50
Inceptisols 4.1 2.5 0.2 18 0.18 0.20 0.32 12.50

Oxisols 4.4 1.5 0.2 11 0.57 0.37 0.20 1.90

Ultisols 4.5 1.1 0.1 9 0.46 0.11 0.10 1.30
Andisols 4.8 6.4 0.5 8 1.86 0.25 0.07 0.80
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planted on highly weathered acidic soils that have low fertility 
and low buffering capacities (Table 1). These soils, predominantly 
from soil orders Inceptisols (which comprise 39% of all Indonesia’s 
soils; Tan, 2008), Ultisols (24%), Oxisols (8%), and Histosols (7%), 
are characterized by low pH (<5) and have very low to low N, 
available P, and exchangeable K for oil palm (Table 1 and 2). Half 
of these soils also have low exchangeable Mg. Consequently, 
large amounts of fertilizers are required to mitigate the soil’s low 
fertility and to boost oil palm yields.

Indonesia’s use of fertilizers grew by 31% between 1971 to 2007, 
making this country one of the largest users of mineral fertilizers 
in Southeast Asia (Selman et al., 2008). Oil palm is the second 
largest user of mineral fertilizers in Indonesia, consuming nearly 
a third, or 1.5 mil. t, of all NPK fertilizers in Indonesia between 
2010 to 2011 (Heffer and Prud’homme, 2013).

This high use of fertilizers in Indonesia also means that the cost 
of fertilizers is typically 50-70% of field operational cost and 
25% of the total production cost of palm oil (Goh and Härtner, 
2003). Besides incurring high costs, continuous and high 
application of mineral fertilizers will further lower the soil’s pH 
and buffering capacities, increasing the risk, for instance, of Al 
and Mn toxicities which could damage the oil palm roots (Lee 
et al., 2013). Moreover, high application of N-based fertilizers 
risks large amounts of N being leached to water sources (causing 
eutrophication, for instance) and the emission of nitrous oxide, a 
greenhouse gas more potent than carbon dioxide, which could 
in turn help to form ground-level ozone, a gaseous pollutant that 
could damage the oil palm leaves, disrupt photosynthesis, and 
ultimately, reduce yield.

Consequently, there is a growing interest in Indonesia to rely less 
on mineral fertilizers by increasing the use of organic fertilizers. 
IPNI (International Plant Nutrition Institute), for instance, has 
developed a series of management practices, known as BMP 
(Best Management Practices), which aims to increase the 
productivity in oil palm plantations, one of which is through 
better nutrient management and crop recovery by increasing 
the use of organic fertilizers and returning the oil palm biomass 
to the fields (Pauli et al., 2014). Unfortunately, there is scant data 
available on fertilizer practices in industrial plantations, let alone 
smallholder plantations, in Indonesia. Moreover, few long-term 
studies have been carried out in Indonesia to examine the effects 
of mineral and organic fertilizers applications on the soil and oil 
palm properties. One of the few such studies is by Comte et 
al. (2013) who observed that soils receiving regular applications 

of organic fertilizers for seven years produced soils with higher 
pH, organic carbon, cation exchange capacity (CEC), and total N 
than soils receiving regular applications of only mineral fertilizers.

Could oil palm biomass be used as organic fertilizer? How 
effective is it and how much should be applied? And finally, what 
are the detriments on soil fertility if the oil palm biomass was 
removed from the fields? To answer these questions, this paper 
will review: 1) the availability of several types of oil palm biomass 
and their usage in Indonesia, 2) the nutrient content and field 
decomposition rate of these biomass types, 3) the effects 
these biomass types have on soil properties and oil palm when 
these biomass types are used as soil mulch, and 4) the nutrient 
demand of oil palm and the nutrient sources and losses in an oil 
palm plantation.

3. Oil palm biomass availability and nutrient 
content

Oil palm is Indonesia’s largest source of agriculture biomass. 
Indonesia is estimated to have generated 246 mil. t of 
agricultural biomass in 2012 (Conrad and Prasetyaning, 2014), 
but this value is grossly underestimated because it excludes the 
sizeable contribution from oil palm fronds (OPF) and trunk (OPT) 
(Table 3).

Crude palm oil (from the mesocarp) and crude palm kernel oil 
(from the kernel) make up only 10% of the whole oil palm tree or 
21% of the oil palm’s fresh fruit bunches (FFB) (Fauzianto, 2014). 
So, this leaves 90% of the oil palm tree as potential biomass. 
The oil palm’s standing biomass varies depending on tree age 
and planting density. At 1.5 years old, the standing biomass of 
oil palm at 148 palms ha-1 is 10.4 t ha-1, which could increase 
to more than 90 t ha-1 for eight-year-old palms (Table 4). Most 
of the young palm’s standing biomass is from the fronds (78%), 
but as the palm ages, the contribution of the fronds to the tree’s 
standing biomass declines to about 20% at nearly 28 years of 
age. In contrast, the biomass partitioning to the trunk increases 
from about 11 to 56% within this same period. The biomass 
partitioning to the roots, however, fluctuates between about 10 
to 25%, averaging at 16%.

96% of the oil palm’s total annual dry matter production is 
aboveground (trunk, fronds, and bunches) (Corley and Tinker, 
2007), and the amount of nutrients stored in the oil palm standing 
biomass is huge. Ng et al. (1968), for instance, reported that the 

Table 2. Classification of soil fertility for oil palm (adapted from Goh, 1997; Mutert, 1999).

Fertility status pH Organic C (%) Total N (%)
Total P (mg 

kg1) 
Available P 

(mg kg1)
Exchangeable (cmol kg1)

Mg K
Very low <3.5 <0.8 <0.08 <120 <8 <0.08 <0.08
Low 4.0 1.2 0.12 200 15 0.20 0.20
Moderate 4.2 1.5 0.15 250 20 0.25 0.25
High 5.5 2.5 0.25 400 25 0.30 0.30
Very high >5.5 >2.5 >0.25 >400 >25 >0.30 >0.30
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Table 3. Annual availability of various oil palm biomass types in Indonesia (in 2013).

Biomass Estimated annual fresh 
weight (mil. t)

Fresh fruit bunches (FFB) - 100% 133.6

Palm oil mill effluent (POME) - 58% 77.5

Empty fruit bunches (EFB) – 21% 28.1

Mesocarp fibers – 15% 20.0

Kernel shells – 6% 8.0

Fronds (OPF)

From pruning activity 277.3

From replanting activity 21.6

Total 298.9

Trunk (OPT) * 134.4

Total 566.9

* based on 5% replanting rate

Sources: Astimar (2014); Conrad and Prasetyaning (2014)

Table 4. Standing biomass of oil palm.

Age
(years)

Density
(palms ha-1)

Biomass dry weight (t ha-1) Partitioning (%)

Fronds Trunk Roots Total Fronds Trunk Roots
1.5 148 8.0 1.1 1.3 10.4 76.9 10.6 12.5

2.5 148 19.6 2.9 2.4 24.9 78.7 11.6 9.6

4.5 122 12.7 6.0 4.4 23.1 55.0 26.0 19.0

6.5 122 14.4 10.7 5.0 30.1 47.8 35.5 16.6

8 130 25.5 21.2 14.1 60.8 41.9 34.9 23.2

8 130 44.4 39.3 9.7 93.4 47.5 42.1 10.4

8.5 122 12.2 13.7 5.4 31.3 39.0 43.8 17.3

10.5 122 19.7 19.0 6.0 44.7 44.1 42.5 13.4

14.5 122 20.5 29.8 8.4 58.7 34.9 50.8 14.3

17 128 12.2 37.2 16.4 65.8 18.5 56.5 24.9

17.5 122 17.1 36.9 7.5 61.5 27.8 60.0 12.2

27.5 122 14.1 37.7 16.0 67.8 20.8 55.6 23.6

Sources: Rees and Tinker (1963), Corley et al. (1971), Dufrêne (1989), Lamade and Setiyo (1996)

standing biomass for 14-year-old oil palm trees at 136 palms ha-1 
was 94 t ha-1, with biomass nutrient levels for N, P, K, Mg, and Ca 
at 588, 58, 1112, 151, and 173 kg ha-1, respectively.

The palm oil industry generates huge amounts of wastes and 
residues, and they can be categorized into two groups: 1) those 
from harvesting and replanting in plantation fields, and 2) those 
from the milling process in the palm oil mills.

The biomass from the plantation fields are in the forms of OPF 
and OPT. One or two fronds are typically pruned once a month 
in mature oil palm plantations (Moraidi et al., 2012), and this 
activity generates a dry weight of 12 t OPF ha-1 yr-1. Replanting 
of oil palm trees occurs once every 25 years, and this further 
generates dry weights of 14 t OPF ha-1 yr-1 and 74.5 t OPT ha-1 
yr-1 (Astimar, 2014). In 2005, for instance, 43.05 mil. t OPF and 
13.95 mil. t OPT were generated by the Indonesian plantations 
(Yuliansyah et al., 2012).
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There are currently 608 palm oil mills in Indonesia with a handling 
capacity of between 10 to 60 t FFB hr1, with the most common 
capacity being about 40 t FFB hr1 (Yuliansyah et al., 2012). 
Every 1 t FFB hr1 services roughly 200 ha of oil palm plantation 
(Yuliansyah et al., 2012), and for every 1 t of FFB, the mills would 
generate an average of 0.21 t of EFB, 0.15 t of mesocarp fiber, 
0.6 t of kernel shells, 0.2 m3 of POME (palm oil mill effluent), and 
0.6 to 1.2 m3 of waste water (Yusoff, 2006; Hambali et al., 2010). 
Annually, 27,000 t EFB and 96,000 m3 POME are produced by a 
30 t FFB hr1 capacity mill with an input of 120,000 t FFB.

Consequently, large amounts of oil palm biomass and wastes are 
generated in Indonesia each year (Table 3). The FFB productivity 
in Indonesia varies between 10-12 t ha-1 in smallholder 
plantations to 18-24 t ha-1 in more well-managed plantations or 
in plantations in North Sumatra due to the more fertile soils there 
(Sharma, 2013). Nonetheless, since 1990, Indonesia’s mean FFB 
productivity has been between 15 to 20 t ha-1 yr-1, with an average 
of 17 t ha-1 (Arifin et al., 1998; Rathod, 2011; Sharma, 2013). 
In 2013, Indonesia’s total land area for oil palm, as mentioned 
earlier, was 10.5 mil. ha, 75% of which were FFB-producing areas 
(Directorate General of Estate Crops, 2014). Consequently, it is 
possible to estimate the total FFB produced in Indonesia (Table 
3), and from the total FFB produced, the availability of other 
biomass: EFB, fiber, shells, and POME (using the average FFB 
partitioning of 58, 21, 15, and 6% for POME, EFB, fibers, and 
shells, respectively). The OPF and OPT biomass weights are 
calculated by using the fresh weights of 35.3 t OPF ha-1 (pruning), 
41.2 t OPF ha-1 (replanting), and 256.9 t OPT ha-1 (replanting), 
where the average moisture content for OPF and OPT are about 
66 and 71%, respectively (Table 5). The replanting rate for oil 
palm is taken as 5% of total oil palm land area (Astimar, 2014).

From Table 3, nearly 570 mil. t of oil palm biomass was generated 
in 2013, and this figure is expected to increase in view of oil 
palm’s continuous expansion in Indonesia. Ways must be found 
to reuse or recycle this biomass in a sustainable manner. The 
current practice is to reuse the palm fiber and a portion of the 
shells as boiler fuel in the mills, whereas the remaining shells 
are sold to other factories for boiler fuel as well. The EFB and 

POME, on the other hand, are transported back to the oil palm 
plantations to be reused as fertilizers (Corley and Tinker, 2007; 
Comte et al., 2012).

POME is a brownish or grayish colloidal suspension produced at 
the final stages of the milling process. POME is acidic (pH between 
4.4 to 5.4) and has a high chemical oxygen demand (COD) and 
biochemical oxygen demand (BOD) of 49.0 to 63.6 and 23.5 to 
29.3 g L1, respectively, and total solids and dissolved solids of 
26.5 to 45.4 and 17.1 to 35.9 g L1, respectively (Mahajoeno et 
al., 2008). POME has a high average BOD of about 100 times 
that of raw domestic sewage (Mohd Tayeb et al., 1988). Wood 
et al. (1979) reported that although POME could readily cause 
water-clogging of soils, controlled application of small quantities 
of POME at a time could circumvent this potential problem. With 
controlled applications, POME was observed to increase the 
levels of soil N, P, Ca, and Mg (Oviasogie and Aghimien, 2003), 
without polluting the groundwater or leading to large runoff 
losses even during wet weather (Wood et al., 1979; Dolmat et 
al., 1987).

After POME has been purified at the mills, it is distributed to 
nearby plantations via pipelines. However, due to the high cost 
of installing and maintaining these pipelines, pipeline delivery of 
POME is typically practical only for plantations located within 3 
km from mills (Corley and Tinker, 2007). POME can alternatively 
be applied via the irrigation system (sprinkler, furrow, flatbed, 
and long bed) or by being carted into fields by trucks (Redshaw, 
2003). But application of POME in this way would not be even, 
risking some areas of the field being over- and under-applied 
with POME (Corley and Tinker, 2007).

EFB, like POME, is also transported back to the plantations and 
used as soil mulching material and fertilizer. Since the 1980s, 
both EFB and POME have been used as organic fertilizers 
(Comte et al., 2013). However, one notable disadvantage of 
EFB has always been its large physical size, making it costly to 
store and to transport back to the plantation fields. One truck 
can typically carry no more than 5 t EFB at a time. Due to its 

Table 5. Mean chemical composition of oil palm leaflets (LFT), rachis (RAC), fronds (OPF), empty fruit bunches (EFB), Ecomat (ECO), trunk (OPT), and 
raw palm oil mill effluent (POME)

Property LFT RAC OPF EFB ECO OPT POME
C (%) 50.90 48.79 49.94 48.64 48.47 34.14 31.50
N (%) 2.33 0.44 1.24 0.87 0.60 0.26 4.70
P (%) 0.11 0.02 0.05 0.05 0.03 0.05 0.80
K (%) 1.34 1.72 1.51 1.89 1.13 0.26 4.00
Ca (%) 1.09 0.42 0.64 0.20 0.17 0.56 1.90
Mg (%) 0.16 0.03 0.07 0.12 0.05 0.04 1.20
Lignin (%) 24.96 20.96 22.45 28.50 29.45 1.83 5.31
C/N 22.53 112.77 41.38 56.15 82.09 176.10 6.70
Lignin/N 10.74 47.53 18.16 32.65 49.08 70.38 11.30
Moisture (%) 68.02 64.10 65.57 64.17 12.58 71.20 95.00

All percentages are on a dry weight basis

Sources: Moraidi et al. (2012, 2014), UNEP (2012), Wan Razali et al. (2012), Taqwan (2013)
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large size, EFB is also more difficult to apply in the fields. The 
large physical size of EFB can greatly be reduced by incinerating 
the EFB into ash, where the resultant ash is a mere 2% of the 
weight of EFB (Redshaw, 2003). The bunch ash contains (in 
percent dry weight) 42% C, 0.8% N, 0.06% P, 2.4% K, and 0.2% 
Mg (Yuliansyah et al., 2012), and is a source of K-rich fertilizer. 
Bunch ash is also strongly alkaline with a pH of 12 which can be 
useful to ameliorate peat and acid sulfate soils (Redshaw, 2003). 
Nonetheless, bunch ashing is an environmental hazard because 
ashing produces dangerous particulates and gases such as SO2, 
CO2, CO, and NO. Considerable energy is also lost during EFB 
incineration. Consequently, EFB incineration for bunch ash is no 
longer practised today.

One recent method to reduce EFB’s bulkiness is to compress the 
EFB into a carpet-like material (20 mm in thickness) known as EFB 
mat or Ecomat (ECO). According to Yeo (2007), ECO is produced 
by shredding the EFB into its raw fiber and then combed out, 
after which EFB undergoes a high-pressure hydraulic press to 
remove impurities such as water, sludge, and oil traces. EFB is 
then dried, using high temperature, to about 15% gravimetric 
water content before being trimmed to the desired size. Ecomat 
is less bulky, more flexible (e.g., can be rolled up), and easier to 
handle than EFB. However, Moraidi et al. (2012, 2014) reported 
that the high heat and pressure used to turn EFB into ECO had 
reduced the nutrient concentration of N, P, K, Ca, and Mg in the 
mulch by 30 to 70% and increased the C/N ratio by two times, 
making it harder to decompose in the field.

Another way to reduce EFB’s bulk is to compost it together with 
POME, typically in a 1:3 ratio (EFB:POME) by weight. Composting 

is typically done in windrows that are fully opened (or at least 
closed for only the first few weeks of composting), measuring 
3 m wide and 2 m high, and where the windrows are frequently 
turned to increase aeration (Redshaw, 2003). The time taken to 
complete composting varies from 10 to 22 weeks, depending on 
the desired composting properties such as achieving an initial 
20 to 40 C/N ratio, 45-65% moisture content, 43-65 °C process 
temperature, 5% oxygen level, and a particle size below 50 
mm (Lord et al., 2002). Composting not only reduces the EFB’s 
volume by up to 70% (Redshaw, 2003) but also concentrates 
the nutrients and lowers the C/N ratio (thus, increasing the rate 
of biomass decomposition and nutrients release in the field). 
However, as for ECO, composting would reduce the nutrient 
levels, but by a smaller margin of 10 to 30% for macronutrients 
(Abner and Foster, 2006).

Tohiruddin and Foster (2013) composted EFB with POME (1:3 
ratio by weight) in an open windrow system over 25 days. They 
observed that compost applications of 10 to 20 t ha-1 yr-1 for 
three years increased oil palm yields by 16 to 21%, increased soil 
K and Mg by 133 to 150%, and increased leaf N, P, and Mg levels 
by 2 to 9%. The EFB-POME compost of 15 t ha-1 they produced 
was equivalent to 105 kg N (or 1.9 kg urea), 16 kg P (1.0 kg 
rock phosphate), 168 kg K (2.5 kg muriate of potash), 26 kg 
Mg, and 1.8 kg S. Using this amount of compost, as calculated 
by Tohiruddin and Foster (2013), would also save the cost of 
mineral fertilization by between 39 to 177%.

Pruned oil palm fronds (OPF) are placed in frond heaps between 
planting rows, where these heaps act as soil mulch and fertilizer. 
During replanting, the oil palm tree is often cut down and the 

Table 6. Fertilizer equivalent (kg) of one tonne (fresh weight) of oil palm fronds (OPF), empty fruit bunches (EFB), Ecomat (ECO), oil palm trunk (OPT), 
and raw palm oil mill effluent (POME)

Fertilizer equivalent* OPF EFB ECO OPT POME
Urea (46% N) 9.3 6.8 11.4 1.6 5.1

Rock phosphate (30% P2O5) 1.3 1.3 2.0 1.1 3.0

Muriate of potash (60% K2O) 10.4 13.6 19.8 1.5 4.0

Kieserite (17% Mg) 1.4 2.5 2.6 0.7 3.5

* fertilizer equivalence calculated using the biomass’ respective nutrient and moisture content from Table 5

Table 7. Total amount of carbon and nutrients (in kg ha-1 yr-1) added to soils if all of Indonesia’s (in 2013) annual amount of oil palm fronds 
(OPF), empty fruit bunches (EFB), Ecomat (ECO), oil palm trunk (OPT), and raw palm oil mill effluent (POME) were applied uniformly 
in all the country’s oil palm plantations.

Element OPF* EFB ECO OPT POME
C 6055.2 491.7 489.9 25434.3 116.6

N 150.3 8.8 6.1 193.7 17.4

P 6.1 0.5 0.3 37.3 3.0

K 183.1 19.1 11.4 193.7 14.8

Ca 77.6 2.0 1.7 417.2 7.0

Mg 8.5 1.2 0.5 29.8 4.4

* mean fresh weight (t ha-1 yr-1) applied for OPF = 35.7, EFB = ECO = 2.8,OPT = 256.9, and POME = 7.4
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trunk cut or chopped into smaller pieces and left on the ground 
to decompose. However, due to the very high C/N ratio of oil 
palm trunks (OPT) (Table 5), the trunk can take as long as two 
to three years to fully decompose in the field (Kee, 2004). The 
trunk can also be shredded or pulverized into much finer pieces 
to increase their decomposition rate, but this remains a rare 
practice due to the high cost and lack of availability of trunk 
shredder machines.

Using these various oil palm biomass types as fertilizer is highly 
advantageous because they contain many essential nutrients 
(Table 5) needed by oil palms which would otherwise be lost if 
this biomass were removed from the fields. Reusing it as fertilizer 
also reduces the amount of mineral fertilizers eeded (Table 6). 
The total amount of carbon and nutrients added to the oil 
palm plantations in Indonesia in 2013, as shown in Table 7, was 
calculated by assuming that all of the oil palm biomass that was 
produced in the country (in the amounts as shown in Table 3 and 
with their respective carbon and nutrient concentrations in Table 
5) were applied uniformly in all of Indonesia’s oil palm plantation 
fields.

4. Biomass decomposition and nutrient 
release rates

Applying biomass in the form of crop residues or wastes as a 
soil mulch is an effective method to protect the soil against 
degradation and to conserve or increase soil fertility. At least 
70% ground cover is considered sufficient for full soil protection 
(Morgan, 2005). By covering the soil surface with organic 
materials, for instance, the surface is physically protected against 
water erosion such as by rain splash impact and runoff, reducing 
soil and nutrient losses. Covering the soil surface with mulch 
also reduces weed growth and in particular, soil water loss by 
evaporation.

Conserving soil water is an important practice particularly 
when the oil palm trees are still young and their canopies 
small, leaving large gaps on the ground surface exposed to the 
weather elements. Although oil palm is grown in the tropics, 
which are characterized by high annual rainfall of about 3,000 
mm, oil palm continues to suffer from periodic water stress. This 
is because countries like Malaysia and Indonesia experience 
monsoonal rains (wet and dry seasons between November to 
March and June to October, respectively) and high atmospheric 
evaporation demand due to high air temperatures. Tohiruddin 
et al. (2006), for instance, found that oil palm yields in North 
and South Sumatra were strongly related to the annual rainfall 
(Fig. 1), where, on average, every 1 t ha-1 yr-1 increase in FFB 
yields would require an additional 300 mm of annual rainfall. 
Irrigation studies very often too report that oil palm yields can 
be increased, sometimes by as much as 56% (Palat et al., 2000) 
or 167% (Foong, 1999), when the crop is provided with daily 
additional water. Nonetheless, supplementing rainfall with 
irrigation in large scale oil palm plantations remains impractical 
due to high cost. Therefore, it is crucial to instead practise water 
conservation methods. Moraidi et al. (2015) estimated that the 
application of EFB, ECO, and OPF as mulch would allow the oil 

palm to endure a maximum of 10, 8, and 8 incessant dry days, 
respectively, before the crop begins to experience water stress.

Fig. 1. FFB (fresh fruit bunches) yield response to rainfall in oil 
palm plantations in North and South Sumatra (after Tohiruddin et al., 
2006).

Soil mulching with organic materials not only offers physical 
protection to the soil but also acts as a rich source of nutrients. 
When organic materials are added to the soil, they are attacked 
by soil biota to obtain C and energy for the biota’s growth and 
reproduction. These attacks release C and the biomass nutrients 
into the soil nutrients pool. However, some of these nutrients 
are lost through runoff and leaching. How fast and how much 
these nutrients are released depend on several factors, which 
are: 1) the characteristics of the organic materials (such as the 
organic matter quality), 2) climate, 3) soil microbial activities, 4) 
the nutrient concentrations in the organic material, and 5) the 
amount of organic materials added to the soil.

4.1. Mass loss

Mass loss of organic mulch follows a temporal exponential 
decrease, where mass loss is initially rapid then increasingly 
slows down with time (Fig. 2). The slope (k) of the exponential 
function describes how quickly an organic material decomposes, 
where the larger the slope or k value (ignoring the negative sign), 
the faster the material decomposes. Mass loss is initially rapid 
because the more easily decomposable material components 
(such as soluble sugars, amino acids, organic acids, cellulose, 
and hemicellulose) decompose faster than the more recalcitrant 
components (such as lignin and waxes).
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Fig. 2. Changes in dry matter mass loss (100% - %dry matter 
remaining) due to decomposition, as described by an exponential 
function, where a and k are empirical coefficients. 

Note: The slope of the curve (k), however, is of particular importance 
because it measures how quickly the biomass decomposes. The larger 
the k (ignoring the negative sign), the faster the biomass decomposes.

Organic matter quality denotes how fast an organic material 
decomposes (Swift et al., 1979; Brady and Weil, 2002). The 
quality of an organic material can be characterized by several 
parameters such as N, P, lignin, and polyphenol contents, as 
well as taking the ratios of C/N, lignin/N, polyphenol/N, and 
(Iignin+polyphenol)/N (Yavitt and Fahey 1986; Melillo et al., 
1989; Taylor et al., 1989; Tian et al., 1992; Seneviratne, 2000; 
Nicolardot et al., 2001; Soon and Arshad, 2002). However, the 
most often used indicators of organic matter quality are C/N 
and lignin/N ratios, where the lower these ratios, the higher the 
organic material quality and the faster the material decomposes. 

Consequently, based on these two ratios, the organic matter 
quality for the oil palm biomass types from Table 5 declines in 
the following order: POME > LFT > OPF > EFB > ECO > RAC 
> OPT.

Moraidi et al. (2012, 2014) are perhaps the only ones who 
have studied the simultaneous decomposition and nutrient 
release rates of EFB, OPF (and its LFT and RAC components), 
and ECO in the same environment. They reported that mass 
loss was most rapid for LFT, followed by EFB, then ECO, OPF, 
and RAC (following the order of organic matter quality, as 
given earlier). After eight months of field decomposition, LFT 
had lost 86% of its initial mass, EFB 79%, OPF 68%, and RAC 
58%. The overall decomposition rate (k) for these oil palm 
residues are as shown in Table 8, and from these values, it is 
possible to estimate how long these residues would reach 10% 
of their initial weights. Moraidi et al. (2012, 2014) calculated 
that LFT, due to its highest decomposition rate, would reach 
10% of its initial mass in 9 months, followed by EFB in 12 
months. ECO, OPF, and RAC would take longer than a year: 
13, 15, and 19 months, respectively. At the beginning, OPF 
comprised 35% LFT and 65% RAC, but over a period of eight 
months of decomposition, the LFT fraction reduced to 15% 
and RAC increased to 85% (Fig. 3). The increasing proportion 
of the recalcitrant RAC to the easily decomposable LFT is one 
reason why the decomposition of OPF slows down with time.

Fig. 3. Changes in the fraction of oil palm rachis (RAC) and 
leaflets (LFT) in the fronds during frond decomposition (from Moraidi et 
al., 2014).

Other studies have reported similar observations to that by 
Moraidi et al. (2012, 2014). Wingkis (1998) and Zaharah and 
Lim (2000), for example, observed that EFB lost 50% of its dry 
matter weight within 3 months, 70% within 8 months (Zaharah 
and Lim, 2000), and 90% within 10 months (Wingkis, 1998). 
Nevertheless, EFB decomposition would become much faster 
if N and P fertilizers were added to the soil to accelerate the 
mineralization process. Caliman et al. (2001) reported that 50% 
of EFB weight was lost just within the first month when additional 

Table 8. Decomposition rate constant (k) for several oil palm biomass 
types.

Biomass types k (% month1)
Leaflets (LFT) 0.26

Rachis (RAC) 0.12

Fronds (OPF) 0.15

Empty fruit bunches (EFB) 0.20

Ecomat (ECO) 0.18

Trunk (OPF)

Shredded (pulverized) 0.11

Chopped 0.07

Sources: Kee (2004), Teh et al. (2011), Moraidi et al. (2012, 2014), 
Taqwan (2013)
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N and P fertilizers were applied with EFB. ECO experienced 
slower decomposition than EFB. ECO lost 55% of its weight 
within 6 months, followed by nearly complete mass loss within 
12 months (Wan Asma, 2006). Khalid et al. (2000) observed a 
faster decomposition rate for LFT than for RAC. LFT and RAC, 
they reported, lost 90% of their weights within 12 and 18 months, 
respectively.

In the past, oil palm replanting involved burning the oil palm 
trunks and other biomass during land clearing activities. Besides 
contributing to air pollution, burning the biomass also greatly 
reduces the N and S content in the system (Redshaw, 2003). 
Since 1999, Indonesia, together with other ASEAN countries, 
has adopted the zero burning policy, where felled trunks, along 
with other biomass, are left to decompose naturally in the 
fields (ASEAN Secretariat, 2003). This practice of zero burning 
is much more environmentally friendly than burning, but the 
decomposing felled trunks can become nests to pests such as 
the Oryctes beetles and rats, as well as a host to the Ganoderma 
fungus disease. One way to reduce these problems is to chop 
or shred the felled trunks into smaller pieces, which would also 
increase the total surface area for a faster decomposition rate.

Although experience have shown us that oil palm trunks 
take the longest to fully decompose in the field compared to 
other oil palm biomass, their decomposition is perhaps the 
least rigorously studied of all oil palm biomass types. Taqwan 
(2013) and Nurul Hidayah (2014) observed that the mass loss 
of shredded OPT, like other biomass types, also followed an 
exponential decrease. Mass loss was initially rapid because 
the easily decomposable inner parts of the trunk such as the 
soft parenchyma tissues and vascular bundles were first to 
decompose, leaving behind the more recalcitrant components 
such as the outermost lignified layer of the trunk (Khalid et al., 
2000). After five months of decomposition, shredded OPT had 
lost about 45% of its initial mass. The decomposition rate (k) of 
shredded OPT was determined by Nurul Hidayah (2014) as 0.11 
% month1, and at this rate, shredded OPT would reach 10% of 
its initial weight in nearly two years (23 months).

Shredding the trunk into finer pieces increased the OPT’s 
decomposition rate because of the higher total surface area 
exposed for soil biota to attack. Kee (2004) observed that 
merely chopping the OPT (cutting the trunk into large wedges or 
blocks) resulted in a much slower decomposition rate, such that 
the chopped OPT took 18 months to lose 72% of its initial mass. 
With the calculated decomposition rate (k) of 0.07 % month1, 
chopped OPT would take nearly three years (32 months) to 

reach 10% of its initial mass. Consequently, trunk decomposition 
in the field can be hastened by about 1.5 times if the trunk is 
shredded rather than chopped, which is usual in today’s practice. 
And despite having a lower organic matter quality than RAC, 
the OPT, if shredded, has a similar decomposition rate as RAC 
(Table 5 and 8).

4.2. Nutrients release

How fast and how much nutrients are released into the soil 
depends on several factors, three of which, as mentioned earlier, 
are the amount of organic material added to the soil, nutrient 
concentrations in the organic material (e.g., Table 5), and the 
decomposition rate of the organic material (e.g., Table 8).

Moraidi et al. (2012, 2014) studied the simultaneous 
decomposition and nutrient release of OPF (which comprises 
LFT and RAC), EFB, and ECO in the same environment. They 
applied each biomass type as soil mulch at 37 t ha-1 yr-1. This 
rate is similar to that practiced in large oil palm plantations. In 
Indonesia, EFB is typically applied at a rate of about 40 to 60 
t ha-1 yr-1 (Caliman et al., 2001; Pauli et al., 2014), where EFB 
are heaped between four palms so that each EFB heap covers 
approximately 30 m2 land surface area (Moraidi et al., 2012, 
2013). Oil palm fronds, as mentioned previously, are pruned 
once a month where one or two fronds are removed per tree. 
This pruning activity supplies an annual total of 3,552 OPF 
(assuming two pruned fronds per month per tree in a 148 palms 
ha-1 area) which in turn provides 37 t ha-1 yr-1 of OPF, where 
one fresh frond weighs 10.5 kg (Moraidi et al., 2012, 2014). In 
normal field practice in oil palm plantations, the pruned fronds 
are heaped along every alternate planting row, covering 60% 
of total plantation land area (Moraidi et al., 2012, 2014). ECO is 
still not widely available; thus, its use as a mulching material is 
seldom practised in oil palm plantations. Nonetheless, Moraidi 
et al. (2012, 2014) applied ECO as a single mat layer between 
four palms at the same rate of 37 t ha-1 yr-1 , where each ECO 
mulching site covered 8 m2 area. Table 9 shows the amount of 
fresh and dry matter weight from mulch added per unit surface 
area for each biomass type, using the moisture and C contents 
of the respective biomass type from Table 5.

Biomass weight loss, as discussed earlier, follows an exponential 
decrease with time (Fig. 2). Thus, nutrient release would also 
follow a similar decreasing trend: nutrients will be released 
faster and at larger amounts at the beginning than at the later 
stages of biomass decomposition. Of the five oil palm biomass 

Table 9. Amount of fresh and dry matter added over the mulched area by oil palm fronds (OPF), empty fruit bunches (EFB), and Ecomat (ECO). 

Annual application of mulch OPF EFB ECO
Fresh mulch applied (kg m-2 yr-1) 12.4 33.3 3.7

Dry matter in mulch (%) 34.4 35.8 87.4

Dry matter applied from mulch (kg m-2 yr-1) 4.3 11.9 3.2

C applied from mulch (kg m-2 yr-1) 2.1 5.8 1.6

Source: Moraidi et al. (2013)
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types, LFT released their nutrients the fastest and after eight 
months of decomposition, 90% or more of their nutrients had 
been released, the highest among all the oil palm biomass types 
(Table 10). In contrast, RAC, followed by ECO, released their 
respective nutrients the slowest. Recall that LFT have the highest 
initial concentration of nutrients (except for K) and the highest 
organic matter quality, and RAC and ECO the two lowest for 
both properties (Table 5).

OPF, which comprise both LFT and RAC, released nutrients at 
rates that were either significantly higher (for N and Ca) or not 
significantly different (for P and Mg) than EFB. The industrial 
process of using high heat and high pressure to convert EFB into 
ECO had resulted in a loss of some nutrients in ECO, as well as 
a decrease in its organic matter quality. Compared to ECO, EFB 
had higher concentrations particularly for N, K, and Mg. Thus, 
as expected, EFB released N, K and Mg nutrients at significantly 
higher rates than ECO.

The C/N ratios for all oil palm biomass types decrease with time 
(Table 10). Biomass with lower organic matter quality (RAC, 

ECO, and EFB) experienced larger decreases in their respective 
C/N ratios than those with higher organic matter quality (LFT 
and OPF). The mean monthly reduction in C/N ratio for RAC, 
ECO, EFB, OPF, and LFT was 9.0, 7.9, 5.4, 1.5, and 0.5 units, 
respectively. Rosenani and Hoe (1996) recorded that EFB’s C/N 
ratio declined from 57 to 31 in 15 weeks of EFB decomposition. 
The C/N ratio of biomass declines with time because of the 
slower mineralization rate of N than the rate of C loss (Moraidi 
et al., 2012, 2014).

Different nutrients in organic materials are released at different 
rates. Khalid et al. (2000) found that the release rates of nutrients 
from the OPF were in the order of K > Ca > Mg > P > N, and that 
LFT, due to their higher decomposition rate, had higher release 
rates for all these nutrients as compared to RAC. Similarly, Lim 
and Zaharah (2002) found that 90% K in EFB was released within 
just six months, compared to nearly none for N even after 10 
months. They observed only significant amounts of N released 
in the second year of EFB mulch application. Likewise, Rosenani 
and Wingkis (1999) observed only 50% of EFB’s N released within 
nine months of EFB decomposition, and in studies by Moraidi et 

Table 10. Temporal carbon and nutrient release (%) by the decomposition of oil palm leaflets (LFT), rachis (RAC), fronds (OPF), empty fruit bunches 
(EFB), and Ecomat (ECO).

Decomposition 
(months) Properties LFT RAC OPF EFB ECO

3 C 67.3 44.3 52.6 57.4 54.8

N 49.0 2.3 36.7 9.7 2.8

C/N 14.7 64.7 34.2 26.0 38.5

P 42.9 14.8 35.4 19.2 15.2

K 65.2 37.1 45.0 55.5 50.8

Ca 48.8 18.6 36.9 28.3 22.8

Mg 43.3 14.7 36.8 36.6 27.6

6 C 88.7 64.2 73.3 82.7 78.4

N 84.2 12.9 66.1 38.7 36.5

C/N 16.8 48.7 35.5 15.8 27.2

P 83.4 27.6 67.7 49.2 45.8

K 93.2 72.9 78.4 87.3 78.2

Ca 87.3 54.5 73.5 53.1 45.5

Mg 81.1 22.7 67.3 61.9 47.4

8 C 92.6 73.8 80.8 87.6 86.4

N 90.0 25.4 72.9 48.9 43.1

C/N 18.0 40.6 33.0 13.7 20.1

P 90.4 36.4 75.3 57.8 54.1

K 95.5 78.9 83.3 95.5 86.0

Ca 91.5 56.8 77.4 60.3 58.2

Mg 89.8 40.0 77.8 70.2 55.7

Source: Moraidi et al. (2012)
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al. (2012, 2014), nearly 50% of N released within eight months 
(Table 10). The slow release of N by EFB is due to EFB’s high C/N 
ratio (Table 5). Moore et al. (2006) reported that materials with 
high C/N ratios are more stable, retaining a greater proportion 
of their N at a given decomposition stage than materials with 
low C/N ratios. From Table 10, K is the nutrient most quickly 
released for all oil palm biomass types. K is released at a much 
faster rate than other nutrients because K is not a part of the 
structural element of plant biomass (unlike N and P) but a part 
of the plant cell sap. Consequently, K is more mobile than other 
nutrients and is quickly released even within the early stages of 
biomass decomposition. Moraidi et al. (2012, 2014) observed 
that the temporal nutrient release patterns for N, P, and Mg were 
similar with one another.

By multiplying the amount of dry matter added to the soil by 
OPF, EFB, and ECO (Table 9) with their respective nutrient 
concentrations (Table 5) and nutrient release rates (Table 
10), we could determine the total amount of C and nutrients 
released into per unit mulched land area after eight months of 
decomposition (Table 11).

EFB released the highest amount of C and nutrients (except 
for Ca) per unit mulched area compared to OPF and ECO. This 
is mainly because EFB had the highest loading rate, as well as 
having the higher K and Mg concentrations compared to both 
these biomass types (Table 5 and 9). In addition to ECO having 
the lowest loading rate, nutrient losses during EFB’s industrial 
conversion into ECO and ECO’s slower decomposition rate 
meant that ECO released the lowest amount of C and nutrients 
compared to EFB and OPF. Despite having nearly three times 

Table 11. Total amount of carbon and nutrients released over the mulched area from oil palm fronds (OPF), empty fruit bunches (EFB), and Ecomat 
(ECO) after eight months of biomass decomposition.

Element (g m-2) OPF* EFB ECO
C 1730 4990 1350
N 30 70 10
P 2 6 1
K 41 215 31
Ca 21 17 3
Mg 2 10 1

* dry weights 4.28, 11.93, and 3.23 kg m-2 for OPF, EFB, and ECO, respectively.

Source: Moraidi et al. (2012)

Table 12. Temporal carbon and nutrient release (%) by the decomposition of OPT (oil palm trunk) when the trunk is: a) chopped and b) shredded.

a) Chopped OPT

Decomposition (months) C* N P K Ca Mg
1 15.4 -22.0 -19.3 -8.5 -17.5 -14.0

3 38.7 -22.8 -8.8 8.5 -6.5 -8.7

6 43.1 -13.0 0.9 28.9 1.3 0.5

12 63.3 -28.5 9.6 66.2 5.0 -0.5

18 72.2 -1.6 36.8 79.6 2.4 55.0

* %C released from chopped OPT is estimated by taking the initial dry trunk biomass as 67 t ha-1 (Kee, 2004), decomposition rate as 0.07 % 
month1 (Table 8), and assuming a constant 34% C in the whole trunk (Table 5) throughout the decomposition period. 
Source: Kee (2004)

b) Shredded OPT

Decomposition (months) C N P K Ca Mg
3 42.2 -83.4 -0.7 67.4 0.0 30.8

6 65.7 -55.3 -51.2 92.5 -28.1 82.8

9 84.2 7.3 -13.7 95.3 66.7 87.9

12 88.8 26.9 19.2 96.7 72.6 96.0

Sources: Taqwan (2013), Nurul Hidayah (2014)
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lower loading rate than EFB, OPF still released a higher amount 
of Ca than EFB. This is because the Ca concentration in LFT 
(which is a component of OPF) is five times higher than EFB 
(Table 5). Nearly two-thirds of OPF’s weight is RAC (Fig. 3), and 
although RAC has a lower organic matter quality than ECO, 
OPF still released higher amounts of C and nutrients than ECO 
because OPF has a higher loading rate than ECO and about a 
third of OPF is the nutrient-rich and easily decomposable LFT.

OPT has the lowest organic matter quality. Consequently, it took 
the longest compared to OPF, EFB, and ECO to decompose. 
Very little Ca was released (< 5%) by chopped OPT even after 
18 months of decomposition (Table 12a). During the early stages 
of trunk decomposition, there was instead a net increase in the 
trunk nutrient concentrations, leading to negative (not positive) 
nutrient release rates. Even after 18 months, there was no net 
amount of N released by the trunk. Kee (2004) attributed this 
to the translocation of N from the soil into the trunk by the soil 
fungal colonies, N-fixation by soil microbes that have been 
stimulated by the increased availability of C sources, migration 
of small fauna into the decomposing trunk, and inputs from wet 
and dry depositions (such as N from rainfall). Despite a gradual 
loss of trunk biomass with time (70% loss within 18 months), 
most nutrients remained immobile in the trunk and very little 
were released. Only after 12 months of decomposition was there 
appreciable amounts released for P and Mg nutrients.

Shredding or pulverizing the trunk into finer pieces increases 
the trunk’s decomposition rate, which, in turn, increased 
the amounts of C and nutrients released (Table 12b). Unlike 
chopped OPT, shredded OPT does release N, which occurred 
from nine months onward. Much higher proportions of Ca and 
Mg could also be released by shredding than chopping the 
trunk. Kee (2004) estimated the amount of dry trunk biomass 
in a 126 palms ha-1 as 66.9 t ha-1. This amount of biomass 
(chopped OPT) was assumed to be uniformly spread over the 
whole field which corresponds to 6.69 kg m-2. Taqwan (2013) 
and Nurul Hidayah (2014), however, used a dry weight of about 
2 kg shredded OPT, spread out evenly over 0.185 m2 land area 
per OPT heap. This concentration corresponds to 10.89 kg 
m-2. At these two loading rates and based on their respective 
nutrient contents (Table 5; Kee, 2004) and nutrient release rates 
(Table 12), the amount of nutrients released from chopped and 
shredded OPT could be calculated (Table 13).

Shredded OPT released higher amounts of nutrients (except for 
K) than chopped OPT (Table 13) because of the higher loading 
rate and faster nutrient release rates for the shredded OPT than 
chopped OPT. The lower amount of K released by the shredded 
OPT is due to the much lower K concentration in the trunk 
(0.26% K, Table 5) used by Taqwan (2013) and Nurul Hidayah 
(2014) than that used by Kee (2004) (1.15% K).

5. Soil carbon sequestration

Agriculture today is increasingly adopting sustainable practices 
to reduce its detrimental impact on the environment and climate. 
Sustainable agriculture practices attempt to replace external 
inputs with in-farm or natural inputs as much as possible; thereby 
lowering dependencies on external inputs and, indirectly, on 
energy use. The key to sustainable agriculture is to optimally use 
resources without damaging the environment.

The RMP (Recommended Management Practices) is a set of 
recommended sustainable agriculture practices that includes 
practices such as the application of crop residues as mulch, 
conservation tillage, agroforestry and various cropping systems 
(i.e., polyculture), and use of animal manure, composts, and 
biosolids (Lal, 2004). The rate of C sequestration in agricultural 
farms adopting RMPs range between 50 to 1500 kg ha-1 yr-1 and 
follows a sigmoid curve, typically reaching a maximum at 5 to 
20 years after RMP adoption (Lal, 2004, 2011). One of the best 
RMPs to increase soil C is the use of oil palm biomass as mulch 
(Moraidi et al., 2013).

Oil palm biomass types contain about 50% C (Germer and 
Sauerborn, 2007; see also Table 5), most of which is lost as 
CO2 during aerobic decomposition and a smaller fraction as 
CH4 (methane) during anaerobic decomposition (Germer and 
Sauerborn, 2007; Reijnders and Huijbregts, 2008). Only a small 
portion of the C in the initial biomass is stored as stable soil C.

Soil C sequestration in tropical soils is low for several reasons. 
According to Lal (2004), the C sink capacity of tropical soils 
may be high, but the rate of C sequestration can be low 
because of severe depletion and degradation of tropical soils. 
Furthermore, the rapid turnover of soil organic C in the tropics 
reduces the accumulation of organic C in the soil and hence 
causes the soil organic C not to be increased appreciably 

Table 13. Total amount of carbon and nutrients released from chopped and shredded oil palm trunk (OPT) after 12 months of biomass decomposition.

Element (g m-2) Chopped OPT* Shredded OPT
C 1446 3300
N -5 8
P 0.21 1
K 51 27
Ca 1 44
Mg -0.02 4

* Dry weights 6.69 and 10.89 kg m-2 for chopped and shredded OPT, respectively.

Sources: Kee (2004), Taqwan (2013), Nurul Hidayah (2014)
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(Ross, 1993; Craswell and Lefroy, 2001; Johnston, 2011). For 
example, Johnston (2011) reported that 75% of C in farmyard 
manure, 64% of C in biosolids, and 60% of C in compost was 
lost during decomposition. Six et al. (2002) further showed that 
mean residence time of C in the soil surface of tropical soils 
(35 years) was 0.56 times of that for temperate soils (63 years) 
which confirms the faster C decomposition in the tropical than 
in the temperate soils. Besides the rapid decomposition, the 
loss of organic C by erosion and runoff (Craswell and Lefroy, 
2001; Katyal et al., 2001; Powlson et al., 2011) and by leaching 
of dissolved organic C (Powlson et al. (2011) causes the soil C 
sequestration in the tropics (characterized by high amount and 
intense rainfall) to be low.

Nonetheless, Comte et al. (2013) reported that the continuous 
use of organic fertilizers (comprising EFB and/or POME) for 
seven years (2004 to 2010) had resulted in higher soil C in loamy 
soils (which covered 92% of the 4000-ha oil palm plantation 
in the Riau province, Sumatra) by 1.6 to 1.8 times than soils 
receiving only mineral fertilizers. However, they found that soil 
C would quickly decline if the applications of organic fertilizers 
were stopped or became infrequent.

Pauli et al. (2014) further reported that oil palm plantations in 
Sumatra and Kalimantan that applied oil palm biomass (fronds 
and EFB) as mulch experienced an increase in soil C by an 
average of 1.2 times (equivalent to an increase of 3 g C kg-1 
soil). Likewise, Abu Bakar et al. (2011) reported that after ten 
years of annual application of 20 t EFB ha-1, soil C had increased 
from 1.49 to 2.50% compared with the control (no mulch). 
Doubling the EFB rate to 40 t EFB ha-1 further increased soil 
C, but only to 2.73%. This is only a small gain in soil C, but 
it is important to remember that the benefits of mulching are 
not only in increasing soil C sequestration but also in providing 
nutrients to crops. Abu Bakar et al. (2011) observed that only 
by doubling the EFB application rate to 40 t EFB ha-1 did the oil 

palm yields respond positively. The lower rate of 20 t EFB ha-1 
failed to increase oil palm yields compared to control.

Moraidi et al. (2013) observed that annual applications of EFB, 
ECO, and OPF (at rates described in Table 9) for four years 
over a period of 50 months had resulted in increases in soil C, 
particularly in the top soil layer 0-0.15 m depth (Fig. 4). Soils 
applied with EFB saw the most appreciable increase in soil C 
compared to ECO and OPF. Due to EFB application, soil C 
increased quickly for about 10 months, then slowed down 
before stabilizing at about 22 g C kg-1 soil. After 50 months, soil 
C in the EFB-applied plots had increased by nearly two times 
compared with that prior to mulch application. Increases in soil 
C due to EFB applications were also reported by Hamdan et al. 
(1998), Zaharah and Lim (2000), Wan Rasidah and Wan Asma 
(2003), and Abu Bakar et al. (2011).

Soils under ECO-applied plots experienced smaller increases in 
soil C. After 50 months, the soil under ECO mulching increased 
by only 1.2 times compared with that prior to mulch application. 
Soil C increased rapidly for about 6 months, then stabilized at 
about 16.3 g C kg-1 soil. In contrast, OPF plots experienced 
large fluctuations in soil C, averaging at 16.3 g C kg-1 soil over 
the entire period. These large fluctuations were most probably 
because, unlike the EFB and ECO mulch heaps that were 
replenished only once a year, the OPF heaps were replenished 
monthly with fresh pruned fronds, following the current pruning 
practice in oil palm plantations.

EFB had a larger effect on increasing soil C than ECO and 
OPF because of EFB’s higher loading rate (Table 9) and faster 
decomposition rate (Table 8). The amount of C added by EFB 
was between three to four times higher than that added by OPF 
and ECO (Table 11). Moraidi et al. (2013) estimated that 9 and 
3% of the C in EFB were used to increase soil C in the 0-0.15 and 
0.15-0.30 m soil depths, respectively.

Fig. 4. Changes in soil C at 0-0.15 m soil depth for soils mulched with empty fruit bunches (EFB), Ecomat (ECO), and oil palm fronds (OPF). 

The temporal soil C changes are fitted with the following function: C = (a + cM) / (1 + bM), where C and M are the soil C and number of months, 
respectively, and a, b, and c are empirical coefficients. The best-fitted values for (a, b, c) are: (9.604, 0.186, 4.558), (9.536, 0.431, 7.118), and 
(10.104, 0.654, 11.461) for EFB, ECO, and OPF, respectively (data from Moraidi et al., 2013).
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For ECO, about 4% of its C was used to increase soil C in the 
0-0.15 as well as the 0.15-0.30 m soil depths. For OPF, the 
fractions were 5 and 2% in the respective aforementioned soil 
depths. Even after 50 months, only a small portion of the oil 
palm biomass C was sequestrated in the soil, the much larger 
portion of C presumably lost as CO2 emission, erosion runoff, 
leaching, and soil biota use.

Application of shredded OPT (at the rate specified in Table 13) 
as soil mulch also increased soil C in the 0-100 mm soil depth at 
a rate of 0.157 g C kg-1 soil per month for nearly a year (Fig. 5). 
After 10 months, shredded OPT increased soil C by 1.3 times, 
from which about 3% of the C in the shredded OPT had been 
sequestrated in this soil depth. Although appreciable increases 
in soil C by shredded OPT was observed within the first ten 
months, these increases would not continue indefinitely. As 
exemplified in Fig. 4, increases in soil C were initially rapid for the 
first six to ten months, depending on the mulch material, after 
which these increases slowed down before the soil C reached 
some constant level.

Fig. 5. Changes in soil C in the 0-100 mm soil depth due to 
mulching with shredded oil palm trunk (OPT). The fitted line is a linear 
function with a slope of 0.157 and intercept of 10.613 (data from Wan 
Nurul Ain, 2013; Siti Hawa, 2014).

6. Mulching effects on soil physico-chemical 
properties and oil palm

Compared to other oil palm biomass types, much more has 
been studied on EFB’s impact on soil and oil palm properties. 
The application of EFB as mulch has been shown to increase 
the levels in soil chemical properties such as pH, exchangeable 
K, Ca, and Mg, CEC, C, N, and P (Ortiz et al., 1992; Rosenani 
and Wingkis, 1999; Zaharah and Lim, 2000; Lim and Zaharah, 
2002; Budianta et al., 2010; Kheong et al., 2010; Zolkifli and 
Tarmizi, 2010), as well as oil palm leaf K and N levels (Lim and 

Zaharah, 2002). EFB mulching has also led to higher vegetative 
growth parameters (such as leaf area and rachis length) and 
subsequently higher oil palm yields (Chan et al., 1980; Ortiz et 
al., 1992; Hamdan et al., 1998).

Caliman et al. (2001) reported that 60 t ha-1 of EFB mulch 
application in Indonesian oil palm plantations resulted in 
increases in soil pH from 4.5 to 7 only after two months. That EFB 
application increases soil pH is important. Oil palm is very often 
planted on acidic soils with low buffering capacities. Continuous 
and long-term use of mineral fertilizers, coupled with high rainfall 
and leaching in the tropics, would exacerbate the low fertility 
of such soils. Consequently, many researchers recommend the 
addition of organic fertilizers such as the application of EFB and 
POME which would, among other benefits, provide a liming 
effect to the soil by raising the its pH.

Soil pH typically rises with application of organic fertilizers 
because of the alkalinity (organic anion content) in the organic 
fertilizers (Mokolobate and Haynes, 2002) or the decarboxylation 
process during microbial activities that would cause proton 
consumption (Barekzai and Mengel, 1993). Release of basic 
cations such as K from fresh organic matter can displace acidic 
anions such as Al and H from soil surfaces (Li et al., 2008); thus, 
raising soil pH. As noted in Table 5, oil palm biomass types 
are particularly high in K content, and as shown in Table 10 to 
13, K is a mobile nutrient and is released quickly and in large 
amounts during biomass decomposition. Moraidi et al. (2012) 
reported EFB mulching produced the highest increase in soil pH 
compared to ECO and OPF mulching because EFB released the 
highest amount of K (as well as in Ca and Mg) into the soil.

ECO, which is a mat or carpet made of the fibers from EFB, 
is a recent development. Consequently, studies on ECO have 
only started recently. Soil mulching with ECO has been shown 
to increase the vegetative growth of oil palm by between 5 to 
14% and oil palm’s nutrient uptake by 10 to 24% (MPOB, 2003; 
Khalid and Tarmizi, 2008). Furthermore, ECO mulching can help 
to conserve soil water by as much as 17 and 9% in the 0-0.20 and 
0.20-0.40 m soil depths, respectively (Xin-Fu, 2004) and 44% in 
the 0-0.20 m soil depth (Liu et al., 2005).

Teh et al. (2010, 2011), Moradidalini et al. (2011), and Moraidi 
et al. (2012, 2013, 2014, 2015) comprehensively compared 
the simultaneous mulching effects of EFB, ECO, and OPF on 
several properties of soil and oil palm. They reported that EFB 
mulching, compared with ECO and OPF, produced the highest 
increase in all measured soil chemical properties: pH, C, N, P, 
K, Ca, and Mg. The largest improvement in soil properties was 
from EFB because of its highest loading rate (Table 9), fastest 
decomposition rate (Table 8), and nutrient-rich content (Table 
5). Since all oil palm biomass was applied on the soil surface, 
the top soil (0-0.15 m) experienced the largest beneficial effects 
of mulching compared to lower soil depths. EFB mulching also 
resulted in the highest leaf nutrient contents for N, P, K, and 
Mg compared to ECO and OPF. Nonetheless, these beneficial 
effects by EFB were only observed two years after mulching 
had begun. Leaf Ca in the EFB mulching plots was however not 
increased because of the antagonistic effect between K and Ca 
uptake (Lazaroff and Pitman, 1966; Freeman, 1967). The high K 
uptake in the EFB mulching plots had reduced the Ca uptake. In 
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contrast, N and P has a synergistic effect on their uptake. High N 
uptake leads to high P uptake as well, and this was as observed 
in the EFB mulching plots.

EFB released the highest amount of organic matter, mostly in 
the form of humic acids, as measured by Lee et al. (2012), as 
well as the highest amounts of soil-stabilizing cations such as K, 
Ca, and Mg. This resulted in the largest improvement in several 
soil physical properties in the EFB mulching plots. Over a period 
of two years, EFB, compared with OPF and ECO, resulted in 
higher soil aggregation (higher by an average of 5%), aggregate 
stability (29%), relative soil mesopores (0.2 – 3 mm) (16%), and 
available (30%) and total (16%) soil water content (Moraidi et al., 
2015). The infiltration rate of water was also the highest in the 
EFB mulching plots. The water infiltration rates into the soil in 
the EFB, ECO, and OPF plots were 31.0, 21.0, and 10.7 mm hr1, 
respectively (Junaidah, 2009).

EFB mulching plots had the largest soil microbial population 
compared with ECO and OPF (Fig. 6). Similar results were 
obtained by Hsiao-Hang (2015) who reported that the mean soil 
fauna feeding activity (in the first 80 mm soil depth) under EFB 
mulch in an oil palm plantation in Sumatra was 92% higher than 
in a nearby secondary forest and 15% higher than that under 
OPF heaps, harvesting paths, and palm circles (Fig. 7).

Fig. 6. Changes in soil microbial population over several weeks 
under empty fruit bunches (EFB), Ecomat (ECO), and oil palm fronds 
(OPF) mulch (from Moraidi et al., 2015). Note: ‘cfu’ denotes colony-
forming unit.

The differences between the physical characteristics of EFB and 
ECO (Table 14) are also important to explain the better overall 
performance of EFB to ECO. Compared with ECO, EFB is less 
compact by two times and has slightly higher total porosity by 
1.12 times and a higher saturated hydraulic conductivity by 
1.5 times (Teh et al., 2010, 2011). EFB also has a lower water 
retention curve slope. These differences means that EFB could 

absorb more water than ECO, and because EFB has a lower 
water retention curve slope, EFB could release the held water 
more gradually into the soil than ECO. These properties have 
helped EFB mulching to achieve a higher soil water content than 
ECO. For both years, EFB mulching conserved an average of 
12 and 20% more total soil water content than ECO and OPF 
mulching, respectively (Table 15). Particularly for the drier year of 
2008, EFB mulching conserved 20 and 35% more total soil water 
content than ECO and OPF mulching, respectively.

Fig. 7. Mean soil fauna feeding activity (in soil depth 0-80 mm) 
under empty fruit bunches (EFB), oil palm fronds (OPF), palm circles 
(CIRCLE), harvesting paths (HARVEST), and in a nearby secondary forest 
(data from Hsiao-Hang et al., 2015).

As mentioned earlier, Moraidi et al. (2015) estimated that the 
application of EFB, ECO, and OPF as mulch would allow the 
oil palm to endure a maximum of 10, 8, and 8 incessant dry 
days, respectively, before the crop begins to experience water 
stress. These values were determined by assuming 5 mm day1 
soil water loss (via evapotranspiration), active oil palm roots 
residing within the first 0.60 m soil depth, and a threshold of 
65% available water content (AWC, calculated as the differ-
ence in soil water content held at field capacity and that held 
at permanent wilting point), below which oil palm suffers from 
water stress (Allen et al., 1998). The mean measured soil AWC 
(by volume) under EFB, ECO, and OPF mulch was 13.0, 10.2, 
and 9.9 %, respectively.

Nevertheless, EFB, ECO, and OPF mulching did not result in 
significant increases in oil palm growth or yield (unpublished 
data). This could be because this mulching experiment was only 
conducted for a period of three years, too short perhaps for any 
beneficial effects from mulching on oil palm growth and yield to 
be observed. As revealed previously, increases in leaf nutrient 
content by EFB mulching, for instance, were only observed two 
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years after mulching had begun. Abu Bakar et al. (2011) found 
that even after ten years of annual 20 t EFB ha-1 applications, 
there was no significant increase in FFB (fresh fruit bunches) 
yield. However, doubling the EFB annual application rate to 40 t 
ha-1 managed to significantly increase FFB yield but by only 9% 
within the ten years. Similarly, a series of experiments conducted 
in North Sumatra showed that applications of 20 to 40 t EFB 
ha-1 yr-1 did not significantly increase the yields of immature 
palms after one year, but mature palms showed significant yield 
increase after two years by 5 and 13% from 40 and 80 t EFB 
ha-1 yr-1 applications, respectively (BLRS, 1998). Redshaw (2003) 
reviewed several EFB trials conducted in Malaysia, Indonesia, 
Nigeria, and Papua New Guinea and observed that maximum 
oil palm yields are usually only achieved when EFB application is 
supplemented with mineral fertilizers.

Much less have been studied on the effects of OPT on soil 
properties. Wan Nurul Ain (2013) and Siti Hawa (2014), however, 
observed that the application of shredded OPT over a period 
of a year resulted in higher levels of soil exchangeable Mg 
(by 5.9 times), K (4.2), and Ca (3.3) compared with the control 
(no mulching). The soil moisture content under shredded OPT 
mulch was also higher by 1.3 times (or 33%) compared to the 
control. Soil total N, available P, pH, and CEC levels, however, 
only experienced marginal increases due to OPT mulching. This 
is because relatively low amounts of N and P were released by 

shredded OPT even after a year (Table 12 and 13). Due to the 
slower decomposition rate of chopped OPT (Table 8), we can 
expect chopped OPT to give lower or slower improvements in 
soil chemical properties compared to shredded OPT.

Lastly, yield increases of 12 to 29% have been reported where 
POME has been applied in oil palm plantations in Malaysia 
(Singh, 1994), where other benefits include increases in soil pH, 
water retention, CEC, and soil nutrient levels of available P and 
exchangeable K, Ca, and Mg. Nonetheless, yield increases by 
POME are likely also due to the high moisture content in the 
liquid POME (Redshaw, 2003; Table 5). Recall that oil palm yields 
respond strongly to additional water whether via increased 
rainfall (e.g., Fig. 1) or irrigation.

7. Empty fruit bunches biochar as a carbon 
sink and soil amendment

One area of active research is on the conversion of EFB into 
biochar (biological charcoal) and its use as a soil amendment 
in agriculture soils. Today there is attention on biochar because 
biochar is a recalcitrant carbon-rich material that is highly 
resistant to microbial degradation, making biochar a very stable 
carbon sink. Organic materials, when left in the ground, will 
decompose and a large portion of their C will be lost during this 

Table 14. Physical characteristics of empty fruit bunches (EFB) and Ecomat (ECO).

Property EFB ECO
Density (Mg m3) 0.11 0.24

Total porosity (%, v/v) 91.53 81.54

Saturated hydraulic conductivity (mm s1) 5.40 3.50

Negative slope of water retention curve (power function) 0.13 0.23

Source: Teh et al. (2010, 2011)

Table 15. Table 15. Mean daily soil water content (in mm) for two years under oil palm fronds (OPF), empty fruit bunches (EFB), and Ecomat (ECO) 
mulch.

Mulch Year*
Soil depth (m)

0.0-0.15 0.15-0.30 0.30-0.45 0.45-0.60 0.60-0.75 All
OPF 2008 39.48 42.93 39.96 45.61 52.04 220.02

2009 49.28 52.64 51.05 52.57 55.92 261.46

Both 45.82 49.21 47.13 50.11 54.55 246.82

EFB 2008 63.04 49.31 54.37 60.86 68.92 296.51

2009 59.53 55.29 55.34 58.88 66.87 295.91

Both 60.77 53.18 54.99 59.58 67.59 296.12

ECO 2008 55.80 45.43 41.87 50.20 55.17 248.50

2009 56.71 51.50 49.87 55.36 60.28 273.73

Both 56.40 49.36 47.04 53.54 58.48 264.82

* annual rainfall for 2008 and 2009 were 2264 and 2403 mm, respectively

Sources: Moradidalini et al. (2011) and Moraidi et al. (2015)
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decomposition process, leaving behind only a small C fraction 
to be stored in the soil. Moreover, soils have limited capability 
to store C. Addition of C into soils will indeed increase soil C 
levels but only up to a certain maximum level usually within 
5 to 20 years (Lal, 2004, 2011), and should these C additions 
cease or become infrequent, soil C levels may start to decline, 
as observed by Comte et al. (2012).

As discussed earlier, less than 10% (usually 5% or less) of total 
C in biomass such as EFB, ECO, OPF, and shredded OPT are 
used to increase the soil C level. The C content in these organic 
materials is typically between 35 to 50% (Table 5), but the C 
content in biochar can be as high as 90%. Mahmood et al. 
(2015), for instance, produced biochar from OPF and EFB, and 
the C content of these substances was 91 and 75%, respectively.

Biochar is produced by a process called pyrolysis, whereby 
the organic materials are combusted under high temperatures 
(300 °C or more) in the absence of or under low concentration 
levels of oxygen. The plant material in the pyrolysis process 
undergoes chemical transformation into refractory molecular 
structures, making the end product, the biochar, extremely inert. 
But as it turns out that how the pyrolysis process is carried out 
(such as differences in the heating rate, maximum temperature, 
and residence time) will greatly affect the biochar properties. 
Claoston et al. (2014) used three temperatures (350, 500, and 
650 °C) in the pyrolysis process to convert EFB into biochar. 

Higher temperatures produced lower biochar yields (i.e., less 
biochar for the same amount of organic material combusted) and 
decreased CEC in the biochar and its C and  N concentrations 
(Table 16). However, higher temperatures increased the total 
surface area of the biochar, its pH, and its Al, Ca, Mg, Na, P, and K 
concentrations. Claoston et al. (2014) further remarked that EFB 
biochar should not be produced at pyrolysis temperatures below 
300 °C or above 800 °C, because the former causes incomplete 
biochar formation and the latter excessive destruction to the 
biochar internal structures.

Several studies have shown biochar is effective as a soil 
amendment to improve soil physico-chemical properties such 
as soil structure and water retention, nutrient availability, soil 
pH, and reduced Al3+ toxicity (Peter, 2007; Major et al., 2010; 
Zhang et al., 2011). Increases in crop productivity due to biochar 
application have also been observed, although most biochar 
studies have so far been on short term crops.

Rosenani et al. (2015) reported that, compared to the control 
(no biochar application), the addition of EFB biochar (at rates 10, 
20, and 40 t ha-1) in a potted experiment with acid sulfate soil 
increased wet rice yield by between 141 to 472% and increased 
soil pH from 3.5 (in control) to 6.0 (at maximum biochar rate). The 
decreasing Al3+ levels in the flood water with increasing biochar 
rates showed that EFB biochar had successfully mitigated the 
Al3+ toxicity. Similar observations have been reported by Rabileh 

Table 16. EFB (empty fruit bunches) biochar yield and chemical properties produced at three pyrolysis temperatures (after Claoston et al., 2014).

Property 350 °C 500 °C 650°C
Yield (%) 37.57 24.07 20.93

pH 8.31 9.89 10.29

EC (mS cm–1) 2.87 5.36 6.75

CEC (cmol kg–1) 21.5 14.6 12.03

Elemental analysis (% by weight)

C 61.96 65.88 64.53

N 1.08 0.87 0.72

S 0.02 0.01 0.02

H 7.67 4.23 3.1

O 29.29 29.02 31.65

H/C molar ratio 1.49 0.77 0.58

O/C molar ratio 0.35 0.33 0.37

Al 0.045 0.065 0.06

Ca 0.381 0.544 0.561

Fe 0.096 0.304 0.15

Mg 0.26 0.396 0.415

Si 0.033 0.036 0.017

Na 0.046 0.056 0.058

P 0.104 0.151 0.19

K 4.18 5.60 6.55
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et al. (2015). They observed that applications of EFB biochar 
up to 20 t ha-1 increased soil pH, decreased Al3+ toxicity, and 
increased plant growth parameters such as height, total root 
length, and total dry weight of maize grown on an Ultisol soil 
under glasshouse conditions. Abdulrazzaq et al. (2015) further 
reported that the applications of 15 and 30 t ha-1 EFB biochar 
increased the shoot dry weight of sweet corn by about three and 
six times, respectively, and plant height by about three times 
for both biochar rates. EFB biochar also increased soil hydraulic 
conductivity and decreased bulk density.

Biochar however has not always been successful in increasing 
crop growth and yield or improving soil properties. Abdulrazzaq 
et al. (2015) reported that about half of the reviewed literature 
reported positive effects of biochar on soil properties, including 
ameliorating soil toxicity due to excessive toxic metals, and 
mitigating climate change effects (Jaiswal et al., 2014; Masto 
et al., 2013; Tian et al., 2012). However, about a third of the 
reviewed studies reported no significant benefits, and the rest  
of the effects were found to be negative (Devereux et al., 2012; 
Gajic and Koch, 2012; Kloss et al., 2014). The negative effects of 
biochar could be due to its inherent high pH (Table 16), so when 
added to a soil with already high pH, the biochar could cause 
nutrient imbalance and reduce plant growth (van Zwieten et al., 
2010; Haefele et al., 2011). Another possible reason could be 
due to increase in N immobilization after biochar application, 
causing less N to be available for plants (Bruun et al., 2011).

Another potential problem of biochar is the energy sources 
required for the organic material combustion in the pyrolysis 
process. This could make biochar carbon-positive, meaning 
that producing biochar would add more carbon than its removal 
from the atmosphere. Nonetheless, Hansen et al. (2012) carried 
out a life cycle assessment (LCA) on the conversion of EFB into 
biochar in Malaysia and reported a maximum total equivalent 
CO2-savings of 210 kg CO2,e t1 EFB. In 2013, Indonesia is 
estimated to have produced 28.1 mil. t EFB (Table 3), and 
even if 75% of which are returned to the oil palm plantations, 
a potential reduction in equivalent CO2,e emission of 4.4 mil. t 
CO2,e yr-1 can be achieved if the EFB are converted into biochar 
instead (assuming the savings in CO2,e for Malaysia apply for 
Indonesia as well).

Biochar’s stability, benign characteristics in the soil, and high C 
content make it an effective sink for carbon, and studies such 
as Rabileh et al. (2015) and Rosenani et al. (2015), as discussed 
earlier, have shown that EFB biochar is an overall effective 
soil amendment, particularly for soils with toxicity or low pH 
problems, where the latter is often a key problem for highly 
weathered tropical soils.

8. Nutrient balance for high oil palm yields

8.1. Nutrient demand, immobilization, and removal

Nutrient demand by oil palm is small in the first year following 
field planting as the tree is still establishing its rooting system 
(Fig. 8 and Table 17). However, nutrient demand increases 
steeply in the next two to four years, after which it stabilizes to a 
rather constant level.

Fig. 8. Nutrient uptake of N, P, K, and Mg by oil palm for the first 
ten years after field planting (after Ng, 1977).

A large part of nutrients in the oil palm tree are stored in the oil 
palm fresh fruit bunches (FFB), where between 20 to 45% of all 
N, P, K, Ca, and Mg nutrients in the oil palm are contained in this 
single component (Table 18). A yield of 30 t ha-1, for instance, 
results in the removal of N, P, K, Ca, and Mg from the field by as 
much as 88, 13, 111, 24, and 23 kg ha-1, respectively, amounting 
to a total loss of 260 kg ha-1 (Table 19 and 20). These are large 
losses in nutrients, particularly for K, which would require their 
losses to be replaced by the addition of fertilizers. However, 
after the palm oil milling process, if all the FFB are returned to 
the field as EFB, then the nutrient losses in the FFB would be 
reduced by between 9 to 38%, or overall, by 27% (Table 20).

Table 17. Nutrient demand (kg ha-1 yr-1) by oil palm.

Age (years) N P K Ca Mg
0-3 40 6 55 13 7
3-9 191-267 32-42 287-387 85-114 48-67

Sources: Tan (1976, 1977)
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The total annual nutrient uptake by the oil palm trunk is low 
compared to the leaves and bunches (Table 21), but the nutrients 
accumulated over a life span of 25 to 30 years would mean that 
the trunk would become a large sink of nutrients (Goh and Härter, 
2003). These trunk nutrients would eventually be returned to 
the soil at replanting unless the trunks are brought out of the 
fields for timber or burned; the latter would result in large losses 
in N and S, as described previously. Trunk decomposition, as 
shown earlier, are slow, but can be hastened by shredding or 
chopping the trunk into smaller pieces, so that complete trunk 
decomposition can occur between two to three years. The 
nutrients in the living trunk are thought to be immobilized, but 
there are speculations that they could be remobilized to meet 
the oil palm demand when there is a shortfall of nutrients (Teo et 
al., 2000; Goh and Härter, 2003).

A large proportion of nutrient uptake is needed for fruit bunches 
compared to immobilization in the trunk and roots (Table 21). Ng 
et al. (1999) reported that, for a targeted yield of 25 t ha-1 yr-1, the 
annual nutrient uptake in the fruit bunches was two times more 
than what was immobilized in the new biomass.

Pruned fronds account for 34-36% (N, P, K, and Mg) and 62% 
(Ca) of total uptake (Table 18), and the leaflets are a rich source of 
nutrients that would be released rapidly during decomposition 
(Table 5 and 10). In field practice, one or two fronds are pruned 
once a month, and these pruned fronds, along with the discarded 
male inflorescences, are left as soil mulch between planting rows.

All these show that removal of oil palm biomass from the fields, 
particularly EFB and pruned fronds, results in nutrient losses 
which must be replaced by addition of fertilizers. Biomass 
removal also deprives the oil palm of the beneficial effects of 
biomass mulching, which not only provides nutrients but also 
covers the soil surface to reduce weeds, erosion, and soil water 
evaporative losses. Nonetheless, these mulching benefits can 
be replaced by planting leguminous cover crops (LCC) such as 
Mucuna bracteata or Pueraria phaseoloides. One significant 
drawback of LCC is their rapid growth rate which requires the 
area around the palm trees (e.g., palm circle) to be regularly 
weeded; otherwise, these cover crops would encroach into 
the palm circle and ultimately climb up and envelop the trees, 

Table 18. Partitioning of nutrients (%) between various oil palm components.

Component N P K Ca Mg
Vegetative dry matter 21 12 22 14 19
Pruned fronds (OPF) 35 34 35 62 36
Fresh fruit bunches (FFB) 38 45 37 20 34
Male inflorescence 6 9 6 4 11
Total 100 100 100 100 100

Sources: Ng and Thamboo (1967), Ng et al. (1968)

Table 19. Nutrient content in the fresh fruit bunches (FFB).

kg t1 FFB g t1 FFB
N P K Ca Mg Mn Fe B Cu Zn

2.94 0.44 3.71 0.81 0.77 1.51 2.47 2.15 4.76 4.93

Sources: Ng and Thamboo (1967), Ng et al. (1968)

Table 20. Net loss of nutrients from the field if 30-t ha-1 of FFB (fresh fruit bunches) are removed, then returned to the field as EFB (empty fruit bunches) 
mulch.

Nutrient lost/added (kg ha-1)* %
Nutrient Lost by FFB removal Added by EFB return Returned

N 88.2 19.6 22.3
P 13.2 1.1 8.6
K 111.3 42.7 38.3

Ca 24.3 4.5 18.6
Mg 23.1 2.7 11.7

Total 260.1 70.7 27.2

* Note: these values are calculated based on the nutrient content of FFB (Table 19) and EFB (Table 5) and taking 21% of FFB as being converted 
into EFB (Table 3).
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complicating field operations such as harvesting, pruning, and 
fertilizing.

8.2. Nutrient inputs and losses

Soil nutrient input or supply in oil palm plantations comes from 
various sources such as dissolved nutrients from atmospheric 
deposition (such as precipitation), nutrients recycled from oil 
palm biomass (pruned fronds, empty fruit bunches, trunks, and 
male inflorescences), nutrients leached by rainfall from the oil 
palm canopies (leaf wash), nutrient returns from leguminous 
cover crops, available nutrients currently present in the soil, and 
fertilizer applications (Goh and Härdter, 2003).

The nutrients contained in rainfall are often present in significant 
amounts to become an important source of nutrients for oil 
palm (Table 22). The main sources for nutrient loading in the 
atmosphere are sea-spray, terrestrial dust, and anthropogenic 
sources such as from industrial and land use activities (Yusop et 

al., 1989). Thus, atmospheric nutrient loading can vary between 
regions, although, as shown in Table 22, the phosphorus loading 
is low, no more than 0.5 kg P ha-1 yr-1.

Not all rainfall reaches the ground. A portion of gross rainfall 
is intercepted by the canopies and the rest falls directly and 
unimpeded to the ground. Some of the intercepted rainfall will 
still reach the ground as leaf drip and stemflow (water flowing 
down along the trunk). Nonetheless, a small portion of the 
stemflow water will be absorbed into the trunk and will not reach 
the ground.

Squire (1984) discovered that rainfall interception by oil palm 
canopies was between 17 to 22%, depending on the palm age, 
erectness of the canopies, and rainfall intensity. The average 
amount of rainfall reaching the ground (i.e., net rainfall) in mature 
oil palm plantations, measured over various regions in Indonesia 
and Malaysia, is 73% of gross rainfall (Chong, 2012; Fig. 9). 
This average value lies within the measured 70-78% range, as 
reported by Kee et al. (2000).

Table 21. Nutrient uptake in different oil palm tree components (after Comte et al., 2012)

FFB yield Nutrient uptake (kg ha-1 yr-1)
Component (t ha-1 yr-1) N P K Mg Ca Sources*

Production

Harvested FFB (fresh fruit bunches)

24 72.5 12.1 93.2 20.7 - 1, 2
25 73.2 11.6 93.4 20.8 19.5 2
30 99.1 15.6 129.3 33.3 - 4
30 97.6 10.0 105.4 18.2 - 5

Immobilized

Trunk 30 42.4 4.1 121.6 10.2 - 4
Roots - 16.6 1.1 2.8 0.4 - 3
Trunk and roots 30 18.5 2.4 61.9 3.8 - 5
New biomass 25 40.0 3.1 55.7 11.5 13.8 2

Recycled

Pruned fronds and male 
inflorescences 24 78.4 11.3 102.1 28.1 - 1, 2

* Sources: 1 - Ng and Thamboo (1967), 2- Ng et al. (1968), 3 – Corley et al. (1971), 4 – Ng et al. (1999), 5 - Tarmizi and Mohd.Tayeb (2006)

Table 22. Annual atmospheric nutrient loading (in kg ha-1 yr-1) for some Indonesian and Malaysian locations.

Location
Annual rainfall 

(mm) N P K Ca Mg
Indonesia

Java 4670 15.4 0.4 9.6 9.8 4.0
Papua New Guinea 3800 6.5 0.2 7.3 3.6 1.3

Malaysia
Pasoh 2380 13.5 na* 6.4 4.2 0.7
Berembun 1979 10.7 0.1 6.7 52.2 18.6

* na – not available

Sources: Manokaran (1980), Edwards (1982), Bruijnzeel (1989), Yusop et al. (1989)
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Fig. 9. Net rainfall is, on average, 73% of gross rainfall in mature 
oil palm plantations in Indonesia and Malaysia (data from Chong, 2012).

Although net rainfall has not been measured for partially 
opened oil palm canopies, we can regard that the net rainfall 
will constitute roughly between 100% for fully opened canopies 
(which has a leaf area index or LAI = 0) to 73% for fully closed 
canopies (LAI ³ 5). Thus, the portion of net rainfall to gross 
rainfall is simply a linear interpolation between these two canopy 
extremes, or mathematically,

Pn = Pg ×MAX 0.73,  1−0.0541× LAI( )⎡
⎣

⎤
⎦

 [1]

where Pn and Pg are the net and gross rainfall (mm), respectively; 
LAI is the leaf area index (m2 leaf m-2 ground); and MAX is the 
maximum function, so that the net rainfall does not exceed 73% 
of gross rainfall when the canopies are fully closed (LAI ³ 5).

Nutrient losses occur in oil palm plantations via runoff, eroded 
sediments, and leaching. Most studies on such nutrient losses 
have been carried out in Malaysia. Most of the oil palm root 
biomass is found within the first 1 m soil depth, but the active 
oil palm roots reside within a shallow depth of the first 0.30 m, 
increasing the risk of nutrient leaching losses (Comte et al. 2012). 
A field lysimeter study conducted on a clayey soil in Malaysia, for 

Table 23. Nutrients lost via a) leaching and b) runoff and eroded sediments in some Malaysian oil palm plantations (after Comte et al., 2012).

a)

Soil order

Annual 
rainfall 
(mm)

Palms
Palm age 

(years)

Leached (% of applied fertilizer)

Source* ha-1 N P K Mg
Oxisols 1909 145 1 26.5 trace 19.5 169.4 1

1495 2 10.9 trace 3.4 8.4

2729 3 12.2 1.4 10.4 53.6

2787 4 16.8 5.8 5.6 47.6

2391 5 2.7 1.7 1.9 5.4

2193 6 4.8 1.4 3.3 6.6

Ultisols 2352 na# na 10.4 na 5.1 na 2
Oxisols na na 1-4 16.6 1.8 9.7 69.8 3

5-8 1.2 1.6 2.5 11.5

9-14 3.0 1.5 2.9 15.5

b)

Soil order Transport
Losses by erosion (kg ha-1 yr-1)

Source*N P K Mg Ca
Ultisols Runoff 9.93 1.43 10.40 1.82 4.04 4

Sediments 5.57 3.63 8.79 21.10 7.40

Ultisols Runoff 5.85 0.90 26.90 5.20 na# 5

Sediments 0.65 0.90 trace 0.10 na

# na – not available 
* Sources: 1 – Foong et al. (1983), 2 – Chang and Zakaria (1986), 3 – Foong (1993), 4 – Maena et al. (1979), 5 – Kee and Chew (1996)
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instance, reported 10-17% losses in applied N and K nutrients 
for palm ages 1 to 4 years, but these losses declined to 1-3% for 
palm ages 5-14 years (Foong, 1993; Table 23a). High leaching 
losses occur when the palms are immature because older oil 
palms have a larger nutrient demand and deeper and more 
extensive rooting system which would utilize the soil nutrients 
to a greater extent. However, a stronger nutrient demand by oil 
palms would require more fertilizers which in turn could increase 
the amount of nutrient loss by leaching. In general, P losses due 
to leaching are low due to the relative immobility of P in acidic, 
weathered tropical soils (Goh et al., 2003).

Nutrients lost via surface runoff and eroded sediments can be 
large, particularly in high rainfall tropical areas. Water erosion is 
particularly severe immediately after land clearing for oil palm 
planting or when the palms are still young and their canopies are 
not fully closed, leaving large areas of the soil surface exposed 
to the weather elements. Nonetheless, most oil palm plantations 
apply pruned fronds as mulch and/or plant leguminous cover 
crops to cover the soil surface. Maena et al. (1979) reported 
that, on average, 11% of applied fertilizers are lost via runoff 
and sediments in an oil palm plantation (Table 23b). However, 
erosion losses are not uniform over the whole field. Greater 
erosion losses were observed from the uncovered and 
compacted harvesting rows and the lowest erosion losses from 
the covered soil under the frond heaps. The amount of nutrients 
lost via erosion depend on soil texture, palm age, topography, 
rainfall intensity, soil infiltrability, and lag time between fertilizer 
application and rainfall (Banabas et al., 2008).

The types of mineral and organic fertilizers and their respective 
application rates used in major oil palm plantations in Indonesia 
are shown in Table 24. We can also prepare a nutrient balance 
sheet (Table 25) to determine approximately the amount of 
fertilizer inputs to apply in the field to meet the nutrient demand 
by oil palm, after accounting for the various nutrient sources and 
losses in the field.

A mature oil palm plantation producing 30 t FFB ha-1 yr-1 would 
require, in kg ha-1 yr-1, 125 N, 20 P, 251 K, 40 Ca, and 35 Mg 
(Table 25). This amount of nutrients can be reduced if all the 
FFB are returned to the field as EFB. Since EFB comprises 21% 
of FFB (Table 3), then about 6 kg EFB ha-1 yr-1 is returned to the 
field as mulch and fertilizer. This amount of EFB is equivalent to, 
in kg ha-1 yr-1, 20 N, 1 P, 43 K, 5 Ca, and 3 Mg (see Table 5 for 
the nutrient content in EFB). This addition of nutrients would 
reduce the nutrient requirement by oil palm by between 5 to 
15%. However, if 40 t EFB ha-1 yr-1 were to be applied, following 
field practice of major oil palm plantations (Table 24), then the 
amount of nutrient requirement would be greatly reduced by 
between 30 to 96%. The biggest savings would be the reduction 
in the N and K requirements by 92 and 96%, respectively. As 
discussed earlier, EFB is usually in applied in the field as EFB 
stacks or heaps rather than uniformly applied over the whole 
field. Each EFB heap, applied over a 30 m2 ground area, is 
located at the center of four palm trees, so that each heap is 
assumed to provide nutrients to only these four palm trees. The 
field arrangement of EFB heaps is in such a way so that each 
palm tree receives EFB nutrients from only one EFB heap (i.e., 
no one palm tree gets nutrients from two or more EFB heaps).

We can calculate that adding even higher amounts of EFB would 
further reduce the nutrient requirements. Larger EFB rates up 80 
t ha-1 (in two split applications) can be applied for young palms 
(18 months old), but Redshaw (2003) cautioned against using 
rates higher than this level because trials in Papua New Guinea 
that had applied 120 t EFB ha-1 caused anaerobic soil conditions 
that adversely affected fruit bunches.

It is important to realize that the nutrient balance sheet as 
shown in Table 25 is merely a rough approximation with several 
important caveats, one of which is that the nutrient supply by 
rainfall over Java is assumed applicable to all of Indonesia. 
Furthermore, the data on the nutrient losses used in the cur-
rent nutrient balance sheet were taken from Malaysian trials 
conducted over a limited range of conditions. But as discussed 
earlier, the nutrient losses are strongly dependent on many soil, 
environmental, and meteorological conditions. Nutrient losses 
via runoff and eroded sediments, for instance, are expected to 
be larger for hilly and steep areas than for flat, level areas. The 
addition of EFB mulching would likely also increase the amount 
of additional nutrient losses via erosion and leaching, but calcu-
lations in Table 25 simply assumed that the nutrient losses are 
in proportion to the additional amount of nutrients supplied by 
the EFB.

In mature oil palm plantations, the nutrient demand by the trunk 
and FFB components only need to be considered. The oil palm 
fronds have been fully developed at this stage, so provided 
that all pruned fronds are returned to the soil as mulch, we can 

Table 24. Types of mineral and organic fertilizers used and their 
respective rates applied in major oil palm plantations in Indonesia.

Fertilizers* Rates (kg ha-1 yr-1)
Organic fertilizers#

POME (treated) 750,000

EFB 40,000-60,000

Mineral fertilizers

Urea (46% N) 35-560

RP (30% P2O5) 105-490

DAP (46-53% P2O5) 35-560

TSP (42-50% P2O5) 35-350

MOP (60% K2O) 35-700

Kieserite (17% Mg) 35-280

Dolomite (12% Mg) 70-210

* POME – palm oil mill effluent, EFB – empty fruit bunches, TSP – triple 
super phosphate, MOP – muriate of potash, RP – rock phosphate, DAP 
– diammonium phosphate 
# Not all plantations apply EFB or POME. However, those that do 
(mostly government- and private-owned plantations have access to 
POME and EFB) will usually apply them at the above listed rates. 
Sources: Caliman et al. (2001), Comte et al. (2013)
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consider the net nutrient demand by the fronds component to 
be zero, as all the nutrients in the fronds are returned to the 
soil during the frond decomposition. But if these fronds are 
removed from the fields, then this would lead to a considerable 
increase in the nutrient requirement to replace the lost nutrients. 
On average, a dry weight of 12 t ha-1 yr-1 of pruned fronds is 
produced from oil palm plantations (Astimar, 2014). Removal 
of this amount of pruned fronds would increase the nutrient 
requirement by between 35 to 230%, the largest increases being 
for N and Ca requirements. The rooting system of mature palms 
are regarded also as fully grown; thus, there is a zero net nutrient 

demand for roots because root turnover would return the 
nutrients in the roots into the soil, much like leaving the pruned 
fronds on the ground to decompose.

Table 26 shows the amount of fertilizers that would be applied 
to meet the nutrient requirements of oil palm (with and without 
EFB mulching) as calculated earlier in the nutrient balance sheet 
(Table 25). The amount of fertilizers (without EFB mulching) is 
within the range usually applied in oil palm plantations (Table 
24).

Table 25. A nutrient balance sheet to determine the approximate amount of nutrients required by mature oil palms that are producing 30 t FFB (fresh 

fruit bunches) ha-1 yr-1 (adapted from Goh and Teo, 2011).

Nutrient balance Nutrients (kg ha-1 yr-1)
N P K Ca Mg

1. Nutrient inputs
a. Rainfall * 15 0.4 10 10 4
b. 6 t EFB ha-1 yr-1 # 20 1 43 5 3
c. 40 t EFB ha-1 yr-1 125 7 271 29 17

2. Nutrient losses
a. Runoff, leaching, and sediments § -10 -3 -28 -11 -6
b. Losses due to 6 t EFB ha-1 yr-1 ¶ -2 0 -5 -1 -1
c. Losses due to 40 t EFB ha-1 yr-1 ¶ -10 -1 -30 -8 -3

3. Nutrient demand ‡

Trunk -42 -4 -122 -15 -10
FFB yield -88 -13 -111 -24 -23

Net balance
No EFB mulching (1a+2a+3) -125 -20 -251 -40 -35
6 t EFB ha-1 yr-1 (1a+1b+2a+2b+3) -107 -19 -213 -36 -33
40 t EFB ha-1 yr-1 (1a+1c+2a+2c+3) -10 -14 -10 -19 -21

* Rainfall nutrient supply taken from Table 22 (Java location).

# 21% of 30 t FFB produces 6 t EFB (Table 3).

§ Erosion losses data taken from Table 23b: data on the losses via erosion from Kee and Chew (1996) and via leaching from Goh and Teo (2011). 
Data on erosion loss for Ca are taken from Maena et al. (1979), but no leaching for Ca is assumed.

¶ Nutrient losses are assumed to increase in proportion to the amount of added nutrients by EFB.

‡ Nutrient demand by the trunk is taken from Ng et al. (1999) (Table 21) and nutrient demand by FFB is determined by its nutrient content (Table 
19).

Table 26. Fertilizer amounts (kg ha-1 yr-1) to meet the nutrient requirements of mature oil palms producing 30 t FFB (fresh fruit bunches) ha-1 yr-1.

Nutrient requirement N P K Ca Mg
Urea RP* MOP CaO Kieserite

Without EFB mulch 272 150 502 56 206

With 6 t EFB ha-1 yr-1 233 143 426 50 194

With 40 t EFB ha-1 yr-1 22 105 20 27 124

* RP – rock phosphate, MOP – muriate of potash
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8.3. How much biomass can be removed from the 
fields?

Redshaw (2003) remarked that whether oil palm biomass should 
be recycled or removed from the fields depends on industry 
managers and agronomists to define the optimum utilization of 
this biomass. This implies that a detailed life cycle analysis (LCA) 
and economic analysis would be required.

Nonetheless, we can still obtain an estimate, albeit a very 
approximate one, on how much biomass can be removed from 
a mature oil palm plantation that is producing 30 t FFB ha-1 
yr-1. From Table 25, the sum of all major nutrient losses due to 
runoff, leaching, and eroded sediments is 58 kg ha-1 yr-1. If highly 
effective soil conservation methods are meticulously practised 
in the field to reduce this amount of nutrient loss to a near zero 
level, then the amount in nutrient savings (i.e., 58 kg ha-1 yr-1) can 
be taken as the maximum allowable amount of biomass nutrients 
that can be removed without requiring additional fertilizers. In 
other words, soil conservation practices can determine how 
much biomass can be removed from the field. The more effective 
they are in reducing nutrient losses, the more biomass can be 
removed from the field.

Table 27 shows that the removal rate of biomass is most limited 
to the losses by the N and K nutrients. Because of these two 
nutrients, no more than 3 to 5 t ha-1 yr-1 of additional biomass can 
be removed from the field. This amount is in addition to the FFB 
removed at harvest at the rate of 30 t ha-1 yr-1 . Approximately, 
for every 1 t ha-1 yr-1 of biomass removed, about 11 kg ha-1 yr-1 
of additional fertilizers are required to replace the lost nutrients. 
Although removing 5 t ha-1 yr-1 of biomass would require 8 kg ha-1 
yr-1 of N fertilizer to make up for the shortfall in N, this quantity (8 
kg ha-1 yr-1) is rather small, only 6% of the net demand for N (125 
kg ha-1 yr-1; Table 25). However, removing higher rates of biomass 
between 8 to 18 t ha-1 yr-1 would require, in kg ha-1 yr-1, 18 to 
58 N, 18 to 82 K, and 0 to 16 Ca of fertilizers. These shortfalls 
in nutrients are 14 to 46%, 7 to 33%, and 0 to 40% of the net 
demand for N, K, and Ca, respectively (Table 25). So, provided 
highly effective soil conservation methods are practised in the 
field, no more than 33 to 35 t ha-1 yr-1 of biomass (including 
the harvested FFB) can be removed from the field; otherwise, 
increasingly more fertilizers than what is normally applied are 
required with increasingly larger amounts of biomass removal.

Calculations so far have been based on simple and general 
estimates of nutrient losses, oil palm nutrient demand, and 
nutrient inputs. Essentially, in a mature oil palm plantation, 
nutrient inputs must equal the sum of nutrient losses and nutrient 
demand, so that soil nutrients are not depleted over time. 
However, nutrient inputs can be larger than this sum if there is 
deficiency in one or more nutrients, or if nutrient levels must be 
raised to some optimum nutrient levels for higher yields. The 
next section describes several methods by which higher yields 
can be targeted through fertilizer adjustments to reach optimum 
levels of nutrients in the oil palm or soil.

8.4. Optimum nutrient levels

Many fertilizers trials have been carried out, mainly in Indonesia 
and Malaysia, to assess the fertilizer requirement by oil palm. 
What these trials have shown us is that oil palm’s fertilizer 
requirement varies widely, depending on the desired yield, 
genetic potential of planting material used, tree age, and 
environmental factors such as planting density, soil fertility, 
groundcover conditions, and climate (Fairhurst and Mutert, 1999; 
Goh and Härdter, 2003). This large variability makes it difficult to 
establish any specific rate of a given fertilizer that applies in all 
or most oil palm environments to achieve desired high yields. 
This is because yield responses would vary not only between 
different environments but also within similar agro-ecological 
environments (Foster, 2003). Nonetheless, these fertilizer trials 
have allowed us to establish recommendations of general 
fertilizer rates to be applied, depending on the oil palm growth 
stage (immature or mature) (Table 28).

Achieving maximum or desired oil palm yield requires an 
understanding of the nutrient demand by oil palm, so that the 
crop’s nutrient demands are met by the sufficient addition of 
fertilizers after taking into account all nutrient sources and losses 
in the field. More specifically, fertilizer requirement for oil palm 
requires information on: 1) the nutrients required by the oil palm 
to achieve the desired yield at a given site and 2) the shortfall in 
nutrient supply by the soil, and 3) the efficiency of recovery of 
applied fertilizer (Goh, 2005).

Soil and leaf analysis are two common diagnostic or prognostic 
approaches used to estimate the fertilizer requirement by oil 
palm.

Table 27. Amount of biomass (in fresh weight) that can be removed from a mature oil palm plantation that is producing 30 t FFB (fresh fruit bunches) 
ha-1 yr-1, provided highly effective soil conservation methods are practised. Note: calculations are based on the average moisture and nutrient contents 
of EFB and OPF (Table 5).

Additional fresh biomass Nutrient shortfall (kg ha-1 yr-1)
removal (t ha-1 yr-1)* N K Ca P Total

3 0 0 0 0 0

5 8 0 0 0 8

8 18 18 0 0 36

18 58 82 16 <1 156

* Biomass removal is in addition to the removal of 30 t ha-1 yr-1 of FFB at harvest
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Soil analysis requires several chemical, physical, and mineralogical 
properties to be assessed to determine their nutrient supply to 
oil palm. Assessing nutrient demand via soil analysis is however 
fraught with difficulties because soil fertility is affected by a 
myriad of soil factors such as texture, structure, consistency, 
terrain, moisture content and retention, and mineralogy, as well 
as by environmental factors.

A soil rich in K, for instance, may not readily supply large 
amounts of K to the oil palm, in particular if the soil has a silty 
clay texture and poor soil structure, as discovered by Goh et al. 
(1994). Tohiruddin et al. (2006) further observed that oil palm 
responded differently to N fertilization even under similar soils 
within the same region (Sumatra). They found that oil palm 
plantations in areas of high rainfall (>3000 mm) did not respond 
to soil N fertilization, whereas yield responded significantly to 
N fertilization only in areas of lower rainfall (<1700 mm). They 
further observed a positive linear relationship between soil total 
N and annual rainfall but a negative relationship between soil 
total N and FFB yield response (Fig. 10). They surmised that the 
effect of soil N levels on oil palm yield is not a direct relationship 
but one compounded by rainfall amount.

Despite weaknesses in the soil analysis approach, this approach 
remains useful because it provides a general assessment of soil 
fertility for oil palm (Table 29).

Fig. 10. Relationship between soil total N, annual rainfall, and oil 
palm FFB (fresh fruit bunches) yield response (difference from maximum 
yield) (after Tohiruddin et al., 2006).

The second approach of leaf (foliar) analysis is more reliable 
than soil analysis because clearer and more stable relationships 
have been obtained between leaf nutrient levels and oil palm 
yields than soil nutrient levels and oil palm yields. Moreover, leaf 
nutrient levels reflect nutrient uptake by the crop, whereas high 
soil nutrient levels may not always lead to high nutrient uptake 
for reasons as discussed earlier. However, as warned by Foster 
(2003), leaf diagnosis is an empirical system, one that is still 
based on statistical relationships between one or more given 
leaf nutrients and oil palm yield. The existence and strength 

Table 28. Recommended fertilizer application rates (kg ha-1 yr-1) for oil palm in South East Asia (after Comte et al., 2012).

Palm stage N P K Mg B Sources*

Immature 35-105 42-56 42-420 8.4-35 1.4 1

Mature 35-245 56-98 42-420 42-105 2.1-4.9

Immature 45 24 108 28 0.6 2

Mature 120 22 286 24 0.6

Immature 50-120 22-48 54-216 7-24 1.2-3.7 3

Mature 120-200 30-87 183-581 0-36 2.5-5.6

* Sources: 1 - Goh et al. (2003), 2- FAO (2006), 3 – von Uexküll (2007)

Table 29. Classification of soil nutrient status for oil palm.

Properties Very low Low Moderate High Very high

pH <3.5 3.5-4.0 4.0-4.2 4.2-5.5 >5.5

Org. C (%) <0.8 0.8-1.2 1.2-1.5 1.5-2.5 >2.5

Total N (%) <0.08 0.08-0.12 0.12-0.15 0.15-0.25 >0.25

Total P (mg g1) <150 150-250 250-350 350-500 >500

Available P (mg g1) <10 10-25 25-40 40-60 >60

Exchangeable K (cmol kg1) <0.08 0.08-0.20 0.20-0.25 0.25-0.30 >0.30

Exchangeable Mg (cmol kg1) <0.08 0.08-0.20 0.20-0.25 0.25-0.30 >0.30

CEC (cmol kg1) <6 6-12 12-15 15-18 >18

Sources: Goh (1997, 2005)
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of their relationships remain susceptible to change from one 
environment to another.

The relationship between crop yield and leaf nutrient content can 
be divided into five zones (Fig. 11), although the luxury nutrient 
uptake (Zone D) is likely not to occur in oil palm (Fairhurst and 
Mutert, 1999).

Fig. 11. Yield response in relation to deficient, optimum, and 
toxic leaf nutrient concentrations (after Hartley, 1988).

The critical nutrient level is of great interest because it indicates 
the minimum level a leaf nutrient should have for maximum yield 
(Table 30). However, the critical or optimum nutrient level is very 
often not a single ubiquitous value but a range of values (Table 
31), depending on various crop and environmental factors, as 
listed earlier.

Specifically for K and Mg, the nutrient status can be individually 
assessed, albeit very approximately, based on the nutrient’s 
respective proportion of the amount of total leaf cations (TLC) 
(Table 32). TLC is calculated by

Leaf %K Leaf %Mg Leaf %Ca 1000
39.1 1 24.3 2 40.1 2

TLC
 

    
   [2]

where TLC is in unit cmol kg-1, and the leaf nutrient levels (%) 
are on a dry weight basis. As shown by Fairhurst and Mutert 
(1999), if leaf K, Mg, and Ca levels are 0.91, 0.23, and 0.56%, 

respectively, then TLC, determined by Eq. 2, is 70.16 cmol kg-1. 
Thus, K and Mg levels are 33 and 27% of TLC, respectively, so 
that from Table 31, K status is classified as ‘sufficient’ and Mg as 
‘low’ (or moderately deficient).

One main disadvantage of the critical nutrient levels as listed 
in Table 31 is these levels were established ignoring possible 
nutrient interactions. Foster (2003) remarked that oil palm yield 
at a particular site can be highly correlated with the level of a 
single leaf nutrient, but only when all other leaf nutrients are 
non-limiting. Foster and Chang (1977) reported that on a Ren-
gam soil series (an Ultisol) in Malaysia, where P and Mg were 
non-limiting, oil palm yields could be predicted fairly accurately 
simply by measuring the leaf nutrient levels for N and K (Fig. 
12). This yield map shows that lower yields can be achieved 
more easily because of the wider possible range of leaf N and 
K levels, but reaching higher yields would require an increas-
ingly specific range of leaf N and K levels. For instance, 30 t 
ha-1 yr-1 yield is achieved only at a unique combination of leaf N 
and K levels of about 3.0 and 1.2%, respectively.

Fig. 12. Oil palm yield (t ha-1 yr-1) map for a trial conducted on 
Rengam soil series (an Ultisol) with non-limiting P and Mg (after Foster 
and Chang, 1977). Leaf nutrient levels (%) are on a dry weight basis.

Fig. 13 shows the oil palm yield response (difference from 
maximum yield) due to different levels of leaf N, K, and Mg levels, 
averaged from about 50 fertilizer trials carried out over a wide 
range of environments in Malaysia. Foster (1995) reported that 
yield response becomes more strongly related to leaf nutrient 
levels if the various yield responses are grouped according to 
the amount of total leaf cations or TLC (Eq. 2). The nonlinear 
yield response due to the individual four leaf nutrients in Fig. 13 
can be approximated by the following function:
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[3a]

where Y is the oil palm yield response (t ha-1 yr-1); T is the total 
leaf cations, TLC (cmol kg-1); X is the leaf concentration (% dry 
weight basis) of either N, K, Mg, or P nutrients; and a, b, c, and 
d are empirical coefficients. Note: to estimate the yield response 
due to the leaf P level (Fig. 13d), Eq. 3a is modified slightly to

  

 
2

21
bY a cP dP

Mg N
   


 [3b]

where T is  21 Mg N , and Mg, N, and P are the leaf 
concentrations (% dry weight basis) for the nutrients Mg, N, and 
P, respectively.

The (a, b, c, d) coefficients that best fit Eq. 3 to N, K, Mg, and 
P curves are (186.634, 649.784, 122.761, 21.079), (32.849, 
-812.568, -35.865, 14.398), (35.382, 950.034, -179.325, 340.617), 
and (164.649, 3.927, -1859.500, 4991.704), respectively. The 

regression fit R2 for Eq. 3 for all nutrients are above 0.95.

Table 30. Critical leaf nutrient levels (% dry weight basis) for oil palm (frond no. 9 and 17).

Frond no. N P K Mg Ca Cl S
9 2.75 0.16 1.25 0.24 0.60 - -
17 2.50 0.15 1.00 0.24 0.60 0.55 0.22

Sources: Ochs and Olvin (1977), Fairhurst and Mutert (1999)

Table 31. Deficient, optimum, and excess level of leaf nutrients in frond no. 17 for immature (<6 years) and mature (³6 years) palms.

Deficient Optimum Excess
Nutrients* Immature Mature Immature Mature Immature Mature

N (%) <2.50 <2.30 2.60-2.90 2.40-2.80 >3.10 >3.00
P (%) <0.15 <0.14 0.16-0.19 0.15-0.18 >0.25 >0.25
K (%) <1.00 <0.75 1.10-1.30 0.90-1.20 >1.80 >1.60
Mg (%) <0.20 <0.20 0.30-0.45 0.25-0.40 >0.70 >0.70
Ca (%) <0.30 <0.25 0.50-0.70 0.50-0.75 >0.70 >1.00
S (%) <0.20 <0.20 0.25-0.40 0.25-0.35 >0.60 >0.60
Cl (%) <0.25 <0.25 0.50-0.70 0.50-0.70 >1.00 >1.00

B (mg kg-1) <8 <8 15-25 15-25 >35 >40

Cu (mg kg-1) <3 <3 5-7 5-8 >15 >15

Zn (mg kg-1) <10 <10 15-20 12-18 >50 >80

* % dry weight basis

Sources: von Uexküll and Fairhurst (1991), Fairhurst and Mutert (1999)

Table 32. K and Mg nutrient status based TLC (total leaf cations).

K or Mg proportion to TLC (%) K or Mg nutrient status
<25 deficient

25-30 low
>30 sufficient

Source: Foster (2003)
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a) b)

c) d)

Fig. 13. Maximum yield response in Malaysia to leaf nutrient levels (% dry weight basis) and TLC (total leaf cations). Yield response to levels in: 
a) leaf N, b) leaf K, c) leaf Mg, and d) leaf P (after Foster, 1995).

Compared to other major nutrients, yield responses to P fertilizer are more difficult to predict based solely on leaf P levels (Foster, 
2003). Yields were found to respond well to leaf P for some soils (which were low in P) but not when soil fertility was high (Foster 
et al., 1988). For some inland Malaysian soils, leaf N and Mg appeared to influence the yield response to leaf P (Foster, 1995; Fig. 
13d), but for some volcanic soils in North Sumatra, it was instead leaf N and Ca that appeared more influential (Foster and Prawobo, 
1996). Consequently, Foster (2003) recommended that the optimum leaf P levels be instead determined from the optimum leaf N 
levels. The optimum levels for both these nutrients are linearly related with each other and their relationship remarkably similar for 
both Malaysian and Indonesian (Sumatra) conditions (Fig. 14). Their linear relationship can alternatively be depicted by the linear 
equation given by Tampubolon et al. (1990) as

0.0487 0.039P N= +   [4]

where P and N are the leaf P and N levels (% dry weight basis), respectively.
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Fig. 14. Relationship between optimum leaf N and P 
concentrations for trials conducted in Malaysia and Sumatra, Indonesia 
(after Foster, 2003). Leaf nutrient levels (%) are on a dry weight basis.

Foster (2003) recommended that the minimum and maximum 
optimum leaf nutrient levels be determined for yield responses 
of 2.0 and 0.5 t ha-1 yr-1, respectively. Targeting yield responses 
below 0.5 t ha-1 yr-1 would unlikely be worthwhile as it could 
require uneconomical amounts of additional fertilizer inputs for 
little gains in yield. On the other hand, a yield response of at 
least 2.0 t ha-1 yr-1 should be targeted because Foster (2003) 
reported that the regression of yield responses on leaf nutrient 
levels and TLC (Fig. 13a-c) had residual errors between 1.8 to 
2.6 t ha-1 yr-1. Thus, Foster (2003) deemed that the benefits of 
applying additional fertilizer inputs can be observed (become 
significant) only when they can produce a yield response of 2.0 
t ha-1 yr-1 or more.

Based on the estimated yield responses, nutrient deficiencies 
can then be classified according to Table 33 and the fertilizer 
rates adjusted accordingly. Foster (2003) cautioned that two or 
more nutrients may be deficient, and nutrient deficiency must 
be corrected in a stepwise manner, starting with the most to 
least deficient nutrient. Readers are referred to Foster (1995) 
and Goh (2005) on how fertilizers are adjusted based on nutrient 
deficiencies.

It is important to realize that optimum leaf nutrient levels do not 
remain constant but will vary according to environment and tree 
age (Foster and Chang, 1977; Foster, 2003). Data averaged over 
a large number of commercial oil palm fields in North Sumatra 
indicated a marked decrease in the levels of all major nutrients 
with palm age (BLRS, 1991). And as leaf nutrient levels decline 
with tree age, TLC would likewise decline (see Eq. 2) which in 
turn lowers the optimum leaf nutrient levels (see Fig. 13). Trials 
in Sumatra showed that between palm ages of 5 and 21 years, 
TLC declined from about 90 to 70 cmol kg-1, whereas a trial in 
Malaysia showed a larger decline in TLC from 85 to 45 cmol kg-1 
between palm ages of 3 to 21 years (Foster, 2003). Use of TLC 
in determining optimum leaf nutrient levels is thus convenient 
because TLC indirectly accounts for site and tree age variations, 
so that optimum leaf levels can be determined solely based 
from leaf data without requiring additional measurements on 
the environmental conditions or information about the tree age.

The yield responses to leaf nutrient levels as shown in Fig. 13 are 
based on a large number of fertilizer trials carried out in various 
regions in Malaysia. Unfortunately, much less extensive data from 
fertilizer trials are available for Indonesian conditions. Foster 
and Prawobo (2006) and Tohiruddin et al. (2006) reported yield 
responses to several leaf nutrient levels from six trials (carried out 
for at least six years) in North and South Sumatra (Fig. 15).

Probably due to insufficient data, TLC curves could be drawn 
only for the yield response to leaf N levels (Fig. 15a) but not to 
other nutrients (Fig. 15b-d). Overall, the optimum leaf nutrient 
levels for Sumatra are higher than for Malaysia. However, if 
we target a yield response of between 0.5 and 2 t ha-1 yr-1, as 
recommended by Foster (2003), then Sumatra’s optimum leaf 
nutrient levels are either within or slightly above Malaysia’s 
optimum range (compare the curves in Fig. 13 with Fig. 15). 
Foster and Prabowo (2006) further discovered that the oil palm 
yield responses were more closely related with the nutrient 
levels in the rachis than in the leaf. Notice in Fig. 16 that, for 
the same nutrient, the regression fit R2 for the rachis nutrient 
curve is always higher than that for the leaf nutrient curve. Based 
on the drawn yield response curves, Foster and Prabowo (2006) 
recommended that if a yield response of 1 t ha-1 yr-1 is assumed 
as the minimal economic level, then the optimum rachis nutrient 
levels for N, P, K, and Mg should be 0.55, 0.09, 1.40, and 0.07%, 
respectively.

Another nutrient balance approach is the Diagnosis and 
Recommendation Integrated System (DRIS) (Beaufils, 1973). 

Table 33. Classification of nutrient deficiency, yield responses, and appropriate fertilizer adjustments for urea, triple superphosphate (TSP), muriate 
of potash (MOP), and kieserite to normal application rates applied (after Foster, 2003).

Nutrient deficiency rating Potential yield response 
(t ha-1 yr-1)

Fertilizer adjustment* 
(kg palm1 yr-1)

Excessive 0 -0.5 to -1
Satisfactory 0 to 1 0
Low 1 to 2 0 to 1
Deficient 2 to 3 0 to 2
Very deficient >3 0 to 3

* to normal application rates applied



 30  Working paper  

DRIS is a set of calculations and comparisons which involves the 
computation of all possible ratios between major leaf nutrients 
and comparisons of these ratios with the “optimum” values of 
the same ratios in a high-yielding or otherwise desirable crop 
population. The idea is to identify and rank nutrients from most 
deficient to most excessive. Ultimately, DRIS computes an 
overall index called Nutrient Balance Index (NBI) which indicates 
the overall nutrient balance, where the smaller the absolute NBI 
value, the lesser is the imbalance among nutrients.

DRIS has been successfully applied for a many crops such as 
sugarcane, potato, apple, mango, rice, corn, and tomatoes 
(Bangroo et al., 2010). However, DRIS has not been widely 
utilized for oil palm. Foster (2003) remarked that although the 
correlations between DRIS indices with oil palm yield responses 

were stronger than those between individual leaf nutrient levels 
with yield responses, the DRIS indices were found to be more 
sensitive than individual leaf nutrient levels to changes in the 
environment. Furthermore, multiple regressions involving 
leaf nutrient levels and TLC (e.g., Fig. 13) produced stronger 
relationships with yield response than if the multiple regressions 
included only the DRIS indices.

Nonetheless, Ginting (2013) utilized DRIS to determine the 
nutrient balance for oil palm in Indonesia. Ginting (2013) obtained 
the leaf and soil nutrient data from various oil palm plantations in 
Sumatra (North, South, and West), Jambi, Riau, Lampung, Java, 
and Kalimantan (East, West, and South) provinces. The palm 
ages sampled were between 4 to 15 years old and the planting 
densities were between 126 to 145 palms ha-1.

a) b)

c) d)

Fig. 15. Maximum yield response in Sumatra to leaf nutrient levels (% dry weight basis) for: a) N, b) P, c) K, and d) Mg (after Tohiruddin et al., 
2006). Note: TLC is the total leaf cations, and the yield response to leaf N levels can be described by Eq. 3a.
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Fig. 16. Maximum yield response in Sumatra to the leaf and rachis nutrient levels (% dry weight basis) (after Foster and Prabowo, 2006).
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Following DRIS methodology, Ginting (2013) found that 
high-yielding oil palm areas in Indonesia are those with FFB 
yields greater than 25.96 t ha-1 yr-1. Table 34 lists the averages 
(or norms, in DRIS terminology) and ranges of important leaf 
nutrient concentration ratios in high-yielding oil palm areas in 
Indonesia. Based on calculated DRIS indices, Ginting (2013) 
further reported that Indonesian oil palm plantations in general 
were most deficient in K and most excessive in Mg. The ranking 
of nutrients from most deficient to most excessive for Indonesian 
oil palm plantations were: K, P, N, Ca, and Mg. At the yield 
threshold of 25.96 t ha-1 yr-1, the calculated NBI was 81. Recall 
that NBI reflects the overall nutrient balance, where the lower 
the NBI, the lower the nutrient imbalance. At the lowest NBI 
value of zero (i.e., perfect nutrient balance), the theoretical FFB 
yield, as determined by Ginting (2103), would be at least 36 t 
ha-1 yr-1. This theoretical maximum yield is only slightly higher 
than that estimated by Tandiono et al. (2010), who calculated 
that with additional fertilizer inputs, oil palm yields in North and 
South Sumatra could reach a maximum of 34.0 and 32.7 t ha-1 
yr-1, respectively.

Lastly, Ginting (2013) reported that soil nutrient ratios involving 
only K, Ca, and Mg could be used to distinguish high- from 
low-yielding oil palm areas (Table 35).

Achieving high oil palm yields requires precise information about 
the nutrient demand by oil palm and matching that demand to 
the sufficient and timely addition of nutrients after accounting 
for all important nutrient sources and losses in the environment. 
Works as discussed in this section have removed a great deal 
of uncertainties about fertilizer recommendations for oil palm, 
but, as remarked by Goh and Härdter (2003), some subjectivity 
through use of heuristics rules are still necessary in some cases. 
The current challenge is to update our information about nutrient 

uptake by newer planting materials and the partitioning of the 
nutrients among the oil palm tree components.

9. Conclusion

Oil palm biomass such as OPF, LFT, RAC, EFB,ECO, and OPT 
contain large amounts of nutrients, and field decomposition 
studies have shown that this biomass can fully decompose in the 
field within one to two years (two to three years for the trunk), 
during which the nutrients in this biomass would be gradually 
released into the soil. Consequently, application of this biomass 
as soil mulch has often been shown to improve several soil 
physico-chemical properties and in some cases, increase oil 
palm yields.

Recent interests to reuse this oil palm biomass for fuel, fiber, 
timber, animal feed, chemicals, and bio-based products could 
result in considerable amounts of nutrient losses from the oil palm 
fields. Complete FFB removal at harvest, for instance, would 
result in 260 kg ha-1 yr-1 loss of nutrients (Table 20). This amount 
of loss is equivalent to one third of the oil palm’s annual nutrient 
demand (Table 17). Even returning all the FFB back to the fields 
as EFB would replenish only 27% of these losses. Furthermore, 
if all the pruned oil palm fronds and trunks were removed from 
the fields, the nutrient losses would be exacerbated. Between 
35 to 40 t ha-1 of fronds are produced annually, and at the time 
of replanting, trunk dry weights could reach as high as 37 to 
75.5 t ha-1 (Chan et al., 1980; Kee, 2004; see also Table 4). The 
complete removal of both these biomass types would result in a 
further nutrient loss of nearly 740 kg ha-1 yr-1.

At the end, these nutrient losses must be replenished with the 
addition of more fertilizers; otherwise, soil nutrient pools will 
eventually be depleted in the long run. The requirement of more 
fertilizers counters sustainable agricultural practices, as more 
external resources and energy use are required. At present, 
fertilizer costs already make up 50 to 70% of Indonesia’s oil palm 
field operational cost, and one third of all Indonesia’s fertilizers 
are consumed by a single crop alone: the oil palm.

Whether oil palm biomass should be recycled or removed from 
the fields depends on industry managers and agronomists to 
define the optimum utilization of oil palm biomass. Finding 

Table 34. Leaf nutrient concentration ratios in high-yielding oil palm areas (>25.96 t ha-1 yr-1) in Indonesia (after Ginting, 2013).

Leaf nutrient ratio Average (norm) Range
N/P 15.92 14.87-16.98
N/K 2.53 2.31-2.76

N/Ca 3.87 3.52-4.21
N/Mg 10.12 8.97-11.28
K/P 6.35 5.86-6.84

Ca/P 4.17 3.81-4.53
Mg/P 1.62 1.42-1.81
K/Ca 1.55 1.36-1.75
K/Mg 4.05 3.52-4.57

Ca/Mg 2.65 2.31-2.99

Table 35. Soil nutrient concentration ratios in high-yielding oil palm 
areas (>25.96 t ha-1 yr-1) in Indonesia (after Ginting, 2013).

Soil nutrient ratio Range
Ca/K 5.6-10.1

Ca/Mg 2.1-3.8
Mg/K 2.1-4.5
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this optimum level will be highly site specific partly because oil 
palm’s nutrient balance for achieving high FFB yields (section 
7.4) can vary considerably between different environments, palm 
age, and planting materials used. How much biomass can be 
removed from a site partly depends on if the nutrient demand 
for high palm oil yields can be met by the nutrient sources in the 
field, after accounting for nutrient losses.

Very approximately, in a high-yielding mature oil palm plantation 
that is producing an FFB yield of 30 t ha-1 yr-1, no more than 
3 to 5 t ha-1 yr-1 of additional biomass can be removed from 
the field. This amount is in addition to the FFB removed at 
harvest. Consequently, a total of no more than 33 to 35 t ha-1 
yr-1 can be removed from the field, provided highly effective 
soil conservation methods are practiced to greatly reduce the 
amount of nutrient losses by erosion and leaching in the field. 
Removing any more biomass than this threshold would lead to 
considerable amount of additional fertilizers needed to replace 
the nutrient shortages.

Lastly, converting EFB into biochar is one promising option to 
sequester C. Studies have shown that, at least for Malaysia, 
production of EFB biochar can be carbon-negative, and that 
EFB biochar is an overall effective soil amendment, especially in 
mitigating soil toxicity and soil acidity problems.
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