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ABSTRACT

Expanding oil palm Elaeis guineensjsplantations in areas of grasslandsrather than at the
experse of forestspromises to be a more sustainable landise change regarding biodiversity and
carbon balance. While it is rther evident that carbon storage in biomass will increase with a
land-use change from grassland to oil palm, effects on carbon cycling in soil and biological
activity, affecting the carbon storage capacity of soils under oil palpare unclear. In the Llans
Orientales (Eastern Rains) of Colombia, the agricultural frontier is expanding into natural
savannas with a high share of oil palm plantations. The first part of this thesis aims to quantify
carbon storage in above and belowground biomass of oil palm(OP) plantations and natural
savannas(NS) in the area of the Llanos Orientales in Colombia. It is hypothesised that carbon
stored in an oil palm plantation (as an average over the whole plantation lifeycle) is higher
than carbon stored in natural savanna. In the second part of this thesis the aim is to investigate
carbon cycling mechanisms inside oil palm plantations that influence carbon storage in soil
organic carbon (SOC) and affect soil fertility. The hypothesis is that those mechanisms depend
on caron input and management patterns inside plantations, thus that management influences
the carbon storage function of soil under oil palm.

Above- and belowground biomass were assessed in savannas and oil palm plantations of 2, 4
and 9 years. Using allometd equations, biomass of oil palm trees was estimated for a whole life
cycle of oil palm plantation (30 years). Soils from savannas and plantations were sampled and
AT AT UGAA &£ 0 AAOCATT AT A 1 O08®iEdkopidsighaiure. OMith b A O
differing isotopic signature of savanna (C4lants) and oil palm (C3plant), SOC derived from oil
palm was calculated. To assess microbial activity, field respiration measurements were
conducted. In the laboratory, basal respiration and microbial biomass we measured in an
incubation experiment. SOC contents were analysed in relation to microbial activity and root
densities.

Total biomass of oil palm plantations increased linearly with ageRoot to shoot ratios for oil
palm remained constant until the & year. There was an increase of 29.5 t C/gtored in biomass
going from savanna to an average aged oil palm plantation (15 years). Stacking of pruned fronds
inside the plantations, as well as implementation of leguminous cover crops, were found to
increase @rbon stocks with another 4 and2.4-3.1 t C/ha, respectively. Considering carbon
storage in soil, there were highnet carbon stabilization rates for oil palm derived carbon. In a
mature (9 years old) plantation, 36% of SOC was oil pahaterived in 0-10 cm il depth. On the
other hand, in the same plantation part of the savannderived carbon had clearly been
decomposed at least in the €40 cm layer. Cover crops led to substantial inputs of carbon to soll
in young plantations.Over all,fine roots were found to be the main carbon source, which led to
higher SOC stocks under frond piles and close to the palm trunk compared to avenues between
palms. SOC contents under the frond pile did not reflect the additional amount of carbon added
trough pruned fronds. However, in the frond pile area there wasan organic soil layer that was
possibly highly active, where oil palm leaflets might be decomposed, while woody parts of the
fronds remain undecomposed on the soil surface. Microbial activity was enhanced under frond
piles and close to the oil palm trunk. Nutrients seem to be cycled fast under the frond pile and
root density was significantly higher compared to other zones at the same distance to pélm
trees.

Results from biomass measurements suggest that in term$ liomass carbon storage it is indeed
desirable to plant oil palm in savannas. There is a need to quantify biomass in oil palm as an
averaged value over the lifecycle of a plantation, so not to overestimate carbon storage in



biomass. For decisions regardig biofuels, carbon balances should take into account lantge
associated changes of carbon stocks in biomass but also in SOC. It remains an open question,
carbon balances can be positive in the context of the Llanos Orientales of Colombia, as fertilize
inputs might be high. The here found results suggest that implementation of cover crops and
leaving pruned fronds inside plantations cannot only increase carbon storage in biomass, but
also carbon storage in soil. Input of organic matter lead to a highictive microbiology below the
frond pile, where nutrients and carbon seem to be cycled fast. High root densitigsdicate the
agronomic importance of this management practise. For environmental and economical
sustainability of the oil palm production sysem, management practises to improve carbon
storage and nutrient cycling should be considered and investigated more. On the other hand,
fertilization and inputs of more labile carbon through the oil palm cultivation lead to
decomposition of savannaderived SOC. The SOC content after savanna conversion to oil palm
will thus depend on the balae between accelerated decompd#on and higher inputs of
carbon. Longer time series are needed, assessing SOC evolution under oil palm over the whole
rooting depth of al palm.
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1 INTRODUCTION

Oil palm (Elaeis guineens)s cultivation is rapidly increasing in some tropical regions and is
associated with the expansion of agricultural land¢Fitzherbert et al., 2008) Where oil palm (OP)
replaces natural ecosystems, this leadotthe loss of some provided ecosystem services. Habitat
loss and concomitant biodiversity erosion that come with the replacement of primary or secondary
forests by oil palm plantations, are the most prominently discussed issu&oh & Wilcove, 2008) In
south-east Asia, oil palm plantations are often replacing peat swamp forests or secondary forests
(Koh et al., 2011; Koh & Wilcove, 2008)Biomass and its carbon stocksemerally decrease with the
land-use change when oil palm plantations replace natural forest&otowska et al., 2015) The
topic of carbon budget and lifecycle analysis is especially of interest in the discussion around
biofuels. Indeed, landuse changefrom forest to oil palm accounts for the largest part of
greenhouse gas emissions along production chain of biofuel from oil paltiarsono et al., 2012;
Wicke et al., 2008)

In addition to biomass carbon loss, also soil organic carbon (SOC) contents have biemd to be
lower under oil palm than under primary or secondary forest(Sommer et al., 2000) This has
implications on the role of soil as longterm carbon gorage, but also on soil fertility. Soil organic
carbon is associated with many physical, chemical and biological indicators of soil fertility. For
example,Guillaume et al. (2016)found that SOC losses with conversion of forest to oil palm were
related to the degradation of soils and the decrease of some fertility parameterdads, SOC content
directly affects the agronomic (economic and environmental) sustainability of every production
system.

To meet future demands, it is clear that more environmentally, agronomically and socially
sustainable solutions for oil palm productionsystems have to be found and encouraged by society
and politics. Corley (2009) estimated future demand for edible palm oil, taking into account that
different vegetable oils carsubstitute each other. As yields of oil per area are vetyigh for oil palm
compared to other vegetable oilsCorley (2009) stressed theadvantagesof the crop for production

of edible oil. Additional demand for palm oil by the biodiesel industry is also predicted to further
increase in the fuure (Corley, 2009).

To find more sustainable solutions for oil palm production,tihas been suggested that oil palm can
generate economic benefit as well as contribute to carbon storage, if planted in areas of low
productivity or on degraded land (Koh & Wilcove, 2008; Sanquetta et al., 2015; Schroth et al.,
2002). Corley (2009) estimated a high projected consumptionof edible palm oil to require an
additional 53 M ha of production area andconcluded that this areacould be found in grasslands
and permanent pastures over Indonesia, Brazil and especially Colombia, with no need for further
deforestation. Compared to other oil palm production areas, in Colombia oil palm is already
planted mainly in areas of savannas or on lands originally deforested for other cropg€astila,
2004; Corley, 2009) Colombia is the biggest producer of palm oil in the Americas. For example, in
¢npoh twepdxox EA xAOA (Deparfamedtd Adminigir@tizo Nadohal d® Al |
Estadistia, 2016). Of this area, 49% is located in the departments Meta and Casanare in the Llanos
Orientales of Colombia. Besides a variety of other introduced crops, there are also large areas
converted into pastures of different productivity (Rippstein et al., 2001) Nonetheless, large areas
of the Llanos in Colombia are still natural, unmanaged savannéldS). The Llanos savanna region
extends over 45M ha in Colombia and VenezueléRomero-Ruiz et al., 2010) In the last 40 years,
the agricultural frontier expanded from the Andes towards Venezuela into those savannas,
1



especially in the welldrained Altillanura (Rippstein et al., 2001; RomereRuiz et al., 2010) There
are different authors that advocate for, or expect further expnsion of oil palm plantations into the
Llanos of Colombia because of comparably low environmental and economic cof@astiblanco et
Al 8h ¢npon ' AOAHWKE the dsthbAshnfe of Ail palh plantatiors hose pasture
lands andsavannas might be an opportunity to develo@ more sustainable palm oil prodiction
system. In particular, one of the challenge is to target a langse change which would be favourable
for the ecosystem carbon budget and, more specifically, which would prevent SOC loss.

Most studies on biomass and carbon in oil palm have been doime South-east Asia. Allometric
equations have been established to relate biomass to age or height of palm trdésari et al.,
2013). For South America, there have been some biomass studies on oil pdl@astilla, 2004,
Sanquetta et al., 2015)However, there are no empirical studies quantifying the change of carbon
storage in biomasswith the land-use change from savanna twil palm. Furthermore, soil and
climate conditions, management and genetic material might influence oil palm growtfCastilla,
2004). According to Romero-Ruiz et al. (2010) the expansion of agriculture into the Llanos is
driver for major changes in ecological processes like hydrology, nutrient cycles and greenhouse gas
emissions. h particular, the expansion of agricultural land might alter carbon stocks in soil and
associated soil characteristicsFrazao et al. (2013)found that SOC was 3386% lower under oil
palm than under pasture in Bradl. On the other hand,Goodrick et al. (2014)found an increasihg
but not significant trend of SOC with conversion from grassland to oil paln®oils in the welt
drained Altillanura are especially susceptible to compaction, erosion and other changes in physical
properties through cultivation (degradation) (Rippstein et al., 2001) Therefore, there is a need to
assess SOC changes and underlying mechanisms with the larsé¢ change fom natural savanna to
oil palm on the welldrained soils of the Llanos oriatales.

The situation at the study site close to Puerto Gaitann the welkdrained Altillanura, with a very
clear and long previous landuse (natural savanna)and low estimated SOC contents, represents
ideal conditions to study changes in carbon stocks Wi the land-use change. Management
practises like weeding, pruning of fronds, fertilizing and harvesting with machinery lead to
characteristic management zones in oil palm plantations. It has been shown that these practises
affect root distributions as wel as soil characteristics(Frazao et al., 2013) Therefore, this work
especially focusses on the role of these management zones.

This master thesis is embedded in the natural science part of the international praje Oil Palm

Adaptive Landscapes (OPAL) funded by the Swiss National Science Foundation (ENFA Q8 O4 EA
OPAL project uses natural and social sciences to build role playing games that reflect existing oil

palm landscape realities. Using these games, it ains explore alternative oil palm trajectories

with stakeholders and decision makers in Indonesia, Cameroon, and Colombia, to help chart a path

Ol xAOAO 11T OA OOOOAET A AwmAopdl-bréiectedmidcd@sdds @.8.20BHPOOOA D86

The first part of this master thesis will quantify the change in aboveand belowground biomass
developing with oil palm plantation of different age classes. It also provides an analysis of how the
oil palm root system develops. It wil give an estimate of carbon stocks in biomass for savanna and
oil palm. The second part of this master thesis will focus on mechanisms showing how the lanske
change from savanna to oil palm influences SOC distribution and stability (through root & frdn
input) and different soil fertility parameters, especially the soil microbial activity. The two parts
will both have more detailed, separate introductions, hypotheses and methods.

2
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2 MATERIAL AND METHODS

Material and methods concerning both parts of this thsis are presentedin this section. Specific
methods will be introduced in the respective sectior{3.3and 4.3).

2.1 STUDY AREA AND PLANTAONS
The eastern planes of ColombialL{anos Qientales or Orinoquia) represent with 17 mio ha 6% of
the South American tropical savannagRippstein et al., 2001) Similar ecosystems catbe found in
the regions of the llanos in Venezuela (11% of SouthrAerican tropical savanna) and the @rrados
in Brazil (76%). Agricultural production is very diverse: oil palm, pastureswith introduced grass
species rice, corn, soya and other annual and tree crops are cultivat@ippstein et al., 2001)

All measurements and samples have been taken in an oil palm farm which extended on about 2500
ha close to Puerto Gaitan, Department Meta, Colombia (4°05'™N) 71°53'59.0'W). The average
annual temperature is around 26°Cand there is a distinct dry season from December to March,
while 95% of the yearly rain falls betweenApril and November (2200mm/year in Carimagud
(Lavelle et al., 2014; Rippstein et al., 2001)

Type of natural savanna
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Figure 1: Location of the study site in the Llanos Orientales in Colombia and extent of the natui
savannas as assessed Rippstein et al. (2001) Plantations were located in the flat high planes
Between Bogota and Villavicencio are the Andean mountains. Adapted froRippstein et al.
(2001).

Soils in the region are maity Oxisols with low fertility, high acidity and high aluminium saturation
(Lavelle et al., 2014; Rippstein et al., 2001)n the study areasoils were welldrained and sandy. As
a consequence of redox processes, e soils have layers of plinthite, that, when exposed to air
transforms to petroplinthite or laterite (Rippstein et al., 2001) In the study area soils in the slighyl
hilly parts of the landscapewere covered with this laterite, locally calledarecifeor serrania



The natural vegetation in the studyregion is a herbaceoussavannawith some small busheswhich

is drained by many small rivers Gallery forests (locally calledmorichaleg grow in the depressions

along these rivers (Rippstein et al., 2001) The only human management of thesavanna is

occasional burning by local indigenous foproviding better grass fordeerd @Gonzalez, 2011) This

explicitly means thatthere has never been cattle grazing and therefore, the savannas can be

AT 1T OEAAOGAA AO O11 0 1 Al ACAAO6 Rao EtalA @o0ol)theGhregehanOET E UA
landscapes of the weldrained savanna area of the eastern plains in Colombia are: fligh planes

(altillanura plana, 3.5 Mha), undulating high planes (altillanura ondulada and serrania, 6.4 Mha)

and fluvial terraces (1.25 M ha) (Figure 1). The plantations have been established on the tablike

flat high planes(Altillanura) (Figure 2).

Figure 2: A two year old oil palm plantation with remnants of savanna grass and cover crop.
the background natural savanna and gallery forest.

Field data collection was carried out during the weseason h July and August 20161t was made
sure that the investigated plantations had been established on unmanaged natural savannas
have a clear laneuse history. Plantations established in the years 2007, 2012 and 2014 (9, 4 and 2
years old, respectively) wee chosen for intensive data collection. Additional data on above ground
biomass were taken in two older plantations established in 1993 and 1989 (23 and 27 years old).
As reference sites, two savannas with similar soil conditions were chosen close to tilantation.

2.2 MANAGEMENT OF OIL PMLPLANTATIONSAND MANAGEMENT ZONES
Prior to establishment of the oil palm plantations, soils were tilled with a chisel plowo 60 cm
depth and with an overturning plow to about 20 cm. Oil palm treeswere then planted with a
distance of 9 m between trees, leading to a palm density of 143 palms/hln the two young
plantations, a mixture of two cover crops §eeding with 2 kg/ha Kudzu and1 kg/ha Desmodium)
was implemented after planting. However, in the two years old plantatio Kudzu was very
dominant at the time of sampling, while in the four years old plantation only Desmodium could be
found. The four years old plantation had not been managed very carefully in the first two years.
That is to say that fertilizationin those years was less intensive than in the 2 years of the youngest
plantation. In the 9 years old plantation, there was no time when cover crops have been
implemented. The management practises lead tdlistinct zones with the plantation getting older

4



(Table 1 and Figure 3). The area around oil palm trunk is always kept free of weeds and cover
crops. This area is calledveeding circle (w). In young plantations, the weeding circle is determined
by the length of fronds, thus it increases with age until ireaches about 2.5 ndistance from the
trunk in a mature plantation. At young agesall fertilizer is applied to this weeding circle. With the
beginning of harvest, after about ¥ 5 years, each second inter row betweaepalm lines becomes a
harvesting path (h), where machinescirculate. From this moment on, fertilizer is spread by
machines from this path, thus, covering the whole area except the harvesting pathself.
Micronutrients, e.g. Bor or Magnesium, are added onto the weeding circle even in mature
plantations. Avenues between palm lines are alternately determined as harvesting paths or dirty
paths (s, forcalle sucid. Here it was assumed that this zoneepresents the characteristics of the
remaining area afer subtracting w, f and h, thus, it was denominated inter zone (s).

Table 1: Characteristic management zones in a mature oil palm plantation.

Weeding circle (w) Always kept free of weeds and cover crops. Main fertilizer inpu
zone,especially in young OP.

Frond pile (f) Piled up pruned fronds, after ~4t year.

Harvesting path (h) Every second path in between OP lines, trucks and tractors pa
regularly, receives no fertilizer except for residual waters from
the mill.

Inter zone (s, forcalle sucig. Remaining area, especially in between OP lines, no truc
passing, fertilizer application only after ~4th year.

» (B)

Figure 3: Management zones in the 9 years old oil palm plantation. In (A) weeding die (w) and
frond pile (f) in the front and calle sucia the dirty avenue, (s) in the back. In (B) harvesting patl
(h) on the left and on the right, after the line of palms, again the dirty avenue.

Pruning of fronds is necessary to harvest fruit bunchessenerally, br each fruit bunch harvested,
two frondsEAOA O AA DPpOOT AAs ! AAEOGET T AT 1T UR ET 1 AOOOA
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year, where about 16z 17 fronds per palm are pruned. Yield in the 9 yeas old plantation over the
last year hadbeen 5.65 fruit bunches/palm. Pruned fronds are placed on the frond pile (f) in the oil
palm line between two palms.Harvesting in the two and four yeas old plantation had not yet
started. Therefore there was neither a distinct harvesting path nor a frand pile, but only weeding
circle and area covered by coverrops (denominated inter zone, $.

The fruit bunches harvesed on the area planted in the9 years old platation were directly
processed in a nearby oil mill. The residues from the oil mill are the directly used as soil
amendments in some of the plantationsFor simplification reasons and to avoid confounding
effects, heseareaswere avoided for the sampling campaign. In the harvesting path of the sampled
area, residual water from the oil mill hadoeen applied.

2.3 SAMPLING DESIGN
In each of the selected plantationsand savannasa plot of one hectare was established for
vegetation and soil sampling. Care has been taken to select oil palm and savanna plots showing
comparable soil conditions. Further crieria were that within plots soil conditions were
homogeneous, that there were no potential influence of rivers or groundwater and narecife. No
plots were taken in plantations that had received compost or residues from the oil mill in the past.
Plots with obvious low yieldswere also excluded. In each plot, five trees were taken randomly and
all measurements were carried out on those five trees or in their adjacent management zones.
Trees that showed clear evidence of disease or other anomalies were netexted.

Around each tree, management zones were delineated, according to a regular pattern (Figure 1).
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Figure 4. Map of the plantation structure and sampling points in the different management
zones and with distance to palm tees

The green stars are positions of oil palm treessampling points for fond pile (F), harvesting
path (H) and inter zone (S3) are at 4.5 m from the centre of the palm tree (in green) and in tl
centre of the respective zoneSampling point for weeding circle (W) is at 1.35 m for young
plantations and at 1.1 m for the 9 years old plantation. Additional points in distance to the pall
tree (S1, S2) are at 2 and 3 m, respectively



Sampling points were determined on this systematic grid in weeding circlétond pile, harvesting
path and inter zone. Additionally, in the inter zone, different points in distance to the palm tree
have been sampled (Figure 1).

In the two youngest plantations, there had been no harvesting and no pruningo far. Therefore, no
frond piles were present and a harvesting path could not be expected to be distinct. This resulted
in less points sampled for the younger plantationgTable 2).

In the savanna plots, this sampling design does not apply and the samplegre taken along
transects of 100 m with 5sampling points even spacedTable 2).

Table 2: Overview of samples and measurements taken in plantations of different ages.

Savannas Oil palm plantations

NS1 NS2 | 2yrs 4yrs 9yrs 23yrs 27 yrs
Soil and  below ground
biomass (BGB)
Along transect X X
Weeding circle(w) X X X
Frond pile (f) X
Harvesting path(h) X
Inter zone 3 (s3) X X X
Inter zone2 (s2) X X
Inter zone 1 (s1) X X X
Above ground biomass ( AGB)
Palm height X X X X X
Vegetation cover X X X X X
Frond pile X

2.4 STATISTICAL ANALYSIS
All statistical analyses were donewith the open source softwareR version 3.2.1(R Core Team,
2016). Root and soildata was analysed wh analysis of variance ANOVA for management zone
and depth effects.Replicates were the five oil palm trees or five sampling pointalong thetransect
for savannas.Assumptions for ANOVA (normal distribution of residuals and homogeneity of
variance) were tested. Differences between factors (zone, depth) were assessed with a post hoc
Tukey HSD testAge effect on oil palm biomass anche effect of dstance to treeon root biomass
and soil parameterswas analysed with linear regressions.



3 SAVANNA CONVERSI® TO OIL PALM: IMPACT ON BIOMASS
CARBONSTORAGE

3.1 INTRODUCTION
Oil palm plantations can store more or less carbon, compared to the vegetation they are replacing
(Castilla, 2004; Sanquetta et al., 2015While oil palm expansion at the expense of forest leads to
decreasing biodiversity and great carbon emissionsit has been proposed that establishing
plantations on degraded arable land or on grasslands would be more gamable, both
environmentally and economically (Corley, 2009; Koh & Wilcove, 2008; Schroth et al., 2002)
expansionin Colombiaby anaysing trade-offs betweenenvironmental and economic costs.They
concluded that the Altillanura is one of two regions, wihch are suitable for expansion and sea
great advantage ofColombia compared to Indonesia, because of available land of unproductive
pasture for conversion.

There are no empiricalfield studies that quantify the change in biomass and associated carbon
stocks from savannaor grassland to oil palm andno studies quantifying oil palm biomass in the
Llanos Orientales. Although oil palm as monocotyledonous plant has very fixed growthpatterns,
growth might depend on genetic material as well as soil and climatic condition&astilla, 2004)
Root biomass depends on the soil typ€Corley, 2016). However, age and diffrent vegetative
parameters have been shown to be strongly correlated, which makes it possible to use allometric
equations to estimate above ground biomas@sari et al., 2013)

Above and belowground biomass have been studied in oil palm plantations of Brazil of different
agesand carbon storage in biomass compared to literature values of other langses including
pasture (Sanquetta et al., 2015)Using allometric equations with an assumed total height of 12 m
and a palm age of 25 year<astilla (2004) estimated a carbon stock of 80 to 120 t/ha inbiomass
for oil palm in Colombia andmentions a gain of 70 t C /ha compared to pasture. However, as oil
palm plantations are generally replanted after 25 to 30 years of cultivatiorfCorley, 2016), it is
important to quantify biomass change from savanna to oil palm looking at the average biomass
over the whole life-cycle of a plantation.

A special interest lies in thedevelopment of the rootbiomass with plantation age as differencesn

the root systemcompared to the savannaroot system might lead to changes in root input and thus

to effects on soil organic carbonJobbagy & Jackson, 2000)This will further be discussed in the

second prt of this thesis (section4). The root system architectureof oil palm has been studiedn

detail by Jourdan & Rey (1997a)The oil palm is a monocotyledonous plant. Therefore, roots do not

show secondarythickening. Thethickest size class with a diameter of 600 mm are primary roots.

They are separated in vertically downward growing and horizontabnes From the primary roots,

secondary roots (24 mm) branch, then tertiary which are branched (0.71,2 mm) andN OA OA OT AOU 8 (
(0.12-0.3 mm, 1 to 4 mm long)(Corley, 2016). The main absorbing roots are tertiaks and
quaternaries, which areaddressed asOAET A O1 1 0068 (1 OEUI 1T OA1l DOEI A«
secondary roots than the downwards growing. From horizontal roots, secondary roots grow

upwards and downwards, with a little more growing upwards. When the eacondary roots reach the

surface, they branch, which results in a mat of fine root on the surface.
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Inside plantations, differences of root biomass and propertiesdepending on management zones
have been observedroot density in the top soil has been repord to be higher under pruned

fronds (Henson & Chai, 1997)Yahya et al. (2010)ound that compaction due to harvesting, leasl

to changes in soil physical propertieswhich change growth anddistribution of oil palm roots.

This first part of the present master thesis aims at (Auantifying development of above and
belowground biomass with plantation age for the specific region of thevell-drained savannas in
the Llanos Orientales in ColombiaFurther it aims at quantifying the change in carbon stocks in
biomass due to the laneuse change from savanna to oil palm (B), specifically by comparing carbon
stocks in savanna with the one averaged over the life cycle of an oil palm plantatiand (C) it
gives a detailed picture of how the oil palm root system develops until reaching maity and how
different management zones affect this development. The implication of this root system
development for soil organic carbon will be discussed in the second part of this thesis.

3.2 RESEARCH QUESTIONSIANYPOTHESES
Main question: How do the carbon stocks in biomass change with the land -use change from
savanna to oil palm plantation?

ABOVEGROUND AND BELGROUND BIOMASS
- How does aboveground bimass (including oil palm trees, oil palmlitter and understory/ cover
crops) develop with the age of a platation?

- How does belowground biomass (including roots of oil palm and others) in the different
management zones develop with the age of a plantation?

- How does the vertical and horizontal distribution of oil palm fine and coarse root biomass
develop with oil palm age?

- How do above and belowground biomass, averaged over the lifeycle of a plantation, compare to
savanna biomass?

Hypothesis 1: While the aboveground biomass obviously increases with aging of plantation, the
belowground biomass increasesoncomitantly, resulting in an unchanged rooshoot ratio.

Hypothesis 2: In young plantations, no oil palm roots can be found in thiater zone (s). On the
contrary, the inter zone is dominated by cover crop roots. In mature plantations, the oil palm rost
dominate in all management zones.

Hypothesis 3: Fine root density in the topsoil (610 cm) depends on management zone, because of
different nutrient (fertilizer, litter) inputs, differences in moisture, different compaction levels. In
contrast, coarse r@t density only depends on distance to trees.

Hypothesis 4: The sum of aboveand belowground biomass for an average over the lifeycle of an
oil palm plantation is higher than in savannas.

CARBONCONTENT OF BIOMASSIALITTER
- What are the carbon contents of the different biomass compartments (oil palm fronds, roots,
frond pile, understory) ?



- How does thecarbon stockin the biomass compartment, averaged over a lifecycle of an oil palm
plantation, compare to savanna?

Hypothesis 5 In accordance to bionass, he total carbon stockin biomassincreases from savanna
to oil palm plantation. While this trend is obvious in the aboveground compartment because of
biomass development, it applies also to the beloground compartment. On average over the life
cyde of oil palm plantations, carbon stocks in biomass are higher than in natural savannas.

3.3 MATERIALAND METHODS

ABOVEGROUND BIOMASSIEMATION

Aboveground biomass measurements included palm tree biomass, cover crop and understory
biomass, frond pile biomas, and in the savanna the herbaceous vegetation. Epiphytes were
present, but their biomass was considered to be negligible, especially considering that they are
generally cleaned out by the workers.

For savanna vegetation, as well as for the cover crops the two young plantations, biomass was
cut at soil level on one square meter. For savannghe square meter was randomly taken close to
each of the root ampling point along a transect Cover crops were sampled in the centre between
two palm trees. Unaerstory in the 9 years oldplantation was negligible. In fact, also in earlier years
the plot had always been free of cover crops, as their use is a rather new practise. Of these
vegetation samples, total dry mass was measured and, after cutting the sampi® small pieces, a
subsample was taken to measure carbon anditrogen contents and isotopic carbon signature

} ¥C).

For the oil palm biomass, allometric equations using tree height were applied in the following age
classes 2 (planted in 2014) and 4 (D12) yearsold OUTgh1 D1 A1) ® AR (200001 AOOOAS
plantation), 23 (1993) and 27 (1988 or 1989 years @ld6 D1 A 1)@ B)I Height was
measured on ten palm trees in each plantation at the base of the youngesives. The same height
measurement was also used bi{otowska et al. (2015)(personal communication).

The allometric equation (1) used byKotowska et al. (2015)and Asari et al. (2013) was used to
calculate dry mass of single palm trees.

dry weight [kg/palm] = 71.797 * height [m] - 7.0872 1)

However, equation(1) has been developed for palm trees aged 6 years and more. Therefore, for
the two young plantations, the allometric equation (2) of Thenkabail et al. (2004) that was
developed with 5 palms aged between one and five years was also test&ib(re 5).

dry weight [kg/palm] = 0.3747 * height [cm] + 3.6334 (2)

However, these two allometric equations resulted in comparable values for the two young
plantations and only lead to different results for older plantation Figure 5). As the equation (1) is
based on more data, it was applied for all ages.
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Figure 5: Comparison of oil palm trees biomass calculated with two different allometric
equations. It can be seen, that the differences for young trees aregligible.

Frond pile biomass was measured by weighing directly in the field 4 frond pigein the 9 yeas old
plantation. Subsamples of each frond pile were taken to assess water content. Additionally, on one
frond pile, the subsamples were taken accding to the apparent decomposition state of the
different frond pile layers. Water content, C and N content of those samples were analysed. It was
assumed that the frond pile biomass does not increase substantially in the older plantations. In the
young plantations, no frond pile was present, because no fronds had been cut yet, as harvesting
had not started.

BELOWGROUND BIOMASS\ID SOIL SAMPLI&G

Roots and soil were sampledn the 2, 4 and 9 years old plantation Table 2) together with a
cylindrical corer of 5cm diameter at three depth intervals (310, 10-20 and 20-30 cm). This depth
was chosen, as wst of the OProots are found in the top layer until 30 cm, even though depths of
several meterswere reported (Corley, 2016). Rao et al. (2001)found over 80 % of the root
biomass in the first 30 cm of natural savannas of the Llanos regiongdmagua).

At the field site camp, samples were stored in open plastic bags to let water evaporate. Samples
were then air-dried for some days in open containers. Once dry, they were sieved at 2 mm and
roots separated. Roots were rinsed with water to removeattached soil particles and airdried and
stored in paper bags. Soils samples were again stored in plastic bags kept open to allow for
possible residual water to evaporate. Further methods regarding soil samples and analysis, are
described in the second prt of this thesis (section4.3).
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Finally, roots were dried in an oven at 60°C for 48 hours and dry biomass of roots was determined
for all samples. For the samples from oil palm plantations, root biomass was separated into
primary, secondary and fine oil palm roots as well as cover crop roots.

UPSCALING
Density of oil palms was of 143 palms/ha in all plantationsThis gives a distance of 9 m between
individual palm trees and, with a triangular design, results in 7.8 m spacingebneen lines. For a

OET C1 A PAI T OEEO CE @& TdupdieAt® Baln add friard pile biofBasg to 8 ¢
one hectare, the resulting values werenultiplied by the palm density, as there is one frond pile per
palm. Upscaling of the cover croppiomass was done by multiplying values by the effectively
covered area, which is the total area without the weeding circles for the young plantatiorf3able

3). In the mature plantation(9 years), no understory was present.

To upscale belowground biomass to one hectare, the respective extents of management zones
were measured in the field Table 3). For reasons of simplicity, the extents of the weeding circle
were estimated to be like in the young plantabns for all ages. Although the size of the weeding
circle is probably increasing with the age of the palm tree, it seems more prudent to choose a
smaller extent for this zone so as to avoid overestimation of total roots biomas3his is also
justified because in the young age the fertilizer is spread only to that area. In the mature plantation
there were no significant differences between root biomass summed over the measured depth.
Therefore, upscaling of biomass was done with data for these 3 points ged (Table 3).

Table 3: Extents[%] used for weightingthe different management zoneslepending on age based
on geometrical assumptions presented ifrigure 4. Thebasic unitis of 70.2 m2 per palm.

zone OP2 years OP4 years OP9 years
weeding circle w 12.6 11.8 11.9
sl 34.7 16.1
inter zone s2 - 46.8 60.6
s3 52.7 25.3
frond pile f - - 9.6
harvesting path h - - 17.9

For comparison with savanna, the carbon stock averadeover the lifecycle of an oil palm
plantation was calculated. Oil palm plantationsare generally replanted after 25 to 30years, most
importantly because palms get too high for harvesting(Corley, 2016). In the study area age of
replanting is around 30 years. As growth of oil palm biomass resulted to be lineaFifure 6), an
age of 15 years was assumed to represent the biomass averaged over the lifecy€le oldest,
intensively sampled plantation was 9 yearsold, therefore, it was decided to extrapolate
belowground biomass based on some assumptions for the 15 yesanld plantation. Root to shoot
ratios have been reported not to change with agéCorley, 2016; Sanquetta et al., 2015 herefore,
the calculatedroot to shoot ratio of the 9 yeas old plantation was used for the extrapolation of
root biomass in older plantations.According to data reported inCorley (2016) from Tinker (1976),
the amount of fine roots stays more or less constantith age compared to anincreasing total root
biomass Therefore, thefine root biomass measured in thed years old plantation wasassumed also
for the old plantations.

12



CALCULATION OF CARBSROCKS

Carbon and nitrogen contentsand isotopic signatureof carbon for some biomass samples were
assessed. Biomass samples were chosen so to remmetsthe different biomass compartments: oil
palm fronds and roots, frond piles, as well as above and belowground biomass samples for cover
crops and savannaQil palm fronds were assumed to represent the oil palm biomass, therefore, no
samples of the trunkhave been takenAfter drying for 48 hours at 60°C, samples were ground and
then analysed at the University of Gottingen with an isotope ratio mass spectrometer (Delta Plus,
Finnigan MAT, Bremen, Germany). For carbon stocks in the bioma#ise carbon conents were
multiplied by the dry biomass calculated per ha of plantationsCarbon Botopic signature of
biomass samples was used to determine the isotopic signature of savanna versus oil palm carbon
for the second part of this thesis (see sectio#.3).

13



3.4RESULTS

DEVELOPMENT OF ABOVEND BELOWGROUND BI@SS WITH OIL PALM RNTATION AGE

The biomass of oil palm trees increases linearly and accounts for most of the increase in total
biomass of the system Figure 6). The regression over all five measured plantations shows a linear
increase of 3.27 t/ha*year in oil palm tree biomass:

dry biomass [t/ha] = 3.27*age [years] (R=0.95) 3)

Cover crops were only present in the young plantations, as their useasrather new practice in the
region. In the 9 years old plantation, no understory was present. Frond piles were not present in
the two young plantations, as pruning of fronds is only started together with harvesting after about
4 or 5 years. The frond pils in the 9 yearsold plantation resulted in 9.1+ 4.5t/ha of dry biomass
with 143 frond piles per ha of plantation. This value was assumed to remain constant in a
plantation after reaching maturity.

100 -

dry biomass [t/ha]

ul
o
1

2 4 9 23 27
plantation age [years]

. BGB OP coarse . BGB CC frond pile
BeBOPfine |[JAGBOP | AGBCC

Figure 6: Development of bionass in different compartments of an oil palm plantation.

AGB=aboveground biomass. BGB=belowground biomass. OP=oil palm. CC=cover crop.
All compartments were measured until the @ year. Extrapolation of further ages with measured
tree heights(see section0).
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Root biomass increased exponentially with age in the three measured plantationgigure 6). For
the mature, 9 years old, plantation a total OP root dry mass of 16.9 + 1.3 t/ha svealculated for the
top 30 cm. The calculated root to shoot ratiosvere 0.47, 0.49 and 0.46dr 2, 4 and 9 years old
plantation, respectively. As describedn methods, the value of the mature plantation has been used
to extrapolate root biomass for the tw old (23 and 27 years) plantations.

TOTAL BOMASSN OIL PALM AND SAYAIA

Oil palm plantations are normally replanted after about 30 years, when palms get to high for
efficient harvesting. As oil palm AGB increase was found to be linear with plantation eag
(equation 3), the value of a 15 years old plantation can be taken as an approximation of the average
biomass over the lifecycle of a plantation. Values for the different biomass compartments,
calculated from the abovementioned regression or taken as cmstant values, are shown inrable 4
together with the corresponding carbon contents and resulting carbon stocks. For amil palm
plantation aged 15 years, without the implementation of cover crops, the biomass calculdtérom
AGB,BGB and frond piles is 81.21 t/hacorresponding to 35.6 t C/ha(Table 5). Compared to this
average value over the lifecycle of awil palm plantation, the measured savannas show a total
biomass of 5.26 t/ha, corresponding to 2.1 C/ha. Leaving the pruned frond in the plantation on
frond piles, can contribute about 10 % to the total biomass. Additionally, the use of cover crops
might further increase biomass stocks of th@il palm system up to 5 to 7 t/ha. This shows how the
carbon stock in biomass increases with the landise change from savanna to oil palm and might be
influenced by management decisions

Table 4: Biomass andcarbon stocks for savannas and oil palm, calculated or assumed as the
average overa life-cycle of oil palm plantation. For measured compartments, the age of the
plantation, means and standard deviation are indicated

compartment age Drybiomass | Ccontent Carbonstock
[years] [t/ha] [%0] [t/ha]

OP trees 15° 49.05 44.4+1.7F 21.8
OPAGB frond pile >9 9.11+4.53 43.6+x1.0 4.0
OPtotal roots 15° 23.05 42.4+1.7 9.8
OPBGB OP fine roots >9 8.6x0.4 42.4+1.7 3.6
Cover | Kudzu 2 4.53+0.51 42.3+0.6 1.9
crop AGB | Desmodium 4 6.02+0.38 44.7+0.1 2.7
Cover | Kudzu 2 1.2+0.16 41.4 0.5
crop BGB| Desmodium 4 0.99+0.51 41.7 0.4
natural | Savanna AGB - 2.98+0.52 42.7+£0.7 1.3
savanna Savanna BGB - 2.28+1.2 35.8+2.0 0.8

2 Calculated from regssion (R= 0.95) over all OP plantatiorBomass = 3.27 * age
® Calculateddr a constantoot to shootratio. Total BGB =AGB OP trees*0.47

¢ Carbon content of OP frond

4 AGB of CC is calculated as present on 85% of surface (not in weeding circle)
¢ Average over 10 sarfipg points from two differentavannas
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ROOTDISTRIBUTIONN OIL PALM AND SAVANR

In general, total oil palm root density increases with palm ageHgure 7). There is an evident effect
of distance to palm treein both young plantations (Figure 7, (A, B)) In the 2 years old plantation,
oil palm roots have not yet reached the centre of the inter rowFigure 7, A), while in the 4 years
old plantation, dl palm roots can be found everywhere, although only very little in the inter row
(Figure 7, B). The horizontal distribution of OP roots has implications for fertilization. Onthe
contrary, roots of cover crop could be found in the two young plantations in all the measured inter
zone points,with most of the rootsin the 0-10 cm layer(Appendix, Figure 19, (A, B). In the 2 years
old plantation there were additionally also cover crop roots in the weding circle

In the mature plantation, the distribution of palm roots doesless depend on distaice to the oil
palm tree (Figure 7, C) Distance to tree had no significant effect on root density for the inter zone
(s1-s3). If the weeding circle (v) is included in the analysis, the distance to tree is only significant
(p<0.05) for fine root biomass for the topsoil (310cm) as well as for the sunof all roots over all
depths (Figure 7). However, for the case of w, it is not possible to disentangle the effect on fine
roots due to distance and managemergractice.

Looking at root distribution with age and distance to tree the pattern of root growth can be

followed. By comparing the three ages, as well as how the different zones in distanceocibpalm

OOAA AOA OAT 111 EUAAG A Uzodlly adv@rtingddotd cah e Olfsénied inAT O 1
the mature plantations, the biomass of primary roots increases with depth and the bulk can be

found in 20-30 cm depth. However, in the two young plantationgrimary roots are found mostly

in the 10-20 cm layer. They seem to start colording new zones at a depth of :20cm. This can be

seen in the distribution of coarse roots in s1 of 2014, as well as in s1, s2 and s3 of 2QAppendix,

Figure 19, (A, B).
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Figure 7: Total oil palm root distribution with depth and distancein different plantation ages.
Mean values (AC) and standarderrors (D-F).
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Not only do roots grow further from the OP trunk with age, but also the bioass of fine roots in the
weeding circle increases with age of the plantation(Figure 8). Starting at an equal value for all
depths in the 2 years oldplantation, fine root biomass develops much more strongly in the topsoil
than in the two other measured depths. The interaction of depth and age is highly significant (p <
0.001) as tested by ANOVA. In contrast, for coarse roots the highest densities can bedoun the
20-30 cmlayer in the weeding circle (w) (Appendix,Figure 19).

Ac I
600+ 1
NH
£
=)
— 400+
0
I
]
£ lAb Bb
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o
200+ Ba _
Ba
4
r;a ‘Ba
2 4 6 8

age [years]

0-10 cm —* 10-20 cm 20-30 cm

Figure 8: Fine root biomass in different depths in the weeding circlépoint w) developing with
plantation age.Error bars show standard errors, n=5. Bidetters show significant differences
with depth and small letters show sigificant differences with age (Tukey).

Management zones in the mature plantation influenced root densities in the first ten centimetres
(Figure 9). Effect of management zones on total o@ biomass, as well as fine root biomass, in the
top 0-10 cm was significant (p < 0.01). Total BGB in f and w was about 2 and 1.5 times higher than
in h and s3 Tableb). Total as well as fine root biomass in f was significantlyigher than biomass in
other zones, except from w, in €00 cm (Figure 9). However, the percentage of fine roots was not
significantly affected by management zone€venthough primary roots were found in f in the G10

cm layer (Figure 19), there was no significant effect of mnagementzones on coarse rootsFor the
two deeperlayers, differences between management zones were ngignificant.
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Figure 9: Total and fine root biomass in the 310 cm in different management zones of a matur
oil palm plantation. Letters show differences according to tukey test, p<0.05.

Compared to the savanna sites, root biomass was significantly higher in all oil palm management
zones and at all dpths (Table5). After total biomass, also root vertical distribution was affected by
the land-use change. While in the two savannas 68 and 54 % of the roots were found in the first 10
cm, in the mature oil palm plantation the totd root biomass was evenly distributed in the three
sampled depths [Table5). Only in the frond pile zone there were fewer roots in the 2@0 cm layer
(only 19%) but more in the first 10 cm (52%). This increase is due to more primey and fine roots
compared to other zones (see Appendiigure 19). In the harvesting path (h) there were slightly
higher values in the intermediate depth (43%). This shows that vertical distribution is shallower in
savanna thanin oil palm. While under frond piles more than half of the measured root biomass can
be found in the top 10 cm.

While in the mature oil palm plantation the root to shoot ratio was 0.47, in savannas, biomass was
found to be more evenly distributed between &B and BGB since the root to shoot ratios of the ten
measured points were 0.75 on average.

Table 5: Mean total dry root biomass [g/m?], standard error (n=5), and percentage of total measured roots
in the two savannas andn the different management zones of a mature OP plantation

Savanna OP9 years (mature plantation)
D[Cerf]t]h NSI % | NS2 % | w %| 3 % f % h %
0-10 152+30 68| 124+22 54| 854+167 39| 540+69 38| 1073+170 52| 489+22 31.39
10-20 5016 22| 80+49 35| 590+ 68 27| 339+72 24| 602+130 29| 6741208 43.26
20-30 22+5 10| 26+12 11| 737+234 34| 555+104 39| 398+108 19| 395+63 25.35
0-30 224 230 2181 1434 2073 1558
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3.5DISCUSSION

DEVELOPMENT OF ABOVEND BELOWGROUND BI@SS WITH OIL PALM RNTATION AGE
Above ground biomass of 49.1 t/ha for a 15 years old plantation, compasevell to the values for
plantations aged 8 to 15 years of 48.4 and 63.0 t/ha fawo regions of Indonesia measured by
(Kotowska et al., 2015)with the same methodology.

In this study, the sum of AGB and BGBas 81.21 t/ha for a 15 years old plantation(Table 4). The
equation of Sanquetta et al. (2015)yield a total dry biomass of 52 t/ha for a 15 years old OP
plantation. In Syahrinudin (2005), total system biomasswas 117.9 and157.9t/ha for a 10- and 20-
year-old plantation, respectively. However, heir data included trunk bases, which adds a
considerable amount of root biomass.

Biomass was found tobe linearly increasing with plantation age (Figure 6). This is due to a linear
growth of oil palm tree biomass adding a biomass of 3.27 t/ha*year (equation 3). Data from
Syahrinudin (2005) suggest a logarithmic growth curve. It haso be mentioned, that theonly small
difference in AGB between the 2 and 4 years old plantation might be explained with management.
The 4 years old plantation apparently had not been managedarefully in the first two years and
fertilization only started at an age of two years.

Oil palm BGB increased exponentially until the®year, but was assumed to grow with the same
rate as AGB afterwards by choosing a constant RSR to extrapolateig(ire 6). In Sumatra,
Syahrinudin (2005) found oil palm root biomass of 16.1 t/ha for a 10 years old plantation,
supporting our value of16.9 t/ha for the 9 years old plantation(Appendix, Table 7). However, they
found 12 t/ha for a 3 years old plantation, while here the 4 yaa old plantation had only 3 t/ha.
They measured until a depth of 5m, also with a root auger. They report however, that more than
50% of the total roots were found in the first 60 cm.As hypothesised, root to shoot ratios were
more or less constant with ag (until the 9th year of oil palm) (Hypothesis 1).

It is clear that with the chosen approach to measure root biomass, a large part of OP coarse roots
directly growing down from the trunk were missed.Syahrinudin (2005) uprooted palms and found
that, dependingon palm age (3, 10, 20, 30 years), the s@lledtrunk baseadded another 10, 55, 45
and 46% to the root biomass sampled with an auge©n the other hand, also in savannas the root
measurements were not taken directly under the grass sod but adjacent tbegm. This might lead to
underestimation of the up scaled total root biomass for both laneuses, as discussed in the
following.

TOTAL BIOMASS IN OPALM AND SAVANNA

Someauthors compare carbon stocks in biomass of savanna and oil palm plantations at thedesf
a plantation lifecycle (Castilla, 2004; Sanquetta et al., 2015However, the carbon sequestered in
this way, will be released as soon as oil palm is replanted. If the two lainde changes should be
compared, it seemgeasonableto compare the savanna nbto the maximal carbon stock but the
average carbon stock®ver the lifecycle of a plantation.

As not all compartments could be measured in all plantation ages, somssamptions had to be
made, like for example for the frond pile in the 15 years old pla@ation. This limits to a certain
extent exact quantitative conclusions. The biomass of frond piles might vary over the age of a
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plantation, as the number of fronds pruned is yield dependent and decomposition rates influence
standing dead biomass.

The found values forroot to shoot ratio of around 0.47 are much higher than the value of 0.30 that
Yuen et al. (2013)suggest for oil palm.Sanquetta et al. (2015kven found that roots make up only
about 15% of total biomassCorley (2016) states that there is actually a lack of root to shoot data
for oil palm. The chosenroot to shoot ratio for extrapolation affectsthe biomass calculated for a 15
UAAOO T1 A OAOAOACA 1 AvdluE ¢EA 2instéad 86.47 RdtaAOPBEEIE & 158
years old plantation would be 14.7 t/ha indead of the calculated 23.1 t/ha. This correspondt an
11.5% lower value for total live OP biomass (63.8 instead of 72.1 t/haline roots represented
50% of the total root biomass sanpled in the 9 years old plantation. This is much higher than the
reported values between 5 and 14%rom Tinker (1976) reported in Corley (2016). However,the
high percentage of fine roots might be due to the fadhat in this study areas with higher
percentages of coarse rootdike the trunk base or depths below30cm have not been measuredn
any case, he assumption that fine rootbiomass remains constant after reaching maturity seems to
be rather prudent and has no influence on the estimation of total root biomass and carbon stock
calculations.

The AGB estimates from savanna seem not to vary greatly across the area of thads in Colombia
and Venezuela: ecording to Rao et al. (2001) studies assessing mduction of aboveground
biomass of the unfertilized savannas in the Llanos dolombia or Venezuela varied between 1.2
and 4.8 t/ha. Our value of 2.98 t/ha is in this range and can, therefore, been taken as
representative estimate for this land-use. The value of 2.28 tons root biomass per hectare of
savanna is also in line with lhe about 23 t/ha reported for the region (Rao et al., 2001) However,
seasonality of AGB might play a role for savannad/ithout fertilization, Rao et al. (2001)found
3.84 t dry mass/hain the wet season, while only0.24 t/ha in the dry season.Only a negligible
amount of shrubs was present in the sampled savannas, howeyén other areas there might be a
higher shrub density.

BIOMASS AND CARBONOEIKSVITH SAVANNA CONVERSIO® OIL PALM

The land-use chang from savanna to oil palm leadso a strong increase of carbon stockérom 2.1
to 35.6 t C/ha associated with a 15-fold increase intotal biomass (Table 4). As hypothesized,
biomass and associated carbon stocks increase not only aboveground but also belowground
(Hypothesis 5). The increase in total biomass and associated carbon st is in contrast to other
settings for oil palm cultivation, where oil palm plantations replace natural forests.This was also
found by others: Sanquetta et al(2015) compare the 40 t C/ha found for oil palm in Brazil with
that of pasture (8 tC/ha), forest (123 t Cha) and agriculture (5 t C/ha). Castilla (2004) speaks of a
gain of 70 t C/hacompared to pasturesand a 130 t C’ha loss compared to forest Both authors
compare pastures to oil palm plantations at 25 yeard\evertheless,our values compare well to the
ones found for Brazil bySanquetta et al. (2015)

The biomassfrom savanna tooil palm increasesdifferently for AGB and BGB. While living AGB
increases 16fold from savanna to oil palm, BGB only increases about tenfol@igble 4) (Hypothesis
4). These numbers are much higher than the factorsy which biomass decreases after camersion
of forests to oil palm(Kotowska et al., 2015; Pransiska et al., 2016lf land-use change implies a
loss of natural forest, it is mainly the AGB that drives the loss iniomass and carbon stocks. For
example, Kotowska et al. (2015)found that total tree biomass in natural forests (384 t/ha) in
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Sumatra were more than 4 times higher than in rubber (78 t/ha) or OP monoculture plantations
(50 t/ha).

Changes in AGB can differ greatly, depending on the egstem that is replaced by OP. However,
belowground biomass plays a conslerable role for carbon storage in biomass.Land-use
conversion from natural forests to oil palm or rubber plantations has been shown to reduce total
root mass and with it C and N sicks by more than 50%(Pransiska et al., 2016)Kotowska et al.
(2015) also found higher belowground productivity in natural forest than in rubber or oil palm
plantations. Compared to this, the here measured fine root biomass in the 9 yeawld plantation
was already more than threetimes higher than in ngural savannas. Totaloil palm root biomass
increases by a factor of more than sevdnom savanna to a 9ears old plantation. This showsthat
not only in the aboveground compartment, but also belowgroundthere is an increase in biomass if
oil palm is planted on savanna.

Yuen et al. (2013)estimated below ground biomass ofoil palm plantations agedbetween 9 to 16
years to be in the range of 38 t C/ha. Here, 9.8 t C/ha in oil palm roots were found. This might
show a slight over estimation of root biomass with the used methodology, especially considering
that trunk bases were not sampled here. On the other hand, carbafiocation to roots might also
be higher than in other studies. This would also explain the comparabldadh root to shoot ratios
found and the high amount of fine roots compared to other findings (discussed abov@he carbon
accumulation rate in oil palmAGB alone corresponds to 1.45 t C/ha*year with equation (3) and a
carbon content of 44.4% for oil palm biomassTable 4). Thenkabail et al. (2004)found the carbon
accumulation rate in AGB to be about twice as high with 2.97 t C/ha*year. This could be due to
faster growth at a young age, as they measured palms up to an age of 5 years. It could also be a
further indication, that here circumstances favouran allocation of carbon to tre roots rather than

to biomass.This change in physiology might be due to the low soil fertility in the weltirained
Altillanura. It is difficult to say how representative the findings are for the whole area or even for
the region of the Llanos Orientales.

MANAGEMENT PRACTISBS-LUENCING CARBGYOCKS

Two major managing practises affecting carbon stocks in biomass @il palm plantations could be
identified. Firstly, leaving the pruned frond inside the plantation on a frond pd can contributeto
about 10 % of the total biomasqTable 4). Secondly, the use of cover crops can further increase
biomass stocksof the oil palm system up to 5 to 7 t/ha

The value for frond pilescould vary, as pruning of frords might decreasewith plantati on ageor
decreasing harvest while material might accumulate, if decomposition rates are lower than
production rates. However, frond piles might have also an effect on nutrient cycling and water
storage.SOC stocks, for exaphe, have been found to be up to 26% highemder frond piles than in
the inter zone in a 25 yeas old plantation (Frazao et al., 2013)High root densities below the frond
piles and roots growing up into the decompsing fronds couldalso indicate the frond pile as an
area ofaccelerated nutrient cycling(Table 5). TDR measurements associated with field respiration
measurements(see second part of this thesisshowed that water contents unde the frond pile
were less variable than in the inter zone or weeding circleOwners, agronomists andworkers in
the plantation showed a mgor interest in the question of how to distribute pruned fronds inside
the plantation. Effects on @osion protection, soil organic matter accumulation, root density soil
fertility and resulting fertilization patterns were discussed.
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An interesting case is the use of cover crops in Colombia. Although there is also implementation
and research on the use of cover crops iMalaysia (e.g.Samedani et al. (2015), this practise is
much more widely used in ColombiaFrom the biomass measured here, it is clear, that cover crops
can add a considerable amount of biomass and carbon stocks to an oil palm plantation. In tive
young plantations, cover crop BGB and AGBccount for 40-60% of total biomass (Figure 6 and
Table 4). In a plantation of 15 years, cover crops could still contribute about % if their biomass
doesnot decrease with increased canopy closuré&ven thoughthe contribution to biomass may be
negligible, the cover crops bring a great amount of organic matter, which miglimfluence SOC
contents in soils of OP plantations and thus contribute to the carbon sequestration of the system.
Further benefits of cover crops are improving physical and chemicabil conditions, weed and pest
control (Ruiz & Molina, 2014; Samedani et al., 20157 his is why, in other visited plantations of the
Colombian Llanos, shade tolerarieguminouscover crops can be found growing vigorously even in
old plantations. Although, sometimes cover crops grow so well, that they can also increase work
load and herbicide use to avoid competition with oil palm trees.

ROOT DISTRIBUTION IBIL PALM AND SAVANNA

In the mature plantation (9 years old) high root densitiesvere found in all zones, roots of different
oil palms are thus overlapping(Figure 7, A). It is reported that roots of different oil palm trees start

to interfere in the topsol at an age of 5 yearg¢Jourdan & Rey, 1997h)Neither coarse nor fineroot
density did depend on distance to palm trunk in the mature plantatior{Hypothesis 3).However, in
the two young plantations only very little to no oil palm roots can be found in between the oil palm
lines (inter zone, Figure 7, B and @(Hypothesis 2). This developmentis the reason whyit is more
efficient to fertilise palm trees only in the weeded circle at young ages, while for mature
plantations fertilizer can be taken up from the whole surface and is thus provided on the whole
surface. Italso shows, that the implementation of cover crops is of great importance especially for
young plantations, as oil palm roots cannot protect soil in the inter zone from erosion at that age.
Oil palm roats in the old plantations were emerging from the groud, implying that there had been
also erosion of the top soil. Therefore, it seems important thathade tolerant cover crops are also
implemented for mature plantations.

The root distribution in the measured plantations followed the known pattern ofoil palm root

growth as described inJourdan & Rey (1997a)Primary roots were found mainly in the deepest
soil layer (20-30cm), while fine roots dominatedin the 0-10 cm layer.In the frond pile, coarse
roots (primary and secondary) were evenly distributed over the three depthqdata not shown).

However, using an augerf only 5 cm diameter limit slightly the conclusions that can be nde for

coarse roots as spaial variability was quite high, which increasedthe chance to miss a coarseopt

in a zone with high density

As hypothesized(Hypothesis 3), management zones had an effect on root densities in the mature
plantation (Table5). However, the effect was only in the €40 cm depth. Total as well as fine roots
biomass was higher in f and w and lower in h and s for-00 cm depth (Figure 9). The weeding
circle is difficult to compare to the other management zones, as the sampling point was much
closer to the tree than the other three zones. Therefore, it is not possible to know how much the
high root density can be actually attributed to management, e.cerfilization patterns. It might just

be the genetically fixed root growth pattern that leads to the higher values close to the palm trunk.
They can be expected to be even higher, closer to and below the trurds downwards growing
coarse roots are very dase under the oil palm tree(Jourdan & Rey, 1997a; Syahrinudin, 2005)
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The developmentwith time of fine roots in the weeding circle Figure 8) shows how branching of
fine roots takes place at tle soil surface, as described b§Corley, 2016). This might happen where
there are nutrients available, or might just be the geetically fixed growth pattern.

On the contrary, f, h and s3 were all sampled at5m from the trunk, which allows a direct
comparison. Increased root biomass in the topsoil (6L0cm) for f compared to s3 and h is mainly
due to a higher amount of fine root biomass but also the presence of primary roofdata not
shown), which are lackingfrom the other zonesat that depth (Figure 9). Promotion of root growth
under the frond pile might be attributed to more constant humidity and enhanced nutrient cycling.
Frond piles could be important for cycling of nutrients andas reserves for water during the dry
season which might lead to the fact that primary roots are growing up, even into the decomposing
material. A significant difference between harvesting path and the inter zone could not be
observed (Figure 9). However, in h, compared to the other zones more primary roots were found
in the 10z 20 cm layer than in the 20z 30 cm (Annex, Figure 19). Yahya et al. (2010)eport that
compadion trough machinery reduced total root biomassunder oil palm. The authorssampled on
the wheel tracks which are the most compacted part, whilehere, sampling poins were in the
centre of the harvesting path

GENERAL IMPLICATIONS

The increase of carbon storage of 29.6Cha in total biomass (Table 4) supports the propositions
that from a carbon storage point of view, it is desirable to expand oil palm plantations in savannas
(or pastures) rather than at the expense of forest ' AOAEAZ51 1T A AO Al 8h c¢mpgqrl
Schroth et al., 2002)Biomassof frond piles and cover crops addedurther carbon stocksof 4 and
5.5 t C/ha, respectively Shade tolerant cover crops could add further benefitsot mature
plantations. This considerationis especially important for a sustainable use of palm oil as a biofyel
as lard-use change has the largest impact on gredrmouse gasemissions along the production line
(Wicke et al., 2008) However, acarbon and energy balance in regard to biofuel production should
not only include land-use change but also inputs, especially felizer. Fertilizer use might be much
higher on these soils of low fertility than in other settings. According tdHarsono et al. (2012)
fertilizer production plays an important role in greenhouse gas emissions alontghe palm oil
production line. Therefore, management practises should i at minimizing those inputs. It
remains an open question however, if the energy and carbon balances can be positivia this
setting. Biofuel production should only be considered, if this goal can be reached.

There is a great potential of oil palm compared to anral crops, not only in terms of increased
biomass, but especially, because oil palm can be grown as a sort of simple agroforestry system
where a lot of residues stay in the plantationgSanquetta et al., 2015)In terms of conservation of
natural ecosystems, agroforestry or tree crops plantations could help to reduce expansion of
agricultural land, as they offer a longerm production from the same land (if they are well
managed) (Schroth et al., 2002)

However, dhioosing good management practiseseens to be key to finding sustainable alternatives
for palm oil production. Rippstein et al. (2001)also stress the need to find agricultural practises to
adapt to the extreme soil conditions in the Llanos and lead to sustainable systemnis. Colombig
there is already a great interest of researchers and producers ihé use of leguminous cover crops
and the recycling of organic matter(e.g. returning residues of oil mills to the plantations). These
management practisescan be expected tohave many associged benefits for soil fertility by
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increasing soil carbon contens and organic nutrient inputs. This could lower the amount of
fertilizer needed, thus lowering production costs and improve energy and carbon balances.

The fact that not only total root biomass but also vertical root distribution varies with biomes, has
been studied in a literature synthesis byJackson et al. (1996) Grasses were found to have
shallower root systems than trees.In comparison to the natural savannas, oil palm plantations
have more belowground biomass, but also a deeprooting pattern (Table 5). Deeper roots will

lead to carbon inputs to soil at lower deths, which might also affectsoil carbon dynamics in the
long-term. Jobbagy & Jackson (2000pund that SOC vertical distribution depends significantly on
vegetation type and associatedthis with differences in rooting patterns as well as allocation
between AGB and BGB. They mention the possible importance of vegetation change effects on SOC
storage in the context of carbon sequestration.

3.6 CONCLUSION
Even though abovegound biomass compares well to values of the lower range found in other
regions, belowground biomass seems to be higher, resulting in comparably high root to shoot
ratios. We propose that the low fertility of soils in the well-drained Altillanura might lead to
increased carbon allocation to the roots affecting the physiology of oil palms.

Comparing biomassof an average agedil palm plantation with savanna there was an increase of
29.5 t C/ha This supports the findings that in regard to carbon storage ancclimate impact the
expansion of oil palm cultivation areas into natural tropical savannass more desirable than an
expansion at the expense of natural foresWith management decisionscarbon stock in biomass
can further be increased, by leaving prunedronds in the plantations, as well as implementing
cover crops.For this, a shade tolerant cover crop that can grow also under a closed canaply
mature plantations should be chosen Thosemanagementdecisionscan be expectedo benefit soil
fertility and by recycling organic matter mightalso affect SOCTherefore, they might lead to lower
fertilizer use, which is desirable for agronomic practises, both in the sense of economic as
environmental sustainability.

It is clear that, compared to annual crops, tee crops increase biomass and assotg@ carbon
stocks. Cultivation of tree crops might, therefore, represent a more sustainable solution for the
Llanos region compared to annual cropsln the long term the effect & a landuse change on
climate/c arbon seauestration should be assessed by investigating loagme changes of SOC, rather
than carbon sequestration in biomass, which is, after all only temporary for the time the landse
stays the same.SOC is greatly dependent of amount and distribution on carbomputs from
biomass. Apart from this, SOC content and soil fertility can be affected by management practises
(frond pile, cover crops).Therefore, management might have a direct impact on loragrm carbon
storage.

This is why the second part of this thes aims at understanding further how the laneuse change
and root distribution in oil palm plantations influence SOC contents and jcesses affecting SOC
dynamics.
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4 EFFECTS OF MANAGEMENON CARBON DYNAMICSND SOC
STOCKS AFTER SAVANRAONVERSION TO OIL P

4.1INTRODUCTION
As described in the first part of this thesis, carbon stocks in biomass increase with the lande
change from savanna to oil palm (sectior3.6). However, longterm changes in the carbon
sequestration of a givernland-use are dependent on the function of soil as a carbon sink or source.
Soil organic carbon (SOC) contents have been found to be lower under oil palm than under primary
or secondary forest (Sommer et al., 2000) Landuse change could therefore lead to carbon
emissions but also soil fertility may be affected, as soil organic carbon is associated with many
physical, chemical and biological indicators of soileftility. Guillaume et al. (2016)found that
losses of more than 70% of SO with conversion of rainforest to oil palm were correlated with the
degradation of soils and decrease of chemical and biological fertility parametefBaus,SOC content
directly affects the agronomic (economic and environmental) sustainability ofa production
system.

Establishing oil palm plantations in the savannas of the Llanos orientales in Colombia is seen as
more sustainable, and therefore a desirable alternative for oil palm development in Colombia
driving changes in ecological processes like hydrology, nutrient cycles and greenhouse gas
emissions (Romero-Ruiz et al., 2010) The soils of theAltillanura in the Llanos Orientales are
especially susceptible to compaction, erosion and other changes in physical properties through
cultivation (degradation) (Rippstein et al., 2001) Therefore, there is a need to assess SOC changes
and underlying mechanisms with the landuse change from natural savanna to oil palm.

It is unclear how cultivation is affecting trese soils and especially how oil palm cultivation affects
SOC and associated soil fertility characteristics. There is some literature about lande change in
grasslands and pastures, with sometimes contradictory result8atlle-Bayer et al. (2010)review
literature about SOC changes after thiand-use change of Brazilian Cerrado savannas to pastures
and soybean; they emphasize the need of good agricultural practises to minimize SOC losses.
Frazao et al. (2013)on the other hand compared pasture and oipalm and found 3546% lower
SOC stocks under oil palm, whil&odrick et al. (2014) found an increasing but not significant
trend of SOC with conversion from grassland to oil palm.

The situation at the study sitein the Llanos Orientales of Colombiawith a very clear and long

previous land-use, low estimated SO@nd nutrient contents, represents ideal conditions to study

changes incarbon input with the land-use changeThe low carbon content of the savanna soils

allows detecting the input of carbon to soil through oil palm roots and frondsAdditionally, the tool

of isotopic signature to analyse SOC allows for allocating the origin of carbon either to Ggrass
AAOEOAA AAOAITT jE8BA8 OI1 A6 AAOATT qQ AT A #This AAOAIT I
approach has already been used bgoodrick et al. (2014)for conversion of grassland to oil palm.

Mature oil palm plantations show distinct management zones (sectior2.2) that have been shown
to differ in their soil fertility status (Nelson et al., 2014) The heterogeneous input of organic
material from pruned fronds and roots leads to increasingly heterogeneous SOC distribution with
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the age of plantationg(Frazao et al., 2013) Carbon inputs into a mature oil palm plantation happen
through piling up of pruned fronds, gowth of oil palm roots and root exudates as well as litter fall
and root growth and exudates from groundcover plants, if presenfGoodrick et al., 2016) At the
end of a plantation cycle there may also be a carbon input from old palm trees, depending on the
method of replanting (Bayona et al., 2015) Thus, amount and quality of carboninputs differ
between management zones anth comparison to savanna While higher biomassinputs might
lead to higher SOC accumulatigrorganic matterinput as well as fertilization canalso have priming
effectsthat accelerate or slow downcarbon cycling (Kuzyakov et al., 2000) Decomposition of sall
organic matter pools is determined by amount, quality and availability of the substrates to
decomposers (Six & Jastrow, 2002)ited in (Chen et al., 2014). SOC contents and quality further
have effects on microbial communitiegLal, 2006), which in turn impact the carbon cycling. Carbon
and nutrient cycling may therefore have different forms and intensities in the different
management zones. Together these effects can change tB®C equilibrium for a given
management zone and thereby for the whole landse.

The understanding of carbon cycling irthe plant-soil system and in the management zones of an
oil palm plantation, can yield information on management effects on SOC stockbu§, it could give
indications on which practises can help to increase carbon storage in soil under oil palfhe
second part of this thesis aims at investigating the carbon stock development with the lande
changefrom savanna to oil palmand with oil palm plantation age.The focus lies especially on
carbon cycling in the different management zones of a mature oil palm plantation. This will be
done using the tool of carbon isotopes for distinguishing carbon pools depending on their origin.
This part alsomakes use of the root biomass measurements of the first part to investigate inputs of
carbon through the oil palm root system(section 3.4). To measure biological activityand have a
proxy for carbon turnover, microbial biomass, basal respiration andn-situ respiration have been
measuredin the different management zones

4.2 HYPOTHESIS

Main question: How do SOC stocks develop with the change from savanna to oil palm?
- How do SOC stocks develop with plantation age when ggaledto one hectare?

- How do SOC stocks, averaged over the lifecycle of a plantation, compare to SOC stocks in savanna?

Hypothesis 6: SOC stocks are increasing from savanna to oil palm and with oil palm age. Thus from
a soil fertility point of view, it is moresustainable to establish oil palm on savannas than on forests.

Main question: How do SOC stocks differ between management zones in a mature
plantation?

- How are SOC stocks affected by management zones?
- How does SOC vary with distance to trees at difient age stages?

- How can SOC be allocated to root input in the different management zones?

Hypothesis 7: SOC stocks differ between management zones.
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Hypothesis 8: Root density, as a proxy for belowground carbon input, decreases with distance to
tree. Therefore, SOC contents decrease in distance to tree. There is a correlation between root
density and SOC.

Hypothesis 9: SOC levels are highest under the frond piles compared to the other management
zones. This carbon can be mainly allocated to the input frodecomposing fronds.

Main Question: How is microbial activity, as a proxy for carbon turnover, affected by
management zone ?

- How does microbial biomass differ between management zones?

- How does basal respiration differ between management zones?

- How dothe management zones compare in nutrient contents (especially nitrogen)?
- How doin-situ CQ-fluxes differ depending on management zones?

Hypothesis 10 Basal respiration and microbial biomass depend on management zone and type of
carbon input. They are ighest under the frond pile, where there is most of the carbon input.

Hypothesis 11 Nutrient contents depend on management zones, as a consequence of fertilization
patterns and different input of organic material.

Hypothesis 12: Soil respiration as an indcator of soil biological activity and carbon stability
depends onmanagementzones. It is higher for zones that have received a higherigput in the
past (frond pile) and where there are most nutrients available (weeding circle)

4.3 MATERIAL AND METHODS

SOIL SAMPLING

Soil sampling has been carried out together with root coring as described in sectifn A few weeks
after the field campaign, once back in the laboratory, soils were dried in an oven at 40°C for 48
hours. This tempeature was chosen in order to keep microorganisms alive for further steps of the
analyses.

Like for biomass samples, susamples of soil were ground and then analysed for carbon and
nitrogen contents and isotopes at the University of Goéttingen with an isope ratio mass
spectrometer (Delta Plus, Finnigan MAT, Bremen, Germany). Residual water contents, as assessed
by drying soil samples at 105°C, resulted to be undetectable.

Bulk density samples were taken at all depths in a soil pit at the centre of each gaing site.
Carbon stocks per ra (carbon density) for the different soil depths were calculated with bulk
density and upscaled in the same way as root biomass (extent of management zongable 3). In
the mature plantation, values between the three inter zone points (sis3) did not differ
significantly, therefore, those samples were pooled for upscaling.

CALCULATION OE3ANDC4DERIVED CARBON
&i O OEA AAlI ABI AOET 1 13C isaopl Bighald nteds@dd at tHe otopeArdlid rhassh
spectrometer against VPDB were used. Due to fractionation in the G@ptake mechanism, C4
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plants have a different isotopic signature of carbon comparetC3plants. As savanna vegetation
consists of many C4lants, while oil palm and leguminous cover crops are C3 plants, the origin of
SOC can be deduced. Savanna biomass as a mean of above and belowground samples from the two

OADPI EAAOAA OEQukOf -pEdA8ix pAB Y/ Ed# DAA T AET T AOO 1 AAOOO!

i AOOOA bi AT OAOEq U8 EMA Ap a#Hp c@AITTOR O ET QA3ADASLT A Oi E

AT A p ¢ 8 @p0, 1EPOGNDTR030 cm, respectively. To account for this fractionation with
depth, these values were taken as reference to calculate the fraction of oil palm (or-@8rived)
carbon, according to the formula (4) and (5):

/. 3 1BE sqjl gamplez 113C OP)/(113C N 113C OP) (4)
fOP = 1 NS (5)

where fNS is the fraction cebon derived from natural savannas fOP the fraction of Cllerived
AAOAE hOREI OAIiBPIA EO OEA EOI Ol PEA GEQOPASGEOA
isotopic signature of oil palmfine roots AT A3C \\S is the isotopic signature of savannaits at the
respective depth.The resulting fractions of C3and C4derived SOC were then used to calculathe
respective carbon densities and stocks by multiplying with the amount of total SO@Vith the C3
derived carbon density, the net C3 stabilizatiomate was calculated for each soil sample by dividing
the C3-carbon density by the years of oil palm cultivation.

INCUBATION EXPERIMENT

Topsoils (0-10 cm) from the mature plantation (9 years old) and the two savannas were chosen to
assess the effect of maagement zones on microbial activity in terms of microbial biomass and
basal respiration. The five replicates of each of the two savannas as well as from zones f, h, s3 and
w were incubated in the laboratory under controlled conditions. Water holding capaty (WHC) of
those soils was assume to be about 0.2 g water/soil To achieve a WHC of about 50 to 75% for the
incubation, soils were rewetted with 0.15 g water/g dry soil. These values are reported to be the
optimal water content for microbial activity (MicroResg™ handbook,(Haney & Haney, 2010). To
this aim, 20 g of dry soil were rewetted with 3 ml deionised water and incubated in marmalade jars
(220 ml) at 25°C for 31 days. To assure oxygen availability, jars were opened and ventilated from
every week. Care has been taken, to keep constant water contents in the incubation jars. For this
aim, jars were weighted regularly and rewetted once with the eaporated amount of water. These
samples were used for the determination of microbial C and N.

BASAL RESPIRATION
Respiration after rewetting was measured with theMicroResp™ kit (Campbell et al., 208). For
this, triplicated samples of 0.5 g of each soil sample were taken after rewetting and incubated
directly in the microwell plate. Longtime incubation is a new use of the microwell plate, which is
usually used to assess respiration after additionfosubstrates. To prevent soil drying out, a moist
paper towel was fixed on top of the microwell plate with parafilm and weight was checked
regularly. Respiration was measured on dayd, 2, 4, 8, 15, 24 and 3hfter rewetting. The
procedure of the MicroResp™ kit was followed for respiration measurements. For each
measurement, the soils in the micro well plate were covered between 6 and 10 hours with the
indicator plate on top and incubation continuel at 25°C. The indicator plate was read before and
after with a spectrophotometer (Microplate reader (BioTek SynergyMX) &70 nm). To make sure
that no residual CQ was in the micro wells, the plate was aerated with a fan before putting the
indicator plate on. The absorption of the spectrophotometer wasalibrated according to indication
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in the MicroRespg™ handbook. Headspace volume was estimated in the end by adding water to the
wells.

MICROBIAICANDN CONTENTS

After incubation of 31 days, carbon and nitrogen in microbial biomass was measured by the
fumigation-extraction method (Vance et al., 1987). Fivgrams of soil were fumigated for 24 hours
with ethanol-free chloroform (CHCB) in a desiccatorunder vacuum. After fumigation,soils were
shaken one hour in25 ml solution of 0.5 M RSO! and then filtered through a MN 640 dfilter.
Control samples (nonfumigated) were extracted and measured at the same time. TOC and TN
were analysed with a TOEN analyser (Shimadzu, Kyoto, Japan). Carbon in the nfamigated
samples was taken as dissolved organic carbon (DOC). Tdiference between fumigated and non
fumigated samples was taken as the carbon and nitrogen in microbial biomass. Carbon was
corrected with a factor of 0.45(Beck et al., 1997) nitrogen with a factor of 0.54(Brookes et al.,
1985). Microbial biomass C and N are expressed as mgl@f oven drysoil (60°C for 48 h, residual
water assessed at 105° for 24h was not meagable). Microbial C/N ratios were calculated with the
obtained values.The metabolic quotient was calculated as basal respiration per gram of microbial
biomass C (Cmic).

SOLUBLE PHOSPHOROUWDAVIICROBIAP CONTENT

Extractable phosphorous was also measurefdr the soils of the 9 years old plantation after 31 days
of incubation. For microbial phosphorus, the samples were fumigated with ethandtee
chloroform for 24 hours in a desiccator, as described for microbial C and N. Phosphorous was
extracted with 0.03N Ammonium fluoride (NH:F) and0.025 N hydrochloric acid (HClas proposed
for acidic soils (Bray & Kurtz, 1945). The method yields acid soluble and adsorbed phosphorous.
To this aim, 3 g of soil were extracted with 20 ml oNHsF/HCI solution. After shaking for 15
minutes, extracts were filtered througha MN 640 d filter. Phosphorous concentration in the
extracts was measured by colorimetry with an mmonium paramolybdate - stannous chloride
dehydrate colorimetric reagent Absorbance was measured with 8V/VIS spectrometer (Lambda
35, Perkin Elmer,Buckinghamshire, United Kingdom)at 660 nm.Microbial biomass phosphorous
was estimated as the difference between fumigated and ndnmigated concentrations and
corrected with a factor of 0.4 .38 for P, (Brookes et al., 1982). Microbial biomass Pis expressed
as mg gl of oven dry soil soil (60°C for 48 h, residual water assessed at 105° for 24h was not
measurable).

IN SITU ESPIRATION MEASURENTES
In situ soil respiration (CO2emissions) in the mature plantation (9 years old) was measured with
a LIFCOR 8100A Automated Soil Gas Flux System-@OR Inc., Nebraska, USA) as a proxy for
carbon stability and soil biological activity in the different managemet zones. To minimize
possible perturbation effects (e.g. handling of the chamber) during the respiration measurements,
collars of 10 cm diameter were pushed into the soils at a depth of 3 cm three days prior to the first
measurement. The same locations afor soil/root sampling were chosen on five trees in the
weeding circle (w), inter zone (s) and frond pile (f). A day of continuous measurements showed
that daily variations were small, and that tree variability was much higher in comparison.
Nevertheless,measurements were carried out always between 9 am and 11:30 am, because fluxes
at that time are most representative of daily fluxes (reference?). Measurements were only carried
out after at least a full night without rain. As soils are well drained, thishort delay was assumed to
be long enough. Rings were shaded upon the measurements time so as to keep the sall
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temperature as constant as possible in all the collars. Together with each respiration
measurement, air and soil temperature at 10 cm depth wereneasured. Water content was
measured at 10 cm depth with a TDR (FieldScout TDR 100 Soil Moisture Meter, Spectrum
Technologies, Inc., 1Zm rods). For correlating these measure with root biomass, at the end of all
measurements, roots were sampled in all rigs for the depth of 810 cm with a root auger (d=5cm)
and dry weight of biomass was assessed.

STATISTICS

General description of statistical tests are described unde2.4. For respiration in the field as well
as measurements obasal respiration during incubation in the laboratory, repeated measurement
analysis of variance was used to investigate differences between management zones.
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4.4 RESULTS

SOIL ORGANIC CARBONOEKS AND ORIGIN ORRBON

There was a trend of decrease of SOC eks with time under oil palm plantation (Figure 10).
However, the two young plantations and the two savanna sites had rather similar SOC stocks, while
the nine years old plantation had much lower SOC valuds. the two years old gantation we even
found slightly higher SOC contents compared to the mean of the two savannabe effect of age
was significant for both 330 cm and 610 cm (p<0.01). However, sincehere were high vaiation s
between the two savanna sites (pooled ifrigure 10), it is hazardous to make a statement on the
short term trend in SOQCof oil palm cultivation. For further information, it is worth to consider the
stocks in SO@Q@erived from C4savanna and Cail palm. It can be seen that owethe measured il
profile from 0 to 30 cm, C3derived carbon increasedwith plantation age, while C4-derived carbon
decreased This trend is eve stronger in the 0-10 cm layer. Thus, in the surface soil layer dhe
mature plantation, on average 36% of dtal carbon was C2derived.

SOC stocks (0-30 cm) SOC stocks (0-10 cm)

[t C/ha]

401 i i 15 - [
30"
E' 101 :
201 D 1
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107 1
1 1
01 0 4
0.0 25 5.0 7.5 0.0 25 5.0 75
age age
C3-derived * C4-derived total SOC C3-derived = C4-derived total SOC

Figure 10: Development of SOC stocks with age of plantation. -@drived means carbon coming from
savanna biomass. G8erived is carbon from oil palm or cover crops. Data for the two measure
savanna were pooled to have a starting point (zero years of oil palm cultivation). To show the hic
variability of the two reference sites, error bars represent standard deviation.

In the mature plantation, total carbon stocks as well as G&rbon stocks diffeed between
management zones(Figure 11). For the top soil (310 cm) there was a significant effect of
management zones on total C density (p=0.006), but only s1 is significantly different from f and w
(Tukey). C3 (oil palmderived) stocks under f and w were only significantly higher than in s1 and
s2 (Tukey) for the top soil. Oil palmderived carbon stocks increased slightly with distance to the
trunk (s1>s2s>s3), but this trend was not significant. In w the stock of CGderived (savanna
derived) carbon was lower than in the other zones, but this difference was not significant.
However, w had highest total carbon stocks together with f. For the lower depths, all differences
were less pronounced. This shows how the oil palm cultivatn increases heterogeneity in SOC
distribution close to soil surface.
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Figure 11: Carbon density according to depth in different management zones of a mature OP plantatis

Horizontal lines show the mean value (red) and th standard error (grey) of the savanna references for the
respective depth. Error bars show standard errors.

Net carbon stabilization rates, calculated as the @®erived carbon stock divided by age of
plantations, differed considerably between managemerzones and ages of plantationsHigure 12).
For the 9 years old plantation, stabilization rates were highest in frond piles and weeding circle
and lower for all the points in between palm lines (h, sk3). On the other hand, stalization rates

in young plantations were as high as the values for frond pile and weeding circle in the mature
plantation. The value in sl for the youngest (2 years old) plantation was especially high.
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Figure 12: Net carbon sabilization rates for soil depth 0-10 cm at different measurment points
in all ages of oil palm plantations.
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Total root biomass, as measured in the first part of this thesis, correlated badly with SOC stocks.
However, fine root biomass could explain 7% of the variation in C3-stocksin different ages and at
different depths for the weeding circles(Figure 13).

C/N ratios differed considerably depending on biomass compartmentT@ble 6). This is showing
the different quality of the plant materials and may have implications for their decomposition.
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Figure 13: Correlation of oil palm fine roots with stocks of Caderived carbon in weeding @rcles
of oil palm plantations including all ages (2, 4 and 9 yearspand depths (030 cm). Linear
regression (black) with R=0.71 is plotted.

Table6: C/N ratios of different measured biomass compartments.

compartment C/N ratio
OP Petiole 139
OP Rachis 113
OP Leaflet 19
frond pile mean 68
frond pile (OF) 29
OP coarse roots 116
OP fine roots 62
Desmodium AGB 36
Kudzu AGB 18
Savanna AGB 65
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INCUBATION EXPERIMENRESPIRATIOMND MICROBIAL BIOM&S

Respiration of the soils incubated in microwells peaked on the first ahsecond day after rewetting
the soils (Figure 14). The frond pile samples already showed high fluxes on the first day after
rewetting. On day four after rewetting, fluxes were already much lower, reaching constant values
on day aght. Higher fluxes on day 18 might be due to some disturbance because of differences in
moisture of the paper towel put on top of the respiration plate. On day 24 the incubation had to be
done for 25 hours (instead of 6 to 10 hours), due to technical prééms. It can be seen that for this
date differences between samples were smaller than on other days. Talculate basal respiration
amean over thedays 8, 15, 24 and 31 was taken

NS1
0.6 1 NS2
- f
—~h
e
S
0.47 W

Respiration [ug CO, -C/g x h]

Figure 14: Respiration during incubation of t@ soils (0-10 cm). Days after rewetting soil are shown
NS1 and NS2 are the two savanna sites. F, h, s and w, are oil palm management zones of the
plantation.

It is evident that many of the measured parameters showed similar patterns for the foumeasured
main zones (f, h, s3 and w)Kigure 15), even though linear regressions show no significant
relations between different parameters. For total Figure 9) and fine root density, soil organic
carbon contents and basal respiration, values were higher in w and f than in h and s3. All of those
parameters are related to the carbon cycle. Also basal respiration expressed as, @3pired per
mg SOC Figure 15) and microbial biomass (Cmic) Figure 16) followed this pattern. On the
contrary, microbial biomass itself (Cmic) and C/N ratio of microbial biomass had lowest values in f
and w (Figure 16).
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Figure 15: Effect of management zones on total OP root biomass, total carbon stocks, be
respiration and respiration per mg soil organic carbon.Different letters represent significant
differences between management zones (tukey tests, p<0.05)). Redek represent mean and
standard error (dotted) of the 10 savanna samples.

Some of the fertility parameters were measured for savannas and plantation zones (no significance
tests were done). DOC and microbial biomass were lower in all oil palm managemerdnes
compared to savanna [Figure 16 and Figure 17). Metabolic quotient was higher than savanna in f
and w, indicating increased activity of microorganisms compared to savanna in those two zones
(Figure 16). Soil C/N ratios were lower than in savannas for all zones except for the frond pile,
indicating fertilization effects in w, s3 and h and possible N limitation under the frond pileHigure
17).

C/N and C/P ratios in soil were especially low in w, indicating high nutrient concentrationsKigure
17). There were significant differences between management zones for DOC. Carbon to nutrient
ratios and DOC contents can give indicatins on the quality of carbon in the respective zones.
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between management zones (tukey tests, p<0.05). Red lines represent mean and standardr
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Figure 17: Carbon to nutrient (N and P) ratios in soil and dissolved ganic carbon (DOC)
corresponding to extractable C. Different letters represent significant differences betwee
management zones (tukey tests, p<0.05)). Red lines represent mean and standarcbr (dotted)
of the 10 savanna samples.
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TURNOVER AND BIOLOGICACTIVITYIN-SITURESPIRATION

Fluxes averaged over five measuring days decreased in the order weeding circle > frond pile >
inter zone, with significant higher respiration rates in w than s Figure 18). Variations were
smaller under the frond piles than in the other zones. This holds true also for daily variations
(Annex, Figure 21). Correlation of fluxes with roots per zone was not significant.
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Figure 18: In-situ respiration in different management zones (frond pile, inter zone and weedin(
circle). Data from 5 measurement days were averaged, points display means over
measurement points and standard errors. Letters showsignificant differences according to
tukey tests after repeated measurement ANOVA (p<0.05).

38



4.5DISCUSSION

SOGTOCKS AT THE INVESATED SITES

There was a trend of decrease in SOC over the time undet palm cultivation (Hypothesis 6).
(Figure 10). The effect with time under oil palm cultivation was significant, but there were other
factors affecting SOClIifear regression resulted in R2=0.3). However, the two savannas and the
two young plantations did not differ significantly in SOC stocks. Only the 9 years old platibn had
significantly lower SOC stock than the other sampled sites. It is clear that for a definitive answer on
how SOC develops with oil palm age, more sites or longer time series would be needed. After an
effect of the landuse change on SOC, there aadternative explanations for the low value in the
mature plantation. First, the great variability between sites: even though savannas were chosen
close to the plantations, values differed greatly between the two savanna sites and plantations.
Therefore, it is not possible, with our space for time substitution approach, to deduce the actual
SOC concentrations of the original reference savannas, before oil palm was planted. Initial SOC
stocks, before oil palm establishment, might have been already lower ate site of the mature
plantation. At the respective depth, SOC stocks of savannas were always higher than all
management zones Kigure 11). Contents at 2630 cm depth might reflect the original
homogeneous distributed levels of tle initial savanna, as the values between zones do not differ
(Figure 11). Second, bad management of the plantation might have led not only to a loss of carbon
itself, but may also have led to a considerable amount of erosion artilis to a loss of top soil. This
could be seen by slight differences in topography inside the plantation, as well as the mat of oil
palm fine roots that was exposed to air at some places. This methodological limitation clearly
shows that more site replicates or points with age are needed for a precise investigation of the
land-use change effect on SOC. However, despite the factors of natural site variability and different
management practises, it is hard to imagine from the here found results that SOC conseoould
increase with the landuse change.

On the other hand, SOC stocks in the two young plantations were similar to the savanna reference
sites (Figure 10). This could be attributed to similar initial conditions and reflect the natural
variability of carbon stocks. But, there seemed to be also aifect of the use of cover cropsThe
high carbon input under cover crops can be seen in thearbon stabilization rates (stock of C3
carbon accumulated per year) Figure 12). Rates for the inter zone points (slz s3) in young
plantations were comparable to rates in the weeding circles and muchigher than stabilization
rates in the inter zone of the mature plantation.The rates showa considerabk input of organic
material and accumulation of C&arbon under cover cropsThe surprisingly high rate in s1 for the

2 years old plantation could be due to sample handling or temporal variation, since this point was
sampled about 1 month later than all dbers. It could also indicate that at this point, where roots of
oil palm are interacting with cover crops; there is a high input of organic matter to the soilhe
result suggests that with this management practise, carbon contents might be at least mainid
with the land-use change from savanna to oil palm. Nevertheless, it remains unknown how the
effect of cover crops over a longer period would affect carbon contents, as in the older plantation
there had never been any cover crops. Certainly, researchaild address this question for finding

a sustainable management practise.

EFFECT OF MANAGEMERDNES ON CARBON CGL

From the results of the three analysed plantations, SOC could stay constant or decrease with the

land-use change. This means that despita higher input through higher biomass (as found in part
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one of this thesis, sectior8.6), new carbon from the oil palm input is not added to the total SOC, but
rather replaces SOC derived from savanna.

Frazao et al. (2013)found no overall change of carbon with plantation age, but spatial
heterogeneity increased with plantation age, with increasing SOC close to the trunk and decreasing
SOC in between palm lineddere, total carbon stocks were also higher close to the oil palm trunk
than in between lines, althoughdifferences were not significant(Figure 11). Under the frond pile,
carbon stocks were as high as close to the trunk (w). The lowest values were fouiod the points

of s1 and s2; they were significantly lower than in f and w. Ty as hypothesized (hypothesis )/
topsoil SOC contents varied with management zones, which shows that accumulation and
decomposition of SOC are affected by management zones.isTheterogeneity can have two
reasons: first, amount of carbon input might differ between zones, depending on root density and
frond piles; second, type and amount of SOC input and management may influence the processes of
carbon turnover.

Roots were a ma&n factor for carbon input to soils; in zones with high root biomass (w and f), there
were also higher SOC contents and net carbon stabilization rates compared to h and Bigjre 15
and Figure 12). Thisis in line with results from other studies (Frazao et al., 2013; Haron et al.,
1998). Input from oil palm roots seems to come mainly through fine roots, as regression with
carbon derived from oil palm was better tha for total root biomass Figure 13). However, this
could also be due to the fact that fine root biomass may be more constant at a single point than
coarse root biomass. Input through roots is due to turnover of roots and root exiates(Goodrick et
al.,, 216). The fact that correlations between root biomass and SOC contents or carbon
stabilization rates were not very good, might be due to the fact that current root biomass does not
necessarily reflect past root densities, as roots die and therefore dishution slightly changes.
Additionally, fine roots which have high turnover rates, also low C/N ratios of 62, making the
carbon more easily decomposable than coarse roots with a C/N ratio of 11&4dble 6). However,
the hypothesis8, that roots are an important carbon source, can be confirmed.

Even though root biomass under the frond pile was slightly higher than in the weeding circle and
there is additional carbon input from decomposing fronds, carbon stocks did not differ
significantly between the two zonegHypothesis 9)Figure 15). This implies that decomposition of
organic material is more complete under the frond pile than in the weeding circle. However,
respiration per carbon as well as respiration pe microbial biomass did not differ between the two
zones, although they were higher than in h and s3{gure 15 and Figure 16). Thus, in both zones,
microorganisms seem to be more efficient than in h and3. It is possible, that decomposition of
pruned fronds actually happens already on the surface, like proposed by othe(Brazao et al.,
2013; Haron et al., 1998) On the other hand, DOC was significantly higher uadfrond piles than in
the weeding circle even after 31 days of incubationHigure 17). Haron et al. (1998)proposed that
carbon reachesthe mineral soil under the frond pile only in form of dissolved or particulate
organic carbon with low energy contents. This might be the reason for the high metabot
guotients in f, considering microorganisms would have to respire more to gain energyigure 16).

A closer look at the development of respiration after rewetting of soils shows that it is possible that
the frond pile samples respiration peaked even beforghe first measurement, which would
indicate a high amount of highly labile carbon compared to the other zones whose emissions peak
only 1 to 2 days after rewetting Eigure 14). The loweg layer of the frond piles was a sort of
organic soil horizon, with well decomposed fibres from oil palm fronds. This mixture had a C/N
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