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Abstract

The rapid expansion of oil palm cultivation in Soedst Asia raises
environmental concerns, necessitating a criticaltation of the impacts of this
production system on ecological health. Oil palrawgrs in Indonesia are faced
with the challenge of sustaining high yields to k@ace with the growing global
demand for oil and fats, while reducing the envinental impacts of oil palm
cultivation. Environmental impacts associated wite deforestation at the initial
phase of an oil palm plantation establishment a# documented, however the
impacts of mature oil palm plantation on water guaemain poorly investigated.
Oil palm is a perennial crop (25-30 years) culéchpredominantly on weathered
tropical soils, so high fertilizer input is necegst sustain high yields, which is
expected to endanger neighboring aquatic ecosystdma excess nutrients are
carried out to waterways. In Indonesia, 39 % ofpaiim planted area is owned by
smallholder farmers, who rely on mineral fertiligeto support oil palm
production, and 52 % are large private plantatiopsrated by private industries.
In addition to mineral fertilizers, industrial pkations also apply mill byproducts
as organic fertilizers in the plots surroundinge thill (due to transportation
costs). Soil characteristics and fertilizer managetmn oil palm plantations (i.e.
mineral vs. organic fertilizer applications) wepgected to alter the soil fertility
status and nutrient loads to waterways. Due tofghethat oil palm plantations
generally extend over thousands of contiguous hestacrossing several
watersheds and covering different soil types, tifectof fertilizer management
on the soil response and nutrient loads to wateswaguires landscape-scale
studies accounting for soil variability and longrtefertilization sequences across
the plantation. The first objective of the thesiaswto (i) perform a literature
review that provides an overview of the agricultupmactices in oil palm
plantations as well as hydrological processes wrealin the nutrient transfers
from those agroecosystems to waterways. Then Ichtméii) assess the effect of
long term mineral and organic fertilizer sequena®s the soil response,
considering different soil types, (iii) characterizhe dominant hydrological

processes involved in the nutrient fluxes to wasgmsvin oil palm plantations, and



(iv) assess the effect of fertilizer management awil characteristics on
groundwater quality and nutrient fluxes to streai®e study area was located in
the Petapahan area, Central Sumatra, Indonesig@hwias a tropical humid
climate (annual rainfall > 2000 mm) and weathereits {Ferralsols). The study
area was a landscape (100 km?) including a 400dhastrial plantation and a
1500 ha smallholder plantation using rational fiegr programs. Low-fertility
Ferralsols responded significantly to continuougliaptions of organic fertilizers,
with greater improvement in loamy-sand uplands thanloamy-lowlands,
compared to repeated applications of mineral feetis. | proposed that spatial
fertilizer management at the landscape-scale shmrtplement the current plot-
scale fertilizer management to get higher nutriesg efficiency and improve soil
fertility in an oil palm plantation. One year (26@010) multi-site monitoring of
stream water quality showed nutrient concentratioelew Indonesian standards
for water quality. In this case study, mature ailmp cultivation did not contribute
to the eutrophication of aquatic ecosystems. Tlas ascribed to nutrient dilution
in streams from the high rainfall as well as highrient demand by oil palm that
was met with a rational fertilizer program. Assesstof nutrient fluxes from
baseflow showed that loamy-sand uplands were nensits/e to nutrient losses
than loamy lowlands, and organic fertilization feglgo reduce nutrient losses to
streams. The study also showed high dissolved argaatter content in streams,
likely from natural sources. Oil palm agroecosystem the study area are
characterized by fast groundwater renewal indigatiie potential for inputs to be
quickly transported from soils to the streams. Timay be of concern when
unbalanced fertilizer management leads to overiegtn of nutrients or
persistent agrochemicals like pesticides bind ssaved organic matter, since

they will be susceptible to contribute to nonpaatirce pollution in streams.



Résumé

La rapide expansion de la culture du palmier acheil Asie du Sud-Est souléve
maintes interrogations sur ses impacts environn@ugn Les planteurs
indonésiens doivent désormais assurer de hautemands pour répondre a une
demande mondiale croissante d’huile de palme,donuninimisant leurs impacts.
Les impacts environnementaux associées a la défpiestiors de la phase initiale
d’établissement d’'une plantation sont déja bienudwntés. En revanche, les
impacts d’'une plantation mature sur la qualité’dau a été trés peu étudiée. Le
palmier & huile est une culture pérenne (25-30 gésgralement cultivée sur des
sols tropicaux peu fertiles d’ou la nécessité desfapports de fertilisants, apports
susceptibles de menacer les écosystemes aquatgaesl les nutriments en
exces sont transportés vers les rivieres. En Irglendes petits planteurs
villageois détiennent 39 % des surfaces plantégsadnier a huile et n'utilisent
gue des fertilisants minéraux pour assurer leudyction. Les industriels privés
possédent 52 % des surfaces, et appliquent, erdpligertilisants minéraux, des
fertilisants organiques issus des rejets de lesirses. Ces fertilisants organiques
sont généralement appliqués dans les parcellesxénpté de I'usine pour réduire
les colts de transport. Les caractéristiques detstal gestion de la fertilisation
(i.e. fertilisants minéraux vs. organiques) desmamhies sont susceptibles
d’influer sur la fertilité du sol et sur les traggs de nutriments vers les riviéeres.
Etant donné que les plantations s’étendent géméeale sur plusieurs milliers
d’hectares d’'un seul tenant, couvrant plusieursihas/ersants et différents types
de sol, I'effet de la gestion de la fertilisatiaur $a réponse du sol et les transferts
de nutriments vers les rivieres nécessite des gtadiéchelle du paysage. Celles-
ci doivent tenir compte tant de la variabilité dil su sein de la plantation que de
la variabilité des séquences de fertilisation plumiuelles. Le premier objectif de
cette étude est (i) de réaliser une revue deditiée sur les pratiques agricoles
utilisées dans les palmeraies ainsi que sur lesepsois hydrologiques impliqués
dans les transferts de nutriments dans ce typewutexte, (i) d’évaluer I'effet de
séquences pluriannuelles de fertilisation minéetlerganique sur la réponse du

sol, tenant compte de la variabilité des sols d@o de la plantation, (iii)) de



caractériser et quantifier les processus hydroleggglominants impliqués dans le
transfert de nutriments depuis la palmeraie veysilgeres, (iv) et enfin d’évaluer
I'effet de la gestion de la fertilisation et desaméristiques du sol sur la qualité
des eaux souterraines et sur les flux de nutrimeets les rivieres. La zone
d’étude est située dans la région de Petapahas, ldacentre de Sumatra, en
Indonésie. Le climat y est tropical humide (préatons annuelles > 2000 mm)
et les sols peu fertiles (Ferralsols). Il s’agii’paysage de 100 kmz? incluant une
plantation villageoise de 1500 ha et une plantafiwdustrielle de 4 000 ha,
pratiquant une gestion raisonnée de la fertiligatiGette étude a montré une
amélioration significative des propriétés chimiqudss sols suite a des
applications continues de fertilisants organiqueg&c une amélioration encore
plus sensible sur les sols sablo-limoneux queesusbls limoneux. Une gestion
spatiale de la fertilisation a I'échelle de la péion serait plus efficace et devrait
compléter la gestion a la parcelle pour une ma#eiratégie d'application des
fertilisants adaptée a la variabilité des sols k&sr milliers d’hectares de la
plantation. Le suivi multi-site sur un an de la liféades eaux de surface dans le
paysage a montré des niveaux de concentrationstdmants en deca des limites
maximales recommandées par les standards indoeéBlans cette étude de cas,
la culture d’'une palmeraie mature ne semble pas awotribué a I'eutrophisation
des cours d’eaux. Les raisons en seraient la olilutiu systeme par la forte
pluviosité locale, et la pratique d’une fertiligatiraisonnée. L’évaluation des flux
de nutriments a montré que les sols sablo-limor&aient plus sensibles que les
sols limoneux aux pertes de nutriments et que daidation organique pouvait
réduire significativement ces pertes. De fortegtieren matiéres organiques ont
été observées dans les rivieres, mais probablethss a des causes naturelles.
Le renouvellement rapide des eaux souterrainestinhe grande réactivité du
systéme aux intrants qui peuvent étre rapidemeximél vers les cours d’eau. Des
apports massifs de nutriments (fertilisation ndeaianée) ou des pesticides liés a
la matiere organique dissoute pourraient donc &mrain risque de pollution en

aval de l'agrosysteme.



Preface and contribution of authors

This thesis is composed of three chapters, predegledgeneral introduction. The
first chapter is a literature review that summasizbe body of knowledge
surrounding this thesis and outlines the objectieésthis research project.
Connecting paragraphs between these chapters stewrogression from one
manuscript to the next. Finally, the general cosidns and contributions to
knowledge highlight the key findings of this theaisd suggest areas for further
research.

All manuscripts are co-authored by the candidatgng¢ois Colin, Olivier
Grunberger, Joann Whalen and Jean-Pierre Calimeangéis Colin, Olivier
Grunberger and Joann Whalen provided guidance @itatial assistance with the
manuscripts. Jean-Pierre Caliman (from SMARTRI) vated technical and
financial support in field work, data collectiondataboratory analysis. Financial
support was also provided by the CIRAD and the NSERhapter 2 is modified
from the original manuscript that was also co-atgddy Stéphane Follain due to
his implication in data analysis and editorial sssice and. The candidate was
fully responsible for designing and conducting fieéd work, analyzing the data
and writing the manuscripts. The manuscripts tbatmose the body of this thesis
are in the following order:

Chapter 1. Comte, 1., Colin,F., Whalen, J.K., Genger, O., Caliman, J.-P. 2012.
Agricultural practices in oil palm plantations atitkir impact on hydrological
changes, nutrient fluxes and water quality in Irea: a review. Advances in
Agronomy, vol. 116, pp 71-124. DOI: 10.1016/B978:D394277-7.00003-8
Chapter 2. Comte, I., Colin, F., Grunberger, O.Jldin, S., Whalen, J.K,,
Caliman, J.-P. Landscape-scale assessment ofespibmse to long-term organic
and mineral fertilization in an industrial oil palnplantation, Indonesia
(Agriculture, Ecosystems & Environment, vol. 169,p.58-68. DOI:
http://dx.doi.org/10.1016/j.agee.2013.02.010).

Chapter 3. Comte, I., Colin, F., Griinberger, O.,al&h, J.K., Caliman, J.-P.,
Widoyo R. Multi-site assessment of water qualityihpalm agroecosystems and

influence of soil types and fertilizer managemamnatrient fluxes to streams.
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Contributions to Knowledge

The research conducted in this thesis provides ftiowing important

contributions to knowledge:

» The literature review provides an overview of catragricultural practices in
oil palm plantations and compiles information refyag the complete
hydrological cycle in oil palm plantations and timeplications for nutrient
export to water bodies, pointing out the reseaaghsgegarding the assessment
of nutrient transfer from mature oil palm agroesteys to waterways at the
watershed-scale.

» Chapter 2 is the first study to assess the sqiloese to long term organic and
mineral fertilizer applications, at the landscapaks within a 4000 ha
industrial mature oil palm plantation (>15 yr ol#)n original landscape-scale
approach was built to cope with unavailable histdrsoil data, variability in
fertilization sequences and diverse soil classe®sacthe plantation, an
approach that can be transferred to understanefesbiizer interactions in
other large-scale perennial cropping systems.

0 Results indicate that low-fertility Ferralsols resded significantly to
continuous organic fertilization, with greater irapement on the
loamy-sand uplands than loamy lowlands. Regulaamg fertilizer
applications to loamy-sand uplands are recommendeslistain soil
fertility.

o The study opened the way to the idea that a higgexl of spatial
consideration, both towards smaller scale (inteclklscale) but also
landscape scale, should be considered by agromrastvell a higher
integration of organic and mineral fertilizers,ingprove a the quality of
nutrition management, and minimizing any risk oa émvironment.

Chapter 3 is a ground-breaking study that proviggsnformation with first
report about the state of water quality in streaomning through oil palm
agroecosystems. It is the first large-scale hydjickl study carried out across
several watersheds in industrial and smallholdepaim agroecosystems that
include various soil types and fertilizer managemen
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The study proposes a survey approach to assesalanuitient exports
to streams based on multi-site monitoring (16 vwsiteds) and methods
of reconstituting daily hydrochemical time serie®ni bi-monthly
monitoring.

Results indicate that the hydrological behavioruodng in the study
area is dominated by stream flow (annual raticastrédow / rainfall =
60 %) and that stream flow is mainly fed by basefioom shallow
groundwater. Observations suggested a high reneatal of the
groundwater leading to short residence time.

Stream water was generally acidic with low nutriemmcentrations that
did not exceed Indonesian water quality standaddsh organic matter
content was measured, likely from natural sourqesat&oil patches
across the landscape).

The study showed that soil types played a majotofam nutrient
transfers to waterways, with loamy-sand uplandadenore sensitive
to nutrient losses than loamy soils. The soil effeas tempered by the
fertilizer management. It was demonstrated thatamigy fertilizers
applications helped to reduce nutrient losses,c=iheDIN and TP, to
waterways.

| concluded that mature oil palm agroecosystems ndd pose
eutrophication risks in streams even on fast-dngirgoils, (i) when
managed suitably through a rational fertilizer pemg, (i) and in
humid climatic conditions that dilute nutrient centrations in water
outflows.

As the mill location is the main factor in the lotgrm strategy for
applying organic fertilizers (due to transportationsts), managers
should also consider whether local soils are meresiive to nutrient
losses and benefit more from repeated organidifzens applications to
improve soil fertility when they choose a locatifam the mill, during
the establishment phase of the plantation.
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General introduction

Oil palm Elaeis guineens)sis one of the most rapidly expanding crops in the
tropics, especially in Indonesia, which is now tbp producer in the world with
about 7.5 million ha cultivated for oil palm. Sntadlders grow oil palm on almost
3 million ha, which represents 39 % of Indonesianpalm plantations, the
remaining 4.5 million ha being on larger privat& ) and government-owned
(8 %) plantations (IMA, 2010). Consequently, oilrpecultivation provides food
and employment for several million people and dbaotes to the development of
poor countries like Indonesia. Continued expansiénthe oil palm crop is
forecasted due to growing global demand for palhaia source of fats and oil
for human consumption, nonedible products, andueiofBangun, 2006; Tan et
al.,, 2009). However, there is concern from socieh®@mmental non-
governmental organizations (NGOs) about the enwemal impacts resulting
from the rapidly expanding oil palm sector, whiclerev widely covered by the
media. Thus, the Roundtable on Sustainable Paln{RBPO), an international
organization of producers, distributors and socieh®nmental NGOs was
created to promote sustainable palm oil producfidre RSPO recommends that
growers undertake a full assessment of the envieotah impact of oil palm
cultivation and encourages them to follow best mgen@ent practices (BMP)
(Lord and Clay, 2006). To date, most of the attantnd research related to the
environmental impact of oil palm cultivation hasdsed on deforestation and its
consequences (loss of biodiversity, GHG emissietts) during the initial phase
of oil palm plantation establishment. Much lessrmibn has been paid to the
environmental impacts of established oil palm @#ans, particularly the risk of
water pollution.

Oil palm is cultivated predominantly on weathereapical soils, which are
generally highly acidic with low buffering capaeii (Harter, 2007). Due to the
low inherent fertility of these soils and the hightrient removal in tree products,
high fertilizer input is necessary to sustain hiyghlds and typically constitutes
40-65% of total field upkeep costs (Ng, 2002; Calrret al., 2001). However,

mineral fertilizers applications can contributestwl acidification, which causes a



further decline in pH and reduces the bufferingacaty of these low-fertility
tropical soils (Barak et al., 1997; Nelson et aD;10; Oim and Dynoodt, 2008).
High fertilizer applications on low-buffered soifsay also result in substantial
nutrient loading in water bodies and contribute etatrophication of aquatic
ecosystems (Turner and Rabalais, 1994). Among W& Broposed by RSPO
was the use of palm oil mill byproducts such as tgnfuit bunches (EFB) and
palm oil mill effluent (POME) as a substitute forirmaral fertilizers. Research
underway since the 1980s demonstrated that EFB ROME improve soil
fertility significantly at the plot-scale; howevéne risk of nutrient losses from
these fertilizers to water bodies remains undeestigated. Given the number of
factors involved in assessing how oil palm cullimatcould impact nutrient
transfers to waterways, a review of peer-reviewigerdture was required to
provide an overview of fertilizer use and otheraagmmic practices in oil palm
agroecosystems, as well as the hydrological presesat may be altered and
therefore affect nutrient export from these agregstems to waterways.
Commercial oil palm plantations in Southeast Astemmonly extend over
thousands contiguous hectares with distinct top@ucal positions and soll
classes. Many studies reported differences in se#ponse to fertilizer
applications related to their inherent physico-cioain characteristics
(Heriansyah). For example, Loong et al., (1987)regal higher yields of fresh
fruit bunches (FFB) in Inland (Rengam series) tilm@oastal (Briah series) soils
in oil palm plantations with EFB mulching. A numbef studies demonstrated
that the soil texture influences the organic matiygramics (Bosatta an&gren,
1997; Krull et al., 2001). Also, nutrient inputeaxpected to vary according to
the growth stage of an oil palm tree, with highérpalm nutrient requirement
during the mature stage (FAO, 2005). Thus, peré¢rnigps like oil palm that are
productive for 25 to 30 years and grown throughbetlandscape in large-scale
agroecosystems require both spatial and long tegrtiliZation management
across the plantation that accounts for soil vdrgkto optimize yields. Since
organic fertilizers are in limited supply and cgdth handle and apply, relative to

mineral fertilizers, producers need to know whereddploy organic fertilizers and



how frequently to improve soil fertility. Thus, andscape-scale assessment of the
soil response to fertilization in an oil palm platdn is a crucial first step to
understand the nutrient use efficiency throughtwet plantation and assess the
potential for excess nutrients to be exported ttemaodies. Within a commercial
plantation, fertilizer management is carried outha plot-scale, resulting in a
high variability in long term fertilizers applicati sequences across the plantation
landscape, with some fields receiving mineral liedis only, organic fertilizers
only or a mixed sequence of both fertilizer typdswever, both long-term and
landscape-scale field studies assessing the spibnse to fertilization in oil palm
plantations are scarce. Most of these studies eareed out at the plot-scale (10-
30 hectares) as agronomic trials comparing appicatof mineral fertilizer only

to organic fertilizer only over relatively short-83yr) study periods (Cristancho et
al., 2011; Dolmat et al., 1987; Kheong et al., 20Hhd were performed on a
single soil class rather at larger spatial scales @across multiple soil classes,
which is more representative of the conditions nduistrial plantations (Abu
Bakar et al., 2011; Budianta et al., 2010; Loonglet1987).

In the same way, assessing the risk of nutrienbexpm oil palm plantations
to waterways requires the assessment of hydrochéndgnamics at the
watershed-scale, accounting for variation in feeel applications and soil
properties across the plantation. However, hydnoited dynamics and nutrient
outflows from oil palm plantation are far from bginfully assessed and
understood. Few studies have evaluated how fertilimse in oil palm
agroecosystems impact nutrient loading and watatitgyun nearby waterways
(Ah Tung et al., 2009). Most hydrological studiesail palm plantations were
carried out at the plot scale (i.e., a few hec)amthough a watershed-scale study
by Yusop et al. (2008) quantified runoff processes small watershed of 8.2 ha,
and a study by DID (1989) assessed nutrient exaortse watershed-scale after
forest clearing and during the first year of oilrpacultivation. It is difficult to
extrapolate from these studies to large scale matil palm plantations,
accounting for spatial variability of soil propediand fertilizer use (e.g., organic

vs. mineral fertilizers, which vary in space anmud). | am not aware of studies



that provided an integrated view of hydrologicabqesses or have taken account
of the intrinsic spatial variability of an oil palplantation in relation to water
quality in streams and groundwater. Consequertily,link between agricultural
practices and water quality, especially nutrieridiog, from oil palm plantations
remains tenuous.

This study is part of the general research effogustain high oil palm yields
while mitigating environmental impacts of oil paleultivation on aquatic
ecosystems. The objectives of this thesis wereto (ieview the fertilizer use and
agronomic management of oil palm plantations in tBeast Asia and the
hydrological processes leading to nutrient exponvaterways; (ii) to assess the
soil response to long term fertilization sequen@eseral vs organic fertilizer
applications) in a 4000 ha mature (> 15 year ahdustrial oil palm plantation,
and (iii) to characterize the hydrological procesaad (iv) assess nutrient fluxes
and relate these to stream water quality in a leaqas including mature (> 15 year
old) industrial and smallholder oil palm plantasomsing balanced fertilizer
program. This research effort involved the design ao spatially-explicit
measurement protocol to sample soil, stream water groundwater and the

development of analytical methods to cope with lyidgieterogeneous data.



CHAPTER 1. Agricultural practices in oil palm plantations and their impact
on hydrological changes, nutrient fluxes and watequality in Indonesia: a

review

1.1 Abstract

Rapid expansion of oil palmE(aeis guineensigdacq.) cultivation in Southeast
Asia raises environmental concerns about deforestand greenhouse gas
emissions. However, less attention was paid to gbssible perturbation of
hydrological functions and water quality degradatiohis work aimed to review :
i) the agricultural practices commonly used in pa&lm plantations, which
potentially impact hydrological processes and watgrality, and ii) the
hydrological changes and associated nutrient flika® plantations. Although
many experimental trials provide clear recommerodatifor water and fertilizer
management, we found that few studies investigéatedagricultural practices
actually followed by planters. Our review of hydrgical studies in oil palm
plantations showed that the main hydrological cleangccurred during the first
years after land clearing and seemed to dissipatie lant growth, as low
nutrient losses were generally reported from plaota. However, most of those
studies were carried out at the plot scale andndfideus on one hydrological
process at a single plantation age. So, theresidfinient information to evaluate
the spatio-temporal fluctuations in nutrient losdesughout the entire lifespan of
a plantation. Furthermore, few studies provided iategrated view at the
watershed-scale of the agricultural practices amdrdiogical processes that
contribute to nutrient losses from oil palm plaiias and the consequences for
surface and ground water quality. Future reseaffoit® need to understand and
assess the potential of oil palm plantations tangkahydrological functions and
related nutrient fluxes, considering agriculturabgiices and assessing water
quality at the watershed-scale.



1.2. Introduction

Oil palm Elaeis guineens)sis one of the most rapidly expanding crops in the
tropics. Since the early 1980s, the global lané areder oil palm production has
more than tripled, reaching almost 15 million hessan 2009 and accounting for
almost 10 % of the world’s permanent crop land (FAOSTAT, 2011 ; Sheil et al.,
2009) Most of this increase has taken place inl&agt Asia. Together, Malaysia
and Indonesia account for almost 85 % of the 46l6om tonnes of crude oil
palm produced in the world, Indonesia being the popducer since 2007 (Oil
World, 2011; USDA, 2007). The area covered by smallholder plantations in
Indonesia increased nearly 1000-fold between 194D 2008, reaching almost
3 million ha, i.e. 39 % of current total Indonesiail palm plantations, the
remaining 4.5 million ha being large private (53 &}y government owned (8 %)
plantations (IMA, 2010).

Although oil palm cultivation is a strong driver e€Eonomic development in
Indonesia, providing jobs and incomes to milliofgpeople (USDA, 2007), it is
strongly denigrated for its environmental impadfsiny media and NGOs accuse
oil palm plantation development in Southeast Adisiggering deforestation, loss
of biodiversity, peatland degradation and high gheeise gas (GHG) emissions
(Greenpeace, 2011WWEF, 2011). In the scientific community, there is
controversy about the positive and negative aspaictbe expanding oil palm
cultivation and potential environmental risks, whitas been discussed at length
in the scientific literature (Basiron, 2007; Lamade and Bouillet, 2005; Nantha and
Tisdell, 2009; Sheil et al., 2009). The development of oil palm plantations, which
frequently covetens of knf in Southeast Asia, involves land clearing, road$ an
drainage network construction, and sometimes earttavsuch as terracing on
undulating areasThe use of agro-chemicals, such as fertilizers pasticides
might represent a potential risk for the sustailitggbof aquatic ecosystem and
hydrological functions, when agricultural practicese not optimized. In
particular, oil palm growers usually apply largecamts of commercial fertilizer,
and thus are among the largest consumers of mifestdizers in Southeast Asia

(Hardter and Fairhurst, 2003). However, hydrologmacesses within oil palm



plantations are still not fully understood and fetudies have examined the
impacts of agricultural practices on terrestriatitojogical functions and water
quality in nearby aquatic ecosystems (Ah Tung et2409), although dspects
that impact on water quality are by far the largestmponent of an environmental
risk register accounting for nearly 50 % of all Bas in oil palm plantations”
(Lord and Clay, 2006).

This review aims to document the current statermivedge of agricultural
practices in oil palm plantations that potentiathpact hydrological functions and
water quality in surface waters, with a focus ortrieat loading of surface
waterways, and to highlight research gaps in tlierstanding of these processes.
This work focuses on the situation in Indonesiahvéxamples from other oil
palm producing countries in the humid tropics gsrapriate First, the expansion
of oil palm cultivation in Indonesia, relevant erorimental issues and polemics
will be presented. Next, typical agricultural prees in industrial and smallholder
oil palm plantations will be discussed, focusing wuatrient, soil and water
management. Finally, the last section gives th¢esihthe-art knowledge of
hydrological changes and associated nutrient fluixesh oil palm plantations
compared to tropical rainforests, which were themh@nt natural ecosystem prior
to oil palm plantation establishment. Relevant psses in the hydrological cycle,
their magnitude and relevance in oil palm plantaiovill be explained in this
section, but we do not provide an in-depth disarssif hydrological processes in
rainforests, as a number of reviews were alreadflighed on this topic
(Bruijnzeel, 1991; Bruijnzeel, 2004; Elsenbeer, 2001).

1.3. Expansion of oil palm cultivation in Indonesiaand environmental stakes
1.3.1. Expansion of oil palm cultivation

1.3.1.1. Palm oil utilization

Palm oil is derived from the plant's fruit, whichoguces two types of oils: crude
palm oil (CPO), which comes from the mesocarp effthit, and palm kernel ail,
which comes from the seed in the fruit. Most CPQused for food products,

while most palm-kernel oil is used in non-edibleducts such as detergents,



cosmetics, plastics, as well as a broad range hdrandustrial and agricultural
chemicals (Wahid et al., 2005). The oil palm is tiighest productive oil crops in
terms of oil yield per hectare and resource ugeieficy due to its high efficiency
at transforming solar energy into vegetable oile Hverage yield of palm oil is
approximately 4.2 t hhyr?, with yields exceeding 6.0 t Hayr® in the best
managed plantations, greatly exceeding vegetalie smich as rapeseed and
soybean that produce only 1.2 and 0.4 t hya', respectively (Fairhurst and
Mutert, 1999). In addition, little fossil fuel emgris used, as most of the energy
required by the oil palms mill for processing oé thuits is provided by burning
the palm by-products (shells and fibers). Consetlyethe energy balance,
expressed as the ratio of outputs to inputs, ikdridor oil palm (9.6) than other
commercially grown oil crops (e.g. rapeseed : 3.0; soybean : 2.5), making oil
palm the most attractive candidate for biofuel pithn (Fairhurst and Mutert,
1999).

1.3.1.2. Extent of oil palm cultivation in Indonesa: 1911 to present

The first commercial plantation was developed im8tra in 1911 and the area
planted in Indonesia increased from about 31608yhE925 to 7.3 million ha by
2008 (Corley and Tinker 2003; IMA, 2010). Since 2007, Indonesia has been the
world’s largest and most rapidly growing producks. production rose from
168 000 tonnes in 1967 to 22 million tonnes by 200A, 2010). Crude palm oil
and kernel oil prices have been rising, encouragimgestors to develop
plantations on the large areas of suitable larttiénislands of Sumatra, Indonesia
(Figure 1.1) then, new developments occurred, maonl the island of Borneo
(USDA, 2007).

1.3.1.3. Expected future expansion of oil palm cultation

Continued expansion of oil palm plantations is ¢as due to growing global
demand for palm oil as a source of fats and oilHoman consumption, non-
edible products and biofuel to keep pace with hup@pulation growth, expected
to reach 8.9 billion in 2050 (Bangun, 2006; Tan et al., 2009; UN, 2004). Present



plans are to increase production up to 40 millemnes of CPO by 2020 (IMA,
2010; Rist 2010). According to USDA (2007), the availabilipf land in
Indonesia, coupled with other factors - high sesdss record energy prices, and
high vegetable oil prices — ensure that Indonediacantinue to lead the world in
palm oil production for years to come. However, fdavelopments generate as
much controversy as the rapid expansion of oil paleveloping countries such
as Indonesia (Koh and Wilcove 2008; Nantha and Tisdell, 2009). Negative
consequences reported by environmental groupsdactieforestation, loss of

biodiversity, peatland degradation, GHG emissianswsater pollution.

1.3.2. Environmental stakes

1.3.2.1. Deforestation and loss of biodiversity

The most contentious environmental issue facing dfle palm industry is
deforestation as huge tracts of tropical rainfors® converted to plantations
(Germer and Sauerborn, 2008; Wakker, 1999). Indonesian tropical forested areca
ranks third behind Brazil and the Democratic Rejmubf Congo, ancharbors
numerous endemic or rare species (Koh and Wilcove, 2008; WRI, 2002). Many
sources are claiming that virgin tropical foreste being cleared for oil palm
plantations, leading to natural habitat loss fornyna&ndangered species and
biodiversity reduction. For instance, it was repdrthat Sumatran orangutans
(Pongo abelij and Bornean orangutarBaongo pygmaeldace extinction due to
plantation expansion (Nantha and Tisdell, 2009; Nelleman et al., 2007; Tan et al.,
2009). Herds of elephants, tigers and rhinos grerted to be critically threatened
due to this expansion (Danielsen et al., 2008; WRI, 2002). Studies in oil palm
frontier areas on the island of Sumatra concludked @il palm plantations result
in a significant reduction in biodiversity if plations replace natural forests,
secondary forests, agroforests, or even degradedtfoand scrubby unplanted
areas (Gillison and Liswanti, 1999; Sheil et al., 2009). However, others mentioned
that the expansion of oil palm plantations is amhe of the factors contributing to
herd displacement and local extinction, as othahrapogenic activities like

illegal logging, forest fires and illegal huntingeaalso problematic for large



mammals (Nelleman et al., 2007; Tan et al., 2009). According to Koh and Wilcove
(2008), at least 56 % of the oil palm expansiorindonesia during the period
1990-2005 occurred at the expense of primary, skognor plantation forests,
and 44 % was on cropland area. Deforestation inth®ast Asia cannot be
attributed solely to oil palm production. Accordirtig the World Rainforest
Movement (WRM, 2002), the immediate causes of caedt destruction in
Southeast Asian countries are logging by commerc@ainpanies, shifting
agriculture, monoculture plantations (e.g. rubberThailand), cattle ranching,
fuelwood harvesting, hydro-electric dams, miningd aoil exploitation, and

colonization schemes.

1.3.2.2 Peatland degradation

Peatland formation

Southeast Asia has an estimated 27.1 million haeatlands, most of which are
located in Indonesia (22.5 million ha), represemti? % of its land area (Hooijer
et al., 2006). Peatlands develops in depressiomsebcoastal areas when the rate
of biomass deposition from adapted vegetation, fmangroves, swamp forest) is
greater than the rate of decomposition. The accainoul of organic matter that
degrades very slowly, over a period of hundredgeairs, makes peat soil. This is
due to the presence of a permanently high watde tHiat prevents aerobic
microorganisms from decomposing the plants delMist¢rt et al., 1999; Wieder
et al., 2006). A soil is considered to be peat whancludes an organic layer
thicker than 40-50 cm (USDA, 2006). In SoutheasiaAall low-lying peatlands
are naturally forested with an average canopy he&fgd0 m and emergent trees
of up to 50 m (WI, 2010). In the Eastern coasthefisland of Sumatra, Indonesia,
peat deposits are usually at least 50 cm thickcaat form a deep profile that
extends up to 20 m (CAAL, 2011).

Peatland ecological functions
Peatlands regulate water flow by capturing rainwdteing the wet season and

slowly releasing it, over a period of months, dgrthe dry season. Consequently,
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peatlands help to prevent floods and droughts (@&tsk., 2002; Tan et al., 2009).
In addition, peatlands are an important carbon i@k in the global C cycle
because they cover nearly 3 % (some 4 milliorf)kofi the earth’s land area and
store about 528 000 Mt C, which is equivalent te-third of global soil C and 70
times annual global emissions from fossil fuel limgn(Hooijer et al., 2006; Tan
et al., 2009). Peatland attributes also includdolioal diversity, since tropical
peatlands are important genetic reservoirs of cegtaimals and plants. Tropical
peatlands have long provided goods and service®dati communities to fulfill
their daily, basic requirements, for example, humtgrounds and fishing areas,

food, medicines, and construction materials (Rie2807).

Peatland conversion to oil palm

Peat swamp forests have remained relatively unthstbiuntil recently, as they
were unattractive for agriculture. But the insieg international demand for
biofuel and the current lack of available land oimeral soils has accelerated the
conversion of peatlands to oil palm plantations eeslly in Indonesia
(Kalimantan, Sumatra and West Papua) where nedlyo2of all oil palm
plantations are located on peatlands (Sheil et 21Q9; Tan et al., 2009).
However, oil palms cannot survive in undrained watged peatlands. Drainage
for oil palm growth in peatlands is installed betnet0 and 80 cm, but the water
table could recede below 80 cm during an extendedght (WI, 2010). Many
authors reported that there is a direct relatigngietween the depth of the water
table and the rate of peat subsidence and thususitainability of the peat (Strack
and Waddington, 2007; Wosten et al.,, 1997; Wostemal.e 2008). Drainage
results in rapid peat subsidence and compactiadjrig to various changes in its
physical properties including greater bulk densityl less total porosity, oxygen
diffusion, air capacity, available water volume amalter infiltration rate (Rieley
et al., 2007). Drainage ultimately destroys thengoeffect of peat swamps and
their reservoir function (Andriesse, 1988). In aibadi, the exploitation or removal
of the overlying forest resource further reduces dbility of the ecosystem to

hold rainfall and water is flushed more quicklyarthe rivers, increasing flooding
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in the rainy season and drought in the dry seaRarldy, 2007; Rieley and Page,
1997). Moreover, the drainage of C-rich peatlaredgl$ to aeration of the peat
material and hence to the oxidation (or aerobicodgmosition) of peat material
resulting in massive CQOgas emissions to the atmosphere (Schrevel, 2008;
Hooijer et al.,, 2006). Although the exploitation peat swamp forests also
provides employment, local income, new jobs andin@ss opportunities,
contributing to poverty alleviation of the countny,is at the expense of the

ecosystem and the environment (Rieley et al., 2007)

1.3.2.3 Greenhouse gas emissions and carbon storage

As mentioned in previous sections, establishmemtlgfalm plantations requires
deforestation or peatland conversion, which irreNgy alters the greenhouse gas
balance. Before 1998, most of the deforestationSautheast Asia involved
burning, which caused numerous, large and persites and consecutive GHG
emissions (Tan et al., 2009). In 1997-98, thesss fwere particularly devastating
due to a severe drought caused by the EI-Nifio tkkmphenomenon. In
Indonesia, the total area damaged or destroyeld$997-98 fires was estimated
at nearly 10 million ha and the overall economistcof fire and haze in the
region at $9 billion (Glastra et al., 2002). Gldhapeatlands emit 2000 Mg GO
equivalents (CQy yr', equal to almost 8 % of global emissions from iids®!
burning, and more than 90 % of this annual emissidginates from Indonesia.
Establishment of oil palm plantation requires reala other vegetation. Due to
GHG emissions from forest burning and peatland eosign, Indonesia is in
fourth place in the global G@mission ranking (Barnett, 2007).

Nevertheless, some authors suggested that oil piantations may act as a C
sink as they assimilate more €@nd release more oxygen jQhan tropical
forest (Lamade and Bouillet, 2005). Henson (19@@prted oil palm C@uptake
at 25.71 t ha yr* and Q production at 18.70 t Hayr* compared to 9.62 t Hyr'
and 7.00 t ha yr' respectively in tropical forest. According to seatestudies
reported by Henson (1999), the total dry mattedpation in oil palm stands was
from 19.1 to 36.5 t hhyr?, and the total dry matter production recorded in a
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Malaysian forest reached 25.68 t'ha™. While a new oil palm plantation may
grow faster and sequester C at a higher annuathatea naturally regenerating
forest, ultimately, the oil palm plantation willosé less C (50-90 % less over 20
years) than the original forest cover (Henson, 1999; Germer and Sauerborn,
2008). This is due to the wide spacing betweerpalin trees and control of the
understory vegetation to avoid competition with titees, whereas a natural forest
has a plant community that is stratified horizdgtand vertically to maximize
primary production on a given acreage. Germer atke®orn (2008) estimated
that forest conversion to oil palm causes a nefassd of approximately 650 Mg
COzeq h@* on mineral soils and more than 1 300 Mg &Ma’ on peatlands,
during the first 25-year cycle of oil palm growthg.ean average net release of 26
t ha' yr* and 52 t ha yr? for forest and peatland conversion, respectively).
However, Germer and Sauerborn (2008) also repdhadif tropical grassland
(instead of forest or peatlands) is converted tgalm plantation, C fixation in
plantation biomass and soil organic matter not o@ytralizes emissions caused
by grassland conversion, but also results in theremmoval of about 135 Mg

COseqhd’ from the atmosphere.

1.3.2.4 Water pollution
Runoff and sedimentation, leaching of nutrientsrfréertilizer, pesticides and
other agrochemicals, effluent discharge and sevirage the worker population,
all are potential factors that could affect wateraldy and can be significant
impacts of oil palm cultivation (ECD, 2000; Lord and Clay, 2006). The
consequences of poor water quality will be borneniych of the Indonesian
population: at the beginning of the*2g&entury, at least 80 % of the Indonesian
population (250 million) hadio access to piped water while in 2002, 66.2 % of
the population used river water for washing andibat and 22.5 % relied on it
for drinking water (WEPA, 2011).

Runoff water can transport eroded soil particlesrfrfields to water bodies.
Suspended particles contribute significantly toawatirbidity, which reduces light

penetration, impairs photosynthesis, alters oxylgaels and reduces the food
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supply for certain aquatic organisms (Bilotta anmaZser, 2008). Sediment clogs
streams, reducing their water holding capacity aad cover spawning beds,
destroying fish populations (Kemp et al., 2011).

Mineral fertilizer applicationcan lead to a marked increase in the nutrient
concentrations of water draining from the fertidizareas (ECD, 2000). Of
greatest importance for water quality are N anpoded from agroecosystems
to waterways. Nitrogen is mainly applied to agreagsbems as ammonium
sulphate or urea. Both ammonium compounds and ane@ventually converted
into nitrate in the soil under well-drained conalits. Nitrate in water promotes
undesirable growth of aquatic microflora in surfaseater bodies and
concentrations exceeding 10 mg NO* are not recommended in drinkable water
(WHO, 2008). Phosphorous in the form of orthophasph(PQ*, HPQ?, and
H,POy) has a similar eutrophication effect in surfaceewvas nitrate, causing
excessive growth of cyanobacteria, blocking sumlighd oxygen diffusion to
aquatic life in deeper water (Schindler et al., 1971; Turner and Rabalais, 1994).

Pesticides, including herbicides, are commonly usedil palm plantations,
despite their adverse impacts on human beingsl@értvironment (Sheil et al.,
2009). As rainfall can easily exceeds 2500 mthigrindonesia, herbicides can be
washed into streams and rivers that are the ontgmsource for all household
needs - including drinking water - in villages amduthe plantations and
contaminating fishing grounds (DE, 2005). Yet trek rof water pollution from
pesticides originating from oil palm plantationgi®bably low, as the Malaysian
Environmental Conservation Department (ECD, (2060jed that biological
control methods can be quite effective. Howeverpto knowledge, there has
been no study on the impact of pesticide use ormaiality within oil palm
plantations.

Finally, palm oil production generates large ameuwftwaste that can pollute
local waterways when disposed incorrectly. Foranse, in 2001, Malaysia's
production of 7 million tonnes of CPO generated @ifion tonnes of solid oll
wastes, palm fiber, and shells. Moreover, 10 milllmnnes of palm oil mill

effluent (POME), a polluted mix of crushed shelister, and fat residues, was
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produced and often returned without treatment tdurah watercourses
downstream from the mill (Lord and Clay, 2006) diegy to the degradation of the
aguatic ecosystem®Bfiggs et al., 2007; Kittikun, 2000; Sheil et al., 2009). The
POME is an acidic colloidal suspension charactdrizg high concentration of
suspended solids, with a Biological Oxygen Demdfd) of 25 000 ppm, and a
Chemical Oxygen Demand (COD) of 600 ppm (Jacquemard, 1995; Olaleye
and Adedeji, 2005). According to Olaleye and Ade()05), riparian rivers and
streams receiving untreated mill effluent are eigedo be heavily polluted.
Fortunately, technologies have been developedeat tand reclaim drinking
water from the POME (Ahmad et al., 2006; Rupani et al., 2010; Singh et al.,
2010; Y1 Jing et al., 2010), and they need to be widely implemented to protect
downstream waters. Sewage from the worker populaito the plantation is
another waste byproduct that is expected to elev@®, BOD and fecal coliform

levels in waterways.

1.3.2.5 Agricultural policies

The pressing environmental and social issues aggdocivith the palm oil industry
were the impetus for dialogue between palm oil ettalders and NGO
representatives regarding methods to achieve sastai palm oil production and
use, including better management practices (BMPga@yonomists and planters
working with this industry (Darussamin, 2004). Thutie Roundtable on
Sustainable Palm Oil (RSPO), an international dmgdion of producers,
distributors, environmental NGOs and social NGOss vereated and defines
sustainable palm oil production adegal, economically viable, environmentally
appropriate and socially beneficial management aperations(Tan et al., 2009).
RSPO has recently established a set of Principld<Caiteria for the management
of oil palm plantations and palm oil mills and eanages the planters to follow
BMP (Lord and Clay, 2006). These practices arerenment-friendly approaches
like zero burning for land clearing, conservatidmwildlife and habitat, Integrated
Pest Management (IPM) and waste minimization amyclang. For example,

IPM in plantations relies on barn owls or snakesetiuce rat populations instead
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of pesticides (Hansen, 2007; Sheil et al., 2009). Planting leguminous cover crops
(LCC) to minimize soil erosion and maintain soittiidy and the recycling of
palm oil empty fruit bunches (EFB) and POME asilieer in the plantation are
also promoted. These environmentally-friendly pcast could reduce the use of
mineral fertilizers (Tan et al., 2009) and impravater quality.

The Indonesian government also has recently staoteshcourage planters to
improve the sustainability of their plantations.eTimdonesian Sustainable Palm
Oil (ISPO) was launched in 2010 by the governmdnindonesia, and will be
compulsory in the coming years for all oil palm \gess, while RSPO is still a
voluntary process. In additiorindonesia government has recently edited a
guideline on oil palm cultivation on peatlantb “manage the peatland in a
sustainable way considering the ecological functadnpeatland. It stipulates,
among other things, that the land clearing willdme without burning (since
1998, zero burning is compulsory in Indonesia) amd intensive and quick
process of drying is not allowed, to avoid irrevieles shrinkage. The decree also
lays down that oil palm cultivation on peatland s restricted to: a) areas in
which the peat extended less than three m below the surface; b) areas where the
subsoil under the peatland is not silica sand @ swlfate soil to avoid the toxic
effects of the oxidation of the pyrite and accurtialaof sulfuric acid, due to the
drop in water table level (Zaidel’man, 2008); c) areas with mature peat soils,
classified as sapric (the most decomposed) or hésiaewhat decomposed);

and (d) areas with eutropic peatlands (Ministddiatree on Agriculture, 2009).

1.3.2.6 Implications for future research

To date, most of the attention and research relatéde environmental impact of
oil palm cultivation has focused on deforestationd &s consequences (loss of
biodiversity, GHG emissions from burning, etc.) idgrthe initial phase of oil
palm plantation establishment. Much less attentlas been paid to the
environmental impacts of established oil palm m@#onhs, in particularly
hydrological changes and water pollution. Underditagn and assessing the

activities in oil palm plantations that impact hgtirgical functions and associated
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nutrient fluxes requires a good knowledge of alliagtural practices followed

throughout the entire life cycle of the plantatitmthe next section, we describe
the preferred growing conditions for oil palm (clite, soils) and agronomic
considerations (site preparation, tree spacingj winphasis on nutrient, soil and

water management in different production systemsustrial and smallholders).

1.4. Oil palm cultivation

1.4.1 Climate and soil conditions

The African oil palm Elaeis guineensigramily Arecaceae) is a tropical forest
palm native to West and Central African forestd.gaim needs humid equatorial
conditions (1780-2280 mm annual rainfall and a erafure range of 24-30°C)
to thrive, and so conditions in Southeast Asiaideal (Corley and Tinker, 2003).
Palm productivity benefits from direct sunshinee tlower incidence of cloud
cover over much of Southeast Asia is thought toobe reason why oil palm
yields are higher there than in West Africa (Du&éet al. 1990). Oil palm is
tolerant of a wide range of soil types, as longitas well watered. Seasonal
droughts at higher tropical latitudes greatly redyelds (Basiron, 2007). The oll
palm is cultivated predominantly on tropical sdilkisol, Oxisol, and Inceptisol.
These soils are highly acidic with low bufferingpeaities (Ng, 2002) as a
consequence of cation leaching (Caliman et al.7198nce the pH drops below
5.5, aluminum and manganese soil compounds stdissolve, which may cause
root deterioration (Godbold et al., 1988). Howel,palm is adapted to acidic
soil conditions (Omaoti et al., 1983), and with agmiate management, oil palm
plantations can also be productive on ‘problemssailich as acid sulfate soils,
deep peat and acidic high aluminum soils, where déver crops are successful
(Corley and Tinker, 2003).

1.4.2 Production systems: industrial versus smalltider plantations
Oil palm growing areas in Indonesia are distributedong three production
systems: government holdings, private companidssamallholders. In 2010, the

Indonesian Ministry of Agriculture estimated th&tatmost 8 million ha under oil

17



palm cultivation, private companies held 53 %, dhaddlers had 39 %, and the
remaining 8 % belonged to government plantatioms/ai® and governmental
estates typically range in size from 3000 to 20 BAQSheil et al., 2009), while
the smallholders are defined as family-based enseg producing palm oil from
less than 50 ha of land, often about 2 ha (Vernmealel Goad 2006). When the
price of palm oil in the international market waseptionally high (around US$
700 per ton in 1974), efforts were made to incrgaseuction. The government
established a strategy called the Nucleus EstakerSe (NES), where state-
owned or private plantation companiesi¢leu$ helped smallholder farmers to
grow oil palm on 2-3 ha of land in the surroundiagea, called thelasma
(Bangun, R06; IEG, 1993; Zen et al., 2005). Smallholders working under
contract to the plantation companies received seggibf high-yielding cultivars,
technical assistance for land preparation and ipigntagrochemical inputs
(fertilizers and pesticides), management assistamz® loan access (Bangun,
2006; Vermeulen and Goad, 2006). The estates benefited through their fees for
services and returns from milling smallholder frinito CPO (Zen et al., 2005). In
contrast to smallholders working under the NES,epehdent smallholders
cultivate oil palm without direct assistance fronovgrnment or private
companies. They sell their crop to local millsedity or through buyers
(Vermeulen and Goad, 2006).

1.4.3 Land clearing and site preparation
Many authors provide recommendations for the estamlent of an oil palm
plantation including land clearing, roads and dxgan network construction,
caring for pre-nursery and nursery stages, plantmgnagement of immature and
mature trees until replanting. Among the most papagronomic handbooks for
oil palm cultivation are Corley and Tinker (2003gcquemard (1995), Rankine
and Fairhusrt (1998a, 1998b, 1998c), and Hartlog&).

Once the site is selected, establishment of the@alih plantation starts with
land clearing. At present, mechanical methods aed un all major oil palm-

growing countries with chainsaws, winches and lmzéls. Then, the felled
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vegetation is either burnt or allowed to rot. Tesuie of whether or not to burn the
felled vegetation has remained a subject of coetsy for years (Corley and
Tinker, 2003) due to environmental impacts of bognismoke, haze and large
nutrient losses through volatilization and ash iedrraway (Mackensen et al.,
1996). Since the massive fires in Kalimantan anch&ta in 1997, the Indonesian
government prohibited burning (Corley and Tinké)02). However, according to
some media, laws to limit agricultural burning @®orly enforced and burning
still continues (Mongabay Editorial, 2006).

The general layout of a plantation is decided gy ttspography, the drainage,
the position of the mill and the distance to tramgfresh fruit bunches (FFB) to
the nearest road. Hartley (1988) recommends a §8@@mm between roads, the
density being 33 m roads hai.e. 3 % of the land area. In hilly areas, thadro
density should increase, with distances betweedsroat exceeding 200 m, due
to the difficulty of transporting FFB across platfes and terraces. With terraces,
the distance should be 125 m, the density being1@@ads ha. A typical road
layout in hilly estates has to be arranged in i@tato the drainage lines and
streams. If the roads can run parallel to streaims, reduces the number of
bridges needed and helps to avoid crossing ovemgwaareas (Corley and
Tinker, 2003). Steps for the establishment and atgtlon of an oil palm
plantation on a typical private estate are sumradria Figure 1.2.

1.4.4 Water and soil management

Water management is a crucial aspect of oil palltivation as deficit or excess
of water stresses oil palm trees and are highlgirdental for crop yields. Water
management mainly aims at minimizing impacts ofudid and floods, and
optimizing the use of rainwater and fresh watemifrgtreams by drainage,
irrigation and soil moisture conservation practic€orley and Tinker (2003)
provided detailed information on irrigation in g@&lm plantations. In Indonesia,
rainfall is generally well distributed over the yes irrigation is not common in
oil palm plantations, except in South Sumatra whastd-limiting water deficits

may occur during the dry season.
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Drainage systems are common in Indonesian oil gdémtations, particularly
in flat areas with a high water table where drag&gy compulsory to remove
excess water and promote oil palm root proliferatrodeeper soil layers. Indeed,
optimum depth of water table for oil palm growtlb&to 75 cm (APOC; Goh and
Chew, 1995). To achieve this, a good outlet witfiigant capacity to discharge
excess water is needed (Corley and Tinker, 20080tier possibility is to install
controlled drainage systems that retain subsunfater in the drains prior to dry
periods. Generally, the drainage system consiséonfter-connected network of
collection and main drains of varying dimensionpeateling on the hydrological
and rainfall characteristics of the area (Othmaalgt2010). The slope, intensity
and dimension of drains depend largely on the erpeamount of water to be
removed during wet periods. To achieve the desivater level, the minimum
drain intensity is at least one drain for everyheigpws of palm and the intensity
could be further increased to one in every fousv@n to one in every two rows of
palms. Higher drainage intensity is adopted onegfagoils compared to sandy
soils, which naturally have better drainage (Cheand Ng, 1974 quoted by Goh
and Chew, 1995).

Water management is more critical on undulatinlly or inland soils because
growers need to maintain soil moisture and miningeé erosion and nutrient
losses. The American Palm Oil Council (APOC) recands: 1) digging of silt-
pits and foothill drains to trap water sedimentarfrsurface runoff, 2) stacking
fronds across the slope to minimize the velocityvater runoff downhill slopes
and to conserve water through mulching, 3) planti@g, which not only helps
to replenish soil organic matter stock, but alstuces the velocity of soil and
water movement. The LCC commonly established inpalm estates include
Mucuna BracteataPueraria phasesloidesndCalopogonium cearuleunin steep
terraced areas, deep rootivegtiver grass can be used to prevent soil erosion and
regulate water excess.

However, water management and soil conservationnatepracticed by all
planters. Plasma smallholders may benefit of dggnaetwork implemented by

large companies involved in the Nucleus-Plasmarsehavhereas independent
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smallholders may not have the financial and tedimweans to dig and maintain a
drainage network within their plantations, nor km®wledge of soil moisture and
soil conservation practices. Despite abundantalitee and recommendations for
water management, studies investigating actual amcent water management
practices in oil palm plantations, especially in aflholdings are almost

nonexistent.

1.4.5 Nutrient demand assessment

Despite the absence of mineral elements in the palmlarge quantities of
nutrients are required by the palm tree to supp®rtegetative growth and fruit
production, which cannot be provided by inland apthnd soils in Sumatra and
Borneo due to their low fertility status (Goh andrtter, 2003). Thus, mineral
fertilizers are compulsory to supplement the lowigenous soil nutrient supply
and to ensure suitable yields. Fertilizers accdonb0—-70 % of field operational
costs and about 25 % of the total cost of produac{@aliman et al., 2007; Goh
and Hardert, 2003). Understanding the factorsc¢batribute to efficient fertilizer
use are crucial to maximize yields and enhance auoan returns (Goh and
Hardert, 2003). Consequently, the Indonesian olmpadustry has invested
millions of dollars in research and developmentntprove fertilizer use. Many
trials have been conducted on a wide range oftgods, climate and tree ages in
order: i) to determine the ecophysiological nutrielemand of oil palm for
targeted yields (Tarmizi and Mohd, 2006); ii) tdefenine input levels to achieve
an economically optimum production (income vs castgproduction) (Breure,
2003; Caliman et al., 1994; Caliman, 2001; Goh Bddter, 2003) including
recommended types, rates and timing of fertilizppliations to minimize
nutrient losses (Goh and Chew, 1995); and alsotai)develop agricultural
practices aiming at minimizing chemical fertilizenmputs such as the
establishment of a LCC during the immature stagga(duthu and Broughton,
1985), recycling of pruned fronds and male infloerxces (Ng and Thamboo,
1967), mulching of empty fruit bunches (EFB) (Calimet al., 2001; Chiew and
Rahman, 2002; Loong et al., 1987) and POME sprgatfRupani et al., 2010;
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Wood et al., 1979). These studies led to an abundderature on
recommendations for optimum nutrient managemenbilnpalm plantations
(Corley and Tinker, 2003; Fairhurst et al., 2008gkand Goh, 2006).

Fertilizer management in oil palm plantation is dzhon nutrient balance
principle, which estimates the total demand of paém and matches it with the
nutrient supply in the oil palm plantation and freupplemental fertilizers (Goh
et al., 1999). Nutrient demand can be divided in tategories: nutrient uptake
and nutrient losses from soil through processe s runoff, leaching and
gaseous emissions. Within nutrient uptake, we rdisish nutrient stocks
exported by harvesting (FFB) and nutrients immabidi in the palm biomass (for
growth) (Goh and Hardter, 2003; Goh, 2004). Soméhas also calculate
nutrients recycled from pruned fronds and maleone$cences because they are
usually returned to the soil (Tarmizi and Mohd, @00rhe nutrient requirements
of oil palm vary widely, depending on the targeelgli genetic potential of the
planting material used and numerous environmeatzbfs such as tree spacing,
palm age, soil fertility, groundcover conditiondinate (Fairhurst and Mutert,
1999; Goh and Hardter, 2003; Tarmizi and Mohd, 2006ble 1.1a compares the
total nutrient stocks in standing biomass of olhpalantation and tropical forest,
illustrating that one hectare of forest generalyitains more nutrients in plant
biomass than a plantation. Taldelb shows nutrient uptake and allocation for
production, immobilization in palm biomass and wityg, based on data from
trials in Southeast Asia. Generally, a larger propo of nutrient uptake is
needed for FFB than for immobilization. For examg et al. (1999) reported,
for a target yield of 25 t Fayr, the annual nutrient uptake in FFB was 2.3 fold
greater than nutrients immobilized in new biomass.

The soil nutrient supply in an oil palm plantati@omes from dissolved
nutrients in atmospheric deposition, including piation, nutrients recycled
from pruned fronds and male inflorescences whegettse returned to the soil,
nutrients leached by rainfall from the leaf candfgaf wash), nutrient returns

from LCC, available nutrients present in the sand fertilizer applications (Goh

22



et al., 1999; Goh and Hardter, 2003; Goh, 2004miarand Mohd, 2006). As an
example, the potassium fluxes in oil palm plantatoe illustrated in Figure 1.3.
Some research groups developed complex modelsd basethe nutrient
balance principle, to assess nutrient requiremetdking account of the
commodity price and fertilizer cost. Corley and Kén (2003) reported on three of
these models, which are summarized below:
1) The Applied Agriculture Research group in Maiaydeveloped a linked
group of models for oil palm management, whichudel a model to assess site-
specific yield potential (ASYP), a model for pretthg the fertilizer requirements,
the Integrated Site Specific Fertilizer RecommeiotaSystem (INFERS), and
expert systems for determining best month for Ifeeti application, and the
timing and allocation of different fertilizers (Kee al., 1994; Kok et al., 2000).
2) Leaf analysis is the most common diagnostic toaletermine the nutritional
status of oil palm and estimate the appropriatdilifmr rates because of
significant relationship between leaf nutrient camication and FFB yield (Foster
and Chang, 1977; Goh, 2004). It is largely usedhigyinternational Cooperation
Centre in Agronomic Research for Development (CIRARhNich carries out leaf
analysis of palms located on important soil typethiw the plantation and uses
response curves of the leaf analysis results terohe the critical level
corresponding to the economically optimal fertitizate (Caliman et al., 1994;
Caliman, 2001).
3) The Foster system (PORIM fertilizer recommeratatsystem) involves two
basic approaches: i) the use of site-specific dbtanatics to determine yield
without fertilizer, fertilizer need and the efficiey of response to fertilizer (Foster
et al., 1986; Foster, 1995); and ii) leaf analydasa (Foster and Chang, 1977,
Foster et al., 1988).

1.4.6 Fertilizer management

1.4.6.1 Chemical fertilizer

The dominant fertilizers produced and used in ledtmare urea (46 % N), triple
superphosphate (TSP, 46 %O0B), rock phosphates (RP, 27-34 %O0p),
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ammonium sulfate (AS, 21 % N and 24 % S), potassitmoride, also called
muriate of potash (KCl or MOP, 60 %,®), magnesium sulphate, also called
kieserite (17 % Mg, 23 % S), and blended NPK, NB Bi fertilizers (FAO,
2005). Table 1.2 shows some recommended fertilgpglication rates, which
vary according to climatic conditions, soil typegeaof palms and palm yield
potential. The optimal frequency of fertilizer ajgption depends on crop
requirements, tree age, ground conditions, typdertfizer available and rainfall.
For example, frequent application of fertilizerlatv rates is preferred for sandy
or sloped land where the risk of nutrient lossesugh runoff or drainage is great.
In such areas, a single annual application of waisoluble rock phosphate is
recommended, whereas soluble fertilizers would gy@ied in low doses several
times a year. More frequent fertilizer applicatisnalso advised for immature
trees (Goh and Chew, 1995). Some authors recomreetilizers applications
close to the tree base in the initial years, anbetgradually extended to the tree
avenues when the canopy overlaps and good rootagewent is reached (Goh
and Chew, 1995; Goh et al., 2003). Moreover, thenty of fertilizer application
should account for the rainfall pattern to avoidstantial nutrient losses (Goh
and Chew, 1995; Goh et al.,, 2003). Thus, the gérgraleline is to avoid
fertilizer applications during period with high méall, such as during months with
more than 250 mm morith months with high rainfall on more than 16 days
month', and months with high intensity rainfall eventsnodre than 25 mm ddy
(Goh and Chew, 1995).

1.4.6.2. Organic fertilizer

The value of oil palm residues such as pruned Boandd other wastes from
processing mills for mulch and organic manure i decumented (Haron et al.,,
2000; Dolmat, 1987; Loong, 1987). According to Ranst (1996), field palms
yielding 30 t FFB hd in West Sumatra return to the soil about 10t & dry
matter from pruned fronds, which contain 125 kglBi kg P, 147 kg K and 15 kg
Mg. Also, both EFB and POME contain substantial ame of nutrients and

organic matter that can replenish the soil feytiand help to meet the nutrient
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requirements for oil palm. According to Tailliel908), mulched EFB can reduce
the need for chemical fertilizers by more than 50rmmature stands and by
5% in mature stands. Application of 40-60 t EFB*ha™ or 750 ni POME
ha'yr! is recommended to add organic matter and improildestility on poor
inland soils (Goh et al., 1999).

1.4.7 Synthesis

Industrial and smallholder planters do not have shee resources to ensure
optimum nutrient management. Specifically, indegemndsmallholders do not
benefit from techniques such as leaf diagnosis smidanalysis (Fairhurst and
Mutert, 1999; Pushparajah, 1994) to assess the nutrient requirements of their
plantations. In many smallholdings, low productvgtalms are planted unevenly
without terracing, fertilizer use is inadequate amtbalanced (urea applied alone)
(FAO, 2005; Zen et al., 2005, Webb et al., 2011). Some smallholders observe and
copy the industrial plantations in recycling pruriexhds and male inflorescences,
but not all. Moreover, they do not benefit fromamg inputs of EFB and POME,
which are available only in industrial or governnadrestates where the mills are
located. Unfortunately, few data are available otua fertilization practices in
most oil palm plantations in Indonesia. Some awtipoovide estimates of average
yields of palm oil from the different managemenbwgrs, which are generally
higher for private plantations than smallholdingithough the FAO estimated
similar yields for these two groups (Table 1.3)wedwer, these estimates should
be interpreted with caution as they do not takaacount of the high variability of
cultural practices among planters. Although sonmeape producers have recorded
high yields of 6.5 to 8.0 t Haon individual plantations, the gap between yields
smallholdings and private estates is inexplicaldw,| given the tremendous
advantages that private estates show in capitald lamanagement abilities,
fertilizer availability, and access to high-yieldivarieties (USDA, 2009). Two
possibilities to explain this discrepancy are: gigducers on private estates have
seriously under-invested in solil fertility and fezer use efficiency, as they have

the financial resources to manage nutrients fohdrigyields; or (2) producers on
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private estates have not been motivated to marregettees intensively, as they
already achieve sufficient profit margins (USDAQ20.

Abundant recommendations exist for soil, water anttient management on
oil palm plantations, especially for large plardas, but smallholder farms are
generally not large enough for trials to be implated (Webb et al., 2011).
Moreover, there is scant or no data available fstody cases on the actual
management practices and fertilizer use in indaistplantations, let alone
smallholdings. However, these practices have a higiential to impact

hydrological processes and associated nutrienedldsom oil palm plantations.

1.5. Hydrological processes and associated nutrientansfers in oil palm
plantations

Replacing a natural forest with an oil palm plaiotatis expected talrastically
change the existing characteristics of the areatanchodify the hydrological
cycle, shown in Figure 1.4 (Henson, 1999). Thevdids related to the oil palm
plantation establishment and exploitation (e.g. plete clearing of forested area,
construction of roads and drainage networks, ieetiland agro-chemical use,
wastewaters release from mill and worker resideneee expected to cause
problems related to water flow (e.g. flooding iremts downstream) and increase
nutrient and sediment delivery to streams, caudetgrioration in water quality
(ECD, 2000; Goh et al., 2003). This section aims (b) compare hydrological
processes in naturally forested watersheds witsethmder oil palm plantation,
including the hydrological changes occurring durinog palm development
(immature vs. mature plantations), and (2) higtiligaps in literature regarding
the understanding of hydrological processes inpailm plantations and the
consequences for water quality. We do not reviewrdipgical processes in
tropical forests as a number of detailed reviewsrewalready published
(Bruijnzeel, 1990, 2004; Douglas, 1999; Elsenb2601), but will refer to those
data to illustrate the magnitude of change in higdyical processes occurring in

oil palm plantations.
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1.5.1 Precipitation in Indonesia

Indonesia’s humid tropical climate is characteribgdseasonal changes in rainfall
largely determined by monsoons winds, due to dation in the equatorial zone,
between the Asian and Australian landmasses. Tipithe northwest monsoon

brings rain from December through March, followedthe southeast monsoon,
which brings drier weather from June through Sepwm(Galdikas, 2009).

Rainfall patterns in Indonesia vary from one regioranother (Aldrian and Dwi

Susanto, 2003). Annual rainfall in lowland areavesween 1800 and 3200 mm,
increasing with altitude to an average of 6100 mrsame mountainous regions.
In the lowlands of Sumatra and Kalimantan, the ahnainfall averages 3000 to
3700 mm.

1.5.2 Interception

Studies of hydrological processes in tropical m@iests indicate the importance of
interception by the leaves and branches (canopyplafts. In his review,
Bruijnzeel (1990) concluded that forest interceptivas between 4.5 and 22 %
of the rainfall incident on the canopy, withn average value of 13 %.
Compared to natural forest vegetation, a lower @rtopn of rainfall is expected
to be intercepted by palms as a result of lowelf lleaa Index (LAI), even in
mature oil palm plantations (Henson, 1999) dueléaring of most understory
vegetation. Dufréne (1989) reported less than 5 diafall was intercepted
following a 30 mm precipitation event and lowerued were recorded at higher
rainfall intensity. However, Squire (1984) founderception was 17-22 % of
precipitation in oil palm plantation, the amountyiag with palm age, erectness
of canopy and rainfall intensity.

In tropical forests, only a small amount of raitigalirectly on the ground or
into water bodies, as most of the rainfall will ceahe soil via throughfall and
stemflow, which are responsible for transferringriemts from the canopy to the
soil. Some Malaysian studies found throughfall $farred 70-78 % of rainfall in
mature oil palm plantations (Kee et al., 2000).Aapua New Guinea where
rainfall is higher, Banabas et al. (2008) found 83 % of the rain reached the
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ground as throughfall. These values are the samier @f magnitude as those
reported by Bruijnzeel (1990) for lowland rainfare§7-93 % of incident rainfall

(on average 85 %) was transported by throughf&lérd@ is insufficient published
data on throughfall, stemflow and rainfall intertiep by immature oil palm when

the canopy has not yet closed.

1.5.3 Evapotranspiration

A number of evapotranspiration (ET) studies wengied out in tropical forests
(Tanaka et al., 2008; Zulkifli et. al., 1998; Nobucet al., 2004). In three
catchments in Selangor, Malaysia with more thar?®4orest cover, Low and
Goh (1972) found ET accounted for half of the 2 12 482 mm annual rainfall
when estimated as the difference between measarethlr and water outflow
from the catchment. In a study in the Sungai Tek@rperimental Basin,
Malaysia (DID, 1989) that received average annagilfall of 1 878 mm for the
period 1977/78 to 1985/86, the actual ET of a fimesatchment averaged 1500
mm yr* (range: 1374-1583 mm ), which represents 99% of the potential ET,
on average 1515 mm Yr(range: 1449-1567 mm V) based on the Penman &
Thornwaite method of estimation. In his review, iBrzeel (2004) reported ET
typically ranged from 1000 to 1800 mmyin lowland and hilldipterocarp
forests in Peninsular Malaysia.

There have been few ET studies in oil palm plaoteti(Yusop et al., 2008).
Micrometeorological measurements in mature oil palma Malaysian coastal
site showed that ET accounted for 83% of rainfall &as close to potential ET
calculated by the Penman equation (Henson, 1999%tuély of oil palm on
volcanic soils in Papua New Guinea gave an eston&€ of 1334 to 1362
mmyr™’; Banabas et al. (2008) noted that water deficis walikely to limit
transpiration in this area, which had average anraiafall between 2398 and
3657 mm. Radersma and de Ridder (1996) estimakgalon ET of 1018 to 1051
mm yr! from literature data. We know of one published repa ET in immature
oil palm plantations. Yusop et al. (2008) estima&din three catchments where

oil palm ages ranging from 2 yr to 9 yr, using $hdme Period Water Budget
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and Catchment Water Balance. Surprisingly, theydohigher values (1405 and
1365 mm yt* for the two methods, respectively) in the 2 yr pldntation than the
9 year old plantation (927 and 1098 mrit,yrespectively), as higher transpiration
is expected in mature plantation. They concludeat T values in the older
plantation were underestimated. Overall, thesealitee reports suggest high rates
of ET in mature oil palm plantations in SoutheastaAranging about 1000-1300
mm yr', which is similar to ET in tropical rainforests.owever, few studies
report ET in immature oil palm plantation and th#edence in ET of different

age plantations remains to be fully investigated.

1.5.4. Soil infiltration, leaching and ground waterquality

1.5.4.1 Soil infiltration

Water reaching the ground may either infiltrat@itite soil or flow directly to the
stream through surface runoff. Partitioning betwserface runoff and infiltrated
water essentially depends on soil infiltrability damainfall intensity. Once
infiltrated, water can either percolate downwardvastical flow or reach the
stream through lateral (downslope) subsurface fldepending on soil hydraulic
conductivity gradient. In rainforests, water mowethin the soil as matrix flow or
more rapidly through bypass or preferential flowso{s channels, macropores) in
both vertical and lateral directions (Noguchi et &B97a). It is well known that
soil infiltration capacity depends on soil text(ffAO, 1988) and on land use
(Chorley, 1984; Osuiji et al., 2010). Many studieevged that tropical forest soils
have high infiltration capacities (Bruinjnzeel, D)9 due to dense vegetation
(increases water uptake and ET from the system)hagidl soil organic matter
content that improves the soil structure and endmiits porosity. For example,
high infiltration rates of 200-250 mm'twere found in two tropical forest soils of
western Nigeria under bush fallow (natural regrgwgWilkinson and Aina,
1976). According to Bruinjnzeel (2004), about &340 of incident rainfall
infiltrates the soil in a mature tropical rainfaredowever, some studies showed
that hydraulic conductivities decrease rapidly wsil depth in forested land,

leading to shallow subsurface flow from the neaslgturated topsoil and
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contributing to stormflow generation (Bidin et @l993; Malmer, 1996; Noguchi
et al., 1997b). This phenomenon was also obseryedusop et al. (2006) in
forested catchments in Malaysia due to positivardwylit pressure at 10 cm depth
during storms, despite high hydraulic conductiyitg9 - 1485 mm 1).

Deforestation can affect infiltration capacity adils in a number of ways.
According to DID (1989), removal of forest redudesnspiration and increases
soil moisture storage, which resulted in soils héag field capacity earlier during
rainfall events. Infiltration rates will also bedweed immediately following
deforestation when soils are compacted by heavyhimexy. However, DID
(1989) showed that infiltration rates return to-drsturbance levels following the
establishment of crops due to improvement in swilcture under vegetative
ground cover.

According to Banabas (2007), soils under maturealin typically have high
infiltrability (80 to 8500 mm hf, depending on soil texture). However, the
infiltrability of the soil is highly variable duetthe ordered structure of vegetation
in oil palm plantations. A study in West Sumatra dd year-old oil palms
demonstrated significant spatial variability wheomparing water infiltration
rates in soil beneath the palm circle, harvest pathfrond piles. Infiltration rate
increased in the order path < circle < frond pHaithurst, 1996). In Papua New
Guinea, Banabas et al. (2008) recorded similadtseélable 1.4). They attributed
the highest values in the frond pile zones to tlaenoporosity-enhancing effect of
the organic matter present in this zone. They lbedrihe lower values found in
the weeded circle and harvest-path zones to tomswilpaction from falling
bunches in the weeded circle, wheel and foot trdfii the harvest paths, and
sparse understory vegetation.

Thus, apart from its high dependence on soil textunfiltrability will vary
temporally and spatially in oil palm plantation.té&f a strong decrease due to soil
compaction after land clearing, infiltrability inilgalm plantation may partly
recover due to plant growth and organic matter tamdito the soil. Yet,

infiltrability will remain low along roads, harvepathways and in weeded circles.
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1.5.4.2 Leaching and ground water quality

Leaching losses are generally assumed to be hightre humid tropics than
temperate areas due to the frequent and intensest@ims, higher temperature
and high carbonic acicbntent in soil (Ah Tung et al., 2009; Johnson et al., 1975).
Depending on the amount of water draining out @& thoting zone, leached
solutes may simply accumulate in a deeper layeh@fsoil profile or may reach
the underlying groundwater (Ah Tung et al., 200@ble 1.5 summarizes results
from Bruinjzeel (1991), including estimates of aahwnoff and nutrient losses in
drainage water from tropical rainforests. The autiso reported that forest clear-
cutting often increased nutrient losses to stre@nsuwer and Riezebos (1998)
compared nutrient leaching in closed and loggegdid¢ed rainforest in Guyana.
Logging clearly increased leaching, which they i®&ct to an increased
percolation of water through the soil (2800 mm ra22 months logging compared
to 1800 mm in closed forest), and increased sotdrcentrations in the
percolating water. They found that Ca, K and Mgaarrations were 2-10 times
greater in the gaps after logging than in closeddp with the greatest increase in
concentration for N@(10-20 times greater than closed forest). The naytse of
leaching occurred during the first year after logpgiand most solute
concentrations in percolating soil water remaingghér up to 15 months after
logging. However, vegetative regrowth reduced lesglosses as plants absorbed
soluble nutrients and immobilized them in standitagk biomass.

Large nutrient losses are expected in oil palm taleons (Goh et al., 2003).
According to Ng et al. (2003), most of the oil paloot biomass is found within
1m of the soil but the distribution of oil palm ai roots favors the nutrient
uptake in the upper 30 cm, which may increase ttenpial risk of nutrient
leaching. Omoti et al. (1983) measured amounts wifients leached under
immature (4 years) and mature (22 years) oil pabirstjnguishing between the
loss of native nutrients and the loss of appliettients (fertilizers). The losses of
native nutrients from closed and logged tropicale$d on one hand, and in
immature and mature oil palm plantations on thesiotitandare summarized in

Table 1.6. To our knowledge, there is no chronaalgistudy comparing the
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amounts of nutrient leached under natural forest ail palm plantation
established on the same site after forest clearing,between forested and oil
palm catchments with similar climatic and soil chlodis. This makes it difficult
to quantify the impact of oil palm plantation edisifiment on native nutrient
leaching. The most complete study to assess thadingm hydrological processes
of forest conversion to tree crop and oil palm tdéons (DID, 1989) did not
evaluate leaching, leaving a considerable gap irkonawledge of this process in
plantations at the catchment scale.

Despite the paucity of large-scale data on leacpmogesses, many plot-scale
studies investigated the percentage of appliedifers lost through leaching in
oil palm plantations, some of them comparing yoand mature oil palm stands
(Chang and Zakaria, 1986; Foong et al., 1983 Maena et al., 1979). For example, a
field lysimeter study conducted on Munchong sesmtin Malaysia found higher
fertilizer losses when the palm was 1-4 yr old ¥d7or N and 10 % for K), which
declined to 2.1 % of applied fertilizer N and 2.7c¥%fertilizer K when the palm
was 5-14 yr old (Foong, 1993). Higher nutrient é&ssshrough leaching from
immature palm implies less plant nutrient uptakbereas older palms have more
extensive root system that can absorb applied ad@j@nous soil nutrients, a
greater nutrient demand and a higher transpiraata that lowers water loss via
leaching. However, a field-scale study on Orlu ahigba series (Rhodic
Paleudult) soils in Nigeria showed no significaiffedlences in nutrient leaching
from applied fertilizers between the immature (4 gnd mature plantations (22
yr) (Omoti et al., 1983). According to some authdhe adult stage poses a high
risk of nutrient losses because ground vegetatiosparse due to poor light
penetration through the closed oil palm canopy (Bre 2003). Moreover, the
LCC dies off at canopy closure, releasing a largeount of N from the
decomposing legume biomass and increasing theafiski loss via leaching
(Campiglia et al., 2010; Goh et al., 2003). According to Goh and Chew (1995),
leaching losses also depends on soil texture agaltegr losses were recorded in

sandier soils, as summarized in Table 1.7. In génkeached P losses are low due
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to the relative immobility of P in acidic, weathdr&opical soils (Omoti et al.,
1983; Goh et al., 2003).

A plot-scale study by Ah Tung et al. (2009) is thdy one to our knowledge
that investigated leaching losses of inorganic Nl & and measured their
concentrations in groundwater. They found leachiogses of inorganic N
represented between 1.0 and 1.6 % of applied Nifertand the K losses were
between 2.4 and 5.3 %, depending on fertilizer iapppbn rates. The
concentration of N and K in the soil solution desed with soil depth, which
they explained by nutrient removal and uptake bynpaots, resulting in lower
nutrient concentrations in the soil solution witlepth. However, another
explanation they did not mention is that fertilzeare applied near the soill
surface, so the topsoil layers have a higher cdretgan of nutrients in soil
solution; this naturally declines with depth be@aubere was no fertilizer
injection deeper in the soil profile. The measucedcentrations of NJHN, NOs-

N and K in groundwater ranged from 0.23-2.7, 0.0%50and 0.63-9.54 mgL,
respectively, which did not exceed the water quatandards, set by the World
Health Organization (WHO, 2008). The authors did swecify the distance of
groundwater sampling wells from the palm circlesevéhthe fertilizers were
applied. However, they mentioned the possibilitygafundwater pollution when
excessive N fertilizer was applied or if N leached from the soil profile into
groundwater in the inter-tree spaces between pdllms.supposition is supported
by Schroth et al. (2000), who reported pronouncedtial pattern of N@N
concentrations within the plantation. Low M® concentrations were measured
in the soil profile within 1m of palm trees, inditey efficient absorption of
mineral N by the palms, whereas soil N® concentrations increased with
increasing distance from palm trees. At 4 m awaynfthe trees, the vertical NO

N concentration gave clear evidence of NDleaching into the deeper subsoil as
concentrations almost doubled from surface soll6 cm depth (6 pg'gto 11.5
Hg g respectively). They concluded that much of théd solume in the
plantation was apparently not accessed by palns réedving surplus N at risk of
leaching loss (Schroth et al., 2000).
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Thus, nutrient leaching in oil palm plantations nisey impacted by soil type
and rainfall intensities (that both influence itrtion rates), oil palm age,
agricultural practices such as LCC establishmeatemvmanagement that impacts
the water table level and subsequently increasesptssibility of leaching,
fertilizer types and rate applications, etc. In p#lm plantations receiving
chemical fertilizer, low nutrient losses via leawhiand nutrient concentrations in
ground water quality were generally reported. Highatrient losses (as % of
fertilizer application) are expected in immaturarghtions due to lower nutrient
uptake by palm roots. However, higher fertilizeplgations are recommended in
mature plantations, which may lead to higher lossesbsolute terms. The link
between nutrient leaching and groundwater quaditiearly not fully investigated
or understood. A shortcoming of the current literatis the reliance on plot-scale
studies with lysimeters installed close to the dreelespite high spatial
heterogeneity in the structure of the oil palm pdéinn that affects soil infiltration
rates, distribution of vegetation and root growmththe soil profile. Although
organic fertilizer applications (POME and EFB) agply nutrients than could
potentially leach, impacting groundwater qualitypriw on oil palm plantations
amended with these residuals has focused on soijpepies rather than

groundwater quality (Okwute and Nnennaya, 2007).

1.5.5 Surface runoff and erosion

In rainforest watersheds, surface runoff may o@umfiltration excess overland
flow and/or saturated overland flow. Malmer (199&ported that infiltration
excess overland flow was more likely than saturatedrland flow across the
sloping uplands of a tropical forested catchmeihigneas areas close to the stream
are susceptible to saturated overland flow or reflow. However, infiltration
excess overland flow in forests is regarded as@a phenomenon, as vegetation
plays an important role in holding and absorbingnfedl (Bonnell, 2005
Bruijnzeel, 1990; Zhang et al., 2007). Noguchi et al. (1997a) cashetl that
neither saturation overland flow nor infiltratioroess overland flow are likely to

occur at Bukit Tarek Experimental Watershed, adte@ watershed in Peninsular
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Malaysia. Data on annual runoff, soil and nutrilrgises in tropical rainforests,
reviewed by Bruijnzeel (1990), are summarized ibldal.8. Although surface
runoff is rare in forests, it is likely in oil palplantations during short-term high
intensity rainfall events because of the high n#i¢ variability in soll
infiltrability (Banabas et al., 2008). When rundffes occur, it would be initiated
mainly from the weeded circle (where stem flow caude highest local water
inflows and the infiltrability is quite low) and thiearvest path zone (where
infiltrability is lowest due to soil compaction) @la 1.9).

While erosion is never excessive (i.e. greater tharrate of soil formation) in
forests, soil loss can be pronounced at particatlges in an oil palm plantation.
Many studies reported highest erosion rates imngiaafter land-clearing
resulting from increased exposure of the soil sigrf@ erosion and surface runoff
losses (Bruinjzeel, 1990, 2004; Douglas, 1999; @bll., 2003)According to
Clay (2004), bare soil resulting from road condinrc and other infrastructure
such as bridges, culverts and drains increaseiaslon in oil palm plantations.
DID (1989) showed that deforestation activities hsuas timber harvesting,
construction of roads and preparation of land fapcplanting account for as
much as 91% of all the sediment exported from taehmments. Results from
erosion plots on two soil types revealed 5-7 timesge erosion from deforested
land than forested lands during the first yearrgilenting the LCC. However,
once the ground cover was established, erosion greatly reduced but not
eliminated (DID, 1989). In mature plantations, @asstill occurs from harvest
paths, roads and localized areas of steep elevdiilay (2004) reported that in
Papua New Guinea, every 100 m of road has the fmltén produces as much
sediment as each ha of oil palm, but this is noelated as there are 50 linear m
of road for every ha of oil palm planted.

Some authors estimated contribution of rainfall rtmoff and associated
nutrient losses, usually expressed as percentagpptied fertilizers, carrying out
plot-scale studies in oil palm plantations. Soméhein computed nutrient losses,
via runoff and/or sediment transport to be largezoanting for up to 10% of

applied fertilizers (Maena et al., 1979). They oled greater losses from surface
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runoff in the uncovered soil in the harvest pattmpared to the interrows, where
pruned fronds provide soil cover (Goh &t 2003; Fairhurst, 1996; Maena et al.
1979). Others reported low losses of nutrient winoff in oil palm plantation
(Banabas et al., 2008). Results from key papersamemarized in Table 1.10.
Moreover, runoff losses of applied fertilizers at¥&pend on the lagtime between
application and the subsequent rainfall. While Chaetwal. (1995) showed that
high rainfall prior to fertilizer application resat in substantial nutrient loss, Kee
and Chew (1996) found that the first rain evenlofeing fertilizer application in
a wet month gave N concentrations in runoff wafe8®mg kg' and 135 mg kg
for 65 kg N ha and 130 kg N Harates respectively, compared to 4 mg N ky
the unfertilized control plot. Thus, the amountfettilizer nutrients lost through
runoff and sediment transport depends on the extilite, the age of the oil palms,
the local topography and infiltrability, and on theg time between fertilizer
application and rainfall (Banabas et al., 2008)e Td¢ontinual compaction of
harvest pathways and roads, and the disappearanoce@rstory cover (including
LCC) due to canopy closure may also contributedib and nutrient losses via

runoff and erosion within a mature oil palm plaiat(Table 1.10).

1.5.6 Stream flow and stream water quality

1.5.6.1. Stream flow

Hydrological changes observed at the plot-scald hélve consequences on
stream flow and water quality. It is well known thatal stream flow increases
following clearance of forest cover and conversionother types of land use
(Bruijnzeel, 1990). The absence of vegetation alavgreater proportion of direct
rainfall to reach the forest floor, and reduced fates (due to absence of plants)
translate into a greater volume of water leaving ¢atchment. When land use
change increases the amount of disturbed and caetpsorfaces, there will be an
associated increase in surface runoff and stream. fThis increase may be
permanent when converting natural forest to grasslar shallow rooted
agricultural crops, or temporary in the case ofwvession to tree plantations
(Abdul Rahim and Harding, 1992; Bruijnzeel, 1990).
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Hydrological studies carried out in oil palm plaida at a watershed scale are
scarce, except those of Sungai Tekam ExperimeraainBin Pahang by DID
(1989). They observed an increase in total flow edrately in response to
deforestation (+ 85 to 157 % for the first threangeafter deforestation), which
declined gradually with the planting of LCC andetrerops. Total flow increase
was due to greater baseflow rather than more ruddfé authors ascribed the
large increase in baseflow to rising water tabMelledue to reduced ET and
ponding effects immediately after deforestationfedled logs and debris were left
in the stream channels for long period acting abrisedams. However, in
Bruijnzeel's review (2004), other authors reportaddecrease in baseflow
following deforestation, especially during the digason because more surface
runoff from compacted soils decreased the grourelwaecharge and the
subsequent release of baseflow. Soil compactidoviiolg land clearing triggers a
shift from dominant subsurface flow to overlandwloincreasing peak flow
during storm events (Bruijnzeel, 2004). DID (198%)served also that peak
discharge increased after deforestation and thate-to-peak decreased
significantly from 3 hr to 1 hr immediately afteefdrestation. Although this
study provides insight into short-term hydrologicgtanges when oil palm
plantations are established, it was stopped bef@eil palm plantation reached
maturity (Hui, 2008).Further study of the mature plantation would bepfuglto
determine whether older oil palm plantations camito experience more surface
runoff and higher peak flows during storms thanistuibed forest, leading to
higher stream flow in the watershe&l study in a small oil palm catchment (8.2
ha) on a coarse sandy clay loam Ultisol in therepsh of Skudai River in Johor,
Malaysia showed a high proportion of baseflow, apipnately 54 % of the total
runoff and rapid responses to rainfall with a shone (6-48 min) to peak flow
(Yusop et al., 2007). However, baseflow can be mighéorested catchments and
reach as much as 70 % of the total annual flow (AB@him and Harding, 1992;
Yusop et al., 2007).
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1.5.6.2 Stream water quality

It is clear that oil palm plantations have differbgdrological characteristics from
natural forests at the plot-scale, which may implaetquality of receiving waters
at a watershed-scale. The increase of surface frioafled with eroded soil
particles, the use of agro-chemical (fertilizersl gresticides) and the release of
POME in the streams are expected to affect thetaqglif@ and drinkable water
quality of the receiving water bodi€ECD, 2000; Sheil et al., 200%owever,
catchment-scale studies on water quality and nuttgsses in tropical areas have
focused primarily on forested areas and the impattginforest disturbances
(Malmer, 1996; Malmer and Grip, 1994). In Malaysame researchers reported
slightly acidic stream water, low levels of elecai conductivities and solute
concentrations from forested catchments (DID, 198%0p et al., 2006) and in a
catchment with diversified land uses, includingpmalm plantation (15 %), forest
(50 %), mining and urbanized area (Gasim et aD62(Table 1.11). As expected,
deforestation greatly increased outflow of sedimiads and nutrients after
clearing (e.g. EC (+16%), Ca (+26 %) and Mg (+37%)DID (1989); turbidity
(x 9) and suspended solids (x 12) by Zulkifli et 4B87). Temporal variations of
stream water quality. at the storm event-scale weted byYusop et al. (2006),
in particular higher export of nitrates (x3) andended solids in stormflow than
in baseflow but greater export of SiGuring baseflow, suggesting that low flow
removed solutes associated with soil weatheringgs®es. At the seasonal scale,
Gasim et al. (2006) observed higher values for m@ager quality parameters in
the wet season than the dry season, while DID ()L6BServed higher values for
turbidity, suspended solids and iron in wet seasmod higher values of
conductivity, pH, Mg and Ca during dry months.

In large oil palm plantations, POME is releasecctiy to streams, sometimes
without treatment, which is expected to cause waddution. To our knowledge,
the study by Olaleye and Adedeji (2005) is the amig published in the peer-
reviewed literature to assess the water qualitya aiver impacted by POME
release from oil palm plantations. They ascribexirtbar absence of zooplankton

in a large Nigerian river to the deleterious effe€tPOME discharge in the
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stream. Pesticides originating from oil palm pléiotess are expected to have a
strong impact on water quality according to NGO#iilevoil palm managers
expect low impact due to low application rates. @hsence of data on this topic
in the peer-reviewed literature is a major knowkedgp.

Despite the potential risk of water pollution exigecfrom oil palm plantation
activities, there have been very few studies attagershed-scale to assess water
quality in streams within a plantation at differedévelopment stages (i.e.

immature vs. mature palms).

1.5.7 Synthesis

There is an abundance of literature on hydrologicatesses in tropical rainforest
ecosystems, immediate and short-term impacts ofarast disturbance (logging,
clearing), as depicted in Figure 1.5. It is gerlgratcepted that natural regrowth
in tropical forests leads to a relatively fast ratuo previous levels of soil

infiltrability, streamflow, water budget and soiutnient stocks. However, the
impact of oil palm establishment on changes to dipdiical processes and
associated nutrient losses, and their evolutionnduoil palm growth are much

less investigated, documented and understood.

Table 1.12 summarizes the evolution of hydrologmalcesses and associated
nutrient losses occurring from forested land toureabil palm plantation stage,
based on observed or expected outcomes and hithlrgsearch gaps in the
understanding of these processes. We compare adiveestages (cleared land
vs. tropical forest; immature plantation vs. cleared land; mature vs. immature
plantation) and also compare both immature and maastages to forest, the
original land cover. Expected trends for each stage described qualitatively
because observations were often made for a spgtéintation age (without long
term monitoring to cover all stages) across areits avbroad range of climatic
and soil conditions. The impacts of forest cleatiely on many studies reviewed
by Bruijnzeel (1990, 1991) that generally reporsttbng impacts of complete
forest clearing. Information regarding the immatoiepalm stage are based on
the study by DID (1989), that represents, to ourovkedge, the only
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chronological study focused on the evolution of rojagical process dynamics
from forest to oil palm plantation establishmentbath plot-scale and watershed-
scale. Unfortunately it was stopped before oil gateached maturity and did not
investigate leaching process at the plot-scaleoiicluded that after clearing, the
growth of oil palm (with LCC) tends to counterat¢tet negative impacts of

clearance, without always returning to pre-distadealevels. Runoff and erosion
remain high in compacted areas such as roads, igraths and weeded circles.
Due to the high nutrient uptake rate and large eratjve demand of the palms,
low nutrient losses via leaching were generallyortgdl in oil palm plantations in

Southeast Asia despite high rainfall intensities.

Few studies compared the water and nutrient budgetween young and
mature oil palm stands, although leaching losseékeaplot-scale were examined
by Foong et al. (1983) and Omoti et al. (1983) Biidvas measured by Yusop et
al. (2008). In mature plantations, data were ab&l&rom a number of plot-scale
focusing on single hydrological processes, suchuasff or leaching, with the
exception of Banabas et al. (2008). Investigatingtew budget in a mature
plantation, including ET, soil water storage, rdnafd leaching losses, authors
demonstrated that nutrient losses occurred prigndrdm leaching rather than
from runoff. Few studies have taken in accountgpatial heterogeneity of the
plantation. Finally, hydrological studies carriedtcat the watershed-scale in
mature oil palm plantation are almost nonexistesitty the exception of Yusop et
al. (2008) who quantified runoff processes on allsoilgpalm watershed (8.2 ha).
The only research on stream water quality within palm plantations
agroecosystems comes from DID (1989) for immatutantptions. Thus,
hydrological process dynamics and magnitude (etgl water yields, dry season
baseflow, stormflow dynamics) and nutrient outfldwsm oil palm plantation are

far from being fully assessed and understood.

1.6. Conclusion
Since the 1960s, research effort focused on phiedrials in Southeast Asia to

provide agronomic recommendations for plantatiomagers that would increase
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productivity and economic returns for the palmiodustry. Growing awareness
of environmental impacts from the rapidly expandailgpalm sector, driven by
media and socio-environmental NGOs, led to theticneaf RSPO to promote a
sustainable palm oil production. This organizatemtourages planters to assess
the environmental impacts of oil palm cultivatiomdadevelop eco-friendly
agricultural practices. Although RSPO encouragese®aluation of oil palm
plantation activities impacting water quality angdiological processes, this
review demonstrated that the topic remains largalyer-investigated. First of all,
the actual agricultural practices for nutrient avater management currently used
in Southeast Asian oil palm plantations are poatBscribed, especially in
smallholdings. Assessing actual agricultural pcadiis challenging as high
variability likely occurs not only between largengpanies and smallholders, but
also among both production systems, due to variageess to knowledge,
technical and financial means. Another constrarthat palm oil is produced in
developing countries, which may lack the resoutoesionitor the impact of oil
palm plantation on hydrological functions at diffet stages throughout its long
lifespan (about 25 yr). Indeed, most of hydrolobgtadies in oil palm plantations
were carried out at the plot scale (i.e. a few hdiereas oil palm plantations can
reach thousands contiguous ha across several Wadistd~ew studies provided an
integrated view of hydrological processes or halken account of the intrinsic
spatial variability of an oil palm plantation. Sjgatemporal variation in surface
water quality and groundwater quality within oillpaplantations have been very
poorly investigated, and the link to agriculturalagtices remains tenuous.
Therefore, study cases that include a survey afshetgricultural practices, water
guality assessment and hydrological processes tigaéien at the watershed-
scale are needed to better understand and assgsstémtial risk to waterways of
oil palm plantations. In the end, this informatiwitl help planters to manage their

oil palm plantations more sustainably.
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Table 1.1a. Standing stock biomass in oil palm taliéon and topical forest

Total stocks in standing biomass
Vegetal cover Mean biomass (kg ha') Source
N P K Mg Ca

Oil palm, 14 94 tha" for 588 58 1112 151 173 Ng et al.,

years 136 palms ha 1968
Rainforest 385t hd 1067- 33- 340- 161- 476- Anderson and
(5 studies 2980 315 3163 595 4168 Spencer, 1991

range)

(adapted from Henson, 1999).
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Table 1.1b. Nutrient uptake in different componefitsil palm plantations

Target Nutrient contents in oil palm

yield biomass

Oil palm components (t FFB* (kg hat yr?)

hatyr) N P K Mg Ca

Source

Production
Harvested 24 72512.1 93.2 20.7

fruit bunches

25 73.211.6 93.4 20.819.5

30 97.6 10.0 105.4 18.2

30 99.115.6 129.3 33.3

Immobilized
trunk 30 424 4.1 121.610.2

roots - 16,6 1.1 2.8 0.42 -

Trunk & roots 30 18524 619 3.8

Immobilized 25 40.0 3.1 55.7 11.513.8

in new
biomass

Recycled
Pruned fronds 24 78.411.3 102.1 28.1

& male

inflorescences

Ng and Thamboo
1967, Ng et al.,
1968
Ng et al., 1968

Tarmizi and Mohd,
2006
Ng et al. 1999

Ng et al. 1999
Corley et al., 1971

Tarmizi and Mohd,
2006
Ng et al., 1968

Ng and Thamboo
1967, Ng et al.,
1968

*FFB= Fresh Fruit Bunch
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Table 1.2. Recommended fertilizer applicationsdibpalm in South East Asia

Industrial
Smallholder. _ Source
Government Private
1.8 3.7 1.7 FAO, 2005 (in 2002)
3.3(5) 4.2 (7) 4.1 (7) USDA, 2009 (in 2008)
2.34 3.04-5.52 Bangun, 2006

Table 1.3. Average yields of palm oil production flee different production
systems in Indonesia (t fip

Fertilizer applications (kg fayr™*) Source

Notes N P K Mg B

Immature oil palm

45 24 108 28 0.6 FAQO, 2005
35-105 42-56 42-420 8.4-35 1.4 Goh et al.,
2003

50-120 22-48 54-216 7-24 1.2-3.7 von Uexkull

Mature oil palm

120 22 286 24 0.6 FAO, 2005
35-245  56-98 42-105 2.1-4.9 Goh et al.,
2003
120- 30-87 183- 0-36 2.5-5.6 von Uexkdll
200 581

*Assuming 140 palms Hawhen recommendations were expressed as kg'palm
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Table 1.4. Soil infiltrability (mm Ht) for major soil types and at specific

locations in oil palm plantations

) Frond Between Weeded Harvest
Soll ) ) Source
piles zones circles path

Typic Hapluland, 1351 997 270 265 Banabas et al.,
sandy clay to clay 2008

loam

Typic Udivitrand, 7350 1230 340 60 Banabas et al.,

sandy loam to sand 2008

Typic Hapludult 2050 - - 175 Maenaetal., 1979

45



Table 1.5. Catchment studies of annual rainfatuah runoff and nutrient losses in drainage watanfSouth East Asian tropical

forests (modified from Bruijnzeel, 1991).

Annual Annual _ L Sources quoted
_ Type of ~ Watershed Q/R  Nutrient losses (kg Rayr?) o
Location Soll rainfall  runoff by Bruinjzeel
forest area (ha)
R(mm) Q(mm) 9 Ca Mg K P N (1991)
Ulu Partly Oxisol 31 2500 750 30 21 15 11.2 - Kenworthy
Gombak, disturbed (2971)
Malaysia Dipterocarp
forest
Bt. Undisturbed Deep 29.6 2005 225 117 58 36 8 - - Abdul Rahim
Berembun, Dipterocarp Ultisols and Zulkifli
Malaysia forest and (1986) ;
Oxisols Zulkifli (1989)
; Zulkifli et al.

(1989)




Table 1.5. (Continued)

: Type of . Watershed Annual  Annual Q/R Nutrient losses (kg hayr™) qﬁggéget?y
Location forest Soil area (ha) éa'(r:]ﬂ) cgu(rr]r?rfri) Bruinjzeel
% Ca Mg K P N (1991)
Watubelah, Plantation  Andesitic 18.7 4670 3590 77 29 305 22 0.7 10.6 Bruijnzeel
Indonesia forest of tuffs (1983a,b,
Agathis 1984)
dammara
Kinta Lowland Limestone - 2845 1605 56 795 90 76 - - Crowther
Valley, rainforest (karst terrain) (1987a,b)
Malaysia
Ei Creek, Colline Basaltic 16.25 2700 1480 50 248 51 149 - - Turvey
Papua  rainforest volcanic (2974)
agglomerates
Gua Anak Lowland Limestone - 2440 1255 51 764 45 20 - - Crowther
Takun, rainforest (1987a,b)

Malaysia




Table 1.6. Nutrient leaching losses in undisturtoedst, highly disturbed

forest and oil palm plantations.

Amount of element leached (kg hgr™)

Ca K Mg Na ClI NHs-N NOs-N N-total SOs-S Source
Closed 2 5 1 2425 3 4 Brouwer
tropical rain and
forest, Riezebos,
Guyana* 1998
Large gap 14 23 16 65 56 90 91 Brouwer
sikkder zone, and
Guyana* Riezebos,
1998

Unfertilized 165 3 32 - 53
young oil

palm (4 yr),

Nigeria

Unfertilized 123 29 32 - 30
adult oil

palm (22 yr),

Nigeria

- 32 53 Omoti et
al., 1983

- 65 83 Omoti et
al., 1983

*annual average on 1030 days



Table 1.7. Nutrient leached as percentages ofegpfdirtilizers in immature (1 to 4 yr) and matured(yr) oil palm plantations

e - ':i‘:;‘ll Palrlns Ageof  Nutrient losses of applied fertilizer (%) \ores Source
mm & PAMOD N P K Mg Ca s C
Nigeria  Rhodic 1923 150 4and 22 34 - 18 172 60 14 141 Omoti et
Paleudult al., 1983
Sabah, Typic > 2500 26 1- - 2.4- - - - - Ah Tung et
Malaysia Hapludults 1.6 5.3 al., 2009
Malaysia Typic 1909 145 1 26.5trace 195 169 - - - Rainfed Foong et
Hapludox 1495 2 109 trace 34 84 - - - Rainfed al., 1983
2729 3 122 1.4 104 536 - - - lrrigated
2787 4 168 5.8 56 476 - - - lrrigated
2391 5 27 17 19 54 - - - lIrrigated
2193 6 48 14 33 66 - - - lIrrigated




Table 1.7. (Continued)

Annual Palms Age of

Nutrient losses of applied fertilizer (%)

Location Soll rainfall per palm Source
mmy ha o N P K Cl

Malaysia Typic 2352 - - 10.4 - 51 - Chang and
Paleudult Zakaria, 1986
(Serdang
series)

Malaysia Typic lto4 16.6 1.8 97 - Foong et al.,
Hapludox 5to0 8 1.2 1.6 2.5 1993
(Munchong 9to 14 3 15 29

series)




Table 1.8. Runoff, soil erosion, dissolved sol#rd sediment losses via runoff in Southeast Asimfarest

Annual  Runoff Dissolved  TSS
Location Soil Study scale rainfall (R) (Q) (;)F; Soil erosion  loss outflow Notes Source
mm mm (thatyr?) (thatyr?)
Central Red- plot 2x10 m 2862 -3563 250 05 041lgrh - - Period 27/3 to Hartanto et
Kalimantan yellow 6/6/98 ; rainfall al., 2003
, Indonesia podsol 495 mm
250 0.8 135gih - - Period 28/12/97
to 21/2/98 ;
rainfall 316 mm
Sabah, Gleyic runoff plot 50- 1950 56.55 2.9 38kgHa 0.16 0.3 excluding valley Malmer,
Malaysia  podsol 200 m?; yrt bottom 1996

catchment scale




Table 1.9. Soil erosion and nutrient losses inagaarfrunoff water

from spatial components of an oil palm plantatioreoTypic
Hapludult in Malaysia (after Maena et al., 1979hG&o al., 1999).

Average annual  Soil Nutrient losses
Fertilizer ) ) B
runoff (% of erosion (% of applied fertilizer)
placement ) 14
rainfall) (tha~yr?) N P K Mg Ca B
Oil palm row 20.2 7.47 13335 6.0 75 6.8 229
Harvest path 30.6 14.92 1584 73 45 6.2 338
Frond pile 2.8 11 20 06 08 27 08 33

Frond pile/harvest

path

- 6.6 14 35 22 34 125

Average for the
field

- 111 28 50 56 52 20.7

Fertilizer nutrients
applied (kg ha)

90.2 52.0 205.9 32.8 789 2.4
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Table 1.10. Nutrient losses through runoff and edoskediment in mature oil palm plantations (platsstudies)

Age of Annual  Annual Annual nutrient losses kg higr™
Location Soill oil palm rainfall  runoff (% (% of applied fertilizers) Transport Source
plantation (mm) of rainfall) N P K Mg Ca
Malaysia Orthoxic 11 1426 2.8-30.6 % 9.93 1.43 10.40 1.82 4.04in runoff Maena et
Tropudult (11.1%) (2.8%, (5.0% (5.6% (5.2% al., 1979
5.57 3.6 8.7¢ 21.1( 7.4C in eroded
62% (7.0% (0.0% (64.%) (9.4% sediment
Malaysia Typic 45-7z 0.7-11 20.8- 3.6- - in runoff Kee and
Paleudult 33.0 6.8 Chew,
(4.47.2% (0.5 (9.7- (4.C- 1996
0.8%) 15.4%) 7.6%)
0.5-0.¢ 0.5-1.2 Trace 0.1 - in eroded
(0.50.9%  (0.%- (0.1 % sediment

0.9%)




Table 1.10. (Continued)

Age of oil  Annual

Location  Soil palm rainfall

Annual runoff

Annual nutrient losses kg higr™

(% of applied fertilizers)

_ Transport Source
) (% of rainfall)
plantation  (mm) P K Mg Ca
PNG* Typic  Mature (135 2398 £+ 6 (0-44 for 2.2 - - - - in runoff  Banabas
Hapluland palms h&) 374 individual et al.,
events) 2008
PNG* Typic  Mature (135 3657 = 1.4 (0-8 for 0.3 - - - - in runoff
Udivitrand palms h) 682 individual
events)

*Papua New Guinea




Table 1.11. Water quality in streams as impactedibyalm plantation, managed and natural foregttzaents in Southeast Asia.

Land use

Notes pH

NH NO; PO, ClI SO SiO

Source

Variously
vegetated
with 50 %
forest and
15% oil

palm

Two
forested
catchments
(~30 ha)

Araceneou

3.2-
6.3

low 5.€

flow
storm 5.1-
flow 5.2

Gasim el
al., 2006

Yusop el

al., 2006




Table 1.11. (Continued)

Annual EC K Ca Mg Na NH NO; PO, CI SO SiO

Land use Soil  rainfall Notes pH Source
(us cn) mg L*

(mm)
Forested Tropeptic 1878 6 years 6.9 55.7 148 6.81 2.48 3.36 1.29 26.5 DID,
control  Harplothox average 1989
catchment
(56 ha)
Cleared Tropeptic 1878 6years 7 83.6 256 9.04 383 294 1.55 20.49 DID,
catchment Harplothox average 1989
for ol
palm

(97 ha)




Table 1.12. Qualitative description of the expeatkdnge in hydrological
processes and associated nutrient losses front fdeasing to mature oil palm

plantation, compared to undisturbed tropical forest

Clearance Immature Mature

) (bare soil)  oil palm plantation oil palm plantation
Hydrological process

VS VS VS
vs forest vs forest
clearance forest immature
Plot-scale
Infiltration rate ~ \@" 2° 1P - 1ho
Leaching  7° e 1€ Nlor=f A
Actual @ s e _ _af
Evapotranspiration
Runoff & erosion /" \P 1P - o
Catchment-scale
Water yields ~ 2° \P 1P - -
Dry season flow  \? - - - -
Stormflow  ° At 1€ - ch
Peakflow  ~° \P 1P - Gh
Time to peak  \° 2P - - -
Ntrient outflow ~ ~2* b 1P - Gh
Sediment loads in b o N \ @b L

stream

Bruijnzeel, 1990 °DID, 1989 ;°Ling et al., 1979 (quoted by
Bruijnzeel, 1990) YFoong et al., 1993°0Omoti et al., 1983'Banabas
et al., 2008 Maena et al., 1979ECD, 2000 !Schroth et al., 2000

N decreasey! increase] higher,|lower, ] variable, e= expected, = similar
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Figure 1.1. Map of Indonesian oil palm production 2007/2008 (from U.S.
Department of Agriculture, Foreign Agricultural 8ee, Office of Global

Analysis, International Production Assessment Divis2009).
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Nursery establishment Site preparation

Access road
Site clearing, underbrushingand clear felling

> Biomass management and disposal

Earthworks, drainage, urigation and infrastructure

Planting and maintenance

. Cover crop establishment
of seedlings

Field establishment

Field lining and holing
Final culling

Transplant seedlings

Maintenance and harvesting

Fertilizer application
Pest control

General field upkeep
Harvesting

Transportation of fresh fruit bunches to mills

I |

Replanting Abandonment

Removal of old palms

Evacuation of plantation staff and workers

Removal of equipment, machinery and
structure

Siterestoration / rehabilitation

Figure 1.2. Typical oil palm plantation developmeadtivities (adapted from
ECD, 2000).
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Figure 1.3. Total demand and sinks for potassiuamimil palm plantation with 30 tonnes FFB yieltb(h Henson, 1999; Corley and
Tincker, 2003). EFB= Empty Fruit Bunch; FFB= Fré&stit Bunch; POME= Palm Oil Mill Effluent.
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Figure 1.4. The hydrological cycle in oil palm paton. Boxes indicate storage pools, arrows indiflaxes.
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Figure 1.5. Hydrological impacts of forest clear{ngpdified from Henson, 1999)
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Connecting Paragraph to Chapter 2

The literature review highlighted the environmemsalies raised by the expansion
of oil palm plantations in Southeast Asia. Oil pghhanters have to ensure high
yields to keep pace with the growing demand foramitl fats, while mitigating
environmental impacts. The review showed that ik of nutrient export to
streams and its relationship to fertilizer appimas and/or soil characteristics was
poorly understood, and needs further investigation.

The literature review described the fertilizer piees generally followed in
commercial oil palm plantations in Southeast Asiot-scale fertilization
management, which is the norm in commercial plantat does not take account
of soil variability throughout the plantation lamdpe, especially in devising a
long term strategy for applying organic and mindeatilizers for high nutrient
use efficiency and soil fertility improvement.

| chose to work at the landscape-scale in an drhpadantation characterized
by soil variability (due to the large scale) to esssthe response of diverse soll
types to long term (> 7 years) fertilizer managem@equences with organic
fertilizer only, mineral fertilizer only, or a cormation of the two). Working with
data from 4000 ha area allowed me to develop astapk-scale approach to
assess the effect of fertilization practices onl gooperties in a large-scale,
heterogeneous perennial agroecosystem. Then, inekieChapter | will assess
the stream water quality and the influence of liedr practices and soil types on

nutrient fluxes in streams.
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CHAPTER 2. Landscape-scale assessment soil respomsdong-term organic
and mineral fertilizer applications in an industrial oil palm plantation in

Indonesia

2.1 Abstract

Organic fertilizers improve soil fertility in oilgdm plantations, based on small-
scale (< 30 ha), short-term (3-5 yr) studies, Ibet tesponse is not equal across
soil classes. Since organic fertilizers are cosilyhandle and apply, relative to
mineral fertilizers, producers need to know whemnd &ow frequently to apply
organic fertilizers to improve soil fertility. Thsgudy assessed the soil response to
long-term mineral and organic fertilizer applicaigoin an industrial oil palm
plantation.A landscape-scale approach was developed to cdpeuwavailable
historical soil data, variability in fertilizer appation sequences and diverse soil
classes across the plantation. Soil response tilizier application was inferred
from (i) a one-off soil survey, (ii) record of féizer sequences, and (iii)
knowledge of the biogeochemical processes underiyime measured soil
response. Low-fertility Ferralsols responded sigaiftly to continuous organic
fertilizer application, with greater improvementsgme soil chemical parameters
in the loamy-sand uplands (pH: + 0.48 unit, bagaradon: + 150 %, sum of
bases; + 220 %) than in the loamy lowlands (pH:35@nit, base saturation: + 8
%, sum of bases; + 16 %). In the loamy-sand upladdsontinuing organic
fertilizer applications significantly decreased tbeganic carbon concentration
without reducing the pH, base saturation or nutrmncentrations, but organic
carbon was protected from mineralization by slodistinage and fine texture in
the loamy lowlands. We conclude that organic fedrs should be applied

regularly to loamy-sand uplands to sustain soillfigr

Key Words: oil palm, soil chemical properties, long-termtilezer application,

organic and mineral fertilizers, landscape-scaj@@gch
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2.2. Introduction

Since the 1960s, the rapid expansion of oil pdhtagis guineensjscultivation in
Southeast Asia has provided food and employmergdweral million people and
contributed to the development of poor countrieswelver, it has also raised
environmental concerns regarding deforestatiors tdsbiodiversity, greenhouse
gas emissions, and the degradation of soil andrveptality (Sheil et al., 2009;
Tan et al., 2009). Soil degradation is of conceecdnse oil palm is cultivated
predominantly on tropical soils that are highlydiciand have low buffering
capacities (Harter, 2007). Due to the low inheffertility of these soils and the
high nutrient removal in harvested products, fiedil input is necessary to sustain
high yields and typically constitutes 40-65 % dhtdield upkeep costs (Caliman,
pers. com).When mineral fertilizers are utilized, they can wimute to soil
acidification, which causes a further decline in pHd reduces the buffering
capacity of these low-fertility tropical soils (B et al., 1997; Nelson et al.,
2010; Oim and Dynoodt, 2008).

There are two sources of organic fertilizer avddatm commercial oil palm
plantations that operate a processing mill. Palhmdi effluent (POME) is the
wastewater emitted from the mill, which containgamiic carbon (including oll
and fat), nutrients, suspended solids and micrausgss. For every 1 tonne of
crude palm oil produced, 2.7 tonnes of POME areegdad (Caliman, pers. com).
Empty fruit bunches (EFB) are another mill bypragugenerated at a rate of
1tonne per tonne of crude palm oil produced. Rebeanderway since the 1980s
demonstrates that POME and EFB can be substitatednineral fertilizers to
sustain oil palm yields and soil fertility by sifjoantly increasing the soil pH,
water holding capacity, organic carbon contentaltetitrogen content, cation
exchange capacity (CEC), available phosphorus norged exchangeable non
acidic cations (Abu Bakar et al., 2011; Okwute #d 2007; Teh Boon Sung et
al., 2011; Thambirajah et al., 1995; Zaharah amu, L2000). These positive
responses are attributed to an improvement in tie nsoisture regime, soil
structure, organic matter content and microbialvagt as well as addition of

nutrients and a reduction in soil erosion and eatriosses (Lim and Chan, 1987,
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Caliman et al., 2001; Chiew and Rahman, 2002) tlisrreason, organic fertilizer
application is an important practice for oil paloitvation.

Fertilizer management in an oil palm plantationuiegs an annual plan for
each block (25-30 ha) within the plantation for theation of the tree’s lifespan
(25 years). Thus, each block receives a specifitilifer sequence. On a
multiannual period, blocks receive mineral ferglig only, organic fertilizers only
(a uniform fertilizer sequence), or they receiveer@ating mineral and organic
fertilizer applications (called a mixed fertilizapplication sequence). Generally,
mineral fertilizers are applied throughout the mentplantation, whereas the
organic fertilizers tend to be applied to blockslose proximity to the mill due to
the limited supply and the higher cost to transpedr long distances, relative to
mineral fertilizers. These constraints result inMEand EFB application based
on transportation costs, which ignores the fact tha soil response to fertilizer
applications differs according to the soil typexf{tee, buffering capacity)
(Salomon, 1999; Wrona, 2006),

Industrial oil palm plantations in Southeast Asiamenonly extend over
thousands of contiguous hectares with distinct gogoehical positions and soil
classes. Assessing the soil response to fertileggplications in this large,
perennial cultivation system requires both longrteand landscape-scale field
studies, which are scarce. Agronomic trials havengared applications of
mineral fertilizer only to organic fertilizer onlyver relatively short (3-5 yr) study
periods (Cristancho et al., 2011; Dolmat et al87t%Kheong et al., 2010). Soil
responses to mixed fertilizer sequences in indaswil palm plantations are
largely unknown. Moreover, agronomic trials oftecdsed on oil palm yields,
were conducted on the plot-scale (10-30 ha) an@ werformed on a single soil
class rather at larger spatial scales and acrofifphawsoil classes, which is more
representative of industrial plantations (Abu Bagaral., 2011; Budianta et al.,
2010; Loong et al., 1987).

Research results from classical, small plots of tgeneous soils often proved
to be of limited relevance when applied to nondeheterogeneous landscapes.

Advances made in landscape-scale soil researchmifrdiie to the integration of
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breakthroughs from relevant disciplines such agdigdy, geomorphology and
geology) have allowed pedologists to focus on pmperties and processes that
cannot be understood apart from their spatial antporal context (Pennock and
Veldkamp, 2006). This implies consideration of lafudms and land use to
understand how soils change through space and(érgeVeldkamp et al., 2001;
Follain et al., 2007).

Previous studies showed that organic fertilizer liappons significantly
improved soil fertility status at the plot-scaldamation managers wishing to
make better use of organic fertilizers need to krfmow long-term fertilizer
applications (uniform and mixed fertilizer seques)caffect soil responses across
the landscape, considering the inherent soil vanatwithin the oil palm
plantation. This requires landscape-scale soilistidvhich were rarely carried
out in large oil palm plantations in South-East@srhe present study aims to
assess the soil response to fertilizer managen®ra function of soil spatial
heterogeneity and through time, to understand &neility in soil fertility status
at the plantation-scale. This study hypothesized () the effect of mineral vs.
organic fertilizer sources on soil properties cam detected even in large
commercial plantations, (ii) the response of sedperties to fertilizer sources
depends on the soil type and land form charadiesist

This paper describes a landscape-scale approachaisadeveloped to assess
the effect on soil fertility of long-term applicati of organic and mineral
fertilizers in uniform or mixed fertilizer sequerscerhis approach relied on (i) a
one-off soil survey to describe soil types and garilility (0-15 cm depth) status
within defined land units (called blocks), (ii) ampert index to assign a value to
the historical fertilizer sequence in each bloclkd gni) statistical analysis to
compare the soil response to fertilizer sourceshiwisoil classes. Then, the
results were interpreted and synthesized in the fof a conceptual model that
considers soil biogeochemical processes. The |lapésscale approach was tested
in a 4000 ha industrial oil palm plantation in Imésia, with the goal of providing
recommendations for targeted application of orgafedilizers within the

plantation to sustain and improve the soil festifitatus.
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2.3. Materials and methods

2.3.1 Site description

2.3.1.1 Study area

The study area was located in the Petapahan arthee iKampar District, Riau
Province, in the Sumatran Central Basin (Figuré. 2Jhtil 1970, tallDipterocarp
forests dominated 95 % of the Petapahan area (8ugaml., 2004)Land use in
Riau Province has changed rapidly over the past decwades as logged-over
forests were cleared for timber and oil palm caliion (Potter and Badcock,
2001). Since 1991, the oil palm plantation areadmgled in the Petapahan area
(Suyanto et al., 2004). Soils are Ferralsols (FARIC/ISSS, 1998) that were
developed on recent alluvium, with peat depositsnrall depressions (Blasco et
al., 1986). The relief is flat to slightly undulagy. The site has a tropical humid
climate with an average annual rainfall of 2400 &80 mm montH in the wet
season, 140 mm montfin the dry season), and the average monthly teypera
ranges from 26 to 32°C.

This study was undertaken on a 4000-hectare, 15eldandustrial oil palm
plantation. During the immature stage (1-5 yr olite blocks had leguminous
cover crops Nlucuna Bracteatpwhich died with canopy overlap when palms
were 5 yr old.The plantation is divided into 154 blocks for masagnt. The
average block size is 26 ha. Oil palm density ayesal41 palms Haacross the

plantation.

2.3.1.2. Preliminary soil classification

There was no accurate soil map available to dekneedological units within the
study area, nonetheless local discrimination betweain soils of the study site is
possible on the basis of the soil texture clagsietd observations suggested that
soil spatial distribution was linked to land forn interpolation method was
used to analyze the spatial distribution of soituees. A digital elevation model
was used as an independent layer in a final cnoabssis of the soil texture and
topographic derivatives maps that allowed us tppse a pedogeomorphological

categorization of the landscape.
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Input data came from 73 composite soil samplesntateng a regular 1-km
grid in the plantation surroundings with georefeesh positions and from 118
composite soil samples taken within the plantatibocks. At each sampling
point, 3 sub-samples were collected (0-15 cm deptiy mixed to produce a
composite soil sample of the point. Mean semivadotg were established and
fitted using exponential models (Figure 2.2).

Geostatistics (Krige, 1951; Matheron, 1965; Gomeft999; Webster and
Oliver, 2000) were applied to identify the spapattern in soil texture (based on
the sand and clay content). The semi-variogramtiomgy(|h|) (Eg. (1)) was used
to quantify the spatial variation of a regionalisatiablez, in N(h) number of
paired locations;, where the variable value is know(x) and separated by a lag
distanceh.

N(h)

__ 1 _ :
P = Sy 21260 ~ 2+ ) (1)

Interpolation at the landscape scale was performigd ordinary kriging (Eq.

(2)):

%) = YA %x,) 2)

i=1

wherez(x,)is the value of the variableat locationxo, as estimated (1) from time
location ofx; where the value is known and denotek) and (2) from the weight

of each location;, depending on the variogram model parameters. ,Then
interpolation was performed via ordinary krigingngsVesper software (Minasny

et al., 2005) to determine the spatial distributddssoils with similar texture.
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Landform analysis was performed with the Spatiablfst® extensions of
ArcGis 9.3® software. Slope (%) and curvature’Ymvere computed with a
SRTM digital elevation model at 90-m resolution. égected, geomorphological
attributes were strongly related to the spatialrithigtion of soil textures leading
to partition the landscape into three pedomorphio&gategories: (i) sandy soll
(100 g kg" of clay, 750 g kg of sand) in the upper part of the colluvial / $iipe
domain, ii) loamy-sand soil (160 g Kepf clay, 500 g kg of sand) in the middle
part of the colluvial / hillslope domain, and iday soil (510 g kg of clay, 110 g
kg' of sand) in alluvial/fluvial domain of the largeapung Kiri river (Figure
2.3).

Field observations were made to describe drainagditions related to these
geomorphological positions. Sandy upland soils hgeed drainage throughout
the year and cover 42 % of the plantation areamyssand lowland soils have a
shallower water table; they cover 50 % of the @tah area. The remaining 8 %

of the plantation were composed of poorly draineg soil.

2.3.1.3. Fertilizer management
The industrial oil palm plantation applies minesald organic fertilizers to blocks
(Table 2.1). Additionally, palm fronds and undergtwegetation cut around the
palm tree and along paths through the plantatiendaposited in frond piles to
decompose and recycle nutrients. Mineral fertiBzeclude urea, rock phosphate
(RP), triple super phosphate (TSP), diammonium phate (DAP), muriate of
potash (KCI), kieserite, dolomite and high-gradetilfeer borate (HGFB).
Mineral fertilizers are applied by hand on the soitface around the tree (the area
covered corresponds to the palm circle) or sprayeer the palms from an
airplane. Application of urea, TSP and MOP gengraficurs twice a year, from
February to March and from October to November levbiher mineral fertilizers
tend to be applied once per year.

Organic fertilizers were POME and EFB. The POME ibrownish colloidal
suspension discharged from the mill into open weaster treatment ponds for

anaerobic digestion followed by aerobic digesti8mgh et al., 2010). Then, it is
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applied through irrigation pipe once (758 ha') or twice (2 x 375 rhha') a year
in the alleys between oil palm trees. In termseofilizer use, one tonne of POME
is equivalent to approximately 2.2 kg of urea, Bg5of TSP, 5.8 kg of MOP and
0.6 kg of kieserite (Caliman, pers. com) assuminigmsity of 1000 kg M Total
carbon content represents 31.5 % of the POME dryem@Nong et al., 2008).
EFB is a wet (about 70 % water content) cellulosk-residue with 65.5 %
holocellulose, 21.2 % lignin, 3.5 % ash, 5.6 % Wwater-soluble substances and
4.1% alcohol-benzene soluble substances on a dtienmaasis. Total carbon
content represents 44.1 % of the EFB dry matteaifitfirajah et al., 1995; Wong
et al., 2008). Within a few days of processinghat mill, fresh EFB are surface-
applied in the alleys between oil palm trees. Digaplication of one tonne of
EFB to the block is equivalent to approximately Bdlof urea, 1.7 kg of TSP,
16.3 kg of MOP and 3.0 kg of kieserite (Calimamlet2001).

2.3.2. Landscape-scale approach: description andsagnptions

A landscape-scale approach was developed to assggssponses to long-term
organic and mineral fertilizer applications, acrdasgerse soil classes and variable
fertilizer sequences. This approach permits amnalgsisoil responses when there
is no historical record of soil analysis, but higtal fertilizer applications to
blocks are known. We assumed that the initial fsotllity level was the same for

a given soil class across the plantation.

2.3.2.1 Attributing a soil class to each block
The block was the basic land unit for agronomic agament, so the first step

was to assign a soil class to each block in thetateon (Figure 2.4a).

2.3.2.2 Calculation of the fertilizer application #quence value for each block

We obtained the historical record of fertilizer Apgtion for each block from the
plantation manager, which included data from a period, from 2004 to 2010
inclusive. Some blocks had a uniform fertilizer seace (mineral fertilizer only,

organic fertilizer only) during the study periodytbmost blocks had mixed

72



fertilizer sequences (i.e., yearly alternation afjamic and mineral fertilizer
applications). Additionally, the mixed fertilizeequences have different levels of
heterogeneity. For example, a mixed fertilizer ssme of 7 years including 2
years of organic fertilizer applications + 2 yeafgmineral fertilizer applications
+ 2 years of organic fertilizer applications + lageof mineral fertilizer
applications has greater heterogeneity than a niewitizer sequence including 5
years of mineral fertilizer applications followeg B years of organic fertilizer
applications. Given the variability among mixed tifeer sequences in this
plantation, blocks that received similar mixed ifexér sequences were grouped
before comparative statistical tests was done. ¥uert index was conceptualized
to calculate and attribute a fertilizer sequenckierdFSV) to each block. The
FSV expresses (i) the dominance of organic or rainfertilizer in the fertilizer
sequence, and (ii) the level of heterogeneity enfértilizer sequence.

The expert index calculates the FSV for each blagikg two coefficients: a
time coefficient (Y, in years) and a fertilizer dipption coefficient (F) (Eq.(3)).
The expert index assumed that fertilizer applicatio the first year of the
sequence (¥ had the least effect, whereas fertilizer appiocain the last year of
the sequence (Y had the greatest effect on soil fertility statdissampling time
Y. Thus, the coefficient Y was an integer from Intavith a value of 1 assigned
to the first year of the fertilizer application semce and n assigned to the last
year () (i.e. the year that soil response was measufedlightly higher weight
was allocated to organic fertilizer application ¥2lative to mineral application
(-1) because organic matter addition has longAgsifectper se(mineralization)
(Diacono and Montemurro, 2010; Szott and Kass, 1988d because nutrient
input from organic fertilizers exceeded that frormenal fertilizers of an equal
surface area (Table 2.1). Opposite signs allowetd dsstinguish between organic

(+) and mineral (-) fertilizer dominance througfestilizer sequence.

Yn
FSV=k) V,.F 3)

i=Y1
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k: normalization coefficient.

Yi: time (year) coefficient withY1. Y;. Y} = {1; i; n}

Fi: fertilizer application coefficient (mineral feiger: Fi = -1; organic fertilizer:
Fi = +2).

By construction, the FSV produces discrete valuHse FSV values are
negative for mineral dominant sequences and pesitor organic dominant
sequences. They range between -50 for uniform mlinegquence to 100 for
uniform organic sequence. This index is used tesitfa the blocks according to
their fertilizer sequences (Figure 2.4b&c) and fetmlcompare the soil properties
of blocks between each group.

There were 19 different fertilizer application segoes on the 96 blocks
considered in this study, and their FSV are preskim Table 2.2. The lowest
FSV was -50 in blocks that received mineral feaditionly and the greatest FSV
was 100 in blocks with organic fertilizer only dugi the period under
consideration (2004-2010, inclusive). A negativé/k&dicates the dominance of
mineral fertilizer application, while positive FSMdicates the dominance of
organic fertilizer application in a mixed fertilizeequence. A FSV close to zero

indicates a mixed fertilizer sequence with a higlel of heterogeneity.

2.3.2.3. Construction of nested sets within eachikolass

To better assess the effect of organic vs. mir@sabrical fertilizer sequences on
soil properties, we first aimed to compare the affef organic vs. mineral
fertilizer applications on blocks that receivedfarmn fertilizer sequences. Then,
we checked whether the effect observed for blockt#h wniform fertilizer
sequences would still be discernible when addingckd with increasing
heterogeneity in their fertilizer sequences. Toiagh this, within each soil class
identified in the plantation, we built nested setsblocks based on their FSV.
Each nested set included two groups of blocks: dibcks that received a
predominantly organic fertilizer sequence and (Bcks that had a comparably

dominant mineral fertilizer sequence. The first(&} included two block groups:
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(1) blocks that received a uniform organic fergélizequence (8) and (2) blocks
that received a uniform mineral fertilizer sequerigm). The second set S
included blocks with mixed fertilizer sequences ihgva low level of
heterogeneity, in addition to the blocks alreadytided in $. The procedure was
repeated by progressively adding blocks with ingireg heterogeneity until the
last set (9, which included all blocks. The spatial variatyiliof fertilizer
management across the plantation is illustratédgare 2.5.

In this study, blocks were allocated to 4 nestdd &8, $, S and S) based on
their FSV and soil class. The FSV ranges chosetotstruct the 4 nested sets
were: § = [-50] U [100]; $ = [-50, -30 [U] 60, 100]; $= [-50, -10[U] 20, 100];
and § = [-50, O[U] 0, 100] (Figure 2.4d, Table 2.2). Thember of soil samples
within each set and soil classes are given in Eidub. The clayey soil class
received mineral fertilizers only (null sample sizem So to So) and was not
considered further in the comparative analysistisSieal analysis was performed
with data from the dominant soil classes, loamydsaplands (n=126) and loamy
lowlands (n=138) (Figure 2.4e).

2.3.2.4 Soll fertility survey and soil analysis

The next step was to perform a one-off soil suethe landscape scale to assess
the current soil fertility status across the plénta An one-off soil survey was
done in the 4,000 ha plantation in 2010. We seteg&of the 154 blocks within
the plantation, and within those blocks collected samples at a density of one
sampling location per two hectares for assessmiesoibfertility status. Due to
the heterogeneous structure of the oil palm plamtat stratified soil sampling
method was employed to account for intra-block alaitity (Maena et al., 1979;
Law et al., 2009). This involved taking three salpaples of soil (0-15 cm depth)
from three zones in the vicinity of a palm treee falm circle, the harvest path
and the frond piles. All sub-samples from a patéicezone (e.g., palm circle)
were mixed to obtain a representative sample frdrat tblock, and then
composited with samples from the same zone, tal@n bther locations in the

block. In total, 288 composite soil samples (9&k#ox 3 zones) were collected.
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Soil fertility properties considered in this studgre: the pH, determined in water
using a pH meter (soil: water ratio of 1:1); orgacarbon (OC) content, measured
using the Walkley-Black method (Nelson and SommE®8?2); Kjeldahl nitrogen
(TN) content according to Bremmer and Mulvaney @98he cation exchange
capacity (CEC) was determined using the ammoniuplacement method
(CH3;COOH, pH =7.0) (Thomas, 1982); the sum of bases walculated by
summing exchangeable K, Mg, Ca and Na concentstiorasured with the
ammonium acetate method (van Reeuwijk, 1993); &edbase saturation (BS)
was calculated as the ratio of the sum of basahdoCEC. Analytical results
represent the nutrient levels and other soil ploysleemical parameters in
mineral soil, which did not include undecomposesidees (EFB, fragments of
vegetation and other organic residues) since thesdues were not included at

the time of sampling and visible fragments wereaeed prior to analysis.

2.3.2.5 Statistical analysis

Finally, comparative statistical analysis was parfed on soil fertility parameters
within each soil class, between the groups &d 3n, from each set;So S.
Tests were performed on the measured soil fertpayameters (pH, OC, TN,
CEC, sum of bases and BS) of the two groups (ocgf@niilized blocks ($n) vs.
mineral-fertilized blocks (8) when the population size of each group wasast le
n=10. Data were not normally distributed before aftdr log transformation, so
comparisons (e.g.,18 vs. S0, Sm vs. So and so on, for each soil class) were
based on the non-parametric Wilcoxon test. Stesistnalyses were performed

using R (R Development Core Team, 2011).

2.4. Results

2.4.1. Overall soil fertility status

All soils in the study area were acidic, with pHues between 3.43 and 5.30.
Other soll fertility properties varied accordingttee soil class: OC was between
8.6 and 499 g ki TN ranged from 4 to 121 g RgCEC was between 2.1 and
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63.1 cmokg™, the sum of bases was 0.1 to 15.1 cmdl, kand the BS was 1 to
93%. Figure 2.6 synthesizes the measured soil pliegenver the plantation by
showing average values (from the three samplingipos) per block.

The average values of pH, OC, TN, CEC and sum sédbavere significantly
greater on the loamy lowlands than on the loamytsaplands (Table 3).
Considerably pH, OC, TN and CEC values for tropatlic soils under oil palm
(Gow and Chew, 1997), the pH and TN levels weré lug the loamy lowlands,
but moderate on the loamy-sand uplands. The OQ vea® very high on both soll
classes, while the CEC level was moderate on taydowlands and low on the

loamy-sand uplands.

2.4.2. Effect of organic versus mineral fertilizeron soil fertility in uniform
fertilizer application sequences

There was significantly (p<0.05) greater pH, OC, THC, sum of bases and BS
in blocks that received uniform organic fertilizeequences ¢8) than uniform
mineral fertilizer sequence {8) on the loamy-sand uplands (Figure 2.7). There
was no @n sequence on the loamy lowlands, so it was nalgess compare the
effect of uniform fertilizer sequences with orgamag: mineral fertilizer in this soil

class.

2.4.3. Effect of organic versus mineral fertilizeron soil fertility in mixed
fertilizer sequences

Mixed fertilizer sequences increased in heterodgrieam S (uniform fertilizer
application sequence) tq.Srigure 2.7 shows the fertility parameters valeeaa
function of the level of heterogeneity of the miXedtilizer sequences. Fields on
the loamy-sand uplands receiving predominantly mwmiggafertilizer had
significantly (p<0.05) greater pH, TN, sum of basesl BS than those with
dominant mineral fertilizer application, even agehegeneity increased in the
fertilizer sequence (Figure 2.7). In the loamy-saptands, significant differences
(p<0.05) in OC and CEC between organic-fertilized anineral-fertilized blocks

at § became non-significant by ,.SFields on the loamy lowlands had
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significantly (p<0.05) greater OC, TN, CEC and sofnbases when they received
predominantly organic fertilizer, regardless of th@mogeneity level, but the
difference in pH between blocks fertilized with goeninantly organic or mineral
fertilizers decreased with increasing heterogenaity was not significant by,S
The BS was higher in organic-fertilized than mihdeatilized blocks in the

loamy lowlands at $but not in other nested sets (Figure 2.7).

2.5. Discussion

The key finding from this study is the significastil response to long-term
organic fertilizer application in both loamy-sanglands and loamy lowlands.
This was expected, based on previous studies t@atndent a rapid response to
organic fertilizer application on low-fertility tpcal soils (i.e., highly weathered,
having high iron and aluminum oxide concentratiagijnilar to the Ferralsols
considered in this study (Turmel et al., 2011). ldwer, the expected response is
based on plot-scale studies where organic fentdineere applied recently or there
were several years of repeated organic fertilipglieations. The novelty of the
landscape-scale approach developed for this stitlyat it allows us to describe
soil responses to multi-year fertilizer applicagomith mixed fertilizer sequences,
alternating between mineral and organic fertiligeurces and having an unequal
number of applications of each source, across gelapatial area (4000 ha).
Results of this study for blocks receiving mixedtifieer sequences reveal
differences in soil responses between loamy-sarandp and loamy lowlands
soil classes. Blocks receiving continuous orgaettilizer sequence had higher
levels of OC content and CEC than others. Increglseterogeneity in the mixed
fertilizer sequence led to a decline in pH in th@nhy lowlands, and the BS in this
soil class was little affected by fertilizer applion. These soil responses to
fertilizer application are interpreted based on @ceptual model of soil

biogeochemical processes in acidic tropical s&iiguyre 2.8).
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2.5.1. Effect of organic fertilizer application onsoil fertility parameters in
loamy-sand uplands and loamyowlands

2.5.1.1. Soil pH

In the loamy-sand uplands, continuously organitiieed blocks had pH values
0.55 units higher than mineral-fertilized blockspndathe difference was
maintained even when organic fertilizer applicatiwas infrequent. The blocks
from loamy lowlands were a little less acidic, ardupH 4.1 in blocks with
predominantly mineral fertilizer application. Althgh pH differed significantly
between mineral and organic groups in the S2 andse®8, it did not differ
significantly in the S4 set, because the valuesveaed with increasing
heterogeneity of fertilizer sequence. Overall, eatgr improvement in soil pH
was achieved by applying organic fertilizer to Igasand uplands than loamy
lowlands.

Organic fertilizers often have a liming effect andic soils, and our results are
consistent with the significant increase in pH obsd following application of
POME and EFB (Abu Bakar et al., 2011; Caliman et2001; Okwute and Isu,
2007). There are several processes by which soitgHbe raised when organic
matter is added, including denitrification, miné&ation and decomplexation of
organically-bound metals, mineralization of orgari sulphate reduction,
microbial uptake of mineral N, S or P (van Breemeéral., 1983). Some authors
suggested that the increase in soil pH is due ko asalinity (organic anion
content) in the organic fertilizer (Mokolobate ahihynes, 2002; Noble et al.,
1996) or from microbial activity (Yan et al.,, 199®ecause the microbial
breakdown of organic anions is a decarboxylaticactien that causes proton
consumption (Barekzai and Mengel, 1993). Releadmsic cations like Kfrom
fresh organic matter can displace the acidic catidii” and H from soil surfaces
and permit the consumption of' kbns, thereby increasing the soil pH (Li et al.,
2008; Pocknee and Sumner, 1997; Tang and Yu, 12@R).Bakar et al. (2011)
attributed the pH increase following EFB to its thig content. Budianta et al.

(2010) noted that anaerobic soil conditions follogvEFB application could cause
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a pH increase because this would reduce cations lfiigh valence states to lower
states, thus releasing the hydroxide ion and crgati microenvironment with
alkaline conditions. However, the effect of EFBsmil reducing conditions would
likely be temporary and so is unlikely to explaie tlong-term effect of organic
fertilizers on soil pH, particularly in mixed fdiier sequences where organic
fertilizers were applied infrequently (e.gs &d ). Future work on mechanisms
underlying the apparent liming effect of POME arieBEshould investigate how
the non-acidic cations in these materials may dmute to displacement of 'H
ions, followed by proton consumption with organicicas or associated with
microbial activity.

Soils from the loamy-sand uplands class were mordicathan those from
loamy lowlands soil class, which was expected.nisitesly cultivated sandy soils
are sensitive to acidification because they areenvoinerable to leaching, have
lower buffering capacity and tend to receive mamsilizer N inputs than loamy
or clayey soils (Nawaz et al., 2011). Mineral Ntifemers are implicated in soil
acidification because two protons are produced vWies-N is nitrified to NG -

N (Anuar et al., 2008; Thomas and Hargrove, 1984¢ application of urea and
ammonium-based fertilizers reduces soil pH on alhpplantations (Caliman et
al., 1987; Kee et al., 1995; Nelson et al., 20J@ticularly when long-term
application of N fertilizers causes a decline incllangeable K due to the
displacement of Kby NH;"-N that results in Kleaching through the soil profile
(Anuar et al., 2008). Examining the mixed fertilizeequences that received
predominantly mineral fertilizer showed no diffecenn soil pH from $to § in
the loamy-sand uplands, but a trend of increaskidrpom S to S, in the loamy
lowlands, which may suggest that acidification fronneral N fertilizer was
occurring in the loamy lowlands. The liming effetdolomite applications may
limit pH acidification caused by urea applicatioB$ocks that received urea plus
dolomite had pH values of 4.06 on the SLL (n=12) 888 on the SU (n=12),
which was not statistically different from blocksat received urea only (pH=4.18
on SLL (n=9) and pH 3.99 on SU (n=27), p>0.05, \Wklon test). This suggests

that dolomite applications did not increase the gbii in the study region. This
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suggested that, in this study, dolomite applicatiahd not seem to have a
significant effect on the soil pH. The loamy lowtsnappeared to have a higher
inherent buffering capacity against acidificatibiarn the loamy-sand uplands soll
class. At the low pH of these soails it is likelyie due mostly to the dissolution of
clay minerals and other minerals (Bloom, 2000).Thuéfering capacity may be
ascribed to hydrolysis of pedogenic Al compoundss@man and Puttmann,
2006), which are present in greater concentratiotné loamy lowlands than the
loamy-sand uplands (data not shown). Aluminum hyidies (e.g., Al(OH) react
with protons to release &land three protons are consumed in the reactiois, th
the pH changes at a slower rate than predicted fagidification reactions
(Harter, 2007; Thomas and Hargrove, 1984).

2.5.1.2. Organic C and total N

Organic fertilizers are a source of fresh organiatter, which is gradually
mineralized to C@or transformed into stable soil organic matteth{f&etz et al.,
2005). Of the two organic fertilizers available this study, EFB might be
expected to decompose more slowly due to its hgghnl content (25-30 % on a
dry weight basis), yet total decomposition of EFFBoil palm plantations occurs
in less than 12 months (Haron et al., 1998; TehmB&ung et al., 2010).
Continuous application of organic fertilizers reésdlin 1.6 times more OC in the
loamy-sand uplands, but these levels declined kapidhen organic fertilizer
application occurred less frequently. Fields in libemy lowlands soil class had
up to 1.8-fold more OC in the mixed fertilizer ajpltion sequences with
predominantly organic fertilizer application, comgad to mineral fertilizer
application. Since OC declined significantly betwe® and the mixed fertilizer
sequences in the loamy-sand uplands, but not #raydowlands, this suggests
that organic fertilizers were more susceptible toaralization in the loamy-sand
uplands. Conditions in the loamy-sand uplands fdamineralization because
those soils were typically well drained and aeratedhich would favor
microbially-mediated mineralization. In contraste toamy lowlands had a higher

water table, which probably led to the accumulatbrganic matter (Sahrawat,

81



2003). Another difference in the soil classes weaes dreater clay content in the
loamy lowlands than the loamy-sand uplands, whiciplies organo-mineral
associations with clay minerals and/or iron oxidest may sequester OC and
protect it from decomposition (Eusterhues et aDP3® Krull et al., 2001,
Wiseman and Pittman, 2006).

The TN concentration was up to 2 times greaterhan lbamy-sand uplands
blocks and about 1.6 times greater in the loamydods blocks with uniform and
mixed fertilizer application sequences dominatediganic fertilizers, compared
to mineral fertilizers, which was significant redksss of the level of
heterogeneity in the mixed fertilizer sequence.seheesults seem to suggest that
TN is not mineralized and lost from soil at the saiate as OC content in oil palm
plantations, but the mechanisms responsible fois@wmg TN in these soils
require further study. Overall, the improvement Q€ content from regular
application of organic fertilizer was greater i loamy-sand uplands than loamy

lowlands soil class.

2.5.1.3. Cation exchange capacity and base satuiati

The CEC is an indicator of potential nutrient agdion on organo-mineral
complexes, particularly the retention of basicarati(e.g., K, Na, Ca and Mg) by
electrostatic forces (Zech et al., 1997). HighelCQ& associated with an increase
in soil organic matter and pH (Diacono and Montem#010; Helling et al.,
1964). In the loamy-sand uplands, blocks receiwogtinuous organic fertilizer
application had the highest CEC value, due to dreamitantly high OC and pH
values. There was a decline in the CEC betwegmard the mixed fertilizer
sequences, which mirrored the decline in OC in ldamy-sand uplands. The
lowlands had greater CEC when receiving mixedIlieeti application sequences
dominated by organic fertilizers, compared to mahéertilizers, and the pattern
of CEC was consistent with the OC concentratiofoamy lowlands. This leads
us to conclude that CEC was controlled more byQkieconcentration than soil
pH in both loamy-sand uplands and loamy lowlandshm oil palm plantation.
This is consistent with van Wambeke (1979), whaeddhat most of the CEC in
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soils dominated by kaolinite and amorphous oxidasch as Ferralsols, is
associated with soil organic matter rather tharhwite mineral components.
Labile organic matter is often considered to benttost important source of CEC
in tropical soils (Duxbury et al., 1989; Zech et 4997). To maintain high CEC
values, we recommend regular application of orgdeitlizer to loamy-sand

uplands.

We observed that CEC declined with increasing begemeity in the organic
dominant fertilizer sequences (dotted line) whil® Bzmained constant. On one
hand, increasing heterogeneity in organic domirertiizer sequence implies a
decrease of organic fertilizer inputs. This indueediecrease of the CEC since the
CEC was strongly correlated to organic matter (R283). On the other hand, the
sum of bases remained constant with increasingrdggaeity in organic
dominant fertilizer sequences, likely due to insieg mineral fertilizer inputs.
Since BS is the ratio between the sum of baseshen@EC, when CEC decreases
while the sum of bases remained constant, the Bsildghhave increased.
However, it remained constant for both soil typ@ensequently, the decreasing
CEC and constant BS suggest that nutrients mayobe rhore easily with
increasing heterogeneity when mineral fertilizeplagations replaced organic
fertilizer applications.

The CEC was approximately twice as high in the Ip&aind lowlands than the
loamy-sand uplands, which is related to the higtlay and organic matter
contents in the loamy lowlands. While the sum dfdsaincreased under mineral
fertilizer sequences in both soil types as a resulhcreasing organic fertilizer
application (continuous line), the BS was signifitya greater under organic
fertilizer sequence vs. mineral sequence in themjesand uplands only. Organic
fertilizers are a source of non-acidic cations, thaty must be retained in CEC
sites to be included in the sum of bases and BSsumements. These results
suggest that a greater proportion of non-acidionatwere adsorbed to the solid
phase in the loamy-sand uplands than in the loawiahds (the remainder of the
non-acidic cations in the loamy lowlands were inl swlution, rather than

adsorbed to the solid phase). To shift the equuifbrbetween the solid phase and
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soil solution will require greater inputs of nonidic cations in the loamy-sand
uplands. We conclude that larger inputs of orgéaitlizer or mineral fertilizers
containing non acidic cations (particularly K, CadaMg) could be helpful to
maintain an adequate soil solution concentratiothe$e essential plant nutrients

in the loamy-sand uplands, for optimal fertilizeamagement of oil palm.

2.6. Conclusion

A landscape-scale approach was used to asses®ithresponse to long-term
mineral and organic fertilizer applications acr@a#000-hectare industrial oil
palm plantation. This approach required informationthe spatial distribution of
soil classes and historical fertilizer sequenceesacthe landscape, as well as the
biogeochemical processes that explain soil respotsdong-term application
with uniform and mixed fertilizer sources. We dersipated a general
improvement in soil fertility status with organierfilizer applications compared
to mineral applications in an oil palm plantatiomhich was expected, and a
decline in some soil fertility parameters when oigafertilizers were applied
infrequently over a 7-yr period. For instance, tit¢, OC and CEC levels in
loamy-sand uplands were highest when organic itestil was applied
continuously and declined significantly (p<0.05) emhorganic fertilizer was
applied infrequently. We recommend regular applicabf organic fertilizer to
maintain OC and CEC in this soil class.

Information on initial soil conditions in fields wh the plantation was
established and follow-up soil sampling at regutéervals during the life-cycle
of oil palm would be helpful in describing the ewtodbn of soil responses and
validating predictions from the landscape-scaleregpgh. We recommend that
soil sampling campaigns be undertaken within thentaltion every 3-5 yrs to
track the evolution of soil fertility within blocksaand adjust the fertilizer
application program accordingly. Since the categoffy organic fertilizers
included two types (POME and EFB), future invedtmss to compare mineral
fertilizer to each type of organic fertilizer coupdtovide further insight into the

strategic use of these limited resources in oilmpgllantations. Still, the
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landscape-scale approach may be the only feasénetavevaluate the long-term
soil response to organic vs. mineral fertilizer laggions in large commercial
plantations. The approach could be extrapolatetkszribe soil response in other
oil palm plantations under similar pedoclimatic diions, or adapted to assess

the soil response to fertilizer sequences in ddrge perennial crop systems.
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Table 2.1. Description of mineral fertilizer-equieat nutrient inputs from organic

fertilizers, empty fruit bunches (EFB) and palm woilll effluents (POME), along with

average application rates for each fertilizer (g)hin an oil palm plantation.

Application Nutrient application rate (kg Hayear®)*
Fertilizer rate

(kg hat yr'h N P K Mg Ca
Organicfertilizers
POME 750,000 750 225 2175 975 -
EFB 40,000- 108-162 déc-18 324-486 20-30 20-30

60,000

Mineral fertilizers
Urea 35-560 7.4-258 0 0 0 0
TSP 35-350 0 9.1-91 0 0 4.2-50
MOP 35-700 0 3.9-105 17.4-349 0 0
Kieserite 35-280 0 0 0 5.7-45.6 0
RP 105-490 0 15.4-72 0 0 0
DAP 35-560 7.4-119 8.2-132 0 0 0
Dolomite 70-210 0 0 0 7.6-22.8 14-51

* After Caliman et al., 2001; APOC 2003, 2004
EFB : empty fruit bunch ; POME : palm oil mill efnt ; TSP : triple super phosphate ;

MOP : muriate of potash (KCI); RP : rock phospha@&P : diammonium phosphate
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Table 2.2. Calculation of the fertilization sequenalue (FSV) based on the
expert index, and membership of data analysisfesetach fertilizer

sequence.

Fertilization sequence

FSV Set membership
2004 2005 2006 2007 2008 2009 2010

M M M M M M M -50 §m, Sm, Sm, Sm
@) M M M M M M -45  Sm, Sm, §m
@] O M M M M M -34  Sm, Sm, Sm
0] O O M M M M -18  Sm, Sm

M M M M M @) M -18  Sm, §m

0] O M O M M M -13  Sm, Sm

M @) M M M @) M -7 Sm

@) @) M M M @) M -2 Sm

0] O O @) M M M 4 S0

M 0] 0] M M o M S0

0] O @) M M O M 14 So

o O M O M O M 20 S0, So

0] M o M O O M 30 S0, S0

o O O O M M O 41 S0, So

o O O M O O M 41 S0, So

o O O O O O M 63 S0, S0, S0

o O O O M O o 73 S0, S0, S0

0] O @) M O @) 0] 79 S0, S0, S0

0] O @) O @) O O 100 So, S0, S0, SO

M : Application of mineral fertilizers

O : Application of organic fertilizers
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Table 2.3. Mean =* standard error values for saillity parameters in loamy-sand uplands and
loamy lowlands in the industrial oil palm plantatio

pH oC TN CEC Sum BS
(0kg)  (gkdg) (cmolkg') (cmolkg') (%)
Loamy-sand _ 4.18+ 321+ 15+07 8243 088:0.78 1222
uplands (n=126) 0.38 19.2 12.3

Moderate Very high Moderate Low

Loamy lowlands 4.25+  62.4% 26+15 157+7.7 181+185 11.9%
(n=138) 0.34 36.0 10.3

High Very high  Very high High

p-value * * * * * NS
(Wilcoxon test)

The classification of pH, organic C (OC), total N\) and cation exchange capacity (CEC)
was done after Gow and Chew (1997).

Sum: sum of base; BS: base saturation
*: p<0.05; NS: non significant
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Figure 2.1. Location of the study area in Riau prog, Indonesia.
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Figure 2.2. Semi-variogram of sand variable.
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Figure 2.3. Categorization of soil classes in toegarea.
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Figure 2.4. Methodological steps in the aggregaioiblocks according to their
soil class and their fertilizer application sequeralue (FSV) prior to performing
comparative statistical tests (organic- vs minéeditized blocks). The scheme
included (a) assigning a soil class to each bl@zkealculating the fertilizer
application sequence value (FSV); (c) assignin®¥ t each bloc )
constructing nested subsets of fields within eathctass; (e) conducting
comparative statistical tests betweegn &1d $m, then between;&and 3n, and
so on until Yo and Sm.
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Figure 2.5. Spatial distribution (based on feréifisequence value) of organic- and mineral-feetilifields across the plantation.

n (Sm): number of soil samples from mineral-fertilizgelds for each soil class and within each subSgt (So): number of soil

samples from organic-fertilized fields for eachl stass and within each subsef)($alues ofi were 1 to 4.
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Figure 2.7. Evolution of the median values (&amd S¢) of pH, organic carbon

(OC), total nitrogen (TN), cation exchange capa(@¥£C), sum of bases (Sum)
and base saturation (BS) as a function of the levekterogeneity of the fertilizer
application sequence for the loamy-sand uplandctads and the loamy lowland
soil class. The dotted lines represent the orgkamtdized blocks, and the

continuous lines represent the mineral-fertilizetbcks. Graphs show the
Wilcoxon test results between organic- and minggdllized blocks (8n vs. $0):

* when p < 0.05; ** when p < 0.01; *** when p < @0.

Values ofi were 1 to 4.
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Figure 2.8. Conceptual model illustrating how shbibgeochemical processes
control the soil response following the additionoofianic fertilizers compared to
mineral fertilizer applications in an acidic soihder tropical humid climatic

conditions. The arrows—s represent biogeochempratesses with causal
relationships; the arrows--> represent notrieputs/outputs; and the arrows
represent nutrient transfers between soil solidlaypuid phases. The thickness of
the arrow—» represents the relative amount ofrienis. The notations
INCREASE/DECREASE/DISPLACE describe a biochemicaaation that

changed soil properties following the applicatidromanic fertilizers.
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Connecting Paragraph to Chapter 3

In Chapter 2, | characterized the relationship leetwfertilizer management and
soil fertility status. The landscape-scale approdelveloped to evaluate this
relationship showed that long term fertilizationggences could alter the soil

fertility status, influenced by soil characteristig.e., sandy soils showed marked
increases in pH and base saturation when fertilizéd organic amendments,

compared to loamy-sand soils).

Since soil type and fertilization sequences aftbet concentration of plant-
available nutrients in oil palm plantations, théaetors will also influence the
pool of nutrients that are susceptible to loss fiswit and potentially transferred
to streams. As soil texture also controls hydratagprocesses that govern water
movement through subsurface flow or surface runbffpay determine nutrient
behavior and nutrient fluxes exported from the jdlm agroecosystems to
streams.

The literature review (Chapter 1) highlighted tleek of watershed-scale
hydrological studies in oil palm agroecosystemsajiiér 3 aims to assess the
stream water quality over a 100 km? landscape dwty 16 watersheds
dominated by oil palm cultivation. The influence sbil characteristics and
fertilizer management will be investigated in grdwater and at the watershed-
scale by assessing nutrient fluxes to streamse@smmended by my literature

review.
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CHAPTER 3. Multi-site assessment of water qualityn oil palm
agroecosystem and influence of soil types and fdrter management on

nutrient fluxes to streams

3.1 Abstract

High fertilizer input is necessary to sustain highelds in oil palm
agroecosystems, but may endanger neighboring ageedsystems when excess
nutrients are transported to waterways. Few studiase examined the
consequences of fertilizer application on water liguand nutrient fluxes to
streams surrounding large-scale oil palm plantatidviulti-site monitoring was
carried out in a 100 km? landscape dominated byreatil palm agroecosystems,
including 16 watersheds and 7 piezometers withabéei dominant soil types and
fertilizer management. As coarse-textured soilsugedl high soil infiltrability,
subsurface flow was expected to be the dominaritwaat for nutrient export
from mature oil palm plantation to stream flow. istudy aimed to characterize
the baseflow magnitude, assess stream water qualdythe influence of soil
types and fertilizer management on groundwater ¢teyrand on nutrient fluxes
to streams. High amount of rainfall quickly flowsraugh the soil and leads to
annual renewal of the groundwater. Seasonal vansiin water quality suggested
that nutrients in groundwater at the end of thesrgson were likely flushed out
at the beginning of the wet season increasing entticoncentrations in streams.
The low nutrient concentrations recorded in theastrs throughout the landscape
(Indonesian water quality standards) indicated thatstudied mature oil palm
plantations did not contribute to the eutrophicatmf the aquatic ecosystems.
This was ascribed to high nutrient uptake by oilnpaa rational fertilizer
program, and dilution of nutrient concentrationg do heavy rainfall in the study
area. The soil type played a crucial role on DINI &P fluxes, loamy-sand
uplands being more sensitive to losses than loamiahds. Organic fertilization
helped to reduce nutrient fluxes compared to minfemilizers. However, the
short groundwater residence time induces a lowliease of the hydrosystem

regarding the nutrient balance.
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Keywords: water quality, nutrient fluxes, oil palm, baseflovatershed-scale.

3.2. Introduction

Oil palm Elaeis guineens)sis one of the most rapidly expanding crops in the
tropics, especially in Indonesia, which is now tbp producer in the world with
about 5.37 million ha dedicated to this productigRAOSTAT, 2010).
Smallholder oil palm plantations represent 39 % Ioflonesian oil palm
plantations and 52 % are large private plantatiopsrated by private industry
(IMA, 2010). The Indonesian government establisteedstrategy called the
Nucleus Estate Scheme, whereby industrial plamstignucleus) helped
smallholder farmers to grow oil palm in the surrdiny area called plasma
(Bangun, 2006; IEG, 1993; Zen et al., 2005). Plasmallholders received
technical and management assistance. Industriatgtians benefited from this
arrangement by receiving fees for their serviceds aeturns from milling
smallholder fruit into crude palm oil (Zen et &Q05).

Oil palm growers usually apply fertilizers to sustdnigh yields. Organic
fertilizers derived from mill wastes are generalpplied in the industrial oil palm
plantation on plots close to the mill due to traorsqtion costs; other areas of
industrial plantations receive mineral fertilizensd smallholders rely on mineral
fertilizers only. Fertilizers applied to oil palntaptations could pose a risk to the
sustainability of nearby aquatic ecosystems, whécla concern when nutrient
inputs exceed the requirements to maintain palestend ground cover growth
and the nutrient removal by harvested productsi{8hal., 2009).

The Round Table for Sustainable Oil Palm encourggewers to evaluate the
environmental impact of oil palm cultivation, nolyalon water quality (Lord and
Clay, 2006). However, few studies have examined Fenilizers applied to oil
palm agroecosystems may affect nutrient loadingvaaigr quality in waterways
(Ah Tung et al., 2009). Most of hydrological stwsliearried out in oil palm
landscapes focused on the plot-scale (i.e. a feates), whereas Indonesian oil

palm plantations managed by industry and neighgosimallholders can cover
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3000 to 20 000 hectares and extend across sevatatsheds. Knowledge of the
watershed-scale hydrology in oil palm agroecosyst&nlimited to a study by
Yusop and Katimon (2007), which quantified runoffogesses on a small
watershed of 8.2 ha, and a study by DID (1989) éisaessed nutrient loads at the
watershed-scale (97 ha) after forest clearing amthd the first year of oil palm
cultivation. It is difficult to extrapolate from &se studies to assess streamflow
and nutrient fluxes from mature oil palm plantatoat larger spatial scales.
Indeed, it is well established in many croppingsys that topography affects the
movement of water and nutrients. (Franzen et @91®8alasudram, 2006) and
that watershed geomorphology influences baseflawutyh infiltration process
and recharge of subsurface water (Brutsaert, 200&¢, 2010). Spatial variability
in soil characteristics and use of organic vs. mahéertilizers throughout the
landscape are also expected to strongly influenteent loads and the resulting
water quality of streams.

Previous studies indicate that surface runoff isnaportant transport pathway
for nutrient transport from oil palm agroecosystdamsvaterways, at least during
land clearing and in the first few years of cultiag oil palm (DID, 1989). By the
time they are 15 years old, oil palms are 10 maadl have substantial understory
vegetation; as well, fronds cut from the oil palne #ft on the soil surface to
decompose, which limits surface runoff. This proasovater infiltration, which is
further enhanced when oil palm is grown on coaesédted loamy soils and
drainage systems are installed. Therefore, sulisuffaw is expected to be the
dominant pathway for nutrient export from maturkepailm plantations as shallow
groundwater was reported to be the major contribtdcstream flow in coarse-
textured soils of the humid tropics (Malmer, 1996ie to high soil infiltrability
(Banabas et al., 2008, Maena et al., 1979).

The objectives of the study were to (i) charazeethe magnitude of sub-
surface flow that contributes to streamflow (iis@ss stream water quality (pH,
electrical conductivity, nutrient concentrationsl{{lOs, N-NO,, N-NH,, total P,

K, Mg and Ca), biological and chemical oxygen dethatissolved oxygen) and

nutrient fluxes in streams in mature oil palm agasg/stems, and (iii) assess the
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influence of soil types and fertilizer managemert the local-scale on
groundwater chemistry, and at watershed-scale ofrient fluxes. The
hydrochemical dynamics of streams and groundwatene vevaluated with bi-
weekly measurements for one year on 16 watersltedssted watersheds and 10
headwatesheds), and related to the spatial distibwf soil and fertilization
practices across a landscape of 100 km?, dominbyeail palm cultivation
(nucleus, plasma and independent smallholdersabih gplantations), in Central

Sumatra, Indonesia.

3.3. Material and Methods

3.3.1. Description of the study area and watershedkelineation

The study area was located in the Petapahan ard@amipar District, Riau
Province, within the Siak watershed (~ 11,500 km#he Sumatran Central Basin
(cf. Figure 1 in Chapter 2). This area has a taphumid climate, with average
annual rainfall of 2400 mm yr (2000-2010). The wet season runs from
September to April and the dry season runs from kaypugust. The average
monthly temperature is 26 to 32°C. Soils are Feolal(FAO/ISRIC/ISSS, 1998)
that were developed on recent alluvium with peaiodés in small depressions
(Blasco et al., 1986). Within the study area, thresen soil types were identified:
loamy-sand uplands, loamy lowlands, and more malgiclayey floodplain with
patches of peat (no more than 10 cm thick) andaakbtiver flows close to the
study area (Figure 1a). The physico-chemical ptogsenf these major soil types
are given in Table 1. Field observations recordashdant understory vegetation
beneath oil palm trees throughout the study area.

The relief is slightly undulating in the loamy-sanglands to flat in the loamy
lowlands and clayey floodplain, but locally unewdure to micro-relief. Land use
in the study area included a nucleus mature (1&ldy oil palm plantation (35.1
km?) that will be referred to as “industrial” inehiest of the paper, plasma mature
(15 yr old) oil palm plantation (19.6 km?), indepent smallholdings (mosaic of
mainly smallholder oil palm plantations, but alasblber Hevea Brasiliensis

plantations, housing and garden, 55.2 km?) thatl we referred to as
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“smallholder” in the rest of the paper, and remanbDipterocarp forest (20.2
km?) (Figure 1b).

The hydrographic network was digitalized in a gapdic information system
(ArcGIS 9.3® software) from satellite imagery (SPDP2008) and field surveys.
Sampling points for stream monitoring were headvghied outlets or selected
locations apportioned along the two main streamsdagture nutrient fluxes at
transition points between contrasting land usesteY§hed area covered by each
sampling point was delineated from a digital elmratmodel (SRTM, 90m
resolution) using ArcHydroTools ® extension of AIS59.3 ®. In total, 16
sampling points throughout the study area werectsde 6 points located along
the two mainstreams (Petapahan river and Ramalah as nested watersheds to
represent replicated outlets of diverse land uaed, 10 points located at the
headwatershed outlets of land under a unique allsystem (5 for the industrial,
3 for the plasma and 2 for the smallholder oil pgantations). In addition, a
sampling point was located immediately downstreaomfthe mill (RA2) for
water quality monitoring only. Description of theatershed characteristics for
sampling points, including dominant land use, $gpke and fertilization practices
are provided in Table 2. Groundwater survey wasdeith 7 piezometers (10 cm
dia.) installed to a depth of 3 m, distributed édesng land uses, soil classes and
fertilizer management practiced in the study afg@gufe 1c). During the study
period, rainfall and evapotranspiration (ET) dat&rev recorded using two
automatic weather stations (DAVIS Instruments Cotpayward, California,
USA) located in the industrial plantation and wepatially interpolated based on
Thiessen polygon routines (Table 3). Under theitaghumid climatic conditions
occurring in the study area, actual ET was assuimédx equal to reference ET,

because of the low likeliness of hydric stress (D1B89; Henson, 1999).

3.3.2. Fertilizer management and nutrient inputs

The industrial oil palm plantation applied mineaald organic fertilizers. Mineral

fertilizers included urea, rock either phosphat@)Riple super phosphate (TSP),
or diammonium phosphate (DAP) as phosphate festdiz muriate of potash
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(MOP), either kieserite or dolomite as magnesiumiilifzers, and high-grade
fertilizer borate (HGFB). A site specific rationf@rtilizer program was followed
in the industrial oil palm plantation, which aimedmatch nutrient inputs with oil
palm nutrient demand based on annual leaf anadydise plot-scale (Caliman et
al., 1994). A split application (2 times per yead) mineral fertilizers was
generally followed to improve nutrient use effiadgnGiven the large area of the
industrial plantation, plot by plot applications mineral fertilizers are scheduled
throughout the year.

Organic fertilizers, consisting of empty fruit bimes (EFB) and palm oil mill
effluent (POME), are usually applied once a yeardamlicated plots in the
industrial plantation that are close to the milledo transportation cost. The mill
location is usually chosen close to a river (fortewaavailability) on site with
suitable soil physical characteristics to suppaitdings and other infrastructure.
The soil fertility or susceptibility to nutrient dses is generally not taken in
account in this choice (Caliman, pers. com).

Plasma plantations receive mineral fertilizers pblgsed on recommendations
provided by the industrial oil palm plantation. Tgal fertilizer application rates
and nutrient inputs from each fertilizer source avgiven in Chapter 2, Table 1.
Additionally, frond pruning occurred year-roundbaoth industrial and plasma oil
palm plantations, resulting in frond piles arouratte palm stem, but this was
considered to recycle nutrients rather than ses\ee rautrient input. Unfortunately,
no information on fertilization practices was cotld for the independent
smallholdings, due to the large number of owndrs,high variability of land use
and fertilization practices, and inexistent langiseer.

Fertilizer applications between September 2009 @&adgjust 2010 were
recorded for each plot in the industrial and plagaatations (plot size is 30-40
ha with tree density of about 140 palms‘hd calculated the annual input of N,
P, K, Mg and Ca input per plot, based on nutriesmitents in fertilizers (cf.
Tablel in Chapter 2), and the watershed-level nutriepui was the sum of
nutrients applied to all plots within a given wateed. When a plot straddled two

adjacent watersheds, the nutrient input was pamétl according to the plot area
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located within each watershed. Throughfall and #tan nutrient depositions
were assumed to be uniform in the studied landseapenegligible relative to

fertilizer inputs.

3.3.3. Groundwater and watershed monitoring

Three piezometers were implemented in loamy-santhndg, one in an
unfertilized rubber-tree plantation in smallholdarea (SP-P0), one in the
industrial oil palm plantation with mineral ferdhtion (SP-P2), and one in the
remaining forest (SP-P4). Three piezometers westalied in loamy lowlands in
the industrial oil palm plantation, one in a mirideatilized plot (SP-G), one in an
EFB fertilized plot (SP-F), and one in a POME fezéd plot (SP-E). The last one
was placed in peat soil, in mineral fertilized plothe plasma oil palm plantation
(SP-RB1). Groundwater sampling (Septemb&2a10 to June72011) consisted
of discrete water sampling every 2 weeks for watgality analysis, plus water
table measurements in the piezometers every 2 wAdbsttle tied on a stick was
used to sample water in the piezometer beforendillithe high-density
polyethylene bottles. All material (stick and be#f) were washed with distilled
water before each sampling. The water table measmes were carried out using
a float tied to a graduated stick.

Hydrological studies designed to calculate nutriyads generally rely on
continuous discharge data from a water level peofzkrating curve, with discrete
water sampling to assess nutrient concentrationd atmer water quality
parameters. Given the large number of samplingtpadm this landscape-scale
study and financial constraints, no watershed cbeldjauged with an automatic
station, so monitoring was carried out manuallyr Bscharge monitoring, a
rating curve was constructed from manual dischargasurements taken every 2
weeks from 1 September 2009 to 31 August 2010 wsitrent meter (Flo Mate
2000, COMETEC, Mandres-les-Roses, France) and bldraadius (Rh)
calculation. Rh was calculated from manual wateelleneasurements done along
the river section. The bi-monthly discharge Q wafculated from the rating

curve and manual water level measurements at eauoplieg point, except for
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site RA2, which was monitored for water qualityyrDiscrete water sampling at
each sampling point was also done every 2 weeksgare sufficient replication,
while taking account of laboratory capacities andidtical constraints. Many
hydrological studies are carried out with monthympling frequency (Martins
and Probst, 1990; Brunet and Astin, 1999; Raymad@l1), so bi-monthly
sampling is considered to be a reasonable frequgvey logistical constraints.
Bi-monthly sampling was also used by Hélie et 2002) when measuring annual
carbon fluxes through the St-Lawrence River. Thengeng scheme was as
follows: one sample for river sections less tham Wide, two samples for river
sections less than 4 m wide, and three samplesviar sections greater than 4 m
wide. Each sample consisted of duplicate high-dgngolyethylene bottles,
immersed to half-depth in the stream. Samplingld®tvere placed in icebox for

transport to the lab, and stored at 4°C until asialy

3.3.4. Water sample analysis

Water pH and electrical conductivity (EC) were mead. The chemical oxygen
demand (COD) was determined with the closed reftolgrimetric method (SNI
06-6989.2-2004; APHA (5220D), 1998). The total @rigacarbon (TOC) was
analyzed using high-temperature combustion metHeNI (06-6989-28-2005,
APHA (5310B), 1998). As the apparatus was not atgl at the beginning of the
work, the TOC concentrations for the year 2009-2@&@e calculated from linear
regressions between concentrations of COD and T@®ker and Gray, 2010)
measured from August 2010 (TOC = 1.53 * COD - 27F4= 0.92, n = 281).
The biological oxygen demand BOD5 (SNI 06-2875-199A1 06-6989.14-
2004), and dissolved oxygen were determined (SNBZHED.2-2004; APHA,
1998).Total phosphorus (TP) was determined usiag finjection analysis for
orthophosphate (SNI M-52-1998-03; APHA (4500PGRA)9 The concentrations
of the cations K, Mg*, C&*, F&* and Mrf" were determined using Atomic
Absorption Spectrometry (AAS) (SNI, 1994). BGE and NQ-N were
determined using colorimetry and AAS (RRIM, 198NH,-N was determined
using Nessler reagent and analyzed with AAS (SN24B9-1991). The dissolved
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inorganic nitrogen (DIN) was the sum of MA, NO,-N, and NH-N. Total
dissolved solids (TDS) were determined at 105°@rafiltration (45um). In
addition to water quality parameters, the StOncentration was analyzed (APHA
(3120B modified), 2005), as an indicator of grouatsv residence time.

3.3.5. Estimation of water flow, nutrient concentraions and fluxes.

3.3.5.1. Annual water yields from water budget.

The study area is in the humid tropics, which draracterized by high rainfall (>
2000 mm yt') and evapotranspiration exceeding 1000 mih (fiable 3), which
led to high flow according to the water budget eiumal:

AWY 1 =R — ET +AS (1)

AWY ; = Annual water yield [L].[T}

R = Annual rainfall [L].[T]*

ET = Annual evapotranspiration [L].[]

AS = variation of the stock at the end of the hyadgadal year [L].[T]* , assumed

to be negligible when compared to others termé@fitater budget

3.3.5.2. Water flow estimation

Soils were coarse-textured and exhibited high tnafililities. The plantations
under study have relatively flat topography, witbuadant ground cover,
including frond piles, and are surrounded by drgénditches, which limit water
ponding at the soil surface and reduce overland.flthese field conditions lead
me to conclude that infiltration was the primaryte for water flow from these
oil palm plantations. Moreover, considering thehhigater table level (0-2 m
below the soil surface throughout the monitoringige, | assumed that stream
flow was dominated by baseflow from shallow grouatkv. Consequently, I
chose a one-compartment reservoir model with g diaile step to estimate daily
discharge. This robust and parsimonious methodused by many authors (e.g.

Perrin et al., 2003). In lumped reservoir modeés watershed is considered as a
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whole system in performing the rain-flow transfotioa. This modeling

approach has the advantage of taking account ofstbeage effect of the
watershed, so it is adapted to infiltrant systerme Tvatershed is schematically
represented in the form of a reservoir, where giwater drainage is linear
function of water storage at each time step. Waterage is calculated as a
function of rainfall, evapotranspiration and disgje calculated at the previous
time step. Reservoir modeling has also the advantagbe based on simple

mathematical formulation (2):
DWY (1) = S(t).a (2)
The storage S(t) is determined as follows: S(tft=1$+ R(t) — ET(t) — WY (t-1)

DWY, (t) = Daily water yield [L].[T]*

o = Draining coefficient [T}

S(t) = Water storage [L]

R (t) = Daily rainfall [L].[T]*

ET (t) = Daily evapotranspiration [L].[T]

This model provides water yield expressed as wadgpths (mm) at each daily
time step, which has to be weighting by the watisbontributive area to be
expressed as water fluxes Q3(rs'). The contributive zone represents the
proportion of the watershed area that effectivelytabutes to the discharge at the
outlet. It depends on the topography and on theemee of artificial draining
pathways (e.g. ditches).

Q(t) = DWY,(t).Cz.A 3)

Q(t) = Discharge [L}[T]™
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Cz = Contributive proportion of the watershed gdmensionless], the value of
Cz is equal to 1 when the draining watershed aipzals the topographic
watershed area.

A= Watershed topographic area [L]?

Input data were daily rainfall and evapotranspirati Initial condition was
initial water storage S(t=0) and the calibratiomgpaeters were the contributive
proportion Cz and the coefficient of groundwategidage by the hydrographic
networka (called drainage coefficient in the rest of thea@tier). Cz was derived
from field observations and from manual calibration based on (i) the fittinlg o
daily simulation with punctual observations (ouésistorm events), and (i) the
coherence of theo values between watersheds: similar watershedd, (soi
topography and land uses) were given similaralues. Then daily water yields
were summed to get annual water yield AYXppendix 3, Table 4.1).

For JA1, JB1 and PA1, there was insufficient datadlibrate the model, so a
regionalization approach was used to select retewamdel parameters from
another watershed (i.e. having similar size andpkdatic conditions) (Parajka
et al., 2005). In addition, | verified that theesfnce watershed was appropriately
chosen by examining the correlation between inatedus discharge
measurements from both watersheds on the same dié&. and JB1 model
calibration used parameters from the JC1 watersfre®.85 and 0.88,
respectively), while the model calibration of PAAswased on parameters from
the PC1 watershed (r = 0.88).

3.3.5.3. Annual nutrient fluxes in streams
The nutrient flux during a time interval [t1; tZsults from the integration of the

instantaneous nutrient concentrations weightedhgyinstantaneous discharges

during the same time interval:

FE = [ c@®.0).dt (4)
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F = Flux during the time interval [t1; t2] [M].J®
C = instantaneous Concentration [M].fL]

Q = instantaneous Discharge {[T]™

In this study, | considered daily time intervalst & 1 d) to be sufficiently
small that the instantaneous measured nutrient ecdration was considered
constant during\t and designated as Cj (Raymond, 2011). Since vgai@pling
was done every 2 weeks, daily estimated conceotrddr TP, NQ-N, NO»-N,
NH4.-N, K, and Mg was the average between two sampliages. The
hydrological model allowed directly calculation déily discharge Qj and the

daily flux Fj was calculated as follows:

Fj=Cj. Qj.At (5)

Then, the annual export for a given watershed vadsulated by summing
daily fluxes for the study period (one year). Annnatrient export fluxes were
calculated for all watersheds (excluding RA2) ahd total fluxes (t yf) for
sections P1-P4, R1-R2 and R1-R3 were calculatedelycting total flux(es) at
the inlet(s) from the total flux at the outlet. éffy to be able to compare fluxes
between watersheds, specific fluxes were calculdieling total flux by the

watershed area (kg har™).

3.3.6. Data analysis

The magnitude of annual total streamflow was destidtom the annual water

budget WY, and from the ratio W¥R. The hydrological model used in this study
provided baseflow water yields WYI verified my assumption of stream flow

dominated by baseflow by comparing Wand WY,. The seasonal periods were
deducted from the analysis of temporal rainfalliat@ons at the annual-scale.

Analysis of the water table temporal variationsvided information on the effect

of seasonal variations on groundwater. Finally, teenporal variations of
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groundwater Si@concentrations provided information on groundwagésidence
time.

Mean annual pH, EC values and other water qualtameter concentrations
were calculated for each sampling point. Then streater quality was assessed
by comparing mean annual values from the study taréadonesian water quality
standards (class II) (GR 82/2001). Class Il stahdafers to water quality
required for recreational purposes (swimming, fighi irrigation and cattle
raising, that are common water uses in the studg. &omparisons between the
watersheds were performed on the basis of annuaédl and annual specific
fluxes calculated for each outlet, and finally c@mpons with bibliographic
references were discussed.

The influence of soil and fertilizer managementvaater quality was assessed

(i) locally by plotting groundwater annual meanpbifysico-chemical parameters:
pH vs. EC; DIN vs. TP; K vs Mg, and (ii) at the weghed-scale by plotting the
annual nutrient inputs vs. annual nutrient fluxes tach watershed. Soil
variability and fertilizer applications variabiliffmineral vs. organic) occurred in
the industrial oil palm plantation only. These campons were made for
watersheds in the industrial plantation only.
Comparisons between piezometers were completeddbgtEal tests for each
parameter. | used non parametric Kruskall-Wallg thie to non-normal data and
non-homogeneity of the variances. Statistical tes&se performed using R
freeware (R Development Core Team, 2011).

3.4. Results

3.4.1 Hydrological behavior

The study was conducted under tropical humid cienadnditions, characterized

by alternating wet and dry seasons. About 40 %hefannual precipitation occurs
in the dry season and the remainder falls in thé season. The wet season
generally occurs from September to February andithseason from February to
August. Within the dry season, there is generalbne-month period with higher

rainfall in April-May (Table 3).
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Annual water yields WY were between 1473 and 1539 mm.yWater yields
deduced from the hydrological model \Witere 1482 and 1563 mm yrwithin

3 % of the water yields WiY(Table 4). The WY/ R ratios were between 57 and
60 % indicating that annual outflows were dominabgdstreamflow rather than
evapotranspiration. Strong seasonal dynamics wesereed, with up to 80 % of
the annual water yield discharged during the webgds.

Groundwater table was 50 to 210 cm below the sofase, but tended to be
shallower in loamy lowlands and peat (50 to 80 than in sandy loamy-sand
uplands (140 to 210 cm). Water table fluctuatioreserbetween 88 and 187 cm
throughout the study area during the hydrologiczdry The Si@ concentration
measured in the piezometers ranged from 0 (belevdétection limit) by the end
of the wet period to 10 mg™Lin the dry period. This suggests short water
residence time in shallow groundwater. Temporaiati@ns in pH and EC in
groundwater from piezometers located on loamy-sapthnds and loamy
lowlands was opposite to rainfall pattern: pH ari@igcreased during dry periods
and decreased during wet periods, EC being stroc@ielated to the sum of K,
Mg and Ca (r = 0.89) (Figure 2). The same pattesis also observed for EC but

not for pH, in groundwater taken from the piezomé&eated in peatsoil.

3.4.2. Stream water quality and nutrient fluxes inthe landscape

3.4.2.1 Water quality

In the landscape (excluding RA2 and R3 which acatied downstream the mill),
stream water was generally acidic, with pH randiegiveen 4.42 and 5.41. Low
EC and TA were measured: 12.8 to 22.7 uS'and 4.28 to 7.53 mg,
respectively. Low nutrient concentrations were rded, as the mean annual
concentrations of DIN, TP, K, Mg and Ca throughthe landscape ranging
between 0.13 and 1.01 mg'L0.01 and 0.07 mgt, 0.35 and 2.46 mgt, 0.16
and 0.28 mg L', and 0.56 and 1.09 mg'|respectively. However, the rivers
showed high organic matter content, between 13@ #.6 mg TOC L
(Table 5).
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Water quality parameters recorded immediately dérgasn from the mill
(RA2) gave the highest values recorded accrossatigscape: + 404 % EC, +
1052 % K, +528 % Mg, + 611 % Ca, + 35 % DINI3% TDS, + 464 % TA,
compared to the landscape average (excluding RAZRA). Further downstream
at point R3, the EC, K, Mg and Ca values were megtiate between RA2 and the
landscape average, while others parameters valees @ose to the landscape
average. Regarding K concentrations, watershe@svieg high organic fertilizer
applications showed higher concentrations comptodtie others, and the ones
established on loamy lowlands showed higher conagoms of Ca+Mg. Higher
DIN concentrations were recorded in watersheds dated by industrial oil
plantations compared to those dominated by smalénagind plasma plantations.
In general higher TOC concentrations were measuredatersheds receiving
organic fertilizers than mineral fertilizer (FiguBd. Seasonal dynamics of water
quality parameters revealed increasing concentratimf major cations (+ 19-
25 % of K, Mg and Ca), increasing DIN concentragigs 35 %), increasing EC
(+ 23 %), but decreasing pH values (-1.3 unit) migiihe wet season throughout

the landscape.

3.4.2.2. Nutrient fluxes to streams
The DIN fluxes were between 1.88 and 9.17 kg lya', fluxes of NQ-N
between 1.53 and 8.24 kg-hsr* and TP fluxes between 0.05-1.16 kg'ha’.
Major cations K, Mg and Ca gave fluxes of 5.4-32.9-5.4, and 4.5-29.9 kg ha
yr respectively. Potassium contributed up to 50 % afomcations fluxes (K +
Ca + Mg) in watersheds receiving organic fertilzand 35 % on average in those
receiving mineral fertilizers. Due to higher watgelds and higher nutrient
concentrations during wet periods, higher nutrituntes were recorded in wet
season than dry season for all sampling points.(&%j0

Annual specific fluxes from watersheds under indakbil palm cultivation
(JA1, JB1, JC1, PA1 and PD1) did not exceed fldsx@s smallholder watersheds
(PO, P1, PB1 and PC1). Lower fluxes of TP, K, Ca &H,-N were even

recorded in the industrial headwatersheds compiresiallholder watersheds.
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Generally, lower fluxes were recorded in headwatsls under plasma oil palm
cultivation (R1, RA1 and RB1) on loamy-sand uplaklan watersheds under
industrial oil palm on loamy-sand uplands receivinigeral fertilizers (except for

Ca and N@-N fluxes). Higher fluxes of TOC, K, Mg, Ca and Diiere recorded

in R1 headwatershed, which had a larger area watising (278 ha) compared to
the two other plasma watersheds (RA1, RB1).

3.4.3. Influence of the soil and fertilizer manageent on water chemistry and
nutrient transfers

3.4.3.1 Nutrient inputs

Nutrient inputs were generally greater in the indakplantation than the plasma
plantation, especially in plots that received ofgdertilizer because EFB and
POME tend to supply more N (135 kg N'har™), P (67 kg ha yr?), K (480 kg

K ha' yr') and Mg (173 kg Mg Ha yr') than average mineral fertilizer
applications. The industrial watersheds JA1, JE1, dn loamy-sand uplands and
the industrial nested watersheds R1-R2 and R1-RBamy lowlands received
from 65 to 93 % of the nutrient input from orgafectilizer (Table 7).

3.4.3.2. Influence at the local-scale: groundwatdrydrochemistry

The annual mean pH varied from 4.15 in the piezemktcated in peatsoil to
pH> 5.75 in the loamy-sand uplands under native fajgld = 5.79) and under
unfertilized rubber plantation (pH = 5.96). In theamy-sand uplands under
mineral fertilized oil palm, pH was 5.39, signifitly different (p<0.05) from

other piezometers in loamy-sand uplands. Interned@EH values (between
peatsoil and loamy-sand uplands) were recordederometers located in loamy
lowlands: pH was 4.54 under mineral fertilizer laggiions, 5.08 under EFB
applications, and 5.33 under POME applications. Ti¢ values were

significantly (p<0.05) different between each premter located in loamy
lowlands. We observed that pH was negatively catreel to EC when pH <5 (r=-
0.79, n=20) and positively correlated to EC when 35l (r=0.82, n=41). The

tendency was clearer during the wet season (Figaixe

114



Regarding TP concentrations, no statistical diffeeawere observed among all
piezometers, although lower concentrations wer@rdsd in the piezometers
located in the loamy lowlands and under organidiliEation. Higher DIN
concentrations (p<0.05) were recorded in the pietemunder forest (annual
mean: 3.19 mg DIN t) than in all others piezometers under oil palntieation
(0.71 to 1.02 mg DIN 1). Among oil palm plantations, the lowest DIN
concentrations were recorded under organic fegtiliapplications in loamy
lowlands (0.71 to 0.77 mg DINY). Similar DIN concentrations were observed
under mineral fertilized oil palm on loamy lowlandsd loamy-sand uplands
(1.02 and 1.00 mg DIN t respectively). The DIN concentration was lower
(p<0.05) in in loamy lowlands receiving EFB (SP4Rgan in loamy lowlands
receiving mineral fertilizers (SP-G) (Figure 4b).

The piezometer under POME-amended had higher Kertdrations (9.24 mg
K L) (p<0.05), relative to others piezometers (1.58.49 mg K L!). On loamy-
sand uplands, lower K and Mg concentrations (p<0wWére recorded under
mineral fertilized oil palm (1.86 and 0.73 md Lrespectively) than forest (3.02
and 1.43 mg L, respectively) and unfertilized rubber plantati@?27 and 0.67
mg L%, respectively). Higher Mg concentrations (p<0.0re recorded under
natural forest (1.43 mg Mg 1) than most other piezometers, except the
piezometer under POME application (0.88 mg).LLowest Mg concentrations
(p<0.05) were recorded in the piezometer under Bpflications (0.43 mgt)

and in the piezometer located on peat, comparether piezometers (Figure 4c).

3.4.3.3. Influence at the watershed-scale: nutrienbputs and nutrient fluxes
Inputs and fluxes were plotted for N, P, K and Mgassess the effect of soil
types, fertilizers type (i.e. mineral vs. organan)d amount on nutrient fluxes
(Figureb). Three groups clearly appeared: the organiclifexd watersheds on
loamy lowlands (R2,R3 and R1-R3), the organic lieedl watersheds on loamy-
sand uplands (JA1, JB1, JC1) and the mineralitertilwatersheds on loamy-sand
uplands (PA1, PD1 and section P1-P4).
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Higher nutrient inputs did not trigger higher natri fluxes of DIN and TP.
Although inputs of N and P were much higher in oigdertilized watersheds on
loamy lowlands (up to 200 kg N har'and up to 100 kg P Hayr), recorded
fluxes of 3 to 5 kg N Hayr'and 0.05 to 0.15 kg P Har™ did not exceed fluxes
from the others watersheds (3 to 8 kg N' lya* and 0.09 to 0.57 kg P Har?)
that received lower inputs (< 120 kg N “har?). Nonetheless, Fertilizer
management appeared to be important on loamy-splahds where organic
fertilized watersheds had lower DIN and TP fluxessplte higher inputs than
mineral fertilized watersheds (Figure 5a,b).

The effect of fertilizer management seemed moreomapt for K (compared to
N and P) since K fluxes to streams increased wettilizer K inputs. Indeed,
organic fertilized watersheds on loamy lowlandeneed the highest inputs (up to
400 kg K hd yr) and exported up to 19 kg K har?, more than compared to all
others watersheds. On the loamy-sand uplands, sta@$s receiving organic
fertilizers also received higher K inputs (up td3@ K ha" yr') and exported
higher K fluxes than those receiving mineral feéit (Figure 5c).

Regarding Mg, both the fertilizer management (tgpe amount) and the soil
type had an effect on the exported Mg fluxes. Ogéertilized watersheds on
loamy lowlands received highest inputs and expohegher Mg fluxes than
organic fertilized watersheds on loamy-sand uplaAtso, within the loamy-sand
uplands soil type, organic fertilized watershedpogted lower Mg fluxes than
mineral fertilized watersheds despite higher Mguisp It is notable that mineral
fertilized watersheds exported more Mg per unitMg input than the organic
fertilized watersheds (Figure 5d).

3.5. Discussion

3.5.1. Streams mainly fed by shallow groundwater

The climatic conditions in the study area were abtarized by high rainfall
(R=2600 mm yi* during the year 2009-2010) which led to high fi@ive. high

WY/R) according to the water budget equation (1). eBason field

considerations, solil infiltrability measurementgldrydrogram analysis of storm
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events (Appendix 1 and 2), | assumed that streamw flvas dominated by
baseflow and used a reservoir model that simuldtaseflow only. Results
showed that simulated baseflow (AWYwas close to the total streamflow
(AWY ;) deducted from the water budget (i.e. the diffeeehetween AWY and
AWY ; was less than 3 %). This confirmed that the assompvas reasonable
and the model used in this work was thought to ipleodecent approximation for
the hydrological behavior occurring in the studgaar

The concentrations of SyOn the piezometers returned to zero by the end of
the rainy season, suggesting annual renewal ofritiendwater. In addition, SO
concentrations remained low throughout the yeatQ<ng L) despite acidic soil
conditions conductive to silicon dissolution. Thadeservations suggested a short
residence time of water in the soil. The high amafrrainfall on infiltrant soils
induced quick subsurface flows and diluted nutr@mtcentrations in streams.

Seasonal variations in hydrochemical dynamics afugdwater showed
increasing groundwater nutrient concentrationsraudrier periods due to less
water movement through the soil profile and theteerease as a consequence of
dilution due to higher flow during wetter period%is was consistent with Legout
et al. (2007) who reported low concentrations duriising water table followed
by a progressive increase in concentrations dwiaigr table recession. Seasonal
variation in stream water quality was observedhwhigher water yields in wet
season accompanied with higher nutrient conceatrsitiThis suggested that more
concentrated groundwater at the end of the dryoseams likely flushed out at
the beginning of the wet season, increasing nutrencentrations in streams.
This led to up to 80 % of nutrient fluxes exporthating the wet period of the
studied hydrological year (2009-2010).

3.5.2. Low concentrations and low fluxes exportechithe landscape

3.5.2.1. Overall stream water quality in the landsape

The water quality observed throughout the studaeds$cape was characterized by
an acidic pH, low EC and low nutrient concentrasiodalues in this study were

within the range for water quality parameters ré&ubrin studies carried out in
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forested tropical watersheds (DID, 1989; Gasimlet2806; Yusop et al., 2006;
Duncan et al.,, 2010). At the annual-scale, nutri@mcentrations recorded in
streams did not exceed water quality standarddlesdtad by Indonesian water
quality standards (class Il) (GR 82/2001). Howevee, values of the parameters
related to organic parameters (COD, BOD) were higihan recommended
quality standards. Although organic fertilizatioraynhave played a role, which
should be further investigated, natural sourcesomanic matter are likely
important in the study area since even higher acgeerbon concentrations were
reported in black rivers in Central Sumatra. Alkbhat al., (2007) recorded 60 mg
DOC L* in Dumai river, while Baum et al., (2007) repor28ito 43 mg DOC t

in peat draining Mandau river (tributary of the Sraver). Peat soil patches within
the study area, and the presence of a black rlegrirfg close to the studied
watersheds, point to natural sources of organi¢emas contributors to the load
of organic substances in streams.

Highest pH, EC, nutrient and dissolved organic emattoncentrations were
recorded at the site RA2, immediately downstreaenrtiill. However, the mill
impact on stream water quality was no differenttreg plantation outlet (R3)
compared to the overall study area, which suggesetssiderable in-stream

dilution of nutrients and other substances impartanwater quality.

3.5.2.2. Overall nutrient fluxes to streams in théandscape

Dilution of subsurface drainage water was not thky éactor explaining the low
nutrient concentrations observed in the streamg Hérralsols present in the
study area had low inherent fertility and low expituxes, in contrast to higher
export fluxes that were reported on richer soilshsas volcanic or limestone soil,
even under rainforest (Bruinjzeel, 1991; CrowtHE387a,b). However, despite
high fertilizers inputs, nutrient fluxes were withthe range of those reported from
forested watersheds on low fertile soils (UltisaBxisols) (Abdul Rahim and
Yusof, 1987; Malmer, 1996; Brinkmann, 1985) (TaB)el conclude that oil palm

likely played a role as a nutrient sink and limitedrient fluxes to streams.
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Fluxes recorded at the industrial oil palm plamtatutlet in P4 did not exceed
inflows in P1. That suggested low impact of theustdal oil palm plantation on
fluxes in streams. However, in this case the ptaotarea was small compared to
the watershed area (27 %), so the impact may haee bbscured. But when
comparing loamy-sand uplands headwatersheds undererah fertilizer
applications (PD1, PA1l) to smallholder headwataetsh@B1 and PC1) also on
loamy-sand uplands, lower exports were recordeadn fiadustrial oil palm
plantation, compared to those recorded from smialénaarea. Unfortunately, we
did not get fertilizer applications data in smalthey area, but it is also possible
that housing in the smallholder area could increngg&ient fluxes through
domestic wastes. Indeed, higher fluxes of TOC, K3, MLa and DIN were
recorded in plasma watershed R1 (including theslahgusing area) despite lower
agricultural inputs compared to RA1 and RB1. Howgeuewer fluxes were
recorded in the plasma watersheds compared tonb#helder watersheds. This
suggested that rational and site specific fertilim@nagement practiced in the
studied industrial and plasma plantations may haekped to reduce nutrient
fluxes to streams. Nutrient fluxes recorded in plasvatersheds (on loamy-sand
uplands) were also lower than fluxes recorded imemal fertilized industrial
headwatersheds on the same soil type, which watbedcto higher nutrient

inputs applied in the industrial watersheds thath@plasma area.

3.5.3. Soil characteristics and fertilizer managenr influenced groundwater
chemistry and nutrient fluxes

Soil characteristics mainly influenced groundwatdremistry, based on the
difference in pH and EC values of groundwater esldb the soil types where the
piezometers were installed. First, a gradation df \@lues were observed as
follows: piezometer located in peatsoil < piezomeetecated in loamy lowlands <
piezometers located in loamy-sand uplands. ThenwB€ negatively correlated
to pH at pH < 5.5, and positively correlated to @HoH> 5.5. The EC increase
when pH < 5.5 was ascribed to the dissolution ofr@thum since acidic tropical

soils such as Ferralsols with high aluminum oxidastent may release aluminum
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through dissolution at pH < 5.5 (Larssen et al9%9Guo et al., 2007). At pH >
5.5, higher EC was generally recorded in piezorsetecated in loamy-sand
uplands than in loamy lowlands, suggesting a be#ttemtion capacity of loamy
lowlands relative to loamy-sand uplands. This oletéwn at the local-scale was
also highlighted at the watershed-scale leadingawnter-intuitive results: the
more nutrient inputs in the watershed, the lessiendt fluxes exported at the
outlet. With the exception of K, that will be dissed later.

The more threatening elements to aquatic ecosysaeendl and P that trigger
eutrophication when excessively flushed into stre@&8mith et al., 1999). Lower
DIN and TP fluxes were generally recorded from wsteds on loamy lowlands
compared to watersheds on loamy-sand uplands ddsigher N and P inputs,
and mill wastes in stream. This is consistent witbundwater observations and
confirmed that the soil type played a major rolethe DIN and TP losses to
streams, loamy-sand uplands soil being more seasib losses than loamy
lowlands soil; this is also consistent with thehdg nutrient retention in loamy
lowlands, which have higher clay content and orgamatter content than loamy-
sand uplands (Chapter 2). Another reason for |oM@&t fluxes exported from
loamy lowlands could be denitrification processescuoring in the soil.
Denitrification was not assessed in this study, éwav it has been demonstrated
that the accumulation of soil moisture and soilamig matter down the slope
increases soil denitrification rates (Florinskyadt, 2004). Denitrification may
also occur in water bodies which may explain thes IDIN fluxes recorded
throughout the study area (Mulholland et al., 20@9§ well-known that clay and
aluminum oxide content in the soil are responsibteP adsorption (Muljadi et
al., 1966; Udo and Uzo, 1972; Brennan et al., 1994 he high aluminum oxide
content in the Ferralsols within the study areald@adsorb and limit P leaching
into groundwater, particularly in loamy lowlandstthave a greater clay content
than loamy-sand uplands. Since this study exanso&dle TP in streams, future
work should also assess particulate P bound tongeds and entering streams.

The fertilizer management (mineral vs. organicpalsluenced DIN and TP

losses, although to a lesser degree than soil ceaistics. In loamy-sand
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uplands, lower DIN and TP fluxes were exported framganic fertilized
watersheds than mineral fertilized watersheds, itkebmher inputs in the former.
This suggests that organic fertilizer applicatiomsy help to reduce DIN and TP
losses to streams compared to mineral fertilizationlike mineral fertilizer
applications, organic fertilizers constitute pragige nutrient inputs through
mineralization process, which favors plant uptakelavavoiding nutrient losses
via leaching (Kasim and Abd Majid, 2011). This veassistent with groundwater
observations. Unfortunately, the effect of minersbrganic fertilizer applications
in piezometers located in loamy-sand uplands coate analyzed because there
was no piezometer installed in an organic fertdipgot on loamy-sand uplands.
However, lower DIN concentrations were measuredhm piezometers under
organic fertilizer applications compared to minefattilization in the loamy
lowlands in the following order: EFB fertilized pl¢SP-F) < POME fertilized
plot (SP-E) < Mineral fertilized plot (SP-G). Thamse order was observed for TP
concentrations, but the differences were not s$kzdity different, likely due to
very low TP concentrations detected throughout year as a result of P
adsorption/fixation reactions within the soil ptefi

An exception to this trend concerns K fluxes: therenK input, the more K
fluxes exported at the watershed outlets, whattheegoil type (mineral fertilizers
on sandy upland < EFB fertilizers on loamy-sandangé < POME fertilizers on
loamy lowlands). POME and EFB applications represgtremely high K inputs,
much more than N, P and Mg, POME representing evere K inputs (2175 kg
K ha') than EFB applications (324-486 kg K'HaPOME was applied on loamy
watersheds while organic fertilized watersheds @amly-sand uplands received
EFB applications only. Thus, higher K fluxes recamtdon loamy watersheds
compared to all others suggest that once the itgual exceeds the oil palm
uptake threshold, higher K fluxes will be exportedjardless of soil type. The
same was true for EFB fertilized watersheds on jeaand uplands, although to a
lesser extent than POME fertilized watersheds. Twis consistent with

groundwater observations that showed significahtbher K concentrations in
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POME fertilized plots compared to others (exceppiezometers located under
other land uses).

Although EFB fertilizer applications represent regiMg input (+135 %) than
mineral fertilizer applications, lower Mg fluxes merecorded from the EFB
fertilized watersheds, suggesting that EFB appboat helped to reduce Mg
losses. EFB fertilizer applications represent lowég inputs than K inputs,
reducing the risk of excess Mg inputs relative tbpalm Mg requirements.
Moreover, 100 % of K content in EFB is releasechiit90 days after application,
while 80 % of Mg content in EFB is released durihg first year (Caliman et al.,
2001). Higher Mg fluxes recorded from POME fergliz watersheds on loamy
lowlands compared to EFB fertilized watersheds aamy-sand uplands suggest
that POME applications likely exceeded oil palm Mguirements. However, Mg
fluxes from POME fertilized watersheds did not eeat#g fluxes recorded from
mineral fertilized watersheds on loamy-sand uplands

Moreover, groundwater observations in the piezorsetdso showed that
higher EC, DIN, and Mg concentrations were recomethe piezometers under
forest and unfertilized rubber plantation compa@g@iezometers under oil palm.
This is likely due the high nutrient demand ofgalm (Ng, 2002) and highlighted
the efficiency of the rational fertilizer prograhmat avoided excess nutrient losses
to streams (except K losses under organic fertikpplications).

Groundwater and watershed-scale observations wensistent with each
other. They highlighted the role played by the higitrient uptake of oil palm and
rational fertilizer program in limiting nutrient ¢ses to streams. The soil
characteristics played a major role in controllingtrient losses to streams
(because stream flow mainly fed by infiltrating @@t the loamy-sand uplands
being more sensitive to nutrient losses than lolowjands. The role of the soil is
tempered by the fertilizer management since orgtentdizer applications helped
to reduce DIN, P and Mg fluxes to streams comparednineral fertilizer

applications.
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3.5.4. Agronomic and environmental implications

The expected impact of oil palm cultivation on wajaality due to high fertilizer
inputs was not observed. This study reported lowient concentrations in water
streams, partly because of the high volume of wdtaimed through soil under
humid tropical climatic conditions diluted the natit transfers. Consequently, the
low impact of oil palm cultivation on water qualighould be further confirmed in
areas under drier climatic conditions (especiatlythie context of global climate
change), where lower dilution may increase the enfrations, potentially
triggering eutrophication in the aquatic ecosystem.

However, the dilution conditions occurring throughohe study area did not
fully explain the low concentrations observed & Watershed-scale, nor did the
low inherent fertility of the Ferralsols. High nigint uptake by oil palm seemed to
play a crucial role as nutrient sink which may explwhy low nutrient exports
were observed despite high fertilizer inputs. Tighlights that the site specific
and rational fertilizer management practiced in theustrial and plasma
plantations seemed to efficiently reduce the rickudrient losses. In particular,
the application of organic fertilizers seemed to dféective in reducing the
exported fluxes of DIN, TP and Mg despite highetrieat inputs compared to
mineral applications. In this study, the sandy oglsoil appeared to be more
sensitive to nutrient leaching to the water bodiempared to loamy lowlands.
This is likely due to the more acidic pH, lower CBfd coarser texture in loamy-
sand uplands soil class that favored leaching tomdi compared to loamy
lowlands (Chapter 2). Thus, organic fertilizer gldobe preferentially applied on
more sensitive soils to maintain soil fertility #e plantation-scale and prevent
nonpoint source pollution of waterways. Therefdhe development of a spatial
strategy of fertilizer application to take into aoat the soil variability within the
plantation would be agronomically and environmdwptakeneficial. Fertilization
management (even rational fertilization) is gergrperformed at the plot-scale
and the organic fertilizers usually applied in fiets surrounding the mill due to
transportation cost without taking account of theel $ertility characteristics.

Consequently, the choice of the mill location playsrucial role in the spatial
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strategy of organic applications, so industrialdueers should also take account
of the spatial distribution of the more sensitiva@l svithin the plantation when
establishing a new plantation. Consequently, tlog-gtale fertilizer management
should be complemented with a landscape-scaleegyradf fertilizer applications
for higher efficiency in the long-term.

This study reported a short residence time of wafién renewal of shallow
groundwater after wet periods. This highlightedghtsensitivity of the system to
inputs because nutrients can be quickly flushesdttmams and could potentially
increase nutrient concentrations in streams whaitiZer inputs exceed oil palm
requirements. On the other hand, potential soilratbation (acidification and
nutrient depletion due to high nutrient uptake bl palm) in case of under-
fertilization should be investigated.

Finally, this study showed high concentrations eo§amic matter related
parameters in streams, likely due to natural ceombt (presence of peatsoll
patches within the study area, and a black riveseclto the study area). High
organic matter losses associated with the highesysensitivity to inputs could
trigger a risk to aquatic ecosystems because masyicgles bind to organic
matter (Vereecken, 2005), which becomes dissolvetl exported to streams,
making the dissolved organic matter load a goodcatdr of exported pesticide
fluxes (Page and Lord, 2006; Pessagno et al., 2008)

3.6. Conclusion

As well as providing us information about the staftevater quality in an oil palm

dominated landscape, this study characterized grological behavior and

assessed nutrient fluxes exported from several reladds taking account of
variability in soil properties and fertilizer pras. Low nutrient concentrations
recorded in the streams throughout the landscaghieaited that the mature oil
palm plantations in this study did not contribubeeutrophication of the aquatic
ecosystems. This was ascribed to high nutrientkepby oil palm, a site specific
and rational fertilizer program that aimed to clgsmatch fertilizer applications

to oil palm nutrient requirements, and nutrientidn due to heavy rainfall in the
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study area. Subsequent investigations should peoaidutrient budget including
measurement of nutrient uptake by the palm tredggaound cover.

The spatial design of the study (with pseudoremitawatersheds) permitted
analysis of the influence of soil type and ferélibn management on nutrient
fluxes and results were consistent with our expiecta deducted from

groundwater chemistry analysis at the local-scale soil type played a crucial
role on DIN and TP fluxes, loamy-sand uplands beimge sensitive to losses
than loamy lowlands. Organic fertilization helped teduce nutrient fluxes

compared to mineral fertilizers, especially N andoBRds. However, when K

inputs exceeded the oil palm requirement threshbidh K fluxes can be

expected, especially when groundwater has a sksitiance time and is the
dominant source of subsurface water contributinigaseflow.
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Table 3.1. Soil physico-chemical properties (0-trbdepth) from oil palm
plantations studied in the Petapahan area, Sunhadi@nesia.

Loamy-

owands sand ﬂggﬁ;n Peatsoil
uplands
(n=176) (n=188) (n=30) (n=21)
mm H*
Infilrability* 80-130 90-770 6-10 245-565
g kg
Sand 500 730 110 -
Loam 340 160 370 -
Clay 160 110 520 -
pH 4.22 4.24 3.74 3.99
oC 0.61 0.35 0.62 1.45
Total N 0.03 0.02 0.04 0.05
mg kg*
Total P 194 122 346 296
Total K 67 36 212 75
Bray-P 51 42 36 57
cmol kg*
CEC 15.50 8.53 24.80 35.45
ca’ 0.88 0.45 2.02 1.99
Mg2+ 0.59 0.24 0.81 1.63
Na" 0.05 0.05 0.08 0.07
BS 11.70 11.20 13.40 14.35
Exch H 0.69 0.55 2.37 1.32
Exch Al 2.74 1.68 10.63 5.48

OC : Organic Carbon; CEC: Cation exchange capaBiby;Base
saturation; Exch : Exchangeable; WC: Water content

* n=2 for Loamy lowlands; n=2 for Loamy-sand upland=2 for

Clayey floodplain; n=3 for peatsoil
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Table 3.2. Watershed delineation and sampling pdortwater quality and discharge monitoring aci@$sndscape dominated by oil
palm plantations in the Petapahan area, Sumattanésia. Geographical attributes (watershed draiaaga, slope and elevation) as

well as the dominant land use, fertilizer source swil type are provided.

Outlet location Area Mln-M_ax Dominant Dom'.”a“t Dominant
Watershed N (ha) elevation land use fertilizer Soil
(m AMSL) source
Watershed Jernih
JAl 72775961925 232 83-164 Industrial Organic  ULS
JB1 728889 /61545 179 69-182 Industrial Organic  ULS
JC1 725808/61571 152 73-160 Industrial Organic LSU
Watershed Petaphan
PO 726058 / 54335 114-198 Mixed Mineral LSU
P1 726169 /56992 3016 104-198 Mixed Mineral LSU
P2 727740/58405 4136 95-198 Mixed Mineral LSU
P4 729731 /59573 4795 89-198 Mixed Mineral LSU
PAl 729360/ 58491 176 97-173 Industrial Mineral LSU
PB1 727236 /57812 1119 97-180  Smallholder Mineral LSU
PC1 726061 /54342 456  117-181  Smallholdevlineral LSU
PD1 729000/58710 185 91-173 Industrial Mineral ~ ULS

Section P1-P4 729731 /59573 1315 89-166 Industrial Mineral LSU




Table 3.2. (Continued)

Min-Max Dominant

Watershed Out)l(e;[ :?*iation '?‘rr;‘)a elevation Dlgrr]gir:g: fertilizer Dognant
(m AMSL) source
Watershed Ramalah
R1 732990 /58602 726 92-174 Plasma Mineral LSU
R2 735304 /61690 2505 82-174 Industrial  Organic LL
R3 736659 /63491 3801 41-174 Industrial  Organic LL
Section R1-R2 735304 /61690 928 82-142 IndustriaDrganic LL
Section R1-R3 736659 /63491 1861 36-142 Pla: Organic LL
RA1 731326 /58589 310 104-174 Plasma Mineral LSU
RA2* 731355/59592 563 91-174 Industrial  Mineral  SW
RB1 734212 /58613 851 89-171 Plasma Mineral LSU

LSU: Loamy-sand uplands

LL: Loamy lowlands

AMSL: Above mean sea level

* Site immediately downstream the mill. Water qtyatnonitoring only.
**Spatial reference: UTM zone 47N, WGS-1984.



Table 3.3. Rainfall and evapotranspiration (mm) soead using two automatic
stations (DAVIS) in the Petapahan area, Sumatdnrasia

Station 1*  Station 2**  Average (mm)

Year 2009-10

Rainfall
Annual 2615 2607 2611
dry season
711 777 744
(170 days)
wet season
1904 1830 1867
(195 days)
Evapotranspiration
Annual 1076 1134 1105
dry season 485 528 507
wet season 591 606 599
Year 2010-11
Rainfall
Annual 2280 2076 2178
dry season
1122 947 1035
(212 days)
wet season
1158 1129 1144
(153 days)
Evapotranspiration
Annual 1134 1174 1154
dry season 668 697 683
wet season 466 477 472

* Coordinates (X/Y) station 1 : 727150 / 60580 (UBVIN)
** Coordinates (X/Y) station 2 : 735490/ 61135 (MH®7N)
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Table 3.4. Parametrization of the hydrological resie model used in the study, and water yieldstf@ hydrological year 2009-2010
in the Petapahan area, Sumatra, Indonesia.

Model Water yields Difference
Initial Calibration AWY,/  Wet AWY,/ between AWY
Watershed  conditions parameters AWY: R AWY, and AWY,
S(t=0)* (mm) o (day’) Cz mm yf* % % %
Jernih

JAl 53 0.060 0.50 1563 60 82 -1.6
JB1 53 0.060 0.50 1563 60 82 -1.6
JC1 53 0.060 0.50 1563 60 83 -1.6

Petapahan
PO 69 0.055 1.00 1530 59 82 0.6
P1 71 0.055 1.00 1532 60 82 0.5
P2 77 0.050 0.90 1544 60 82 -0.3
P4 73 0.055 1.00 1546 60 82 -04
PA1l 56 0.080 1.50 1549 58 82 -0.6
PB1 79 0.040 1.00 1533 60 82 04
PC1 56 0.080 1.50 1549 60 83 -0.7

PD1 15 0.060 0.80 1492 58 85 3.0




Table 3.4. (Continued)

Model

Water yields

Initial Calibrati AWY, et petwoan AWY
Watershed corrlltlilil'filons p:r:';mrnae![g?s AWY R i ';V\\//Vnzl and AWY,
2
S(t=0)* (mm) o (day') Cz mm yi* % % %

Ramalah

R1 53 0.080 1.00 1501 58 80 -1.9

R2 46 0.100 0.90 1509 58 80 -2.5

R3 72 0.050 0.80 1488 57 80 -1.0

RA1 53 0.080 0.80 1501 58 80 -1.9

RB1 53 0.080 0.70 1502 58 80 -1.9

*t=0 is Sept 1 2009

AWY ;. annual water yields deduced from water budget

AWY , : simulated annual water yields

R: Annual rainfall (mm yr)

Wet AWY: simulated water yields during the wet seasonguséservoir model (mm )

S: water storage
a: drainage coefficient

Cz: contributive zone



Table 3.5. Mean annual values of water quality p@tars throughout the

landscape (12 stream sites) in the PetapahanSuestra, Indonesia, and

Indonesian water quality standards, class |l (GR@21).

Water Throughout the landscape* Downsrtrzﬁlar from
quality Overall Overall sd Standards*
parameters range average (n=16) RA2 R3
pH 4.42-5.41 4,91 0.26 5.79 5.45 6-9
us cntt
EC 12.8-22.7 18.1( 2.9¢ 91.2: 32.0¢ -
mg L*
TOC 13.94-18.6: 16.1(C 1.52 21.3¢ 18.1( -
TP 0.01-0.07 0.0 0.0z 0.1€ 0.0z <0.2 (PCy)
K 0.3£-2.4¢€ 0.8(C 0.5¢ 9.22 2.8t -
Mg 0.1€-0.2¢ 0.22 0.0 1.37 0.52 -
Ca 0.5€-1.0¢ 0.7 0.1€ 5.4¢ 1.57 -
DIN 0.13-1.01 0.34 0.23 0.46 0.34
NOz-N 0.11-0.9¢ 0.3(C 0.2t 0.0¢ 0.2z <10
NO»-N 0.01-0.0Z 0.01( 0.00: 0.01 0.0z < 0.0¢
NH4-N 0.01-0.1C 0.0 0.0z 0.3¢ 0.1C -
TDS 35.(-54.F 42.0z 5.2¢% 47.5( 35.8¢ <100(
TA 4.2¢-7.5¢ 6.0< 0.7¢ 34.0t 9.9t -
mg O, L™
BOD 4.6(-6.44 5.t 0.5: 6.42 6.01 <3
coD 27.1-30.F 28.6¢ 1.0C 31.1¢ 30.01 <25
DO 6.5(C-7.3¢ 6.9¢ 0.2¢ 7.2 7.27 <4

EC: Electrical conductivity; TOC: Total organic ®an; TP: Total Phosphorus; DIN:
Dissolved inorganic Nitrogen; TDS: Total dissohsalids; TA: Total alkalinity; BOD:

Biological oxygen demand; COD: Chemical oxygen dedn®O: Dissolved oxygen

* The Annual mean values were calculated for theash sites: JA1, JB1, JC1, PO, P1,
P4, PAL, PB1, PC1, PD1, R1, R2, R3, RAl, RA2, RB1.
Then the average at the landsc-scale was calculated from annual means on all:
excepted RA2 and R3.

** Indonesian water quality standard class 2.
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Table 3.6. Range and average of annual nutriere$luhroughout the landscape (16 watersheds) iPét@pahan area, Sumatra,
Indonesia

TP K Mg Ca DIN N@N NO>-N NH4-N
kg hat yr?
Min-Max  0.05-1.16 5.36-37.86 2.03-5.40 4.48-29.95.8819.17 1.53-8.24 0.04-1.14 0.14-1.28
Average 0.37 14.10 3.55 12.65 4.99 4.27 0.23 0.51

* The average values were calculated from anrugés$ recorded for each stream sites: JA1, JB1, BQ1P1, P2,
P4, PA1, PB1, PC1, PD1, R1, R2, R3, RAl1 and RB1



Table 3.7. Nutrient inputs in industrial and plasoiigpalm plantations in the Petapahan area, Sanbdonesia

Mineral fertilizers (kg ha yr?)

Organic fertilizers (kg hayr?)

Total fertilizers (kg ha yr?)

Watersheds N P K Mg Ca N P K Mg Ca* N P K Mg Ca
Industrial plantation
Dominant mineral applications
section P1-P4* 49 19 13 19 13 49 14 18 15 0.6 54 20 31 20 14
PA1 83 28 24 25 15 0 0 83 28 24 25 15
PD1 69 25 25 21 22 0 0 0 0 0 69 25 25 21 22
Dominant organic applications
JAl 30 38 7.0 12 28 86 25 310 26 9.7 116 63 317 38 3
JB1 72 21 12 6.1 17 92 34 331 62 8.3 99 55 333 6%
JC1 10 48 41 15 47 83 24 301 25 9.4 93 72 305 40 57
R2 56 21 23 13 21 96 54 339 154 3 151 75 362 167 24
R3 52 23 22 15 25 149 87 527 251 4 201 110 549 266 29
section R1-R2* 100 39 39 26 41 212 116 751 321 7.8 312 154 79@8 49
section R1-R3* 79 35 33 22 36 227 131 800 376 6.3 305 166 8388 343




Table 3.7. (Continued)

Mineral fertilizers (kg ha yr?) Organic fertilizers (kg Hayr?) Total fertilizers (kg ha yr?)

Watersheds
N P K Mg Ca N P K Mg Ca* N P K Mg Ca
Plasma smallholder plantation
R1 48 17 24 79 15 0.0 0.0 0.0 0.0 0.0 48 17 248 15
RA1 40 18 21 12 19 0.0 0.0 0.0 0.0 0.0 40 18 2m2 19
RB1 76 27 40 13 25 00 0.0 0.0 0. 0.0 76 27 40 13 25

* sections concerns the part of the watershedishatly under industrial oil palm plantation

** from empty fruit bunched applications only. Natd on Ca content in palm oil mill effluent.



Table 3.8. Nutrient fluxes exported to waterwaysoréed in other studies carried out in the Trofdieatural forest and oil palm

plantation).
Location TP K Mg Ca . -1TN NGQ-N NO,-N  NHs-N Source
kg ha" yr
In the study area 0.05-1.16 5.4-379 2054 45-30.0 - 153- 0.04- 0.14-
(Petapahan area) 8.24 1.14 1.28
Tropical Rainforest
Rainforest, volcanic soils 24.8-29 Turve974,
Bruijnzel, 1983
Rainforest, limestone soil 764-795 Crowther,
1987a,b
Close tropical rainforest, 5 1 2 4 3 1 Brouwer and
Guyana, plot-scale Riezebos, 1998
Rainforest Amazon, 0.3 0.5 0.9 29 3.25 0.11 3.7 Brinkmann,
Latosols 1985
Intact forest, Coast Rica, 3.6 8.2 5.5 17.3

fertile clayey ultisol, plot-
scale

Parker, 1985




Table 3.8. (Continued)

Location P < Mg ca ) _IN NGN NO-N NA.N Source
kg ha" yr

In the study area 0.05- 54-379 2054 45-30.0 - 1582  0.04- 0.14-
(Petapahan area) 1.16 1.14 1.28
Hill dipterocoarp forest, 0.65 30.5 5.8 10.1 6.2 Malmer, 1996
gleyic podsol and haplic
acrisol
tropical cloud forest, Costa 4-6 Brookshire,
Rica 2012
Oil palm plantation, plot-
scale studies
Unfertilized adult oil palm (22 29 32 123 65 Omoti et al.,
years) , volcanic soil, Nigeria 1983
Unfertilized young oil palm (4 3 32 165 32 Omoti et al.,
years), volcanic soil, Nigeria 1983

TP: Total Phosphorus; TN : Total Nitrogen



Land uses 0 2 4
Kilometers
Nucleus oil palm plantation (industrial)

Plam:oil palm plantation (supported smallholds

Independent smallholder area)

Fores

River

Figure 3.1. Characterization of the study areghénPetapahan area, Sumatra,
Indonesia. a/ Identification of land uses from Bigéeimagery (SPOT4/2008).
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Kilometers

Stream sampling site

Headwatershe:
O Independant smallholder oil palm

River

Independant smallholder oil palm headwatershed
|:| Nucleus (industrial) oil palm headwatershed

® Nucleus (Industrial) oil palm ]
|:| Plasma (smallholder) oil palm headwatershed

® Plasma (smallholder) oil palm

Nested watershe
] Independant smallholder oil palm

B Nucleus (Industrial) oil palm

Site dowstream the
+

Figure 3.1. (Continued) b/ Watershed delineaticth tnream monitoring design.
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2
Kilometers

4

Piezometer Soil classes
A Independant smallholder unfertilized hevea | Clay floodplain soi
A Nucleus (Indutrial) oil palm Laomy lowland soi
A UndisturbedDipterocarp Loamy-sand upland soil cla
A Plasma (smallholder) oil palm plantation, patcipetsoil

River

Figure 3.1. (Continued) c/ Categorization of thd stasses and groundwater

monitoring design.
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Figure 3.2. Electrical conductivity (EC) valuesgroundwater and 60 days-averaged rainfall pattenm September®] 2010 to June
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fertilized plasma oil palm plantation. Letter a, d,. represent the results of

Kruskall-Wallis test performed between the piezare{when p<0.05).
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Figure 3.4. (Continued). b/ dissolved inorganic roien (DIN) vs. total

phosphorous (TP). SP-E: piezometer located in lolamviands under empty fruit
bunch-fertilized oil palm; SP-F: piezometer locatedbamy lowlands under palm
oil mill effluent-fertilized oil palm. SP-G: piezoeter located in loamy lowlands
under mineral-fertilized oil palm; SP-PO: piezometecated in loamy-sand
uplands under unfertilized rubber plantation; SP{##&zometer located in loamy-
sand uplands under mineral fertilized industrial palm plantation; SP-P4:
piezometer located in loamy-sand uplands under ralatiorest; SP-RB1.:

piezometer located in a peatsoil patch over loaamgsuplands, under mineral
fertilized plasma oil palm plantation. Letter a, da,. represent the results of

Kruskall-Wallis test performed between the piezare{when p<0.05).
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Figure 3.4. (Continued). ¢/ Mg vs. K.

SP-E: piezometer located in loamy lowlands undegutgrfruit bunch-fertilized oll
palm; SP-F: piezometer located in loamy lowlanddeurpalm oil mill effluent-
fertilized oil palm. SP-G: piezometer located imrdoy lowlands under mineral-
fertilized oil palm; SP-PO: piezometer located warhy-sand uplands under
unfertilized rubber plantation; SP-P2: piezometerated in loamy-sand uplands
under mineral fertilized industrial oil palm platitan; SP-P4: piezometer located
in loamy-sand uplands under natural forest; SP-R@é&zometer located in a
peatsoil patch over loamy-sand uplands, under mirertilized plasma oil palm
plantation. Letter a, b, c... represent the resultsraskall-Wallis test performed

between the piezometers (when p<0.05).
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Figure 3.5. (Continued). b/ P inputs vs. total PYTluxes exported.

LSU_Min: Mineral fertilized watersheds located owainy-sand uplands;
LSU_Org: Organic fertilized (empty fruit bunch ohlywatersheds located on
loamy-sand uplands; LL_Org: Organic fertilized walteeds (mainly palm oil mill

effluent) located on loamy lowlands. The R3 ouitetocated downstream from

the mill.
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Figure 3.5. (Continued).c/ K inputs vs. K fluxegperted.

LSU_Min: Mineral fertilized watersheds located owainy-sand uplands;
LSU_Org: Organic fertilized (empty fruit bunch oplywatersheds located on
loamy-sand uplands; LL_Org: Organic fertilized wakeds (mainly palm oil mill

effluent) located on loamy lowlands. The R3 ouitetocated downstream from

the mill.
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Figure 3.5. (Continued). d/ Mg inputs vs. Mg fluxeegorted.

LSU_Min: Mineral fertilized watersheds located owainy-sand uplands;
LSU_Org: Organic fertilized (empty fruit bunch ohlywatersheds located on
loamy-sand uplands; LL_Org: Organic fertilized walteeds (mainly palm oil mill

effluent) located on loamy lowlands. The R3 ouitetocated downstream from
the mill.
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General conclusion

The rapid expansion of oil palm cultivation in Soe#ést Asia raised
environmental concern, necessitating a criticallataon of the impacts of this
production system on ecological health. Oil palrowgrs are faced with the
challenge of sustaining high yields to keep padé wie growing global demand
for oil and fats, while reducing the environmeritapacts of oil palm cultivation.
Environmental impacts associated with the defotiestat the initial phase of an
oil palm plantation establishment are well docurednt however the
environmental impacts of mature oil palm plantatiemain poorly investigated,
especially regarding the risk of nutrient exporttaterways. Soil characteristics
and fertilizer management in oil palm plantationsrevexpected to alter the soil
fertility status and nutrient loads to waterwaysisThypothesis led me to ask
several questions in my research: do mature omhgdéantations endanger aquatic
ecosystems through nutrient loads to waterways?plaoters need to improve
their fertilizer management to ensure suitable fatility status across various
soil types while reducing nutrient losses to waters? What are the dominant
hydrological processes involved in the nutrienngfars from mature oil palm
agrosystems to waterways?

The literature review confirmed that most hydrotadi studies in oil palm
plantations were carried out at the plot-scaleheuit taking account of the
variability in soil characteristics and fertilizati practices across the plantation.
However, sustaining high yields on such large-sp&etations, while improving
land and water management, requires the developroénkandscape-scale
approaches to assess the soil response to fertdjgications and the risk of
nutrient export to waterways. Developing landscegae approaches is
challenging, especially in poor tropical countri€&st, it requires accurate soil
and hydrographic network maps, aerial photograghydéntify the land uses,
which are rarely available in under-investigataeatigtareas in tropical countries.
Thus, to be able to set up a spatially explicit glamg protocol, a preliminary
characterization of the study area was required &edore this study could begin.

It included a digital elevation model and satelliteagery acquisition (no

153



available aerial photography) and analysis, a feld/ey (with GPS tracking) to
map the hydrographic network, and landscape-legoél sampling and spatial
analysis to map the different soil classes withm $tudy area.

Studying commercial fields distributed across thedscape to assess the soill
response to long term fertilizer applications reggithat | develop a framework
that permitted me to assess the soil-fertilizeatrehship despite the paucity of
historical soil test data and high heterogeneityomg term fertilizer sequences
applied to each field. The landscape-scale apprtsathl developed consisted of
simple statistical analysis of soil data comingniran one-time soil survey and
relied on an index to characterize the long terrtilimation sequences as mineral
dominant or organic dominant, also considering téraporal heterogeneity in
fertilizer use (i.e., organic fertilizers only, nairal fertilizers only or both during a
7-year period). In the same way, assessing theentitexport to streams while
accounting for spatial variability in soil propesi and fertilizer management
required me to consider several watersheds acrd&s landscape as
pseudoreplicates. To face the constraints raisednbgne-year monitoring on a
multi-site design, the study proposed a framewodsed on bi-monthly
hydrochemical measurements and the reconstitufidiaity discharge time series
through baseflow modeling, allowing me to caloalanhnual nutrient fluxes to
streams. The approaches | developed for my thesesarch were easily applicable
and robust, so that they could be adopted by relseex working on other
perennial cropping systems and/or under similapplatic conditions.

My results show that low-fertility Ferralsols respled significantly to
continuous organic fertilization and a decline ome soil fertility parameters
when organic fertilizers were applied infrequentdyer a 7-yr period. | also
demonstrated that coarser textured soils benefierfrom repeated applications
of organic fertilizers. This was consistent withe tkonceptual model of soil
biogeochemical processes described in Chapter @h&nimportant outcome of
this study was my report of low nutrient concemtrad in streams adjacent to
mature oil palm plantations under rational fer&liprogram, which | attributed to

either low nutrient transfer to groundwater anéastns or to a dilution effect (e.g.,
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high water flow infiltrating in soil induced theldtion of nutrient concentrations
in groundwater and streams that are mainly feddsefiow). | concluded that the
dilution effect in my study area, which was humiddahad fast-draining
pedoclimatic conditions, definitely played a role the resulting low nutrient
concentrations recorded in the streams. Moreowwsw, hutrient exports were
recorded in streams despite high nutrient inputthéagroecosystem. This was
ascribed to the high nutrient requirements of alhp combined with the rational
fertilizer management program in the studied nusiglasma plantation where
nutrient export did not exceed the export recordedhe smallholding area.
Higher nutrient exports were observed in streamsdtersheds where soils were
predominately loamy-sand uplands, despite lowdilifr inputs in the loamy-
sand uplands than loamy lowlands. This is condisteth my expectation that
soil characteristics control nutrient export acriteswatershed. Organic fertilizers
seemed result in lower nutrient export than mindeatilizers when similar
nutrient inputs were applied from each source.

The study opened the way to the idea that a higheel of spatial
consideration should be considered by industri@nigrs, as well a higher
integration of organic and mineral fertilizers, itoprove the quality of nutrition
management, and minimizing any risk on the enviremmin particular, organic
fertilizers should be preferentially applied on textured soils, where
repeated applications are expected to improveeility status. Although coarse
textured soils are more susceptible to export entsi to waterways, this should
not endanger the aquatic ecosystem given the mghad rainfall that dilutes the
nutrient load in streams within the study area, pravided that growers follow a
rational fertilizer management program. The locatd oil palm processing mills
is an important factor that affects long term stggtfor applying organic fertilizer
in the plantation due to transportation costs gfarc fertilizers. The choice of
the mill location is usually based on water avaligb(close to a river) and
having soils with good physical structure to supgbe facility. Soil fertility in
the nearby blocks is generally not taken in accauanthis choice. Thus, |

recommend that managers also consider whether $odalare more sensitive to
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nutrient losses and benefit more from repeatedncgartilizers applications to
improve soil fertility when they choose a locatiéor the mill, during the
establishment phase of the plantation.

My thesis considered large-scale spatial varigbifit soil types and fertilizer
management within an industrial plantation, whicindtions as a landscape, to
provide information to aid decision-making at thedscape-scale. A subsequent
level of complexity can be added by including thiedent production systems
(independent smallholders, plasma smallholders, ustil plantation),
considering the large scale of industrial plantaiovs. the small scale of
smallholder holdingd< 50 ha). However, smallholder production systears
numerous, heterogeneous and difficult to charameviegetation is more diverse
and smallholders (either plasma or independentyently rely on mineral
fertilizers only.Thus, smallholders do not currently cope with teegedopment of
a spatial strategy of organic vs. mineral fertilizgplications in their holdings.
Incidentally, when smallholders sell their harvdsteiit bunches to the palm oil
mill, they also give organic materials that areasd by the industrial producer
and applied as organic fertilizer in the industp&dntation. This represents a net
depletion of organic matter from smallholders anchet gain by industrial
planters. Although it is beyond the scope of thmesis to consider how
smallholders should be compensated for such orgardterials, it could be

considered in the context of carbon trading crdaytpolicy makers in Indonesia.

156



Future research directions
The research presented in this thesis was a fiegt & the landscape-scale

assessment of oil palm fertilizer management efbecsoil response and nutrient

exports to waterways. Here | suggest directionsfiiother research that were

identified during the course of this work.

This study focused on nutrient fluxes althoughai$ Ineported high organic
matter content in streams. Further research isinejuo investigate
carbon cycle in oil palm plantations. This wouldoal determining the
carbon balance in oil palm agroecosystem and amgypotential
transfers of pesticides (to control weed in palmcle) to streams when
bonded on dissolved organic matter.

Integrating yields and processes involved in tlamdfer of nutrient and
other agrochemicals (e.g. pesticides) to waterwats modeling software
would allow scientists and plantation managerseidgom simulations of
various management scenarios. This would lead to-agvironmental
optimization of the fertilizers and agrochemicgipleed throughout the oil
palm cultivation cycle (clearing to replantationpnsidering pedoclimatic
conditions and describing spatio-temporal dynamogably in a context
of global climatic change.

Future work should investigate the effect of mamwitgpalm plantation on
nutrient transfers in different contexts:

o In areas under drier climatic conditions which tenthe dilution
effect on nutrient concentrations in streams.

0 Under unbalanced fertilizer program. Under ferti@g may
contribute to nutrient depletion in the soil (dwehigh oil palm
uptake) when no fertilizers are applied to replentbe soil
nutrients removed by this perennial crop. Givenghert residence
time of groundwater, over fertilizing may triggergh nutrient
fluxes to streams. In particular, fertilization gliaes in
independent smallholder oil palm plantations remainder-

investigated due to challenging data collection.
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Appendix 1: Soil infiltrability measurements

1. Definitions

Infiltration is the process by which water on th@l surface penetrates the soil.
Infiltration can be quantified by the soil infiltsdity or infiltration rate.
Infiltration rate is the volume of water moving doward into the soil surface per
unit of area per unit of time and has the dimersiofivelocity. It is usually
measured by the depth (in mm) of the water layat dan enter the soil in one
hour. In dry soil, water infiltrates rapidly. This called the initial infiltration rate
(Brouwer et al., no date). Generally, during aniltnation event, the
comparatively very high initial soil infiltrabilitydecreases rapidly with time. As
more water replaces the air in the pores, the odtelecrease slows down
exponentially and the infiltration rate gradualgaches a steady state, i.e., the
steady or final infiltration rate. The final sanifiltration rate is equal to, or very

close to, the saturated hydraulic conductivityi(etlal., 2008)

2. Double ring method description

A number of methods have been developed for séiltrability measurement.
The double ring infiltrometer is a widely used naethof infiltrability (Parr and
Bertrand, 1960). The double-ring infiltrometer nmathconsists of driving two
open cylinders, one inside the other, into the gdo(to a depth of 10-20 cm).
Water is added within the two rings simultaneoushd constant level is then
maintained throughout the measurement. The volumeater added to the inner
ring, to maintain the water level constant is theasure of the volume of liquid
that infiltrates the soil. The outer cylinder isedsonly as a tool to ensure that
water from the inner cylinder will flow downwarddus greatly reducing the
horizontal leakage. The water volume suppliedh® inner ring, in order to
maintain a constant level of water, was recorded &snction of time and then
used for infiltrability computation. A Mariotte tebwas used for maintaining the
water level and for measuring the quantity of waldre average soil infiltration

rate for a given time period is estimated fromvbiime of the water supplied to
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the inner ring divided by the area of the innemrimfiltration rate is usually
expressed in centimeter per hour and plotted veslsed time (Johnson, 1963;
Lili et al., 2008).

2. Field survey
Infiltration measurements were done using the doulslg method at locations
across the study area with contrasting soil charestics. Aluminum rings were
used, the inner ring being 20 cm diameter and theroring being 40 cm
diameter. A Mariotte tube was used for maintainthg water level and for
measuring the quantity of water. In total, meas@ams were carried out on two
locations on sandy uplands (SU), two on sandy-léawlands (SLL), one on
clayey floodplain (CF), and three on peatsoils he three pedomorphological
classes (SLL_peat, SU_peat and CF-peat). Watemeasluvere recorded every 5
to 15 min until infiltration rates reached steathtss after 60 to 110 min.

In general, high infiltration rates were recordagkothe study area: 9 to 77
cm.i! on SU, 8 to 13 cmthon SLL, 24 to 57 cm:h on peat soils. Low

infiltration rate (0.6 cm.f) was recorded on CF.
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Appendix 2: Flood hydrograph analysis

1. Definitions and method description

Water reaching the soil surface may either infiisainto the soil and reach the
stream through long-term flow (baseflow) or flowetitly to the stream through
surface runoff (quick-response runoff). The runadefficient (K) is the fraction

of precipitation that runs off into streams.

Quick response runoff (mm)

0, =
K (%) Precipited rainfall (mm)

Depending on the soil type and rainfall intensitye trunoff coefficient from
pervious areas could be as low as no runoff aeall. in the case of low rainfall
intensity and sandy soil) or up to 80% (e.g. in ¢hse of high rainfall intensity
and heavy clay soil). The analysis of flood hydegdr aims to separate the
baseflow (from infiltrated water) and quick-respemsnoff (from surface runoff)
components of the hydrograph and to provide surfaoeff coefficient for the

watershed during the recorded storm event.

The straight line method is a simple, commonly ugedphical approximation for
separating baseflow from quick-response runoff.rdsults in the baseflow
separation line, which separates the part of tted tyydrograph that is the result
of long—term flow (baseflow) from the part thatshort—term, quick—response
runoff. The inflection point is the point on thecession curve of the hydrograph
where the slope of the graph becomes less steep.pdnt indicates where the
baseflow becomes more important to the total fldhwant the quick—response
runoff.
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©&The COMET Program

2. Application to the study area

Two storm events were recorded in the study ar@aguSchlumberger divers
(Mini-Diver and CTD-Diver). Measurements were cagriduring the dry season
of the hydrological year 2010-2011 (August 2011).

Storm event 1 (RB1 outlet, sandy uplands): Totahfal 21.6 mm, runoff

coefficient: 3.9 %
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190



Storm event 2 (R2 outlet, sandy-loam lowlands) talcainfall 17.8 mm, runoff
coefficient : 3.0 %

18

Discharge (r*.s%)
12 14
|
I
2
Rainfall (mm)

1.0

@©
o

[ T ] — o

9/17/10 0:00 91710 12:00 9/18/10 0:00

Time
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Appendix 3: Daily discharge reconstitution based om reservoir model

1. Principle

In lumped reservoir models the watershed is comstlas a whole system,
performing the rain-flow conversion. This modeliagproach has the advantage
of taking account of the storage effect of the wslted, so it is adapted to an
infiltrant system. The watershed is schematicadlgresented in the form of a

reservoir, where drainage is a linear function atew storage.

Rainfall R(t) Evapotranspiration ET(t)

! I

Storage (S)

Draining coefficient a

/

mesp Discharge Q(t)

At each time step water storage is calculated afuretion of rainfall,
evapotranspiration and discharge calculated aptheious time step. Reservoir
modeling is based on a simple mathematical equétipn

WY (1) = S(t). o (1)

The storage S(t) is determined as follows:
S(t) =S(t—1)+R(®) —ET(t)—Q(t—1)

WY (t) = Daily water yield [L] [T]*
o = Draining coefficient [T}

S(t)= Water storage [L]

R (t) = Rainfall [L]

ET (t)= Evapotranspiration [L]
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This model provides water yield expressed as wadg¢gths (mm) at each time
step, which has to consider the watershed conivibsurface to be expressed as
water fluxes Q (ms?). The contributive zone represents the proportbithe
watershed that effectively contributes to dischaagthe outlet. It depends on the

topography and on the presence of artificial dragrpathways (e.g. ditches).

Q(t) = Wh(t).Cz.A )

Q(t)= Discharge [L}[T]™*

Cz = Contributive proportion of the watershed do#amensionless], the value of
Cz is equal tol when the draining watershed araaledhe topographic
watershed area.

A= Watershed topographic area [L]?

2. Application to the study area

This model is a simple approach that requires fepuis data and calibration
parameters and it takes account of the watershwdgst (capacity). Thus, this
model is thought to be adapted for daily dischasgonstitution from infiltrant
watershed, where stream flow is dominated by baseffrom shallow

groundwater.

2.1 Parameters and calibration

Input data were daily rainfall and evapotranspamatilnitial condition was initial
water storage S(t=0) and the calibration parameteese the contributive
proportion Cz and the draining coefficient Cz was derived from field
knowledge andr from manual calibration based on (i) fitting dagiymulation
with punctual observations of baseflow occurringween storm events, (ii)
finding coherence between thevalues between watersheds: similar watersheds

(soil, topography and land uses) were given simitzalues.
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Table 4.1. Model parameterization, calibration galidation

Watershed Model Initial Model calibration criteria Model MOdPTI
parameters output validation
Difference
between
S@=0) « Cz RMSE Slopep  oerence R ( rﬁr\g’;ﬂ) AWY; and
' AWY ; (%)
Jernih
JAL 53 0.06 0.50 0.01 0.79 JC1 0.72 n=23 1563 -1.6
JB1 53 0.06 0.50 0.01 0.79 JC1 0.79 n=18 1563 -1.6
JC1 53 0.060 0.50 0.01 0.79 1563 -1.6
Petapahan
PO 69 0.055 1.00 0.37 1.00 1530 0.6
P1 71 0.055 1.00 1.01 0.96 1532 0.5
P2 77 0.050 0.90 1.67 1.00 1544 -0.3
P4 73 0.055 1.00 0.97 1.05 1546 -0.4
PB1 79 0.040 1.00 0.30 0.74 1533 0.4
PC1 56 0.080 1.50 0.37 0.93 1549 -0.7
PA1 56 0.080 1.50 0.37 0.93 PC1 0.78n=15 1549 -0.6
PD1 15 0.060 0.80 0.12 0.82 1492 3.0




Table 4.1. (continued)

Watershed Model Initial Model calibration criteria Model MOdPTI

parameters output validation

Difference

between

S(t=0* o Cz RMSE Slopep Wifef‘f;ﬁgge R® ( r’:r\:l\’;r?l) AWY ; and

' AWY ; (%)

Ramalah

R1 53 0.080 1.00 0.36 0.44 1501 -1.9
R2 46 0.100 0.90 0.91 0.51 1509 -2.5
R3 72 0.050 0.80 0.65 0.65 1488 -1.0
RA1 53 0.080 0.80 0.23 0.09 1501 -1.9
RB1 53 0.080 0.70 0.28 0.64 1502 -1.9

*t=0 is Sept 1st 2009

**For JAL, JB1 and PAL, there was insufficientaltd calibrate the model, so a regionalization aggh was used to select
relevant model parameters from a reference watér@lee having similar size and pedoclimatic coiodis) (Parajka et al., 2005).

a: groundwater drainage coefficient

Cz: contributive area

RMSE: root mean square error between observedatigeland simulated daily discharge

Slopep: slope for observed vs. simulated daily discharge

Rz : coefficient of determination for observed tisige of JA1 vs. observed discharge of JC1, JB1G&.and PAl vs. PC1
AWY ; : Annual water yield deducted from annual w:

budget

AWY , : Annual water yield calculed using the hydrol@jimodel.



2.2 Daily discharge reconstitution
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Appendix 4. Water quality parameters measured f&eptember, 51 2009 until

August, 3% 2010 (n=78) in streams. Values are mean of tbgn=16) during
one sampling visit. TOC: Total organic C; TP: Td®alDIN: dissolved inorganic
N; KMgCa: sum of K, Mg and Ca; EC: Electrical coetivity. Dotted red line
represents the mean value during the dry seasan,blthe contiuous line

represents the mean value during the wet season.
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Appendix 5. Temporal variations of pH, electricahductivity (EC), total organic
Carbon (TOC), Total Phosphorus (TP), sum of K, Md &€a (KMgCa) and

dissolved inorganic Nitrogen (DIN) at stream owlétines represent mean

annual values.
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Appendix 5. (Continued)
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Appendix 5. (Continued)
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Appendix 5. (Continued)
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Appendix 5. (Continued)
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Appendix 5. (Continued)
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Appendix 5. (Continued)
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Appendix 5. (Continued)
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Appendix 5. (Continued)
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Appendix 5. (Continued)
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Appendix 5. (Continued)
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Appendix 5. (Continued)
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Appendix 5. (Continued)
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Appendix 5. (Continued). RA2 : sampling point imriagdly downstream the
mill.
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Appendix 5. (Continued)
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Appendix 6. Water quality parameters in 7 piezomsete the Petapahan area, Sumatra, Indonesiae¥ahe the mean of n = 33 to
35 samples taken from Septembél2010 to June,*72011.

Land us Site  pH EC TOC TP K Mg Ca DIN NO3-N NO2-N NH4-N TDS TA
us cmt mg L*
Loamy-sand
uplands
Unfertilized heve SF-PC 5.9¢ 85.9¢ 61.8¢ 0.0¢ 227 0.67 10.5( 1.4¢ 0.2t 0.11 1.12 83.41 36.9¢
Mineral fertilized OF SF-Pz 5.3¢ 55.4¢ 13.51 0.0¢ 1.8¢ 0.7¢ 6.0C 1.0C 0.4¢ 0.01 0.5t 58.2¢ 15.7%
fores SF-P4 5.7¢ 86.7¢ 18.4¢ 0.1¢ 3.0z 1.4: 9.3¢ 3.1¢ 2.65 0.0z 0.52 84.71 24.4]

Loamy lowlands

POME fertilized OF SF-E 5.3¢ 63.6¢ 827 004 9.2¢ 0.8 136 0.77 0.3¢ 0.01 0.44 51.5¢ 10.7¢
EFB fetilized oil
| SP-F 5.08 27.26 12.02 0.03 255 043 117 0.71 0.29 0.01 0.41 37.4424
palm
Mineral fertilized OF SF-G 4.5/ 54.3: 17.0C 0.0¢ 3.4¢ 0.7¢ 261 1.0Z 0.37 0.01 0.62 56.11 5.6z
Peat soil
. . SF-
Mineral fertilized OP RB1 4.15 63.24 37.85 006 155 055 396 0.71 0.31 0.02 0.40 66.1241

OP: Oil palm; EC: electrical conductivity; TOC: abbrganic Carbon; TP: total Phosphorus; DIN: digstinorganic Nitroge; TDS: total dissolved solid:
TA: total alkalinity
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Appendix 7 Temporal variations of Si@oncentrations in piezometers during the
hydrological year 2010-2011. a/ SP-E: piezometeatied in loamy lowlands
under empty fruit bunch-fertilized oil palm; SP{siezometer located in loamy
lowlands under palm oil mill effluent-fertilized lopalm. SP-G: piezometer
located in loamy lowlands under mineral-fertilizeitl palm; SP-RB1: piezometer
located in a peatsoil patch over loamy-sand uplandsler mineral fertilized

plasma oil palm plantation.
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Appendix 7 (Continued). b/ SP-PO: piezometer latdte loamy-sand uplands
under unfertilized rubber plantation; SP-P2: pieeten located in loamy-sand
uplands under mineral fertilized industrial oil paplantation; SP-P4: piezometer

located in loamy-sand uplands under forest.
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Appendix 8. Temporal variations of electrical coaiiity (EC) in piezometers
during the hydrological year 2010-2011. a/ SP-Eezpimeter located in loamy
lowlands under empty fruit bunch-fertilized oil palSP-F: piezometer located in
loamy lowlands under palm oil mill effluent-feried oil palm. SP-G: piezometer
located in loamy lowlands under mineral-fertilizeitl palm; SP-RB1: piezometer
located in a peatsoil patch over loamy-sand uplandsler mineral fertilized

plasma oil palm plantation.
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Appendix 8. (Continued) b/ SP-PO: piezometer latdte loamy-sand uplands
under unfertilized rubber plantation; SP-P2: pieeten located in loamy-sand
uplands under mineral fertilized industrial oil paplantation; SP-P4: piezometer

located in loamy-sand uplands under forest.
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Appendix 9. Temporal variations of electrical coaiiity (EC) in piezometers
during the hydrological year 2010-2011. a/ SP-Eezpimeter located in loamy
lowlands under empty fruit bunch-fertilized oil palSP-F: piezometer located in
loamy lowlands under palm oil mill effluent-feried oil palm. SP-G: piezometer
located in loamy lowlands under mineral-fertilizeitl palm; SP-RB1: piezometer
located in a peatsoil patch over loamy-sand uplandsler mineral fertilized

plasma oil palm plantation.
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Appendix 9. (Continued) b/ SP-PO: piezometer lat@#tdoamy-sand uplands
under unfertilized rubber plantation; SP-P2: piegtanlocated in loamy-sand
uplands under mineral fertilized industrial oil pgplantation; SP-P4: piezometer
located in loamy-sand uplands under forest;.
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Appendix 10. Total organic carbon and nutrient éspexported to streams in the

Petapahan area, Sumatra, Indonesia. a/ Cumulatesf(t yi').

Site TOC TP K Mg Ca DIN NO3-N NO2-N NH4-N
tyrt
JA1 35.¢ 0.0z 2.1¢ 0.4 1.2¢ 1.7¢ 1.6¢ 0.0z 0.07
JB1 26.¢ 0.0t 3.2: 0.3¢ 0.8C 0.8t 0.81 0.01 0.0¢
JC1 22.t 0.0z 1.6¢ 0.3t 0.9 0.8i 0.7¢ 0.0z 0.07
PC 541.¢ 1.17 26.0:¢ 7.6( 30.5C 10.5% 9.47 0.2¢ 0.87
P1 823.¢ 2.2¢ 37.8¢ 11.9¢ 4517 154t 14.0¢ 0.3¢ 1.1€
Pz 885.¢ 2.97 32.9C 11.6( 123.8: 36.66 34.0: 0.8¢ 1.7¢8
P4 1274  2.7¢ 56.8( 17.51 59.7¢ 27.5] 24.2( 0.9C 2.47
P1-P4* 450.¢ 0.4¢ 18.9¢ 5.57 14.5¢ 12.0¢ 10.11 0.5¢ 1.31
PA1 46.C 0.0< 1.51 0.7¢ 1.7¢ 1.3¢€ 1.2¢ 0.0z 0.0t
PD1 34.¢ 0.11 1.5t 0.51 1.6t 0.61 0.5¢ 0.0z 0.04
PB1 258.¢ 1.3C 9.5¢ 3.4t 13.5¢ 4.1¢ 3.4¢€ 0.2: 0.4¢
PCl1 115.¢ 0.1¢ 3.0: 1.4¢ 5.02 1.3¢ 1.22 0.0t 0.11
R1 171t 0.1C 5.2¢ 2.3t 10.0¢ 2.01 1.7¢ 0.1z 0.2C
R2 521.7 0.2: 48.4( 9.31 33.81 10.1% 6.61 1.81 1.7¢
R3** 772.5 0.6C 115.27 20.5: 59.07 13.5¢ 9.2t 0.4z 3.91

R1-R2* 290.c 0.0y 414: 6.1z 20.6z 7.5¢€ 4.4z7 1.65 1.4¢
R1-R3** 409.C  0.31 103.3¢ 14.7¢ 3527 9.2¢ 5.5¢ 0.11 3.5C
RA1l 59.¢ 0.0¢ 1.72 0.84 3.1C  0.6C 0.4¢ 0.04 0.0¢
RB1 132.« 0.1 4,92 2.5¢ 10.61 1.6 1.4¢ 0.1f 0.1Z

* Section. Part of the watershed under industiigbalm plantation. Fluxes are calculated
as the differences between inflow fluxes and outflluxes

** Downstream the mill
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Appendix 10. (Continued). b/ Specific fluxes (kgha™).

Site TOC TP K Mg Ca DIN NO3-N NO2-N NH4-N
kg ha® yr?

JA1 153 0.09 9.28 2.03 5.55 7.64 7.29 0.07 0.28
JB1 150 0.26 18.01 2.03 4.48 4.74 4.54 0.06 0.15
JC1 148 0.12 10.79 2.27 6.16 5.70 5.12 0.12 0.47
PO 329 0.71 1579 461 1851 6.42 5.75 0.14 0.53
P1 273 0.75 1255 396 1498 5.12 4.67 0.11 0.39
P2 214 0.72 7.96 281 2995 8.87 8.24 0.20 0.42
P4 266 057 1185 3.65 1246 5.74 5.05 0.19 0.52
P1-P4* 343 0.36 1442 423 11.07 9.17 7.69 0.43 1.00
PA1l 263 0.22 8.60 447 10.06 7.77 7.40 0.09 0.29
PD1 341 1.04 1524 495 16.21 5.96 5.48 0.25 0.41
PB1 231 1.16 8.57 3.09 12.15 3.73 3.09 0.21 0.43
PC1 338 0.54 8.84 425 1467 4.02 3.56 0.14 0.32
R1 235 0.14 7.21 3.22 1382 2.76 2.33 0.17 0.28
R2 208 0.09 19.32 3.72 1350 4.06 2.64 0.72 0.71
R3** 194 0.15 2890 5.14 1481 3.40 2.32 0.10 0.98
R1-R2* 200  0.05 28.49 421 14.18 5.20 3.04 1.14 1.03
R1R3** 150 0.11 37.86 540 1292 3.40 2.05 0.04 1.28
RA1 186 0.15 5.36 2.63 9.67 1.88 1.53 0.11 0.27
RB1 156 0.16 5.80 3.03 1249 1.98 1.72 0.18 0.14

* Section. Part of the watershed under industrigb@m plantation. Fluxes are

calculated as the differences between inflow fluxed outflow fluxes

** Downstream the mill
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