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Abstract. Most plant-available Si in strongly desilicated
soils is provided through litter decomposition and subsequent
phytolith dissolution. The importance of silicon (Si) cycling
in tropical soil–plant systems raised the question of whether
oil-palm (Elaeis guineensis Jacq.) cultivation alters Si cy-
cling. As oil palms are considered Si hyper-accumulators,
we hypothesized that much Si is stored in the above-ground
biomass of oil palms with time. Furthermore, the system
might lose considerable amounts of Si every year through
fruit-bunch harvest. To test these hypotheses, we analysed Si
concentrations in fruit-bunch stalks, fruit pulp and kernels,
leaflets, rachises, and frond bases of mature oil palms on
eight smallholder oil-palm plantations in Sumatra, Indonesia.
We estimated Si storage in the total above-ground biomass
of oil palms, Si return to soils through decomposing pruned
palm fronds, and Si losses from the system through harvest.
Leaflets of oil-palm fronds had a mean Si concentration of
> 1 wt %. All other analysed plant parts had < 0.5 wt % Si.
According to our estimates, a single palm tree stored about
4–5 kg Si in its total above-ground biomass. A smallholder
oil-palm plantation stored at least 550 kg Si ha−1 in the
palm trees’ above-ground biomass. Pruned palm fronds re-
turned 111–131 kg of Si ha−1 to topsoils each year. Fruit-
bunch harvest corresponded to an annual Si export of 32–
72 kg Si ha−1 in 2015 and 2018. Greater Si losses (of at
least 550 kg Si ha−1) would occur from the system if oil-

palm stems were removed from plantations prior to replant-
ing. Therefore, it is advisable to leave oil-palm stems on the
plantations, e.g. by distributing chipped stem parts across the
plantation at the end of a plantation cycle (∼ 25 years).

1 Introduction

Indonesia has become one of the largest global palm-oil pro-
ducers, with currently ∼ 16 million hectares under oil-palm
cultivation (Gaveau et al., 2022). In the 1980s, the emerg-
ing palm-oil boom led to clearing of rainforests (Tsujino et
al., 2016; Qaim et al., 2020). Since then, palm oil has re-
mained a tropical cash crop with high demand on the global
market (Qaim et al., 2020) due to its versatile use, e.g. as
vegetable oil, in cosmetics, and as biofuels (FAO, 2020). In
the province of Jambi, Indonesia, oil-palm cultivation has
improved the livelihoods of many smallholder farmers but
at the expense of the natural environment (Clough et al.,
2016; Grass et al., 2020; Qaim et al., 2020). This has re-
sulted in a decrease in biodiversity (Drescher et al., 2016;
Meijaard et al., 2020) and ecosystem services (Dislich et
al., 2017). To balance ecosystem preservation (Tsujino et al.,
2016) and economic prosperity (Grass et al., 2020), current
research aims to identify ways to increase land use sustain-
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ability while keeping current oil-palm plantations profitable
(Darras et al., 2019; Luke et al., 2019).

Oil palms (Elaeis guineensis Jacq.), like many other crops,
are commonly grown on highly weathered soils that have
been exposed to intense element leaching, including phos-
phorous (P), potassium (K), calcium (Ca), and silicon (Si)
(Haynes, 2014). However, well-balanced Si levels in soils are
essential for many crops because Si can promote the release
of adsorbed macro-nutrients and prevent plant toxicity at low
soil pH (Epstein, 2009). Plants store Si in their leaf tissue
to mitigate biotic and abiotic stresses and to reduce transpi-
ration. Si is taken up from the soil solution as monomeric
silicic acid (H4SiO4) (Haynes, 2017) and is then transported
from the roots to the shoot with the xylem flow (Liang et
al., 2015). Transpiration increases the Si concentration in the
leaf tissue, where Si finally precipitates as amorphous silica
bodies called phytoliths (SiO2 · nH2O) (Liang et al., 2015;
Haynes, 2017). It preferentially precipitates in epidermal cell
walls, the cell lumen, and intercellular spaces of any plant
part, such as the shoot, leaflets, leaf stalk, and fruit (Liang et
al., 2015). Si can also precipitate in certain Si cells associated
with the vascular system in the stem or endodermis of roots
(Epstein, 1994; Haynes, 2017).

Plants can be grouped into three categories based on
the Si concentration and Si / Ca ratio in their dry leaf tis-
sue (Ma and Takahashi, 2002): (i) non-accumulators or ex-
cluders (Si concentration < 0.5 wt %; Si / Ca< 0.5); (ii) in-
termediate accumulators (Si concentration 0.5 wt %–1 wt %;
Si / Ca 0.5–1); (iii) accumulators (Si concentration > 1 wt %;
Si / Ca> 1). To better distinguish between plants of groups
II and III, we will use the term “hyper-accumulator” for
plants of group III throughout this paper. Following this ter-
minology, Si hyper-accumulators include e.g. rice (Oryza
sativa L.), barley (Hordeum vulgare L.), maize (Zea mays
L.), wheat (Triticum aestivum L.), and sugarcane (Saccha-
rum officinarum L.) (Haynes, 2017). According to Munevar
and Romero (2015), oil palms are Si hyper-accumulators too.
They reported high Si concentrations in oil-palm fronds in
Colombia and found that the Si concentration increased with
leaf age. However, these observations have not yet been con-
firmed in any other oil-palm growing region. In addition, Si
concentrations of oil-palm parts other than leaves need to be
quantified to reliably estimate Si storage in oil palms.

Several studies have shown that land conversion from
forests to arable land has caused soil Si depletion in the long
term (Struyf et al., 2010; Clymans et al., 2015; Carey and
Fulweiler, 2016). Thereby, reduced Si return to soils through
litter input and Si export through crop harvest were identi-
fied as the main drivers (Puppe et al., 2021; Vandevenne et
al., 2012; Guntzer et al., 2012). The weathering stages of
soils can also affect biological Si cycling (Vander Linden and
Delvaux, 2019; Carey, 2020; de Tombeur et al., 2020). In
strongly weathered soils, Si cycling is predominantly main-
tained by the recycling of phytoliths (de Tombeur et al.,
2020). For these reasons, some crops already receive Si fertil-

izers, especially when cultivated on strongly weathered, nat-
urally desilicated soils (Datnoff et al., 1997; Li and Delvaux,
2019; Zellner et al., 2021). Under oil-palm plantations, amor-
phous Si concentrations in topsoil were decreased (by a fac-
tor of 1.25) compared to rainforest topsoil (von der Lühe et
al., 2020). Furthermore, the dissolution rate of phytoliths iso-
lated from oil-palm litter was significantly lower compared
to rainforest litter (von der Lühe et al., 2022). These previous
observations suggest that rainforest conversion to oil-palm
plantations can considerably alter Si cycling. This raised our
concern that oil-palm cultivation may lead to soil Si deple-
tion with time to a degree that could negatively affect future
crop yields.

Si cycling differs between oil-palm plantations and
undisturbed terrestrial ecosystems: in undisturbed terrestrial
ecosystems, Si returns to soil through litterfall. Subsequent
litter decomposition leads to an accumulation of phytoliths
in the topsoil (Conley et al., 2008; Li et al., 2020), which
is a key source of Si that can easily become plant-available
(Lucas et al., 1993; Alexandre et al., 1997; Schaller et al.,
2018). In oil-palm plantations, Si which has been taken up
by oil palms mainly returns to soils through decomposing
palm fronds (von der Lühe et al., 2022) which are pruned
and then commonly stacked in piles in every second row of
a plantation (Dislich et al., 2017). Phytolith accumulation
in topsoils is therefore largely restricted to frond-pile areas
(Greenshields et al., 2023; von der Lühe et al., 2022), which
may comprise as little as ∼ 12 % of the plantation (Tarigan
et al., 2020). In oil-palm plantations, Si cycling is expected
to be further disrupted by fruit-bunch harvest. Si losses from
the system can be considerable as not only fruit, but also en-
tire fruit bunches are removed from the system (Kotowska
et al., 2015; Euler et al., 2016a). Lastly, oil palms have a
∼ 25-year cultivation cycle (Corley and Tinker, 2016). Many
oil-palm plantations in Indonesia are currently approaching
the end of their first cultivation cycle in Sumatra. However,
there is no clear strategy on how to use the biomass of the
first-generation oil palms (Awalludin et al., 2015).

To our knowledge, only Munevar and Romero (2015)
have quantified Si concentrations in oil-palm leaves so
far. Furthermore, no Si concentrations from oil-palm parts
other than leaflets have been reported yet. Therefore, our
study in a region dominated by smallholder oil-palm plan-
tations in lowland Sumatra, Indonesia, had two aims, first
to test whether oil palms in Indonesia can be considered Si
hyper-accumulators and second to estimate Si storage in oil
palms, Si losses from the system through harvest, and Si re-
turn from plants to soils on oil-palm plantations in two differ-
ent landscape positions (well-drained areas – slopes; riparian
areas – floodplains) and WRB reference soil groups (Acrisols
and Stagnosols). We hypothesized that much Si is stored in
the above-ground biomass of oil palms with time. Further-
more, the system might lose considerable amounts of Si ev-
ery year through fruit-bunch harvest. To account for the land-
scape position, we further hypothesized that soils in riparian
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areas might be less affected by Si depletion because they ad-
ditionally receive dissolved silicic acid through flooding and
capillary rise of groundwater as well as through lateral wa-
ter fluxes (inflow) from higher landscape areas. We expected
that greater Si availability in riparian areas would result in
greater Si uptake and consequently in greater Si storage in
the above-ground biomass of riparian oil-palm plantations.

2 Materials and methods

2.1 Study area and selected oil-palm plantations

The study was conducted in the lowlands of the province
of Jambi, Sumatra, Indonesia (1◦55′0′′ S, 103◦15′0′′ E;
50 m± 5 m above sea level). The region has a humid trop-
ical climate with a mean annual temperature of 26.7 ◦C and
mean annual precipitation of 2230 mm yr−1 (Drescher et al.,
2016). The climate is characterized by two rainy seasons in
December and March and a dry season lasting from July to
August (Drescher et al., 2016). The geological basement of
the study area consists of pre-Paleogene metamorphic and ig-
neous bedrock alongside lacustrine and fluvial sediments (De
Coster, 2006). The soils in well-drained areas at higher land-
scape positions are predominantly Acrisols, whereas the tem-
porarily flooded riparian areas are dominated by Stagnosols
(IUSS Working Group WRB, 2022; Hennings et al., 2021).
The natural vegetation is a mixed dipterocarp lowland rain-
forest (Laumonier, 1997). Alongside oil-palm plantations,
large areas in the lowlands of the province of Jambi are also
covered by rubber, jungle rubber, and commercial timber
(Dislich et al., 2017). We conducted sampling on smallholder
oil-palm plantations (≤ 2 ha) at four well-drained (Acrisol)
and four riparian (Stagnosol) sites (Dislich et al., 2017). On
each plantation, study plots (50× 50 m) were established by
the Collaborative Research Centre (CRC) 990 – Ecological
and Socioeconomic Functions of Tropical Lowland Rainfor-
est Transformation Systems (funded by the German Research
Foundation). At the time of sampling, oil palms were 18–22
years old at the well-drained sites (HO1–4) and 11–21 years
old at riparian sites (HOr1–4) (Hennings et al., 2021). The
average planting density was 142± 17 oil palms per hectare.
Oil palms were planted in a triangular planting array with
∼ 9 m distance between individual palm trees. Smallholder
farmers followed common management practices. Thereby,
interrows (i.e. empty spaces on either side of an oil-palm
row) served either as harvesting paths or were used to stack
pruned palm fronds (Darras et al., 2019). Herbicides (e.g.
glyphosate) were sprayed twice per year to clear understorey
vegetation in the interrows. The palm circle, a circular area
with a radius of ca. 2 m around an oil-palm stem (Munevar
and Romero, 2015), was weeded regularly. Inorganic fertiliz-
ers (NPK, KCl, and urea) were applied twice per year within
the palm circle (Allen et al., 2016; Euler et al., 2016b).

2.2 Study design and plant sampling

We aimed to quantify Si concentrations in the different plant
parts of an oil palm and to subsequently derive Si storage es-
timates for the average total above-ground biomass of 1 ha of
an oil-palm plantation. For this purpose, we sampled leaflets,
rachises, fruit-bunch stalks, fruit pulp, kernels, and frond
bases of oil palms (Appendix Table A1). Oil-palm sampling
was coordinated with the regional harvesting schedule to en-
sure that all sampled oil-palm parts (n= 3 for each part) orig-
inated from the same palm tree. At each well-drained (HO1–
4) and riparian (HOr1–4) site, three morphologically similar
oil palms with at least one ripe fruit bunch were selected for
sampling (Appendix Table B2).

The regular phyllotaxis of the oil palm allows us to group
palm fronds into (i) young fronds, (ii) mature fronds, and
(iii) senescing fronds (Rees, 1964; Albakri et al., 2019)
(Fig. 1a, c, d). Frond no. 1 is the youngest frond, frond no. 9
is the first mature frond, and the senescing frond (∼ leaf
no. 40) is the oldest frond still attached to the oil-palm stem
(Corley and Tinker, 2016). Grouping fronds according to age
is important because we assume that they have different Si
concentrations (Munevar and Romero, 2015). Frond no. 17
is commonly used as a reference frond to determine the nu-
trient status of a palm tree (Ollivier et al., 2017; Amirruddin
et al., 2017). We collected leaflets from frond no. 9, frond
no. 17, and a senescing frond. We also sampled rachises and
frond bases (attachment of petioles to the stem). In addition,
we sampled a ripe fruit bunch of each selected palm tree. The
latter was sub-divided into fruit-bunch stalk, fruit pulp, and
kernel (Fig. 1a). We did not have the opportunity to sample
oil-palm stems (Fig. 1b) and therefore used data of Pratiwi
et al. (2018) in our Si storage calculations. They quantified
SiO2 concentrations of oil-palm stems in Malaysia, which
we converted into Si concentrations. All Si concentrations
are presented as the percentage of weight of the dry biomass
of each part. The grand means refer to three oil palms per
plot which provided the basis for subsequent Si storage cal-
culations.

In well-drained areas, we additionally assessed how Si
accumulated with leaf age. For this purpose, we sampled
leaflets from two additional mature palm fronds, i.e. frond
no. 22 and frond no. 25 from two oil palms per plot. To
exclude any bias in the calculations of Si accumulation in
leaf tissue, the grand means of frond no. 9, 17, 22, and
25 and the senescing frond were all calculated based on
two oil palms per plot (Table 1). In contrast to Munevar
and Romero (2015), we only included mature fronds (≥ leaf
no. 9). In the field, oil-palm leaflets were wiped clean of dust
and then cut into smaller pieces. Fruit were cut off from the
lower part of the fruit bunch. The oil-palm parts were then
dried at 60 ◦C for 48 h. Prior to analysis, leaflets were finely
ground (5 min). The rachises, frond bases, and fruit-bunch
stalks were first cut into chunks and then chopped finely.
Fruit pulp was separated from the kernel. The kernels were
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cooled with liquid nitrogen so that they could be crushed and
ground despite their high oil content. They were then ground
into a fine powder in a stainless-steel mortar.

2.3 Extraction methods

2.3.1 Alkaline extraction for determining Si
concentrations of oil-palm parts

Si was extracted from all sampled oil-palm parts by leach-
ing with 1 % Na2CO3 after Meunier et al. (2014) and Sac-
cone et al. (2007). As 1 % Na2CO3 may not completely dis-
solve amorphous silica (Saccone et al., 2007; Li and Del-
vaux, 2019), we conducted a pre-test to compare the effi-
ciency of 1 M NaOH and 1 % Na2CO3 to extract Si from
various types of plant parts included in this study. NaOH
could generally extract Si more efficiently from those plant
parts remaining in the system, whereas Na2CO3 could ex-
tract Si more efficiently from those parts leaving the system
through harvest (except for the fruit-bunch stalk, which un-
derestimated Si by 8 %). As the latter are more important for
calculating the final Si budget of the system, we decided to
use Na2CO3. Each plant sample was extracted and analysed
in two laboratory replicates. We accepted ≤ 10 % relative er-
ror between the two laboratory replicates. In case this thresh-
old was exceeded, a third replicate was done.

Forty millilitres of 1 % Na2CO3 solution was added to ap-
proximately 50 mg of finely ground plant material in 50 mL
centrifugation tubes. The tubes were placed in a shaking hot-
water bath at 85 ◦C (continuous shaking, 85 rpm) and were
additionally shaken manually after 1 h. The tubes were left
to react overnight for 16 h. On the next day, the samples
were cooled off in a cold-water basin for 10 min and were
then centrifuged for 5 min at 3000 rpm. An aliquot of 125 µL
was transferred to a plastic tube, neutralized with 1125 µL
0.021 M HCl, and diluted to 2.5 mL with de-ionized water. Si
was analysed according to the molybdenum blue method
(Grasshoff et al., 2009) with a UV–Vis spectrophotometer
(Lambda 40, Perkin Elmer, Germany) at 810 nm.

2.3.2 HNO3 digestion for determining Ca
concentrations of oil-palm parts

Ca concentrations of all sampled oil-palm parts were deter-
mined by HNO3 digestion (Heinrichs and Hermann, 1990;
Heinrichs et al., 1986). Prior to analysis, 50 mL Teflon
beakers were rinsed with de-ionized water (18.3�) and dried
(60 ◦C, 24 h). Approximately 50–150 mg of sample was
weighed into each Teflon beaker, and then 2 mL of concen-
trated HNO3 solution was added to each sample. The Teflon
beakers were closed with a Teflon lid and inserted into diges-
tion blocks. These digestion blocks were placed into a drying
oven and left to react at 170 ◦C for 10 h. Afterwards, the di-
gestion solution was transferred into 50 mL volumetric flasks
through ash-free filters and filled up with de-ionized water

to 50 mL. Ca concentrations were measured with an induc-
tively coupled plasma atomic emission spectrometer (ICP-
AES, iCap 7000, Thermo Fisher Scientific GmbH, Germany)
at 317.887 nm.

2.4 Estimating Si storage in the above-ground biomass
of oil palms and 1 ha of plantation

For any given oil-palm part, Si storage can be calculated by
multiplying the Si concentration by its dry-weight biomass.
As we quantified Si concentrations of oil-palm sub-parts, i.e.
leaflets, rachises, frond bases, fruit-bunch stalks, fruit pulp,
and kernels (Sect. 2.2, Table 2a), but the literature mostly
provided dry weights of the oil-palm main parts, i.e. the stem
with palm-frond bases, palm fronds, palm crowns, and fruit
bunches (Corley et al., 1971; Lewis et al., 2020), estimat-
ing Si storage in the above-ground biomass of oil palms and
1 ha oil-palm plantation required some additional calcula-
tions as follows: we first estimated the dry biomass of each
oil-palm sub-part by multiplying the dry biomass of each
main part by its percentage contribution of the respective
sub-part (Table 2a). We then multiplied the dry biomass of
each sub-part by its mean Si concentration (Table 2b) to cal-
culate the Si storage of the main oil-palm parts. Si storage
in the total above-ground biomass of an oil palm was calcu-
lated by adding up the amounts of Si stored in an oil-palm
stem, in a palm crown composed of 40 mature palm fronds,
and in 12–14 fruit bunches, which is considered an average
annual production of a mature oil palm (Corley and Tinker,
2016) (Table 2c). Si storage in the above-ground oil-palm
biomass of a 1 ha oil-palm plantation was calculated by mul-
tiplying the amount of Si stored in one mature oil palm by
the average oil-palm-planting density. All calculations were
done for well-drained and riparian sites individually. The dry
weights of the oil-palm main parts obtained from the litera-
ture only included data from mature oil palms (≥ 6 years) and
were further distinguished according to the WRB reference
soil group. Fruit-bunch biomass varied noticeably among oil
palms, whereas the other main parts showed less variability
in their dry biomass. Therefore, dry biomass ranges are pre-
sented only for fruit bunches.

In addition to the amount of Si stored in oil palms, we
also calculated Si return to soils through pruned palm fronds
and Si losses through fruit-bunch harvest (Table 2c). Our es-
timates of Si return to soils were based on 14–16 pruned palm
fronds per palm each year, considering the average age of the
investigated oil palms (Woittiez et al., 2017; Aiyen Tjoa, per-
sonal communication, 2021). Our Si-loss estimates through
fruit-bunch harvest were based on the harvests of 2 years in
the province of Jambi, i.e. the harvests of the years 2015
(well-drained) and 2018 (well-drained and riparian) (Ko-
towska et al., 2015; this study). We multiplied the average
annual fruit-bunch harvest of these 2 years by the mean Si
concentration of a fruit bunch to estimate annual Si losses
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Figure 1. (a) Morphology of the oil-palm (Elaeis guineensis Jacq.) and plant parts sampled for this study after Lewis et al. (2020). (b) Cross
section through an oil-palm stem, including Si-accumulating cells after Dungani et al. (2013). (c) Phyllotaxis of the oil palm after Albakri et
al. (2019). Black triangles represent palm fronds. (d) Oil-palm crown with regular phyllotaxis (photo Britta Greenshields).

through fruit-bunch harvest. Again, these calculations were
done individually for well-drained and riparian sites.

2.5 Statistics

Statistical analyses were conducted on the grand means of
three palm trees (n= 3) in four replicate plots at well-drained
and riparian sites (n= 4 each). No senescing frond could be
sampled at the riparian site HOr2, as ageing fronds were
pruned early to maintain a high crop yield (smallholder
farmers, personal communication, 2021). Statistical analy-
ses were done on log-transformed data. Normal distribution
(Shapiro–Wilk test) and homogeneity of variances (Levene
test) were tested for all groups. We conducted a one-way
analysis of variance (ANOVA) to test whether the Si concen-
tration of each oil-palm part differed significantly between
the two water regimes. We conducted a Tukey–Kramer post
hoc test to examine which oil-palm parts differed signifi-
cantly in their Si concentrations. Statistical significance was

assigned at p ≤ 0.05 in all analyses. We used the open-source
software R version 3.6.2 and the R CRAN packages ggplot2
(Wickham, 2016), car (Fox and Weisberg, 2019), and psych
(Revelle, 2022) to perform statistical analyses.

For well-drained sites, we fitted a trend line to test
whether Si accumulated with frond age. The trend line was
fitted to the grand means (n= 4 plantations, n= 2 oil palms
per plantation) of four mature frond leaflets (no. 9, no. 17,
no. 22, and no. 25). The senescing frond was plotted as frond
no. 39, although the exact frond number was not determined
in the field.

3 Results

3.1 Si and Ca concentrations in oil-palm parts

At well-drained sites, leaflets of all analysed palm fronds
had a mean Si concentration of at least 1 wt % Si,
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Table 1. Sampling scheme and number of replicates, providing the statistical basis of Figs. 2 and 3.

Oil-palm part Water Palm trees Plots Replicates of Replicates of
regimeb (replicates (replicates per palm trees/plots palm trees/plots

per plot) water regime) used for Fig. 2 used for Fig. 3

Frond no. 9 WD 3 4 3/4 2 (excl. palm 3)/4
Frond no. 17 WD 3 4 3/4 2 (excl. palm 3)/4
Senescing frond WD 3 4 3/4 2 (excl. palm 3)/4
Rachis WD 3 4 3/4 n/a
Frond base WD 3 4 3/4 n/a
Fruit-bunch stalk WD 3 4 3/4 n/a
Fruit pulp WD 3 4 3/4 n/a
Kernel WD 3 4 3/4 n/a
Frond no. 22 WD 2 (excl. palm 3) 4 n/a 2 (excl. palm 3)/4
Frond no. 25 WD 2 (excl. palm 3) 4 n/a 2 (excl. palm 3)/4
Frond no. 9 RI 3 4 3/4 n/a
Frond no. 17 RI 3 4 3/4 n/a
Senescing fronda RI 3 3 (excl. HOr2) 3/3 n/a
Rachisa RI 3 3 (excl. HOr2) 3/3 n/a
Frond base RI 3 4 3/4 n/a
Fruit-bunch stalk RI 3 4 3/4 n/a
Fruit pulp RI 3 4 3/4 n/a
Kernel RI 3 4 3/4 n/a

a Only three replicate plots as no senescing fronds were left hanging on palm trees at site HOr2 (differing management practice). b WD:
well-drained, RI: riparian. c Italics: differing from the general sampling scheme. n/a: not applicable.

whereas rachises, frond bases, fruit-bunch stalks, fruit
pulp, and kernels had mean Si concentrations below
0.5 wt % Si (Fig. 2a). Mean Si concentrations in leaflets
of frond no. 9 (1.06± 0.38 wt % Si), leaflets of frond
no. 17 (1.74± 0.47 wt % Si), and leaflets of the senesc-
ing frond (3.58± 0.59 wt % Si) were also significantly
higher (p ≤ 0.05) compared to those of the fruit-bunch
stalk (0.44± 0.06 wt % Si), frond base (0.32± 0.09 wt % Si),
rachis (0.29± 0.03 wt % Si), fruit pulp (0.37± 0.07 wt % Si),
and kernel (0.26± 0.07 wt % Si) (Fig. 2a, Appendix Ta-
ble B1). Mean Si concentrations in leaflets of the senescing
palm frond were significantly higher (p ≤ 0.05) than Si con-
centrations in leaflets of frond no. 17 and leaflets of frond
no. 9, while mean Si concentrations did not differ signifi-
cantly between the latter two. All the oil-palm parts showed
a Si / Ca weight ratio of > 1, except for the rachises, which
had a Si / Ca weight ratio of 0.5 (Appendix Table B1).

At riparian sites, mean Si concentrations followed a sim-
ilar trend to the well-drained sites (Fig. 2a and b). Again,
leaflets of palm fronds had significantly higher Si con-
centrations (p ≤ 0.05) in their tissue than other oil-palm
parts (Fig. 2b). Mean Si concentrations increased with age
from 1.08± 0.44 wt % Si in leaflets of palm frond no. 9 to
3.74± 1.13 wt % Si in leaflets of the senescing palm frond
(Fig. 2, Appendix Table B1). Si concentrations in leaflets
of the senescing palm fronds were significantly higher (p ≤
0.05) than those in leaflets of palm frond no. 9 and palm
frond no. 17 (Fig. 2b). In contrast, mean Si concentrations
in the rachises, frond bases, fruit-bunch stalks, fruit pulp,

and kernels were in a similar range of around 0.3 wt % to
0.5 wt % Si (Fig. 2b). Rachises had the smallest Si / Ca ra-
tio of 0.7, whereas leaflets of the senescing palm frond had
the largest Si / Ca ratio of 4.3 (Appendix Table B1). When
comparing Si concentrations of the same oil-palm part (e.g.
rachis) between well-drained and riparian sites (HO and
HOr), Si concentrations were similar. No significant differ-
ences were detected (Appendix Table B1).

At the well-drained sites, we additionally assessed in more
detail how Si accumulated with leaf age. Mean Si concentra-
tions in leaflets of four mature palm fronds increased linearly
(R2
= 0.98) with palm-frond age (Fig. 3).

3.2 Si storage in the above-ground biomass of oil
palms, Si return to soils through decomposing
pruned palm fronds, and Si losses through harvest
on smallholder oil-palm plantations

Calculating Si storage in the above-ground biomass of oil
palms required biomass data for all plant parts. As it was not
permitted to cut down oil palms to determine the stem and
frond-base biomass per palm tree, we used mean biomass
estimates of mature oil palms in South-East Asia from the
literature (Table 2a). Lewis et al. (2020) calculated the aver-
age biomass of a bare oil-palm stem (∼ 182 kg) and a stem
including palm-frond bases (∼ 321 kg). These data suggest
that palm-frond bases add another ∼ 40 wt % of biomass to
an oil-palm stem. Corley et al. (1971) estimated a mature oil-
palm frond to weigh ∼ 5 kg. Based on these literature data
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Table 2. (a) Dry biomass estimates of the main parts of mature oil palms in South-East Asia and relative contributions of oil-palm sub-parts
to the biomass of the main parts. (b) Calculation of average Si storage in the main oil-palm parts of mature oil palms in South-East Asia.
(c) Si storage calculation in the above-ground oil-palm biomass in 1 ha of oil-palm plantation.

(a)

Water Main oil-palm Average biomass contributions Dry biomass Oil-palm Reference Country
regimea part of oil-palm sub-parts of the main part age (yr) soil group

to the main part (wt %) (kg) (WRB)g

WD Oil-palm stem Stem (57), frond bases (43) 321d 12 Histosolh Malaysia
WD Oil-palm stem Bare stem (100) 182d 12 Histosolh Malaysia
WD Frond no. 9 Leaflet (25), rachis (75)b 5e 6–14 Ferralsol Malaysia
WD Frond no. 17 Leaflet (25), rachis (75)b 5e 6–14 Ferralsol Malaysia
WD Senescing frond Leaflet (25), rachis (75)b 5e 6–14 Ferralsol Malaysia
WD Palm crown Leaflet (25), rachis (75)b 200 6–14 Ferralsol Malaysia
WD Fruit bunch Stalk (33), pulp (33), kernel (33)c 5–20f 18–22 Acrisol Indonesia
RI Fruit bunch Stalk (33), pulp (33), kernel (33)c 6–19f 11–21 Stagnosol Indonesia

(b)

Water Main oil-palm Mean Si concentrations (wt %) Estimated average Si storage
regimei parts in the contained sub-partsk in the main oil-palm parts (kg)l

WD Oil-palm stem Stem (1.13)j, frond bases (0.32) 2.51
WD Oil-palm stem Bare stem (1.13)j 2.06
WD Frond no. 9 Leaflet (1.06), rachis (0.29) 0.02
WD Frond no. 17 Leaflet (1.74), rachis (0.29) 0.03
WD Senescing frond Leaflet (3.58), rachis (0.29) 0.06
WD Palm crown Leaflet (1.74), rachis (0.29) 1.31
WD Fruit bunch Stalk (0.44), pulp (0.37), kernel (0.26) 0.02–0.07
RI Oil-palm stem Stem (1.13)j, frond bases (0.31) 2.50
RI Oil-palm stem Bare stem (1.13)j 2.06
RI Frond no. 9 Leaflet (1.08), rachis (0.29) 0.02
RI Frond no. 17 Leaflet (1.34), rachis (0.29) 0.03
RI Senescing frond Leaflet (3.74), rachis (0.29) 0.06
RI Palm crown Leaflet (1.34), rachis (0.29) 1.11
RI Fruit bunch Stalk (0.48), pulp (0.43), kernel (0.28) 0.02–0.07

(c)

Water Main parts Calculation assumptions Si storagep

regimem (kg)

WD One mature oil-palm tree Stem, crown, 12–14 fruit bunches per year 4–5
WD Mature oil-palm plantation (1 ha) 142 oil palms per hectare 572–682
WD Annually pruned palm fronds (1 ha) 14–16 pruned fronds per palm, 142 oil palms per hectaren 111–126
WD Fruit-bunch harvest in 2015 (1 ha) 15–20 Mg ha−1 fruit-bunch harvesto 54–72
WD Fruit-bunch harvest in 2018 (1 ha) 9–14 Mg ha−1 fruit-bunch harvestb 32–50
RI One mature oil-palm tree Stem, crown, 12–14 fruit bunches per year 4–5
RI Mature oil-palm plantation (1 ha) 142 oil palms per hectare 551–660
RI Annually pruned palm fronds (1 ha) 14–16 pruned fronds per palm, 142 oil palms per hectaren 115–131
RI Fruit-bunch harvest in 2018 (1 ha) 9–11 Mg ha−1 fruit-bunch harvestb 32–40

a WD: well-drained, RI: riparian. b This study, Martyna Kotowska, personal communication, 2021. c Average share estimated. d Lewis et al. (2020). e Corley et al. (1971). f Data from this
study. g WRB: IUSS Working Group WRB (2022): World Reference Base for Soil Resources, fourth edition. h Stem biomass data of mature oil palms in South-East Asia were only found
for drained Histosols. i WD: well-drained, RI: riparian. j Pratiwi et al. (2018) determined the SiO2 concentration in the oil-palm stem, which we converted to Si concentration (2.41 wt %
SiO2 equaling 1.13 wt % Si). k Total Si concentrations including error terms and the number of replicates are shown in Table B1 in the Appendix. l Calculated by multiplying the mean Si
concentration of each oil-palm sub-part by the biomass that the sub-part contributes to the main oil-palm part; data for fruit bunches mark the range that results from the highly variable
fruit-bunch biomass. m WD: well-drained, RI: riparian. n Aiyen Tjoa, personal communication, 2021. o Kotowska et al. (2015). p Data in the fourth column of the table mark the range of Si
storage in the oil-palm parts listed in the second column, calculated based on the assumptions shown in the third column.
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Figure 2. Si concentrations in oil-palm sub-parts at (a) well-drained and (b) riparian sites. Lower-cased letters indicate significant differences
(p ≤ 0.05) between oil-palm sub-parts within the same water regime. n= 4 for each plant part, except for the senescing frond and rachis,
which is n= 3 at riparian sites.

Figure 3. Si concentrations in leaflets of five mature oil-palm fronds
(nos. 9, 17, 22, and 25, senescing palm frond) from well-drained
areas.

and our own observations, we estimated a palm crown com-
posed of 40 fronds to weigh roughly ∼ 200 kg, which is in
the same range as a bare oil-palm stem. In comparison, a
single fruit bunch weighed between 5 and 20 kg (Appendix
Table B2).

Si storage in the analysed oil-palm parts was similar at
well-drained and riparian sites (Table 2b). Among all the
analysed parts, the oil-palm stem contributed the most to the
estimated Si storage of one palm tree, amounting to 2.0–
2.5 kg Si. Thereby, palm-frond bases that are attached to
the palm stem up to an age of at least 12 years contributed

about 20 wt % Si (Corley and Tinker, 2016). Compared to
the stem, an oil-palm crown composed of 40 palm fronds
stored roughly half the amount of Si, about∼ 1.2 kg. The 12–
14 fruit bunches produced by a palm tree each year stored
0.24–0.98 kg Si (0.02–0.07 kg Si per fruit bunch). In oil-
palm fronds, Si storage increased with palm-frond age from
0.02 kg Si in frond no. 9 to 0.06 kg Si in a senescing frond.

According to our calculations, smallholder plantations at
well-drained and riparian sites showed similar Si storage
in the total above-ground biomass of oil palms, Si return
through decomposing palm fronds, and Si losses through
fruit-bunch harvest (Table 2c). The above-ground biomass of
a mature oil palm was estimated to store about 4–5 kg Si.
Consequently, oil palms in a 1 ha smallholder oil-palm plan-
tation stored at least 550 kg Si in their above-ground biomass.
Annual Si return to the topsoil via pruned palm fronds com-
prised at least 110 kg Si ha−1. About 50–70 kg Si ha−1 was
lost by annual fruit-bunch harvest in 2015 and about 30–
50 kg Si ha−1 in 2018.

4 Discussion

4.1 Si distribution and accumulation in various
oil-palm parts

Leaflets of all investigated palm fronds had mean Si concen-
trations of > 1 wt % and a Si / Ca mass ratio of > 1. Further-
more, the Si concentration increased with leaf age. Thus, our
results reconfirmed the classification of oil palms being Si
hyper-accumulators (Ma and Takahashi, 2002). At both well-
drained and riparian sites, mean Si concentrations in leaflets
of oil-palm fronds (> 1 %) were significantly higher com-
pared to all other above-ground oil-palm parts (≤ 0.8 %)
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(Fig. 2). These observations correspond well to the find-
ings of Munevar and Romero (2015) and Carey and Ful-
weiler (2016), who reported higher Si concentrations in leaf
tissue compared to other plant parts in Si hyper-accumulators
as well.

In plants, Si remains dissolved in the transpiration stream
(Carey and Fulweiler, 2012; Epstein, 1994) until it reaches
epidermal cell walls, the cell lumen, and intercellular spaces
in the leaves (Epstein, 1994). High Si concentrations in
leaflets are the results of Si preferentially precipitating at fi-
nal transpiration sites (Carey and Fulweiler, 2012). In con-
trast, significantly lower mean Si concentrations in palm-
frond bases and rachises could imply that these plant parts
are related to the transpiration stream rather than to transpira-
tion and the associated Si precipitation. Instead, transpiration
and the associated Si precipitation in leaflets seem to increase
the mean Si concentration in the leaflets with palm-frond age
and can be described well by a linear equation (Fig. 3). It
is assumed that Si first accumulates in lower (abaxial) epi-
dermal cells and with time in upper (adaxial) epidermal cells
(Epstein, 1994).

Low mean Si concentrations in the various fruit-bunch
parts (stalk, fruit pulp, and kernel) suggest that Si is present
in fibres but barely in the hard shell and oily endosperm of
the kernel (Omar et al., 2014). In the fruit-bunch stalk, Si
is partly embedded within the surface or precipitates di-
rectly onto the surface of fruit-bunch fibres but not in cell
walls (Omar et al., 2014). Despite low mean Si concen-
trations in various fruit-bunch parts, a considerable amount
of Si is exported through harvest each year. In 2015, the an-
nual fruit-bunch harvest amounted to about 15–20 Mg ha−1

dry biomass on well-drained plantations within our study
area (Kotowska et al., 2015). This corresponded to an export
of 54–72 kg ha−1 Si from the system (56–74 kg ha−1 Si if
8 % underestimation by Na2CO3 extraction from fruit-bunch
stalks is considered as reported in Sect. 2.3.1). In 2018, the
yield was lower in plantations of both well-drained and ripar-
ian areas, with 9–14 Mg ha−1 dry biomass, corresponding to
an Si export of 32–50 kg ha−1 (33–52 kg ha−1 if 8 % under-
estimation is considered). Thus, Si losses through fruit-bunch
harvest were similar for both well-drained and riparian areas.

According to Corley and Tinker (2016), the central part
of the oil palm includes some Si-containing tissue as well
(Fig. 1b). Si precipitation in the stem may take place along
the vascular system or in cell walls. Epstein (1994) assumed
that stabilizing the stem through silicifying cells can be a
beneficial strategy of plants as it requires less energy than
stabilizing the stem by cellulose.

Overall, our results suggest that, among all the oil-palm
parts, palm leaflets accumulate Si most effectively in their
tissue. Thus, the management of palm fronds plays a key
role in driving and maintaining Si cycling on oil-palm plan-
tations. However, our study also shows that Si precipitates in
all above-ground oil-palm sub-parts. Therefore, specific Si
concentrations of all the oil-palm parts need to be analysed

individually and upscaled to palm-tree and plantation level.
This allows us to evaluate potential impacts of oil-palm cul-
tivation and management practices on Si cycling.

4.2 Identified Si storage, cycling, and losses on
smallholder oil-palm plantations and favourable
management practices

4.2.1 Comparison of plantations in well-drained and
riparian areas

At well-drained and riparian sites, smallholder oil-palm plan-
tations showed similar Si storage in the total above-ground
biomass of oil palms, Si return to soils through decompos-
ing oil-palm fronds, and Si losses through fruit-bunch har-
vest (Table 2c). We assume that this was due to similar Si
concentrations in the respective oil-palm parts in both wa-
ter regimes and because the same biomass data were used
to calculate Si storage capacities for all the sites (Table 2a).
The number of studies providing oil-palm biomass data is
still too low to have been able to distinguish between riparian
and well-drained soils. Therefore, our hypotheses were only
partially verified: oil palms store noticeable amounts of Si
in their biomass. However, an additional influx of dissolved
silicic acid through flooding, capillary rise of groundwater,
and lateral water fluxes (interflow) from higher-lying areas
did not increase Si storage in oil-palm plantations of riparian
areas.

4.2.2 Favourable management practices using palm
fronds and fruit-bunch parts

In our study area, 1 ha of a smallholder oil-palm planta-
tion stored about 551–682 kg Si in the total above-ground
biomass. Pruned palm fronds returned ∼ 111–131 kg Si each
year to the topsoils (Fig. 4). Annual Si losses through
fruit-bunch harvest amounted to 32–72 kg ha−1 yr−1 (33–
74 kg ha−1 yr−1 if 8 % underestimation by Na2CO3 is con-
sidered), which corresponds to around 6 %–10 % of the
amount of Si stored in the total above-ground biomass. Al-
though much Si is recycled in the system by the practice of
frond-pile stacking, it could still be optimized, e.g. by chang-
ing the positions of frond piles every 5–10 years. Such prac-
tices would lead to a more evenly distributed Si return to top-
soils across plantations.

The relevance of Si losses by harvest has been previously
addressed by Puppe et al. (2021), Guntzer et al. (2012),
and Vandevenne et al. (2012). In our study, Si storage
in fruit bunches was localized mainly in the fruit-bunch
stalk and fruit pulp (Sect. 4.1). Like oil palms, many Si
hyper-accumulators store less Si in their grains than in
the harvest residues (Carey and Fulweiler, 2016; Hughes
et al., 2020; Vandevenne et al., 2012): in wheat (Triticum
aestivum), oat (Avena sativa), and barley (Hordeum vul-
gare) straw, the mean Si concentration was higher than
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Figure 4. Si storage in the above-ground biomass of oil palms, Si return to soils through decomposing pruned palm fronds, and Si losses
through harvest on smallholder oil-palm plantations in the province of Jambi, Sumatra.

in the respective cereal grain (Vandevenne et al., 2012).
Hughes et al. (2020) found rice grains (Oryza sativa) un-
der different rice-residue management practices to accumu-
late 59± 43 kg Si ha−1 yr−1 but rice straw to accumulate
82± 25 kg Si ha−1 yr−1. Carey and Fulweiler (2016) and
Guntzer et al. (2012) made similar observations and con-
cluded that non-edible plant parts (e.g. straw) could serve
well as an organic fertilizer. These observations highlight the
importance of managing harvest residues.

Indeed, fruit-bunch harvest may alter Si cycling with time,
although a significant impact may only be seen in a longer
term than covered by this study (Clymans et al., 2011;
Guntzer et al., 2012). Therefore, we recommend reducing Si
losses through harvest by returning the empty fruit bunches
(the residues not used to produce palm oil) to the palm circle
on smallholder plantations. In this way, empty fruit bunches
may serve as organic fertilizer and may increase amounts
of bioavailable Si in the rooting area of the oil palm. This
is already common practice on state-owned oil-palm plan-
tations. However, it remains a low priority for smallholder
farmers because of the logistical effort and costs involved in
the transport of empty fruit bunches back to oil-palm planta-
tions (Woittiez et al., 2018; Euler et al., 2016a).

4.2.3 Favourable management practices using stem
residues

Si concentrations in the stem (Table 2b) may seem low.
However, multiplying the Si concentration by the large stem
biomass (Aholoukpè et al., 2018) showed that the stem pro-
vides the largest Si pool of the oil palm’s above-ground
biomass. In contrast, palm leaflets showed the highest Si con-

centrations (Table 2b) but contributed only 25 wt % to the
biomass of a palm frond. This led to smaller total Si stor-
age in the crown compared to the stem of a palm tree. Both
oil-palm parts are highly relevant for Si cycling in the sys-
tem. We strongly recommend keeping both the stem and the
palm-frond residues on the plantation, especially when an
oil-palm plantation is cleared for replanting. Oil palms could
benefit from Si fertilization like other Si hyper-accumulators
(Klotzbücher et al., 2018; Datnoff et al., 1997; Li and Del-
vaux, 2019).

Oil-palm plantations are usually cultivated for about 25
years (Corley and Tinker, 2016). Thereafter, the oil-palm
stem is considered a waste product (Onoja et al., 2019; Awal-
ludin et al., 2015). It used to be common practice to burn the
stem as the ash was regarded as sustaining soil fertility (Se-
lamat et al., 2019) by releasing Si and other nutrients into
the topsoil (Selamat et al., 2019; von der Lühe et al., 2020).
However, these nutrients including Si are released from the
ash in such high amounts and so rapidly that they are highly
susceptible to leaching. Many nutrients could be lost from the
system before a new generation of oil palms can take them
up. Thus, despite the short-term fertilizing effect of the ash,
this process may enhance nutrient and Si depletion for the
long term (von der Lühe et al., 2020). Nowadays, replanting
follows a zero-burning policy (Corley and Tinker, 2016) to
reduce greenhouse gas emissions and air pollution. Further-
more, this policy will prevent fires from getting out of con-
trol, which could impact natural vegetation. Without burn-
ing, most stem biomass remains on the plantations as it has
no monetary value for industrial or agricultural applications
(Awalludin et al., 2015; Onoja et al., 2019). Currently, oil-
palm stems are chipped and then distributed as an organic
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fertilizer at the end of a 25-year plantation cycle (Corley and
Tinker, 2016). It has been suggested to provide governmen-
tal support to implement this practice on smallholder planta-
tions as well (Woittiez et al., 2018). However, this practice
has not yet been widely used as many oil-palm plantations in
the province of Jambi (including those in our study area) are
only on the verge of being replanted in the next decade.

In view of the large area (∼ 16 million hectares) under oil-
palm cultivation in Indonesia (Gaveau et al., 2022), govern-
ments are interested in finding economically more lucrative
applications for oil-palm residues (Awalludin et al., 2015;
Chang, 2014; Rubinsin et al., 2020; Santi et al., 2019), in-
cluding stems (Awalludin et al., 2015) that could boost the
economy and benefit smallholder farmers. As a result, most
research focusses on economically beneficial applications,
e.g. in the renewable energy sector such as for fuel and gas
production but also for production of composites and fertil-
izers (Onoja et al., 2019). A clear advantage of the current
practice, i.e. spreading chipped stem parts across the planta-
tion as an organic fertilizer, is that it supports the system’s
internal nutrient and Si cycling. This reduces the need to buy
industrial fertilizers and avoids any costs and carbon diox-
ide emissions related to the transport of the stems. Selling
the biomass waste for industrial purposes, the production of
building materials (e.g. gypsum composites and wood fibre
alternatives) (Selamat et al., 2019; Pratiwi et al., 2018; Dun-
gani et al., 2013), or paper production (Pratiwi et al., 2018)
would mean that farmers would have to compensate for the
nutrient export from their plantations by buying more indus-
trial fertilizers. In addition, both the transport of the palm
stems from the plantations and the transport of fertilizers to
the plantations would involve costs and carbon dioxide emis-
sions.

5 Conclusions

In this study, we assessed the amounts of Si involved in inter-
nal Si cycling in the oil-palm system as well as the amounts
of Si leaving the system through fruit-bunch harvest. Our
study reconfirmed previous assumptions in that oil palms can
be considered Si hyper-accumulators (mean Si concentration
> 1 wt % in leaflets, Si / Ca mass ratio > 1). Mean Si con-
centrations increased with leaf age. A senescing frond stored
3 times the amount of Si in its leaf tissue compared to a
mature palm frond. Total Si storage in the biomass of ma-
ture oil palms amounted to 551–682 kg ha−1. Oil-palm stems
stored the greatest amounts of Si per hectare due to their large
biomass. Therefore, keeping oil-palm stems (including frond
bases) in the system could be an effective measure for main-
taining balanced Si levels in the long term, i.e. over several
oil-palm generations. In the short term, i.e. within one oil-
palm generation, pruning and stacking palm fronds in frond
piles turned out to be an effective management practice. This
practice returned 111–131 kg Si per hectare and year to soils.

Nevertheless, we found that fruit-bunch harvest involved a
considerable annual Si export of 32–72 kg ha−1 from the sys-
tem. Consequently, fertilization may be needed after several
oil-palm generations. We recommend the following manage-
ment measures that enhance Si cycling in the system: (1) en-
suring a spatially more even Si return from decomposing
palm fronds to soils, e.g. by changing the position of frond
piles every 5–10 years, (2) returning empty fruit bunches to
the palm circle to serve as organic fertilizer, and (3) leaving
all the oil-palm residues on the plantation after a plantation
cycle of 25 years, especially oil-palm stems (chopped and
evenly distributed across the plantation), although the use of
these residues for industrial purposes may be financially at-
tractive to plantation owners.
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Appendix A

Table A1. Sampling of oil-palm parts, fieldwork 2019.
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Table A1. Continued.
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Appendix B

Table B1. Total Si and Ca concentrations in oil-palm parts and statistical analyses.

Oil-palm part Water N Total Si (%) Ca (%) Si/Ca Shapiro–Wilk Levene

regimeb X σ X σ ratio p value (ND) p value (VAR)

Frond no. 9 WD 4 1.06 ± 0.38 0.50 ± 0.12 2.1 0.95

0.06′′

Frond no. 17 WD 4 1.74 ± 0.47 0.63 ± 0.11 2.8 0.72
Senescing frond WD 4 3.58 ± 0.59 0.95 ± 0.10 3.8 0.65
Rachis WD 4 0.29 ± 0.03 0.54 ± 0.12 0.5 0.69
Frond base WD 4 0.32 ± 0.09 0.24 ± 0.05 1.3 0.02c

Fruit-bunch stalk WD 4 0.44 ± 0.06 0.40 ± 0.12 1.1 0.01
Fruit pulp WD 4 0.37 ± 0.07 0.15 ± 0.05 2.4 0.91
Kernel WD 4 0.26 ± 0.07 0.07 ± 0.02 3.9 0.84

Frond no. 9 RI 4 1.08 ± 0.44 0.39 ± 0.11 2.7 0.35

0.02′′

Frond no. 17 RI 4 1.34 ± 0.29 0.49 ± 0.10 2.7 0.38
Senescing fronda RI 3 3.74 ± 1.13 0.88 ± 0.06 4.3 0.56
Rachisa RI 3 0.29 ± 0.03 0.44 ± 0.10 0.7 0.78
Frond base RI 4 0.31 ± 0.14 0.21 ± 0.04 1.5 0.03
Fruit-bunch stalk RI 4 0.48 ± 0.12 0.35 ± 0.13 1.4 0.34
Fruit pulp RI 4 0.43 ± 0.03 0.15 ± 0.08 2.9 0.69
Kernel RI 4 0.28 ± 0.06 0.10 ± 0.03 2.9 0.73

a n= 3 as no senescing fronds were left hanging on palm trees (differing management practice on HOr2). Statistics were done with the non-parametric
Kruskal–Wallis test and the Whitney–Mann U test. b WD: well-drained, RI: riparian. c Italic: not asserted.
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Table B2. Morphological characteristics of oil palms taken for sampling and Si accumulation in fruit bunches.

Water Plot Oil palm Stem Senescing fronds Fruit colour FBa FFB dry FBb Si in dry FB
regimea (no.) (m) (no.) (no.) (kg) (kg) (g)

WD HO1 1 7 2 Dark red ≥ 1 17.6 9.3 33
WD HO1 2 7 1 Dark red 2 15.6 8.2 30
WD HO1 3 6 4 Dark red ≥ 1 18.7 9.9 36
WD HO2 1 7–8 5 Orange red 1 8.9 4.7 17
WD HO2 2 7–8 5 Orange 1 16.7 8.8 32
WD HO2 3 8 7 Orange red ≥ 1 13.2 6.9 25
WD HO3 1 7 1 Dark red ≥ 1 19.0 10.0 36
WD HO3 2 7 4 Dark red ≥ 1 13.0 6.8 25
WD HO3 3 8 4 Dark red 6 36.8 19.4 70
WD HO4 1 5 8 Dark red 4 13.0 6.9 25
WD HO4 2 5 8 Red 2 16.7 8.8 32
WD HO4 3 6 9 Dark red 3 16.0 8.4 30
RI HOr1 1 5 1 Dark red 4 12.6 6.6 27
RI HOr1 2 6 4 Dark red 3 17.6 9.3 37
RI HOr1 3 5 6 Dark red 5 16.7 8.8 35
RI HOr2 1 4 0 Dark red 3 13.2 7.0 28
RI HOr2 2 4 0 Dark red 3 16.7 8.8 35
RI HOr2 3 4 0 Dark red 1 19.0 10.0 40
RI HOr3 1 6 1 Dark red ≥ 1 24.0 12.6 51
RI HOr3 2 6 1 Dark red ≥ 1 36.2 19.1 76
RI HOr3 3 5 1 (green) Dark red ≥ 1 19.2 10.1 40
RI HOr4 1 5 From frond pile Dark red 1 16.4 8.6 35
RI HOr4 2 4 From frond pile Dark red 1 18.9 10.0 40
RI HOr4 3 5 2 Dark red ≥ 1 12.0 6.3 25

a WD and RI: well-drained and riparian areas. FB and FFB: fruit bunch and fresh fruit bunch. b Dry FB weight calculated after Corley et al. (1971). Si
concentration in dry FB calculated by multiplying dry FB weight by mean Si concentrations of fruit-bunch components (stalk, fruit, kernel).
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