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Summary

Agricultural expansion is one of the most dominant drivers of deforestation word
wide. The globally rising demand for cash crops such as oil palm and rubber, caused
rapid agricultural expansion during the last decades, especially in South East Asia.
Conversion of tropical rainforest to monocultural plantations are expected to lead
to severe alterations in biogeochemical cycling and ecosystem functioning. This
land-use change has major impacts on the global carbon (C) cycle as it reduces soil
organic carbon (SOC) stocks, and increases carbon dioxide emissions (COy).
Additionally, increasing demand for cash crops favors the progressive conversion
of less-well accessible landscape types, such as riparian areas. Riparian areas are
especially sensitive to land-use change as they are mostly characterized by higher
SOC stocks than well-drained areas and are habitats for a broad range of animals as
well as plant species. It is therefore crucial to understand the changes in the SOC
pool and SOC fluxes under the current land-use change to assess the impact on soil
C cycling. The aim of this research project was therefore, to identify changes of SOC
sources, i.e., soil organic matter (SOM) composition, its turnover and losses after
riparian forest conversion to rubber and oil palm monocultures. The study was
conducted in Sumatra, Indonesia, which is a hotspot of primary forest loss due to
agricultural expansion. The first objective was to determine physical and chemical
changes, especially SOC stock changes of riparian soils after land-use change and
to compare them with SOC stock changes in well-drained areas. The second
objective was to assess the contribution of past vegetation to the current SOC pool
in forest and plantation soils and to find whether there is a change of SOM
composition which indicates differences in SOM sources among the land use
systems. With regard to urgently needed solutions to adapt to climate change, to
maintain soil fertility, and the fact that the impact of intensive nitrogen (N)
fertilization and herbicide application on the soil C cycle in these monocultures
remains unknown, our last goal was to determine the effects of agricultural

management practices on SOC decomposition and sequestration in oil palm
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plantations. For this purpose, a plantation with well-drained soil was selected, as
greater generality can be derived from the results, since the majority of palm oil
cultivation takes place on well-drained soils.

For studying the first objective, SOC stocks and 8*C values were determined to
assess C stocks changes and SOC decomposition in four riparian forest, four
riparian rubber and four riparian oil palm plantation sites and compared to the
same number of well-drained sites. Average soil C stock losses from the top 30 cm
were about 14% and 4% following conversion of riparian forest to rubber and oil
palm plantations, respectively, indicating a high resistance of C to mineralization.
C losses from well-drained areas were twice as high as from riparian areas after
conversion. 0C values from riparian areas showed a strong heterogeneity within
the soil profile compared to well-drained profiles, indicating different degrees of
decomposition of SOM. Well-drained soil profiles showed the expected pattern
with lower values (-29%o) in the topsoil and an adjustment to higher values (- 26%o)
in the subsoil indicating that SOC in the topsoil was more intensively decomposed
than in the subsoil. In combination with the evaluation of groundwater tables
(GWT) we concluded first, alternating oxic and anoxic conditions in riparian areas
caused by fluctuations in GWT and periodical flooding and consequently
alternating aerobic and anaerobic decomposition processes leading to reduced SOM
and litter decomposition in riparian areas. Second, due to the heterogeneous d*C
depth profiles, especially after land-use change, we concluded input and
accumulation of allochthonous organic materials with various decomposition
degrees by mineral sediments and organic matter deposition. Based on these
findings we postulated a riparian landscape specific effect countering the expected
land-use effect on SOC stocks. These dynamics of seasonal flooding followed by
delayed mineralization are reflected by the heterogeneous 8*C pattern. Compared
to well-drained areas, riparian areas are more resilient to short-term (1-2 decades)

soil C loss after land-use change, indicated by similar topsoil C stocks as under
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natural vegetation. However, it has to be considered that they have, especially if
drained, a high C loss potential in the long-term.

Taking into account the minor loss in SOC stocks in riparian areas after land-use
change, and that C is preserved over a long period of time due to anoxic conditions,
we determined the pools of origin of SOM constituents and the change of SOM
composition and its transformation after forest conversion to plantations. For
studying the second objective, we used plant-derived lipids as molecular
biomarkers that can provide insights into present and past SOC input and its degree
of degradation within soil. To examine whether soils from plantations reflect recent
and/or past vegetation, we compared soil lipids comprising n-alkanes, carboxylic
acids, alcohols and ketons in litter, roots and soil samples from primary rainforest,
rubber and oil palm plantations.

By performing an indicator species analysis, we found specific substances
(biomarkers) separating a single C pool in a specific land-use type or small groups
of C pools from the other C pools and land-use types. This separation was indicative
for higher abundances of specific substances in specific C pools and in a specific
land-use type. If the abundances between forest topsoil and plantation topsoil were
not significant different, we assumed that there was still a contribution of past
vegetation to the current SOC pool in plantations. We found both plant and
microbial materials in the samples, indicating a contribution from past C pools.
Biomarkers assigned to microbial origin were e.g., i15:0 and 18:206,2, while long-
chain n-alkanes, such as Czs and Cs1 and n-fatty acids, such as 24:0, 27:0, 28:0 and
29:0 were attributed to plant material. Long-chain fatty acids, such as 24:0, showed
similar abundances between forests and plantations, due to their long-chain C
compounds and the associated high resistance to biodegradation. Odd-chain fatty
acids like 27:0 and 29:0 are rather the products of microbial transformation of even-
chain plant-derived fatty acids. Hence, we found that transformation of plant-
derived lipid fingerprints by microorganisms plays a key role during C turnover in

soil. Further indicators were used, such as the odd-over-even predominance (OEP)
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of the alkane pattern and even-over-odd predominance (EOP) of the n-fatty acids
also point to a high proportion of still untransformed plant-derived SOC. Similar
abundances of the hydroxy fatty acid 16-OH-16:0 were found in all soils of the three
land-use types and could be clearly attributed to forest litter as an important C
source still influencing plantations C pools. Combining multiple biomarkers, such
as n-alkanes, n-fatty acids and hydroxy fatty acids helped to disentangle a complex
system of pathways of SOC formation in soil.

After plantation establishment further factors influence SOC decomposition since
especially oil palm plantations are commonly treated with fertilizer and herbicide
for weed control. The impact of fertilization (conventional and reduced NPK) and
weed control (herbicide application or mechanical weeding) on the SOC
decomposition in the rows between the palms (interrows) and around the palm
stems (weeding circles) was therefore studied for the third objective. “C labelled
glucose was added to soil to analyze the response of microbial activity and SOC
mineralization during 30-day incubation. Highest CO: emissions were measured
from weeding circles (WC) treated with the conventional fertilization level and
glyphosate. The high fertilization level caused microbial activation and destabilized
SOC by priming. Although glyphosate was expected to lower the microbial activity,
the opposite occurred and microbial activity was highest under this treatment. An
explanation might be that NPK occupies a large share of sorption capacities on soil
particles; hence, glyphosate is still available and can act as an additional source of
C and possibly N and P to microorganisms. Instead, extensive management
practices (reduced fertilization + glyphosate and mechanical weeding) decreased
CO:z emissions and SOC decomposition by leading to pronounced negative priming
effects. Reduced fertilization and the absence of glyphosate led to strongest negative
priming (-47.9 pg C g ), indicating a retardation of SOC decomposition. This
suggests a retardation of SOC decomposition and therefore positive effects on C
accumulation and storage. In interrows (IR), respiration rates were significantly

lower than in the WC, which can be explained by the lack of fertilizer application
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leading to a reduced nutrient supply for microorganisms. Usually, oil palm
plantations and especially non-fertilized IR, suffer from nutrient and C limitation
because of the absence of fresh litter input, low root biomass, low rhizodeposition
and high nutrient leaching. Respiration data suggest that C-limitation is strong in
IR across all management practices and is largely restricting the microbial activity
in these soils. C limitation can be attributed to missing organic input e.g., litterfall
or understory vegetation, which also affects C sequestration in soil.

Overall, our study provides an enhanced understanding of SOC pools and fluxes
affected by a) specific landscape properties of riparian areas after forest conversion
to plantations and b) fertilization and herbicide management practices under oil
palm cultivation. It emphasizes the vulnerability of soils in riparian areas
potentially being a strong C source in the long-term, especially if drained, because
they have a high SOC loss potential, but also shows a higher resilience of SOC
stocks, if not drained. Changes in the molecular composition of SOM after land-use
change have yet unknown implications for ecosystem function of SOM and the
stability of this C pool. To reduce further impacts on soil a sustainable management
practice should be applied under agricultural use. such as the reduction of NPK
fertilizer and herbicide amendment. Our results emphasize the risk of management
intensification and the need for a low-impact management strategy to maintain soil
fertility and the function as a C reservoir. To reach this goal, it is necessary to ensure
above- and belowground C input i.e., by frond piling or application of empty fruit

bunches as organic fertilizers.
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Zusammenfassung

Die landwirtschaftliche Erweiterung gilt weltweit als einer der wichtigsten Treiber
fir die Abholzung von Waildern. Die weltweit steigende Nachfrage nach
Agrarprodukten wie Palmol und Kautschuk fiihrte in den letzten Jahrzehnten,
insbesondere in Stidostasien zu einer rasanten Ausweitung der Landwirtschaft. Es
wird erwartet, dass die Umwandlung von tropischem Regenwald in
monokulturelle  Plantagen zu  schwerwiegenden  Verdnderungen im
biogeochemischen Kreislauf und in der Funktionsweise von Okosystemen fiihren
wird. Dieser Landnutzungswandel hat grofse Auswirkungen auf den globalen
Kohlenstoftkreislauf, da er den Vorrat an organischem Bodenkohlenstoff (engl.
SOC) verringert und die Kohlenstoffdioxidemissionen (CO2) erhoht. Dariiber
hinaus begilinstigt die steigende Nachfrage nach Agrarprodukten die
fortschreitende Umwandlung von weniger gut zuganglichen Landschaftstypen in
landwirtschaftliche Flachen, wie z. B. Flussufergebieten. Uferbereiche reagieren
besonders empfindlich auf Landnutzungsanderungen, da sie meist einen hoheren
SOC-Gehalt aufweisen als mineralisch terrestrische Boden und Lebensraum fiir
eine Vielzahl von Tier- und Pflanzenarten sind. Es ist daher entscheidend die
Verdanderungen des SOC-Pools und der SOC-Fliisse unter den aktuellen
Landnutzungsveranderungen zu verstehen, um die Auswirkungen auf den
Kohlenstoftkreislauf im Boden zu beurteilen. Ziel dieses Forschungsprojekts war es
daher, Veranderungen der SOC-Quellen, d.h. SOM-Zusammensetzung, die SOC
Umsitze und die SOC Verluste nach der Umwandlung von Wald in Kautschuk-
und Olpalm-Monokulturen zu identifizieren. Die Studie wurde in Sumatra
(Indonesien) durchgefiihrt, welches ein Hotspot des Regenwaldverlusts aufgrund
der landwirtschaftlichen Erweiterung ist. Das erste Ziel war es, die physikalischen
und chemischen Verdnderungen, insbesondere die Veranderungen des SOC-
Bestandes von Uferboden nach einer Landnutzungsanderung zu bestimmen und
sie mit den Veranderungen in mineralisch terrestrischen Boden zu vergleichen. Das

zweite Ziel war es, den Beitrag der vergangenen Vegetation zum aktuellen SOC-
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Pool in Wald- und Plantagenbdden zu ermitteln und herauszufinden, ob es eine
Veranderung der SOM-Zusammensetzung gibt, die auf Unterschiede in den SOM-
Quellen zwischen den Landnutzungssystemen hinweist. Im Hinblick auf dringend
bendtigte Losungen zur Anpassung an den Klimawandel, die Bodenfruchtbarkeit
zu erhalten und der Tatsache, dass die Auswirkungen intensiver Stickstoff (N)-
Diingung und Herbizideinsatz auf den Bodenkohlenstoffkreislauf in diesen
Monokulturen unbekannt sind, war es das Ziel, die Auswirkungen
landwirtschaftlicher Bewirtschaftungsstrategien auf den SOC-Abbau und die SOC
Einlagerung in Olpalmenplantagen zu bestimmen. Hier wurde eine Plantage mit
mineralisch terrestrischem Boden ausgewahlt, da eine grofsere Allgemeingiiltigkeit
aus den Ergebnissen abgeleitet werden kann, da sich die Mehrheit des
Palmoélanbaus auf mineralisch terrestrischen Boden stattfindet.

Fiir das Erreichen des ersten Forschungsziels wurden SOC-Vorrate und 6"*C-Werte
bestimmt, um die Verdanderung der Kohlenstoffvorrate und den SOC-Abbau an vier
Uferwald-, vier Kautschuk- und vier Olpalmenplantagenstandorten zu bewerten
und mit der gleichen Anzahl von mineralisch terrestrischen Standorten zu
vergleichen. Die durchschnittlichen Verluste des Kohlenstoffvorrats in den obersten
30 cm des Bodens betrugen 14% bzw. 4% nach der Umwandlung von Auwaldern
in Kautschuk- und Olpalmenplantagen, was auf eine hohe Resistenz des
Kohlenstoffs (C) gegeniiber der Mineralisierung hinweist. Kohlenstoffverluste aus
mineralisch terrestrischen Boden waren nach dem Landnutzungswandel doppelt
so hoch wie aus Uferbereichen. 53 C-Werte aus Uferbereichen zeigten eine starke
Heterogenitat innerhalb des Bodenprofils im Vergleich zu mineralisch
terrestrischen Profilen, was auf unterschiedliche Grade der Zersetzung von SOM
hinweist. Mineralisch terrestrische Bodenprofile zeigten das erwartete Muster mit
niedrigeren Werten (- 29%o) im Oberboden und einer Anpassung an hohere Werte
(-26%o0) im Unterboden, was darauf hinweist, dass SOC im Oberboden intensiver

abgebaut wurde als im Unterboden.



Zusammenfassung XVII

In Kombination mit der Auswertung des Grundwasserspiegels (GWT) schlossen
wir erstens auf wechselnde oxische und anoxische Bedingungen in Uferbereichen,
die durch Schwankungen des GWT und periodische Uberflutungen verursacht
wurden, und folglich auf wechselnde aerobe und anaerobe Abbauprozesse, die zu
reduzierter SOM- und Streuzersetzung in Uferbereichen fiithren. Zweitens
schlossen wir aufgrund der heterogenen 0*C-Tiefenprofile, insbesondere nach
Landnutzungsanderungen, auf den Eintrag und die Akkumulation von
allochthonem organischem Material mit unterschiedlichen Zersetzungsgraden
durch mineralische Sedimente und die Ablagerung von organischem Material.
Basierend auf diesen Ergebnissen stellen wir einen uferlandschafts-spezifischen
Effekt fest, der dem erwarteten Landnutzungseffekt auf SOC-Verluste
entgegenwirkt. Die Dynamik der saisonalen Uberflutung, gefolgt von einer
verzogerten Mineralisierung, spiegelt sich in dem heterogenen 6*C-Muster wider.
Im Vergleich zu mineralisch terrestrischen Boden sind Boden in Uferbereichen
widerstandsfahiger gegeniiber kurzfristigen (1-2 Jahrzehnte)
Bodenkohlenstoffverlusten =~ nach Landnutzungsanderungen, da die
Oberbodenschichten dhnliche SOC-Vorrédte aufweisen wie die unter nattirlicher
Vegetation, jedoch muss beriicksichtigt werden, dass sie, insbesondere wenn sie
entwassert sind, langfristig ein hohes C-Verlustpotenzial haben.

Unter Beriicksichtigung der geringen SOC-Verluste in Uferbereichen nach
Landnutzungsanderung und der Tatsache, dass das organische Material aufgrund
anoxischer Bedingungen tiiber einen langen Zeitraum unverandert erhalten bleibt,
haben wir die Herkunftspools der SOM-Bestandteile und die Veranderung der
SOM-Zusammensetzung nach Umwandlung von Wald in Plantagen bestimmt. Fiir
die Untersuchung des zweiten Ziels verwendeten wir pflanzliche Lipide als
molekulare Biomarker, die Einblicke in den vergangenen und gegenwartigen SOC-
Eintrag und dessen Abbaugrad im Boden geben konnen. Um zu untersuchen, ob
Boden von Plantagen die rezente und/oder vergangene Vegetation widerspiegeln,

verglichen wir Bodenlipide, die n-Alkane, Carbonsauren, Alkohole und Ketone
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umfassen, in Streu-, Wurzel- und Bodenproben aus primdrem Regenwald,
Kautschuk- und Olpalmenplantagen. Durch die Durchfiihrung einer Indikator-
Typen-Analyse fanden wir spezifische Substanzen (Biomarker), die einen einzelnen
C-Pool in einem bestimmten Landnutzungstyp oder kleine Gruppen von C-Pools
von den anderen C-Pools und Landnutzungstypen trennen. Diese Trennung war
ein Indiz fiir hdhere Abundanzen bestimmter Substanzen in bestimmten C-Pools
und in einem bestimmten Landnutzungstyp. Wenn die Abundanzen zwischen dem
Oberboden von Waldern und dem Oberboden von Plantagen nicht signifikant
waren, nahmen wir an, dass es immer noch einen Beitrag des C der vergangenen
Vegetation zum aktuellen SOC-Pool in Plantagen gibt. In den Proben fanden wir
sowohl pflanzliche als auch mikrobielle Stoffe, die auf einen Beitrag vergangener C-
Pools hinweisen. Biomarker, die mikrobiellem Ursprung zugeordnet wurden,
waren i15:0 und 18:2w6,2, wahrend langkettige n-Alkane, wie C2s und Cs1 und n-
Fettsauren, wie 24:0, 27:0, 28:0 und 29:0, pflanzlichem Material zugeordnet wurden.
Langkettige Fettsdauren, wie 24:0, weisen aufgrund ihrer langkettigen C-
Verbindungen und der damit verbundenen hohen Resistenz gegeniiber
biologischem Abbau dhnliche Haufigkeiten zwischen Waldern und Plantagen auf.
Fettsduren mit einer ungeraden Anzahl von C-Atomen, wie 27:0 und 29:0, sind eher
Produkte der mikrobiellen Transformation von geradkettigen pflanzlichen
Fettsduren. Somit stellten wir fest, dass die Transformation von pflanzlichen Lipid-
Zusammensetzungen durch Mikroorganismen eine Schliisselrolle beim C-Umsatz
im Boden spielt. Als weitere Indikatoren wurden die even-over-odd-predominance
(OEP) des Alkanmusters und die even-over-odd-predominance (EOP) der n-
Fettsdauren herangezogen, die auch auf einen hohen Anteil an noch
untransformiertem pflanzlichen Ursprung des SOC hinweisen. Ahnliche
Abundanzen der Hydroxyfettsaure 16-OH-16:0 wurden in allen Boden der drei
Landnutzungstypen gefunden und konnte eindeutig der Waldstreu als wichtige C-
Quelle zugeschrieben werden, die immer noch die C-Pools der Plantagen

beeinflusst. Die Kombination mehrerer Biomarker, wie z. B. n- Alkane, n-Fettsauren
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und Hydroxyfettsduren, hilft, ein komplexes System von Wegen der SOC-Bildung
im Boden zu aufzulosen. Nach dem Aufbau der Plantage beeinflussen weitere
Faktoren den SOC-Abbau, da insbesondere in Olpalmenplantagen iiblicherweise
Diingemittel und Herbizide zur Unkrautbekdampfung eingesetzt werden.
Ausgehend davon wurde der Einfluss von Diingung (konventioneller und
reduzierter NPK) und Unkrautbekdmpfung (Herbizideinsatz oder die handische
Unkrautbeseitigung) auf den SOC-Abbau in den Reihen zwischen den Palmen
(engl. interrows) und um die Palmstamme (engl. weeding circles) untersucht. Dazu
wurde dem Boden "“C-markierte Glukose zugesetzt, um die Reaktion der
mikrobiellen Aktivitdat und der SOC-Mineralisierung wahrend der 30-tagigen
Inkubation zu analysieren. Die hochsten CO2-Emissionen wurden von den weeding
circles (WC) gemessen, die mit dem konventionellen Diingungsniveau und
Glyphosat behandelt wurden. Das hohe Diingungsniveau verursachte eine
mikrobielle Aktivierung und destabilisierte den SOC durch sogenanntes Priming.
In Kombination mit Glyphosat nahm die mikrobielle Aktivitat weiter zu. Obwohl
erwartet wurde, dass Glyphosat die mikrobielle Aktivitit senkt, trat das Gegenteil
ein und die mikrobielle Aktivitdt war unter dieser Behandlung am hochsten. Eine
Erklarung dafiir ist, dass NPK (Stickstoff, Phosphor, Kalium) einen grofSeren Anteil
der Sorptionskapazititen an den Bodenpartikeln einnimmt; daher ist Glyphosat
immer noch verfligbar und kann als zusitzliche Quelle fiir C und moglicherweise
N und P fungieren. Stattdessen verringern extensive Bewirtschaftungsmethoden
(reduzierte Diingung + Glyphosat und handische Unkrautbeseitigung) die CO--
Emissionen und den SOC-Abbau, indem sie zu ausgepragten negativen Priming-
Effekten fiihrten. Reduzierte Diingung und die Abwesenheit von Glyphosat fiihrten
zu dem starksten negativen Priming (-47,9 ug g ), was auf eine Verlangsamung des
SOC-Abbaus hindeutet. Dieser verzogerte Abbau weist auf damit auf positive
Effekte auf die C Akkumulation und Speicherung im Boden hin. In den interrows
(IR) waren die Respirationsraten deutlich niedriger als in den WC, was durch die

fehlende Diingung erklart werden kann, die zu einem reduzierten
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Nahrstoffangebot ~ fiir ~ Mikroorganismen  fithrt. Normalerweise leiden
Olpalmenplantagen und insbesondere die ungediingten IR aufgrund des fehlenden
Eintrags von frischer Streu, geringer Wurzelbiomasse, geringer Rhizodeposition
und hoher Nahrstoffauswaschung unter Nahrstoff- und C-Limitierung. Die
Respirationsdaten deuten darauf hin, dass die C-Limitierung in IR bei allen
Bewirtschaftungs-methoden stark ausgepragt ist und die mikrobielle Aktivitat in
diesen Boden weitgehend einschrankt. Die C-Limitierung kann auf fehlenden
organischen Input, z. B. Streu oder Unterholzvegetation, zuriickgefiihrt werden, der
auch die C-Sequestrierung im Boden beeinflusst.

Insgesamt stellt die Studie ein verbessertes Verstandnis der SOC-Pools und -Fliisse,
die von den spezifischen Landschaftseigenschaften der Uferbereiche nach der
Umwandlung von Wald in Plantagen sowie wahrend der Anwendung von
Managementpraktiken beim C)lpalmenanbau beeinflusst werden, bereit. Sie
unterstreicht die Anfalligkeit von Boden in Uferbereichen, die langfristig eine starke
C-Quelle darstellen konnen, insbesondere wenn sie entwéassert werden, da sie ein
hohes SOC-Verlustpotenzial haben. Verdnderungen in der molekularen
Zusammensetzung von SOM nach Landnutzungsinderungen haben noch
unbekannte Auswirkungen auf die Okosystemfunktion von SOM und die Stabilitét
dieses C-Pools. Um weitere Auswirkungen auf den Boden zu reduzieren, sollte eine
nachhaltige Bewirtschaftungspraxis bei landwirtschaftlicher Nutzung angewendet
werden, wie zum Beispiel die Reduzierung der NPK Diingermittelmenge und die
Reduzierung von Herbiziden. Unsere Ergebnisse unterstreichen das Risiko der
Bewirtschaftungsintensivierung und die Notwendigkeit einer schonenden
Bewirtschaftungsstrategie, um die Bodenfruchtbarkeit und die Funktion als C-
Speicher zu erhalten. Um dieses Ziel zu erreichen, ist es notwendig, den ober- und
unterirdischen C-Eintrag zu gewahrleisten, z.B. durch das Anhdufen von
Olpalmwedeln und das Ausbringen von leeren Fruchthiilsen (engl. empty fruit
bunches) als organischen Diinger und zur Unterstiitzung und Stabilisierung der

Bodenqualitat.
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1 Extended Summary

1.1 Introduction

1.1.1 GLOBAL CONSEQUENCES OF DEFORESTATION AND LAND-USE
CHANGE
Humans have altered Earth’s surface during the last century, but still about ~ 30% of the
land surface of the world is covered by forest, totaling an area of 4.06 billion hectares.
However, deforestation is a major environmental issue worldwide, which has led to a
primary forest loss of 420 million hectares since 1990 mostly because of conversion to other
land uses. Main drivers of deforestation are the expansion of forestry and agriculture. One
underlying issue is the need to ensure food and energy supply for a growing world
population, which causes an increasing international demand for forest products and
agricultural commodities (FAO and UNEP, 2020). In temperate and boreal forests wildfires
and forest management are the main causes for forest loss, while tropical forests suffer
mostly from shifting agriculture and commodity-driven deforestation, such as rubber, oil
palm, coffee and cacao cultivation (Burger and Smit, 2001; Curtis et al.,, 2018). While
commodity-driven deforestation accounts for 27% of all forest loss (Curtis et al., 2018),
estimations of the FAO and UNEP (2020) assume a 40% decline of tropical forest cover
between 2000 and 2010 due to large-scale commercial agriculture, and account local

subsistence agriculture for another 33%.

Deforestation is the second largest source of anthropogenic greenhouse gas emissions
(GHG), after fossil-fuel combustion (Ciais, 2013) and is expected to have large adverse
effects on biotic and abiotic ecosystem functions worldwide. Various studies have shown
negative effects of deforestation on biodiversity, due to the loss, degradation and
fragmentation of habitats (Gibson et al., 2011; Haddad et al., 2015; Rembold et al., 2017).
These negative effects hold especially true for the tropics, where forests harbor
approximately half of the world’s species richness in only 7% of the land area (Dirzo and
Raven, 2003). Abiotic ecosystem functions are reduced by deforestation, such as soil
formation, carbon (C) sequestration and climate regulation (Baccini et al., 2019; Guillaume
et al.,, 2018). Since tropical forests are coupled to the climate system through physical,
chemical and biological processes negative impacts on the global climate are likely.

Conversion of tropical rainforests into agricultural land therefore also has major impacts
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on the global carbon cycle, since it reduces soil organic carbon (SOC) stocks and increases
carbon dioxide emissions (CO2) (Don et al., 2011; Harris et al., 2012). In tropical regions SOC
constitutes less than 50% of the above- and belowground C stock, while in boreal and
temperate regions SOC accounts for more than 75% of the total C stock. Therefore, one
might argue that the tropical SOC stock would play a secondary role in global soil C
conservation approaches (Scharlemann et al., 2014). However, deforestation results in rapid
aboveground biomass C loss, which is accompanied by C loss from soils (Guillaume et al.,
2018). Therefore, tropical forests are nowadays considered to already be or to become a net
C source, as additional soil C storage is unlikely and sequestered SOC is at high risk of
mineralization if carbon is lost aboveground. Additionally, the average cleared tropical
forest area is much higher than in boreal or temperate regions (Leblois et al., 2017), resulting
in a relatively higher potential C loss from soil due to deforestation. The countries with the
highest forest loss between 2001 and 2014 were Brazil and Indonesia, where 40% of the total
tropical deforestation occured (Pendrill et al., 2019 based on Hansen et al., 2013). In 2012,
Indonesia even faced the highest deforestation rate in the world (0.84 Mha) (Margono et al.,
2014).

1.1.2 LAND-USE CHANGE IN INDONESIA

As many other countries in the Global South Indonesia has experienced a fundamental
change in land cover and land use. Originally, the current Republic of Indonesia was
densely forested. In addition to traditional agricultural use, such as tea, coffee, or rubber
plantations, the total forest area in 1950 was estimated as 83.5% of the total land area
(Tsujino et al., 2016). Increasing global demand for pulp, paper and timber led to increased
international export of wooden products. Deforestation due to logging and timber
production accelerated and were the largest drivers of forest loss between 1970 and 1985.
Additionally, population growth in Indonesia was another indirect driver of deforestation
due to urbanization and resettlement programs (transmigration programs) between 1950
and the mid-1980s (Fearnside, 1997; Tsujino et al., 2016). At the end of the 1980s the growing
international demand for palm oil led to an increasing conversion of land to oil palm
plantations (Tsujino et al., 2016). The main reason why palm oil production has become a
rapidly expanding industry in tropical countries like Indonesia and Malaysia is the oil palm
itself: it is the most efficient oil crop compared to other major oil-producing crops, such as

rapeseed, soybean or sunflower. Due to its origin from equatorial Africa, it needs tropical



Extended Summary 3

conditions to grow (Corley and Tinker, 2015, p. 1 and 53). Indonesia, as a tropical country,
has been the biggest producer worldwide since 2008 (FAO, 2019). During the 1990s, the
Indonesian agriculture was marked by a strong expansion of large-scale and intensively
managed oil palm plantations, along with increased pressure on primary and secondary
forest (Tsujino et al., 2016). Oil palm plantation establishment has been acknowledged to be
the dominant single driver between 2001 and 2016, responsible for 23% of forest loss
nationwide, with highest proportions in Sumatra and Kalimantan. For the whole of
Indonesia, forest cover was estimated with 50% of the total land area in 2016, which is a
reduction of ~ 24% compared to 1950 (FAQO, 2019). On Sumatra Island, the expansion of
small-scale agriculture and small-scale plantations plays a substantial and increasing role
in relation to deforestation, especially since the end of the 2000s when forest conservation
policies started to prevent further deforestation by diminishing the area for large-scale
plantations (Figure 1.1-1) (Austin et al, 2019). The relative importance of other
traditionally-cultivated crops, such as rubber, can vary on the regional-scale. For example,
in the Province of Jambi on Sumatra Island, rubber is still one of the dominant cash-crops
cultivated by smallholder farmers (Euler et al., 2016), with an increase of 30% from ~550 to
~650 km? from 1990-2011 (Clough et al., 2016). Rainforest conversion to plantations leads to
extended deterioration of ecosystem functions, displayed in Jambi Province by reduction
of rainforest species richness across all taxonomic groups (Grass et al., 2020) and soil fertility
indicators, such as a decrease of SOC contents in top- and subsoil (Guillaume, 2015),
microbial biomass, extracellular enzyme activity and phosphorus (P) and nitrogen (N)

contents (Guillaume et al., 2016b).



Extended Summary 4

[ OIL PALM PLANTATION [ TIMBER PLANTATION
Il LARGE SCALE PLANTATION GRASSLAND/ SHRUBLAND
JIll SMALL SCALE AGRICULTURE [l SMALL SCALE PLANTATION
[ LOGGING ROAD I FoRresT

SUMATRA [l e I FisH POND
W orter

® KALIMANTAN - YN,
SULAWESI

JAVA, BALI & NUSA TENGGARA

Figure 1.1-1: Proportion of deforestation 2001-2016 caused by each driver category, by major regions of
Indonesia. Reprinted from Austin et al., 2019. This work is licensed under the Creative Commons Attribution
3.0 Unported License. To view a copy of this license, visit http://creativecommons.org/licenses/by/3.0/ or send
a letter to Creative Commons, PO Box 1866, Mountain View, CA 94042, USA.

1.1.3 FUNCTIONS OF SOIL ORGANIC CARBON (SOC)

SOC is associated with properties and functions related to soil fertility. It is one of the most
important factors impacting physical, chemical and biological indicators of soil quality
(Reeves, 1997). SOC improves soil structural stability by promoting aggregate formation
(Zhou et al., 2020). Together with soil porosity it ensures sufficient aeriation and water
infiltration, supporting plant growth but also regulates soil water flow (Blanco-Canqui and
Benjamin, 2013, p. 20). It is the main element (~ 50%) in soil organic matter (SOM) (Pribyl,
2010) and provides the molecular framework for SOM for covalent binding and nutrient
adsorption to prevent them from leaching (Murphy, 2015). Nutrient recycling is especially
important in tropical highly-weathered soils which are commonly known to suffer from
low nutrient contents as they do not get nutrient input by parent material, but depend on
nutrient input through litter degradation and/or the release by root exudates (Kurniawan
et al.,, 2018; Laclau et al., 2010). Litter degradation, including SOM decomposition, leads to
nutrient release and provision for plants (Kotowska et al., 2015), directly influencing plant
growth and better agricultural productivity and, thus, contributing to food security. Besides
providing the basis for agricultural productivity, SOC is a key indicator for environmental
resilience: SOC is the second largest C stock after oceans and accounts for one third of the

global C storage (Jobbagy and Jackson, 2000). Although considerable variations between
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estimates exist, global SOC stocks comprise around 1500 GtC in the first meter of soil, which
is more than the C stock in the atmosphere (800 Gt C) and terrestrial vegetation (450 Gt C)
combined (Erb et al., 2018; Scharlemann et al., 2014). Consequently, SOC has a direct
function in regulating global climate, as SOC losses might directly cause an increase of

atmospheric CO:z concentration.

1.1.4 EFFECTS OF TROPICAL LAND-USE CHANGE ON SOIL ORGANIC
CARBON
Various studies showed that the forest conversion into agricultural land is accompanied
with SOC losses from mineral soils in South East Asia (Borchard et al., 2019; de Blécourt et
al., 2013; Guillaume et al.,, 2015). In general, SOC changes are controlled by 1) the
decomposition rate of SOC e.g., due to changes in microclimate and/or the increase of
nutrient availability and 2) alterations in C quantity, stability and during incorporation into
soil and when cycling through the system (Study 3; Kuzyakov et al., 2000; Xu et al., 2012).
Land-use changes in tropical regions directly affect all these controlling factors:
decomposition rates as well as quantity, stability and pathways of C input (Guillaume et
al., 2018). First, SOM decomposition can be increased due to sudden nutrient availability,
for example, by fertilization (Study 4) or biomass burning, often occurring after slash-and-
burn cultivation (Juo and Manu, 1996). Second, the C quantity into soil is much lower in
plantations than in forests. Kotowska et al., (2015) showed that net primary production
(NPP) by litter, root and stems was reduced by 50% in rubber and in oil palm plantations
(after harvest) compared to primary rainforest. Additionally, in oil palm plantations
aboveground litter input in soil only occurs locally under so called frond stacks, where oil
palm leaves are piled up in specific locations on the plot. other impact factors driven by
land-use change are erosion and intensified mineralization which additional cause SOC
losses (Guillaume et al., 2015). Erosion-induced SOC losses are often due to the removal of
the C-rich surface soil layer, followed by intensified mineralization in depositional sites,
where SOC is proned to mineralization due to disruption of soil aggregates during the
redistribution process (Guillaume et al., 2015; Lal, 2003). These processes make erosion to
be a major pathway of SOC losses after forest conversion to monocultural crop plantations.
Lower SOC content after conversion may also expose the soil at high erosion risk.
Additionally, higher temperatures in the tropics than in the temperate zone accelerate

decomposition rates leading to high SOC losses. SOC turnover in the tropics was found to
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be twice as high as in temperate regions hinting at highly sensitive SOC stocks towards
land-use change. (Six et al., 2002). Characteristics of tropical soils, additionally, favor high
SOC losses: they are often low in nutrients and highly weathered and depend on nutrient
input by aboveground biomass as well as by roots (Laclau et al., 2010). However, SOC losses
depend on the soil type and the environmental conditions. The drainage of peat soils for
example increase SOM turnover, which in turn causes elevated GHG emissions (Prananto
et al., 2020). Mineral soils in riparian areas play a special role as they underlie alternating

aerobic and anaerobic decomposition due to periodical flooding (Study 1,2).

1.1.5 THE SPECIFICS OF RIPARIAN AREAS

Definitions of riparian areas show a pronounced ambiguity. The Ramsar Convention
includes riparian areas to the definition of wetlands because they defined wetlands as “areas
of marsh, fen, peat land or water, whether natural or artificial, permanent or temporary, with water
that is static or flowing, fresh, brackish, or salty, including areas of marine water, the depth of which
at low tide does not exceed six meters” and “incorporate riparian and coastal zones adjacent to
wetlands” (Ramsar Convention Secretariat, 2016, p. 9). When studying effects of flooding
from a human geography perspective (Study 1), this definition encompasses different
landscape types with diverging natural characteristics. For the analysis of soil properties
and biogeochemical processes, however, a more precise differentiation between wetlands
and riparian areas is required. Therefore, the following three distinctions were made (Study
2,3): first, riparian areas are commonly transitional zones between terrestrial ecosystems
and water bodies. These areas are temporarily inundated or water-logged (Wantzen et al.,
2008) with a high water table (McCormick, 1978) and can experience seasonal wet and dry
cycles, i.e., temporal changes between oxic and anoxic conditions (Décamps et al., 2004).
The term ‘wetland’, however, describes soils that are often inundated and water-saturated
but do not need to be adjacent to a river. Second, related to the divergent locations, the
terms describe different energy and temporal dynamics of the affecting water body.
Riparian waters often reflect higher water flow dynamics where sediments are transported
and material accumulation and erosion occur. Contrary, wetlands are associated with a
water table that is close to or above the surface and are characterized by only a scarce flow
of water (Brown et al., 1978). Third, since mineral and organic soils both occur within
wetlands, the amount of organic content is not the only indicator to identify riparian areas

as a certain type of wetland. The riparian SOM balance is further influenced by two specific
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factors: the redistribution of fluvial sediment (Rieger et al., 2014) and oxygen deficiency in
water-saturated soil. The effects of these processes on riparian C balances and stabilization
can offset erosion and SOM mineralization (Study 2). Sediments that enter (and partly
leave) the ecotone contain high amounts of allochthonous organic material from terrestrial
sources and dissolved organic matter from aquatic sources (Moore et al., 2013). Flooding
duration and frequency also play crucial roles for long term C accumulation (Bendix and
Hupp, 2000; Graf-Rosenfellner et al., 2016). Especially the redistributions of fluvial
sediments provide abrupt soil horizon changes. Buried horizons as well as old paleo-
horizons are the results of sediment transports (Figure 1.1-2) and give a clear indication that

processes of soil formation as regulated by place, climate and time can be disturbed by

spontaneous material relocation events.

Figure 1.1-2: Forest soil profile with a buried horizon (left) and oil palm plantation soil profile with a buried
horizon (right)

1.1.6 SEQUESTRATION POTENTIAL AND DECOMPOSITION OF SOC IN
WELL-DRAINED CROPLAND SOILS
SOC sequestration is the steady build-up of C storage in soil. It can be assumed that if a
agricultural management practice is adopted that promotes SOC sequestration, it continues
until some steady-state is achieved, as long environmental and management conditions will
not change (Hutchinson et al., 2007). During and after forest conversion to croplands e.g.,
rubber and oil palm plantations, SOC sequestration is disrupted and SOC will become
exposed to oxidative processes. Consequently, SOC decreases until a new balance will be
approached. During the first years of cultivation, however, it is expected that SOC

mineralization exceed the amount of new C entering the soil, likely resulting in high SOC
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losses (Powers, 2004). At this point, agricultural management is required to increase inputs
of SOM into the soil and to decrease SOC decomposition rates and losses. Strategies for
enhancing SOC stocks can be organic or mineral fertilization, returning crop residues, crop
diserfication, agroforestry practices or tillage reduction, where C input and management
practices were found to be the main factors positively affecting SOC stocks in croplands in
the tropics (Fujisaki et al., 2018). It is questionable how effective C sequestration under
agricultural use in terms of CO: emission mitigation and therefore climate change
adaptation can be, since C sequestration in agricultural soils can only make up modest
contributions around 3-6% of fossil fuel reductions (Hutchinson et al., 2007). However, it
can be a significant contribution on the local scale in terms of better soil fertility and crop
productivity and therefore beneficial for the society (Hutchinson et al.,, 2007). Hence,
maintaining and improving soil quality as well as mitigating GHG emissions are essential

if agricultural and environmentally sustainability should last for future generations.

Research on above- and belowground C sequestration potential of rubber and oil palm
plantations is scarce and does not provide a consistent picture because studies vary strongly
in their initial research questions and/or methodological approaches (Blagodatsky et al.,
2016; Kongsager et al., 2013; Riiegg et al., 2019; Smith et al., 2012). Several studies found
that, especially rubber plantations can have a high potential of aboveground C as well as
belowground C sequestration, however all authors limited this to fallow land or grassland
conversion to rubber plantations and pointed out strong C losses after old-grown forest
conversion to rubber plantations (Blagodatsky et al., 2016; Kongsager et al., 2013). What can
be stated, however, is that rubber plantations offer the highest aboveground C
sequestration potential in direct comparison to cacoa, orange and oil palm plantations
(Kongsager et al., 2013). C sequestration potential was estimated with 214 t C ha'' for rubber
plantations, while oil palm plantations” C sequestration potential was found to be lowest
with 45 t C ha'. (Kongsager et al., 2013). Time after land-use change and the conversion
type are two important factors when determining C sequestration potential. Unlike rubber
plantations where the soil is often uniformly covered by litter and grass, oil palm
plantations frequently lack such an equally distributed organic material input into soil
(Guillaume et al., 2016a). The challenge of a sustainable and spatial evenly distributed
agricultural management is the spatial order in oil palm plantations. Oil palms are planted

in rows and have so-called weeding circles (WC), where, herbicide and fertilizers are
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applied. Between the tree rows, the so-called interrows (IR), used for walking and
harvesting, do not receive fertilizers but herbicides. Further, frond stacks are not distributed
evenly throughout the plantation but piled together in rows in every second or third IR
(Figure 1.1-3). In terms of C input into soil it means that only the soil below frond stacks
receives C by litter input and the soil close to palms by root exudation. An oil palm
plantation chronosequence study (Smith et al., 2012) determined the SOC sequestration
potential between 11- and 34-years old plantations, where no significant increase of the SOC
stock could be found. However, root biomass increased close to trees with plantation age,
implying at least a short-term increase in the total belowground C storage. This is
underlined by findings of Riiegg et al. (2019), who found fine root biomass to be one of the
major drivers of SOC stabilization. Furthermore, fertilization impacts SOC accumulation
(Study 4). Fertilization increases the nutrient uptake of plants, resulting in leaf litter
enriched in macronutrients. The higher litter quality as well as a higher microbial activity,
triggered by fertilization, increases C and nutrient turnover rates in soil leading to a
decrease in SOC stocks (Becker et al., 2015) shown by higher soil respiration (Study 4). In
terrestrial ecosystems, soil microorganisms are mainly C and energy limited (Hobbie and
Hobbie, 2013; Soong et al., 2020). If fresh C is provided, e.g., from root exudates (mostly
sugars) of understory biomass or o0il palms fronds themselves, energy becomes available.
This leads to a faster nutrient turnover and to a higher nutrient demand. Hence, microbial
growth and activity is stimulated, leading to extra mining of nutrients from SOM and
causing an accelerated decomposition. This process is called positive priming by nutrient
mining (Fontaine et al., 2003; Kuzyakov et al., 2000). Contrary, microorganisms may
preferentially use mainly the easily available C source, and do not mine extra nutrients out
of “older” organic matter, if required nutrients are sufficiently available. This preferential
microbial substrate utilization causes negative priming effects, leading to reduced
decomposition (Blagodatskaya et al., 2007; Kuzyakov and Bol, 2006). An additional factor
influencing SOM decomposition might be chemical weed control. In oil palm plantations,
glyphosate, a non-selective broad-spectrum herbicide, is commonly used for the control of
understory vegetation. It prevents plant growth by deactivating the enzyme 5-
enolpyruvylshikimate-3-phosphate synthase (EPSPS), which synthesizes amino acids
essential for plant survival (O Duke and Powles, 2008). The synthesizing pathway is called

shikimate pathway and is also present in microorganisms, which degrade glyphosate
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(Mamy et al., 2016; Nguyen et al., 2016; Van Bruggen et al., 2018). Although microorganisms
are not target organisms, glyphosate might impact their activity and growth (Pollegioni et
al., 2012) and consequently SOC decomposition (Study 4). Some results showed that
glyphosate changes the soil microbial community composition (Van Bruggen et al., 2018),
wile other studies did not find any effects on microbial communities (Zabaloy et al., 2016).
It is further assumed that the impact of glyphosate on microorganisms depends on soil
properties, especially pH, SOC content and texture (Nguyen et al., 2016). A reduction of
herbicide, however, would be beneficial for soil macrofauna diversity (Ashton-Butt et al.,
2018) and a reduction in SOC decomposition (Study 4). If a plantation is extensively
managed, empty fruit bunches (EFB) are applied to the weeding circles instead of mineral
fertilizer. This conservation practices showed to be highy effective in improving soil pH, C
input into soil, soil fauna feeding activity and thus soil ecosystem functioning (Ashton-Butt

et al., 2018; Comte et al., 2013; Tao et al., 2016).

TETTY

Frond stacks

Weeding
Circle

Figure 1.1-3: Schematic overview and picture of an (industrial) oil palm plantation: oil palms are planted in
rows with ~2 m radius weeding circles, where fertilizer and herbicide are applied. Interrows between the palms
are treated with herbicide to control understory vegetation. Some interrows serve as places for piling up fronds
from oil palms, presenting the only organic material input into soil.

1.1.7 OBJECTIVES AND HYPOTHESES

In this dissertation the main research questions were 1) how land-use change affects SOC
stocks, losses and SOM composition in rubber and oil palm plantations in riparian areas
compared to well-drained areas after forest conversion and 2) how different agricultural

management practices reduce the SOC decomposition and thus counteract the losses
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observed in well-drained oil palm plantations. For this purpose, a plantation with well-
drained soil was selected, as greater generality can be derived from the results, since the
majority of palm oil cultivation takes place on well-drained soils. The knowledge derived
from the individual studies (Study 1,2,3) could serve as a prerequisite for predicting future
impacts on less-accessible landscapes, such as riparian areas, that are being transformed
under intensively increased pressure from agricultural land expansion. At the same time,
it is the aim to offer insights into the effect of management practices of contrasting
intensities on SOC decomposition in a well-drained oil palm plantation (Study 4). To
answer these overarching research questions, the following specific research objectives and

hypotheses were established:

Objective 1: The first objective was to assess physical and chemical changes, especially SOC
stocks, of soils after land-use change from primary rainforest to rubber and oil palm

plantations in riparian areas (Study 1,2,3).

Hypotheses: We expected (a) that after land-use change bulk densities increase and water
infiltration decreases due to soil compaction during the transformation process, while (b)
SOC stock decreases stronger in riparian areas than in well-drained areas because oxidative
decomposition processes are accelerated when flooded areas are aerated after conversion.
Taking into account geomorphological processes in riparian areas, such as erosion and
deposition occurring due to flooding, (¢) SOM transport and deposition, instead of SOC

mineralization, is hypothesized to be the dominant factor influencing SOC stocks.

Objective 2: The second objective was to assess 1) the contribution of past vegetation to the
current SOC pool in forest and plantation soils and 2) whether there is a change of SOM
composition which indicates differences in SOM sources among the land use systems

(Study 3).

Hypotheses: Based on the findings of objective 1 hypothesis b that C is preserved over a long
period of time in riparian areas due to anoxic conditions, we hypothesized that (a) there is
still a significant contribution of past forest vegetation to the SOC pool of plantations,
because rainforest litter is deposited and buried in soils and sediments. Considering that
lipids derived from plants are relatively resistant against degradation, we expect to detect

substances originally produced in the forest, in plantations soils and (b) after land-use
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change a relative decrease in litter C input leads to a relative increase in micobial biomass

and consequently to microbial necromass contribution to SOM.

Objective 3: The third objective was to determine the effects of agricultural management
practices on SOC decomposition and sequestration in oil palm plantations (Study 4). With
regard to urgently needed solutions to adapt to climate change, it was the aim to assess the
SOC decomposition mechanisms of oil palm plantations. Therefore, we compared one of
the most common management practices (mineral fertilizer and herbicide application) to a
more extensive management practice, where the amount of fertilizer was reduced and

herbicide application was substituted by mechanical weed control (Study 4).

Hypotheses: We hypothesized that (a) a high fertilization level leads to faster SOC
decomposition and, thus increased soil CO: emissions, by reducing microbial nutrient
limitation while (b) herbicide application increases SOC sequestration, as it counteracts the
fertilizers” effects by hampering soil microbial activation, due to inhibiting the enzyme
EPSPS and interfering with the shikimate synthesis pathway which is not only present in
plants but also in microorganisms. Thus, we expect decreased microbial respiration, due to

a disruption of microbial growth and activity (Study 4).

Management practic
in well-drained areas

Csequestration

3
%
%

forest-derived C
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molecular composition of SOM

s

Land-use change
’ SOC stock change

in riparian areas
Figure 1.1-4: Overview of the aspects investigated in objective 1 (SOC stocks), objective 2 (reconstruction of
C sources and SOM composition after land-use change), and objective 3 (management practices and their
impacts on SOC decomposition and sequestration).
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1.2 Material and Methods
1.2.1 STUDY AREA

The studies for this dissertation were conducted in the lowlands of Jambi Province on
Sumatra Island, Indonesia. The region has a tropical humid climate with a dry season from
April to September. The average annual rainfall is 2235 mm and the average annual
temperature of 27.6 °C (Drescher et al.,, 2016). The natural vegetation in the lowlands of
Jambi Province is dipterocarp rainforest (Laumonier, 1997). Nowadays, the region is
dominated by large rubber (Hevea brasiliensis) and oil palm (Elaeis guineensis) plantations,

which have replaced the natural forest.

All research sites in forest and on rubber and oil palm plantations were provided and
maintained by the German Research Foundation Project CRC 990: Ecological and
Socioeconomic Functions of Tropical Lowland Rainforest Transformation Systems (Sumatra,
Indonesia). 24 study plots (50 x 50 m) were selected, representing riparian and well-drained
areas and typical natural and agricultural systems of the region (Figure 1.2-1). Four
degraded primary rainforest sites (Margono et al., 2014) in riparian and four degraded
primary rainforest sites in well-drained areas served as reference sites. Research sites were
four rubber and four oil palm plantations in riparian areas and four rubber and four oil
palm plantations in well-drained areas, which varied between 8-18 years (rubber) and 10-
16 years (oil palm) in stand age (Drescher et al., 2016). Plantations in both landscape types
were managed by smallholder farmers. In the riparian areas, soils were classified as
Gleysols, Stagnosols and stagnic Acrisols (Study 2). In well-drained areas soils were
described as Acrisols with a sandy loam texture (Guillaume et al., 2015). Effects of land-use
change were assessed by comparing forests sites with rubber and oil palm monocultures
(Study 2 and 3). Effects of landscape differences were assessed by comparing riparian and

well-drained areas (Study 2).
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Figure 1.2-1: Research sites in Jambi Province. Map was produced based upon the datasets of the EFForTS
Project database and service.arcgis.com, using ESRI ArcGIS software (version 10.7.1; www.esri.com).

An additional well-drained oil palm plantation was selected to study management effects
on SOC decomposition in oil palm plantations (Study 4). This industrial oil palm plantation
was owned and managed by the state company PTPN IV close to Jambi City (1°43'8"S,
103°23'53" E). Part of the plantation is used for implemenatiom of the Oil Palm Management
Experiment by the CRC 990 project. The experimental setup was designed to determine
different management intensities and their impacts on biodiversity, soil and economic
yields. Four 50 x 50 m plots were selected with four different treatments (conventional N
vs. reduced N fertilization and glyphosate vs. mechanical weed control). The soil of this

study site was classified as an Acrisol (Darras et al., 2019).
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1.2.2 RESEARCH APPROACHES
1.2.2.1 Space-for-time substitution approach to assess effects of land-use change on

C stock

Evaluating long-term SOC stock changes would be beyond the duration of conventional
experiments and field studies. To overcome this problem, the space-for-time substitution
approach was used, which allows to examine the effects of land-use change on SOC stock
and SOM composition within a shorter time period (Faber et al., 2018; Pickett, 1989). The
concept is to identify spatial gradients which represent two or more contrasting conditions
(“space”) and symbolize past and current conditions (“time”) (Pickett, 1989). Several
studies have used this approach to investigate long-term consequences of natural
vegetation modification by humans (de Blécourt et al., 2013; Faber et al., 2018; Powers, 2004;
Rahman et al., 2018; Straaten et al., 2015). To do this, we compared sites in a degraded
primary forest (Margono et al., 2014) with rubber and oil palm plantations that were

spatially as close as possible maintain similar environmental conditions, such as the soil
type.

1.2.2.2 Stable isotopes application to assess the C decomposition status

The application of the stable isotope *C from soil depth profiles allows to evaluate the
decomposition state of SOM (Alewell et al., 2011; Guillaume et al., 2015; Kriiger et al., 2014).
OBC values were used as a measure of *C abundance relatively to 2C abundance and
calculated as the deviation from the standard reference for *C:"2C ratio of the standard
reference (Vienna PDB). In mineral soils, 8°C values increase with soil depth and soil age,
because aerobic decomposition processes dominate and lead to *C enrichment (Andreeva
et al., 2013; de Junet et al., 2005; Zang et al., 2018). However, in riparian areas, soils are
subject to wet-dry cycles and undergo alternating aerobic and anaerobic degradation,
which alters the *C fractionation with increasing depth. Decomposition under anoxic
conditions might be delayed and leads to slower *C fractionation, displayed by little
changing d°C values and therefore a uniform depth profile. If shifts to lighter 5*C values
are detected, this will hint to an enrichment of recalcitrant organic substances during
anaerobic decomposition which are depleted in *C (Alewell et al., 2011; Drollinger et al.,

2019).
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Based on the findings of Guillaume et al. (2015), who assumed 0"*C depth profiles to be a
appropriate tool for assessing erosion dynamics due to land-use change, we developed a
conceptual understanding of SOM decomposition under riparian conditions. In addition,
physical mixing and deposition of fresh material with different degrees of degradation
affect the °C signature which can also lead to abrupt 8*C changes in the depth profile (de
Junet et al., 2005; Kelleway et al., 2017). Therefore, riparian properties may lead to unique

C storage mechanisms, which are expressed as specific dynamics in the 5'*C proxy.
1.2.2.3 Free lipids as biomarkers to analyze past land uses and SOM composition

To estimate whether SOM under agricultural cultivation originates from forest or already
from plantations and to assess the SOM composition after land-use change, a multiple
biomarker approach was chosen to trace the former pool of SOM found in plantations” soils.
A “Biomarker is an organic compound with a defined structure indicative of its producer”
(Amelung et al., 2008, p. 156). Biomarkers allows to distinguish between different possible
sources of SOM, such as plants, fungi, bacteria, animals, fire and anthropogenic sources
(Amelung et al.,, 2008) and are common tools to reconstruct past land uses and/or to
understand pathways of SOC formation. In this dissertation, the focus was on biomarkers
for plant-derived C, because 1) the main source of SOC is plant-derived organic matter
(Crow et al., 2009; Kégel-Knabner, 2002) and 2) it was the aim to determine the extend to
which past forest vegetation still contributes to the SOC pool in topsoil after transformation
in agricultural plantations. Suitable compounds from epicuticular waxes produced by
vascular plants are free lipids. One typical lipid class for epicuticular waxes are n-alkanes
homologues with 24-36 carbon atoms and a strong odd-over-even predominance (OEP), as
a result of the universal polyketide (acetate, malonate) biosynthetic pathway. Because of
their long C chains, they are environmentally persistent compounds and are used as
molecular proxies in paleoclimatology (Eglinton and Eglinton, 2008). N-alkanes precursors
are fatty acids, hydroxy fatty acids, alcohols and ketones. To trace the SOC source in
plantation soils and to better understand the pathways of SOC formation we combined
alkanes, fatty acids, hydroxy, alcohols and ketones to a muti-biomarker approach. For this,
we compared soil, litter and root samples from forest, rubber and oil plantations and

determined the free lipid fingerprint change after conversion. For the vegetation
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reconstruction of the paleo-horizon of one of the forest profiles forest litter and roots

samples were used as references.

1.2.2.4 Priming experiment to assess SOC decomposition under different

management practices

Based on the oil palm management field experiment conducted by the CRC 990, we
performed a laboratory experiment under controlled conditions to gain a mechanistic
understanding of SOC decomposition under four different management practices. The four
management practices were: 1) a conventional fertilization level + herbicide application, 2)
conventional fertilization level + mechanical weeding, 3) a reduced fertilization level +
herbicide and 4) a reduced fertilization level + mechanical weeding. Fertilizer and herbicide
are applied to the WC. IR also receive herbicide for weed control, but no fertilizer (details

on fertilization levels see Study 4, 2.4.3).

Soil from WC and IR was incubated for 33 days and was treated accordingly to field
experiment conditions with two different levels of NPK fertilizer and glyphosate (Study 4,
2.4.3.3). In the incubation experiment organic input is simulated by adding glucose, as it is
the most often released sugar from rhizodepositis (Derrien et al., 2007). To distinguish
between nutrient release and SOC decompositon from the added substsance and from
SOM,, the glucose was *“C-labelled. We triggered so-called priming effects (PE), a short-term
change in SOM turnover. The PE is a response after glucose amendement and therefore a
comparison with a control group without easily-available C amendement is needed to
measure and calculate PE (more details Study 4, 2.4.3.5). The concept of priming
experiments allows us to develop a mechanistic understanding of processes of nutrient

release, SOM turnover and C stabilization under agricultural use.
1.2.2.5 Field sampling

In total two sample sets were collected between July and September 2016 in Jambi Province.

Sample set one — C stock, stable isotopes, free lipids in riparian areas: The soil was sampled from

four forest, four rubber and four oil palm plantation sites. The samples were collected by
different depth intervals from the soil profile. The depth intervals were 0-5 cm, 5-10 cm, 10-
20 cm, 20-30 cm, 30-50 cm, 50-70 cm, 70-90 cm and 90-100 cm. Accordingly to these depth

intervals, soil rings were inserted horizontally for bulk density determination. Bulk density
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data consisted of five replicates per site and soil depth interval. Based on this soil material
C stock calculation, stable isotopes and free lipid determinations were performed.
Additionally, litter from all sites was sampled. Roots from 10 cm soil depth in all three land-
use types were sampled by another research group and later used as free lipid reference

material.

Soil profiles in well-drained areas were 50-60 cm deep and already described and sampled

horizon-based in 2012 during a previous doctoral thesis (Guillaume, 2015).

Sample set two — SOC decomposition experiment: The soil was sampled from a state-owned and
managed industrial oil palm plantation (PTPN VI). To cover the representative areas of the
plantation composite samples were collected in the IR between the palm rows and the WC,
1-2 m around the palm stem. Samples were collected from 0-10 and 10-30 cm soil depth and
later mixed to gain one sample, covering the first 30 cm of soil depth, for the soil incubation
experiment. These locations were always sampled under the four different management
practices (Study 4, Figure 2.4-1). Additionally, bulk density samples from the topsoil were
collected to derive soil density needed in incubation jars for the SOM decomposition

experiment.
1.2.2.6 Analytical methods

Carbon (C) and Nitrogen (N) content (%)

Sample set one was dried for two weeks at 40°C, sieved to 2 mm and ground. Sample
aliquots were weighed into tin capsules for organic carbon (OC) and total N analysis.
Because inorganic C content was found neglectable on the research sites, total C
corresponds to organic C. Measurement was performed by a Vario el cube (Elementar,

Langenselbold, Germany) at the Georg-August-University Gottingen.

Stable isotope analysis

Dried soil sample aliquots of set one (two weeks at 40°C) were sieved to 2 mm, ground and
weighed into tin capsules. For determining the natural abundance of *C isotopes, the ratio
of BC:2C was examined by using an Elemental Analyser (NA1110, CE-Instruments,
Rodano, Milano, Italy) coupled via a ConFlow III to an isotope ratio mass spectrometer

(IRMS) (Delta Plus, Finnigan MAT, Bremen, Germany). *C abundance is expressed in the
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013C notation in per mille (%o) which describes the ratio of *C:2C abundance relatively to

the international PDB limestone standard (Craig, 1953).

CO: measurements: natural abundance and C labelled samples

CO: from incubated soil of the sample set two was sampled by trapping it in NaOH
solution. After collection, the samples were stored at -20°C. The amount of C in NaOH was
measured by a 2100 TOC/TIC analyzer (Analytik Jena, Jena, Germany) in an aliquot of 0.2
ml with a 1:15 dilution. “C activity in “C-glucose labelled samples was measured by a
liquid scintillation counter (300 SL Hidex, Turku, Finland). For this, 0.3 ml of the NaOH
solution was mixed with 2 ml of the ROTISZINT LSC-universal scintillation cocktail (Carl

Roth, Karlsruhe, Germany).

Quantification of microbial abundance

To extract the total genomic DNA from incubated soil the FastDNA Spin Kit for soil (MP
Biomedicals, Santa Ana, USA) was used, following the manufacturer’s instructions. The
extracted DNA was quantified with a NP80 NanoPhotometer (Implen, Munich, Germany).
Carbon in microbial biomass was estimated by multiplying the dSDNA with the correction

factor 5.0 (Anderson and Martens, 2013).

Free lipid extraction

The extraction of free lipids was performed based on the extraction methods developed by
Birk et al. (2012) and was combined with integrating elements suggested by Wiesenberg et
al. (2004). 10 g of dried and ground soil and 3 g of dried roots and litter were weighed in
for free lipid extraction by a Soxhlet apparatus. Extracted free lipids, were spiked with
internal standards (hexatriacontane for n-alkanes, 2-pentadecanone for ketones, 1-
nonadecanol for n-alkanols, nervonic acid for fatty acids, 12-OH stearic acid for hydroxy
fatty acids). The extracts were then separated into the neutral and acid fraction. The neutral
fraction was purified and separated into n-alkane and ketons (together with n-alcohols and
aromatic) fractions by solid phase extraction (SPE) with high purity silica gel. The acid
fraction was methylated to fatty acid methyl esters (FAMESs), purified and separated into
the fatty acid and hydroxy fatty acid fraction. Subsequently, the ketone and hydroxy fatty
acid fractions were acetylated. The samples were then measured by gas chromatography
on an Agilent 7890A GC, which was coupled to an Agilent 7000A triple quadrupole mass

spectrometer (Agilent, Waldbronn, Germany). External standards for all lipid fractions
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were methylated and/or acetylated according to the corresponding samples and used for

later substance quantification.

Soil physical analyses

Bulk Density (g cm) was calculated from oven dried (weighed and dried at 105°C until
constant weight) undisturbed soil rings (100 cm?®) collected from the respective soil depth
intervals. Soil texture was determined by applying an adapted method based on Atterberg
for the complete recovery of individual grain fractions (1912). Before the analysis, humus

and iron oxides were removed by using sodium dithionite.

1.3 Results and Discussion

This chapter is divided into the following sections: First, I present an overview of the main
results of the single studies (Table 1.3-1). Second, the findings of the individual studies are
presented and discussed with a special focus on the objectives of this thesis and with the

aim to combine their results and conclusions.

Table 1.3-1: Overview of studies included in this thesis with main objectives, results, and conclusions

Study Objectives Main results/conclusions

Study 1: Flooding and
land-use change in Jambi
Province, Sumatra:
integrating local
knowledge and scientific
enquiry

analyze local
precipitation patterns
for changes over the last
decades

assess whether soil bulk
densities, water
infiltration capacities,
and groundwater levels
of oil palm and rubber
plantations differ from
forests and less
intensively managed
reference systems

investigate whether
forest conversion in
wetland areas has
further contributed to
an alteration of flooding
regimes

water levels of the Tembesi river increased
significantly during the last two decades

alterations in rainfall patterns may only partly
explain changes in water levels

increased soil bulk densities and lower
saturated hydraulic conductivities reduced
water infiltration rates in monocultural
plantations and contribute significantly to
higher surface runoff

ecohydrological changes are likely to contribute
to an increase of flood occurrence

Study 2: Riparian wetland
properties counter the effect
of land use change on soil
carbon stocks after

quantify SOC losses in
riparian areas after land-
use change from forest to

013C depth profiles are highly heterogenous in
riparian areas
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rainforest conversion to
plantations

oil palm and rubber
plantations

determine whether land-
use change has
comparable impacts on
riparian and well-drained
areas

develop a conceptional
understanding of C
sequestration and storage
in riparian areas to
disentangle SOM
decomposition from
erosion losses and
deposition

specific geomorphic conditions in riparian areas
counter land-use effects through two dominant
processes:

C preservation due to oxygen-limited
mineralization under alternating oxic and anoxic
conditions and

input and accumulation of allochthonous organic
materials with various decomposition degree

Study 3: Reconstructing
the sources of soil organic
matter after land-use
change in Indonesia using
a multiple biomarker
approach

reveal contribtion of past
vegetation to the current
SOC pool

determine changes in
SOM composition in
rubber and oil palm
plantations

combination of multiple biomarkers reveals that C
input from past forest vegetation still substiantially
contributes to the plantations” SOC pool

the fatty acid 115:0 indicates microbial necromass as
an important C source

odd-over-even predominance and average chain
length as additional indicators hint at a dominance
of plant-orginating C

the change of SOM composition of n-fatty acids 27:0
and 29:0 highlights the importance of microbial
biomass by transforming OM during decomposition

Study 4: Intensive
management practices in
oil palm plantations and
the impact to soil organic
matter (SOM) decom-
position

gain a mechanistic
understanding about the
impact of common
agricultural management
practices on SOC
decomposition in oil palm
plantations

determine whether
accelerated SOC
decomposition is caused
by N fertilization

examine whether
herbicide application
increases soil organic
carbon (SOC)
sequestration, by
hampering soil microbial
activity via the
deactivation of the
shikimate pathway thus
leading to decreased
microbial respiration

higher NPK level caused microbial activation

higher NPK level destabilized SOC by priming,
resulting in increased CO:2 efflux

Glyphosate intensified microbial activity
lower NPK levels and no glyphosate application

reduced SOC decomposition i.e., less negative
priming effect
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1.3.1 LAND-USE CHANGE AND RIPARIAN EFFECTS ON SOIL PHYSICAL
PROPERTIES
Changing groundwater tables (GWT) in riparian areas and soil compaction as a
consequence of forest conversion can strongly influence soil properties. Groundwater
tables (GWT) between 2017 and 2019 in riparian areas were higher in forest sites (55 cm, *
27 cm below the soil surface) than in rubber (103 cm, + 39 cm) or oil palm (124 cm, + 50 cm)
plantations. GWT in plantations, however, had higher amplitudes compared to GWT in
the forest. Amplitudes ranged between 150 cm in plantations and a maximum of 50 cm in
forests within a few hours after rainfall. Higher amplitudes of GWT in oil palm and rubber
plantations compared to forests hint at a reduced flood control due to retarded water
infiltration and lower saturated hydraulic conductivity (Ks) after land-use change (Study
1). Soil compaction, due to heavy machinery used for deforestation and later harvest
activities, can significantly reduce the saturated hydraulic conductivities (Pachepsky and
Park, 2015, Hassler et al., 2011). In line with this, bulk densities increased after land-use
change, with 1.3-fold higher bulk densities in rubber and oil palm plantations” topsoils than
in forest topsoils (Study 1). Bulk densities in the subsoil (30-50 cm) of plantations and
forests, however, were similar and did not show a compaction after land-use change. This
corresponds with a previous study in this region (de Blécourt et al., 2013) and agrees with
the assumption that the first 30 cm of soil are particularly affected by land-use changes (e.g.,
Chiti et al., 2014; Don et al., 2011; Guillaume et al., 2015). The soil compaction in the topsoil,
however, is sufficient to affect long term soil hydraulic properties such as hydraulic
conductivity, permeability and porosity, when topsoil bulk densities reach a value of
around 1.36 g cm? (Pachepsky and Park, 2015). More than 30% of the assessed oil palm and
rubber plantations exceed this threshold (Study 1). K& measurements in an oil palm
monoculture plantation (6.5 + 1.7 cm h*!, n = 4) were three times lower than in an oil palm
plantation, which was enriched with trees (biodiversity enrichment experiment: 22.6 + 2.6
cm h, n = 33), implying high surface runoff in monocultures and enhanced water
permeability under more diverse and natural conditions (Study 1). In combination with
higher amplitudes of GWT in plantations than in forests, we conclude that rubber and oil

palm plantations are more prone to flooding after rainfall events than forests (Study 1).
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1.3.2 LAND-USE CHANGE AND RIPARIAN EFFECTS ON SOC STOCKS AND
DECOMPOSITION

These changes in soil physical properties are partly the result of forest conversion to

plantations, but also strongly associated with riparian-specific characteristics such as

changing water tables, fluctuating water saturation and anoxic conditions, and

sedimentation. Riparian properties have strong impacts on soil C stocks after land-use

change.

SOC stocks are known to be strongly reduced after forest conversion to plantations (Don et
al,, 2011; Guillaume et al., 2015; Rahman et al., 2018). In riparian areas, however, riparian-
specific properties counteract the effect of land-use change on SOC stocks (Study 2).
Average soil C stock losses from the upper 30 cm were about 14% and 4% following
conversion of riparian forest to rubber and oil palm plantations, respectively, indicating a
high resistance of sequestered C to mineralization. In contrast, well-drained sites in the
same region lost 24% SOC after conversion to rubber and 22% after conversion to oil palm
plantations (Study 2). This contradicts the hypothesis 1b that SOC losses in riparian areas

are higher than in well-drained areas.

Lower SOC losses after conversion in riparian areas are likely the results of two main
factors: first, alternating oxic and anoxic conditions as a result of high GWTs, high
amplitudes and periodical flooding retard and slow down SOC decomposition (Alewell et
al.,, 2011; Drollinger et al., 2019) and second, increased flood frequency and intensity, due
to high bulk densities and high GWT as well as low water infiltration (Bruijnzeel, 2004), can
lead to increased surface runoff and to substantial erosion and deposition events. As a
consequence of this material transport, organic matter can be moved in and out of the
riparian system (Study 2). Abrupt changes in soil particle size and buried C-rich layers in
the riparian areas (Figure 1.1-2) support that soil material transport in form of

sedimentation and erosion takes place (Study 2).

Depth profiles of natural *C abundances support that soil material transport, caused by
periodical flooding, plays a role in riparian areas. Single dC depth profiles in the
plantations show a strong erratic and irregular pattern with increasing soil depth
(Appendix, A 2.2-4), which hints at erosion and deposition events, bringing organic matter

from various sources to the plantations (Davies et al., 2012). This shows that riparian areas
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are highly variable landscapes and that statements about sedimentation can be made
primarily at the catchment level. Hence, it should be considered that sedimentation can
play a distinct role in SOC input and loss but to better disentangle the influence of
sedimentation processes and land-use change another research approach should be
employed, i.e., collecting sediment loads in sediment traps and mesh bags or by installing

erosion pins.

The elucidation of SOC decomposition processes is based on the assumption that C content
and 0BC values in the plantations” subsoils were similar to the forest subsoil, prior to
conversion and that after erosional loss of the upper soil layer, subsoil C content and 6'*C
values were vertically shifted towards the surface (Guillaume et al., 2015). To apply and
verify this theory for soils in riparian areas, we compared d°C patterns down to 1 m soil
depth between forests, rubber and oil palm plantations in riparian and in well-drained

areas (Figure 1.3-1).
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Figure 1.3-1: 6"C depth profiles in riparian (solid lines) and well-drained areas (dashed lines). 5©C values at
fixed depth represent means (in riparian forest n=3, well-drained forest and in all plantations n=4). Error bars
indicate the standard error of the mean.

Riparian forests and plantations differed strongly in their isotopic signatures in the top-
and the subsoil. The *C values in the riparian forest topsoil s were on average 2.5%o lower

than in the plantations, indicating that more enriched C is shifted to the soil surface after
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conversion, induced by soil material transportation as Guillaume et al. (2015) suggested
and what can be recognized when comparing the topsoils of well-drained forest and
plantations (Figure 1.3-1). Down the soil profile riparian forests had more negative 6'*C
values, varying between -29.3%o and -28.1%0 with a more uniform depth profile than
riparian plantations. In riparian rubber and oil palm plantations, however, turning points
were found at 25 and 7.5 cm depth, respectively, where the d*°C pattern shifted to lower

values.

Riparian forest profiles showed a uniform d**C pattern down to 1 m, which is common
under constant water-saturated conditions and typical when anaerobic decomposition
processes dominate, respectively, when *C fractionation is slowed down (Alewell et al.,
2011; Drollinger et al., 2019). Further, the turning points in d'*C patterns of rubber and oil
palm plantations indicate a change from aerobic to anaerobic decomposition where more
recalcitrant organic substances could be enriched (Alewell et al., 2011).13C-depleted
substances that decompose slowly such as lignin and/or lipids, are likely preserved under
the anoxic conditions in the deeper soil layers. However, in plantations subsoils, slightly
fluctuating d**C patterns between higher and lower 5'*C values were stated. These more
heterogeneous patterns support the interpretation of alternating dry-wet cycles (Broder et
al., 2012; Loisel et al., 2009) due to changing GWT (Study 1) and periodical flooding leading

to alternating aerobic and anaerobic SOC decomposition.

In contrast to the subsoils, the topsoils in both riparian plantation types are likely
dominated by aerobic decomposition, as indicated by 3C enrichment in the top 10 and 20
cm, respectively. For the topsoils, we assume an effect of land-use change, indicated by
2.5%0 higher d°C values in the topsoils of plantations where the topsoil has been well-
drained during conversion than in the forest. These findings agree with Guillaume et al.
(2015) who found that more enriched C is shifted to the soil surface after conversion, caused
by erosion after land-use change. This effect can only be stated for the topsoil, and is in line
with findings from Don et al. (2011) and Chiti et al. (2014) that land-use change primarily
affects the upper 30-40 cm. The 8°C values in riparian forest and plantations” subsoils, on
the contrary, should be similar as was clearly shown for well-drained areas (Guillaume et

al., 2015), but which does not hold true in the riparian areas. Hence, we concluded, that
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alternating oxic and anoxic conditions strongly drive the formation of the "C depth

profiles in riparian plantations (Study 2).
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Figure 1.3-2: Impact of riparian forest conversion in combination with specific ecosystem
characteristics on 6C distribution on soil depth, separated in decomposition and erosion
effects in well-drained areas (left) and decomposition and deposition as well as alter-
nating oxic and anoxic conditions in riparian areas (vight).

Based on the results it can be stated that riparian-specific processes counter the expected
land-use change effect and dominate the fate of SOC storage in riparian soils due to the
following two porcesses: first, alternating oxic and anoxic conditions and second, input and
accumulation of allochthonous organic materials with various decomposition degree
(Figure 1.3-2). The preservation of C due to oxygen-limited mineralization and
sedimentation as a pathway of C input in plantations, may be the reasons for a smaller
impact of land-use change on SOC stocks than expected. The conclusion that riparian areas
are more resilient towards SOC losses seems to be obvious, however, one should not forget
that riparian areas, especially if drained similar to peatlands, have a high C loss potential,

when considering high subsoil C amounts in buried C-rich layers.

1.3.3 RECONSTRUCTING SOC SOURCES IN BURIED SOIL LAYERS
Buried soil layers are found in forests as well as plantation soils (Figure 1.1-2) and represent

a characteristic feature of soils in riparian areas. They are often enriched in C (e.g., SOC
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content of 8% at a depth from 70-100 cm). To identify the SOC source of the buried layer in
the riparian forest (Figure 1.1-2), n-alkanes were used as biomarkers for grass and trees.
There was clear evidence that the buried layer from the forest originates from grass and/or
herbs and not from forest tree vegetation, because of the clear dominance of Csi- and Css-
alkanes over Czr and Cz, which are assigned to grass and herb origin (Zech et al., 2009).
This dominance is visible in the n-alkane distribution of the buried soil layer. In upper
layers Cs1 and Css also have a dominance over Czz and Cz, which is less pronounced
compared to the buried layer. Buried layers are mostly a result of sedimentation processes
(Shakhmatova and Korsunov, 2008; Zech et al., 2012), underlining the conclusion from
Study 2, that sedimentation as a landscape-specific process in riparian areas affects SOC
stocks. Further, the odd-over-even predominance (OEP) of the buried layer in the forest
was about a value of 9 and more similar to the topsoil value of 7.5 than to the value of 3.5
in the 40-60 cm subsoil layer. An OEP > 5 displays less degradation and is attributed to fresh
undegraded plant leaf waxes (Zech et al., 2012). Therefore, it was concluded that C is highly
preserved in the buried layer, because of the gleysol characteristics, i.e., a high water table

and a delayed decomposition due to anoxic conditions.
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Figure 1.3-3: n-alkanes distribution in the forest profile with a buried layer. Clear dominance of Cs1 and Cs3
compared to C27 and Cz9
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1.3.4 CONTRIBUTION OF FOREST VEGETATION TO THE CURRENT SOC
POOL AND CHANGE OF SOM COMPOSITION
Given that riparian properties still influence SOC stocks and that C input is massively
reduced after land-use change (Study 2), it was 1) the aim to determine the pools of origin
of SOM constituents and 2) the change of SOM composition and its transformation after
forest conversion to plantations (Study 3). Based on a non-metric multidimensional scaling
(NMDS) (Study 3, Figure 2.3-1) and an indicator species analysis, specific substances of n-
alkanes, n-fatty acids and hydroxy fatty acids were identified (Table 1.3-2) that displayed
the contribution of past vegetation to the SOC pool in rubber and oil palm plantations. Some
of the indicator substances, however, are also commonly known as biomarkers for fungal
and microbial origin, such as the fatty acids i15:0 and 18:2w6,9. Therefore, it was necessary
to consider microbial transformation of lipids originally derived from plants and lipids

originally derived from microbial biomass.

Table 1.3-2: Indicator Substances identified by Indicator Species Analysis (Study 3). Denominations in
brackets represent the single or the group of C pool(s) or land-use type(s), which were separated from all other
C pools by the Indicator Species Analysis. No indicator substances were found in the alcohols/ketons fraction,
which indicates that this fraction is not suitable for tracing C sources.

n-alkanes n-fatty acids hydroxy fatty and Di- acids alcohols/ketones
Cos i15:0 16-OH-16:0 -
(oil palm soil) (oil palm / rubber soil) (oil palm / rubber soil)
Cst 18:26,9 2-OH-24:0
(forest soil, rubber litter/soil)  (Forest litter/roots, Oil palm (Oil Palm roots)
soil, Rubber litter/ roots)
24:0 16-Di-COOH-16:0
(Forest soil, Oil palm (Forest soil, Oil palm soil, Rubber
litter/roots, Rubber soil) soil)
27:0
(Forest soil, Oil palm soil,
Rubber soil)
28:0
(Forest soil, Oil palm litter,
Rubber soil)
29:0

(Forest soil, Oil palm litter/
soil, Rubber soil)

Long-chain n-alkanes found as indicator substances were Czs and Csi (Table 1.3-2). They
could not be detected in root samples (Figure 1.3-4 a/b), but in litter and soil samples,
confirming their origin from leaf waxes (Eglinton and Hamilton, 1967). The relative
abundance of Czs in 0il palm topsoil tended to be higher as it was 9%, and about 2.3-fold
and 4-fold higher than in forest and rubber topsoil, respectively, hinting at relatively lower

decomposition of organic material than under forest vegetation and rubber cultivation
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(Figure 1.3-4a). Since there were no significant differences between forest soils and
plantation soils, we conclude a contribution of the forest SOC pool to the current SOC pool
in plantations. Cs1 made up a substantial proportion of rubber and oil palm litter (28% and
17%). Nguyen Tu et al. (2011), however, found litter contamination with long-chain n-
alkanes caused by microbial residues, which suggests that at least Cs1 might be partly
derived from leaf colonizing bacteria and/or fungi. A strong argument for plant origin and
against microbial transformation of n-alkanes however is that soil samples have a clear OEP
in the range of C to Cs1 and long average chain lengths (ACL) (Study 3, Table 2.3-2). N-
alkanes produced by many bacteria, on the contrary, show a distribution pattern ranging
from Ci1 to Css without any OEP and are dominated by shorter ACLs (Bush and McInerney,
2013; Ladygina et al., 2006). N-alkane patterns in soils in all three land-use types revealed a
strong dominance of Cs1 and Css over C2r and Ca. Because Cs1 and Css characterize grasses
and herbs as C sources (Zech et al., 2012), it is assumed that litter-based C inputs to soils in
all three land use types are dominated by herbs and grasses rather than trees and shrubs.
Since a dense herb layer covers the soil in tropical forests, we consider higher Csi1 and Css
than Cz and C concentrations to be reasonable under forest. The same holds true for
rubber plantations, that are often covered with grass. Oil palm plantations, however, often
have bare soil and sometimes fragmented grass vegetation. This is probably reflected by a
less pronounced dominance of Csi1 and Css compared to C2z and Cz9 than under forest and

rubber (Study 3, Figure 2.3-5).
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Figure 1.3-4: Plant-derived indicator biomarkers. Boxplots show medians, interquartiles distances and extreme
values, which are displayed as bold lines, boxes with whiskers and dots, respectively. Litter, roots and soil C
pools are separated by grey lines. Different letters indicate significant differences according to One-Way
ANOVA with TukeyHSD post-hoc comparison (p < 0.05).

Like long-chain n-alkanes, long-chain n-fatty acids are associated with plant origin
(Harwood and Russel, 1984; Heinrich et al., 2015). The relative abundances of n-fatty acids
24:0 and 28:0 in oil palm litter accounted for ~13% and ~23% of the total oil palm litter
fraction, respectively (Figure 1.3-4 c/e), showing a trend toward higher abundances than in
forest or rubber litter. 24:0 in oil palm roots made up ~ 18% of the total fraction, showing as
well a trend toward higher abundances than in forest and rubber roots (Figure 1.3-4 c).
However, the pattern was vice versa in the topsoil with lowest relative contents in oil palm,
indicating a stronger decomposition of the plant-derived 24:0 fatty acid in the topsoil of oil
palm plantations than in rubber plantations” and forest topsoil. To prevent complete

depletion of 24:0 and 28:0 by continuous decomposition, there must be an ongoing
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replenishment of these n-fatty acids by litter and roots, which is likely due to high

abundances in these pools.

From the hydroxy fatty acid fraction, 16-OH-22:0 was found to separate oil palm and rubber
soil and the di-acid 16-Di-COOH-16:0 was found to separate soils from litter and roots in
all sites (Table 1.3-2). These components are suberin components and are root-associated
(Pollard et al., 2008). Both substances have relatively high abundances in topsoils of all three
land-use types. 16-OH-22:0 ranged between 16% in forest and 31% in rubber topsoil and
16-Di-COOH-16:0 varied between 15% in forest and 29% in oil palm soil of the total shares
(Figure 1.3-4 g/h). Relative abundances of 16-OH-22:0 and 16-Di-COOH-16:0 in root
samples were about 3% and 7% in forest roots and 17% and 5% in rubber roots. Both
substances were not detected in oil palm roots. Thus, we cannot state an input by oil palm
plant material. In forest litter samples relative abundances of 16-OH-16:0 and 16-Di-COOH-
16:0 were 3% and 7%, respectively and in rubber litter both substances had a proportion of
0.04%. Both substances were not detected in oil palm litter. We consequently assume that
16-OH-16:0 and 16-Di-COOH-16:0 in oil palm topsoils were derived from forest sources,
especially because of their presence in similar relative abundances in forest soils (Figure
1.3-4 g/h). Thereby, 16-OH-16:0 and 16-Di-COOH-16:0 meet the requirement for a forest-
specific biomarker for oil palm, that the substance should be present in forest litter and/or
roots and soil, but not in o0il palm and rubber litter and roots, i.e., the new organic matter
input to plantation soils (Objective 2, Hypothesis b.) The high relative proportions in
topsoils of all land —use types suggest an enrichment of these more recalcitrant compounds,
while more easily decomposable lipids have already been degraded (Krull et al., 2003;
Lorenz et al, 2007). For rubber plantations however, this interpretation of suberin
accumulation and SOM degradation does not hold true, since there is a substantial amount
of 16-OH-16:0 in rubber roots, excluding a contribution of forest vegetation as only possible

source.

1.3.5 TRANSFORMATION OF PLANT-DERIVED LIPID FINGERPRINTS BY
MICROORGANISMS

The odd-numbered n-fatty acids 27:0 and 29:0 had similar patterns since no content could

be found in all root samples and in rubber litter (Figure 1.3-4d/f). Both substances had

similar relative abundances in forest litter (~1% of 27:0 and 1.5% of 29:0) and slightly higher
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relative abundances in oil palm litter (2.5% of 27:0 and 4% of 29:0). Relative abundances of
27:0 in topsoils were within the same range (between 4% and 6%). The n-fatty facid 29:0
varied between 4% and 5% in topsoils of all three land-use types. In contrast to the n-fatty
acids 24:0 and 28:0, relative abundances of 29:0 in oil palm topsoil were not lower than in
forest and rubber topsoil, suggesting no increased decomposition after forest conversion
Figure 1.3-4 c¢/d/e/f). Although long-chain lipids are plant-associated, odd-chain fatty acids,
such as 27:0 and 29:0, are no classical compounds of plant litter or roots but rather the
product of microbial transformation of even-chain plant-derived fatty acids (Dippold and
Kuzyakov, 2016). The low proportions in forest litter and the absence of 27:0 and 29:0 in
rubber litter confirm this assumption. However, for 27:0 in oil palm litter, we cannot state
this. Since proportions of both substances represent substantial constituents in topsoils of
all three land-use types, it confirms the idea that they might be a product of microbial
transformation in soils, leading to their accumulation. 27:0 and 29:0, are long-chain n-fatty
acids, and are more resistant than short-chain fatty acids to further microbial
decomposition. Similar to the n-alkanes Czs and Cai it also must be considered for the n-
fatty acids 27:0 and 29:0 that they can be partly derived from leaf-colonizing microbial
residues, based on findings of Nguyen Tu et al. (2011). This assumption of litter colonization
by microbial residues is further supported by high Cie:1+2 *C 160! ratios (> 0.1) in root samples
(Study 3, Table 2.3-2), which indicate the contribution of microbial-derived compounds to
the total fatty acid fraction, since Cie1+2 fatty acids are common constituents of microbial
tissues (Wiesenberg et al.,, 2010). However, n-fatty acids have a clear even-over-odd
predominance (EOP) (Study 3, Figure 2.3-6) pattern, in contrast to n-alkanes which have an
OEP, confirming the interpretation that 27:0 and 29:0 are rather products of microbial
transformation than derived from microbial biomass colonization on leaves (Kollattukudy,

1980).

1.3.6 MICROBIAL CONTRIBUTION TO THE CURRENT SOC POOL

The fatty acid i15:0 was found to be indicative for rubber and oil palm topsoil (Figure
1.3-5a). It is a fatty acid commonly known as a biomarker for gram-positive bacteria and
therefore from microbial origin (Osipov and Turova, 1997; Ritchie et al., 2000). This was
confirmed by its absence in litter and root samples of all three land-use types (Figure 1.3-5a).
Because i15:0 was found as free fatty acid in soil, although commonly extracted from

phospholipids, it points towards the input by microbial necromass that contributed to SOM
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(Study 3). Low in degradability, gram-positive necromass, and mainly their cell envelopes,
accumulates in topsoil with time. This might be here indicative for an relative accumulation
of microbial necromass as Ludwig et al. (2015) found microbial mass (biomass and
necromass) to be significant source for stable SOM in arable land. This agrees with the
finding that microbial necromass accounts for a greater proportion of new SOC formation
than non-microbial necromass in soils after land-use change and subsequent perennial
grassland for bioenergy crop production (Zhu et al., 2020). This finding hints at another
pathway of SOC formation, the so-called in-vivo microbial turnover pathway. Despite the
fact that plants provide the initial input of C to soil via litter and root exudation, it means
that the turnover of organic substances occurred via cell uptake-biosynthesis-growth and

death, which results in the long-term accumulation and stabilization of microbial-derived

C (Liang et al., 2017).
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Figure 1.3-5: a) Microbial-derived biomarker. Boxplots show medians, interquartiles distances and extreme
values, which are displayed as bold lines, boxes with whiskers and dots, respectively. Litter, roots and soil C
pools are separated by grey lines. No significant difference (ns) could be found according to One-Way ANOVA
(p <0.05) and b) Indicator biomarker for fungi or plant origin. Boxplots show medians, interquartiles distances
and extreme values, which are displayed as bold lines, boxes with whiskers and dots, respectively. Litter, roots

and soil C pools are separated by grey lines. No significant difference (ns) could be found according to One-
Way ANOVA (p <0.05).

However, other fatty acids, such as 18:2w6,9, are metabolized much more rapidly, reflecting
the fast turnover of microbial biomass. 18:206,9 is not present in forest and rubber topsoils,
but accumulates in oil palm topsoil (Figure 1.3-5b). Further, the relative abundances of
18:206,9 range between 1% and 8% in litter and root samples in all land-use types,
indicating an origin from plant membranes and not only from fungi. The fact that it
accumulates in topsoil of oil palm plantations but not in forest and rubber plantations

requires to consider different ongoing microbial processes: first, we can speculate about a
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shift in microbial community composition towards fungi upon conversion to oil palm
plantations as it was also found in well-drained plantations (Krashevska et al., 2018, 2015)
Second, the microbial community might have a weaker capability to decompose lipid
compounds. Obstacles hampering the microbial community to degrade 18:206,9 can be
quality differences of forest, rubber and oil palm litter. It was found that element ratios
(CN,P) as well as lignin concentrations changed with the change in litter type (from forest
to plantations). With these changes a change in bacterial, fungal and testate amoebae
composition occured, which negatively affected litter decomposition rates (Krashevska et
al., 2018), which our data would confirm for oil palm but not for rubber plantations, because
in rubber plantations decompistion processes seems to be unaffected compared to oil palm
plantatations where 18:206,9 relatively accumulates in topsoil. Since forest soils without
fungi, and thus dead fungal cells releasing 18:2w6,9, is highly unlikely, it must be said that
the absence of 18:2w6,9 in forest soil can most likely only be attributed to the rapid

decomposition by microorganisms.

Combining multiple biomarkers, such as n-alkanes, n-fatty acids and hydroxy fatty acids
help to disentangle a complex system of pathways of SOC formation. Single biomarkers,
such as i15:0, indicate microbial necromass as an important C source. Long-chain lipids and
molecular proxies showed the importance of plant-derived C input into soil, however the
change of SOM composition shown by 27:0 and 29:0 highlighted the importance of

microbial biomass by transforming OM during decomposition.

1.3.7 SOC DECOMPOSITION UNDER DIFFERENT MANAGEMENT REGIMES
Microorganisms not only play a crucial role in sequestering C in soil, as described above,
they are also essential for SOC decomposition and subsequent CO: emissions from soil to
the atmosphere. One of the urgent questions to answer, in terms of a sustainable
agricultural use and adapting to climate change, is what effects agricultural management
practices have on SOC decomposition (Hutchinson et al., 2007). Soils from two contrasting
management practices (conventional NPK level and glyphosate and reduced NPK level
with mechanical weeding as weed control) and from two management zones (WC and IR)
were investigated under controlled conditions to gain a mechanistic understanding about
the impact of one of the most common agricultural management practices on SOM

decomposition (more details about the study design can be found in Figure 2.4-1, in chapter
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1.2.2.4 and in Study 4, chapter 2.4.3). Highest CO: emissions were measured from WC
under conventional NPK level with glyphosate application (0.04 mg CO: g day™) (Study
4, Figure 2.4-2). CO: efflux from soils in WC were always significantly higher than from IR
across all management regimes, which differed not significantly from each other (Study 4,
Figure 2.4-2). CO: emissions were four times higher from soil from the WC with
conventional fertilizer level and herbicide application than in the corresponding IR. Higher
CO: emissions under conventional NPK amendment indicate increased microbial activity,
due to enhanced nutrient availability (Marschner et al., 2003). This is in line with the
hypothesis 3a that a high fertilization level leads to higher microbial activity, and thus,
increased soil CO:z emissions. The absence of glyphosate decreased COzemissions and thus
SOC decomposition, while glyphosate application in combination with high amounts of
fertilizers led to higher microbial activity and CO2 emissions, contradicting our expectations
Study 4, Figure 2.4-2). Glyphosate had a positive effect on microbial activity because it
probably served as an additional C source for microorganisms. This effect has been
reported before, particularly after several years of repeated glyphosate application (Aratjo
et al., 2003; Busse et al., 2001), which is consistent with the conditions on the oil palm
plantation under investigation. Further, the concentration of glyphosate applied, seemed to
play a distinct role influencing microbial activity and thus respiration: There are several
studies showing an increase or a decrease of microbial respiration after glyphosate
application (Abood et al., 2015; Duke et al., 2012; Guijarro et al., 2018; Haney et al., 2000).
The studies, however, varied strongly in applied glyphosate concentration, repeated
amendments and experimental design. Nguyen et al., (2016) determined a threshold of 200
mg kg soil of glyphosate, above which soil microbial respiration increased. Since
glyphosate concentration in this laboratory experiment was 375 mg kg, resembling field
application conditions, those findings agree with our interpretation that glyphosate rather
stimulates than lowers microbial activity. The metabolic quotient (gCO:) supports this
interpretation, since it tended to be higher in WC with glyphosate application compared to
WC without glyphosate application (Study 4, Figure 2.4-3). Additionally, fertilizer itself and
soil properties influence the effect of glyphosate on microbial activity: first, phosphate from
fertilizer compete for the same sorption sites on soil particles (Jonge and Jonge, 1999;
Munira et al., 2018). When fertilizer and glyphosate are applied at the first time this effect

is especially strong, because pre-sorbed phosphate occupies sorption sites otherweise
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available to glyphosate (Gimsing et al., 2007; Munira et al., 2018). Further, soils like sandy
loam Acrisols exacerbate this phenomenon, by providing only a reduced number of
sorption sites compared to fine textured soils, which would have slowed down glyphosate
degradation (Guijarro et al., 2018). Thus, due to the reduced number of sorption sites in our
soil, glyphosate is available for microbial decomposition processes, thus we assume no
systemtic inhibition of microbial activity caused by glyphosate application. Second, the soil
samples from the oil palm plantation had pH-values between 4.8 and 5.3, clearly
highlighting acidic soil conditions. Soil microbial biomass and soil microbial respiration are
more sensitive toward glyphosate in soils having a pH between 5.5 — 7.5 than in soils with
a pH < 5.5 (Nguyen et al., 2016). Third, Nguyen et al., (2016) postulated an increase of
microbial respiration and a reduction of soil microbial biomass in soils with low OC
content, which agrees with OC content measured in oil palm plantation soils (0.78% - 2.1 %
in IR and WC), but we cannot state a reduction of soil microbial biomass. We rather consider
a long-term adapted microbial community after several years of glyphosate application,
whereas Nguyen et al. (2016) proposed soils with low OC content to be limited in microbial
functionality and less well buffered against stress factors. This might be a wvalid
interpretation, especially for soils undergoing its first glyphosate application. They further
postulated less resilient parts of the soil microbial community may have been inhibited by
a high glyphosate concentration, while more resistant groups compensate their functions
and are accountable for the increased soil respiration. Since one year after the start of the
corresponding field experiment, no significant differences for biodiversity or community
composition between the different treatments at the entire (DNA-derived) and active
(RNA-derived) community level were detected (Berkelmann et al., 2020), we, therefore,
propose rather an increase of microbial activity across the whole community than a

compensation of functions by special species.

Lower basal respiration rates in IR than in WC can be explained by the lack of fertilizers in
the IR, leading to a reduced nutrient supply for microorganisms (Study 4, Figure 2.4-2).
Neither glyphosate application nor the absence of glyphosate had an effect on basal
respiration between the IR under different management practices. Since no signficant
differences could be stated, the location of IR next to either high fertilized WC or low
fertilized WC does not seem to play a distinct role, indicating that nutrient allocation from

the WC to the IR can largely be excluded. Generally, oil palm plantation soils often suffer
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from nutrient and C limitation, due to the absence of fresh organic input, low root biomass,
low rhizodeposition (Guillaume et al., 2018; Pransiska et al., 2016; Riiegg et al., 2019) and
high nutrient leaching (Kurniawan et al., 2018). IR receive even less nutrients due to the
absence of fertilizers and less C due to the absence of litter and oil palm rhizodeposits,
suggesting C-limitation is strong across all management practices and restricts microbial
activity. In the incubation experiment, C limitation was removed by adding glucose,
simulating rhizodeposits by providing a labile C source, that led to a quick activation of
microorganisms. This activation was expecially pronounced in samples from IR, where
highest glucose respiration rates were measured shortly after glucose amendment (Study
4, Figure 2.4-4, Appendix A 2.4-1). C limitation in IR seems to be the most limiting factor of
microbial activity and was removed by glucose C addition. Consequently, the glucose was
rapidly metabolized and respired. C limitation in oil palm plantations can be assigned to
missing organic input, i.e., missing litterfall and understory vegetation, which has a severe

effect on C sequestration in soil (Kotowska et al., 2015; Riiegg et al., 2019).

Cumulative priming effects, indicating SOC decomposition, were almost always negative
(Figure 1.3-6), except if glyphosate was applied together with conventional NPK levels in
WC or reduced fertilization levels in IR, which showed the absence of any priming effect.
Overall, less intensive management practices increased negative priming effects in WC,
with strongest negative priming (-47.9 ug C?) under low fertilization and the absence of

glyphosate, compared to any other location or any other treatment.
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Figure 1.3-6: Cumulative Priming Effects across all management practices and locations after 33 days of soil
incubation of the soil from the conventional fertilization with herbicide and mechanical weeding and reduced
fertilization with herbicide and mechanical weeding. Data are presented as means (n=4). Error Bars indicate
the standard error of mean. Letters indicate significant differences between fertilizer, herbicide and locations
according to 3-Way-ANOVA with TukeyHSD post-hoc comparison (p < 0.05).

As explained above, intensive management practices caused higher basal respiration, i.e.,
accelerated SOM decomposition under C limitation. Yet, there was no additional
acceleration of SOC decomposition, i.e.,, a positive priming effect, when removing C
limitation by adding an easy-available substrate. In contrast, negative priming effects under
less intensive management practices indicate reduced SOC mineralization and rather
suggest a promotion of belowground C stabilization. This finding contradicts the
hypothesis 3b that glyphosate application would increase SOC sequestration due to
hampering soil microbial activity by deactivating the shikimate pathway, leading to a
decreased microbial respiration. Further, C stabilization can be fostered by C derived from
microorganisms, i.e.,, fungal and bacterial necromass, and sequestered in substantial
quantities in the stable C pool (Kindler et al., 2006; Liang et al., 2017; Schweigert et al., 2015),

contributing to long-term SOC accumulation. This is supported by findings from Study 3,
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where microbial-derived fatty acids found in soil of oil palm plantations pointed to an
accumulation of microbial necromass and therefore an increasing stable C pool (Study 3,
Ludwig et al., 2015; Zhu et al., 2020). Nevertheless, it is essential to ensure above- and
belowground C input, i.e., frond piling, application of empty fruit bunches (EFB) as C
sources. Besides, increasing potential of C incorporation into soil, organic input and
extensification of management practices also account for an enhancement of soil fauna
growth (Tao et al., 2017), improving key ecosystem functions, such as higher animal taxa

richness and microbial biomass abundance (Darras et al., 2019).

In addition to the use of mineral fertilizers and herbicide, organic fertilization options exist,
and are especially often applied by smallholder farmers, who mulch with EFB in their oil
palm plantations. SOC contents from plantations, mulched with EFB in the WC, showed an

increase of 19% compared to soil in plantations, where no EFB was applied (Rudolf, 2020).

1.4 Conclusions and Implications

The aims of this dissertation were to evaluate land-use change effects on SOC turnover,
losses and SOM composition in riparian rubber and oil palm plantations after forest
conversion compared to well-drained plantations and to investigate the effects of different
agricultural management practices on SOC decomposition in a well-drained oil palm
plantation. It was possible to identify the dominant processes of SOC losses which were
affected by specific riparian properties and different agricultural management regimes. The
strength and significance of this work results from the combination of different analytical
methods, ranging from field work (Study 1 and 2) to laboratory extraction procedures
(Study 3) to an experiment under controlled conditions (Study 4), to gain a mechanistic
understanding of the underlying processes ongoing in the different land-use types. Based
on the results about changes in SOC stocks, SOM composition and microbial biomass
activities, a final assessment of SOC decomposition processes and SOC sequestration

potentials is provided.

1.4.1 LANDSCAPE AND LAND-USE EFFECTS DETERMINE SOC
DECOMPOSITION AFTER FOREST CONVERSION

Decomposition processes in forest, rubber and oil palm plantations were strongly

dependent on riparian properties, which countered the expected effects of land-use change.

This was reflected in higher SOC stocks in riparian areas than in well-drained areas and
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differing 8*C depth profiles patterns among the land-use and landscape types (Study 2).
Applying d®C values was an efficient strategy to analyze and understand SOC
decomposition after land-use change and under specific landscape conditions. Analysis of
013C depth profiles patterns even made it possible to elaborate a land-use effect and a
riparian landscape effect that affect topsoil and subsoil differently. 8°C patterns indicated
a land-use effect in the topsoil, since higher values in plantations than in forest hinted at
accelerated mineralization under oxic conditions. In deeper soil layers (> 15 cm) of
plantations and in the forest, '3C patterns revealed a strong landscape-specific effect, with
uniform (forest) as well as irregular depth profiles (plantations) confirming changing
aerobic and anaerobic SOC decomposition due to periodical flooding. Supported by rapidly
changing GWTs with high amplitudes, it became clear that alternating oxic and anoxic
conditions play distinct roles in regulating SOC decomposition and storage. Further, land-
use change driven effects, such as an in increase in soil bulk densities, lowers water
infiltration into soil, and thus supports prolonged anoxic condtions with delayed SOC
decomposition (Study 1,2). Additionally, compacted soil supported surface runoff, favoring
erosion and deposition events, which are riparian-specific processes, influencing SOC
balance by transporting SOM of different degradation status in and out of the riparian
areas, which was also reflected by irregular 5'*C patters. At first, it can be assumed that
compared to well-drained areas, riparian areas are more resilient to short-term (1-2
decades) soil C loss after land-use change, as topsoils showed similar C stocks compared to
that under natural vegetation. However, accelerated mineralization in the topsoil indicated
possible long-term effects on C storage caused by land-use change, since riparian areas,
especially if drained, have a high C loss potential, considering the high amounts of subsoil
C in their buried C-rich layers. Effects of land-use change on SOC is therefore already
reflected by the d3C pattern in the topsoil, but cannot be detected by a decrease of the SOC

stock yet.

1.4.2 SOC FORMATION PATHWAYS

Since SOC stocks in topsoils of forest, rubber and oil palm plantations were similar, it leads
to the assumption that C is preserved over a long period of time and that C produced in the
forest still contributes to the current SOC pool in the topsoil of plantations. Plant-derived C
is one of the major sources for SOC. Long-chain lipids, such as 24:0 and 28:0 n-fatty acids

as well as C2s and Cai n-alkanes with distinctive EOP and OEP patterns confirmed the
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importance of plant-derived C incorporated into topsoil. Similar relative abundances
between forest and plantations’ topsoils were interpretated as contribution of forest-
generated C to the current SOC pool in plantations. Based on a strong dominance of the n-
alkanes Cs1 and Css over Cz27 and Cz in forests and rubber plantations, it is assumed that the
dense herb layer in rainforests and the grass cover in rubber plantations dominate C input
over trees and shrubs. N-alkane distributions in oil palm plantations, often having a bare
soil or a fragmented grass layer, do not show this pattern. Clearest evidence of forest C
contribution to plantations is given by 16-OH-22:0 and 16-Di-COOH-16:0, because of
relatively high abundances in topsoils of all three land-use types, underlined by very low
abundances in oil palm litter indicating neglectable input by oil palm litter itself. These
substances account for a significant share as SOM source in forest, since 16-OH-16:0 made
up ~29% and 16-Di-COOH-16:0 comprised ~28% of the total lipid fraction of oil palm
topsoils. The high relative proportion in topsoils suggest an enrichment of these more
recalcitrant compounds, while more easily decomposable lipids have already been
degraded (Krull et al., 2003; Lorenz et al., 2007), highlighting the sequestration into the
stable C pool. Identified pathways of SOC formation are via microbial biomass as the free
lipids 18:206,9 and i15:0 clearly showed, which are commonly detected in phospholipids,
but here are found as free lipids in soil samples, indicating decomposition of microbial
biomass to necromass. We found that the in-vivo microbial turnover pathway plays a
crucial role, as certain biomarkers (i15:0 and 18:206,9) revealed. This means that the
turnover of organic substances occurred via cell uptake-biosysnthesis-growth and death -
the so-called microbial C pump - and resulted in the long-term accumulation of microbial-
derived C (Liang et al., 2017). Driven by the rapid turnover of microorganisms, necromass
directly contributes to the soil stable C pool. Further the ability of microorganisms to
continuously process C and produce microbial-derived compounds that accumulate in soils
is excellently displayed by the presence of odd-chain fatty acids, such as 27:0 and 29:0,
which emphasize the importance of the microbial community as decomposers and

transformers of plant-derived material

1.4.3 MANAGEMENT PRACTICES AFTER LAND-USE CHANGE AFFECT SOC
DECOMPOSITION
Soil microorganisms play a double role: they have the ability to produce biomass to be

stabilized as SOM leading soil C sequestration due to their anabolic activity and they
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decompose SOC releasing it as CO: to the atmosphere due to their catabolic activity.
Especially, when adding new easily available C, SOC destabilizes and CO: emissions can
increase, which is known as the priming effect. Controlled conditions in a laboratory
experiment made it possible to draw conclusions about the effects of NPK fertilization and
glyphosate application as weed control on SOC decomposition. It became clear that high
fertilization and herbicide application accelerated microbial respiration, because NPK in
combination with glyphosate acted as additional nutrient source. Extensive management
practices i.e. reduced fertilizer level and the absence of glyphosate, reduced SOC
decomposition and, thus, supported C accumulation. Following up on the urgent question
of which strategies for C storage can be successful after land-use change, it was shown that
extensive management practices with reduced fertilization levels + mechanical weeding
instead of herbicide application have a high potential to slow down SOM decomposition
processes and support C accumulation after forest conversion to oil palm plantations.
Accelerated microbial respiration and SOC decomposition, however, emphasize the risk of
commonly used management practices i.e., high NPK fertilization and glyphosate

application, of allowing oil palm plantations to become a CO: source.

This study showed how combining different methods lead to a comprehensive assessment
of SOC losses, but also SOC sequestration potential as well as the change of SOM
composition after conversion of forest to rubber and oil palm monocultures. The
conclusions suggest that after land-use change in riparian areas, C storage is put on a high
risk especially if soils are drained, because of its higher SOC stocks, particularly in the
subsoil than in well- drained soils. Other features of riparian areas, such as high amplitudes
of GWTs, can influence SOC balance up to a hitherto unpredictable extend. Related changes
in the molecular composition of SOM might have unknown implications for ecosystem
functions and the stability of this C pool. It is, thus, questionable whether these soils can be
restored to a qualitatively similar form like their previous pristine state and with a similar
SOC sequestration potential. Additionally, in most of the monocultures there are additional
disturbances in the form of management activities. The results of SOC decomposition in oil
palm plantation soils under intensive management practices clearly indicate further SOC
depletion after plantations establishment, jeopardizing a new C equilibrium. A change to

extensive management practices, with lower fertilization levels and mechanical weed
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control and in best case with EFB mulching, is a very promising method to slow down SOC

decomposition processes and supporting SOC sequestration.

1.5 Contribution to studies
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2.1.1 ABSTRACT

The rapid expansion of rubber and oil palm plantations in Jambi Province, Sumatra,
Indonesia, is associated with largescale deforestation and the impairment of many
ecosystem services. According to villagers’ observations, this land use change has, together
with climate change, led to an increase in the magnitude and frequency of river flood
events, which constrain village and plantation development. Based on this empirical
societal problem, we investigate whether we can find measurable indications for the
presumed linkages between land use change, climate change, and changing flooding
regimes. We follow an explorative, bottom-up research approach that builds on a review of
multidisciplinary datasets, integrating local ecological knowledge with scientific
measurements from soil science, climatology, hydrology, and remote sensing. We found
that water levels of one of the largest rivers in Jambi Province, the Tembesi, have increased
significantly during the last two decades. Data of local and regional meteorological stations
show that alterations in rainfall patterns may only partly explain these changes. Rather,
increased soil densities and decreased water infiltration rates in monoculture plantations
suggest an increase in surface runoff following forest conversion. Moreover, additional
interview data reveal that an increasing encroachment of wetlands in Jambi Province may
contribute to changes in local flooding regimes, as the construction of drainage and flood
control infrastructure redistributes floodwater at the local scale. We conclude that changing
flooding regimes are the result of multiple interacting social-ecological processes associated
with the expansion of rubber and oil palm plantations in Jambi Province. Although
ecohydrological changes are likely to contribute to an increase of flood occurrence, their
social impacts are increasingly mediated through flood control infrastructure on industrial

oil palm plantations.

Keywords: ecohydrology; flooding; global change; Indonesia; interdisciplinary analysis;

land use conversion; local ecological knowledge; oil palm; rubber
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2.1.2 INTRODUCTION

In the past, flooding occurred rarely. ... Back then, most people didn’t plant oil palm, didn’t plant
rubber. ... It started, because the forest is already gone. That’s why nowadays flooding occurs so often.
... For annual crops, if flooding occurs more often, that’s a problem. ... [Sometimes] when the farmers

had just planted the seedlings, then suddenly flooding occurred.
Rubber farmer, Jambi, Sumatra, Indonesia

In Southeast Asia, large areas of lowland forests have been converted to oil palm, rubber,
and pulp wood plantations over the last decades (Hansen et al. 2013, Margono et al. 2014,
Clough et al. 2016). For example, in 2015, oil palm plantations in Malaysia and Indonesia
covered an area of 17 million ha (Chong et al. 2017). Such intense land use change is often
followed by an impairment of ecohydrological functions (Bruijnzeel 2004, Bradshaw et al.
2007, Ellison et al. 2017). Several studies have recently started to connect the expansion of
rubber and oil palm monoculture plantation systems with increases in the frequency and

intensity of flooding.

The existing studies build on a variety of methodological approaches. Hydrological
measurements showed that oil palm monoculture plantations may have low soil water
infiltration rates (Tarigan et al. 2018) as a consequence of severe soil degradation and
erosion (Guillaume et al. 2015, 2016). Particularly in combination with low
evapotranspiration rates of young oil palm plantations this may increase surface run-off
and the risk of flooding in oil palm dominated landscapes (Manoli et al. 2018, Tarigan et al.
2018). These findings also correspond with a time-series analysis of streamflow data that
found evidence for increasing streamflow through upstream land use conversion to rubber
and oil palm plantations (Adnan and Atkinson 2011). Other approaches have built on
spatial analyses and econometric modeling. For example, Tan-Soo et al. (2016) and Wells et
al. (2016) found rubber and oil palm plantations to be spatially associated with reports of
increasing flooding occurrence in Malaysia and Indonesia. Finally, a number of studies
conducting qualitative social research present interview data from villagers across
Indonesia who associated land use change, toward monoculture plantations, with
increasing flood occurrence (Obidzinski et al. 2012, Larsen et al. 2014, Kelley and Prabowo

2019).
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Such a linkage between the expansion of plantations and flooding was also observed by
villagers in our study area in Jambi Province, Sumatra, as pointed out in the above quote
from a smallholder farmer. In times of rapid land use change for global cash crop
production, understanding such processes is of great relevance for the affected
communities. Although the above-mentioned studies provide some evidence of changing
flooding regimes due to plantation expansion, most of them present compartmentalized
insights from single disciplines. A substantial gap in knowledge about the multiplicity of
causal processes between land use change, climate change, and river water levels remains

in our study region and beyond.

Establishing the linkage between land use change and flooding has been a long and
contested endeavor among natural as well as social scientists (Calder and Aylward 2006,
Bradshaw et al. 2007, van Dijk et al. 2009, Lele 2009). In public discourses, deforestation is
often linked to an increase in the frequency and intensity of flooding. In fact, tree and forest
removal is well known for raising the likelihood of floods, as decreasing evapotranspiration
rates and decreasing water infiltration increase local surface runoff (Ellison et al. 2017).
However, after deforestation, such processes may be reversed. Water infiltration rates may
recover and evapotranspiration rates by planted tree species may then be as high as those
of natural forests (Bruijnzeel 2004). Natural scientists have further cautioned that linkages
between land use change and flooding regimes often depend upon the interaction of
multiple, site-specific ecohydrological processes, including local climate change (Bradshaw
et al. 2007, Alila et al. 2009, Locatelli and Vignola 2009, van Dijk et al. 2009, Tran et al. 2010,
Pattison and Lane 2012). Social scientists, for their part, have warned that a generalization
of the forest-flood linkage may result in policies with adverse social consequences, e.g.,
upstream forest dwellers being restricted in their land use activities and falsely blamed for
causing downstream flooding (Saberwal 1998, Calder and Aylward 2006, Hofer and
Messerli 2006). Moreover, they have pointed out that studies within the natural sciences
often ignore the social and technical context that mediates flood impacts as well as response

and feedback processes (Lele 2009, Di Baldassare et al. 2014).

Integrating local ecological knowledge into scientific analysis can address some of the
above-mentioned uncertainties and risks when studying complex social-ecological

phenomena (Pierotti and Wildcat 2000, Fabricius et al. 2006, Stringer and Reed 2007, Tengo
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et al. 2014, Leimona et al. 2015, Dias et al. 2018). Such an integration of different knowledge
sources may also enable research outcomes to be socially and practically more relevant in
the local social context and is considered an important step toward democratizing

explanations of environmental change (Forsyth 2003).

In this paper we aim to provide an integrated analysis of linkages between land use change,
climate change, and flooding regimes by combining qualitative interview data on local
ecological knowledge with scientific measurements. We examined multidisciplinary
datasets to identify potential social-ecological processes that could explain the villagers’
observations of increases in flood frequency and intensity following forest conversion in

the Tembesi watershed in Jambi Province (Sumatra, Indonesia).

Our research objectives are the following: building on qualitative interviews, we (1) review
villagers” observations of changes in patterns and intensity of flood events as well as their
evaluations of changing environmental processes. We then (2) test whether the reported
changes in flooding regimes are mirrored in available stream flow data from the Tembesi
River. Building on the villagers” evaluations of the potential causes for changing flooding
regimes, we test whether changes in climate and/or in land use can provide explanations
for the observed changes. Therefore, we (3) analyze local precipitation patterns for changes
over the last decades, and (4) compare hydraulic soil properties in different land use
systems. More specifically, we quantify land use change in the Tembesi River watershed
(1990-2013) and assess whether soil bulk densities (as an indicator of soil compaction),
water infiltration capacities, and groundwater levels of oil palm and rubber plantations
differ from forests and less intensively managed reference systems. Finally, based on
villagers’ specific concerns for land use change in wetland areas, we (5) investigate whether
forest conversion in wetland areas has further contributed to an alteration of flooding
regimes. To this aim, we analyze the land use history as well as land use characteristics of
wetland areas, building on land use data (1990-2013) as well as on a comparison of

qualitative case study data within the Tembesi watershed.

Finally, we integrate these multiple knowledge sources by discussing convergences,
complementarities, and divergences among datasets. Although our study design was not a
priori designed to answer questions related to flooding specifically, we show that an a

posteriori analysis of different knowledge sources can be an important tool for
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interdisciplinary research. It can also provide a more complete analysis of the complex

linkages between land use change and flooding.

2.1.3 CONCEPTUAL FRAMEWORK

Our research approach builds on the tradition of critical realist approaches in political
ecology and sustainability sciences. These studies emphasize the need for problem-driven,
bottom-up research approaches that integrate different knowledge sources to find locally
framed explanations of environmental problems (Forsyth 2003, Walters and Vayda 2009,
Lele and Kurien 2011, Thorén and Persson 2013, Ribot 2014).

Studies on flooding and flood impacts in the context of land use change are often dominated
by accounts from the natural sciences. Changes in flooding regimes are mainly derived
from direct ground-based measurements using water level or discharge data from flood
gauges (e.g., MDID 1989, Yusop et al. 2007, Adnan and Atkinson 2011), or modeling
exercises. Model inputs are typically based on direct field measurements of the different
components of the hydrological cycle, such as soil surface runoff, infiltration rates,
throughfall, or evapotranspiration rates (e.g., Manoli et al. 2018, Tarigan et al. 2018).
Precipitation quantities are either obtained from satellite-derived precipitation and cloud
cover estimates (Maggioni and Massari 2018), or based on combined field and satellite
measurements (Kwak 2017). In recent years, satellite imagery has become a widely used
tool for monitoring flood events on a large scale. However, optical-based satellite imagery
has its limitations because of cloud cover, especially in the tropics (Ahamed and Bolten
2017, Ban et al. 2017, Adam et al. 2018, Notti et al. 2018). Typical indicators for changing
flooding regimes include the number of days with extreme water levels or peak flows,
average water level rise as an indicator for flash floods, average seasonal water levels, or

shifts in seasonal water levels (Dang et al. 2011, Wang et al. 2015).

These approaches, however, have a number of limitations with regard to data availability
and the integration of the human dimension. In the study of flooding regimes, local people’s
ecological knowledge may thus fruitfully complement scientific measurements. Local
ecological knowledge (sometimes also referred to as traditional ecological knowledge)
comprises three components of knowledge: observational knowledge, knowledge acquired
through practical experience, and knowledge in the form of people’s beliefs (Berkes et al.

2000). Such knowledge is acquired through personal empirical observation and
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interpretation of local ecosystems, and enriched and validated through exchange with other

farmers and villagers (Berkes et al. 2000, Usher 2000, Houde 2007).

In particular, the integration of observational and practical local ecological knowledge may
provide several benefits for establishing a link between land use change and flooding
regimes. First, local ecological knowledge provides fine-grained information about
ecosystems in areas where little scientific knowledge exists, such as rural Sumatra
(Fabricius et al. 2006). A typical problem of scientific measurements is that field
measurements are often only available at plot scale. On the other hand, modeling exercises
conducted at larger scales often provide little information about factual changes in flooding
regimes, e.g., at the village level. Integrating people’s knowledge might also be useful for
detecting environmental changes that are not immediately apparent in short-term scientific
measurements as local people get to observe things more often, over longer periods, and in
a wider variety of places (Usher 2000). Thereby it might draw attention to environmental
change that otherwise would possibly not be studied. For example, Wells et al. (2016)
integrated interview data with newspaper reports of flooding and watershed characteristics
to show that flooding is far more widespread than reported in government assessments.
Moreover, local ecological knowledge is considered to be holistic in nature, compared to
scientific studies that are often compartmentalized (Pierotti and Wildcat 2000, Fabricius et
al. 2006, Aikenhead and Ogawa 2007). Integrating local ecological knowledge in the study
of land use change and flooding may thus enable more open research approaches, which
could better account for multiple and interacting processes in the generation of flood

events.

Second, both field measurements and modeling exercises often fail to adequately
incorporate the human dimension of the problem, both with regard to defining what
constitutes a problematic change in flooding as well as with regard to potential human
influences on water flows (Lele 2009, Di Baldassare et al. 2014, Langill and Abizaid 2020).
Lele and Kurien (2011) thus call for a shift from theory-driven to problem-driven, bottom-
up research, to avoid research questions that are only determined by what the researcher is
trained in. For example, by questioning what actually constitutes a “bad flood,” Langill and
Abizaid (2020) showed that studies of extreme floods within the natural sciences typically

focused on unusually high floods. In their study, they showed that for a floodplain
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community in the Peruvian Amazon the timing and duration of flooding were in fact the
most salient features of problematic floods. Existing studies connecting land use change in
Indonesia and Malaysia to changing flooding regimes either investigated streamflow
fluctuations independent of human evaluation (Adnan and Atkinson 2011) or looked at the
number of flood events reported by newspapers and government assessments (Tan-Soo et

al. 2016, Wells et al. 2016).

Integrating local ecological knowledge into the study of land use change and flooding may
also help to draw attention to the social and technical context that mediates flood impacts.
This integration may further contribute to an understanding of how changing flooding
regimes may trigger people’s response and feedback processes that shape water flows in
turn (Lele 2009, Di Baldassare et al. 2014). For instance, Kelley and Prabowo (2019) use oral
histories to reveal social transformation processes set in motion by changing flooding
regimes. These transformation processes were shown to increase the people’s systemic

vulnerability to flooding as well as producing feedbacks of altering river flows.

Although multiple opportunities for integrating local knowledge and scientific
measurements exist, the pitfalls of integration have also been discussed at length and, at
times, in a controversial manner (Klubnikin et al. 2000, Pierotti and Wildcat 2000, Moller et
al. 2004, Bohensky and Maru 2011, Persson et al. 2018). Similar to the integration of methods
from qualitative social science and quantitative natural science, it has been pointed out that
ontological and epistemological differences between knowledge sources may hinder
output-oriented knowledge integration (Nadasdy 1999, Kriiger et al. 2016, Thorén and
Stahlhammer 2018). In particular, in-depth confrontations between different ontological
understandings and assumptions, or critical engagements with other approaches for
establishing scientific quality and validity of methods, are often limited by time constraints.
Despite such concerns, we argue that more pragmatic approaches that foster
interdisciplinary research are both possible and valuable. An important condition for
overcoming challenges of integration is a common framing of the research problem. Several
scholars have therefore recommended taking an empirical societal problem as a starting
point of analysis, i.e., observations of increasing flood occurrence (Walters and Vayda 2009,
Lele and Kurien 2011, Thorén and Persson 2013). Explanations from different disciplines

and knowledge sources may then be reconciled by seeing each as partial, context-specific,
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and potentially fallible, but acknowledging that the combination of different sources may
provide better understandings of environmental problems (Yeung 1997, Forsyth 2003, Lele
and Kurien 2011).

2.1.4 STUDY REGION AND METHODS

Our study region, Jambi Province, lies in the eastern lowlands of Sumatra, Indonesia. In
Jambi Province, 7942 km? of forest were cleared between 1990 and 2013, which corresponds
to 35.2% of the 1990 forest area (Melati 2017). Most land use changes have taken place in
the lowlands of Jambi Province, which today are dominated by monoculture rubber (Hevea
brasiliensis) and oil palm (Elaeis guineensis Jacq.) plantations. Monoculture rubber
plantations have been developed in Jambi Province since the Dutch colonial times
(Feintrenie and Levang 2009); oil palm cultivation started in the mid-1980s and has

expanded to almost 9000 km? (18% of the province’s territory) in 2017 (BPS Indonesia 2018).

The lowland rivers of Jambi Province show strong seasonal fluctuations between the dry
and the wet season. Consequently, large areas in the province’s lowlands are inundated
during the rainy season. In the Batanghari watershed (44,595 km?), the largest watershed in
Jambi Province, 2282 km? of land across 222 villages is affected by regular flood events

(Minister of Public Works 2012).

Our paper presents findings with a focus on the lowlands of the Tembesi watershed, the
largest subwatershed of the Batanghari (12,819 km?). This focus was chosen because of the
dynamic land use change in this area, the number of people affected by flooding, as well as
data availability. The watershed’s lowlands cover large wetland areas, which include
peatland areas of around 440 km? (see Figure 2.1-1; Wahyunto and Subagjo 2003, Biagioni
et al. 2015). Today, land use in the lowland areas of the Tembesi is dominated by
agriculture, mainly oil palm and rubber plantations that account for 52% of the watershed’s
area (Figure 2.1-1; Melati 2017). The climate in the watershed’s lowlands is tropical humid
(annual average air temperature of 26.5 °C, annual precipitation of 2235 mm year') with a
wet season from October to May (Sulthan Thaha meteorological station, as cited in Drescher
et al. 2016). According to data published in local newspapers, the typical seasonal
fluctuations of the Tembesi water levels in the watershed’s lowlands vary between 5 and
11 m (Anton 2017, Saputra 2017). All data analyzed for this study was obtained within the

EFForTS collaborative research center (https://www.uni-goettingen.de/en/310995.html).
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Figure 2.1-1: Study region of the Tembesi watershed in Jambi Province, Sumatra, Indonesia.

2.1.4.1 Qualitative interview data

Our analysis builds on two different sets of qualitative interview data obtained from
semistructured and informal interviews (total number of interviews = 91; Bernard 2011). All
interviews were conducted during long-term (2-6 months) field stays in Jambi Province
between 2012 and 2017. Interviews were conducted in English and Indonesian with the help
of local assistants. Detailed notes and memos were written down during or shortly after the
interviews. In addition, audio-recorded interviews were transcribed in Indonesian. All
interview notes as well as excerpts from transcripts were coded for content (Mayring 2000)

using MAXQDA (V. 11) software.
Local ecological knowledge on changing flooding regimes

Interviews of the first dataset were mainly conducted in the subdistrict Air Hitam (Figure
2.1-1). In this subdistrict, three villages were chosen along an upstream-downstream
continuum of the eponymous Air Hitam River. In this subdistrict, interview partners from
33 different households were interviewed. Interview partners were chosen according to

snowball and purposive sampling methods (Flick 2016). Purposively selected interview
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partners included village government representatives, heads of farmer groups, village
elders, and villagers who were directly affected by flood events, either on their housing plot
or on their plantations. In addition to the households in the Air Hitam subdistrict, eight
households, who own plantations in riparian areas that were also sampled for soil property
analyses within the frame of this study, were purposively selected for interviews. Several
of the interview partners were interviewed repeatedly during consecutive field visits,
combining both formal and informal interview situations, and often involving family
members or friends present during the interview situation (total number of interview
situations n = 69). The interviews focused on interrogating people’s observations of changes
in local flooding regimes, their individual evaluations of possible causal relations and the

implications for the individual households.
Local knowledge on land use history and management of wetlands

Because of the interview partners’ specific concern about land use change in wetland areas,
an analysis of the second dataset aimed to explore the specific land use characteristics of
wetland areas in the Tembesi watershed. Therefore, we compared land use history and
management of wetland areas across six villages, the territories of which include vast
wetland areas. In addition to the three villages in the Air Hitam subdistrict, our case study
comparison comprised three further villages within the lowlands of the Tembesi
watershed. Interviews conducted in these villages included data from former investigations
within the EFForTS research project (Kunz 2016, Rodel 2018) that were made available for
this study (additional number of interviews n =22). We define wetland areas as areas where
water covers the soil or is near the surface of the soil either permanently or temporarily
(Ramsar Convention Secretariat 2016). This includes riparian floodplains, swamps, as well

as peatlands.

The presence of a foreign researcher most certainly influences the way interview partners
recount a certain topic, e.g., by providing an answer they expect will please the researcher
(Berger 2015). We aimed to reduce such response biases through conducting long-term
qualitative research with repeated visits to the studied villages. Qualitative interview
techniques were chosen as a method because they allow for bottom-up and in-depth
analyses of people’s evaluation of local environmental change. Contrary to predefined

questionnaires, the use of open-ended questions and a more natural and spontaneous
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course of conversation allows researchers to create trusting and less formal interview
situations. These are helpful for avoiding response biases because they allow the researcher
to encourage interview partners to recount environmental changes on their own initiative.
They further provide room for more detailed descriptions of environmental changes and
reveal insights into the importance of flooding for people’s daily life. Information obtained
during interviews was then cross-checked in subsequent interviews with interview
partners from different social groups. Finally, interview data was triangulated with
participative observation, including several visits to villagers” plantations and different

river sections.
2.1.4.2 Quantitative scientific measurements

River water level

The water level of the Tembesi River was measured at Pauh hydrological station (02°08'55"
S, 102°4822" E), which is located at the mouth of the Air Hitam River to the Tembesi River
(Figure 2.1-1). The data for this analysis was provided by the Public Works Agency for
Water Resources (Dinas Pekerjaan Umum Bidang Sumberdaya Air) and covers the period
1997-2016. The river catchment area at Pauh hydrological station covers an area of 10,760
km? (84% of the Tembesi watershed). Water levels were recorded once per day between 8
and 9 am, local time, with an automatic water level recorder that uses a floating ball as a
mechanical trigger (Roni 2005). River discharge was derived from a site-specific rating

curve.

Based on villagers’ observations of changing flooding regimes and building on the
approach of Wang et al. (2006) and Zhang et al. (2009), we analyzed a potential increase in
flood frequency and intensity as well as potential shifts in seasonal patterns of flood events.
For this purpose, we investigated (a) the number of days with extreme water levels of the
Tembesi River, (b) the average water level rise as well as the frequency and intensity of
flash floods, and (c) the average seasonal water level and possible changes. For (a) we
defined extreme water levels as water levels when the Tembesi River overflows its natural
dams (11 m). This threshold is based on the reported typical water level of 5-11 m (Anton
2017, Saputra 2017) and double checked with river water level data for days when flood
events were reported in the local online newspaper or by the National Board for Disaster

Management (BNPB 2019). For (b) we compared the change in water levels between two
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subsequent days over the period 1997-2016 and defined a flash flood as an event with water
level rise > 1 m over two consecutive days. For (c) we calculated the mean water level for

each month.
Precipitation

The only lowland meteorological stations in the vicinity of our study region that offer long-
term meteorological measurements are at Jambi Sultan Thaha Airport (01°38'17" S,
103°38'40" E, 25 m a.s.1.), which has been taking measurements since 1978, and in the village
Pauh (02°11'09.6" S, 102°49'01.1" E, 43 m a.s.l.), where measurements have been available
since 2007 (Figure 2.1-1). Both meteorological stations are owned and run by the Indonesian
Meteorological Service (BMKG). The areal distance between the two meteorological
stations is approximately 110 km and the areal distance between the Pauh meteorological
and hydrological stations is approximately 4 km. Both meteorological stations are located
inland, within similar land use structures and relatively flat terrain. Precipitation patterns
in the lowlands are mostly dominated by very local and temporary convective rain
showers. Precipitation patterns and intensities may thus differ substantially even within
small distances. We analyzed monthly accumulated precipitation, precipitation intensity,
and seasonal distribution. Precipitation intensity for both meteorological stations was
calculated following the SDII climate index (Zhang et al. 2011), where the total sum of
precipitation during consecutive wet days (precipitation > 0.1 mm d-1) is divided by the

total number of consecutive wet days.
Land-use change

Our land-use change analysis builds on a comparison of existing land-use maps for Jambi
Province from 1990 and 2013 (Melati 2017). For the purpose of this study, the land-use
classes were reclassified to fit our research questions and land-use maps were reanalyzed

for the section of the Tembesi watershed.

The maps elaborated by Melati (2017) were based on mixed land use/land cover maps
originally developed by the Indonesian Ministry of Environment and Forestry (MoEF;
Margono et al. 2016). The classification of these land use/land cover maps was based upon
a visual interpretation of 30 m spatial resolution Landsat imagery with a minimum

mapping unit of 6.25 ha. The original 23 classes defined by Margono et al. (2016) were
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enhanced further in a subsequent visual interpretation by Melati (2017) who regrouped
some of the former land use/land cover classes to fit land use in Jambi Province. During this
enhancement, formerly categorized estate crops were further differentiated into rubber and
oil palm land use systems. For this study, we grouped the resulting land use classes by
Melati (2017) into the seven most relevant land use classes, namely forest, mixed

agriculture, bush/bare land, rubber plantations, oil palm plantations, settlement, and water.

To map wetland areas, we combined available wetland maps for Jambi Province, elaborated
by Gumbricht et al. (2017) (https://www2.cifor.org/global-wetlands/), Wahyunto and
Subagjo (2003), and Laumonier (1997). An additional land use change analysis was

performed on these areas using the land use data provided by Melati (2017).
Soil bulk density and water infiltration capacity

Published bulk density data (g cm?) from well-drained sites (Allen et al. 2016) as well as
unpublished data from riparian sites were used to evaluate soil compaction after the
conversion of forests to monocultures. Bulk density samples were weighed and dried at
105°C until constant weight. The data consisted of five replicates per site and soil depth.
Sampling depth intervals were 0-10 cm, 10-30 cm, and 30-50 cm soil depth. Sampling sites
represented six sites from reference forests, six from rubber, and six from oil palm
plantations on well-drained mineral soils as well as four sites of each land use system on
riparian soils. Three well-drained mineral soil sampling sites were located within the
Tembesi watershed whereas three well-drained mineral sampling sites, as well as the
riparian soil sampling sites, were located just outside the watershed, but within the same
lowland of Jambi province (Figure 2.1-1). Acrisols with a clayish to sandy loam texture were
the dominant soil type in well-drained mineral soils (Guillaume et al. 2015), whereas
riparian soils were classified as stagnic Acrisol and Stagnosols with a loamy texture (Waite

et al. 2019).

To assess the water infiltration capacity of soils, we measured saturated soil hydraulic
conductivity (K&, cm h?), which describes the movement of water through soil under water-
saturated conditions. The main measurements were performed with a dual-head
infiltrometer (Saturo, Meter, USA) in a commercial oil palm plantation where a biodiversity

enrichment experiment was established in 2013 (EFForTS-BEE; Teuscher et al. 2016). In this
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experiment, multiple native tree species were planted and natural regeneration of the
vegetation was allowed. The experimental plots have varying tree diversity levels (from 0
to 6 native tree species) and plot sizes (from 25 m? to 1600 m?) following a random partition
design (Teuscher et al. 2016). We carried out one measurement per plot in March 2018 in
the subplot in four control plots (management-as-usual oil palm monoculture plantation)
and 33 experimental plots where different tree species have been planted and vegetation
regenerates naturally (Appendix A 2.1-1). We carried out additional, confirmatory
measurements of Ks with a conventional manual double-ring infiltrometer in a commercial,
intensively managed monoculture oil palm plantation in the same region (PTPN VI, at
approx. 40 km distance from the biodiversity enrichment experiment). Six study plots were

measured between June and September 2018.
Groundwater level

To investigate the effect of the land use system on groundwater level, we measured
groundwater levels in oil palm and rubber riparian monocultures as well as in forest
riparian locations with an OTT Orpheus Mini water level logger (OTT HydroMet GmbH,
Kempten, Germany). Measurements were conducted at the same 12 riparian locations that
were also sampled for soil bulk density. The logger was installed at a depth of between 2.5
and 4.5 m in a metal borehole equipped with a fine sieve on its lower end. Data was
available from July 2017 to March 2019 at four different locations for each of the three land

use systems (forest, rubber plantation, oil palm plantation).
Statistics and data analyses

We applied the Mann Kendall Trend Test (M-K test; Gilbert 1987) to investigate possible
changes in the seasonal and monthly pattern of river water level and accumulated
precipitation. The M-K test T ranges from -1 to 1 where values above 0 indicate a positive
trend whereas values below 0 indicate a negative trend and trends are significant for p <
0.05. To test for statistical differences in soil bulk density and K& between different land use
systems, we performed a nonparametric Kruskal-Wallis Test (differences are significant for
p < 0.05; Townend 2004). All statistical analyses and graphing were performed using R-

studio (version 1.1.463), except for the land use change analyses, which were performed in
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ArcMap (version 10.6.1) and Excel and visualized with the help of the online tool

sankeyMATIC (http://sankeymatic.com/).

2.1.5 RESULTS

2.1.5.1 Qualitative interview data
Local ecological knowledge on changing flooding regimes

Of 33 interview partners in the Air Hitam subdistrict, 29 mentioned having perceived
changes in the intensity, frequency, or predictability of flooding over the last 10-15 years.
A common observation among villagers was that flooding nowadays would occur faster,
and even after short rainfall events. In their memory, flooding in the past had only occurred
after prolonged rainfall (Table 2.1-1: Q1). Heavy flood events, in the past common at a
return period of about five years, nowadays were said to occur almost every year (Table
2.1-1: Q2). Moreover, villagers complained that contrary to former seasonal patterns of
flooding, today, the timing of flood events was no longer predictable (Table 2.1-1: Q3). Only
five farmers residing in wetland areas had noticed decreases in flood height and length,

which in most cases can be explained by drainage activities on these lands.

Table 2.1-1: Quotes illustrating villagers’ perceptions of changing flooding regimes. (Translations by ].
Merten)

Perceptions of changing flooding regimes

Q1: “[The flooding in the past] was different, very different. In the past when rubber farmer
it only rained for one day, the river did not directly overflow. But now, after (riparian
one hour of heavy rain, it already overflows. [...] It started to be like that ever ~ plantation, 14

since many people opened the land for oil palm. [...] Now, there is constant Nov. 2017)
flooding.”
Q2: “Flooding happened since the past. But as far as I remember, in the past village gov.
flooding occurred rarely, and it was rarely very high. Sometimes, once in five = representative
years there was a big flooding, but now it happens almost every year.” (Air Hitam, 13
July 2016)
Q3: “Now it is difficult to predict [the flooding]. Normally, [...] starting from village gov.
October, November, December, there would be flooding. But last year, in representative
May, and in April, there was flooding as well. We cannot predict it anymore. (Air Hitam, 7
In the past, when the forest was still wide, we could still predict the June 2016)
flooding.”

Explanations given for these observed changes in flooding regimes were multiple. In total,

25 of the interview partners associated changes in intensity and frequency of flood events



Publications and Manuscripts 70

directly with land use change and plantation management. They agreed that flooding
regimes started to change after vast forest areas had been converted to rubber and oil palm
plantations. Because of this conversion, according to them, the capacity of the landscape to
“retain” or “save” water had decreased. Among the villagers, forests were known to “hold
back” rainwater and release it only slowly to the rivers (Table 2.1-2: Q4). Individual
interview partners referred to forests as acting as a “protective shield” that would prevent

the occurrence of natural disasters (Table 2.1-2: Q5).

The capacity to store water in the landscape was attributed to forest areas, but not to
plantations. Some farmers had observed that rainfall in their plantations could not be
absorbed and retained by the soil (Table 2.1-2: Q6). Others further observed that rainfall in
their plantations had flushed away large quantities of soil. This soil was then observed to
flow into the rivers where it would result in shallower riverbeds (Table 2.1-2: Q7). In
addition to the protective function of upstream forest areas against flood occurrence,
individual interview partners also highlighted this function in regard to swamp and peat
areas. As a village head recounted, before these peatlands were converted to oil palm

plantations, they had absorbed and stored large amounts of water (Table 2.1-2: Q8).

Perceived causes for changes in the temporal predictability of flood events were not as
consistent as for changes in flood frequency and intensity. Some interview partners
associated seasonal changes in flood events with land use change (Table 2.1-1: Q3, Table
2.1-2: Q8). Others, however, also perceived that rainfall would no longer follow seasonal

patterns and had become difficult to predict (Table 2.1-2 Q10).

Villagers owning land close to rivers had further noted a very recent (3-5 years) change in
flooding regimes. This change was attributed to the construction of flood control
infrastructure by oil palm companies managing wetland areas. Newly constructed dams
and drainage gates were reported to lead to a redistribution of floodwaters. These were
blamed for increasing the length and depth of flood events on smallholder farmers’
plantations located adjacent to or downstream of such infrastructure and further

complicating villager’s prediction of flood events (Table 2.1-2: Q9 and Q10).

The reported increases in flood frequency and intensity have significant socioeconomic

impacts for villagers in our case study villages. Increases in flood frequency, as well as
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difficulties in predicting seasonal flood events, are of particular importance to food crop
farmers, who often cultivate riparian floodplains (see introductory quote of this article). For
such crops, unexpected flood events, according to our interview partners, often imply
complete harvest failures. According to interview partners, but also documented in
government reports and local media, such harvest failures caused by flooding constitute a
major reason for food crop farmers to convert their fields into oil palm plantations (Bakhori
2010, The Jakarta Post 2014, Jambi Provincial Government 2016). For the interviewed rubber
and oil palm farmers, increases in flood frequency and intensity often imply a reduction of
tree and palm productivity as well as an impairment of harvesting activities, fertilization,
and the transport of plantation produce. Moreover, villagers residing in settlements
adjacent to rivers reported being evacuated from their houses several times during the past

years.

Table 2.1-2: Quotes illustrating villagers’ evaluations of possible causes of changing flooding regimes.
(Translations by J. Merten)

Possible causes of changing flooding regimes

Deforestation
(Q4: “In the past the water did not flow down that strong, because it was held  elderly villager
back by the trees. But now, as soon as it rains there will be flooding. All the (Air Hitam, 1 Nov.
water accumulates in the branches of the river.” 2017)
Q5: “[The trees] hold back the rain, so that not all the rain falls down. Then elderly

we have less flooding. But if all the rain falls down, on the earth, the flooding indigenous man

will be higher. [...] Because the forest has already been cut, that's why. The
forest can absorb all the disasters.”

Soil degradation

Q6:“Maybe it also changed because in our area, the water infiltration is
already less. The area where the water can infiltrate is already less, but in the
past there was still a lot of forest. So however big the rain was, maybe it was
quickly absorbed by the earth, by the soil. But now [...] as soon as it rains
maybe the water does not enter the earth anymore, it directly flows to the
river.”

Q7: “The difference is that in the past there was rarely flooding. Because there
was no erosion, there were still main other trees. The river was still deep, but
now the river is shallow [...] because the soil slides off into the river, that’s
why it is shallow, that is why floods today happen easily.”

Ecological function of wetlands

Q8: “Nowadays, we cannot predict the seasons anymore. [...] Each time it
rains, there is flooding. [...] In the past the forest was wide, but now it is all oil
palm, that’s why the water is absorbed slowly. And also all the peatlands
have been destroyed. In the past, when there was still peat, all the water was
absorbed by the peat.”

(Air Hitam, 16
June 2016)

rubber farmer
(riparian
plantation, 14
Nov. 2017)

rubber farmer
(riparian
plantation, 15.
Nov. 2017)

village gov.
representative
(Air Hitam, 15
Aug. 2016)
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Water infrastructure

Q9: “My oil palm in the past never got flooded, but now the water is deep oil palm farmer
and the oil palms cannot be harvested. Because the water cannot spread (Air Hitam, 21
anymore. In the past it could flow over there [direction of peatlands], butnow  July 2016)

it is blocked by the company’s dam, and then the water flows over here. In

the past the water flowed to [village name]. The water split [into several

arms], but now, because there is the dam, the water flows to the village.”

Q10: “In the past, before there was a dam built around inti [the company’s oil palm farmer
plantation], the flooding would drop fast. Now because of the dam, it takes (Air Hitam,
longer for the water level to drop. The water comes fast, but drops slowly. 22.06.2016)

[...] [Before the dam was built] the flooding lasted two days, and then it
would drop for two days. After five days the water was already gone. [...] But
now, it lasts at least half a month, if it is a big flooding.”

Climate change

Q10: “The seasons are not certain anymore today [...] Normally, the flooding  rubber farmer
seasons starts in November, [...] [It] lasts 4 months. But because there is a (riparian
change in the weather, we cannot predict it anymore. [...] The amount of rain  plantation, 14
nowadays is not certain anymore. [...] In the past it was comfortable. [...] Our  Nov. 2017)
ancestors, when they wanted to plant rice, they would count the day, would

count the month. [...] But now it is difficult because of the change, the change

in the weather.”

Land use history and management in wetland areas

To analyze land use history and management in wetlands areas in the Tembesi watershed
we compared interview data across six case study villages with vast wetland areas.
Interviews revealed that wetland areas in our case study villages were only extensively
used before the mid-1980s. In autochthonous villages, riparian floodplains were
traditionally cultivated only during the dry season and mainly planted with staple crops
such as dry rice, corn, or soybean. Shallow swamp areas were partly used for wet-rice

cultivation. Deeper swamp and peatland areas, on the contrary, mainly remained forested.

Starting in the mid-1980s, forested wetlands in our case study villages were progressively
converted into plantation systems. At that time a national resettlement program
(transmigrasi) aimed, inter alia, at the economic development of supposedly undeveloped
areas across Jambi Province, including expansive peatland areas (for more details see
Fearnside 1997). Three of our case study villages were established under this program.
Following the establishment of these villages, peat swamp forests adjacent to them were
converted into industrial oil palm and rubber plantations. These plantations were jointly

managed by settlers and industrial companies. In the other three autochthonous villages,
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plantations expanded into wetland areas more recently, starting around the early 2000s. A
profitable plantation development on these soils requires substantial financial and technical
capital for water management. Therefore, villagers interviewed argued that the conversion
of wetland forests was mainly initiated by independent private and commercial
investments that progressively expanded into areas that were formerly considered
marginal. Smallholder farmers who independently tried to develop these areas often sold

their land or left it only sporadically managed.

Nowadays, wetland areas in all studied villages are almost exclusively planted with
monoculture oil palm plantations. According to the interview partners, the oil palm is the
only crop known that can be profitably managed in inland wetlands. A rubber plantation
developed on peat soils in one of the transmigration villages had been abandoned after a
few years because of extremely low productivity. Annual crops planted in wetland areas
have decreased in extent over the past decades because of economic disincentives as well

as the above-mentioned challenges associated with changing flooding regimes.

Changes in local flooding regimes appear to also concern companies and private investors
who own oil palm plantations in the wetlands of our case study villages. Prior to plantation
development, these had typically established large-scale drainage systems on their lands.
In several cases, however, these drainage systems have recently been complemented with
flood protection infrastructure such as flood control dams. Along the Air Hitam River, at
least three larger oil palm companies have built new flood control dams during or shortly
before our field visits (2012-2017; Figure 2.1-2). According to a representative of one of these
companies, the need for additional water infrastructure arose because of an observed
increase in flood frequency. In accordance with the villagers’ observations, he associated
this increase with upstream deforestation activities. Consequently, the company
constructed additional drainage channels and flood control dams, and made use of water
pumps to mitigate flood impacts on their plantations. According to the villagers, such
infrastructure redistributes floodwaters locally, increasing the frequency and intensity of
flood events on their own plantations (see Table 2.1-2: Q9 and Q10). In two villages, village
authorities complained that they had not been informed about nor involved in the planning

of the flood control dams. In consequence, villagers tried to protest against the building of
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such dams by writing letters to local authorities or organizing roadblocks. Yet, they were

not successful in stopping such constructions at the time of research.

Figure 2.1-2: Recently built flood control dam on an agro-industrial oil palm plantation.

2.1.5.2 Quantitative environmental measurements

River water level

To interrogate water level data for the observed changes in the frequency and intensity of
flood events we used the nonparametric Mann-Kendall trend analysis and linear
regression. On a monthly basis, the Tembesi River at Pauh hydrological station had a mean
water level of 6.07 m (+ 1.29 m standard deviation) over the period 1997-2016 (A 2.1-2). On
average, mean water levels are 6.88 (+ 1.42 m) in the wet season (October-May), which is
1.9 m (+ 1.35 m) higher compared to the dry season (June-September; Appendix A 2.1-2).
Our trend analysis showed a small but significant increase of annual mean river water
levels by 0.10 m yr-1 over the 20-year study period (Mann-Kendall T =0.18, p <0.001). This
observed increase in mean river water levels was more pronounced in the wet season, with
0.12m yr-1 (Mann-Kendall T=0.29, p <0.001) compared to the dry season, with a respective
increase of 0.06 m yr-1 (Mann-Kendall t = 0.14, p < 0.05; Appendix A 2.1-2). Extreme water
levels of > 11 m, as an indicator for flood events, occur almost exclusively during the wet

season (92%) in coherence with intense precipitation (R? = 0.99; Figure 2.1-3, Appendix A
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2.1-3). According to the Mann-Kendall test, the frequency and duration of such extreme
river water levels has increased significantly over the study period (Mann-Kendall T =0.45,

p <0.01; Appendix A 2.1-3).

Because villagers reported that flood events today would occur even after only short
rainfall events, we investigated changes in the frequency and intensity of flash floods as
well as in the average water level rise. Water levels during a flash flood event (a rapid
increase in river water level > 1 m between two consecutive days) increase on average by
1.59 m (+ 0.67 m) during such events. The frequency and intensity of such flash flood events
remained relatively constant over the study period (Mann-Kendall t = 0.04, p = 0.36).
However, our analysis of the average water level rise of the Tembesi between two
consecutive days (Appendix A 2.1-3) indicates weak evidence for an increase in the

fluctuation of river water levels (Mann-Kendall t=0.16, p <0.01).

To interrogate a changing predictability of flood events we analyzed seasonal patterns of
extreme water levels, mean river water levels and flash flood events. However, we did not
find any significant shift in the seasonal patterns of mean river water levels (Table A2.1) or
flash floods and the increase of extreme water levels was only significant (p < 0.05) in the

wet season, i.e., in January and November (Figure 2.1-3d, Appendix A 2.1-3).

The analyses of river water levels show that flooding is an important component of the
Tembesi River hydrology. Therefore, we used a digital elevation model and the river
network to generate a flood risk map (see Appendix: Determination of flood-risk areas).
We found that in the case of a 100-year flood event, about 408 km? of land adjacent to local
rivers would be flooded, with strong negative impacts on local infrastructure, agriculture

and villages.
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Figure 2.1-3: Accumulated precipitation (a) and mean precipitation intensity index (b) at Pauh meteorological
station during the period 2007 to 2016. Days within one year with water level of Tembesi River above 11 m
(c), average change in river water level of the Tembesi River during a flash flood event (d), and fingerprint map
of Tembesi River water level at Pauh hydrological station (e) during the period 1997 to 2016 (no data for 2007).

Precipitation

Precipitation patterns at Pauh meteorological station are well reflected in the behavior of
the Tembesi River water levels recorded at Pauh hydrological station. However,
precipitation patterns from Jambi airport do not generally explain the water level
characteristics at Pauh hydrological station, probably because of the station being located
outside of the Tembesi watershed. At both meteorological stations, monthly accumulated
precipitation displays large seasonal and annual fluctuations (Figure 2.1-3a, Appendix A

2.1-4 and A 2.1-6). At Pauh, November and December show the highest rates of
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precipitation and the strongest precipitation intensity (Appendix A 2.1-4 and A 2.1-5),
which is also reflected in the annual peak of river water levels during those two months
(Figure 2.1-3e). At Jambi, where we have a longer record of precipitation measurements,
April shows the highest accumulated precipitation and precipitation intensity is strongest

in March (Appendix A 2.1-6 and A 2.1-7).

At both meteorological stations, we found no clear trend in total accumulated precipitation
and no shift in the distribution of precipitation between the wet and the dry season
(Appendix A 2.1-4 - A 2.1-7). At Pauh however, we found a clear trend toward higher
precipitation at the end of the wet season in May (Mann-Kendall T = 0.60, p < 0.05) and at
the beginning of the wet season in November (Mann-Kendall t = 0.56, p < 0.05; Appendix
A 2.1-4), which, for the latter, is in agreement with our findings of increased river water

levels at the beginning of the wet season (Appendix A 2.1-5).
Land-use change

In 1990, about half of the Tembesi watershed was covered with forest areas. Between 1990
and 2013, this forest area decreased by 25%, from 6835 km? to 5108 km?. Today, most of the
remaining forest area is located in the upstream, mountainous area of the watershed (Fig.
1; for an accuracy assessment of the land use classes see Appendix A 2.1-8). The forest loss
in the watershed can mainly be explained by an increase in plantation area as well as in
bush/bare land (Figure 2.1-4). From 1990 to 2013 the area cultivated with oil palm
plantations expanded by 54%, from 939 km? to 1451 km?. Rubber plantations increased by
25%, from 2714 km? to 3404 km?. The area of bush or bare land increased by 59%, from 597
km? to 947 km?2. In consequence, in 2013, oil palm plantations covered 11%, and rubber
plantations 25% of the Tembesi watershed. The area of mixed agricultural land has
remained almost the same over the same period, covering 15% of the watershed’s area in

1990 and 16% in 2013.

According to the wetland map we created; wetland areas constitute 8.35% of the Tembesi
watershed (1116 km?). In 1990, about one-third of these wetlands were covered with forests,
while 54% of the wetlands were used for different types of agriculture (Figure 2.1-4). The
proportionate loss of forest cover in wetlands was even greater than in the whole

watershed. From 1990 to 2013, forest areas in the watershed’s wetlands decreased by 73%,
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from 347 km? to 93 km?. This implies that 15% of the total forest loss between 1990 and 2013
in the Tembesi watershed occurred in wetland areas although these comprise only 8.35%
of the whole watershed. The converted forest area was almost exclusively planted with oil
palm plantations, which almost doubled in area from 1990 to 2013, from 244 km? to 479 km?,
respectively. In fact, 33% of all newly developed oil palm plantations in the Tembesi

watershed have been established in wetland areas.

Land use 1990 Tembesi watershed 2013 1990 Tembesi wetlands 2013

- forest
foiast bush/ bare
forest 8%  land
rubber
bush/ bare 9%
% land

bush/ bare land 9
ush/ bare lan: 4% rubber
rubber . 439  oil palm

1% oil palm 19%

oil paim 7%

mixed mixed mixed

agriculture =~ 15% 16%  agriculture 13% 12%  agriculture
settlement 49, 1% settlement ww2%: 3% settlements
water 4o ——qof—  Water  EEgG— 4% mm Water

Figure 2.1-4: Land use change in the Tembesi watershed and its wetland areas between 1990 and 2013 (based
on land use data by Melati 2017). Total area: Tembesi watershed 13,370 km? wetlands 1167 km?.

Soil bulk density and water infiltration capacity

Bulk densities of rubber and oil palm plantations in the topsoil (0-10 cm) were 1.3-fold
higher (1.14 + 0.05 and 1.13 + 0.05 g cm-3, mean + standard error) than at the reference
rainforest sites (Figure 2.1-5). In contrast to the topsoil, bulk densities in deeper soil layers

(30-50 cm) showed similar values across all land use systems (1.37 + 0.03 g cm?).

Saturated soil hydraulic conductivity (Ks) in an oil palm monoculture plantation (6.5 + 1.7
cm h, n =4) was three times lower than in the oil palm biodiversity experiment (22.6 + 2.6
cm h'!, n = 33; Figure 2.1-5), suggesting higher surface runoff in the former. Additional
measurements with a conventional double-ring infiltrometer in another oil palm plantation

gave lower Ks (0.7 £0.2 cm h', n=6).
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Figure 2.1-5: Topsoil (0-10 cm) bulk densities (BD, g cm-3) at 10 sites each in forest, rubber, and oil palm
plantations (sites described in Drescher et al. 2016). The dots represent means and the error bars the according
standard errors. Different letters represent significant differences among groups (Kruskal-Wallis test, p < 0.05)
(left). Saturated soil hydraulic conductivity (Kgs, cm h?) in oil palm monoculture control plots (n =4) and in
plots within the oil palm biodiversity experiment (n = 33; sites described in Teuscher et al. 2016). The dots
represent means and the error bars the according standard errors. Different letters represent significant
differences among groups (Kruskal-Wallis test, p < 0.05) (right).

Groundwater levels

Groundwater table (GWT) measurements in riparian areas showed that the mean GWT in
the rubber and oil palm plantations is lower than in the forest reference sites ( Figure 2.1-6).
On average, the GWT during the period July 2017 to April 2019 was 0.55 m (+ 0.27 m) below
the soil surface in the forests, and 1.03 m (+ 0.39 m) and 1.24 m (x0.50 m) below the soil
surface in the rubber and oil palm plantations, respectively. In addition, GWTs in the
plantations (rubber and oil palm) showed higher amplitudes compared to the GWT in the
forests (Figure 2.1-6b). After a rainfall event, the GWT in the plantations can increase up to
1.5 m within a few hours while in the forests, the increase in the GWT after a rainfall event
is less pronounced, with a maximum of ~0.5 m (Figure 2.1-6). Although the mean GWT in
the plantations is lower than in the forests, GWTs in the plantations regularly exceed the
respective GWT of the forests. This indicates that after a rainfall event, the rubber and oil

palm plantations are more prone to flooding than the forests.
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Figure 2.1-6: Development of average groundwater table at forest (0.55 + 0.27 m, n = 4), rubber (1.03 + 0.39
m, n=4), and oil palm (1.24 = 0.50 m, n = 4) riparian locations during the period July 2017 to April 2019.

2.1.6 DISCUSSION: INTEGRATING INSIGHTS FROM LOCAL ECOLOGICAL
KNOWLEDGE AND SCIENTIFIC MEASUREMENTS

2.1.6.1 Comparing villagers’ observation of changing flooding regimes with

stream flow data

Villagers interviewed for this study reported an increase in flood frequency and intensity
following extensive land use change toward rubber and oil palm monoculture plantations
during the past two decades. These findings are in line with the observed increase in
frequency and duration of extreme river water levels (> 11 m; t = 0.45). Government reports
from Jambi Province provide some additional support to these measurements as they
discuss flooding as an increasing environmental problem across Jambi Province and
beyond the Tembesi watershed (Minister of Public Works 2012, Batanghari Watershed
Office 2016, Jambi Provincial Government 2016). They are also in line with other studies
across Indonesia, where local people associated increases in flood frequency and intensity
with land use change from forests to oil palm plantations and other types of land use
(Obidzinski et al. 2012, Larsen et al. 2014, Wells et al. 2016, Kelley and Prabowo 2019). Our
findings further correspond with studies showing increases in streamflow (Adnan and
Atkinson 2011) and in the number of days flooded (Tan-Soo et al. 2016), which is associated

with land use conversion to rubber and oil palm plantations.
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The interviewed villagers further reported that following land use conversion, flood events
have become difficult to predict because water levels today rise faster after rainfall events
and the occurrence of flooding has partly shifted in seasonality. A decreasing predictability
of flood events following land conversion has also been a common observation by villagers
in different areas across Indonesia (Leimona et al. 2015, Kelley and Prabowo 2019). Our
water level data, however, showed no substantial evidence supporting these observations
by local villagers. Flash flood events of the Tembesi River have not changed in frequency,
intensity, or seasonality over time and significant increases in extreme water levels were
only found during the wet season. Only the slight increase in average water level rise (t =
0.16) provides a small indication supporting villagers” observation of larger fluctuations in
water levels. Because discharge data is only available from one hydrological station in the
Tembesi watershed, our data, therefore, provide very selective insights into hydrological
processes at the watershed scale. As the catchment area upstream of our hydrological
station covers over 10,000 km?, flash flood events in smaller subcatchments may not result
in significantly higher water levels of the Tembesi River. In general, it has been found that
the impacts of land use change on river water levels may be larger in smaller watersheds
(Bruijnzeel 1990, van Dijk et al. 2009). Farmers who own plantations adjacent to smaller
streams, e.g., the Air Hitam River, may thus observe larger changes in water levels than are
reflected in the water levels of the Tembesi River. Indications supporting this hypothesis
can be found in our measurements of groundwater tables, which show rapidly increasing

water levels in rubber and oil palm plantations after rainfall events.

2.1.6.2 Potential contributions of local climate change to changing flooding

regimes

Several interview partners reported seasonal shifts in local rainfall patterns, which could
thus potentially provide an explanation for the villagers’ reports that flood events have
become difficult to predict. Our analysis of precipitation data may partly explain the
villagers” complaints as it indicates a clear shift in the seasonal distribution of precipitation
toward higher precipitation rates at the end of the wet season in May. Similar accounts
about increasingly unpredictable rainfall patterns were reported from farmers across
different regions in Jambi Province (Merten et al. 2016, Martens 2017, Rodel 2018).

Considering this widespread observation, the measured changes in the seasonal
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distribution of precipitation appear relatively small. Further data from different
meteorological stations across Jambi Province would thus be needed to discuss the

villagers” observation of changing seasonal rainfall patterns in more detail.

Changes in rainfall patterns could further provide an explanation for the measured increase
in the average water levels of the Tembesi River. However, our analysis of precipitation
data at Pauh and Jambi airport meteorological station showed that the total amount of
precipitation as well as the overall precipitation intensity has remained relatively constant
over the past decades. Our precipitation data available for the Tembesi watershed,
however, only covers the lowland areas. Hence, we cannot rule out changes in precipitation
patterns in the highland regions of the Tembesi River watershed, which may have

contributed to the observed increase in water levels.

Deforestation can modify rainfall patterns because of vegetation-atmosphere interactions
at various spatial scales (Lawrence and Vandecar 2015, Spracklen et al. 2018). Large-scale
forest conversion, as in the Tembesi watershed, typically leads to a reduction of rainfall and
therefore river discharge (Lawrence and Vandecar 2015). However, this might be different
in the case of forest conversion to oil palm plantations in which evapotranspiration remains
relatively high (Roll et al. 2019). On the other hand, deforestation in heterogeneous
landscapes such as the Tembesi watershed may increase rainfall over deforested areas and
thereby increase both river discharge and river water levels (Lawrence and Vandecar 2015).
Moreover, global climate change is expected to increase both total annual precipitation and
extreme precipitation in Southeast Asia (Ge et al. 2019). Although such trends are not yet
identifiable in our precipitation data, such developments could further increase both river
discharge and river water levels in the future. Long-term climate records and a dense
network of meteorological stations are therefore indispensable for studying the current and

future linkages between precipitation and river discharge.

2.1.6.3 Potential contributions of land use change to changing flooding

regimes

Evidence for altered hydraulic soil properties after forest conversion

The villagers interviewed in this study reported that flooding regimes started to change

after vast forest areas had been converted to rubber and oil palm plantations. Our land use
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change analysis, together with our measurements of soil properties and groundwater levels
in different land use systems, provide indications that the large-scale land use change might
have contributed to changes in the ecohydrological functioning of the Tembesi watershed.
High soil compaction in monoculture rubber and oil palm land use systems is in line with
results of other studies in the tropics, showing that forest conversion and associated soil
compaction leads to 1.2- to 1.3-fold increases in topsoil bulk density (Don et al. 2011, Li et
al. 2012). Higher bulk densities in monoculture plantations than in forests are likely the
result of severe soil erosion and changes in soil properties (Guillaume et al. 2015, 2016), e.g.,
compaction caused by heavy machinery during deforestation or subsequent harvesting
operations. Such increases in soil compaction may go along with significantly lower
saturated hydraulic conductivities (Ks; Pachepsky and Park 2015). Our measurements
indicate that subsoil bulk densities (30-50 cm) remain unchanged across the different land
use systems, which corresponds with a previous study from the region (de Blécourt et al.
2013). However, it has been suggested that increases in topsoil bulk density alone are
sufficient to strongly reduce K in soils of the humid tropics (Hassler et al., 2011). In a meta-
analysis, Pachepsky and Park (2015) suggested that topsoil bulk densities of around 1.36 g
cm?® form a critical threshold, beyond which they have altered hydraulic properties such as
hydraulic conductivity, permeability, and porosity due to soil compaction. In our study,
more than 30% of the assessed oil palm and rubber plantations cross this threshold. Such
changes in hydraulic soil properties are further supported by our measurements of
saturated hydraulic conductivity (Ks). Our very low K values coincide with a previous
study in the region, where soil water infiltration in oil palm monocultures (3 cm h-') was
reported to be 60% lower than in rubber plantations (7.8 cm h') and more than 15-times
lower than in reference rainforests (47 cm h-; Tarigan et al. 2018). These results, as well as
ours, thus point to very low K in conventionally managed oil palm monocultures, which
is most likely related to the described soil compaction. These observations are in agreement
with the villager’s observation that soils in plantations do not effectively absorb or retain

rainwater.

The type of vegetation in riparian areas is critical for infiltration capacity, overland flow,
and groundwater recharge (Alvarenga et al. 2017). Our groundwater table (GWT) analysis
in riparian areas showed that rubber and oil palm plantations have lower GWTs compared

to forests. This might be related to the relatively high soil compaction and the low water
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infiltration capacities in monoculture plantations, as mentioned above. Higher amplitudes
of GWT in oil palm and rubber plantations compared to forests indicate a loss of buffer
functions such as flood moderation, groundwater recharge, and soil water storage in the
plantations. Hence, our measurements of bulk density, water infiltration, and groundwater
tables point to substantial increases in surface runoff after precipitation, which could
potentially increase flood frequency and intensity (Bruijnzeel 2004). This line of argument
is supported by a previous study in the region, which modeled large increases in surface
runoff with an increasing share of rubber and oil palm plantations in a given watershed
(Tarigan et al. 2018). Although our water level data from the Tembesi River did not reflect
villagers’ observation that rainfall nowadays accumulates faster in local rivers than they
remember from the past, our measurements of hydraulic soil properties and groundwater

levels provide substantial indications that support this observation.

Our analysis of soil water infiltration in oil palm plantations where biodiversity enrichment
has been carried out, however, suggests that tree planting and regeneration of natural
vegetation could partially restore the very low infiltration capacity. Five years after the
establishment of the experiment, average K in the enriched oil palm plantation was at least
three-times higher than in oil palm monocultures. These findings are consistent with a
meta-analysis across the tropics that reports on average three-fold increases of water
infiltration capacity after afforestation or tree planting in agricultural fields (Ilstedt et al.

2007).

Our measurements thus provide several indications that forest conversion and subsequent
alteration of soil properties may explain the measured increase in the Tembesi’s water
levels. However, especially in larger catchments, the interaction of land use and ecosystem
processes increases in its complexity and causes with increasing catchment area (Bruijnzeel
1990, van Dijk et al. 2009). Studies from several river catchments in the tropics have shown
that other processes related to land use change and subsequent changes in soil properties,
e.g., sedimentation, road construction, missing buffer zones, or illegal gold mining have the
potential to further increase river water levels (Allan 2004, Ziegler et al. 2006, Wantzen and
Mol 2013, Carlson et al. 2014, Luke et al. 2017). These above-mentioned processes are also

found in the Tembesi catchment area and, with the relatively large extent of the river, this
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myriad of complex land use changes and related interactions may therefore further

contribute to the observed increases in river water level.

Increases in the Tembesi river water levels in both the dry and rainy seasons might be
explained by the complexity of interacting ecosystem processes. In the case of reduced
water infiltration capacity of soils coupled with high (evapo)transpiration rates in oil palm
monoculture plantations (Manoli et al. 2018), a reduction of water levels in rivers during
the dry season might be expected (Bruijnzeel 1990). Indications for such changes were
suggested for oil-palm-dominated landscapes by Merten et al. (2016). Rubber plantations,
on the other hand, exhibit lower (evapo)transpiration rates in smallholder-dominated
cultivation systems in Jambi (ROl et al. 2019). Therefore, the impact of land conversion on
the river water level in larger watersheds with mixed land use systems may be less

discernible.

Potential contributions of wetland conversion and water infrastructure to changing

flooding regimes

Despite their important ecological role (Bhowmik 2020), wetlands have often been
described and treated as wastelands and hence converted into other land use types (Barbier
et al. 1997). Our land use change analysis indicates a much higher rate of forest conversion
in wetland areas compared to well-drained sites. According to interview data, this land use
change can be explained by both governmentally planned plantation establishment as well
as market-driven expansion of oil palm plantation into marginal areas. This trend of oil
palm plantations expanding into wetlands areas has also been reported in other regions
across Indonesia and Malaysia (Abram et al. 2014, Guillaume et al. 2016, Schoneveld et al.

2019).

Because of plantation expansion into wetland areas, but also because of the reported
increases in flood frequency and intensity, flood control infrastructure such as dams and
drainage channels have recently been installed across all our case study villages. Although
we cannot quantify to what extent such infrastructure has contributed to an alteration of
flooding regimes at the landscape level, our interview partners reported that the
construction of flood control dams, water pumps, and drainage gates contribute to a

redistribution of floodwaters at the local scale. Such developments are considered
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particularly sensitive because government representatives during interviews confirmed
that the construction of water infrastructure often happens without legal notice.

Accordingly, the first author observed the emergence of social conflicts.

Our interview data as well as observations in the field show that most of the studied
wetland areas were managed by or with the support of private companies, external
investors, or more well-off farmers. Likewise, Schoneveld et al. (2019) and Kelley and
Prabowo (2019) show that plantation development on peat soils and flood prone riverbanks
in Indonesia was mainly realized by more well-off farmers, political elites, and private
companies that adopted more industrialized land use operations. This concentration of
companies and local elites in wetland areas, together with the already mentioned conflicts
over water infrastructure, creates a risk of an increasingly unequal distribution of flood
damage. Surprisingly, to our knowledge, no study linking oil palm expansion to increasing
flood frequency and intensity has yet paid attention to the role of infrastructure in changing

flooding regimes or to the associated social impacts.

The large-scale expansion of plantations into wetland areas may also have contributed to
changing flooding regimes by reducing the ecohydrological functioning of these
ecosystems. Review studies suggest that lowland wetlands may substantially reduce or
delay flood events (Bullock and Acreman 2003, Acreman and Holden 2013, Mitsch and
Gosselink 2015). Anthropogenic activity in wetlands strongly affects local river systems
because of frequent lateral water exchange between rivers and wetlands (Junk et al. 1989,
Junk and Wantzen 2004). Although no data on wetland hydrology were available for the
Tembesi watershed, the drainage and burning of large areas of peatlands in the watershed
(Uryu et al. 2010, NASA FIRMS 2019) is particularly indicative of a degradation of local
ecohydrological functions. Drainage and burning of peat soils is known to alter their
physical properties, resulting in peat subsidence and compaction, thus reducing the water
absorption of peat swamps (Andriesse 1988, Page et al. 2006, Wosten et al. 2008, Evers et al.
2017). Moreover, the subsidence of peat soils is considered to progressively lengthen

periods of inundation (Wdsten et al. 2006, Hooijer et al. 2015, Sumarga et al. 2016).

2.1.7 CONCLUSION AND FINAL REFLECTIONS

Our analysis showed that the observed and measured increase in flood frequency and

intensity within the Tembesi River catchment area is most likely driven by land use change
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from forests to monoculture plantations. This development appears to be related to soil
compaction, decreasing water infiltration rates, and, therefore, higher surface runoff. It
might further be aggravated by the expansion of oil palm plantations into wetland areas

and the subsequent construction of drainage and flood control infrastructure.

Our study illustrates how interrogating local ecological knowledge and integrating it with
multidisciplinary scientific measurements can drive forward problem-centered research on
the linkage between land use change and flooding. This study benefited from data
integration in three important ways. First, local people’s reports of changes in flooding
regimes following land conversion, draw our attention to a problem of environmental
change previously not accounted for by our research project. We thus build upon local
people’s ecological knowledge to then interrogate datasets from different disciplines,
whether they provide indications confirming villagers” observations and evaluations or not.
None of the data analyzed were initially collected for the purposes of studying flooding,
and hydrological data provided by the provincial government in Jambi remain scarce and
often incomplete. Despite this, the analyzed data provided substantial indications that
support people’s claims that land use change alters local flooding regimes. The villagers’
observations and evaluations matched well with our measurements of extreme river water
levels and altered hydraulic soil properties in monoculture plantations. In data-poor
regions, such an integration of multidisciplinary datasets may thus help us to gain insights

into socially relevant research topics that are otherwise neglected.

Second, villagers’ observations of changing flooding regimes, such as increases in the
frequency of flood events or more rapidly rising water levels after rainfall, also helped us
to define what indicators to look for in local water level data. As a result, our problem-
based research approach pointed out significant gaps in our data, which, by analyzing
water level data alone, might not have appeared as a gap at all. Although the predictability
of flood events appears to be a major concern for local farmers in Jambi, our analyzed data
does not mirror seasonal shifts in flood events and only small shifts in seasonal rainfall.
Reports of shifting seasonal rainfall patterns, however, have been common across different
areas in Jambi Province, and a decreasing predictability of floods has also been reported in
other areas with rapid land use change (Leimona et al. 2015, Kelley and Prabowo 2019).

This mismatch points to a need for more fine-scaled spatial and temporal monitoring of
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water levels and precipitation in the area to improve our understanding of the complex

linkages between river discharge, land use change, and climate change.

Finally, the integration of local ecological knowledge draws our attention to the multiplicity
of processes that influence the occurrence of flooding. Our study reveals that the
construction of drainage or flood control infrastructure has aggravated changes in local
flooding regimes, thus generating new social conflicts. Newly installed infrastructure was
observed to redistribute floodwaters at the local level and thus to play a crucial role in the
mediation of the social impacts of flooding. Surprisingly, the role of technical infrastructure
in mediating water flows has received little scientific attention in studies connecting land
use change with changing flooding regimes. More studies are needed to assess and monitor
the hydrological impacts of such water management practices, as well as the social and

economic relations that shape these practices.
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APPENDIX

Biodiversity enrichment experiment

A 2.1-1: Information regarding the plots of the biodiversity enrichment experiment (EFForTS-BEE) where
water infiltration has been measured. Details on the species composition, plot size and tree diversity are
described in Teuscher et al. (2016). A: Parkia speciosa (Fabaceae); B: Archidendron pauciflorum (Fabaceae); C:
Durio zibethinus (Malvaceae); D: Dyera polyphylla (Apocynaceae); E: Peronema canescens (Lamiaceae); F:

Shorea leprosula (Dipterocarpaceae).

Plot ID Lat Long Plot size Diversity Composition | Number of
Level of the planted
planted tree | trees
species
1 -1.94162 103.2519 40 1 A 400
2 -1.94174 103.253 20 3 ACF 99
3 -1.9433 103.2518 20 2 CD 100
4 -1.94321 103.2532 10 1 25
5 -1.94478 103.2518 40 1 400
6 -1.94462 103.2532 5 1 E 6
7 -1.94469 103.2552 40 3 AEF 399
8 -1.94587 103.2491 5 1 F 6
12 -1.94589 103.2543 20 1 C 100
13 -1.94591 103.2559 10 1 25
17 -1.94734 103.2531 20 1 F 100
22 -1.94873 103.2491 5 2 BF 6
24 -1.94838 103.2543 40 2 CE 400
26 -1.94849 103.2572 40 2 DF 400
27 -1.94992 103.2464 10 2 AE 24
28 -1.95002 103.2478 5 1 B 6
29 -1.94996 103.249 40 3 BCD 399
30 -1.94981 103.253 20 1 E 100
31 -1.94997 103.2545 5 1 C 6
34 -1.95143 103.2451 10 2 BD 24
35 -1.95182 103.2466 40 0 z 0
36 -1.95106 103.2477 20 2 AF 100
37 -1.95118 103.2488 10 0 z 0
38 -1.95172 103.2504 20 1 D 100
39 -1.95138 103.2518 5 2 AC 6
41 -1.95267 103.2438 10 1 A 25
42 -1.95276 103.245 5 1 D 6
44 -1.95271 103.2478 5 3 BEF 6
45 -1.95307 103.2487 40 1 E 400
46 -1.95442 103.2424 40 2 AB 400
47 -1.95395 103.2437 20 2 BE 100
48 -1.9541 103.2452 10 3 CEF 24
49 -1.954 103.2466 40 1 F 400
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50 -1.95406 103.2478 5 6 ABCDEF 6
51 -1.95425 103.2491 20 1 A 100
53 -1.94325 103.2547 10 control 0
54 -1.9512 103.2558 10 control 0
55 -1.9513 103.2534 10 control 0
56 -1.95505 103.2461 10 control 0
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River discharge

A 2.1-2:Mean water level (+ standard deviation) at Pauh hydrological station and results of Mann-Kendall test (Mann-Kendall t and p-value).

Month Wet Dry

Year S(z;s:)n S€ason | Annual
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sept. Oct. Nov. Dec. (Oct- (Jun.-
May) Sept.)

A‘l'gg"fe 707 | 690 | 680 | 725 | 647 | 492 | 474 | 448 | 443 | 508 | 705 | 813 | 68 | 498 | 607
(2 016) (+2.05) | (+2.24) | (22.46) | (£2.17) | (£1.94) | (21.50) | (x1.58) | (21.29) | (£1.32) | (1.43) | (#1.73) | (+2.67) | (x1.47) | (£1.22) | (£1.29)
Mann-

Kendall 0.13 0.23 0.22 0.33 0.28 0.25 0.21 0.05 0.05 -0.14 0.26 0.25 0.29 0.14 0.18

~ | (p<0.001) | (p<0.001) | (p<0.001) | (p<0.001) | (p<0.001) | (p<0.001) | (p<0.001) | (p =0.07) | (p =0.07) | (p<0.001) | (p<0.001) | (p<0.001) | (p<0.001) | (p<0.05) | (p<0.001)
A 2.1-3: Sum of days with water level >11 m at Pauh hydrological station and results of Mann-Kendall test (Mann-Kendall T and p-value).
Month Wet Dry
Year seOas:)n S€ason | Annual
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sept. Oct. Nov. Dec. (Oct- 1 (Jun-
May) Sept.)
Average
1.8 2.5 2.2 1.8 1.4 3.6 15.4 15.4
(1997- 2 (x2.7) 0 0 0 0 0.1 0
2016) (£1.6) (#3.1) (£2.4) (x1.0) (x0.7) (#4.3) (x1.0) (#1.0)
12:121211 049 | 028 | 024 | 023 | 023 032 | 059 | 025 | 045 | 032 | 045
(p=0.01) | (p=0.15) | (p=0.21) | (p<0.24) | (p <0.23) (p=0.12) | (p<0.01) | (p=0.17) | (p<0.01) | (p=0.12) | (p<0.01)

T
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Determination of flood-risk areas

In order to map areas that are prone to flooding, we followed the guidelines of the Indonesian
National Agency for Disaster Management (Badan Nasional Penanggulangan Bencana /
BNPB), which requires two main input datasets, namely (1) a digital elevation model (DEM)
and (2) the river flow network. We used the 3 arc-second (= 90 m) void-filled, open-access DEM
“Hydrological Data and Maps Based on Shuttle Elevation Derivatives at Multiple Scales”
(HydroSHEDS) developed by the Conservation Science Program of the World Wildlife Fund
For Nature (Lehner et al. 2008). This DEM presents a combination of the Shuttle Radar
Topography Mission (SRTM-3) and the void-filled digital terrain elevation data (DTED®-1)
(Lehner 2013). The river network is based on the corresponding vector layer from the
Indonesian Geospatial Information Agency (Badan Informasi Geospasial / BIG 2017) digitally
available for Jambi Province at the scales of 1:250,000 and 1:50,000. Building on these two
datasets, we determined a flooding probability by combining the slope gradient, distance from
the rivers and the modified topographic index (TIm):

L= in | %
m = [tan (ﬁ)l

where ad is the local upslope contributing area per unit contour length; tan(f3) is the local slope

gradient; n is an exponent (0.016x0.46) and x is the spatial resolution of the DEM (Manfreda et
al. 2011; Manfreda et al. 2014). The TIn was developed to delineate the exposure to flooding
events on the basis of the basin topography (Manfreda et al. 2011). Eventually, an area was
defined as flood-prone when (1) the distance to the river was <300 m, (2) the slope gradient <
15% and (3) TIm exceeded a threshold T, which was set to T = 10.89n + 2.282 (based on BNPB
2016), and constitutes an area that equals or exceeds 0.2% annual chance to be flooded (Holmes

Jr. and Dinicola, 2010).
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Precipitation

A 2.1-4: Accumulated precipitation (mm) at Pauh meteorological station and results of Mann-Kendall test (Mann-Kendall T and p-value).

Month Wet Dry
Year Segs:)n season | o1
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sept. Oct. Nov. Dec. (Oct-- (Jun.-
May) Sept.)
Average
(2007- 290.3 216.7 268.5 280.3 244.1 109.6 170.6 126.6 141.2 256.1 352.7 |365.0A)| 1993.1 792.1 2785.2
2016) (£115.9) | (x74.1) | (x149.3) | (294.6) | (£83.9) | (£53.0) | (294.0) | (¢85.2) | (x112.1) | (x110.3) | (x119.4) | (£162.8) | (£392.7) | (x220.2) | (x547.0)
Mann-
Kendall 0.16 0.38 0.33 0.20 0.60 -0.04 -0.07 -0.20 -0.24 -0.33 0.56 0.06 0.02 -0.02 0.03
. (p=0.59) | (p=0.15) | (p=0.21) | (p=0.47) | (p <0.05) | (p =0.93) | (p =0.86) | (p =0.47) | (p =0.37) | (p =0.21) | (p <0.05) | (p =0.92) | (p =0.13) | (p =0.33) | (p =0.65)

No data for December 2012 available

A 2.1-5: Average precipitation intensity index (+ standard deviation) at Pauh meteorological station and results of Mann-Kendall test (Mann-Kendall T and p-value).

Month Wet Dry
Year segson 5€ason | Annual
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sept. Oct. Nov. | Dec | (©ct- | (un-
May) | Sept.)
2007- 15.9 17.6 17.2 22.0 21.6 13.7 18.5 154 17.3 17.1 244 23.3 20.2 16.0 19.0
2016 | +133) | (+135) | (+16.1) | (£19.0) | (212) | (+13.5) | (x22.5) | (#165) | (x169) | (x14.0) | (22.4) | (x23.1)| (x18.8) | (+17.6) | (+18.6)
Iiﬁra:;{a:l -0.14 0.11 0.16 -0.09 0.07 -0.08 0.14 -0.09 -0.05 -0.14 0.02 (0;%64 0.02 -0.02 0.01
S =013) | (=026) | (p=0.04) | (p=029) | (p=040) | (p=040) | (r=0.10) | (r=032) | (p=0.66) | (p=0.13) | (p=0.81) p7)' (p=0.59) | (p=0.71) | (p=0.81)
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A 2.1-6: Mean precipitation (mm) at Jambi airport meteorological station and results of Mann-Kendall test (Mann-Kendall T and p-value) during the period 1978-2016.

Month Wet Dry
Year SG(E)IS:)II S€ason | Annual
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sept. Oct. Nov. Dec. (Oct- | (un-
May) Sept.)
1978- 199.3 180.2 233.9 256.0 170.5 112.4 112.5 124.6 129.6 223.0 241.1 248.2 1798.2 491.7 2289.9
2016 | (+85.7) | (£79.9) | (x827) | (x90.0) | (x64.8) | (x64.6) | (x81.4) | (x92.9) | (x86.1) | (+105.8) | (298.9) | (:86.6) | (+91.6) | (+81.4) | (+99.9)
Mann-
Kendall -0.28 -0.08 -0.02 -0.22 -0.12 -0.08 0.16 0.10 -0.16 -0.13 -0.06 0.02 0.09 0.03 -0.05
S p=0.01) | (r=051) | (p=0.85) | (p=0.05) | (p=031) | (p=0.51) | (p=0.16) | (p=0.38) | (p=0.16) | (p=024) | (p=0.63) | (p=0.85) | (P=0.02) | (p=0.54) | (p=0.10)

A 2.1-7: Average precipitation intensity index (+ standard deviation) at Jambi Airport meteorological station and results of Mann-Kendall test (Mann-Kendall T and p-value).

Wet Dry
season | season
Month Annual
Year (Oct.- (Jun.-
May) | Sept.)
Jan Feb. Mar. Apr. May Jun. Jul. Aug. Sept. Oct. Nov. Dec.
1991- 11.3 13.1 16.1 14.2 12.8 11.9 15.3 13.7 11.1 14.7 14.4 15.7 14.0 13.0 13.8
2016 | (x11.9) | (x134) | (£16.6) | (£14.2) | (x12.8) | (x14.6) | (¢18.2) | (£15.5) | (¥12.0) | (x12.4) | (¢13.0) | (¢¥15.0) | (¢13.8) | (¥15.2) | (x14.2)
12221211 -0.01 0.05 -0.13 0.02 -0.03 -0.08 -0.04 0.01 -0.05 -0.03 -0.05 -0.03 0.05 0.0 -0.03
. (p=0.79) | (p=0.34) | (p<0.01) | (p=0.74) | (p=0.54) | (p=0.18) | (p=0.54) | (p=0.92) | (p=0.44) | (p=0.57) | (p=0.36) | (p=0.56) | (p=0.01) | (p=0.96) | (p=0.06)
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Accuracy statistics of land use/cover classes

A 2.1-8: Accuracy statistics and area proportion of each land use/cover class in the Tembesi watershed for the
year 2013 (recalculated from Melati 2017).

Land use/ cover class Accuracy Area proportion (%)
User's Producer's Overall Map Estimated

Agriculture 724 +16.6 95.6+54 16.3 124+2.8
Bush/bareland 794 +10.1 60.3+17.4 7.1 9.4+28
Forest 93.9+6.8 95.4+3.2 38.1 375+29
Oil palm 83.3+10 68.5+13.8 85.8+4.4 10.8 13.1+£2.8
Rubber 864 +7.5 90.9 +6.7 25.6 244+2.6
Settlement 81.3+19.8 352+22.3 1.3 29+138
Water body 50+43.8 100+ 0 0.8 +0.3
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2.2.1 ABSTRACT

Progressive conversion of tropical rainforests to agricultural monocultures in South East
Asia increasingly affects landscape types such as riparian areas. The impacts of conversions
on soil organic matter (SOM) vary with changing landforms. However, this was often not
accounted for in previous studies where SOM in soils in riparian areas was combined with
SOM from well-drained adjacent slopes. Because riparian areas have a high carbon (C)
storage potential, our objectives were i) to assess their C stocks after conversion to rubber
and oil palm plantations in Sumatra (Indonesia) and ii) to compare the impacts of land use
conversion on C stocks between riparian and well-drained areas. Average soil C stock
losses from the top 30 cm were about 14% and 4% following conversion of riparian forest
to rubber and oil palm plantations, respectively, indicating a high resistance of C to
mineralization. C losses from well-drained areas were twice as high as from riparian areas
after the respective conversion. 83C values from riparian areas showed clear heterogeneity
down soil profiles that was explained i) by alternating oxic and anoxic conditions, leading
to reduced SOM and litter decomposition in riparian areas and ii) by mineral sediments
and organic matter deposition and accumulation by erosion from adjacent slopes covered
by plantations. We conclude that riparian areas are more resilient in terms of soil C storage
towards land-use change than well-drained areas because of sediment deposition and
reduced oxygen availability. On this basis, we developed a conceptual model of the effects
of land-use change and various ecotone characteristics on SOM mineralization in the top-

and subsoil of riparian areas.

Keywords: carbon cycle; isotopes; Indonesia; land-use change; riparian; erosion and

deposition, stable isotopes
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2.2.2 INTRODUCTION

The growing demand for cash crop products, such as palm oil and rubber, causes the
conversion of tropical rainforests into agricultural land. This land-use change towards
intensively managed plantations has major impacts on the global carbon (C) cycle, since it
reduces soil organic carbon (SOC) stocks and increases carbon dioxide emissions (Don et
al., 2011; Harris et al., 2012). The tropics play a crucial role in global C reservoirs, as they
store one third of the global soil C (Scharlemann et al., 2014). Due to the described land-use
change the total anthropogenic carbon dioxide emissions increased by 48% (Ciais et al.,

2013).

In 2012, Indonesia had the highest deforestation rate in the world (0.84 Mha) (Margono et
al., 2014). Deforestation is particularly severe on the island of Sumatra, where vast expanses
of lowland rainforest have been converted into oil palm and rubber plantations (Austin et
al., 2019; Margono et al., 2014). Various studies showed that the forest conversion into
agricultural land is accompanied with C losses from mineral soil in this region (Borchard et
al., 2019; de Blécourt et al., 2013; Guillaume et al., 2015). In mineral soils in well-drained
areas, land-use changes induce SOC losses mainly by decreased C input, accelerated
decomposition, or increased erosion (Guillaume et al., 2015). The conversion into
plantations reduces above- and belowground biomass up to five fold (Guillaume et al.,
2018; Kotowska et al., 2015) leading to a reduced C input (Powers, 2004). In combination
with mineral fertilization, which reduces the nutrient limitation of soil microbial
communities, this accelerates biogeochemical cycles and triggers the decomposition of soil
organic matter (SOM) (Becker et al., 2015; Becker and Kuzyakov, 2018). Additionally,
reduced vegetation cover in plantations strongly increases soil erosion, which in turn leads
to a loss of the C-rich topsoil (Don et al., 2011; Guillaume et al., 2015; Labriere et al., 2015).
Forest soils in tropical wetlands have a large C-stock potential (Wantzen et al. 2012) and
particularly large C losses are expected from conversion into agricultural land. However,
most research with specific focus on riparian areas has been conducted in temperate regions
(Guyette et al., 2002; Zehetner et al., 2009). The impact of land-use change in non-peat
riparian areas on C losses has hardly been investigated; yet in the tropics (Wantzen et al,,
2012). The distinction between the terms ‘riparian area” and ‘wetland” mainly depends on
three main differences: first, riparian areas are commonly transitional zones between

terrestrial ecosystems and water bodies. These areas are temporarily inundated or water-
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logged (Wantzen et al., 2008) with a high water table (McCormick, 1978) and can experience
seasonal wet and dry cycles, i.e., temporal changes between oxic and anoxic conditions
(Décamps et al., 2004). The term ‘wetland’, however, describes soils that are often water-
saturated but do not need to be adjacent to a river. Second, related to the divergent
locations, the terms describe different energy and temporal dynamics of the affecting water
body. Riparian areas often reflect higher water flow dynamics where sediments are
transported and material accumulation and erosion occur. On the contrary, wetlands are
associated with a water table that is close to or above the surface and are characterized by
only a scarce flow of water (Brown et al., 1978). Third, as mineral and organic soils both
occur within wetlands, the level of organic content is not the only indicator to identify
riparian areas as a certain type of wetland. The riparian SOM balance is further influenced
by two specific factors: the redistribution of fluvial sediment (Rieger et al., 2014) and oxygen
deficiency in water-saturated soil. The effects of these processes on riparian C balances and
stabilization can offset erosion and SOM mineralization. Deposits that enter (and partly
leave) the ecotone contain high amounts of allochthonous organic material from terrestrial
sources and dissolved organic matter from aquatic sources (Moore et al., 2013). Flooding
duration and frequency also play crucial roles for long term C accumulation (Bendix and

Hupp, 2000; Graf-Rosenfellner et al., 2016).

Depth profiles of natural *C abundance (0°C) serve as helpful tools to evaluate the
decomposition state of SOM (Alewell et al., 2011; Guillaume et al., 2015; Kriiger et al., 2014).
The 6"°C value describes the ratio of *C:"2C abundance relatively to the international PDB
limestone standard (Craig, 1953). SOM and litter decomposition lead to an *C enrichment
of SOM and, thus, they induce a shift to less negative 8'°C values. In well-drained mineral
soils, an increase of 03C values was observed with soil depth and soil age (Andreeva et al.,
2013; de; Zang et al., 2018). Apparently here, aerobic decomposition processes dominate
and lead to *C enrichment. In contrast, soils in riparian areas experience wet and-dry cycles,
and thus alternating oxic and anoxic conditions, which change the *C fractionation with
depth. The delayed decomposition under anoxic conditions, might slow down the 3C
fractionation. Here, 0'3C values show a more stable and uniform pattern. If shifts to lighter
013C values are detected, this will hint to an enrichment of recalcitrant organic substances
during anaerobic decomposition which are depleted in *C (Alewell et al., 2011; Drollinger

et al., 2019).
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For the assessment of erosion, it is required that the 8'*C values in the plantation subsoil are
similar to those in the forest subsoil prior conversion. Assuming that subsoil 6'*C values are
unaffected by land-use change or surface matter inputs, a shift of topsoil d**C towards
subsoil &"C values may be interpreted as erosion dynamics. The respective layer
experienced a vertical shift towards the soil surface after an erosional loss of the upper layer
(Guillaume et al., 2015). In addition, physical mixing and deposition of fresh material with
differing isotopic composition, can influence the profiles” 3C signature, particularly in
dynamic landscapes like riparian areas (de Junet et al., 2005; Kelleway et al., 2017).
Therefore, riparian properties may lead to unique C storage mechanisms, which are
expressed as specific dynamics in the 0*C value. It is essential to understand the combined
effects of land-use change and riparian water dynamics on soil C balance to predict
probable climate change responses and the mitigation potential of riparian areas. This is of
special importance because riparian areas have a high C storage potential (Hazlett et al.,
2005) which makes them a valuable asset for regional and global carbon management

(Rieger et al., 2014).

Therefore, the objectives of this study were i) to quantify SOC losses in riparian areas after
land-use change from forest to oil palm and rubber plantations, and ii) to determine
whether the impacts of this land-use change are comparable for riparian and well-drained
areas. We further aimed iii) to develop a conceptional understanding of C sequestration
and storage in riparian areas by using the 03C values to disentangle SOM decomposition
from erosion and deposition. We hypothesize that (1) the conversion of riparian forest to
plantations has a more negative impact on soil C stocks than for well-drained mineral soils
because anoxic conditions slow down decomposition and thus lead to higher C storage. We
hypothesize that (2) not SOC mineralization but SOM transport and deposition are the

factors that predominantly influence SOC stocks.
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2.2.3 MATERIALS AND METHODS
2.2.3.1 Study Site

The study was carried out in the Province of Jambi in Sumatra, Indonesia. The region has a
tropical humid climate with an average annual temperature of 27.6 °C. Average annual
rainfall is 2235 mm. The rainy season has two peak periods (March and December) and an
average monthly rainfall of 261 mm, followed by a drier period between April and
September with a monthly rainfall of 161 mm (Drescher et al., 2016). The natural vegetation
is a mixed dipterocarp lowland rainforest (Laumonier, 1997). Nowadays, however, Jambi
Province is a region dominated by large rubber (Hevea brasiliensis) and oil palm (Elaeis
guineensis) monocultures. Plantations managed by smallholder farmers were selected,
which varied between 8-18 years (rubber) and 10-16 years (oil palm) in stand age (Drescher
et al., 2016). Study plots have been established in two landscape types: well-drained areas
and riparian areas. In each land-use and landscape type four 50x50 m study plots have been
established. Additionally, four well-drained sites and four riparian sites from the Harapan
Rainforest, an ecosystem restoration area, were used as references, resulting in a total
number of 24 plots (Table 2.2-1). SOC data from these plots allowed for SOC stock change
calculations after land-use change and an additional comparison between landscape types.

Well-drained areas and SOC data are described in detail in Guillaume et al. (2015).
2.2.3.2 Sampling and analysis

We used an identical sampling design for riparian areas as well as for well-drained areas,
sampling from four spatially independent plot replicates. At each replicate plot, a 1 m deep
soil profile was established. The soils were classified according to the IUSS Working Group
WRB, 2014 by the FAO as Acrisols with a sandy loam texture in the well-drained areas
(Guillaume et al., 2015) and Gleysols, Stagnosols and stagnic Acrisols with a loamic and
clayic texture in the riparian areas (Table 2.2-1). Soil samples in the riparian areas were
collected in depth intervals (0-5, 5-10, 10-20, 20-30. 30-50, 50-70, 70-90, 90-100 cm). In case of
horizon boundaries within the selected intervals, sampling was adapted to avoid a mixture
of horizons within the sample. Sampling was evenly distributed to cover the whole depth
interval. Samples for bulk density were collected in five replicates from each depth interval:
100 cm?® soil rings were inserted horizontally, weighed and dried at 105 °C until constant

weight. Guillaume et. al. (2015) sampled well-drained soil on horizon basis. These data
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were merged with our data set by recalculating horizon data, based on their relative

contribution to each depth interval.

Soil samples for organic C and total N as well as 8°C (%o VPDB) analyses were dried for
two weeks at 40 °C, sieved to 2 mm and ground before analyses. Due to the absence of
inorganic C and N, total C and N correspond to organic C and N. Measurements were
performed at the Center for Stable Isotope Research and Analysis (KOSI) of the University
of Gottingen using an Elemental Analyser (NA1110, CE-Instruments, Rodano, Milano,
Italy) coupled via a ConFlow III to an isotope ratio mass spectrometer (Delta Plus, Finnigan
MAT, Bremen, Germany). Before soil texture analysis iron oxides were removed by using

sodium dithionite.
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Table 2.2-1: Sampling site characteristics

Landscape Land use Local Geographical Soil Texture Stand sampling Sampling Field
type type name coordinates group age depths year replicates
(cm)
S 02°10'24.4" Gleysol Loamic Degraded  0-5; 5-10;
E 10?:°21"56.1"" ) o primary 10-20; 20-
Dipterocarp ~ Hutan 5553}200?017-98" Acrisol Siltic (Margono  30; 30-50; 2016 3
riparian lowland primer o . etal., 50-70; 70-
. S 02°11'23.9 Stagnosol Clayic . an.
rainforest E 103°20'39.5" 2014) 90; 90-100
S 01°44'18.9" Gleysol  Loamic/Clayic
E 103°18'50.0" 0-5; 5-10;
Rubber Kebun ESfO135f7124932 Acrisol Clayic 8-18 10-20; 20-
riparian Monoculture  Karet ' . . ears 30; 30-50; 2016 4
part uftu S 01°51'42.3" Acrisol Loamic 4 50-70: 70-
E 103°18'20.4" 90: 90’ 100
S 01°42'39.6" Acrisol Loamic e
E 103°17'23.3"
S 01°54'07.7" Stagnosol Clayic
E 103°22'53.3" 0-5; 5-10;
Oil Palm Kebun S 01°52'40.5" Stagnosol Clayic 10-16 10-20; 20-
riparian Monoculture  Sawit E 103°2123.0" _ years 30; 30-50; 2016 4
S 01°51'40.2" Stagnosol Loamic 50-70: 70-
E 103°18'20.2" . '_
$01°42'39.5" Acrisol Clayic 90; 90-100
E 103°17'31.1"
S 01°54'35.6" Acrisol Sandy loam  Degraded By horizon
E 10%"15"58.1?‘" _ primary  and
Dipterocarp  Hutan :f§35560(9376 Acrisol Sandy loam  (Margono recalculated
well-drained lowland primer ' . etal., see 2012 4
. S 01°51'28.4" Acrisol Sandy loam ;
rainforest E 103°18'27 4" 2014) S[uallllaume
S 01°47'12.7" Acrisol Sandy loam '
E 103°16'14.0" (2015)
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Calculations and Statistics

The SOC stocks were calculated by multiplying the C content with the respective bulk density
of each depth. Bulk Density data between 50-100 cm soil depth were only for riparian areas
available to calculate SOC stock. All statistics and graphing were performed in R v3.5.1 (R
Core Team, 2018) using base, agricolae (de Mendiburu, 2017), car (Fox and Weisberg, 2011),
ggplot2 (Wickham, 2016), tidyverse (Wickham, 2017), ggpubr (Kassambara, 2018) and rstatix
(Kassambara, 2020) packages. We excluded one riparian forest profile because of very high
topsoil C content (26%) which already hinted at peat formation and, therefore, did not
represent the targeted mineral soil conditions. The effects of land-use change on C and N
contents, C/N ratio and d"°C signature within the riparian area were assessed by a Two-Way
split-plot ANOVA (p-level < 0.05) with depth as interacting factor within individual plots. P-
values from multiple comparisons were adjusted by Bonferroni correction. The combined
effects of the landscape and land-use type on soil C stocks were compared for three depth
ranges (0-10, 0-30 and 0-50 cm), using a Two-Way ANOVA, at p-level < 0.05 with factor
interaction. Tukey HSD post-hoc analysis was used for group comparisons. Variance between
groups were homogeneous (Levene's test (p-level > 0.05). ANOVA model residuals were
normally distributed (Shapiro-Wilk test, p > 0.05). Occasional deviations from the normality
assumption of groups were small and considered acceptable, given the robustness of

homoscedastic ANOVA.
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2.2.4 RESULTS

2.2.4.1 Effect of land use on riparian areas

Carbon content (g kg ) in the topsoil (0-10 cm) of riparian areas were 34% and 11% higher in
the forest than in rubber and oil palm plantations, respectively (Figure 2.2-1). Carbon content
declined from topsoil to subsoil across all land-use types (p < 0.05). In the forest, the high C
content of 28 g kg! C and 29 g kg! C at 80 and 95 cm soil depth resulted from a buried C-rich

layer at one of the sites (Figure 2.2-1).
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Figure 2.2-1: Depth profiles of C content (g kg'?), N content (g kg') and C/N ratio in forest (green), rubber (blue)
and oil palm (yellow) plantations. Values represent means (in forest n=3, in plantations n=4). Error Bars indicate
the standard error of the mean (SEM).

Differences in Nitrogen (N) content between the land-use types were not significant in any
depth. Across all land-use types, N contents decreased with depth (Two-Way split-plot
ANOVA, p <0.05). Under forests, N content re-increased within 60 to 100 cm depth, associated
with an increase in C content over the same depth interval (Figure 2.2-1), reflecting paleosol
formation (Figure 2.2-2, right). In riparian areas, the topsoil C/N ratio was highest in the forests
and lowest in rubber plantations, varying between 14.0 (forest) and 11.7 g N kg (rubber). In
oil palm plantations, C/N ratios slightly decreased with increasing depth (down to a minimum
of 7.6). In forest subsoil, an increase up to 22.0 at 80 cm soil depth was found. C/N ratios

differed (p < 0.05) between all three land-use types.
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Figure 2.2-2: Typical well-drained soil profile in one of the oil palm plantations. Classified as loamic Acrisol
(WRB) (left). Typical riparian soil profile in one of the oil palm plantations. Classified as loamic Stagnosol
(WRB) (middle). Forest soil profile with a buried layer in the riparian forest. This soil profile differs from the
usual riparian Stagnosol soil type, due to the paleo soil layer leading to different diagnostic properties (right).

In the first 0-30 cm of soils in riparian areas, C stocks decreased by 14% after forest conversion
to rubber, and by 4% after conversion to oil palm plantations. However, in 0-10 cm depths
under riparian oil palm plantations, C stocks were 20% higher than in riparian forest topsoil.
Bulk density in forest topsoil was 1.2 times lower than in plantations, indicating higher soil
compaction under monoculture cultivation and the absence of well-structured aggregates
(Appendix, A 2.2-1). Thus, while stocks in the three land-use types did not differ significantly
from each other, they indicated a tendency towards changing soil conditions after forest
conversion. The riparian forest subsoil (30-100 cm) constituted 70% of the total C stock. In oil
palm and rubber plantations, subsoil stocks made up only 42% and 44% of the total C stock,

respectively.

Table 2.2-2: Soil carbon stocks in riparian and well-drained sites (Mg C ha'')

riparian well-draineds
Land use 0-10 cmz+ 10-30 cm= 30-50 0-10 cmz+ 10-30 cm+ 30-50
Forest 23.4 (4.1)® 32.7 (6.9) 130.1(84.1) 35.8 (3.0)° 18.6 (1.8) 12.7 (0.7)
Rubber 21.8 (2.5) 26.3 (2.5) 375 (2.5) 216 (1.6) 22.8 (2.0) 17.0 (2.0)
Oil Palm 28.1 (4.4)® 25.6 (6.0) 39.6 (3.9) 20.7 (2.7) 20.6 (1.8) 15.9 (1.2)

1 C stocks already published in Guillaume et al. (2015);

+ superscripts represent significant differences according to Two-Way ANOVA with factor interaction
(p < 0.05) between riparian and well-drained areas at 0-10 and 10-30 cm soil depth. Values in brackets
represent the standard error of the mean (SEM).
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2.2.4.2 Effect of landscape type on soil carbon stocks

The landscape type had a significant effect on topsoil (0-10 cm) C stocks in forests (Figure
2.2-3a). The well-drained forest stored 53% more C in its topsoil than in the riparian forest.
However, C stocks in other land-use types were not affected by landscape types. The effect of
landscape disappeared when including deeper soil layers (Figure 2.2-3b, c). Including depths
up to 30 cm led to a C stock increase in riparian forests of 10 Mg C ha!, compared to 0-10 cm

depth. This leveled out landscape effects at all sites, also when comparing 0-50 cm soil layers.

In 10-30 cm soil depths, the riparian areas showed significantly higher C stocks than well-
drained areas. At any other depth interval in the subsoil, neither ecosystem type nor the
interaction of ecosystem and land-use type affected C stocks (Table 2.2-2). The variance in C
stocks of riparian plantations from 0-30 cm soil depth were up to 10 times higher than in well-

drained plantations and differed significantly from each other (Levene’s-test, p =0.037) (Figure

2.2-3).
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Figure 2.2-3: Carbon stocks of riparian and well-drained areas at 0-10, 0-30 and 0-50 cm soil depth. Different
letters between groups indicate significant differences according to Two-Way ANOVA (p < 0.05).

2.2.4.3 Carbon isotopic signature in riparian areas

The lowest 8°C values were found in the forest topsoil’s, varied between -29.3%o0 and -28.1%eo.
Under rubber and oil palm plantations, *C signatures were on average 2.3%o and 3.1%o0 more
enriched relative to the forest and ranged between -27.3%o and -24.9%o in rubber, and between

-27.36%0 and -24.40%o. in oil palm plantations in riparian areas. The conversion of forest to
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monoculture tended to affect the *C signature down to 30 cm depth (Two-Way split-plot
ANOVA, p <0.1). In forest subsoils (30 - 100 cm), '3C values remained relatively stable with
increasing depth, ranging between -30%o0 and -28%o. In plantations, a heterogeneous pattern
was evident: Replicates differed by up to 3.4%o in 0il palm plantations and d'*C values were

more negative in the subsoil than in the topsoil.
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Figure 2.2-4: 513C depth profiles in riparian (solid lines) and well-drained soils (dashed lines). 63C values at fixed
depth represent means (in forest n=3, in plantations n=4). Error bars indicate the standard error of the mean
(SEM).

Land-use effects were also present in well-drained areas. In contrast to riparian areas, well-
drained areas showed a uniform increase of *C abundance with increasing depth, which is
common for undisturbed mineral soils. The 8°C values were lowest in the forest topsoil
(- 29.6%0 +0.2), while 8°C in plantation topsoil was higher (-28.0%o +0.06 under oil palm and
-27.7%o0 0.1 under rubber cultivation). d'*C in deeper soil layers aligned at -26%., with a
maximum difference of 0.4%o between forest and rubber plantations at 35 cm soil depth and
0.5%0 between forest and oil palm plantations (Guillaume et al. 2015). The variance of *C in
the topsoil of the riparian rubber plantations was 6 times larger than in the well-drained rubber
topsoil and up to 220 times larger in deep soil. The variance of d*C in soil under oil palm

plantations was 77 to 220 times higher in riparian than in well-drained sites.
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2.2.5 DISCUSSION

2.2.5.1 SOC after land-use change in riparian and well-drained areas

The average C content of around 2.3% in the first 20 cm of riparian forest soils was similar to
other hydromorphic mineral sites in tropical riverine forests (2.2%) (Scipioni et al., 2019).
However, C content was much lower than previously reported for tropical wetland forests (6%
and 35%) (Bernal and Mitsch, 2008). This results from the fact that our riparian areas contain
mineral and mucky mineral soils, whereas wetlands also contain organic soils. Consequently,
C contents of our riparian areas (Figure 2.2-1) are comparable to C contents in tropical mineral
soils that are not associated with wetland conditions (e.g., Chiti et al., 2014; de Blécourt et al.,
2013; Guillaume et al., 2015). In temperate riparian forests similar ranges of 1.7 to 3.5% C

content were found (Graf-Rosenfellner et al., 2016).

The conversion from riparian forests to riparian plantations led to a small decrease in SOC
contents in the upper 30 cm, whereas large reductions of between 35% and 40% under rubber
cultivation on upland mineral soils have been reported (Chiti et al., 2014; Guillaume et al.,
2015). Forest transformations to oil palm plantations are often accompanied by average SOC
losses between 18% and 45% (Chiti et al., 2014; Guillaume et al., 2018; Rahman et al., 2018;
Straaten et al., 2015). All these studies were conducted in well-drained areas; however, our

results indicate that riparian C stocks are not that strongly affected by land-use change.

C content and stocks tend to higher values in deeper soil in riparian areas. The higher C
contents in the riparian forest subsoil were likely due to buried C-rich layers, which were
obvious (Figure 2.2-2). This agrees with findings of Shakhmatova and Korsunov (2008) who
have described alluvial subsoil layers with strong C accumulation that exceed the topsoil C
content. Further, abrupt changes in soil particle size in some profiles e.g., from 4% sand at
15 cm soil depth to 40% sand at 25 cm (under rubber cultivation), hint at a shift in the organic

material source and confirm a spontaneous deposition event.

There is a trend to higher soil C stocks in riparian areas than in well-drained areas. Subsoil
stocks (30-100 cm) in the riparian areas show high C stocks and reflect delayed mineralization
under periodic anoxic conditions, especially in the forest with the buried layer (Gudasz et al.,
2015; Hounkpatin et al., 2018; Sobek et al., 2009). High C accumulation could be further
explained by the finer texture of subsoil common in Stagnosols (Zech et al., 2014). Therefore,

the increasing subsoil stocks in plantations are more likely a consequence of riparian
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properties (including e.g., waterlogging and sediment transport), than of land-use change
alone. Most of the soils in the investigated riparian areas, especially in plantations, were only
periodically water-logged and consequently, in contrast to many wetland soils, anoxic
conditions were only temporarily present. We suggest that this leads to lower C contents and
stocks than we expected from other wetland ecosystems in these climatic zones (Wantzen et

al,, 2012).

Continuously flooded wetland ecosystems can only be used for rubber or oil palm plantations
after drainage, an economically expensive and work-intensive process. In contrast, seasonal
drying of riparian sites allows for easier conversion into plantations. Such sites are therefore
much more likely to be subjected to large-scale land-use conversions and thus are the warrant
closer study. Similar C stocks are reported by Rahman et al. (2018) who found ~ 50 Mg C ha-!
in the upper 30 cm of a forest mineral soil in Borneo/Malaysia. Continuously flooded soils are
favorable for peat formation and C stocks can become higher, as we found in one riparian
forest plot, which was subsequently excluded from this data set. SOC stocks in the upper 30 cm
of soil in riparian forests (Figure 2.2-3) were lower than in published studies from tropical
undisturbed wetland sites, e.g., 90.2 Mg C ha'! and 67.0 Mg C ha' in the Amazon Basin
(Wantzen et al., 2012) and 80 Mg C ha in the upper 24 cm of a wetland in Costa Rica (Powers,
2004).

2.2.5.2  &§"C elucidation of soil processes

Using 0'3C values Guillaume et al. (2015) estimated 15-20 cm of erosive soil loss from well-
drained sites within 17 years after land-use change. They assumed that C content and d'*C
values in the plantations” subsoil were similar to the forest subsoil prior to conversion. They
deduced that after the erosional loss of the upper layer, subsoil C content and 8°C values were
vertically shifted towards the surface (Figure 2.2-5). The d"*C values in the riparian forest
topsoil's were on average 2.5%o lower than in the plantations, indicating that more enriched C
reaches the soil surface after conversion, induced by soil material transportation. This
difference corresponds to Guillaume et al. (2015) who observed a 2%o. increase of 6'*C values
in the topsoil between forest and plantations. Riparian forests and plantations differ strongly
in their isotopic signatures in the top- and the subsoil. Forests show more negative 83C values
with a more uniform depth profile than under plantations. Single replicates in the plantation’s

sites show a strong erratic pattern with increasing soil depth (Appendix, A 2.2-4), which hints
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at erosion and deposition bringing organic matter from various sources to the plantations

(Davies et al., 2012) but the average values reveal a more homogenous 6'*C depth profile.

The topsoil’s of well-drained plantations (particularly oil palm) were more depleted in *C
isotopes compared to topsoil’s of riparian plantations (Figure 2.2-4). This contradicts the
assumption that material from the elevated well-drained sites is steadily deposited on the
lower riparian plantations. Since well-drained sites are located upstream and are heavily
eroded (Guillaume et al., 2015), sedimentation on riparian sites in lower reaches would likely
align their topsoil 0'*C values. Instead, the riparian 0**C depth profiles indicate a more complex
source-sink relationship with other processes of C dynamics in the watershed. Therefore, we
assume that sedimentation is a secondary pathway for topsoil C inputs in riparian plantations,

whose actual contribution and process relationships require further investigation.

We conclude that alternating oxic and anoxic conditions mainly drive the formation of the 6'*C
depth profiles in riparian plantations. This is supported by the following: first, the riparian
forest shows a uniform 0"C pattern (Figure 1.3-1a), which is common under constant water-
saturated conditions, where anaerobic decomposition processes are dominant (Alewell et al.,
2011; Kriiger et al., 2014). This interpretation is supported by studies that reported more
heterogeneous patterns, indicating alternating wet and dry cycles (Broder et al., 2012; Loisel et
al., 2009). Second, the dC depth profile found in rubber plantations hints at aerobic
decomposition down to 15 cm, which might be caused by land-use change where the topsoil
has been well-drained during conversion. The turning point to lower d3C at 25 cm values
indicates a change to saturated water conditions, and therefore a change to anaerobic
decomposition and enrichment of recalcitrant material (Alewell et al., 2011). Similar 0**C depth
profile patterns are common in peatlands (Drollinger et al., 2019; Kriiger et al., 2015). In
agreement with Alewell et al. (2011) and Drollinger et al. (2019), we suggest a preservation of
13C-depleted substances that decompose slowly under anoxic conditions, such as lignin and
lipids. Third, the oil palm plantation’s 8*C depth profile shows a turning point at 7.5 cm depth.
Since land-use change primarily affects the upper 30-40 cm, d"°C values in riparian and
plantation’s subsoils should be similar, as it was clearly shown for well-drained areas (Figure

2.2-4).

Another reason for the higher proportion of enriched 3C in riparian plantations is the limited

input of C from aboveground litter providing, less easily available material for decomposers.
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Microorganisms in the topsoil of riparian plantations have to consume strongly processed C
fractions with high 3C enrichment (Figure 2.2-4). In contrast to the erosion of well-drained
plantations, soil C losses in riparian plantations are mainly controlled by mineralization
processes, with potential additional fluvial erosion-deposition effects. The effect of accelerated
mineralization under agricultural use extends over a longer time period and may already be
detectable in the very accurate measurable 5*C values but not yet significant changes of the C
stock estimates, which suffer from combined variation of bulk density and C content values.
Thus, the immediate erosion after converting natural forests to plantations leads to a strong
decline of C stocks on well-drained mineral soils, but not in riparian plantations although the
riparian plantations have similar age. Hence, C stocks in riparian areas respond more slowly
toland-use change due to 1) their overall slower mineralization rates under flooded conditions

and 2) less erosion and partial deposition (Figure 2.2-5).
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Figure 2.2-5: Impact of riparian forest conversion in combination with specific ecosystem characteristics on 63C
distributions in the soil depth, separated in decomposition and erosion effects in well-drained areas (left) and
decomposition and deposition as well as alternating oxic and anoxic conditions in the riparian areas (right).
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2.2.6 CONCLUSIONS
Land-use change in tropical regions has severe impacts on soil C stocks, due to erosion and
enhanced mineralization. However, the specific geomorphic conditions in riparian areas

counter these land-use effects through two dominant processes:

(1) C preservation due to oxygen-limited mineralization under alternating oxic and anoxic

conditions and

(2) input and accumulation of allochthonous organic materials with various decomposition

degree.

These dynamics of seasonal flooding followed by delayed mineralization are reflected by the
heterogeneous d°C pattern. Compared to well-drained areas, riparian areas are more resilient
to short-term (1-2 decades) soil C loss after land-use change, as topsoil layers show similar C
stocks compared to that under natural vegetation. However, accelerated mineralization in the
topsoil indicates possible long-term effects on C storage. Riparian areas, especially if drained,
have high C loss potential, considering the high amounts of subsoil C in their buried C-rich
layers. Our study shows, that further research is required to deepen the understanding of the
role of riparian areas in global C storage and the vulnerability of these C stocks under the

combined effect of land-use change and riparian properties.
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A 2.2-5: Average riparian bulk densities (g cm3) (+ indicate

the Standard Error of Mean (SEM))

soil depth (cm)  Forest Rubber Oil Palm
2.5 0.7 11 1.00
(x0.1) (x0.1) (0.1)
7.5 1.1 1.1 1.1
(0.2) (x0.1) (0.0
15 13 1.1 1.2
(0.1) (x0.0) (0.1)
25 1.3 1.2 1.3
(x0.0) (x0.1) (x0.2)
40 14 1.3 1.4
(0.2) (x0.1) (0.0
60 13 1.4 1.3
(x0.1) (x0.1) (0.0
80 1.2 1.4 1.2
(0.2) (x0.1)  (0.00)
95 1.2 1.4 1.2
(0.2) (x0.1)  £0.0)
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2.3.1 ABSTRACT

Tropical forest conversion to agricultural monocultures such as rubber and oil palm
plantations causes severe soil organic carbon (SOC) losses. It is unclear how much of the stored
carbon (C) after land-use change still originates from the past vegetation of rainforest and
which proportion of soil C originates already from plantation vegetation. Plant-derived lipids
are molecular biomarkers that can provide insights into present and past SOC input and its
degree of degradation within soil. To examine whether soils from plantations reflect recent
and/or past vegetation, we compared soil lipids comprising n-alkanes, carboxylic acids,
alcohols and ketons in litter, roots and soil samples from primary rainforest, rubber and oil
palm plantations from Sumatra/Indonesia. Ordination analysis with subsequent indicator
species analysis revealed specific organic compounds in plantations’ soils, indicating plant- as
well as microbial-derived C sources. Biomarkers assigned to microbial origin were i15:0 and
18:206,2, while long-chain n-alkanes, such as C2s and Ca1 and n-fatty acids, such as 24:0, 27:0,
28:0 and 29:0 were attributed to plant material. Long-chain fatty acids, such as 24:0, have
similar abundances between forests and plantations due to their long-chain C compounds and
the associated high resistance to biodegradation. Odd-chain fatty acids like 27:0 and 29:0 are
rather the products of microbial transformation of even-chain plant-derived fatty acids.
However, other indicators e.g., clear odd-over-even-predominance (between C2-Cs1) of the
alkane pattern and even-over-odd predominance of the n-fatty acids point to a high proportion
of still untransformed plant-derived SOC. Similar abundances of 16-OH-16:0 were found in all
soils of the three land-use and could be clearly attributed to forest litter. This substance made
up a significant proportion of all hydroxy fatty acid substances with 32%. Our study showed
that lipid biomarkers can be used to discover the sources and fluctuations in the molecular
composition of SOC in plantations after land-use change. Further, we conclude that n-alkanes,

fatty acids and hydroxy fatty acids were more suitable as lipid proxy than aliphatic alcohols.

Keywords: biomarkers, free lipids, n-alkanes, land-use change, oil palm, SOC
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2.3.2 INTRODCTION

The expansion of agriculture has been one of the most significant changes in land use and has
increased vastly in intensity and on scale over the past centuries (Gibbs et al., 2010; Song et al.,
2018). Indonesia is one of the countries with the highest forest conversion rates worldwide
(Margono et al., 2014). Between 2001 and 2016 Indonesia lost ~52% of rainforest by conversion
to agricultural land, mainly to large scale plantations such as rubber (Hevea brasiliensis) and oil
palm (Elaeis guineensis) monocultures (Austin et al., 2019). Expansion of plantations proceeded
in less accessible areas such as riparian areas, which are characterized by periodically flooding
through a river stream (Merten et al., 2021, 2020). This land-use change is the greatest driver
of C losses from mineral soils, as various studies showed (Borchard et al., 2019; de Blécourt et
al., 2013). Under rubber and especially oil palm cultivation C input is strongly reduced
(Guillaume et al., 2016a, 2015) and the initial SOC losses due to forest conversion cannot be
balanced out (Smith et al., 2012). The main sources of soil organic matter (SOM) in mineral
soils and riparian systems originate from above- and belowground plant tissues as well as
microbial biomass. Leaf litter and roots are degraded and incorporated into soil via the soil
fauna (Angst et al., 2016; Kogel-Knabner, 2002). Belowground inputs are rhizodeposits that
are directly provided to the soil (Blagodatsky and Richter, 1998). After the conversion of forest
to plantations, the number of trees and fine root mass is massively reduced (Rembold et al.,

2017; Sahner et al., 2015) , implying a reduction of C input into soil.

To identify C sources and their contribution to SOC, lipids, specifically n-alkyl lipids can serve
as valuable biomarkers to disentangle the origin of SOC, i.e., plant versus microbial biomass.
Soil lipids in average constitute only 4-8% of SOC globally (Dinel and Schnitzer, 2000), while
they have a high diagnostic value. These organic compounds with a defined structure serve
as partially very specific biomarkers indicative for its producer and help to reconstruct the
pathways and transformations of SOC (Otto and Simpson, 2005). Proxies for terrestrial
vegetation are higher plant leaf wax compounds i.e., hydrocarbons, alcohols and acids, with a
high specificity for plant origin at a chain length of > 20 C (Collister et al., 1994). N-alkanes as
part of aliphatic hydrocarbons and their precursors, i.e., carboxylic and hydroxy carboxylic
acids are especially suitable as biomarkers because of their strong resistance to
biodegradability which coincides with long-C chains (compounds with > 20 C atoms), and a
strong odd-over-even predominance (OEP), a pronounced water insolubility, chemical

inertness and a negligible volatility (Collister et al., 1994; Eglinton and Eglinton, 2008). Because
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of these characteristics they can be preserved for a very long time in soil and serve as
biomarkers not only for the reconstruction of C source (Wiesenberg et al., 2010) but are also a
common tool to reconstruct vegetation history and paleoenvironments(e.g. Chen et al., 2021;
Zech et al., 2012, 2010). The strong OEP, typically in the range between Czs and Cssserves as a
molecular marker to determine organic matter degradation. Higher values (< 5) indicate fresh,
undegraded material, such as litter, while lower values (< 5) hint at already advanced
degraded material, such as topsoil (Zech et al., 2012). Further a dominance of Cs1 and Css in the
n-alkane pattern is assigned to herb and grass origin and a dominance of Czr and C is
attributed to trees and shrubs (Meyers, 2003). Long-chain fatty acids samples with an even-
over-odd predominance (EOP) are expected, displayed by the carbon preference index (CPI)
representing surface waxes in higher plants (Kolattukudy et al., 1976). Further molecular
proxies in fatty acids are found to elucidate plant versus microbial origin, such as the ratio
Cie1+2*C 160! (Harwood and Russel, 1984; Wiesenberg et al., 2010), where a ratio <0.1 indicates
a contribution of microbial-derived compounds to the total amount of fatty acids. Compared
to microbial biomass, plant tissues are known to be depleted in Cie:1+2 and show a ratio < 0.1.
Additionally, the average chain length (ACL) of fatty acids can be used as a proxy for the
degradation stage and the fatty acid origin in soil. OM derived from microbial sources is
characterized by a lower ACL, due of the absence of long-chain fatty acids (> 20 C). The stage
of degradation is displayed by an decrease of short-chain fatty acid compounds, accompanied
by a selective enrichment of long-chain fatty acids, resulting in higher ACL with advanced
degradation (Wiesenberg et al., 2010). In case of a distinct lipid pattern of the forest, rubber
and oil palm, these biomarkers may be suitable to trace C in plantations after land-use change

and to estimate the contribution of past vegetation forms.

Therefore, our study aims to reveal 1) the contribution of past vegetation to the current SOC
pool and 2) to determine changes in SOM composition in rubber and oil palm plantations
Further, we aimed to 3) explore whether we can identify specific biomarkers for oil palm or
rubber plants and to 4) identify indicative microbial biomarkers which allow conclusions
about necromass contribution. Based on previous findings we hypothesized 1) substances
present in significantly lower amounts in forest soils, litter and/or roots, than in rubber and/or
oil palm plantations soils and litter and/or roots can be identified as C input sources after forest
conversion and might be a specific biomarker representative for rubber and oil palms as well

as soils. We hypothesise 2) that specific biomarkers do not differ in abundance between forest
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and plantation soils, if past forest vegetation continues to have a significant effect on present
SOM composition in rubber and/or oil palm plantations. We hypothesize 3) after land-use
change a relatively decrease in litter C input leads to a relative increase in micobial biomass

and consequently to microbial necromass contribution to SOM.

2.3.3 MATERIALS AND METHODS
2.3.3.1 Study Area

Sampling was carried out in the Province of Jambi in Sumatra, Indonesia. Jambi’s climate is
tropical humid with an average annual temperature of 27.6 °C and an average annual rainfall
of 2235 mm. The rainy season has two peak periods (March and December) and an average
monthly rainfall of 261 mm, followed by a drier period between April and September with a
monthly rainfall of 161 mm (Drescher et al., 2016). The natural vegetation of the lowlands in
Jambi is a mixed dipterocarp rainforest (Laumonier, 1997) (are there predominant species? For
a biomarker paper on vegetation that might be good to add). The investigated land-use
systems include disturbed primary rainforest within riparian areas, used as reference sites,
and intensive monocultural rubber (Hevea brasiliensis) and oil palm (Elaeis guineensis)
plantations within riparian areas. Plantations managed by smallholder farmers varied
between 8-18 years (rubber) and 10-16 years (oil palm) in stand age. In each of the land use
systems four 50x50 m plots were established (12 plots in total) (Drescher et al., 2016). The soils
were classified as Gleysols, Stagnosols and stagnic Acrisols with a loamic and clayic texture

(Hennings et al., 2021).
2.3.3.2 Field Sampling

Since Hennings et al., (2021) identified C preservation and only small SOC losses from the
topsoil in riparian areas after land-use change, we focused our analysis on the top 10 cm,
thereby combining the top two samples from the soil profiles, which were collected in 5 cm
intervals. Soil samples in oil palm plantations were sampled in the interrows, the path between

the palm rows.
2.3.3.3 Biomarker analysis

n-alkanes, fatty acids, hydroxy fatty acids and n-alcohols/ketone fractions of free lipids were
used as specific biomarkers for studying the degradation and possible preservation of leaf

waxes from vascular plants in SOM. They were extracted by following a modified version of
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Birk et al., (2012) and was combined with integrating elements suggested by Wiesenberg et al.,
(2004). 10 g of dried and ground soil were weighed into Soxhlet thimbles for free lipid
extraction by a Soxhlet apparatus. Extraction was done for 36 h in a 2:1 mixture of
dichlormethane (DCM) and methanol (MeOH). Extracted free lipids were spiked with internal
standards (hexatriacontane for n-alkanes, 2-pentadecanone for ketones, 1-nonadecanol for n-
alcohols, nervonic acid for fatty acids, 12-OH stearic acid for hydroxy fatty acids). Although
individual internal standards for n-alcohols and ketones were added, both groups of
substances were extracted as one fraction accounting for the difficulties in their separation as
result of the keto-enol-tautomerization. Subsequently, in a separation funnel the free lipid
solvent was separated into the neutral and the acid fraction by a liquid-liquid extraction. For
this, 20 ml water was added to the solvent to achieve a phase separation and the pH was
adjusted to a pH of 10 by 1 M NaOH in MeOH to collect the neutral fraction and thereafter to
2 by 6 M HCI to collect the acid fraction. Both fractions were obtained by three liquid-liquid
extractions with chloroform. Solvents were vaporized by a rotary evaporator and stored at -20
°C before further analyses. To obtain the n-alkane and the n-alcohol/ketones fraction, the
neutral fraction was separated by solvents of different polarities via SPE columns (high purity
grade silica gel in n-hexane, Sigma Alderich, Munich, Germany). Alkanes did not bind to the
silica gel, passed through with 30 ml of hexane and were collected. Ketones, n-alcohols and
the aromatic fraction were summarized and eluted by 30 ml 2:1 hexane:DCM, 30 ml DCM and
50 mL MeOH. All solvents were vaporized, and the dried samples were stored again at -20 °C.
The acid fraction (carboxyl groups) was methylated (BFs in MeOH) and separated on a
activated silica gel SPE into the fatty acid fraction (10 ml 2:1 DCM:hexane) and hydroxy fatty
acid fraction (30 ml MeOH). The hydroxyl groups and the ketones were acetylated (acetic
anhydride:pyridine). All fractions were dried and re-dissolved in 185 ul toluene, and 15 ul of
a second internal standard (methyl tridecanoate) was added. External standards for all lipid
fractions were methylated or acetylated according to the corresponding samples and used for

later quantification.

For substance separation and identification, measurements were performed by gas
chromatography on Agilent 7820A or 7890A GCs. The Agilent 7890A GC was coupled to an
Agilent 7000A triple quadrupole mass spectrometer (Agilent, Waldbronn, Germany).
Unknown peaks with high abundances were identified via the NIST database (NIST mass
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spectral library 08 and NIST mass spectral search program Version 2.0f), and in case of

substance class but no exact monomer could be identified numbered (i.e., CsoHso Derivate 1).
2.3.34 Calculations and Statistics

All substance contents were calculated as described in Birk et al. (2012) and were converted to
relative abundances in relation to the total compound contents of the individual fractions.
Three molecular proxies were used to assess the source of free lipids at the molecular level.
We used the OEP as it is known that higher plants are quantitatively dominated by long-chain
homologues in the range of C27-Css and exhibited a strong OEP (Eglinton and Hamilton, 1967).
Additionally, we associated an n-alkane C2zand Cs1 dominance to grass and herb origin and a
Cz7 and Czo dominance to tree and shrub origin (Zech et al., 2009). Given that a dominance of
long-chain n-alkanes indicates plant origin the average chain length (ACL) was calculated

following Equation (1):
ACL = X(Cy * n)/2(Cr)

where Cnis the concentration of each n-alkane between Cisand Css (Bush and Mclnerney, 2013).
In accordance with Wiesenberg et al. (2010) and based on Harwood & Russel (1984) the Cie:1+2
* Cieo?! ratio of fatty acids were calculated, where a value >0.1 indicates the contribution of
microbial-derived compounds. All statistics and graphing were performed by the statistical
software RStudio 1.4.1103 (R Core Team, 2018). Restructering and aggregating data were
performed by using the reshape2 (Wickham, 2007) and dplyr (Wickham et al., 2020) packages,
graphing was done by using the package ggplot2 (Wickham, 2016). Visualization of
similarities between substances of each free lipid fraction in soil, litter and root samples was
performed using a non-metric multidimensional scaling (NMDS) based on Bray-Curtis
dissimilarity matrix. The NMDS plots were created using the metaMDS function from the R
package vegan (Oksanen et al., 2019). The ANalysis Of SIMilarities (ANOSIM, p < 0.05) tests
were performed to test for significant differences in the free lipid fraction assemblages of
various groups such as topsoil, litter and roots. The ANOSIM tests were performed on the
same data used for generation of the NMDS plots, using the function anosim, from the R
package vegan. To identify indicator substances, defined as single or small groups of free
lipids which represent a specific land use, soil depth or C source (soil, litter, root), we used the
multipatt function from the indicspecies package in R (De Céceres and Legendre, 2009), using

the point-biserial correlation index. Indicator substances may be used to detect shifts in free
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lipid composition and abundance after land-use changes. To test significant differences of the
indicator substance between soil, litter and roots in three different land-use type, One-Way
ANOVAs (p < 0.05) were performed for each C pool, followed by a Tukey-post hoc analysis
for group comparisons (TukeyHSD, p > 0.05) with Bonferroni correction. The One-Way
ANOVA, the Tukey-post hoc test as all as variance the homogeneity between groups (Levene’s
test, p > 0.05) and the normal distribution (shaprio.wilk, p > 0.05) were tested using the
packages car (Fox and Weisberg, 2011), multcompview (Graves et al., 2019) and Ismeans
(Lenth, 2016a). Occasional deviations from the normality assumption of groups were small

and considered acceptable given the robustness of a homoscedastic ANOVA.

2.3.4 RESULTS

2.3.4.1 Comparison of free lipids from different C pools in forest, rubber and oll

palm plantations

A comparison of the substance composition, performed separately for the monomers of each
four lipid fractions analyzed, of soil, litter and roots of forest, rubber and oil palm plantations
showed that a separation of the samples that was rather based on the C pool rather than the

land use system (Figure 2.3-1).

N-alkanes could not be detected in roots but otherwise clustered distinctly according to C pool.
N-alkanes in litter samples did not show a clustering based on land use, while n-alkane
composition in oil palm plantation topsoils were dissimilar to n-alkanes in topsoils in forest
and rubber plantations (Figure 2.3-1a). This emphasizes the importance of new C constituents
in n-alkanes after land-use change, especially in soils of oil palm plantations. N-fatty acids did
not cluster according to land use, but clustered moderately according to the analyzed C pools
(Figure 2.3-1b). N-fatty acids in soils differed stronger from n-fatty acids in roots than from n-
fatty acids in litter. Especially the clustering of n-fatty acids in oil palm topsoil with forest and
oil palm litter points to the importance of litter over roots as SOC source in oil palm
plantations. Rubber and oil palm soil showed a small separation of hydroxy fatty acids from
all litter and roots. The hydroxy fatty acids in forest topsoils however, cluster with forest litter
and roots (Figure 2.3-1c). Pairwise comparison of Bray-Curtis dissimilarity of each fraction
indicated that the variation between C pools in the three different land-use systems was
statistically significant with some overlap of the confidence intervals (R value 0.25-0.5)

between the substances based on the grouping C pool and land use with a low difference of
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mean ranks (n-alkanes: R=0.4, p <0.05; n-fatty acids: R=0.4, p < 0.05; hydroxy fatty acids: R=0.3,
p < 0.05; ANOSIM test for differences between litter and soil in forest, rubber and oil palm
plantation). Alcohols/ketones were the only fraction, that did not show any clustering with
respect to C pool or land use (Figure 2.3-1d). Alcohols/ketones in plantation topsoils
overlapped with forest and rubber litter and oil palm roots but not with oil palm litter. Oil
palm topsoil overlapped additionally with forest and rubber roots. Although plantations’
topsoils overlayed with forest litter, plantations” topsoils did not overlap with forest topsoil.
The forest soil, even, separated from its litter and roots. due to no clear clustering and an R-
value close to zero (ANOSIM test: R=0.12, p < 0.05) indicating rather similarities between the
comparison groups than differences. Thus, we suppose alcohols/ketones is a fraction which
does not seem to be suitable as biomarker to reconstruct C origins after forest conversion to
monocultures. This was confirmed by performing the indicator species analysis which found
no substance significantly associated with any group of comparison. In contrast, indicator
species analysis identified specific substances in n-alkanes, n-fatty acids and hydroxy fatty
acids which were associated with one or a small group of C pools in specific land use systems

(p <0.05).

Table 2.3-1: Indicator Substances identified by Indicator Species Analysis (Study 3). Denominations in brackets
represent the single or the group of C pool(s) or land-use type(s), which were separated from all other C pools by
the Indicator Species Analysis. No indicator substances were found in the alcohols/ketons fraction, which indicates
that this fraction is not suitable for tracing C sources.

n-alkanes n-fatty acids hydroxy fatty and Di- acids alcohols/ketones
Cos i15:0 16-OH-16:0 --
(oil palm soil) (oil palm / rubber soil) (oil palm / rubber soil)
Ca1 18:2c6,9 2-OH-24:0
(forest soil, rubber litter/soil)  (Forest litter/roots, Oil palm (Oil Palm roots)
soil, Rubber litter/ roots)
24:0 16-Di-COOH-16:0
(Forest soil, Oil palm (Forest soil, Oil palm soil, Rubber
litter/roots, Rubber soil) soil)
27:0
(Forest soil, Oil palm soil,
Rubber soil)
28:0
(Forest soil, Oil palm litter,
Rubber soil)
29:0

(Forest soil, Oil palm litter/
soil, Rubber soil)
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Figure 2.3-1: Non-metric multidimensional scaling of the entire (a) alkane, (b) fatty acid, (c) hydroxy fatty acid
(d) ketones/alcohols dataset. The ordinations are based on Bray Curtis dissimilarity matrices.
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2.3.4.2 Microbial Biomarker

The fatty acid i15:0 is one of the biomarkers, identified as specific indicator, which was
associated with topsoil from rubber and oil palm plantations (Figure 2.3-2). It was only present
in topsoils of all three land-use types but could not be found in litter and root samples.
However, it was more abundant in the managed ecosystems than under natural forest
vegetation. Under rubber and oil palm plantations, it comprised an average of 2.5 to 3%,
respectively, of the total fatty acid abundance. The fact that i15:0 was not found in plant

material at all, confirms the microbial origin in soils.

Indicator Biomarker for microbial origin

ns ns | ns

-~ 3
£
8
E ‘ Forest Litter
e B Rubber Litter
23 2 Oil Palm Litter
ﬁ Forest Roots
2 Rubber Roots
s 0il Palm Roots
& Forest Soil

1 Rubber Soil

Oil Palm Soil
0 . —_—
i15:0

Figure 2.3-2: Microbial-derived biomarker. Boxplots show medians, interquartiles distances and extreme values,
which are displayed as bold lines, boxes with whiskers and dots, respectively. Litter, roots and soil C pools are
separated by grey lines. No significant difference (ns) could be found according to One-Way ANOVA (p < 0.05).

2.3.4.3 Fungal and/or plant biomarker

18:26,2 occurs in the phospholipids of various eucaryotes and can thus consequently be of
plant or microbial origin. Its appearance in litter and root as well as soil samples also suggests,
that it is of combined origin. 18:2w6,9 was found in litter and root samples of all three
vegetation types as well as in the topsoils, but only of oil palm plantations (Figure 2.3-3). Litter
and root samples had highest relative abundances; however, they were found with lower
relative abundance in forest topsoil nor in rubber topsoil. In oil palm plantation topsoil, it
constituted 3.38% (+0.02) of the total fatty acid abundances, whereas it made up 8.3% (+0.01)

in forest roots.
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Indicator Biomarker for fungi or plant origin
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18:2w 6,9

Figure 2.3-3: Indicator biomarker for fungi or plant origin. Boxplots show medians, interquartiles distances and
extreme values, which are displayed as bold lines, boxes with whiskers and dots, respectively. Litter, roots and soil
C pools are separated by grey lines. No significant difference (ns) could be found according to One-Way ANOVA
(p <0.05).

2.3.4.4 PLANT BIOMARKERS

N-alkanes were exclusively present in litter and soil samples. The n-alkane C2s was associated
with oil palm soil and separated the topsoil under oil palm monoculture distinctly from topsoil
in forest. (p < 0.05). The relative abundance in oil palm topsoil was with 8.8% 2.3-fold and 4-
fold higher than in forest and rubber topsoil respectively, hinting at relatively lower
decomposition than under natural vegetation and rubber cultivation (Figure 2.3-4 a). The n-
alkane Cs1 was 14-fold and 9-fold lower in forest litter than in rubber and oil palm litter,
whereas between forest, rubber and oil palm soil, no significant differences in relative

abundances of Cs1 were found (Figure 2.3-4 b).
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Figure 2.3-4: Plant-derived indicator biomarkers. Boxplots show medians, interquartiles distances and extreme
values, which are displayed as bold lines, boxes with whiskers and dots, respectively. Litter, roots and soil C pools
are separated by grey lines. Different letters indicate significant differences according to One-Way ANOVA with
TukeyHSD post-hoc comparison (p < 0.05).

N-alkanes in soils had a strong OEP between Cz and Cs in forest and rubber
plantations; in oil palm plantations a clear OEP developed in the range from Cso-Css
(Figure 2.3-5). Further, soils from all three land-use types revealed a strong dominance
of Ca1 and Css. ACL of n-alkanes varied between 25.1 (+ 3.1) in oil palm soil and 30.2
(= 0.4) C atoms in rubber soil. Litter ACLs ranged from 29.4 (+ 1.4) in oil palm and 30.9

(+ 0.8 and + 0.2 respectively) in forest and rubber plantations (Table 2.3-2).
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Table 2.3-2: Average chain lengths (ACL) of n-alkanes and Cis:1+2 *C 160! ratio of fatty acids. OEP data are
presented as means (n=4) with Standard Error of Means (SEM). Empty positions mean that no values for
calculation were measured.

C sources n-alkanes: fatty acids:
ACL Cie142 *C 160 71

Forest soil 299+04

Rubber soil 30.2+04 0.04

Qil Palm Soil 25.1+3.1 0.23
Forest litter 30.9+0.8 0.08
Rubber litter 309+0.2 0.009

Oil Palm litter 294+14 0.07
Forest roots - 0.13
Rubber Roots - 0.2

Indicator n-fatty acids (24:0, 27:0,28:0 and 29:0) constituted a higher relative proportion in soil
than in litter and root samples. However, low topsoil 24:0 relative abundance under oil palm
emphasizes high loss of the input with 24:0 which is present in oil palm roots and litter with
even higher relative abundance than in the other litter and roots (Figure 2.3-4 c). A similar
result can be stated for 28:0, although 28:0 input through roots is very low (Figure 2.3-4 d). The
two long-chain odd-numbered fatty acids 27:0 and 29:0 show the same pattern, i.e., they had
a minor proportion in litter and roots except for oil palm, but were quite prominent (18 and
15% of fatty acids) in the soil of forest and rubber, respectively. Similar patterns were found in
the fraction of the hydroxy fatty acids and di-acids. 16-OH-22:0 and 16-Di-COOH-16:0 which
are suberin and therefore often considered as root associated (Pollard et al., 2008). Both
substances were not be present in oil palm roots. In oil palm litter only 16-OH-16:0 was
detected in a very small proportion. However, both substances were found in forest and
rubber roots. Last substance found to be an indicator substance to separate oil palm roots from
all other land-use types was 2-OH-24:0 (Figure 2.3-4 i). 2-OH-24:0 was higher in oil palm roots
than in forest and rubber roots. With ~ 65% of it represents the largest proportion of the total
hydroxy fatty acid fraction. In topsoils all 2-OH-24:0 relative abundances were similar. The

same pattern was found between litter 2-OH-24:0 relative abundances.
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Figure 2.3-5: Mean n-alkane distribution patterns from soil in forest, rubber and oil palm plantations. Clear odd-
over-even-predominance (OEP) between Cz7 and Css. Cs1 and Css dominance over Cz7 and Cao. Values represented
as means (n=4). Error bars indicate the standard error of the mean. Newly identified Csorso Derivate 1 was excluded
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Figure 2.3-6: Mean n-fatty acid distribution from soil in forest, rubber and oil palm plantations. Clear even-
over-odd predominance (EOP) between 22:0 and 32:0. Values are presented as means (n=4). Error bars indicate
the standard error of the mean.
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2.3.5 DISCUSSION

We aimed to identify sources of SOM constituents after land-use change and to determine the
contribution of past vegetation to SOM to estimate changes in SOM composition. We were
able to 1) identify indicator substances separating the individual land-use type and 2) could
partially attribute them to their sources. Indicator substances were indicative for SOC origin
and assigned for one of the three groups: microbial-derived (bacteria and/or- fungal-derived),
fungal- and/or plant-derived and plant-derived substances. These findings verify our second
hypothesis that past vegetation comprises a significant proportion of the present SOC and
consequently forest vegetation-derived biomarker can still be found in the topsoils of both
plantation types. Substances that have not been identified as indicator substances in our
analysis are found to be non-specific and not suitable to differentiate between forest and

plantation vegetation.
2.3.5.1 Microbial- and plant-derived biomarkers

i15:0 fatty acid is commonly known as a biomarker for gram-positive bacteria (Osipov and
Turova, 1997; Ritchie et al., 2000), as confirmed by our results with high relative proportions
in the topsoils but not in the litters (Figure 2.3-2).The low degradability, especially of gram-
positive necromass leads to its accumulation over time in the topsoil. Thus, it may in our case
also be indicative for accumulation of microbial necromass (Ludwig et al., 2015). Microbial
necromass was found to have a higher proportion for additional SOC formation under
agricultural use with perennial grassland used for bioenergy, while the proportional increase
of non-microbial necromass is smaller (Zhu et al., 2020a), which confirms our third hypothesis
that after land-use change a relatively decrease in litter C input leads to a relative increase in
micobial biomass and consequently to microbial necromass contribution to SOM. Many other
fatty acids of microbial communities co-occur in plants, especially those of fungis and gram-
negative bacteria, since plants and gram-negative bacteria produce mono-unsaturated fatty
acids. However, the terminal branching to iso- and anti-iso fatty acids is a rather unique feature
of the gram-positive bacteria and the fatty acids, originating from phospholipids. If they are
detected as free fatty acids, it will point towards the input of microbial necromass. This finding
hints at another pathway of SOC formation, the so-called in-vivo microbial turnover pathway,
which means that the turnover of organic substances occurred via cell uptake-biosynthesis-

growth and death results in the long-term deposition of microbial-derived C (Liang et al.,
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2017). However, other fatty acids, potentially also of microbial (fungal) origin, are metabolized
in soil much more rapidly such as 18:2w6,9 (Figure 2.3-3). Commonly it is used as fungal
biomarker (e.g., Hogberg, 2006; Kaiser et al., 2010), but also has been described as being
available in plant tissues (Laczko et al., 2004; Zelles, 1997). Fatty acids with double bonds
generally have a higher turnover than saturated fatty acids (Zhang et al., 2019) and therefore,
18:2w6,9 does not accumulate in forest and rubber topsoil. Its potential origin not only from
fungi but also from plant membranes explains its high abundance in litter and root samples.
In contrast, in oil palm plantation topsoil’s it might be accumulated because we found similar
abundances of 18:2w6,9 in oil palm topsoil and roots. We could speculate here about two
potential reasons: a) we observe here a shift in microbial community composition towards
fungi as also found in upland plantations (Krashevska et al., 2018, 2015) or b) the microbial
community in oil palm topsoils has a weaker capability to decompose lipid compounds. Other
obstacles for the microbial community, hampering microbes to degrade 18:2w6,9 can be
quality differences of forest, rubber and oil palm litter. It was found that element ratios (C,N,P)
as well as lignin concentrations changed with the change in litter type (from forest to
plantations). With these changes a change in bacterial, fungal and testate amoebae
composition occured, which negatively affected litter decomposition rates (Krashevska et al.,
2018), which our data would confirm for oil palm but not for rubber plantations, because in
rubber plantations decompistion processes seems to be unaffected compared to oil palm
plantatations where 18:26,9 relatively accumulates in topsoil. As forest soils without fungi,
and thus dead fungal cells releasing 18:2w6,9, is highly unlikely, it must be said that the
absence of 18:2w6,9 in forest soil can most likely only be attributed to the rapid decomposition
by microorganisms. Overall, i15:0 and 18:2c26,9 only make up ~ 5.7% of the total fatty acid
amount in oil palm and 2.8% in rubber topsoil, whereas clearly plant-derived substances (often

with longer n-alkyl chains) have larger shares.
2.3.5.2  Plant-derived biomarkers

In all three land-use types, fatty acids with greatest abundance were the plant-derived fatty
acids 24:0, 27:0 and 28:0 and 29:0. Relative abundance of 24:0 and 28:0 in oil palm litter is
greater than in forest and rubber litter. We suppose that a continuous input is given by oil
palm litter, because we found fatty acid 24:0 and 28:0 to make up ~13% and ~ 23% respectively,

of the total oil palm litter fatty acid fraction (Figure 2.3-4 c/e). If continuous input occurs, we
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suspect that high decomposition will occur too, because the content of this fatty acid in oil
palm topsoil is much lower compared to the topsoil of forest and rubber. 24:0 in oil palm
topsoil is strongly decreased compared to forest and rubber topsoils, but the pattern is vice
versa (highest relative contents in oil palm) in litter and roots. This also indicates stronger
decomposition of this plant-derived fatty acid in the topsoil of oil palm plantations than in
rubber plantations” and forest topsoil. To prevent a complete depletion of 24:0 and 28:0 due to
ongoing decomposition of these n-fatty acids, an ongoing replenishment by oil palm litter is
necessary. Although it does not definitively rule this out, it argues against our interpretation
in relation to 18:206,9, where we suggested a reduced ability of the microbial community to
degrade fatty acids in oil palm plantations as a possible explanation. Thus, it rather supports
the above explanation of a shift towards a more fungal-dominated community, which would
also confirm the observed trends for the 28:0 fatty acid, since fungal communities are known
to be experts in degrading long n-alkyl chains (Prenafeta-Boldu et al., 2019). Usually, long-
chain lipids are not considered to be part of soil-derived microbial biomass, but are attributed
to plant origin (Harwood and Russel, 1984; Heinrich et al., 2015). Odd-chain fatty acids,
however, are not classical compounds of plant litter or roots but rather the product of microbial
transformation of even-chain plant-derived fatty acids (Dippold and Kuzyakov 2016). This
holds true for the plant material of natural forests and rubber, which are low in 27:0 and 29:0
proportions, but not for oil palm litter, suggesting a higher input into soils in this system.
Proportionally, 27:0 and 29:0 n-fatty acids’ relative abundances to the total fatty-acid amount
represent substantial constituents in the topsoils of all three land-use types, confirming the
idea, that they are a product of microbial transformation in soils, leading to their accumulation.
As both, 27:0 and 29:0, are long-chain n-fatty acids, they are more resistant than short-chain
fatty acids to further microbial decomposition. For the long-chain n-alkanes Czs and Csiand at
least for 27:0 and 29:0 n-fatty acids we need to consider that they were partly derived from leaf
colonization by microbial biomass and/or fungi, since Nguyen Tu et al. (2011), showed litter
contamination with long-chain alkanes by microbial residues and generalized this finding for
other long-chain fatty lipids. This assumption of litter colonization by microbial lipids is
further supported by high Cis1+2 *C 160 1 ratios (> 0.1) in root samples (Table 2.3-2), which
indicate the contribution of microbial-derived compounds to the total fatty acid content due
to the common presence of Cis1+2 fatty acids in microbial tissue. A strong argument for plant

origin and against microbial transformation of n-alkanes however is that soil samples have a
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clear odd-over-even-predominance (OEP) in the range of C2-Ca1 (Figure 2.3-6) and long ACLs
(Table 2.3-2), whereas n-alkanes produced by many bacteria show a distribution pattern
ranging from Cn to Css without any OEP and are characterized by shorter ACLs (Bush and
Mclnerney, 2013; Ladygina et al., 2006). N-fatty acids have a clear EOP (Figure 2.3-6) pattern,
confirming this interpretation (Kollattukudy, 1980). N-alkanes pattern in soils in all three land-
use types revealed a strong dominance of Cs1 and Css over C2z and Cz, associated with grass
and herb origin. Given that a Ca1 and Css characterizes grass and herbs as C sources (Zech et
al., 2012), we assume that the litter-based C input into soils in all three land-use types is
dominated by herbs and grass over trees and shrubs. Since there is a dense herb layer in
tropical forests covering the soil, we consider higher Cs1 and Css than Cz7 and Cz9 concentrations
to be comprehensible. The same holds true for rubber plantations, that are often covered with
grass. Oil palm plantations however often have bare soil and sometimes a fragmented grass
vegetation. This is probably reflected by a less pronounced dominance of Cs1 and Css compared

to Cz and Co (Figure 2.3-5).

16-OH-22:0 and 16-Di-COOH-16:0 are hydroxy fatty acids which are suberin and therefore
root associated (Pollard et al., 2008). Their relatively high contents in the topsoils of all three
land-use types compared to their contents in the source material (litter and roots) suggests,
that they accumulate in soils most likely because they did not get decomposed. Although oil
palm topsoil had the highest relative abundance of 16-OH-16:0 and 16-Di-COOH-16:0, no
input by oil palm litter or roots could be stated, because 16-Di-COOH-16:0 could not be
detected at all and 16-OH-16:0 had very low abundances (Figure 2.3-4 g/h). We consequently
assume that 16-OH-16:0 and 16-Di-COOH-16:0 in oil palm topsoils still originate from forest
sources, especially because they are also present in forest soil. This meets the requirement for
a forest biomarker, that the substances should be present in forest litter or/and roots and soil,
but not be present in the new organic matter input into the plantation soils. Since 16-OH-16:0
make up ~ 29% and 16-Di-COOH-16:0 comprise ~28% of the total OHFA fraction of oil palm
topsoils, this biomarker accounts for a significant share as SOM source in forests. The relatively
higher proportion of this most likely suberin-derived lipid suggests, that many easier-to-
decompose lipids got already degraded leading to an enrichment of this more recalcitrant
compound in the strongly degraded SOM of the oil palm plantations (Krull et al., 2003; Lorenz

et al., 2007). Unfortunately, we cannot use the same approach to prove suberin accumulation
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and SOM degradation in the rubber plantations, because we found a substantial amount of 16-

Di-COOH-16:0 in the rubber roots, excluding a contribution of forest as only possible source.

To further study our first hypothesis, we searched for substances not present in past vegetation
but found in one or more of the C sources feeding plantations’ SOM and thus indicating recent
C input sources. We identified 2-OH-24:0 as a specific biomarker representative for oil palm.
It appears in all land-use types and all C sources, but in oil palm roots it has a particularly high
proportion. 2-OH-24:0 (cerebronic acid) is a long-chain hydroxy fatty acid composed of the n-
fatty acid 24:0 (tetracosanoic or lignoceric acid) having a 2-hydroxy substituent. Lignoceric
acid is no substance exclusively associated with oil palm, it is a constituent of most natural
waxes and a byproduct of lignin production (Moore et al., 2020). This is the reason why it is
present in plants from other land-use types as well, however it is particularly prominent in oil
palm as a C source. Because of a significantly lower share in soil, we assume a rapid
degradation after incorporation into topsoil suggesting that oil palm root residues might not
be preferably stabilized in the soils of oil palm plantations. A combined view on n-alkane, n-
fatty acid and hydroxy fatty acid biomarkers indicates that there is a complex system of
pathways of C incorporation into soil. Single biomarkers such as i15:0 indicate microbial
residues as an important source of C, whereas long-chain lipids, e.g., n-alkanes and n-fatty
acids, distinctly showed the importance of plant-derived C input into soil. Especially in
combination with molecular proxies, we assume that as C sources plants may play a
substantial role within the total SOM, but microbial necromass accumulates with ongoing SOC
degradation under plantation management. Alcohols and ketones did not seem to be a
powerful group of biomarkers, because no substance separated based on the indicator species

analysis the specific C sources or land-use types.

2.3.6 CONCLUSIONS

Plant-derived C is one of the major sources for SOC. Here, we identified pathways of C input
into soil after forest conversion to rubber and oil palm plantations by reconstructing SOM
dynamic following conversion to plantations. N-alkane, long-chain fatty acid and hydroxy
fatty acid biomarkers revealed that C input from past forest vegetation still contributes to the
plantations” SOC pool. Main pathways of SOC formation are via microbial biomass as
biomarkers as the lipids 18:206,2 and i15:0 clearly showed, and via plants as long-chain n-

alkanes and fatty acids revealed. However, a partially microbial overprint due to microbial
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colonization of litter was found indicated by odd-chain fatty acids e.g., 27:0 and 29:0. For this,
additional indicators e.g., a strong OEP and high ACLs point at a high proportion of organic
matter with molecular features of plant material. We identified one biomarker (2-OH-24:0) to
be very promising as an oil palm specific biomarker in contrast to rubber and forest vegetation,
implying to be able to trace with this marker molecule the recent C source for the SOC pool
under agricultural use after forest conversion. Furthermore, we identified suberin-derived 16-
OH-16:0 and 16-Di-COOH-16:0 as marker molecules for the former forest’ SOM contribution
to recent oil palm SOM. An accumulation of these markers over the relative contents of forest
soils themselves points towards the strong degradation of easily available and non-recalcitrant
organic matter fractions. This underlines previous studies conclusions on the threat of
especially oil palm plantation management of the high SOC stocks. Besides absolute amounts
this study demonstrates that the molecular composition of SOM dramatically changes by
conversion to plantations with yet unknown implications for ecosystem functions of the SOM,
stability of this C pool and the potential for restauration of these soils in case of the decision to

abandon land use in these areas.
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2.4.1 ABSTRACT

Large scale oil palm monocultures are continuously replacing Indonesia’s tropical rainforests.
The impact of intensive nitrogen (N) fertilization and herbicide application on biogeochemical
processes in these monocultures remains unknown. Thus, we aim to understand NPK and
herbicide effects on soil carbon (C) cycle. We hypothesize that (1) increased microbial activity
due to N fertilization leads to faster soil organic matter (SOM) decomposition and to increased
COz emissions from soil. Despite this, we expect (2) that herbicide application increases soil
organic carbon (SOC) sequestration, as it counteracts the fertilizer’s effects by hampering soil
microbial activity, by deactivating the same synthesizing pathway as in plants, leading to
decreased microbial respiration. We investigated the effects of fertilization (conventional and
reduced NPK) and weed control (herbicide or mechanical weeding) on SOC decomposition in
the rows between the palms (interrows) and around the palm stems (weeding circles). “C
labelled glucose was added to soil to analyze the response of microbial activity and SOC
mineralization during 30-day incubation. Conventional fertilization caused microbial
activation and destabilized SOC by priming, resulting in increased CO: efflux. Glyphosate
application plus fertilization further increased microbial activity contradicting our hypothesis.
In combination with high fertilizer amounts, glyphosate strongly increased microbial activity.
NPK might occupy a greater share of sorption capacities; hence, glyphosate is still available
and can act as an additional source of C and possibly N and P. Therefore, SOC decomposition
was 1.5 accelerated compared to the control when glyphosate and fertilizer application were
combined. In contrast, reduced SOC decomposition, i.e., a strong negative priming effect
(-47.9 ug C g ), occurred under reduced NPK fertilization without herbicides suggesting
positive effects on C accumulation and storage. Our results emphasize the risk of management
intensification and the need for a low-impact management strategy to maintain soil fertility

and the function as a C reservoir.

Keywords: oil palm, SOC decomposition, priming effects, fertilization, glyphosate



Publications and Manuscripts 159

2.4.2 INTRODUCTION

The high demand of oil palm products has led to an expansion of oil palm cultivation area
from about 2 Mha to about 9 Mha from 2000 to 2017 in Indonesia. With this, Indonesia is the
world’s largest oil palm producer (FAOSTAT, 2019). The disappearance of primary and
secondary rainforests in South East Asia is a direct consequence of oil palm cultivation. The
land-use change from forests to plantations includes reduced aboveground biomass and litter
input, leading to high soil organic carbon (SOC) losses, due to erosion and increased
mineralization from older C pools (Guillaume et al., 2015; Rahman et al., 2018). Therefore, in
agricultural transformation systems a lower net primary production has been found than in
rainforests (Guillaume et al., 2018). Soil organic matter (SOM) decomposition under oil palm
cultivation has been a research focus in recent years (Guillaume et al., 2015; Haron et al., 1998;
Pransiska et al., 2016; Smith et al., 2012). The additional impact of fertilizers on SOM
decomposition in oil palm plantations was studied less intensive and often with a focus on
natural organic amendments e.g. application of empty fruit bunces or mulching (Boafo et al.
2019). Typical management practices on oil palm plantations are nitrogen-phosphorous-
potassium (NPK) fertilization as well as herbicide spraying e.g., glyphosate for weed control
(Baylis, 2000; O Duke and Powles, 2008; Wibawa et al., 2009). Management practices of oil
palm plantation can have severe environmental impacts and further decrease soil C storages
(Guillaume et al., 2016a, 2015; Woittiez et al., 2019). The uneven application of N fertilizer for
instance can lead to N leaching (Kurniawan et al., 2018) and higher N2O emissions in the strong
fertilized circle around the palms (Hassler et al., 2017). In oil palm plantations, management
practices and SOM decomposition processes vary spatially, since oil palm plantations have a
distinct structure with different management zones. The palms are planted in rows and have
a circle of approximately 2 m in diameter around the trunk. These circles are often called
weeding or weeded circles, and within the circles, fertilizers are applied, and vegetation is
removed mechanically or by herbicide application. Thus, low understory vegetation leads to
a loss of SOC and soil macrofauna richness as well as increased erosion (Ashton-Butt et al.,
2018; Guillaume et al., 2015). Interrows (IR) border the weeding circles (WC), do not receive
fertilizers but vegetation is removed as well (Ashton-Butt et al., 2018; Comeau et al., 2016;
Darras et al., 2019). Further, in many oil palm plantations palm fronds are piled-up either in
IR or between the palms. Frond piles provide often the only C input to soils within the whole

plantation (Guillaume et al., 2015; Ramos et al., 2018; Riiegg et al., 2019).
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In terrestrial ecosystems, soil microbes are mainly C and energy limited (Hobbie and Hobbie
2013; Soong et al. 2020). If fresh C is provided, e.g., from root exudates (e.g., sugars) of
understory biomass or oil palms themselves, energy becomes available. This leads to a faster
nutrient turnover and to a higher nutrient demand. Hence, microbial growth and activity is
stimulated, leading to extra mining of nutrients from SOM and causing an accelerated
decomposition. This process is called positive priming by nutrient mining (Fontaine et al.,
2003; Kuzyakov et al., 2000). In contrast, microorganisms may preferentially use mainly the
easily available C source, and do not mine extra nutrients out of “older” organic matter, if
required nutrients are present sufficiently. This preferential microbial substrate utilization
causes negative priming effects, leading to reduced decomposition (Blagodatskaya et al., 2007;
Kuzyakov and Bol, 2006). An additional factor influencing SOM decomposition is chemical
weed control. In oil palm plantations, glyphosate, a non-selective broad-spectrum herbicide,
is commonly used for weed control. It prevents plant growth by deactivating the enzyme 5-
enolpyruvylshikimate-3-phosphate synthase (EPSPS), which synthesizes amino acids
essential for plant survival (O Duke and Powles, 2008). The synthesizing pathway is also
present in microorganisms, which decompose glyphosate (Mamy et al., 2016; Nguyen et al.,
2016; Van Bruggen et al., 2018). Although microorganisms are not target organisms,
glyphosate might their microbial activity and growth (Pollegioni et al., 2012). Data about
influence of glyphosate on microorganisms are inconsistent. Some studies showed that
glyphosate changes the soil microbial community composition (Van Bruggen et al., 2018),
whereas other studies did not find any effects on microbial communities (Zabaloy et al., 2016).
It is assumed that the impact of glyphosate on microbial biomass is dependent on soil
properties, especially pH, SOC content and texture (Nguyen et al., 2016) and cannot simply be

generalized but needs to be determined for the respective study objects.

The aim of our study was to gain a mechanistic understanding about the impact of common
agricultural management practices (fertilizer and herbicide application) on SOC
decomposition in oil palm plantations. We stimulated microbial activity and investigated
priming effects by adding easily available C source — glucose — to soil from an oil palm

plantation with contrasting management regimes in a 33 days incubation experiment.

We hypothesize that (1) activation of microorganisms due to N fertilization leads to faster SOC

decomposition and so, increased soil CO: emissions. Secondly, we hypothesized that (2)
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herbicide application increases SOC sequestration, as it counteracts the fertilizer’s effects by
hampering soil microbial activity via the deactivation of the shikimate pathway involved in

microbial amino acid synthesis, thus leading to decreased microbial respiration.

2.4.3 MATERIALS AND METHODS
2.43.1  Study Site

The study was conducted on a large-scale oil palm plantation in Jambi Province in Sumatra,
Indonesia (1° 23" S, 103° 23" E). The state-owned and managed oil palm plantation PTPN VI is
between 17 — 21 years old. The soil was classified according to the IUSS Working Group WRB
2014 as an Acrisol with sandy loam texture. Mean annual temperature is 26.7 °C and average

rainfall 2075 mm with two precipitation peaks in March and November (Darras et al., 2019).

The laboratory experiment was based on a field experiment conducted by the CRC 990, a
collaborative research cluster between the University of Gottingen, Germany and the
Universities of Jambi, Bogor and Palu, Indonesia. The field experiment compared four
management practices on four 50x50 m plots with four field replications. These plots have two
characteristic locations: WC a 2 m radius circle around the single palms, where the fertilizer is

applied, and the IR between the palm rows.

Conventional

fertilization
+ mechanical Weeding Circle (WC)
\ weeding j
/ Reduced \
fertilization
+ herbicide

Reduced

fertilization
+ mechanical
\ weeding /

Figure 2.4-1: Scheme of the experimental design in the field (left): intensive management practices with conventional
fertilization and herbicide application and conventional fertilization and mechanical weeding for weed control and extensive
management practice with reduced fertilization and herbicide application and reduced fertilization with mechanical weeding.
Typical structure of an industrial oil palm plantations (right): Weeding Circles (WC) of 2 m radius around each palm, where
fertilizer and herbicide are applied or mechanical weeding is chosen for weed control. The interrow (IR) between the palm
rows receives herbicide or is mechanically weeded but no fertilizer is applied here.

Interrow (IR)
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The four management practices were: 1) a conventional level + herbicide application, 2)
conventional fertilization level + mechanical weeding, 3) a reduced fertilization level +

herbicide and 4) a reduced fertilization level + mechanical weeding (Figure 2.4-1).

The conventional fertilization level consisted of 4 N, 1.8 P and 3.2 K kg per WC year. The
reduced fertilization level comprised 2 N, 0.6 P and 2.6 K per WC year™. Both fertilization
levels were applied in a radius of about 1 m from the palm base. The rates were divided into
two applications per year. The conventional fertilization rates correspond to those practiced
on large-scale plantations in Jambi Province. The reduced fertilization rates were based on the
exported amount of NPK from the harvested fruit bunches (Darras et al., 2019). Herbicide
application (Glyphosate) around each palm is 1500 cm?® ha! year! with four applications per
year, whereas in the IR a reduced rate of 750 cm?® ha! year! with two applications was done.
Mechanical weeding was done around each palm in 2 m radius from the palm base and four

times per year and in the IR twice per year.
2.43.2Sampling and preparation

Soil samples were collected in September 2016 from the first 30 cm soil depth of WC and IR
from all management practices. Composite samples consisting of 25 subsamples were
collected to cover soil variability at the plot scale. The soil was air-dried and sieved (2 mm)

and all visible roots were carefully removed.
2.4.3.3 Laboratory experimental design

36 grams of the air-dried soil were adjusted to 60% of water holding capacity and pre-
incubated for 28 days at constant 27 °C (equivalent to Jambi's average temperature) in glass
jars to prevent any effect of the rewetting on C mineralization and microbial biomass during
the main experiment (Wu and Brooks, 2005). The CO: emissions were trapped in 2 ml 1 M
NaOH solution. CO: was collected four times during pre-incubation. Considering the
fertilization levels in the field, 3.8 mg urea, 1.7 mg TSP and 2.7 mg KCl were applied per gram
soil to simulate the conventional fertilization level. To simulate the reduced fertilization level,
1.7 mgurea, 0.5 mg TSP and 2.0 mg KCl were applied per gram soil. Glyphosate concentrations
were 0.03 pl gr! soil in the WC and in the IR. Fertilizer and herbicide were added to the
incubated soil after three days of pre-incubation. Instead of the mechanical weeding practice,

non-glyphosate amended soil was used, because the incubated soil did not have plant material
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to weed. After the pre-incubation period, when respiration stabilized, *C labelled glucose as
an aqueous solution was added to the soil. The glucose was applied by a fine pipette tip to the
soil as uniform as possible. Another identical sample set was used as the control group without
any C glucose amendment. The control group received the same volume of water instead of
the glucose solution. After glucose addition, all samples were incubated at 27 °C in the dark
for 33 days. The CO: sampling took place at day 1, 2, 3, 4, 6, 8, 13, 18, 23, 28 and 33. After
finishing the experiment, soil samples were stored at 4 °C until further analysis. NaOH

solutions and DNA subsamples were stored at -20 °C until CO: measurement.
2.4.3.4  Analyses

The amount of Cin NaOH samples was analyzed by a 2100 TOC/TIC analyzer (Analytik Jena,
Jena, Germany) in an aliquot of 0.2 ml with a 1:15 dilution. “C activity in “C-glucose labelled
samples was measured by a liquid scintillation counter (300 SL Hidex, Turku, Finland). For
this, 0.3 ml of the NaOH solution was mixed with 2 ml of the ROTISZINT LSC-universal
scintillation cocktail (Carl Roth, Karlsruhe, Germany). dsDNA for carbon in microbial biomass
(MBC) estimation was determined using a FastDNA Spin Kit for Soil (MP Biomedicals, Santa
Ana, USA) following the supplier’s instruction. The dsDNA content was measured by a NP80
NanoPhotometer (Implen, Munich, Germany). MBC was estimated by multiplying the dsDNA
with the correction factor 5.0 (Anderson and Martens, 2013). Soil water content was

determined drying five grams of soil at 105 °C and weighed again.
2.4.3.5  Calculations and statistics

The basal respiration was calculated as the mean of stabilized respiration rates during pre-
incubation, shortly before “C glucose addition. Glucose mineralization was calculated as the
percentage of “C derived from the total added “C glucose. To present the cumulative priming
effect after 33 days of incubation we used X total COz, X glucose-derived CO2and X SOM-
derived CO:z. Priming effects are expressed as the difference of the SOM-derived CO: from soil
with glucose amendment and the SOM-derived from soil without glucose amendment

(Blagodatskaya et al., 2007) and were calculated according to the following equation:
PE (ug C g soil) = COz2 som-derived-CO2 control

where

CO2 som-derived = Total CO2 — CO: glucose-derived
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The glucose-derived CO: was calculated according to the specific “C activity of the added
glucose (14C; DPM), where #CO:z is the activity in the CO: efflux (DPM):

CO2 glucose-derived = (C glucose X 1“COn glucose / 14C glucose

The metabolic quotient (9CO:) was calculated as the ratio of the basal CO:2 emission rate and
MBC (Anderson and Domsch, 1993). During the experiment we lost control microcosms
without glucose amendments in the treatment reduced fertilization and herbicide and reduced
fertilization and mechanical weeding. Consequently, there was a reduced number of replicates
used for the following priming calculation, i.e., number of replicates of glucose amended and
control microcosms was partially not identical. Please consider that the PE of the reduced
fertilized treatments were calculated based on and identical set of reference samples
irrespective of herbicide treatment due to failure of some microcosms. So, we could underly

the priming calculation by a robust number of reference samples (n=4).

All statistics and graphing were done by the statistical software RStudio v1.2.1578 (RStudio
Team, 2015) using ggplot2 (Wickham, 2016), Ismeans (Lenth, 2016b), multcomp (Hothorn et
al., 2008) and multcompView (Graves et al., 2019). The combined effects of fertilizer levels,
weed control and soil sampling location were tested using a Three-Way ANOVA at p-level <
0.05 with factor interactions. Tukey HSD post-hoc analysis was used for group comparisons.
Variances between the groups were homogeneous (Levene’s test p-level > 0.05) and normally
distributed (Shapiro-Wilk test p < 0.05) for basal respiration and priming effects. Metabolic

quotient data were log-transformed, to correct for a non-normal distribution.

2.4.4 RESULTS

Highest CO: efflux was stated from soil from WC with conventional fertilizer level + herbicide
application (0.04 mg CO: g! day') (Figure 2.4-2). Less intensive management practices
decreased CO:z emissions from soil from WC (Figure 2.4-2). Lowest CO: efflux from soil from
the WC was measured under reduced fertilization level + mechanical weeding (0.02 mg CO2
g' day'). CO: efflux from soil from WC were significantly higher than from IR across all
management practices. CO:z efflux was 4 times higher from soil from the WC with conventional
fertilizer level and herbicide than in the corresponding IR. There were no differences between

CO:z emissions from soil from the IR between the management practices.
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Figure 2.4-2: Basal respiration (CO2) from incubated soil from different treatments in WC and IR. Values are
presented in means (n=4). Error bars represent the standard error of the mean. Letters indicate significant

differences between fertilizer, herbicide and locations.

The metabolic quotient (9CO2) indicates the efficiency of microorganisms decomposing
organic matter. The gCO: values measured in the soil from WC under less intensive
management practices were higher (p < 0.05) than in the corresponding IR and the other IRs

under more intensive management practices (Figure 2.4-3).
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Figure 2.4-3: Metabolic quotient (qCO:) calculated as the ratio of basal respiration to C in microbial biomass.
Values are presented as means (n=4). Error bars represent the Standard Error of Mean (SEM). Letters indicate

significant differences between fertilizer, herbicide and locations according to 3-Way-ANOVA on logtransformed
data (p < 0.05).

After the second day of incubation, CO: emission rates were always higher from WC soil than
in the IR across all treatments (p < 0.05) (Figure 2.4-4). The maximal CO: emission rates from
glucose-amended soils were measured at the second day of incubation and were around 1.5

times higher than from their corresponding control group (p < 0.05).
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Figure 2.4-4: CO2 emission rates (mg g1 d') from glucose and control group over the 33 days of incubation of the
soil from conventional fertilization with herbicide and mechanical weeding and reduced fertilization and herbicide
and mechanical weeding in WC and IR. IR did not receive fertilizer but herbicide or were mechanically weeded.
Data are presented as means (n=4, except for the treatment “WC reduced fertilization level + herbicide” n=1).
Error bars indicate the standard error of the mean.

CO: effluxes decreased from day 2 till 33 across all management practices and locations. CO:
efflux rates from decomposition of glucose and SOC in the WC were continuously higher than
the corresponding CO: emission rates in the IR- a phenomenon especially expressed under

conventional fertilization.
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Figure 2.4-5: Cumulative CO: emissions from glucose decomposition over the 33 days of incubation of the soil
from the conventional fertilization with herbicide and mechanical weeding and reduced fertilization with herbicide
and mechanical weeding. Data are presented as means (n=4). Error bars indicate the standard error of the mean.

The cumulative CO: emissions from glucose decomposition displays the percentage respired
from glucose but not from SOM. It increased during the first four days to up to 61 % in the WC
and 55% in the IR. After the 6% incubation day glucose was consumed up to 68% from the
reduced fertilized and non-glyphosate amended soil (Figure 2.4-5a, ¢, d). Under conventional
fertilization levels (with and without glyphosate) the CO: emissions from WC and IR soils
narrowed again after the 6" day of incubation (Figure 2.4-5a, b). Conversely under reduced
fertilization levels, cumulative emissions of glucose-derived CO: were concisely higher in the

WC than in the IR with continuous measures (Figure 2.4-5c, d).

The highest peak of CO: emission from glucose decomposition in the IR occurred one day
earlier than in the WC. This was especially obvious under conventional fertilization, where the
WC of the conventional fertilized plot has a glucose respiration of 28% at the 2! day, whereas
the respiration rate is 40% from corresponding IR at the 1% day (Figure 2.4-5a) also compare
with glucose respiration rates per day, Appendix A 2.4-1). The priming effect was almost

always negative, except if herbicides are applied on conventionally fertilized WC or reduced
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fertilized IR, which both showed the absence of any priming effect (Figure 2.4-6). Less
intensive management practices increased negative priming effects in WC. The negative
priming effect measured from WC soil under reduced fertilization + mechanical weeding (no
glyphosate) was significantly higher (-47.9 ug C') than priming effects in any other location

or under any other treatment.
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Figure 2.4-6: Cumulative Priming Effects across all management practices and locations after 33 days of soil
incubation of the soil from the conventional fertilization with herbicide and mechanical weeding and reduced
fertilization with herbicide and mechanical weeding. Values are presented as means (n=4). Error Bars indicate the
standard error of the mean. Letters indicate significant differences between fertilizer, herbicide and locations
according to 3-Way-ANOVA with TukeyHSD post-hoc comparison (p < 0.05).
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Figure 2.4-7: Summary of research outcomes: Decomposition responses towards contrasting management
practices. Faster decomposition and higher CO:z efflux under conventional fertilization level and herbicide
application. Retarded SOC decomposition and support of SOC accumulation under reduced fertilization and
mechanical weeding. Effects most prominent in the WC. IRs mostly characterized by missing C input and C
limitation. No effects of management extensification could be found in the IRs.

2.4.5 DISCUSSION

2.4.5.1 Effect of management practices on SOC decomposition and microbial

response

We aimed to gain a mechanistic understanding about the impact of common agricultural
management practices (fertilizer + herbicide application) on SOC decomposition in o0il palm
plantations. In line with our first hypothesis, intensive management practices (conventional
fertilization + glyphosate or mechanical weeding) increased microbial activity, indicated by
higher CO: emissions, compared to extensive management practices (reduced fertilizer +
glyphosate or mechanical weeding). Fertilization increased nutrient availability (Marschner et
al., 2003), stimulates microbial activity and does not require energy-intensive mechanisms of
nutrient mining e.g. via exoenzyme production. This saves C and energy for the

microorganisms, which finally leads to increased soil respiration (Figure 2.4-2) (Chu et al.,
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2007; Comeau et al., 2016). This agrees with results of a meta-analysis which showed that N
additions lead to an increase in soil respiration of 12.4% in croplands (Zhou et al., 2014).
Intensive management practices caused higher basal respiration i.e., accelerated SOM
decomposition under C limitation, but there was no further acceleration of SOC
decomposition (i.e., positive PE). If labile substrate was readily available, but showed higher
CO2 emissions than under extensive management practices (Figure 2.4-6). Instead, extensive
management practices (reduced fertilization + glyphosate and mechanical weeding) decreased
CO:2 emissions and SOC decomposition by leading to pronounced negative priming effects
(Figure 2.4-6). Reduced fertilization and the absence of glyphosate led to strongest negative

priming, indicating a retardation of SOC decomposition (Kuzyakov et al., 2000).

Contrary to our second hypothesis that glyphosate application would hamper microbial
activity and lead to reduced SOC decomposition, the absence of glyphosate decreased CO:
emissions and thus SOC decomposition. Glyphosate application in combination with high
amounts of fertilizers, had the opposite effect (Figure 2.4-2) and increased microbial activity
thus increasing the decomposition of SOC, emitted as CO: to the atmosphere (Figure 2.4-6).
These results indicate that glyphosate was available as an additional C source for
microorganisms leading to an increased microbial activity. The positive impact of glyphosate
on microbial activity, especially after repeated applications for several years, and its
degradation for energy-acquiring processes has also been previously reported (Aratjo et al.,
2003; Busse et al., 2001). Several studies found glyphosate concentration as one of the main
factors for stimulating or weakening soil microbial respiration (Abood et al., 2015; Duke et al.,
2012; Guijarro et al., 2018; Haney et al., 2000). Nguyen et al. (2016) found that concentrations
of > 200 mg kg soil did increase microbial respiration. As glyphosate concentration applied
in this experiment were 375 mg kg soil, resembling field application conditions, those
findings agree with our interpretation that glyphosate rather increased than lowered microbial
respiration. The gCO: values support this assumption, as the gCO: tended to be higher in WC
with herbicide application compared to WC without herbicide application (Figure 2.4-3). Thus,
blockage of the shikimate pathway does not seem to negatively affect microbial metabolism
potentially due to the fact that metabolites that cannot be produced by a cell any more, but can
be procured from the environment e.g. by recycling of these compounds from necromass (Bore

et al.,, 2017; Dippold and Kuzyakov, 2016).



Publications and Manuscripts 172

It is known that glyphosate and phosphate from fertilizer compete for the same sorption sites
on soil particles (Jonge and Jonge, 1999; Munira et al., 2018). Glyphosate application in
combination with long-term phosphate fertilization most likely led to a reduced glyphosate
sorption to soil particles, because pre-sorbed phosphate occupied the sorption sites that would
be otherwise available to glyphosate. This effect is even stronger in acidic soils such as our
sandy loam Acrisol, and is most pronounced when both are added at the same time (Gimsing
et al., 2007; Munira et al., 2018). Soil microbial biomass and soil microbial respiration are more
sensitive toward glyphosate in soils having a pH between 5.5 - 7.5 than in soils witha pH < 5.5
(Nguyen et al., 2016), which agrees with our measured pH values varying between 4.8 and 5.3.
The sandy (more coarse-textured) soil only offered reduced number of sorption sites compared
to fine-textured soils i.e. clay, whereby glyphosate decomposition by microorganisms is
slowed down (Guijarro et al., 2018). Therefore, we conclude no systematic inhibition of
microbial activity by glyphosate application. Nguyen et al. (2016) postulates that glyphosate
application in soils with low organic carbon content increases the microbial C respiration and
reduces soil microbial biomass. Although, our SOC data are low (0.78% - 2.1% in IR and WC,
respectively) as typical for soils under oil palm cultivation (Guillaume et al., 2015), we cannot
state a reduction of soil microbial biomass. We consider a long-term adapted microbial
community after several years of glyphosate application, whereas Nguyen et al. (2016)
proposes limited microbial functionality and a less well buffer against stress factors. Especially

for soils undergoing its first glyphosate application, this might be a valid interpretation.

Based on our results we cannot exclude that less resilient parts of the soil microbial community
may have been inhibited by a high glyphosate concentration, while more resistant groups
compensate their functions and are accountable for the increased soil respiration (Nguyen et
al,, 2016). An alternative explanation might be that microorganisms sensitive for glyphosate
die and their necromass is decomposed by more glyphosate-tolerant microorganisms,
explaining the increased CO: emissions. However, one year after the start of the corresponding
field experiment, no significant differences for biodiversity or community composition
between the different treatments at entire (DNA-derived) and active (RNA-derived)
community level were detected (Berkelmann et al., 2020). We, therefore, propose rather an
increase of microbial activity across the whole community than a compensation of functions

by special species.
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2.4.5.2 Nutrient limitation in management zones

Basal respiration rates in IR were significantly lower than in the WC, which can be explained
by the lack of fertilizer application leading to a reduced nutrient supply for microorganisms.
There was no effect of management practices on basal respiration between the IR regardless if
they were treated with glyphosate or mechanically weeded. Their location next to either
conventional or reduced fertilized WC did not play any role. Consequently, if basal respiration
rates did not differ significantly from each other in the IR a massive nutrient allocation from
the WC towards the IR can largely be excluded. Generally, oil palm plantations often suffer
from nutrient and C limitation due to the absence of fresh litter input, low root biomass, low
rhizodeposition (Guillaume et al., 2018; Pransiska et al., 2016; Riiegg et al., 2019) and high
nutrient leaching (Kurniawan et al., 2018). Especially, the IR receive less nutrients due to the
absence of fertilizers and less C due to the absence of litter and oil palm rhizodeposits. Our
data suggest that C-limitation is strong in IR across all management practices and is largely

restricting the microbial activity in these soils.

C limitation is reduced by adding glucose, simulating rhizodeposits by providing a labile C
source. Generally, microbial biomass quickly switches from a dormant to an active state once
supplied with large amounts of labile C (Blagodatsky and Richter, 1998), which explains
highest glucose respiration rates shortly after glucose amendment. Across all management
practices the maximum peak of glucose decomposition occurred one day earlier in the IR than
in the WC. This hints at different metabolic kinetics and microbial responses on labile C. It is
likely, that the glucose in the WC was taken up by microbial biomass (at least cytosolic pools)
in these much less C limited microbial communities. As no massive microbial biomass growth
is triggered by the glucose amendment, the glucose can during the next days be partitioned to
preferable metabolic pathways one of them being respiration (Gunina et al., 2017). However,
IR showed immediately the highest glucose respiration: This is indicated by rapid, massive
microbial activation as presumably the most limiting factor of microbial activity and growth
was removed by the glucose C addition. Consequently, the glucose was rapidly metabolized
and respired. Interestingly, only 50% of the glucose was respired in the IR under reduced
fertilization level, whereas in all WC and also in the IR under conventional fertilization level
the glucose was respired up to 68 % during the total duration of the experiment. This suggests

that WC fertilization has an effect also on IR microorganisms, providing at least a small
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amount of nutrients available to better make use from a suddenly increased availability of
labile C. Microorganisms in the IR under reduced fertilization level seemed to suffer most

under nutrient limitation using around 45 % for maintaining their functions.
2.4.5.3 Implications for C sequestration in oil palm plantations

C limitation can be attributed to missing organic input e.g. litterfall or understory vegetation,
which also affects C sequestration in soil (Kotowska et al. 2015; Riiegg et al. 2019). The fact that
reduced management practices induce reduced SOC mineralization (Figure 2.4-6) implying
lower CO: emissions from soil to the atmosphere indicates that it rather fosters belowground
C stabilization. Further, it is known that C derived from microorganisms (e.g., fungal and
bacterial necromass) can in substantial quantities be sequestered in the stable C pool and
contribute to the soil C accumulation (Kindler et al., 2006; Liang et al., 2017; Schweigert et al.,
2015). Even though, basal respiration is based either on plant C or microbial necromass, in any
case a reduced decomposition of these pools under extensive management will contribute to
an SOC accumulation. However, our data suggest that even under extensive management,
where we observed highest potential for C accumulation, microbial communities are largely
C limited in their response. Consequently, to reach the goal of a sustainable management
contributing to long-term C accumulation, it is necessary to ensure above- and belowground
C input ie., by frond piling, application of empty fruit bunches as organic fertilizers.
Additionally, organic input accounts for an enhancement of soil fauna growth development
(Tao et al., 2017). Further, Darras et al. (2019) showed positive effects of these extensification
measures on plant diversity, aboveground arthropods, belowground animals and ecosystem
functions, e.g., animal taxa richness, microbial biomass abundance and water infiltration. With
the increased potential of C sequestration, we identified another key ecosystem function of oil

palm plantations, that might be substantially supported by management extensification.

2.4.6 CONCLUSIONS

Intensive fertilization + herbicide application accelerated SOC decomposition, because applied
glyphosate concentration in oil palm plantations is very high. This effect was especially
pronounced in combination with fertilizer, which acted as an additional nutrient source
leading to twice as high soil microbial respiration than under extensive management practices.
Extensive management practices i.e., reduced fertilizer level and the absence of glyphosate,

reduced SOC decomposition (i.e., negative PE of -47.9 ug C g ), and thus supported C
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accumulation. In contrast, accelerated SOC decomposition stimulated by intensive
agricultural management practices i.e., high fertilizer levels and herbicide application,
emphasize the risk of management intensification. We demonstrated that extensive
management practices with reduced fertilization levels + mechanical weeding instead of
herbicide application bears a high potential to slow down SOM decomposition processes and

support C accumulation after forest conversion to oil palm plantations.
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2.5.1.1 Abstract

We provide soil bacterial 165 rRNA gene amplicon and geochemical data derived from an oil
palm plantation management experiment. The experimental design covered two different
intensities of fertilizer application and weeding practices. We sampled the topsoil of 80 plots
in total and extracted DNA and RNA. The V3-V4 regions of the 165 rRNA genes and
transcripts were amplified and sequenced with an Illumina MiSeq system. Sequences were
quality-filtered and taxonomy was assigned using SILVA SSU NR 138 database as reference.
One year after establishing the experiment, statistically significant differences of bacterial
diversity or community composition between different treatments at entire (DNA-derived)
and active (RNA-derived) community level were not detected. The most dominant taxa
belonged to Acidobacteriota and Actinobacteriota and were more abundant at active than at
entire community level. Similar results were obtained for the abundant genera Candidatus
Solibacter and Haliangium. Furthermore, clustering corresponding to the different sampling
site locations was recorded. This dataset is of interest for related studies on the effect of altered

management practices on soilborne communities.
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2.5.2 IMPROVING ECONOMIC AND ENVIRONMENTAL OUTCOMES IN OIL
PALM SMALLHOLDINGS: THE EFFECTS OF MULCHING ON SOIL CARBON
AND YIELDS
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2.5.2.1 Abstract

CONTEXT: The area under oil palm cultivation has expanded importantly in South-East Asia.
The resulting land-use transformations are associated with environmental degradation such as
substantial carbon dioxide emissions. Soil conservation practices can contribute to more
sustainable oil palm systems by increasing soil organic carbon (SOC) contents and yields.
One soil conservation practice in oil palm plantations is the mulching with empty fruit
bunches (EFB).

OBJECTIVE: We estimated the relationship between EFB mulching and, respectively, yields,
SOC and total nitrogen contents, the carbon-nitrogen ratio and the average bulk density in
smallholder oil palm plantations. We further analyzed the determinants of smallholders' EFB
application taking into account regional market, farm, and plot level aspects, as well as
farmers' perceptions.

METHODS: We estimated the relationship between mulching and yields with panel data, and
between mulching and soil properties with cross-sectional data. We accounted for the possible
selection bias of the decision to apply EFB mulching with instrumental variable estimations.
Descriptive analysis was used to analyze the determinants of smallholder EFB use.

RESULTS AND CONCLUSIONS: Our results indicated that in particular the regional supply
in EFB and farmers' wealth levels were correlated with smallholder EFB mulching. EFB
mulching was associated with 39% higher yields and 19% higher SOC contents. We attribute
the higher yields to potentially improved soil chemical functions linked to higher SOC
contents, such cation exchange capacity effects, and to an increased K and potentially Mg
availability. Since EFB is not available in sufficient quantity to be applied to all plantations,
policy makers could identify user groups with the greatest potentials for environmental and
income improvements. Site-specific life cycle assessments and yield effects can help to
inform such identification.

SIGNIFICANCE: Despite their growing importance in the oil palm sector, evidence on the effect
of EFB mulching was missing for smallholder farmers. Because of associated higher SOC
contents and yields, our findings indicate that the promotion of EFB mulching as best
management practice could potentially contribute to more sustainable oil palm systems.
Strengthening inclusive value chains for smallholders, information provision and investments
in road infrastructure represent potential policy instruments to increase smallholder EFB
application. The identification and promotion of best management practices are important
with view to the still ongoing oil palm expansion in South-East Asia, and progressively in
other parts of the world.
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