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Summary

Silicon (Si) is the second most abundant el ement
primary silicates. In soils, Si is present mostly as secondary silicates or amorphous silica of biogenic
or pedogenicorigin. For plants,Si can be an ssential element due to its numerous beneficial
functions: in soils, Si can mobilize phosphorous (P) by occupying anion adsorption sites. Si also
mitigates plant toxicity by binding toxic cations that become mobile at low soil pH. In plants, Si can
increag drought resistance by precipitating in various cell components of legvieh redues
transpiration. In recent years, assessing the Si status in arable soils has received more attention
because welbalanced Si levels in soils may increase crop yiedd®r{iomic interest) and mitigate
severe droughts (climate change). In SE Asia, Si research is particularly relevant because three
parameters come together in this region: highly weathered tropical soils (i.e.cateditoils),

drought risk due to shorteainy seasons and crgpwvhich are Si accumulators such as riCeyga

sativg), sugarcaneSaccharum officinarujnand oil palm Elaeis guineens)s Sktaccumulating plants

require wellbalanced Si levels in soils in addition to common plant nutrients (&.@, K, Ca, Mg).

Indonesia is the second largest palm oil producer in the world. B 2Q®Bmillion ha land was under
oil-palm cultivation. Oil palms are stilcommonly planted as monocultures whereby bur
management zones can be distinguishedpdl circlesrefer to the immediate circulate area around

a palm stem that are fertilized; (@)-palm rowsrefer to rows of planted oil palms that contain cover
crop (understory vegetation); (Bjterrowsare interim spaces between plantedpailm rowsthat are
sprayed regularly with herbicides and usually serve as harvesting péthfsond piles refer to
interrows where pruned palm fronds are stacked in piles to serve as litter decomposition sites.
Additionally, cover crop is left in place.

Within Indonesia, Sumatra has been greatly affected by land conversion, i.e., from lowland rainforests

and agroforestry systems into -pillm monoculturesPalm oil is a tropical cash crop with high

demand on the global market. The monetary value of pdlmontinues to encourage smallholder
farmers (O 2amiasttownddpcomparies (O 2 ha) to cul
research is identifying ways of improving-phlm management practices with the objective of reusing

the same plantiin sites. This is of relevance because manypalin plantations in Sumatra are on the

verge of being replanted. Furthermore, this could also reduce the need to convert more pristine forests.

The aim of this thesis was to investigate the impact of rasfaronversion into eppalm plantations

on stocks of mobile Si and its interacting Si phases in soils and further, to identify measures to sustain
plantsoil-Si cycling in this laneuse system. The study was conducted in smallholdepatih
plantations stablished in two different water regimes (withined and riparian areas) in Jambi
Province, Indonesia. Four objectives were investigated: i) assessing the current state of soil Si pools
under oitpalm plantations, ii) examining, whether -pi&lm manageent practices have caused
differing topsoil Si levels within an ejpalm plantation, iii) identifying processes (e.g., erosion or
harvest) potentially altering Si cycling under-pdlm cultivation and iv) estimating Si storage, return

and losses within bpalm plantations to present a first Si balance. The objectives were analyzed in
three independent studidhieresults are as follows:

Si availability and Si fluxes in two water regimes:our data could not provide statistical evidence
that Si fluxes diféred significantly between wallrained and riparian areas. In fact, soil Si pools and
plant Si contents in various gyalm components were similar or only showed a tendency of higher Si
availability in riparian areas. This suggests that an additionakiof dissolved Si by stream water or
flooding could be negligible in the sglant system under efalm cultivation. Alternatively, it could

]
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also imply that Si uptake by ealm roots is similar in both water regimes, thereby offsetting a
potentially larger Si supply. As Si uptake by -@alm roots is poorly researched, further analysis
would be needed to verify either theory.

Principal drivers of Si cycling under smallholder oilpalm plantations: Si cycling under oipalm
plantations could be mainly driven by biogeaimorphous silica (i.e., phytoliths alongside silicious
microorganisms in topsoils) and mobile Si (i.e., Siail solution) at the soiplant interface. This can

be explained by the presence of easily soluble phytoliths occurring in topsoils, litter, -qathoil
biomass. If topsoils were maintained well and a cover crop left in every interrow, Si cycling under oi
palm plantations may potentially be ssiffficient. Nevertheless, Si in soil solution is also replenished
by less soluble soil Si pools in minor quantifieis topsoils, mainly by Si bound to organic matter and
in subsoils mainly by Si occluded in pegmic oxides and hydroxides.

Si balance:the data from all three studies enabled us to propose a Si balance for smallhgdden oil
plantations established in walrained areas: a mature oil palm could storé 8 kg of Si, a
smallholder odpalm plantéion in our study area about 57®80 kg of Si ha. Roughly 0.06 kg of Si

could be returned to soil by a pruned dead frond. In one year, pruning and subsequent stacking was
estimated to return1D 7 130 kg of Si h& to soil under frond piles. In conttas single fruit bunch

could store 0.02 0.07 kg of Si. In 2015 and 2018, annual fruit bunch harvest (1 ha smallholder
plantation) resulted in Si losses of B070 kg of Si h&a. Topsoil erosion from vegetatiestarce
interrows involved additional Si less in the range of 5 9 kg Si ha. A Si-balance was only
proposed for weldrained areas as Si concentrations were similar in both water regimes and estimating
Si storage, return and losses involved aboveground biomass data baseddraimeddl sitesas well.

Recommended measuresbased on differing topsoil Si concentrations observed in four different
management zones (palm circles;malm rows, interrows and frond piles) of an-pédlm plantation,

the following measures could maintain or even iaseSi levels in soils under smallholdermalm
plantations in our study area: i) preventing surface sealing (study 1); ii) maintaining a cover crop (e.g.,
grass and sedges) in vegetatfmarce interrows and returning empty fruit bunches to the pathe cir

to serve as an organic fertilizer (study 2); iii) suggesting to distribute chipppdlwilstem parts prior

to replanting the same plantation sites (studgr)iv) ensuring a spatially more even Si return from
decomposing palm fronds to soils, elgy, changing the position of frorulles every 51 10 years
(studies 2, 3).

Future research could address Si uptake mechanisms -pglmil roots, as this could broaden the
understanding of Si cycling under-@ialm cultivation.



Zusammenfassung

Zusammenfassung

Silizium (Si) ist nach Sauerstoff @pdas zweithaufigste Element in der Erdkruste. Si in Verbindung

mit O, bildet eine Gruppe gesteinsbildender Mineralelie Silikate. In Gesteinen kommt Si als
primare Silikate (u.a. Quarz, Feldspate, Glimmer) vor, in Bbéden|gmfoon Verwitterung und
Mineralneubildung, hauptsachlich als sekundéare Silikate (u.a. Tonminerale) oder Kieselsaure. Fir
einige Pflanzen ist Si ein wichtiges Element. In Boden kann Si Phosphor (P) mobilisieren -oder Al
Toxizitat vorbeugen. In Pflanzen efidSi die Resilienz von Pflanzen gegentber Trockenstress, da es

in verschiedenen Zellkomponenten der Blatter abgelagert wird und folglich die Transpiration
verringert. Um dem Klimawandel entgegenzuwirken und Erndhrungssicherheit zu gewéhrleisten, wird
in der Forschung nach weiteren Moglichkeiten gesucht, die Fruchtbarkeit von Boden vor allem unter
Plantagenbewirtschaftung zu erhalten. Ausgewogen&eS8alte in Oberbdden kdnnten sowohl
Ernteertrage als auch die Resilienz von Pflanzen gegentber Trockengt@ssn. In Sudogisien

hat diese Thematik eine besondere Relevanz, da in dieser Region drei Parameter zusammentreffen:
stark verwitterte, (desilifizierte), tropische Bodden; ein erhéhtes Risiko von Trockenstress fir
Nutzpflanzen aufgrund kirzerer Regemeriin den Tropen; sowie ein grof3flachiger Anbau von Reis
(Oryza sativy, Zuckerrohr accharum officinarujnund Olpalmen Elaeis guineens)s die zur

Gruppe der Sakkumulierenden Pflanzen gehoéren. Bisher wurde fiir Reis nachweislich gezeigt, dass
neben gewohnlichen Pflanzennahrstoffen (z. B. N, P, K, Ca, Mg), auch nennenswerte Gehalte an Siim
Boden verfligbar sein miissten. Es ist anzunehdaes, dies auch auf die Olpalme zutrifft.

Indonesien ist der zweitgrof3te Palmolproduzent der Weltlahr 2022var eine Flache vona. 16

Mio. ha mit Olpalmen bewirtschaftet, meist als Monokultur. Man unterscheidet vier
Bewirtschaftungszonen in einer Olpanonokultur: (1) der gediingte und gejatete Bereich,
unmittelbare um den Palmenstampal( circle$, (2) unbehandelte Olpalmreihesil¢palm rows, (3)
Zwischenreihen, die mit Pestiziden aber nicht Dingemitteln behandelt werden und als Zuwege dienen
(interrows) und (4) Zwischenreihen, in denen abgeschnittene Palmwedel zur Kompostierung gestapelt
werden frond pileg.

In Indonesien ist Sumatra stark von der Umwandlung von Tieflandregenwaldern und Agroforsten in
Olpalmplantagen betroffen. Palmél ist eineptszhe Nutzpflanze mit weltweit hoher Nachfrage.
Daher besteht ein Anreiz f¢r Kleinbauern (O 2
weiterhin Olpalmplantagen anzulegen. Die Forschung ist bestrebt, die Bewirtschaftung von
Olpalmplantagen n&baltiger zu gestalten, sodass Plantagenstandorte wiederverwendet werden
kénnen. Fir Sumatra ist dies besonders relevant, da im kommenden Jahrzehnt viele Olpalmplantagen
neu angelegt werden missten. Ferner kdnnten PRriomddt Sekundarwdélder durch verbesser
Maflnahmen geschitzt werden.

In dieser Arbeit wurden Auswirkungen von Landnutzungsanderungen von Tieflandregenwaldern in
KleinbauernOlpalmplantagen auf Siorrate in Boden untersucht. Hierbei wurde deiK&iislauf

naher betrachtet mit dem Ziel: i) ddst-Zustand an pflanzenverfiigbarem Si in B&den unter
Olpalmplantagen zu quantifizieren, ii) zu bewerten, ob oder inwiefern bisherige Olpalm
bewirtschaftung den Sreislauf verandert hat, iii) Prozesse zu identifizieren, die AdeBiusten oder
Si-Zufuhr unter dieser Landnutzung gefiihrt haben und iv) ein8il8nzierung fir das System
KleinbauerOlpalmplantage zu erstellen. Das Untersuchungsgebiet liegt in der Provinz Jambi in
Sumatra. Es wurden Olpalmplantagen mit terrestrischen-(inaithed area) undemiterrestrischen
(riparian area) Bdden untersucht. Die Ziele wurden in drei unabhangigen Studien analysiert und
ergaben folgende Ergebnisse:



Zusammenfassung

Si-Zufuhr und Si-Verluste in Abhéngigkeit von der Hydrologie: es konnten keine signifikanten
Unterschiede in desi-Verfugbarkeit zwischen terrestrischen und semiestrischen Bdden erkannt
werden. SVorrate in Boden sowie Sbehalte in verschiedenen Biomassekomponenten der Olpalme
hatten &hnliche Werte. Lediglich eine Tendenz zu hoheréro®iiten im Oberbodekonnte bei
semiterrestrischen Boden beobachtet werden. Dies kénnte bedeuten, dass die Zufuhr von geléstem Si
durch Grund oder Stauwasser entweder als vernachlassigbar angesehen werden kann oder dass das
Uberschissige, geloste Si nicht von den WurzelnQlpalme aufgenommen werden kann. Die Si
Aufnahme von Olpalmwurzeln kénnte unter beiden hydrologischen Bedingungen &hnlich sein. Da die
Si-Aufnahme durch Olpalmenwurzeln nur unzureichend erforscht ist, waren weitere Studien
erforderlich.

Si-Kreislauf: Unter Olpalmplantagen wird biogene Kieselsaure (d.h. Phytolithe und nebens&chlich,
kieselhaltige Mikroorganismen im Oberboden) vermutlich bevorzugt mobilisiert und liefert der
Bodenldsung reichlich Si. Phytolithe sind leicht I6slich und kommen im Oberbode&trda und der
oberirdischen Biomasse von Olpalmen in nennenswerten Mengen vor. Auch schwer losliche Si pools
in Béden kdnnen Si in geringeren Mengen mobilisiérein Oberbdden erfolgt die Nachlieferung
hauptséchlich durch organisch gebundenes Si, inerbotien, durch in pedogenen Oxiden und
Hydroxiden gebundenes Si. Ein intakter Oberboden und der Verbleib von Vegetation in
Zwischenreihen, kénnte ausgewogen&shalte in Oberboden unter Olpalmplantagen gewahrleisten.

Si-Bilanzierung: eine  SiBilanzierury konnte fir Kleinbaue®lpalmenplantagen  (im
Untersuchungsgebiet auf terrestrischen Boden) erstellt werden: eine Olpalme kénnte zwisckgn 4

Si in der Biomasse speichern, eine Plantage zwischen BB8D kg Si h&a. Ein abgeschnittener
Palmwedel spehert etwa 0,06 kg Si. In Zwischenreihen, in denen abgeschnittene Palmwedel zur
Kompostierung gestapelt werden (frond piles), konnten innerhalb eines Jahres schatzungéweise 1
130 kg Si ha dem Boden zurlickgefiihrt werden. Ein einzelner Fruchtstand ekaran0,02- 0,07 kg

Si speichernin denJahen 2015 und 2018 fiihrte die jahrliche Ernte von Fruchtstanden (1 ha
KleinbauerPlantage) zu SVerlusten von 30 70 kg Si ha. Zusatzlich fihrte Oberbodenerosion in
kargen Zwischenreihen zu weiterem\&irlus von 5- 9 kg Si ha.

Mafnahmen: Um eine ausgewogene-8ersorgung in Béden in unserem Untersuchungsgebiet zu
gewahrleisten, waren folgende MalRnahmen forderlich: i) Vermeidung einer Oberbodenversiegelung
(Studie 1); ii) Beibehaltung von Vegetation (z.., Bverschiedene Graser) in ungedingten
Zwischenreihen sowie die Verwendung von Fruchtstanden als organischer Dunger (Studie 2); iii)
Verwendung von Olpalmbiomasse (vor allem vom Stamm) als organischen Dinger vor einer
Neubepflanzung derselben Plantagerdiate; iv) Kompostierung der Palmwedel in Zwischenreihen,

die derzeit als ungediingte Zwischenreihen und Zuwege dienen.

Weitere Studien zur S\ufnahme durch Olpalmwurzeln kénnten zu einem besseren Verstandnis des
Si-Kreislaufes unter Olpalmplantagen beia.
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Abbreviations

Silicon and Si fractions

Si Silicon (element)

SiIO, Silica (natural occurrence in terrestrial ecosystems)
SiO;* nHO  Hydrated silicous bodies (e.g., phytoliths)

Sim Mobile Si pool (i.e., Si in soil solution)

Siad Si adsorbed to the surfaces of soil particles

Siorg Sibound in soil organic matter (SOM)

Sioce Si occluded in pedogenic oxides and hydroxides
Siga Biogenicamorphous silica

Sipa Pedogenicamorphous silica

Siam Amorphous silica (refers to bothsSand Siy)

Other abbreviations

LULC Landuse/landcover

oP Oil-palm plantation

LR Lowland rainforest

FB Fruit bunch

FFB Fresh fruit bunch

HO Well-drained research plots (smallholderélm plantations)
HOr Riparian research plots (smallholderpdlm plantations)

HF Well-drained research plots (lowland rainforest)

HFr Riparian research plots (lowland rainforest)
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1 General Introduction

1.1 Context

1.1.1 Silicon in terrestrial ecosystems

Silicon(Si)is thesecondno st abundant el ement Sifractionhae piesentt h 6 s
in crystalline forms, i.e.Si mainly occurs as primargilicates (e.g., quartz, feldspars, micds)soils,

the variety of Si fractions is much larg@auer et al. 20065i occurs asardly weatherable primary
silicates(e.g.,quart), secondary silicates (e.g., clay minerals) and amorphous silicious precipitates of
biogenic orpedogenicorigin (e.g., phytoliths, silicious microorganisms in topsoilssoit-particle

coaings and void infillings, respectively). Further, Si can also be adsorbed tpastidles and
pedogenic oxides anklydroxides orbe dissolved in soil solutiofSauer et al. 2006)Among all
fractions, dissolved Si in soil solution is the only form whaan be taken up by plants, i.e., it is
readily plantavailable Si (mobile Si pooljEpstein 2009)During soil formation,soil Si poolsare

formed (Sommer et al. 2006)They can be distinguished inéasily soluble(mostly amorphous) or

hardly soluble(mosgly bound or occluded) pool$-raysse et al. 2009)n terrestrialecosystemsit is

the soilSi pools which are the link between the geosphere and the biosphere because Si released into
soil solution from variousrystalline or amorphoysools can be takeup by plantgEpstein 2009)In
addition, it is the norcrystalline Si fractions, which primarily drive terrestrial Si cycling, in a time

frame relevant to address agricultural research questions.

In agriculture,assessing th&i status in crops and theiinderlying soils haveen receiving more

attention: first, for maintaining high crop yields, which is of upmost economic interest. Second, for
providing drought resistance, which is a major challenge worldwide due to climate ¢Bahgher et

al. 2020) Due to its beneficial effects, SHpsteins r e g a
2009; Liang et al. 2015)n soils, Si can mobilize phosphorous (P) by occupying anion adsorption

sites. Si also mitigates plant toxicity by binding toxic catisash as aluminium (Al), cadmium (Cd),

and arsenic (As) that become mobile at low soil (SitteetPerrott and Barker 2008; Schaller et al.

2020) In plants, Si can increase drought resistance by precipitating in cell walls, cell lumen and

intercellular spaces of leaves thereby reducing transpirgiostein 2009)

Assessing the Si status in soils and plants, or even potential uses of Sitiéizea,fare particularly of

interest in SE Asia because three parameters come together in this region: highly weathered tropical
soils (.e., desilicatedsoils), drought risk due to shorter rainy seasons and crop plants, which are Si
accumulators such agce (Oryza sativy, sugarcaneSaccharum officinaruinand oil palm Elaeis
guineensis Siaccumulating plants, characterized by having > 1 % Si by dry weight in leaf tissue,
require wellbalanced Si levels in soils alongside common plant nutr{ergs N, P, K, Ca, MgYMa

and Takahashi 2002)Vhile it is already common practice to provide Si fertilization for rice and
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sugarcane if planted on Si depleted s@ilstichenkov and Calvert 2002; Haynes 2Q%gre have
hardly been any investigations on thal and plant Si status for oil palnfsunevar and Romero
2015)

1.1.2 Indonesia and the expansion of cipalm plantations

Historically, the Indonesian archipelago has always attracted international trade. This is due to
I ndonesi ads r i c Homests $aturialnresonirced, exgptic spicedy and tropical crops
(Laumonier 1997; Tsujino et al. 2016pumatra, the second largest island within the Indonesian
archipelago (~1.3x the size of Germany), was under Dutch rule from the Fteetfury until
INndonesi ads i nde(lmemomdie h9O7It wiamthe IDAteh olonists, who first planted
crops such as rubbeafévea brasiliensjsand oil palm Elaeis guineensjsn plantations in the Eastern
lowlands on Sumatra at the beginning of th& @ntury(Penot 2004; Corley and Tinker 2016)

In the 1950s, the forest cover in Indonesia was estimated at @s9no et al. 2016) Sumat r ad s
forests were still largely inta¢Supriatna et al. 2017)n Sumatra, noticeable deforestation staeed
of the 1970s~vhen Indonesia granted logging concessions to international busin@ssgmo et al.
2016) and farmersrelocatel to Jambi and Lampung Provinge Sumatra as a consequence of a
governmental transmigration policy, requiring more land for agtioe(McCarthy and Cramb 2009;
Gatto et al. 2015; Tsujino et al. 2016) the late 1980ghe versatile use of palm oil, e.g., vegetable
oil, cosmetics, and biofuels, was rapidly increasing demAnda result, rany smallholder farmers
transformed previal rubber plantations, degraded forests areas or fallow land irdpaloil
plantationgQaim et al. 2020)The emerging palm oil boom led to clearing of rainfor€gsaljino et

al. 2016; Qaim et al. 2020Palm oil has remained a profitable cash dfefO 2020). By the 2010s,
about 40 % of the ofbalm plantations were managed by smallhol@ér® ha)in Jambi Province and
60 % by private or statewned companie$O 2 ha) (Euler et al. 2016)Nowadays, theropical

rainforest is limited to national parks and restauration fofettarison and Swinfield 2015)

1.1.3 Impacts of rainforest conversion and resulting research topics

Tropical rainforests are among the most diverse ecosystems worldwide. They have maigl essent
ecosystem functions, of which (1) regulating the climate by reducing greenhouse gas emissions and
(2) sequestering large quantities of soil organic carbon (SOC) are modinaeih (Dislich et al.

2017) Converting tropical lowland rainforests into ragorofitable caslerop systems (e.g., oil palm
rubber and timber)nvolves many ecological changg®rescher et al. 2016; Dislich et al. 2017)
Rainforest conversion to gialm plantations has decreased biodiversity and ecosystem services
(Dislich et al.2017; Grass et al. 2020hcluding many essential soil functior{S&uillaume et al. 2015;
Kurniawan et al. 2018; Hennings et al. 2QZH9r oilpalm plantations established on sloping terrain.,
Guillaume et al. (2015) observed decreased stocks of soitiorgarbon (SOC) and identified topsoll

erosion as a prominent process. In the same study area, Kurniawan et al. (2018) measured higher
2
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nutrient leaching rates from soils under-gélm plantations. This is crucial as tropical soils as such
arehighly weaheredand nutrient poor soil&ech et al. 2014and landuse change might increase the

risk of nutrient deficiency.

Underhumidtropical climate conditions, silicate weathering and element leaching from soils occurs,
including leaching ofplant nutrientsand Si, i.e., the soils are naturally desilicifi€tiaynes 2014)

Thus, the soils consist mostly of quartz, laativity clays such as kaoliniteesquioxides such as iron
(Fe)1 aluminium (Al) oxides and hydroxidegZech et al. 2014)Plant nutrients and organic matter

are predominantly confined to the top few centimetres in topsoils, whereas quartz, kaolinite and
sesquioxides are found in the subgbdl 1986) Under humidtropical climate conditions, litter &lso
decomposed rapig by microorganisms, termites, and ants present in the topsoil. This implies that
nutrients released from litter into topsoil can be readily taken up again by plants, rather than being
stored as larger nutrient stocks in s¢f®ch et al. 2014)If the rainforest vegetation is cleared by
means of logging or formerly slastmdburn practices, most nutrients are lost from the ecosydtain
1986)or only partially returnedqvon der Luhe et al. 2020To compensate for nutrient deficienicy

soils, adequatenanagement practices such as adding fertilizers are redqoisedtain high crop yields
(Maranguit et al. 2017; Darras et al. 201®stablishing suitable management strategies for
smallholder farmers is challenging, as thewmy vary management practicascording to their

individual means.

As palm oil remains a current cash crop and cons
palm oil yields are of great importance. This could be achieved by dedicating more pristine land to
establish new oipalm plantations. Alternatively, research is seeking to identify ways of improving
oil-palm management with the objective of reusing the same plantatiofDateas et al. 2019)his

would require improving oipalm management practices or identifyingmplementary measures

(Dislich et al. 2017; Grass et al. 2028)ssessing the Si status in the plaaill system under oppalm

plantations in Indonesia could result in finding such a complementary measure.
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1.2Research aim and objectives

The aim ofthis thesis was tinvestigatethe impact of rainforest conversion into-pélm plantations
on stocks of mobile Si and its interacting Si phases in soils and further, to identify measures to sustain
plantsoil-Si cycling under smallholder eflalm plantabnsin Jambi Province, Indonesi&ig. 1.1)

Therefore, this thesis had the following objectives:

1) To assess the current Si status in soils undgpatih plantations and lowland rainforest
and evaluatevhether 20 years of epalm cultivation hasoticeablydecreasedtocks of
different soil Si fractionsstudy 1)

2) To determinef current oilpalm managment practices have caused a Si concentration
pattern in topsoils, i.e., differing topsoil Si concentrations in foupaiin management
zones such as palm circles,-pdlm rows, interrows and frond pilestifdy 2)

3) To identify processesuch agopsoil @osion, surface runoff, soil compactigstudy 2)
and human impacts such as fruit harveststgdy 3 leading toSi losses fronoil-palm
plantations

4) To estimate Si storage, return and losses withipaliin plantations and evaluate, whether
additional maagement practices have been identified, worth implementing in the future
(study 3

All studies were conducted in two different water regifmegell-drained areas versus riparian areas

to assess the paramelsidrologyin every aforementioned objectiwd/e distinguished water regimes
because either corresponded to a prevalent soil type (Acrisol vs. Stagnosols) and topographic position
(slope vs. floodplain) and could therefore affect Si fluxes and pobks.study is aciated to the
CRG990 investigating longerm effects of rainforest conversion into plantation systems in Indonesia
regarding environmental and socioeconomic asfittich et al. 2017; Grass et al. 2020; Qaim et al.
2020) Analyzing Si cycling underilbpalm plantations will provide a better understanding concerning
environmental ecosystem services and potential measures-fr@lmilmanagementhis study is of

relevanceasmany oilpalm plantations arsoonbeing replanted for a next generation inradra.
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Fig. 1.1 (a-c) Fieldwork was conducted in the Harapan region of Jambi Province, in Sul
Indonesia on plots established by the (Collaborative Research Cent90, EFForTs)
under(d) lowland rainforest ande) smallholder oHpalm plantations. Oipalm plots are indicate

by the black dot and lowland rainforest plots by the white dot. Maps created with hi
maps.com/pays.
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1.3 Approach and thesis structure

To accomplish our aims in ththesiswe conductedhreeindependent studig$ig. 1.2). Inthe first
study, we investigated the effectslafhduse/landcover (LULC) change from lowland rainforests to
smallholder oHpalm plantations otsi pools in soilsWe compared two soil types in two different
water regimes under rainforest and-maéllm plantationsSoil sampling was conducted during a 4
months field campaign. Ithe laboratory, weuantified stocks of Si in each soil horizfmlowing a
sequential Si extraction procedy@eorgiadis et al. 2013; Bardo et al. 20IMe results from this
study would enable estimating the Si status of soils under both LULC systathassessing if 20

years of opalm cultivations has led to a depletion of soil Si pools.

Smallholderoil-palm plantations
(well-drained / riparian study sites)

Legend
@ Topsoil Sipools

@ Soil Si stocks

|[:> Si fluxes

Fig. 1.2 Si cycling in the soiblan system under smallholder -pilm plantations with yepoorly
studied Sfluxes and Si pools.

In the second study, we intiggated whether two essential Si pqatwbile Si and Si in amorphous Si,
varied in their concentration within the plantatioBsiring the same -#nonths field campaign, we
took topsoil samples from four distinct management zones (palm ciodlgmIm rows, interrows and
frond piles) within mature oipalm plantations. In the laboratory, we quantified mobile and
amorphous Si by Caghnd NaOH extraction, respectivefGeorgiadis et al. 2013; Meunier et al.
2014) In addition, we conducted aykar field experiment to assess the amount of topsoil erosion and
its associated losses of amorphous Si in eroded soil materiatpalwil plantations established on
sloping terrainThis studywould allow us to infer if management practices caused ttiesgges and

if erosionwas aprominent process on the plantations.
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In the third study wewanted to assess whether fruit bunch harvest from oil palms contributed to
noticeable Si losseg:or this purpose, we conducted a secorndadths field campaign in dei
Province, Sumatra, to sample variouspalm componentsuch as palm fronds, fruit bunches and
frond bases attached to the-pdlm stem from mature egalm plantations. In the laboratoryet Si
contentin all oil-palm componentsvas determined bythe 1 % NaCO; methodafter Meunier et al.
(2014) and Saccone et al. (200We distinguished between harvest and-harvest components,

hence quantifying Si storageeturn andosses from oipalms and oibalm plantations.

The synthesis attempts to pide a firstmechanistic understanding & cycling in the soitplant
system under ciplan plantations, thereby including storage potentaldfluxes (return, recycling,
and losses{Fig 1.2) We aim to understand in which way these various Si fraciitteract within the
soil-plant Si cycle. This could be taken as a basis to evaluate if the Si cycle has changed -under oil
palm cultivation or whether additional management practices have been identified, worth

implementing in the future.

This thesis isvritten as a cumulative thesiGhapters 3 4 include the conducted studies, which are

all presented as scientific manuscripts. Chapter 5 will provide a synthesis of the conducted studies,
highlighting the key finding and give a conclusive outlook foecommended measures in-pdlm
management. lure researclopics within this field of researclare also ddressedThe formatting

style of submitted, accepted and published manuscripts was edited to algin withithiothest.
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Abstract. Potential effects of landse/landcover (LULC) transformation from lowland rainforest

into oil-palm plantations on silicon (Si) pools in tropical soils remain poorly understood, although
well-balancedevels of plantavailable Si in soils may contribute to maintain high crop yields and
increase the vitality and drought resistance of oil palms. Therefore, the aim of our study was to
identify possible effects of such LULC change on soil Si pools. For thiogermve compared soil Si

pools under lowland rainforest armbout 20-yearold oil-palm plantations in Jambi Province,
Indonesia. The investigated soils were Acrisols and Stagnosols, in which we quantified six different
soil Si pools following a sequential extraction procedure to evaluate, whether 20 yearpalmoil
cultivation ha led to a depletion of these soil Si pools. The considered pools included mobile Si,
adsorbed Si, Si bound in soil organic matter (SOM), Si included in pedogenic oxides and hydroxides,
and Si in amorphous silica of biogenic and pedogenic origin. Finedlyalso determined total Si. All
oil-palm plantations established on sloping terrain and Acrisols only showed decreased Si stocks of
mobile Si, adsorbed Si and SGMbund Si; those established in floodplains and Stagnosols had
decreased stocks of SGbbund Si and biogeniamorphous silica. Lower Si stocks were maostly
attributed to a missing fistabledo phytolith pool
oil-palm plantations. When comparing wdtained and riparian areas, flooding seemeth¢cease
phytolith dissolution. We conclude that 20 years ofpailm cultivation has not yet led to a significant
depletion of soil Si pools. As topsoils comprise the highest concentrations ofo®8@M Si and Si in
amorphous silica of biogenic origin bate susceptible to erosion and surface runoff under managed
oil-palm plantations, it would be advisable to instate specific management practices that maintain
organicrich and weHlaired topsoils on cipalm plantations.

Keywords: oil-palm plantation, raiforest, laneuseland-cover change, silicon pools, silicon
extraction, tropical soils
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2.1 Introduction

Jambi Province in Sumatra, Indonesia, has a long history of crop cultivation, including e.g., rubber, oil
palm, sugar cane, coffeand tea (FAO 2020). Galm Eleais guineensisgultivation increased
noticeably in the 1980s after a governmental transmigration policy had been implefhe@zathy

and Cramb, 2009; Gatto et al., 2015; Tsujino et al., 2006 economic value ofafm oil became
increasingly recognized as -ghlm cultivation required less lahoand cash yields per hectare
exceeded those of rubber (Euler et al. 2015). Since then, lowland rainforest has been progressively
converted to rubber and gialm plantationsn Jambi ProvincéClough et al., 2016; Drescher et al.,

2016; Dislich et al., 2017) leading to reduced biodiversifiKotowska et al., 2015; Nazarreta et al.,
2020) and ecosystem service®islich et al., 2017) With respect to soil functioning,his
transformation resulted among others in decreased nutrient stocks and increased nutrient leaching
(Guillaume et al., 2015; Allen et al., 2016; Kurniawan et al., 208freasing soil functioning may

be mitigated by optimizing ohalm management, g, adapting fertilizer applications, reducing
herbicide application, and managing understory vegetdiamras et al., 2019; Luke et al., 2019;
Zemp et al., 2019; Woittiez et al., 2019; Grass et al., 2020)

Such improved oipalm management practicesutd also include monitoring the levels of plant
available silicon (Si) in soils as Si is known to increase stress tolerance and crdgp#én, 1994;
Najihah et al., 2015; Schaller et al., 2018 Sirisuntornlak et al., 202y dition, Si can migjate toxic
effects of various elements in plarfispstein, 1999)This effect of Si is particularly relevant in the
tropics, where crops are often grown on highly weathered, acidi¢ sedause toxic ions (e.g., Al,
Cd, and A3 become increasingly sdile in soil solution belowa pH of around4 (Epstein, 1999)
However, until present little is known about the status of soil Si pools undealoil plantations and

how it is affected by landse/landcover (LULC) change.

Various practices affect ecosystem Si cycling during LULC change and may involve Si losses from
the system. For instance, LULC change through deforestation (logging and/or fire) may enhance the
amounts of Si released from s@@onley et al., 2008; Struydt al., 2010; von der Lihe et al., 2020)
potentially resulting in temporarily increased Si leaching. High Si concentrations measured in topsoils
and water seem to originate from the dissolution of pli@nived amorphous silicéConley et al.,

2008) although other Si fractions in soils may also release Si into soil soliBeurer et al., 2006;
Georgiadis et al., 2013a$truyf et al. (2010) and Clymans et al. (2011b) detected noticeably lower Si
concentrations and fluxes after centuries of soitivation (2507 500 years) in watersheds of
temperate ecosystems. Conley et al. (2008) already recognized a disruption in the Si cycle \ithin 20
40 years after deforestation. Munevar and Romero (2015) suggested 4etrottultivation could

lead to sinlar disruptions as described by Conley et al. (2008).
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Plants take up Si as monosilicic acid@itDs) from soil solution(Liang et al., 2015)whereby several
crops such as rice, wheat, sugarcane, maize, and oil palm are referred to as Si accy{Malatwrs
Takahashi, 2002; Matichenkov and Calvert, 2002; Liang et al., 2015; Munevar and Romera, 2015)
Transpiration causes Si to precipitate in the bionm{&gstein, 1994; Carey and Fulweiler, 2016)
partially in the form of celshaped amorphous sii bodies called phytoliths, which accumulate with
time (Epstein, 1994)In an undisturbed environment, Si returns to soil through litterfall, whereby
phytoliths accumulate in the topséilucas et al., 1993; Alexandre et al., 1997; Schaller et al.,)2018

In oil-palm plantations, natural litterfall is disturbed by cutting off and stacking palm fronds in every
second o#Hpalm row, a management practice referred to as fpiledstacking(Dislich et al., 2017)

Thus, the majority of biomadsound Si reurns to soil under frond piles, where phytoliths are released
upon litter decompositionvon der Lihe et al., 2022; Greenshields et al., 202%)ditional
disturbances of Si cycling may be caused by fruit harvest and topsoil erosion, which can btath lead
Si export from the systeifyandevenne et al., 2012; Guntzer et al., 2012; Hughes et al., 2020; Puppe
et al., 2021)Fruit bunches are collected immediately after harvesting to be further processed in a mill
(Dislich et al., 2017) A lack in undersiry vegetation, which is often intentionally achieved by
herbicide application, permits erosion of phytokthriched topsoi(Guillaume et al., 2015)In this

way, an important source to replenish plawéilable Si in soil solution in highly weatheredpical

soils may be lodfl.ucas et al., 1993; Derry et al., 2005; Cornelis et al., 2011; de Tombeur et al., 2020)

Based on the aboweentioned potential disturbances of Si cycling undespaiin cultivation, our
study addresses the question, how the transformation of lowland rainforest iptdnoiplantations
affects Si pools in soils of two regionally very commoefdkence Soil Groups, Acrisols and
StagnosolgIUSS Working Group WRB, 2022We hypothesized that soil Si pools are decreased

under oitpalm plantations compared to lowland rainforest for two reasons:

1) Oil palms are considered-&ccumulating plant¢Munevar and Romero, 201®)at take up
substantial amounts of Si from soil solution. Thus, Si losses are to be expected through fruit
bunch harvest and management practices that return litter to soil only in certain areas of the

plantation.

2) Oil-palm planations that are kept free of understory vegetation are susceptible to topsoil
erosion. As topsoils contain the highest amounts of phytoliths and-I&@kd Si, thus
providing major sources of plaavailable Si in soil{Conley et al., 2008)considerableSi

losses are expected through topsoil erosion.

We further hypothesized that the Stagnosols in our study area, commonly found in riparian areas and
lower landscape positions, are less prone to net Si depletion as they may receive dissolved Si through

groundwater and slope water from higher landscape positions.
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To test the above hypotheses, we quantified various soil Si pools using a sequential extraction method
(Georgiadis et al., 2013b)Ve replaced the originally included extraction of Si from amauphsilica
by a modified alkaline extraction technig{arédo et al., 2014a; UnziBelmonte et al., 2017)

2.2 Materials and methods

2.2.1 Study area and sampling scheme
2.2.11 Study area

The study area is in the Harapan region of Jambi
066 E; 50 m N 5 m NN). Geologically, the Harapa
which is comprised of prPaleogene metamorphic and éguis bedrock that is covered by lacustrine

and fluvial Neogene and Quaternary sedimédés Coster, 2006)The Harapan region has a humid

tropical climate (mean annual temperature ~ 27 °C; mean annual precipitation ~2230 mm) with a rainy
season from Deceber to March and a dry period from July to Aug{Btescher et al., 2016)he

region is dominated by loamy Acrisols on hilltops and slopes-@valhed areas) and loamy to clayey
Stagnosols in riparian areas (TaBlé andAppendix | Table A1 and A2)The natural vegetation is

tropical lowland rainforesfLaumonier, 1997)which, however, has largely disappeared and is almost
exclusively found within the Harapan Rainforestn ecosystem restauration concession in the South

of the region(Harrison ad Swinfield, 2015) Oil-palm plantations (smallholderprivate company

and stateowned plantations of Indonesia), rubber monocultueesl rubber agroforestry systems

constitute much of the rest of the reg{@islich et al., 2017)

2.21.2 Sampling scheme

Our study was conducted on smallholderpaEim plantations, which typically comprise 2 ha and
account for ~ 40 % of oppalm plantations in the proving®islich et al., 2017) Oil palms were

planted in a triangular planting scheme between 1888 2008. Old palm fronds are cut off and
stacked in every second row, called Ainterrowo.
oil-palm pruning, herbicide application, and frbiinch harvestingDarras et al., 2019; Greenshields

et al.,2023) Herbicides (e.g., glyphosate) are commonly sprayed every six months to clear understory
vegetation in the interrows and NPK fertilizers are applied within the palm (dakeas et al., 2019)

i.e., the immediate circulate area 2~m radius) srrounding the palm sterfMunevar and Romero,

2015)

Fourteen plots (50 x 50 m) established by the Collaborative Research Centre 990 EE¢aobscal

and socioeconomic functions of tropical lowland transformation sy¥tevase selected for soil
sampling. Eight plots were located in smallholderpailm plantations, whereby four were in well
drained areas (HO#) and four in riparian areas (HO#). Anaher six plots were located in lowland

rainforest, whereby again three were in whhined areas (HF1, 3, 4) and three in riparian areas
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(HFr1, 3, 4). Soil profiles (1 m depth) were established either ipadih rows (between two palm

trees) or in inteows (between two palm rows). The soils were classified according to (NFES

Working Group WRB, 2022)Soil samples were taken of each horizon, whereby horizons exceeding
20-25 cm were subdivided into two sampling depths (top, bottom).-8enisity samies (n = 4 per

horizon) were taken in 100 cm? steel cylinders. The samples watgealr(40°C, 24 h) , si eved

mm) and stored at room temperature until further analysis.

2.2.2Methods
2.2.21 General procedure used to determine six soil Si fractian

We followed the sequential extraction proceddmseloped by Georgiadis et al. (2013) to extract
different soil Si fractions. All extractions were conducted in two lab replicates. After each extraction
step, the extract for analysis was obtained by ifeging (515 min, 3000rpm) and filtering the
supernatanthrough astree paper filters (2 um). Between two subsequent extraction steps, soil
samples were rinsetice with deionizedwater ( 1 8 . 2 WMtp remone any residuesf the

previous extractarand dried overnight at 45 °C.

Mobile Si (Siv) and adsorbed Si (&) wereanalzed by the molybdenum blue meth@rasshoff et
al., 2009)using an UWVIS spectrophotometgiLamda 40, Perkin Elmer, Ridgau, Germaay)810
nm. SOMbound Si (Sig) and Si occluded in pedogerieAl oxides and hydroxideéSioc) were
measured withan inductively coupled plasma atomic emission spectrometerAEFRiCap 7000,

Thermo Fisher Scientific GmbH, Dreieich, Germany).

Mobile Si(Siv)

Siv is the Si fraction that iextractable byalcium chloride (CaG) solutionandis usually present in
terrestrial environments asonanericsilicic acid (HSiOs). The soil samples were mixed with 5 ml of
0.01 M Cad andthenleft shaking for Imin h for 24 h on an overhead shaker.

Adsorbed S(Siag)

Siag is the Si fraction that isxtractable byacetic acidGeorgiadis et al. 2013aJ his extraction aims
at determining the amount sflicic acidadsorbed to minerausfaces(Sauer et al.2006) The second
extraction step was carried out in an analogous manner to the firsbstagsing 10 ml of 0.01 M

acetic acid to extract &i

Si bound in soil organic matte(Siorg)

Siorg refers to Si that is releasedhensoil organic matter (SOM) iexidized by hydrogen peroxide
treatmentGeorgiadis et al. 2013a).d&jwas obtained by treating the samples with 20 s®H17.5

%) and letting the samples react at room temperature until the resghisialé, typically within half
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an hour. Then, an additional 10 mi®4 (35 %) was added. The samples were placed into a shaking
hot water bath at 85 °C and left until the reaticeased (up to 48 h).

Si occluded in FeAl oxides and hydroxide&Sioc)

Siocc refers to Sithat is releasewvhen Fe-Al oxides and hydroxides amtissolvedwith ammonium

acetateoxalic acid and UMight exposurgGeorgiadis et al., 201380 ml of asolution containing
0.2 M ammoniurmacetate and 0.14 M oxalic acicere added and samples werlagedon an orbital
shaker for 8 hshaling for 1 min h'. After 8 h, the soil samples were exposed tolig¥it while they

were left on the orbital shaker forather 16 h, shaking for 1 minth

We used an alkaline extraction that was modified from Baré&o et al. (2014b) andRiimante et al.

(2017) to extract Si from amorphous silica of biogenic pedaenic origin. In detail, 0.4 1 of 0.2 M

NaOH solution was poured into a metal beaker, placed into a hot water bath, and heated to 75 °C.
Once heated, the same soil sample that had already gone through the previous steps of the sequential
Si extraction wasidded to the alkaline solution. The extraction was run for 45 min, while a stirrer
continuously homogenized the solution. During the extraction, subsamples were taken with a fraction
collector at 36 times, namely every 45 sec during the first 15 min oéxtraction, every 90 sec

during the second 15 min, and every 180 sec during the last 15 min. These subsamples were analyzed
for Si and Al concentrations photometrically, using the molybdenum blue method and the eriochrome
cyanine R metho@Shull and Gutha, 1967) In the alibrations R?= O vias & &pted for Sand

R2O 0. a &cceptedor Al. The method was validated by adding known quantities gbadih
phytoliths (extracted according to Parr et al. 2001) to soil samples. A precision of 88 féaghed.

Si in amorphous silica of biogenic and pedogenic origfBisa and Ska)

Si in amorphous silicaan beof either biogenic (Si) or pedogenic&iry origin and isconsidered the
most readily mobilizableSi fraction in soils Sika mainly consistsof Si from phytoliths alongside
diatoms and other protozoic Si compoun@ommer et al., 2006, 2013; Haynes, 2013pa
predominantly consists @liceous Si coatings or void infillings (Sauer et al. 2083); can also be
occluded within pedogenic F& oxides and hydroxideg¢Schaller et al., 2021)Si released from
amorphous silica over time during an alkaline extraction can be quantifisdlipg a firstorder
mathematical model (Eq) that accounts for the ndimear (first part of the equation) and the linear
(second part of the equation) Si release from the residual soil sample n{bkeziagBelmonte et al.,
2017)

Y'Q4 "0Q 0 & 'QO@PQ Q Q0o
o a & "0 0 a TQ'Ogt‘Y"Q Q ObO Eqg. 1
~aa® P B o g.
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AIKExSi is the nodinearly released Si from amorphous silicy and Al; are the calculated
concentrations of Si and Al at a given tin®/Al i s the fractionos Si | Al
determine its originki s t he f r a c feleasa rate cotam,edefinds the be@rining of Si
releasep is thenortlinear SiinterceptandSi:Alminthelinear Siintercept Detailed information on the
calculation and computation using an O{2ECeSS python script
(https://github.com/nschenkels/AIKExSiUnzuéBelmonte et al. 20175 given in Unzuéelmonte
(2017). This method requires the analysis of both Si and Al concentrations to calculate AIKEXSi (Eq.
1) and to determine Si/Al ratioSizacommonly has Si/At a t i o gKoming et @., ZD02; Bardo et

al., 2014a; UnzuBelmonte et al., 2017Whereas Sihas Si/Al ratie of 11 4 (Koning et al., 2002)

We attributed all amorphous fractions that displayed a dissolution curve typical for phytolths to

even though some of these fractions had Si/Al ratios between 4 and 5.

2.2.2.2Determination of total Si

We also determined total Si to evaluate, which proportion of total Si was present in those fractions that
may serve as sources of readily plamaileble Si. Total Si was determined on separately milled
(tungsten carbide cups, 10 min, 2000 rpm) soil samples by alkaline fusion using lithium(béxate

ISO 148692, 2003)and analysis by use of inductively coupled plasma atomic emission spectroscopy
(ICP-AES).

2.2.2.3Calculation of Si stocks per hectare

After converting the obtained results to Si concentrations in dry soil samples (105 °C, 24 h), Si stocks

were first calculated horizewise for every Si pool according to Eq. 2.

YO O'Q Eq. 2
p T
[Si] is the Si concentration in mglgdry soil, BD the bulk density in g cinh the soil horizon

YIQo £ &0

thickness in cm and 10 is the conversion factor from mg Mg ha’. In this way, we calculated
stocks of the six Si fractions stored in each soil horizon within a soil profile. We then summed up the
Si stocks of all horizons of a soil profile down to 1 m depth to compare potentially mobilizable Si
stocks in soils underilepalm plantations and lowland rainforest. Riparian areas are often drained
before establishing an gilalm plantation because oil palms cannot be cultivated on-leatged soils
(Corley and Tinker, 2016)As we observed fine roots down to 1 m soil thdpoth in Acrisols and
Stagnosols, indicating that the-pidlm can exploit nutrients over this soil depth, we calculated soil Si

stocks down to 1 m depth for both WRB Reference Soil Groups.

2.2.2.4Statistics

Soil profiles were grouped according to WRBf&ence Soil Group and LULC type into (1) Acrisols
under oitpalm plantations (n = 5), (2) Acrisols under lowland rainforest (n = 4), (3) Stagnosols under

oil-palm plantations (n = 3)and (4) Stagnosols under lowland rainforest (n = 2). The level of
17



2 Effects of turning rainforest intoilepalm plantations on silicon pools in soils

sign fi cance was set at p O 0.05. D aWillatesty ansl fot est ed
homogeneity of variances (Levene test)ieDo an unbalanced sarimgl design skewness and kurtosis

in several Si stocks and a limited number of samples;papametric tests were used for statistical
analysis.The KruskalWallice test was used to detect significant differences between total Si stocks
(Table 2.2). We used the opesource software R version 3.6.2 and R CRAN packages ggplot2
(Wickham, 2016)ddyr (Wickham et al., 2023)xar(Fox and Weisberg, 2019)sych(Revelle, 2022)
pastecs(Grosjean and Ibanez, 201&nd pgirmesgGiraudoux, 20220 perform these statistical

analyses.

2.3 Results

2.3.1 Soil classificatiorand soil characteristics

All soils in the generally weltirained higher areas were classified as Acridtl§$ Working Group

WRB 2022), both under gpalm plantations and under lowland rainforest (T@&xeandAppendix |

Tables Al and A2). However, avén these higher areas, all soil profiles under lowland rainforest and
half of the soil profilesunderep al m pl ant ati ons had stag@uS8 prope
Working Group WRB, 2022)indicating that these Acrisols are periodically efiéel by perched water

in their subsoil horizonsAppendix I Tables Al and A2). Acrisols under both LULC types generally
showed the following horizon sequence: AAWE 7 (EA) T ET EBT BtT1 Btg. Soils in riparian areas

under both LULC types were mosthaskified as Stagnosoldn plots HOr4 and HFrghe soilswere
classified asAcrisols @Appendix | Table Al), althoughboth plots were in riparian areas. This was
because the CRC plot area designated for destructive research activities such asdilggiitsgwas

located in a wetdrained, higher landscape position within the plot. The Acrisol in HFr3 showed
stagnic properties starting at a depth of 53 cm. The typical horizon sequence of the Stagnosols was Ah
I Egi Bgi (BEg)i Btgi (Btgl) i (Bgl), both under oipalm plantations and lowland rainforest.
Hydromorphic features of the soil profiles HQrB and HFr4 included both iremxide mottles inside

soil peds, indicating temporarily perched water, as well asdkiste precipitates around macropsr

and on ped surfaces, pointing to groundwater influence (Btgl and Bgl hori&wmbkthemical and
soil-physical characteristics of the soil profiles are showippendix ITable B1.
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Table 2.1 Classification of oil palm and rainforest plots (PT REKIthe Harapan landscape of Jambi Province
in Sumatra, Indonesia.

LULC  Plot RSG with pre- and suffixes Soil horizons
Oil palm HO1 Haplic Acrisol Coamic Cutanic, Ochric) Ah-A/E-E-Bt-Btg1l-Btg2-Btg3-Btgc
Oil palm HO2 EndoferricEndostagnidetroplinthicAcrisol (Loamic, Cutanic, Ochric) Ah-A/E-Bt1-Bt2-Btg1-Btg2-Bvm-Bg
Oil palm HO3 Haplic Acrisol (Loamic,Cutanic,Ochric, Profondic) Ah-A/E-E-2Bt1-2Bt2
Oil palm HO4 Endoprotostagnic Acrisol (Loami€utanic Ochrig Novic) Ah-A/E-E/A-2AEb-2EB-2BE-2Bt-2Btg
Oil palm HOr1 Acric Endogleyic StagnosoLéamic, Colluvic, Ochric) Ah-Eg-Bg-2Btg1-2Btg2-2Btig
Oil palm HOr2 Acric Albic Gleyic Stagnosoll{oamic, Odric) Ah-Eg-BEg-Btg1-Btg2
Oil palm HOr3 Acric Gleyic StagnosofLoamic, Ochri¢ Loaminovig Ah-AE-BEg1-BEg2-2Btgl-2Btg2-2Bgl1- 2Bgl2
Oil palm HOr4 Protostagni@crisol (Loamic, Cutanic, Ochric) Ah-EA-BE-Bt1-Bt2-Btgc1-Btgc2
Rainforest HF1 Stagnic Acrisol lloamic,Cutanic, Ochric) Ah-EA-B/E-Btg1-Btg2-Btg3
Rainforest HF3 Stagnic Acrisol loamic Cutanic, Densic, Ochric Ah-EA-E-Btg1-Btg2
Rainforest HF4 Endostagnic Acrisoll(oamic, Cutanic, Ochric) Ah-EA-E-Bt1-Bt2-Btg1-Btg2
Rainforest HFrl Gleyic Stagnosol (Loamic, Ochric Ah-EB-BEg-Bgl1-Bgl2
Rainforest HFr3 Stagnic Acrisol lloamic, Cutanic, Ochric) Ah-E/A-E-Bt-Btg1-Btg2-Btg3
Rainforest HFr4 Acric Gleyic Stagnosollfoamic, Ochric) Ah-Eg-Bg-Btgl-Blg

Table 2.2 Stocks[Mg ha?, 1 m soilprofile] of six Si fractions and total Si in Acrisols and Stagnosols under oil
palm plantations and lowland rainforest.

LULC RSG X Sim X Siad X Siorg X Siocc
Oil palm Acrisol 5 0.11 + 0.04 0.16 + 0.06 1.32 + 051 3.70 £ 1.06
Rainforest ~ Acrisol 4 0.16 £+ 0.03 0.20 £ 0.04 272 £ 1.42 254 + 0.53
Oil palm  Stagnosol 3 0.20 + 0.05 0.23 + 0.06 2.10 + 0.30 290 + 0.04
Rainforest Stagnosol 2 0.11 + 0.05 0.14 + 0.07 246 + 1.28 1.63 + 1.03
X Siga X Sipa X Sitotal X Sum of six fractions
Oil palm Acrisol 5 3.50 % 0.77 64.55 + 28.93 736(+x 7665 7124 + 27.63
Rainforest  Acrisol 4 1.89 = 1.52 6257 £+ 2441 1016+ 1662 70.09 + 24.66
Oil palm  Stagnosol 3 2.08 * 1.53 5452 + 30.73 706¢+ 18061 62.04 + 30.80
Rainforest Stagnosol 2 7.98 + 845 3464 £ 1.73 1136+ 230 46.96 + 9.14

Differences between Si stocks (Mghanean + SE) were tested with the smarameteric KruskalVallice test.

Significant differences were neither observed between any individual Si fraction under thiffeévemt LULC

types, nor between any individual Si fraction in the two different WRB Reference Soil Groups. The sum of all
determined Si fractions accounts for O 0.1 % of total
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2.3.2Silicon stocks per hectare in soils under eijpalm plantations and rainforest

The sum of all extractable Si fractions down to 1 m soil depth amount4d.@é 71.3 Mg ha?,
corresponding t@® 10% of the total Sistocksin the soils (Table 2.1 and 2.2 In all soils, Sa
represented thiargest Si stock34.61 64.5Mg ha?), followed by Sia (1.97 8.0 Mg ha'), Siocc(1.671

3.7 Mg ha), Siorg (1.37 2.7 Mg ha?), and finallySixs and Sis (b 0t h  t o g &y he® (Tabl® 0. 3
2.2).

Acrisols under oHpalm plantations tended to have lower stockSigf, Siu, Siorg, @andSisa, cOMmpared
to those under rainforest, however these observed differences were not sigfpfi@aras). Only the
stocks of Sbrg under oitpalm plantations were significantly lower than those under rainforesmMd .3
ha' versus 2. Mg ha?) ata level of significance of p = 0.06.

In the Stagnosols, only stocks $ibg and Sgatended to be lower under gibim plantations comped
to lowland rainforest, whereas stocks of all other Si fractions tended to be higher urakdmoil

plantationsNone of the Si stocks differed significanfty00.05) between the two LULC types.

Under oilpalm cultivation, stocks oBiv were twice ashigh (significant difference at p = 0.08)
Stagnosols compared to Acrisols, whereas stockSiqf and Siorg Were only slightly higher in
Stagnosols than in Acrisols (0.2& ha' versus 0.18Mg ha for Siag and 2.1Mg ha' versus 1.3Vig
ha' for Siorg). Stocks of all other Si fractions were in a similar railg&tagnosols and Acrisols under
oil-palm plantationsUnder lowland rainforest, stocks 8fx tended to be higher in Acrisols than in
Stagnosols (63/g ha! versus 35Mg ha?), while stocks 6 Sig. tended to be higher in Stagnosols
compared to Acrisols (8.8Mg ha! versus 1.9Mg ha'). However, one of the Si stocks differed
significantly (p ©0.05) between Stagnosols and Acrisols under rainforest.

2.3.3Silicon concentrations in soils under o#palm plantations and rainforest
2.3.3.1Silicon concentrations with soil depth in Acrisols under two LULC types

Siw and Sig concentrations ircrisols rangd from ~5 pg g* to 15 pg ¢ under both LULC types
(Fig. 2.1a, b, g, h). Under lowland rainforest, boths $ind Si¢ concentrations showed steady
increase in their concentrations with soil depth (Bifyg, h), whereas the depth distribution of &id

Siag was much more irregular under-plm cultivation (Fig2.1a, b).

Siorg concentrations in Acrisols under lowland rainforest were highe€t.4+ 0.6 mg ¢') in the
topsoils, i.e., in the Ah and AE horizons (Figli). In contrast, most Acrisolsinder oitpalm
cultivation did notshowsucha Siorg maximum in the topsoils; instead ogiconcentrations remained
around ~0.17 0.2 mg g'throughout the soil profile, except for the Acrisol in plot HO2 that showed a
similar Sbrg maximum (~0.6 mg @') in its Ah horizon (Fig2.1c).
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Fig. 2.1 Silicon (Si) concentrations (mg'goil) of six Si fractions, including &i= mobile Si(a, g),

Siag = adsorbed S(b, h), Siorg = Si bound in soil organic mattéc, i), Siocc = Si occluded in
pedogenic oxides and hydroxid@s j), Siea = Si in biogenic amorphous sili¢a, k), Sika= Si in

pedogenic amorphous sili€g I) in Acrisols under o#palm plantations (plots: HG4, HOr4) and
rainforest (plots: HF1, HF3, HF4, HFr3).
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Fig. 2.2 Silicon concentrationgng g* soil) of six Si fractionsincluding Six = mobile Si(a, g), Sid
= adsorbed Sib, h), Siorg = Si bound in soil organic mattée, i), Siocc = Si occluded in pedogeni
oxides and hydroxidef, j), Ska = Si in biogenic amorphous silida, k), Sika= Si in pedogenic
amorphous silicdf, I) in Stagnosols under gilalm plantations (HOrB) and rainforest (HFrl
HFr4).
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Siocc cOncentrations in Acrisols showed a steady increase with soil depth under both LULC types,
which was somewhat weaker expressed under rainforest compareghainoiplantations (Fig2.1d,

j). In Acrisols under oHpalm plantations, Sicconcentrationsncr e as ed tl'a th®sefondd mg
half meter soil depth in three out of five plots (HO1, H&@ddHOr4), while under lowland rainforest,

Siocc concentrations remained below 0.4 myimg all four plots.

Siga concentrations in all four Acrisol profgeunder rainforesivhere highesin topsoils (~3.81 4.6

mg g%). Under oilpalm plantations, only the two Acrisols in plots HO1 and HO2 showed comparable
Sisamaxima in topsoils (1.6 3.8 mg ¢). Siza Was not detectable in topsoils of the Acrisols liotp
HO3, HO4 and HOr4.Most Acrisols had n®isa in any other soil horizonapart from the topsoils.

Plot HFr3 was an exceptigrwhich showedSisa concentrations of 4.1 mg gt in its Btg2 horizonat

751 86 cm depthas well

Sipastocks in theAcrisols ranged in the same order of magnitudé (B mg @) under both LULC
types and partially tended to increase with soil depth &id, ). All four Acrisols under lowland
rainforest had n&irain topsoils, while only one out of five Acrisols der oilpalm plantations had no

Sipain topsoils.

2.3.3.2Silicon concentrations with soil depth in Stagnosols under two LULC types

Sim and Sig concentrations ilstagnosols under rainforest showed a slight to clear increase with depth,
from ~ 6 pg g* in the topsoils to 5 1 16 pug g in the subsoils (Fig2.2g, h). Si and Sig
concentrations in Stagnosols undergalm plantations showed more irregular depth patterns, ranging

between 51 24 ug g' in the topsoils and 207 31 pg g' in the subsoil§Fig. 2.2a, b).

Siorg cOncentrations iBtagnosols under lowland rainforestowedclear maxima (0.67 0.9 mg ¢')
in the topsoils and rangedoaind~ 0.17 0.2 mg ¢'in the subsoils (Fig2.2i). Siorg cOncentrationsn
Stagnosols under galm plantations showed clear maxitoaa lesser exterin the topsoils (0.171
0.4 mg ¢@) and mostly low values (~0i10.2 mg @) in the subsoilsPlot HOr1 showeda second 3iq
maximum (~0.4 mg ¢') between 13 25 cm soil degt (Bg horizon) (Fig2.2c).

Siocc cOncentrations iBtagnosols under lowland rainforest were lov@ 367 0.24 mg ¢) throughout
the soil profile (Fig2.2j). Siocc cOncentrations itstagnosols under gialm plantations were similarly
low. Yet, they sbhwed a somewhat more irregular depth distributibime Stagnosol in plot HOrl
showeda maximum in the topsoil (0.4 mg'g the one in plot HOr2 showed a maximum (0.5 my g
at 801 100 cm soil depth in its Btg2 horizon (F&2d).

Siga concentrationsn Stagnosols under lowland rainforest showed clear maxinia43ng g?) in
topsoils. The Stagnosol in plot HFr4 showed increaSiagconcentrations up to 2.4 mg ggainfrom

53 cm downwards (Fig2.2K). Siga cONncentrations irstagnosols undesil-paim plantations showed a
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very pronounced maximum in the topsoils (up tarigg?), while Siza was not at all detectable in any

other soil horizons (Fig2.2e).

Sipa cOncentrations irStagnosols under lowland rainforest were very low (0.25mg g') in the
topsoils and varied between 1 mg and 4 mg g in the subsoils (Fig2.2l). Sieaconcentrations in
Stagnosols under ealm plantations were in a range of .10 mg g in the topsoils and showed
great variability in the subsoils, varying betweem@ g* and 12 mg g (Fig. 2.2f).

2.4Discussion

2.4.1Has 20 years of oHpalm cultivation caused soil Si depletion?

The soil Si poolghat are part dbiogeochemical Si cycling within eflalm plantations and rainforests

that were investigated in this study altogether made up less tfanfthe total Si in soilswhich is

similar to the proportion in a temperate forest ecosy¢@mnu et al., 2022)All oil -palm plantations
established on Acrisols in sloping terrain (TablE) only showed a nesignificant trend of decreased

Si stocks of the soil Si fractionsy3iSiag Siorg and Sia (Table2.2, Fig.2.1e, k),but no decrease of the
larger pools S.c and Ska Thereby, only the decrease Siivg Stocks under oipalm plantations was
significant p = 0.06). The studied galm plantations established on Stagnosols in floodplains (Table
2.1) tended to have insignificantly decreased stocks &f &id Ska(Table2.2, Fig.2.2c, €). As no
statistically significant differences were observed, our hypothesis that rainforest transformation into
oil-palm plantations diminishes soil Si pools in Acrisols and Stagnosols was not verified.

2.4.1.1Acrisols

Soil Siv, Siag and Sbrg Stocksper hectare and depth distribution

The detectedslightly lower Siy stocksin Acrisolsunder oitpalm plantationgompared to rainforests
were not significant. If they exist, they probably result frlmw Siv concentrations in the subsoill
horizons of the Acrisols under gialm plantations (Fig2.1a and g). Both rainforest treflsucas et
al., 1993; Schaller et aR018)and oil paimgMunevar and Romero, 20;l&reenshields et al., 22p
can take up high amounts of Si from soil solutidet they differ in their rooting systefvander
Linden and Delvaux, 2019Roots of rainforest trees eithienmediately exploit forest litter and the
uppermost topsoil for nutrients, or tap into strongly weathered, deep shbspidns (up to 7 m soil
depth)(Lucas et al., 1993sander Linden and Delvaux, 201% contrast, the rooting system of most
crops aly reaches 2 m soil depth and is less dense than the rooting system in a rainforest biome
(Corley and Tinker, 2016; vander Linden and Delvaux, 200f)ite et al. (2012) assumed thay Si
concentrations are similar across a soil profile if Si uptatesraf a plant are in equilibrium with Si
leaching and Si discharge in pore water. Low &ncentrations throughout the entire soil profile in
Acrisols under o#palm plantations could therefore reflect swhequilibrium state (i.e., similar Si

uptake ad leaching rates)in contrastrainforest trees predominantly exploit nutrients in upper
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horizons, leading to less Si uptake from the lower soil horizBngthermore water percolation
through soils and hence leaching dbiv, under oitpalm plantationsshould exceed that under

rainforest which ischaracterized by a densenalti-layeredtree canopy.

Lower Shg stocksin Acrisols under oitpalm plantationscan be attributed to the equally low \Si
stocksin Acrisols under oitpalm plantations (Tdé 2.2) since Siv and Siq are in a dynamic
equilibrium. Consequently, all Acrisols showed a very similar depth distribution in thean8i Siq
concentrations across the 1 m deep soil profiles &ig, b, g and h).Like the Siu concentrations,

Siag concentrations were lower and much more variable in Acrisols undepatih plantations
compared to lowland rainforest. Munevar and Romero (2015) made similar observations and showed
that in three strongly weathered soil profiles, concentrations of-glailcble Si increased with soil

depth and were in a range of 7®0 mg Si kg Thisis in the same order of magnitude as oug Si
concentrations (30 197 mg Si kd). Georgiadis et al. (2017) found concentrations @faid Siq to

be strongly influenced bthe presence or absence of pedogenic Fe and Al oxides and hydroxides. To a
lesser extent, clay minerals may also serve as adsorption sitegsfGE&brgiadis et al., 2014, 2017)

As most Acrisols under eppalm plantations (Tabl@.1, plots HO2, HO4) rrd all Acrisols under
lowland rainforest (Tabl.1, plots HF1, HF3 and HF4) showed stagnic properties in their subsoil
horizons, the pedogenic oxides and hydroxides in these horizons offer abundant adsorption surfaces
for Si in the studied Acrisol§eorgiadis et al., 201.7The relevance of this effect is supported by the
observation that @i concentrations (Fig2.1b, h) show a clearer increase with soil depth t&an
concentrationgFig. 2.1a, g)

Earlier studies have showhat a further lalté Si pool exists alongside phytolithshich is activated
during litter degradatioWatteau and Villemin, 20Q1Schaller and Struyf, 2013 our study, this
additional labile pool is referred to &org, i.., SOMbound Si.Lower Sbry stocks undepil-palm
plantationscompared to lowland rainforestay be attributedo plantation management practices that
controlthe presence or absence of cover siigpoil-palm plantationsSiorg showed diminishe®iorg
concentrations in four out of five topsoil horizons of Acrisols undepalin plantations. In contrast,
Siorg concentrations were high in all topsoil horizons of Acrisols under lowland rainfores2(Fdg.
and i). Thisimplies that Acrisotopsoils underainforest have relevant amounts of soil organic matter,
while many Acrisol topsoils under gilaim plantations contain little or no soil organic matter. These
observations correspond well to findings frdfander Linden and Delvaux (2019), von der Libhele
(2022) and Greenshields et al. (2023anderLinden and Delvaux (2019) identified soil Si pools
associated to topsoils (mainly phytogenic Si) as important soil Si pools in rainforest biorés.
palm plantationson the othehand von der Lihe teal. (2022) and Greenshields et al (3D2ound
litter return and decomposition to be largely restricted to frond piles areas, which may make up as little
as 15 % of a plantatioftarigan et al., 2020jThis is a crucial finding because the decompasitib

palm frondsprovidesmost plantavailable Si to soils under gilalm plantations. Litter return on eil
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palm plantations is additionally restricted because interrows are commonly kept free of vegetation,
which prevents litter productigrpromotes topsb erosion and promotesSi leaching from soils
(Oliveira et al., 2013Guillaume et al., 2015; Greenshields et al.,302

Increased Siq concentrations at greater soil depth in phat under lowland rainforest (Fi@.1i, plot

HF1) might be relatedtbiological activity or tree uprooting in the past. Soils under tropical rainforest
may genuinely be more heterogeneous than soils under plantation systems due to higher biological
activity, e.g., by termite@onovan et al., 2001)l'he Acrisolin plot HF1 showed a termite borrow at
greater soil depthAppendix ITable AJ.

Soil Sibee, SiBa @nd Spa stocksper hectare and depth distribution

High Siocc stocks in Acrisols may be explained by the abundance of pedogenic oxides and hydroxides
(Georgiadiset al., 2017)as almost all studied Acrisols had stagnic properties at some .déwith
Acrisols under oipalm plantations (HO1 and HOr4) even contained a layer of Fe concretions at 75
and 90 cm soil depth, respectively, coinciding with higheg.8bncentrations (Fig2.1d) compared to

the other Acrisols (HO2, HO3, HF1;4) without suctalayer.

Biogenic amorphous silica pools can be depleted after some déBad&s et al., 2014b; Vandevenne

et al., 2015; UnzuBelmonte et al., 2017)r centuies (Struyf et al., 2010Clymans et al., 2011)f
cultivation. In oil-palm plantationsmanagement practices thagsult inthe presence or absence of
cover crog seem to play a crucial role. In our study, the only two Acrisols-patih plantationshiat

had highSisa concentrations in their topsoil horizons (HQ@) were covered by grassy understory
vegetation, securing phytolith production and return to the topsoils through the grass litterl(Jig.

In contrast, nSisa Was detected in any of thhree oitpalm plots that were situated in cleared oil
palm interrows (HOB4, HOr4) (Fig. 1c Appendix | Table Al).Qil-palm plantations contain up to

25% of other plant species, including grasses and sdégesbold et al., 2017)These plantzan
effedively return phytoliths to soiléBlecker et al., 2008/ hite et al., 2012von der Lihe et al., 2022;
Greenshields et al., 28R In addition, progctingthe soil surface by cover crops can prevent topsoil
erosion. As phytoliths preferentially accuntelan topsoils(Conley et al., 2008)concentrations of
Sigain cleared oHpalm interrows (HO3, HO4and HOr4) could also have been diminished due to
erosion. Guillaume et al. (2015) pointed out that topsoil erosion led to a loss of soil organic carbon
(SOC) stocks in oipalm monoculturegAlexandre et al., 1997; Schaller et al., 2018; Li et al., 2020)
where clearing understory vegetation had been part of management practices. Thus, maintaining
understory vegetation could not only benefit biodiverflityke et al., 2019)but also sustain SO&hd

stocks of nutrientg§Guillaume et al., 2015nd bogenic Si.

Genuinely higheBiga concentrations in Acrisols under rainforest (Fid.e, k) can be explained liye
presence of phytoliths in the topsoils of all rainforest plots and in the subsoil of the Acrisol in plot
HFr3 (Fig.2.1k). The latter mighbe explained by fistable@ phytolith poolthat may occur at greater
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soil depth(Lucas et al., 1993Alexandre et al., 1991i et al., 2020)if phytolith solubility has been
decreased. Li et al. (2020) reported that phytoliths can be preserved in miegagsAlexandre et

a. (1997) found preserved (Ainactiveod) phytolith
rainforest and explained their presenceveytical translocationThereby, thepreserved phytoliths

made up O 10 % alfphytolith @ooldscasierrsh (1698) andd-tjii et al. (2018)
suggested that microbial activity aedtomycorrhizeungi can increase the dissolution of secondary

silicates (clays) and phytoliths especially in the uppermost meter of a soil2(Eg.k). It is thus

possible that aistable phytolith pool formed in the subsoil of the Acrisol in plot HFr3 under
rainforest, e.g., through tree uprooting, which was then preserved because of the naturally low

microbial activity at that depth.

Fairly similar Spa stocks in Acrisols under epalm plantations and lowland rainforest were also
reflected in a similar distribution of &iconcentrations with depth under both LULC systems (Fig.
2.1f, I). Apparently, this fraction is more strongly controlled dmher factors than land use. An
increase of $kconcentrations with depth may result from Si release during mineral weathering and
dissolution of phytoliths in the topsoils andpeecipitation at some depth, e.g., as siliceous coatings
on clay mineral ath Feoxide surfacegLucas et al., 1993White et al., 2012; Cornelis et al., 2014;
Fujii et al., 2018) White et al. (2012) reported that shallow grass roots mainly took up Si from soil
solution that had a biogenic Si source, whereas deeper roots pmadtynextracted Si from soil
solution that originally had a pedogenic Si source. This observation suggests iaifbel, which

in our study tended to increase with soil depth, may be also an important soil Silpsds$ the case
especially for depefrooting trees that can exploit this deep pool and incorporate it in the Si cycling of
the system.

2.4.1.2Stagnosols

Soil Siorg and Siga stocksper hectare and depth distribution

Stagnosols in the riparian areas showed very simitay &id Ska stocks per hectare andbgiand Sia

depth trends compared to the Acrisols of the higher aBedis.Sbrq and Skaare linked to the presence

and decomposition of litter, which explains that both fractions showed clear maxima in the topsoils.
Lower Sbrgstocks per hectare in Stagnosols undepaiin plantations compared to Stagnosols under
rainforest were directly linked with lower &j concentrations in their topsoil horizons (F&2c, i).

Ah horizons of Stagnosols under -pilm plantations wereoh only thinner than under lowland
rainforest, but also received less litter. In-mélm plantations, additional litter is provided by the
decay of understory vegetation in-p&lm rows and interrows if management practices allow
vegetation covefAlbert et al., 2006; Rembold et al., 2017; von der Luhe et al., 2020; Greenshields et
al., 203).
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Lower Ska stocks in Stagnosols under -pilm plantations compared to lowland rainforest likely
result from the shallowness of the (partially eroded) topsoittetioilpalm plantations that contain
very high Siga concentrations, as well as from the absence of any relevartdBicentrations in the
subsoils of the Stagnosols undermilm plantations (Fig2.2e, k). Like Acrisols, Stagnosols under
lowland rainb r e s t may h a vstabléaphytobthd pbdlib the sulasobil(Alékandre et al.,
1997) High Ska concentrations in the topsoils of Stagnosols under both LULC systems, with
maximum Si, concentrations in the topsoils of Stagnosols undegpalih phntations, point towards a
continuous provision and accumulation of phytoliths in the topéaitsert et al., 2006Greenshields

et al., 203). The highSisa concentrations in the shallow topsoils of the Stagnosols undealail
plantationscan be exgmlined by the fact that palm trees are Si accumulators and may thus produce
more phytoliths than lowland rainforest trg@dbert et al., 2015)Besides palm treg®.g., Phoenix
reclinata, Hyphaene petersiand&leais guineensis Jagggrasses and sedges also produce abundant
phytoliths that persist well in so{Albert et al., 2006) which again points to the importance of a
grassy vegetation cover in between thepailm rows.

Soil Siv, Siad, Sioccand Ska stocksper hectare and épth distribution

The similarity of theSiv, Siad, Sioce, and Skastocks per hectare suggests that LULC change has barely
affected these Si fractions in Stagnosols. The variability in the depth distributi®is, &iad, Sioce

and Spaamong the Stagnosols under-pélm plantations was greater than the difference in tpthde
trends of these fractions between Stagnosols under the two LULC systems. This observation suggests
that factorsotherthan LULC (e.g., the depth distributions of pedogenic oxides and clay minerals) are
more important in controlling these fractions thaslL.C. The only influence of land use on the depth
patterns of Si fractiawas detected for & The absence of this fraction in topsoils of all Stagnosols
under rainforest (Fig2.2l) suggests that in undisturbed soils, the, fool exclusively occurin the
subsoils. Siawas absent in the topsoil of the Stagnosol in thealin plot HOr2 but present in the
topsoils ofthe Stagnosols in oipalm plots HOrl and HOr3 (Fig.2f). This suggests thatome
anthropogenic mixing of topsoil and subsoil horigoccurred probably in the course of establishing

the oilpalm plantation.

2.4.2Are oil-palm plantations in riparian areas less prone to soil Si depletion?

The only Si fractions that showed insignificantly larger stocks in Stagnasotgparian areas
compared to Acrisols of the higher landscape positions (both undealoil plantations), were the\Si
and Siq fractions. Theeincreased & and Siq stocks can be attributed to highers Sind Siq
concentrations across the whole soil profile (Riga,b, ¢ and Fig2.2a, b, c). Tis may be due to &i
influx to riparian aready regular floodingor due to higher Si dissolution rates in riparian areas

compared to weltrained areas. This latter explanation is supported by earlier studies, where
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alternating redox conditions in soils explained higher phytolith dissolution rates in riparian areas
(Georgadis et al., 2017; vander Linden and Delvaux, 2019; Greenshields et &)., 202

2.5Conclusion

We conclude that 20 years of-pialm cultivation hasiot yet caused soil Si depletion, although the oil
palm is a Siaccumulating plant. Thus, the assumeglekon effect that we investigated was not
proven in this study. All oipalm plantations established on Acrisols in sloping terrain only showed
insignificantly decreased Si stocks of mobile Si, adsorbed Si andS&ikl Si; those established on
Stagnosd in riparian areas had insignificantly decreased stocks of -B@Md Si and biogenic
amorphous silica. All soil Si pools together comprised less tRaroi the total Si in the soils. Lower

Si stocks of biogenic amorphous Si and SOMind Si were mostlytat r i but ed t o a mi s s
phytolith pool, very shallow, partially eroded Ah horizons and less organic matter in soils under oil
palm plantations, implying that topsoils are particularly vulnerable. When comparindraiekd and
riparian areas, flaing seemed to increaseuSand Sig stocks, possibly directly and/or through
enhanced phytolith dissolution. As our results lack statistically significant differences, both our
hypotheses were not verifieflopsoik aresusceptible to erosiaunder managkoil-palm plantations

It is thereforeadvisable to protect topsoils on-piélm plantations by a dense understory vegetation

cover.
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Abstract. Effects of oitpalm Elaeis guineensidacg.)management on silicon (Si) cycling under
smallholder oHpalm plantations have hardly been investigated. As oil palms are Si accumulators, we
hypothesized that management practices and topsodion may cause Si losses and changes in
spatial Si concentration patterns in topsoils undepalin cultivation. To test this hypothesis, we took
topsoil samples under mature -pélm plantations in wellrained and riparian areas of Jambi
Province, Imlonesia. The samples were taken from four different management zones within each oil
palm plot: palm circles, oibalm rows, interrows and below frond piles. We quantified mobile &) (Si
and Si in amorphous silica (&) by the extraction oCaCbk and NaCGQ, respectively. Both fractions

are important Si pools in soils and are essential for4glaihiSi cycling. We further installed sediment
traps on sloping, wellirained oitpalm plantations to estimate the annual loss ibfaswl Shm caused

by erosion. In welldrained areas, mean topsoihssconcentrations were significantly higher below
frond piles (3.97 +1.54 mg¥y compared to palm circles (1.71+ 0.35 mb),gil-palm rows (1.87 +

0.51 mg d), and interrows (1.88 £.89 mg ¢'). In riparian areasthe highest mean topsoil &i
concentrations were also found below frond piles (2.96 + 0.36"')hgral in grassovered interrows
(2.71 £ 0.13 mg ¢), whereas topsoil & concentrations of palm circles were much lowed41+

0.55 mg ¢). We attributed the high &i concentrations in topsoils under frond piles and in grass
covered interrows to phytolith release from decayingpalin fronds, grasses, and sedges. The
significantly lower Sim concentrations in palm circlés both weltdrained and riparian areas),-oil
palm rows and unvegetated interrows (only in wdthined areas) were explained by a lack of litter
return to these management zones. Mean topspit@icentrations were itherange of ~10 20 pg

gt. Theytended to be higher in riparian areas, but the differences betweedraied and riparian

sites were not statistically significant. Sliks calculations based on erosion traps confirmed that
topsoil erosion was considerable inp#lm interrows onlepes. Erosion estimates were in a range of
471 6 Mg ha! yr?, involving Sim losses inthe range of 51 9 kg! ha® yrt. Based on the observed
spatial Si patterns, we concluded that smallholders could efficiently reduce erosion and support Si
cycling within the system by (1) maintaining a grass cover ifpaiin rows and interrows, (2)
incorporating oHpalm litter into plantation management and (3) preventing soil compaction and
surfacecrust formation.

Keywords: oil-palm plantations, oipalm managemensilicon pools, phytoliths, topsoil erosion,
silicon extraction

36



3 Oil-palm mamagement alters the spatial distribution of amorphous silica and mobile silicon in topsoils

3.1 Introduction

The transformation of lowland rainforests irtashcrop plantation systems (e.g., timber, rubber, and
oil palm) involves vast expansion of -ilm monocultures in Jambi Province, IndongBigescher et
al., 2016; Tsujino et al., 2018y now, smallholder farmers manage 40 % ofpailm plantationsn
Jambi ProvincdEuler et al., 2016)whereby palm oil remains a tropical cash crop with high demand
on the global market (FAO 2020). ihlm cultivation has improved the livelihoods of many
smallholder farmers, yet at the expense of the naturateemaent(Clough et al., 2016; Grass et al.,
2020; Qaim et al., 2020)eading to a decrease in biodiverqiBrescher et al., 2016; Meijaard et al.,
2020)and ecosystem servic@Bislich et al., 2017) Due t o -otfhf(€sss etfalt, 202@hda
global interest to reduce deforestatirsujino et al., 2016)much research focuses on identifying
ways to increase lanaise sustainability while keeping current-pdlm plantations profitabléDarras

et al., 2019; Luke et al., 2019)

Underhumidtropical climate conditions, intense silicate weathering and element leaching from soils
take place, including leaching of silicon (Sie. desilication(Haynes, 2014)Farmers commonly
apply nitrogerphosphorougpotassium (NPK) fertilizers antime to maintain an adequate plant
nutrition and soil pH(Darras et al., 2019However, Si also plays an important role in terrestrial
biogeochemical cyclingStruyf and Conley, 2012and enhances crop production in several ways
(Epstein, 2009; Gunteeet al., 2012)In soils, silicic acid can mobilize phosphate by occupying anion
adsorption sites. Si also mitigates plant toxicity by binding toxic cations such as aluminium (Al),
cadmium (Cd), and arsenic (As) that become mobile at low so{ShtdetPerrott and Barker, 2008;
Schaller et al., 2020Furthermore, Si can increase drought resistance of glacisller et al., 2020)
Silica precipitates in cell walls, cell lumemand intercellular spaces of leaves and can reduce
transpiration(Epsten, 2009) In Sidepleted soils, some crops, including oil palms, can thus benefit
from Si fertilization(Klotzbtcher et al., 2018)

In terrestrial ecosystems, Si cycling is mostly driven by two Si pools: mobile Si in soil solutign (Si
and Si preserin amorphous silica (@h) (Struyf et al., 2010; de Tombeur et al., 2028), is the Si
fraction that is readily available to plants and usually present as monomeric silicic #8i@.]Hn
terrestrial environment§Georgiadis et al., 20135iam is the largest nomineral Si pool in soils
(Bardo et al., 2014; UnztBelmonte et al., 2017)ts solubility exceeds that of silicate minerals by
several orders of magnitudier, 1979; Fraysse et al., 2009iam in soils can be subdivided intoaQi

of biogenic origin and of pedogenic origin. The first mainly includes Si in phytolithssmall bie

opal bodies precipitated in plant tissues that are released durinditpardecomposition(Bar&o et

al., 2014; Clymans et al., 2015; Schaller et2021) Soil microorganisms (testate amoebae, sponges,
diatoms) contribute to a lesser extéB8challer et al., 2021)Siam of pedogenic originj.e., silica

precipitated from soil solution, mainly occurs as-paifticle coatings and void infilling&Schaller et
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al., 2021) Siam in topsoils is predominantly of biogenic origi@lymans et al., 2015; Schaller et al.,
2021) whereas Sin in subsoils is mostly of pedogenic origiachaller et al., 2021)

Ecosystem Si cycling can be altered by human impact such as deforeTativay et al., 2008)
land-useandland-cover (LULC) changdStruyf et al., 2010; Bardo et al., 202@nd fire(von der
Luhe et al., 2020; Schaller and Puppe, 202fter LULC transformation from forest to arable land, Si
can be lost from the system through harvest, topsoil erosion, and increased Si leaduihgSi
leaching in soilis triggered by reduced interception, which results in increased percdldgter et
al., 2012; Vandevenne et al., 2012; Kraushaar et al., 28Rarcumulating plants such as rice, wheat,
barley, maize, and oil paliMa and Takahashi, 2002; Munevar and Romero, 2Gk8)characterized
by Si accumulation of > 1 wt. % in dry leaf tissaled a Si/Ca ratio > (Ma and Takahashi, 20Q02)
Such Si accumulators may accelerate Si turnover at thelaatl interface by taking up high amounts
of Si from soil solution and returning -8ch litter to soils(Struyf and Conley, 2009, 2012n oil-
palm plantations, we therefore expected Si losses by harvest and topsoil évasidavenne et al.,
2012; Munevar and Romero, 201%) addition, we expected that the spatial arrangement-phbit
rows and interrowd with frond piles (frond pile) owi t hou't ( e mpresyltSs iniant err o

corresponding spatial Si concentration pattern in topsaoils.

Oil palms are planted in row&otowska et al., 2015Fig. 3.1a). A distance is kept between the rows
to ensure sufficient light exposuf€orley andTinker, 2016) The space between two-pidlm rows is
referred to as an interrow. They senitheras harvesting paths or as deposition sites fooffytalm
fronds that are stacked up in long, flat pi{€orley and Tinker, 2016)ertilizers are dg applied
within a circle of ~1.51 2 m around the palm stem (palm circi®unevar and Romero, 2015;
Formaglio et al., 2020)In addition, nutrients are released from decaying plant litter. Thus, we
hypothesized that Si is mainly released and retutoetils in the form of biogenic &i under frond
piles, leading to higher topsoil s concentrations, while other management zones (including palm

circles, oitpalm rows and empty interrows) might be at risk of Si depletion.

Furthermore, we hypothesizethat in oitpalm plantations established on sloping terrain, Si is
removed by topsoil erosion in scarcely vegetated interrows. We assumed that phytoliths might be even
more prone to erosion than mineral soil particles because of their lower densiipg léada
disproportionately high & loss through topsoil erosion. Such additionalnSbss from interrows

would be unfavourable, as interrows may serve as new planting sites in a subsequent plantation cycle
after ~25 yearqCorley and Tinker, 2016)Thus, our study aimed at assessing the impact of
management practices in smallholdergalm plantations on Si cycling. In addition, we considered it
important to account for potential differences in the intensity of natural desilication in different
landsape positions. Therefore, we carried out the same study in two different landscape positions,

associated with differing water regimd®: in well-drained areas with presumably high desilication
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rates andii) in riparian areas, where we assumed thatleediooding might involve an input of Si

dissolved in stream water into the system, partially compensating for desilication.

3.2 Material andmethods

3.2.1 Study area and sites

The study was associatesith the DFGfunded interdisciplinary Collaborative Research Centre
(CRO 990, addressing environmental and socioeconomic impacts of rainforest conversion into
plantation systems in Sumatra, Indong&aescher et al., 2016; Dislich et al., 201Thus, it was
conducted on CRC 990 plots in smallholderpzlm plantations in the Harapan landscape of Jambi
Province, Sumatra, |Indonesia (1A 556 066 S, 103
lowland landscape is charactdl by prePaleogene metamorighand igneous bedrock that is
overlain by lacustrine and fluvial sedimete Coster, 2006)n which predominantly loamy mineral

soils have formedAllen et al., 2016) Preliminary results showed that quartz, kaolinite, andIFe

oxides are the mostbundant minerals in these highly weathered soils. In our study area, Acrisols are
present in weldrained areas, found at higher elevation and on sloping terrain. Stagnosols and Stagnic
Acrisols dominated in seasonally flooded riparian plogs, in floodplains(Hennings et al., 2021)

The Harapan region is characred by a humidtropical climate (Af in the Koppefeiger
classification) with a mean annual temperature of 26.7 °C and a mean annual precipitation of 2230
mm (Drescher et al., 2016 he rainy season has two precipitation maxima: one in December and
another one in March. A dry period lasts from July to AudOsescher et al., 2016)he natural
vegetation isamixed dipterocarp lowland rainforedtaumonier, 1997yhich is nearly oly preserved

in the Harapan rainforest, an ecosystem restoration area soutieof Jambi ProvincéHarrison and
Swinfield, 2015) and in the Barisan mountains in thest of Jambi ProvincéDrescher et al., 2016)

In addition to oitpalm plantationsother important landise systems in Jambi Province include rubber

plantations and agroforestry systefbsslich et al., 2017)

3.2.2 Study design and sampling
3.2.2.1Topsoil samples

From April to August 2018, topsoil sampling was conducted in fout-grained (HO1i HO4) and
four riparian plots (HOri HOr4). Oil palms were planted between 1997 and 2001 indvaihed
plots, and between 1998 and 2008 in riparian afelasnings et al., 2021¥ollowing a triangular
planting scheme with ~ 9 m distam between the stems (Fig.la). Interrows were usegitheras
harvesting paths or to stack @ft palm fronds (frond pileYKotowska et al., 2015)In plot HO1,
every interrow contained frond piles. Thus, topsoil samples of interrowsolvei@ed only from three
well-drained plots. The underseyrvegetation of all weltrained plots was occasionally weeded. Two

riparian plots (HOrl and HOr2) had a wealhintained grass cover between the oil palms.
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In each of the eight plots, topsoil sples were taken with steel cylinders (height = 4 cm, volume =

100 cm?3) at five locations along the slope. At each location, topsoils were sampled from four different
management zonese., (1) palm circle, (2) otbalm row, (3) interrow, and (4) frond pilto assess

spatial patterns of & and Siy concentrations in topsoils within the -gilm plantations (Appendib

Table Al and A2). Interrow topsoil samples were taken at a maximum distance between oil palms.

The samples were dried (40 °C, 24 h) arelsied ( O 2 mm) prior to Si ana

sample was dried at 105 °C to determine the water content of the samples dried at 40 °C.

Fig. 3.1 (a) Triangular planting arrangement on smallholderpailm plantations in the study ar
(sketch ly B. Greenshields). Topsoil samples were taken in four distinct management zones: (/
circles (B) oil-palm rows, (C) interrowsand (D) below frond pilegb) This is a2 m2 sediment traj
with scarce understorey vegetation installed in pairs in feal-drained plots (sketch by E
Greenshieldgollowing Sinukaban et al. 2000). The downslope fursteped part of the aluminiui
frame (F) directs surface runoff, together with eroded soil material, into a bucket (B1) f
connected to a second buckiB®) by a 2 cm wide tube (T). Photos of the sediment traps are shc
AppendixIl Table A3.

3.2.2.2S5ediment traps

Sediment traps were installed in sets of two in interrows of thedseed plots HOI HO4, on 8i

12° sloping landSinukaban et al., 2000tach trap consisted of a rectangular aluminium frame (2 x 1

m, 2 m?). Its downslopéacing short side was fmelshaped, directing surface runoff and eroded soil
material into a bucket (Fid.1b and Appendixl Table A3). A second bucket was connected to the
first bucket by a 2 cm thick tube to catch potential overflow. The traps were checked and maintained
weeky from the beginning of September 2018 to the end of August 2019. The unglev&getation

in the sediment traps was kept in place to ensure that the uneerstgetation was representative of
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the oilpalm plantations. Both sediment traps in HO1 wasnually weeded aftéd months because

inside the traps, vegetation covered nearly 100 % of the soil surface, impeding topsoil erosion. Eroded
soi l materi al was coll ected whenever present, dr
to Si analyes. Samples of eroded soil material from plot HO2 were excluded from further analysis
because both trapgerecontaminated by crude oil. Losses of.Swere calculated for each sediment

trap by multiplying the concentration ofpsqiof each sediment samply the amount of eroded soil
material collected by each trap (AppendixTable B3). Erosion estimates were determined for each
trap by summing up the amount of eroded soil material for thadrth period from the beginning of
September 2018 until the emmd August 2019. Precipitation data of the two closest meteorological
stations were used for correlating the observed soil erosion with precipitation. Distances between
meteorological stations and plots comprised ~ 2 km for HO1, ~ 3 km for HO2, ~ 8 ki®@&rand ~

6 km for HO4. At each meteorological station, precipitation was measured by two automated
precipitation transmitters (Thies Clima, Gottingen, Germany), at a height of 1.5 m and a horizontal
distance of about 6 m.

3.2.3 Determination of silicon pols in topsoils

Silicon in amorphous silica (Sin)

Silicon in amorphous silicéS{am) was extracted from topsoil samples and eroded soil material by 1 %
NaCQO; solution(Meunier et al., 2014)At 85 °C, amorphous silica dissolves withifi 3 hours inl

% NaCO;s solution, thereby rapidly raising the Si concentration in solution. Once amorphous silica is
completely dissolved, the release of Si to solution is only sustained by the slower dissolution of
silicate minerals which follows a linear trend. Shcentration was measured four times during the
linear dissolution phase. A linear equation was fitted to the data. Thedicentration was inferred

from the yintercept of the linear regression.

In detail, 40 ml of 1 % N&LO; solution was added to approximately 30 mg of soil material. The
samples were then placed into a shaking water bath at 85 °C. To ensure steady Si release from
topsoils, the samples were manually shaken at time intervals of 45 min. Aliquots were taken after 3 h,
3.75 h,4.5 h, and 5.25 h. For this purpose, the samples were taken out of the water bath, cooled in a
cold-water basin (10 min) and centrifuged (5 min, 300M). A 0.25 ml aliquot was taken from the
supernatant of each sample and neutralized with 2.25 ml OOHCI. Si concentrations in the
aliquots were analysed by the molybdenum blue me{dsshoff et al., 2009)sing a UVWVIS
spectrophotometer (Lamda 40, Perkin Elmer, Germany) at 810 nm. We chose iC% Ha an
extractant and used the extraction mdthg Meunier et al. (2014) instead of the stronger extraofant

0.1 M NaOH used by Baréo et al. (2015) because we assumed that most Si in topsoils is of biogenic
origin and dissolved well by N&Os (Meunier et al., 2014)
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Mobile silicon (Six)

Mobile siicon (Sim) was extracted bg CaCk solution, which provides electrolytes resembling natural
soil solutions(Sauer et al., 2006; Georgiadis et al., 20E8dm each sample, 1 g of soil material was
mixed with 5 ml of 0.01 M CagGland left for 24 h, shakg for 1 min ht on an overhead shaker.
Samples were centrifuged (5 min, 30@0n) and the supernatant was filtered throughfasé paper
filters (12 um). The Si concentrations were analysed in filtrates by the molybdenum blue method. We

transformed theneasured Si concentration (ug)dnto the amount of Giper gram 105 °C dried sail.

3.2.4 Statistical analyses

Statistical analyses were conducted on the grand means of topsoil Si concentrations in each water
regime and management zone. The two latter were grouped into (i) palm circles-draivedd /

riparian areas (each, n = 4), (ii) p&lm rows in weHldraired / riparian areas (each, n = 4), (iii)
interrows in weHldrained (n = 3) / riparian areas (n = 4) and (iv) frond piles in-dralined / riparian

areas (each, n = 4). The four management zones were tested for significant differences in topsoil Si
concentations, withinboth the welldrained and within the riparian areas. In addition, we tested the
well-drained and riparian areas for significant differences in topsoil Si concentrations by comparing
the same management zone under two different water regiineslata wrelog transformed to assert
normal distribution (ShapirdVilk test) and homogeneity of variances (Levene test). Both criteria were
met for all groups except for ypin topsoils of odpalm rows in welldrained areas (Appendik Table

B4). Weconducted a oneay analysis of variance (ANOVA) to detect ilxsiand Siy concentrations

in topsoils of different management zones differed significantly within-erelned and within
riparian areas, as well as between wieHlined and riparian areashdnh we used the Tuckd§¢ramer
posthoc test to identify, which management zones differed significantly. The level of significance was
setatp O . We @s&d the opesource software R version 3.6.2 and R CRAN packages ggplot2
(Wickham, 2016) ggpubr(Kassambara, 2022¢ar (Fox and Weisberg, 201@nd psych(Revelle,

2022)to perform these statistical analyses.

3.3 Results

3.3.1 Concentrations of Sim and Siv in topsoils

In well-drained plots, mean topsoil sai concentrations were about twice as high under frond piles
(3.97 £ 0.76 mg ¢) compared to palm circles (1.71 + 0.36 my, @il-palm rows (1.87 + 0.28 mg™y

and interrows (1.88 + 0.32 mg'g(Fig. 3.2a, Appendixl Table B1). This difference betwedmnd

piles and the other three management zones was significantq ) (Fig.®.3a). In riparian plots,
mean topsoil Sin concentrations were equally high below frond piles (2.96 + 0.36 fcaigd in
interrows (2.71 + 0.13 mgy (Fig. 3.2b). Compared to these two management zones, mean topsoil

Siam cOncentrations in palm circles (1.44 + 0.30 migywere significantly lowr @ O ) (Fig.G.Z0).
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Oil-palm rows had intermediate mean topsoimStoncentrations (2.08 + 0.63 mg")g(Fig. 3.2b),

showing no significant difference with respect to any other managementzon®().0 . 0 5

In well-drained plots, mean topsoil Scorcentrations were about twice as high under frond piles
(13.68 + 6.54 g ¢ and in palm circles (11.17 + 5.42 pg)gompared to oipalm rows (6.38 + 2.85

ug gl) and interrows (5.62 + 0.10 pgp(Fig. 3.2c). Only plot HO1 showed exceptionally high
topsoil Siv concentrations in cibalm rows (outlier), which could be attributed to the dense vegetation
throughout that smallholder plantation. In riparian plots, mean topsasloBcentrations were twice as
high under frond piles (19.56 + 6.13 pd)gconpared to mean topsoil Wwsiconcentrations in palm
circles, oitpalm rows and interrowswhich all rangearound 11 pg g (Fig. 3.2d). Mean topsoil i
concentrations did not differ significantlp ( O ) Betw@eh the other management zones within the
samewater regime (weltrained/riparian), nor did mean topsoiluSioncentrations (in the same

management zone) differ between water regimes.
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Fig. 3.2 Concentrations of mobile Si (@i and Si in amorphous silica (&) in topsoils of four
different management zones: palm circles (n = 4j)palin rows (n = 4), interrows (n = 3), and unc
frond piles (n = 4) on smallholder glalm plantations in two different landscape positions v
differing water regimes (welirained and riparian). Bes indicate interquartile ranges and whisk
extend 1.5 times the interquartile range below or above the box. If lower case letters (a, b) diff
one another, this indicates a significant difference between management zones within a wate
(p O0D5H. Si concentrations were calculated with -oveey analysis of variance (ANOVA) and Tuke
Kramer posthoc test.
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3.3.2 Topsoil erosion and associated losses ofSi

In plots HO3 and HO4, medians@iconcentrations in topsoils of interrows (1153.57 mg g*) were
roughly twice as high as in eroded soil material (0.6688 mg d¢) (Tab. 1). In plot HO1, the median
Siam concentration in eroded soil material (1.61 mi was twice as high as in eroded soil material of
plots HO3 and HO4 (0.66 0.88 ng g'). Over the entire sampling period of 12 months, the four
sediment traps in plots HO1 and HO4 indicated erosion rates 6f5 Mg ha' yr* (Tab. 2)In plot
HO3, a similar erosion rate was obtained from trap 1 (~ 6 Mgyhd), whereas the erosiorate
observed in trap 2 of plot HO3 was twice as high (~ 12 Mg yrd). Siam losses through topsoil
erosion amounted to169 kg ha'yr in the four sediment traps of HO1 and HO3, anid7skg halyr?

in both sediment traps of HO4. Figu8& presents weekly losses of topsoil ang,&n eroded topsoil
correlated with daily rainfalls. Duringthed42o nt h sampl i ng pe2bmmdweredai | y
recorded from mieSeptember 2018 until midune 2019 (Fig. .3). The rainy season started in
November 2018 with daily rainfalls exceeding 60 mm(HO4, weather station near a statened
plantation) to 70 mm-t(HO1 and HO3, weather ska near the village of Bungku) after a dry spell
in October2018 A second rainy peak lasted from nthrch to midApril 2019 with daily rainfalls
reaching 50 mm 8 (HO1 and HO3) to 70 mmd(HO4). The dry season started in riighe 2019,

showing only @e intense rainfall event (outlier, HO4) at the end of August 2019.

In plot HO1, a dense cover of mosses, grasses, and@@m high understorey vegetation prevented

soil loss from September 2018 until end of January 2019. (Tab. 1,.84). After manally weeding

plot HO1 at the end of January 2019, the vegetation coverage was kept minimal (around 5 %).
Noticeable losses of soil and corresponding lossesagfdsicurred between February (L21 g m?2

of sediment, 16 53 mg n? of Sikm) and the end dflay 2019 (16 100 g n® of sediment / 38 192

mg m2 of Sikm) (Fig. 33a and 33b). In plot HO3, scae understorey vegetation of herbaceous plants

(no grasses and mosses) covered about a third of the sediment traps (Tab. 1). Soil and corresponding
Siam losses were recorded continuously from September 2018 to May 2019 (Fig. 3.3). Each week,
losses of topsoil material amounted td 82 g m? (corresponding to 1 90 mg n? Siam) (Fig. 33a,

3.3b). At three sampling dates, one in December 2018 and twoeirbo r uary 2019, peak
150 g m? occurred. The correspondingssl o0 sses of these samplhenneg dat e
also representing among the highestnSiosses throughout the sampling period. In plot HO4,
vegetation coverage in the tejncreased from 40 % in September 2018 to 60 % in May 2019 (Tab.

1). Soil loss occurred from mileptember 2018 to the end of May 2019 (Fi8).3.osses of eroded

soil material barely exceeded 50 ¢ wf sediment. However, an event with approximately 202 of

soil loss had correspondinga@ilosses ranging from 5160 mg n?, thus showing a large variability.
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Table 3.1 Topsoil Shm concentrations in interrow and sediment trap samples

Oil-palm plot Statistics Interrow Eroded Estimated
soil material vegetation cover
Ne Siam [Mg g%oi]  Siam [Mg gsei]  (Sep / Jan Apr-May [%])

HO12 NA/19 Min. NAC 0.90 100/5/5
HO12 NA/19 Median NAC 1.61
HO12 NA/19 Mean NAC 1.77
HO12 NA/19 Max NAC 3.26
HO3 5/38 Min 1.40 0.11 30/40/30
HO3Z 5/38 Median 1.53 0.88
HO3Z 5/38 Mean 1.63 0.82
HOZ 5/38 Max 1.91 1.97
HO4 5/27 Min 1.45 0.03 40/50/60
HO4 5/27 Median 1.57 0.66
HO4 5/27 Mean 1.69 1.13
HO4 5/27 Max 221 6.84

3Siam concentrations for plot HO1 as of February 2019 (after manual weebwin concentrations for plot
HO3 and HO4 for the whole sampling duratiéiReplicates for interrow topsoil samples/replicates for erode:
soil samplesiEvery interrow on plot HO1 cdained stacked frond piles with no sampling possible. NA: not

available.

Table 3.2 Annual losses of soil and i through erosion

Plot Eroded soil material Siam
[Mg soil hat yr] [kg Siam hat yr]
HO1 5.4 8.7
HO1 4.2 7.2
HO3 11.7 8.9
HO3 6.1 6.0
HO4 5.4 6.7
HOA4 3.6 4.6
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Fig. 3.3 (a) Weekly losses of topsaénd(b) Si in amorphous silica (i) in eroded topsoil, collecte
from sediment traps (n = 6) of gohlm plantations in wellirained areas.
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