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ABSTRACT. Conversions of natural ecosystems, e.g., from rain forests to managed plantations, result in significant changes in the
hydrological cycle including periodic water scarcity. In Indonesia, large areas of forest were lost and extensive oil palm plantations were
established over the last decades. We conducted a combined social and environmental study in a region of recent land-use change, the
Jambi Province on Sumatra. The objective was to derive complementary lines of arguments to provide balanced insights into
environmental perceptions and eco-hydrological processes accompanying land-use change. Interviews with villagers highlighted
concerns regarding decreasing water levels in wells during dry periods and increasing fluctuations in stream flow between rainy and
dry periods. Periodic water scarcity was found to severely impact livelihoods, which increased social polarization. Sap flux measurements
on forest trees and oil palms indicate that oil palm plantations use as much water as forests for transpiration. Eddy covariance analyses
of evapotranspiration over oil palm point to substantial additional sources of evaporation in oil palm plantations such as the soil and
epiphytes. Stream base flow from a catchment dominated by oil palms was lower than from a catchment dominated by rubber plantations;
both showed high peaks after rainfall. An estimate of erosion indicated approximately 30 cm of topsoil loss after forest conversion to
both oil palm and rubber plantations. Analyses of climatic variables over the last 20 years and of a standardized precipitation
evapotranspiration index for the last century suggested that droughts are recurrent in the area, but have not increased in frequency or
intensity. Consequently, we assume that conversions of rain forest ecosystems to oil palm plantations lead to a redistribution of
precipitated water by runoff, which leads to the reported periodic water scarcity. Our combined social and environmental approach
points to significant and thus far neglected eco-hydrological consequences of oil palm expansion.
Key Words: eco-hydrology; environmental perception; erosion; evapotranspiration; forest; land-use change; runoff; rural water supply;
streamflow; transpiration
INTRODUCTION
When there was still a lot of forest around Bungku even
during a drought of two months we still had water in our
wells. But now there is no forest anymore, there is oil
palm. Farmer from Bungku, Jambi, Indonesia, June 2013.
Large-scale land-use change such as the current oil palm
expansion in Indonesia is characterized by the interaction of
social, economic, and ecological processes. It is increasingly
recognized that such conversions require research that includes
both human and environmental dimensions (Bradshaw and
Bekoff 2001, Bodin and Tengö 2012, Moore et al. 2014, Ledford
2015). The integration of local knowledge and perceptions, e.g.,
the above statement by a farmer from Jambi (Sumatra, Indonesia)
enables scientific research to directly address local people’s
concerns (Ostrom 2009, Pahl-Wostl et al. 2010, Scholz et al. 2011,
as cited in Binder et al. 2013). Although the need for such problemdriven research has been emphasized in numerous studies, applied
environmental research often fails to adequately integrate social
analyses (Lele and Kurien 2011, Wandersee et al. 2012, Tàbara
and Chabay 2013, Sagie et al. 2013, Reyers et al. 2013, Orenstein
and Groner 2014). Thus, we see a need for applied
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interdisciplinary studies that give credit to the embeddedness of
environmental processes in socio-cultural processes by
confronting local environmental perceptions with natural science
measurements.
Indonesia is currently undergoing large-scale land-use change
characterized by declining areas of natural ecosystems and
increasing areas of mono-culture plantations, thereby creating
substantial changes in the social-ecological system. Particularly
oil palm plantations have rapidly expanded in Indonesia over the
past decades, from a total of less than one million ha in 1990 to
over seven million ha in 2013; today, Indonesia is the global leader
in crude palm oil production (FAO 2015). Oil palm often replaces
other cash or subsistence crops, e.g., rubber plantations, but has
also been identified as a driver of large-scale deforestation (Koh
and Wilcove 2008, Carlson et al. 2012). Such large-scale forest
conversion toward intensive agricultural systems may cause severe
changes in the hydrological cycle (Bruijnzeel 1989, 2004,
Krishnaswamy et al. 2013). In our study region, the Jambi
province in Sumatra, the expansion of oil palm plantations has
made water scarcity an issue in the human perception as, for
example, expressed in the introductory quote. Such socio-
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hydrological consequences and linkages of forest conversion have
not yet been adequately studied (Lele 2009).
Available scientific as well as popular studies linking oil palm
plantations to the water cycle mainly focus on water quality (e.g.,
Wakker 2005, Friends of the Earth et al. 2008, Babel et al. 2011,
Colchester and Chao 2011, Buschmann et al. 2012, Gharibreza
et al. 2013). The few social science studies examining water
quantity do not explain the underlying reasons of the observed
declines in water availability (e.g., Obidzinski et al. 2012, Larsen
et al. 2014). From the natural sciences perspective, water-related
studies on oil palm are scarce and often only examine single
components of the hydrological cycle (also see Comte et al. 2012,
Dislich et al. 2015).
In this study, we aim at integrating social and natural science
approaches to analyze the social and eco-hydrological
consequences of oil palm expansion. The starting point for our
interdisciplinary, problem-oriented research is the environmental
perception of changes in the water cycle by residents of Bungku,
a village in Jambi. We investigate if and how these perceptions
can be explained by empirically derived environmental variables
that were measured in the vicinity of the mentioned village. For
this purpose, we analyzed micrometeorological, eco-hydrological,
and pedological measurements in oil palm plantations, rubber
plantations, and forest sites. Unlike oil palm, rubber has been
cultivated in Jambi since the first half of the 20th century
(Feintrenie and Levang 2009). Rubber plantations today still
represent the dominant land-use system in the province, extending
over 660,000 ha in 2013 (BPS Jambi 2014). Our approach allows
for an assessment of the environmental perceptions and ecohydrological processes following forest conversion to
monoculture plantations. We also analyzed long-term climatic
data to evaluate the influence of potential climatic changes in the
Jambi region. Our objectives were (1) to asses villagers’
perceptions of changes in the local water cycle in an oil palm
dominated region, (2) to identify environmental processes leading
to changes in the water cycle, (3) to confront the perceived changes
with empirically derived environmental data, and thus (4) to
derive complementary lines of argument to discuss environmental
perceptions in the context of the actual underlying ecohydrological processes.
The hydrosocial cycle and environmental perceptions
The hydrosocial cycle (after Linton and Budds 2014) serves as a
framework to analyze water as a product of society-nature
interrelations. Although the concept of the hydrological cycle
focuses only on the material components of water, the way that
water actually flows through landscapes is drastically shaped by
human institutions, practices, and discourses (Linton and Budds
2014). Water can therefore be considered something inherently
political, because the control over water produces certain types
of social power relations and structures (Wittfogel 1957). The
hydrosocial cycle builds upon the notion of water as a “hybrid”
object (Latour 1993), i.e., one that simultaneously possesses a
social and a natural dimension that are engaged dialectically as
both product and agent of socio-natural change (Swyngedouw
2004). Water is thus considered to have a material energetic
dimension, such as the flow of water that can change landscapes
and established social orders and that provides the basis for
individual or societal claims, as well as a cultural-symbolic

dimension formed by symbolic orders, interpretive contexts, and
social constructions (Becker et al. 2011). The hydrosocial cycle
can thus be defined as a socio-natural process by which water and
society interact materially and discursively (Linton and Budds
2014). In order to untangle the social and natural processes
coproducing this hybrid nature of water, we combined qualitative
social field research with natural science empiric measurements
in this study.
From the social science perspective, we approach the hybridity of
water through environmental perceptions. Environmental
perceptions can be defined as the “reception and processing of
information from the environment” (Ittelson 1973:4). This
includes both the assessment and the evaluation of information,
which implies embedding the environmental context into
individual experiences, imaginations, and memories (Schiffman
1982, Bell et al. 2001). As such, the way in which individuals
analyze the environment and environmental changes is influenced
in particular by environmental knowledge and values, place
attachment, interests and motivations, but also by the specific
prevailing circumstances such as time or cause of environmental
change (Hellbrück and Fischer 2003, Chokor et al. 2004, Brown
et al. 2005, Sampaio Sieber et al. 2011, Boelens 2014).
Environmental perceptions thus have to be understood as
context-related, dynamic, and discursively formed knowledge
that is open to negotiation and change (Irwin 2001). Accordingly,
both conformity and nonconformity of environmental
perceptions vs. measured environmental processes have been
reported (e.g., Moser 1984, Poor et al. 2001, Artell et al. 2013,
Cottet et al. 2013).
METHODS
Study region
Our research is part of EFForTS, an interdisciplinary research
project investigating ecological and socioeconomic functions of
tropical lowland rainforest transformation systems (http://www.
uni-goettingen.de/crc990; Faust et al. 2013, Drescher et al. 2016).
The study region of EFForTS is Jambi Province in the eastern
lowlands of Sumatra, Indonesia. The field work for this study
was carried out in the South of Jambi Province, in and around
Bungku village (Fig. 1). Climate in the region is tropical humid
(26.5 °C, 2235 mm year-1, based on data from the meteorological
station at the airport Sulthan Thaha, Jambi), with a relatively dry
season from June to September (monthly precipitation often
below 120 mm). Between 1985 and 2007, 1.7 million ha of forest
were cleared in the lowland areas (< 150 m elevation) of Jambi
province, which corresponds to 71% of the 1985 forest area
(Laumonier et al. 2010). Today, mono-culture rubber and oil palm
plantations dominate the landscape. Rubber has been cultivated
in Jambi since Dutch colonial times (Feintrenie and Levang 2009);
oil palm cultivation started in the mid-1980s and expanded to
almost 600,000 ha in 2013 (BPS Jambi 2014).
The Bungku village spreads over an area of 600 km² and comprises
five hamlets. The social scientist case study was conducted in two
neighboring hamlets in northern Bungku, Bungku Indah and
Johor Baru 1 (see Fig.1). Until the 1980s, Bungku was still
dominantly covered by forest areas, extensive rubber agroforests,
and shifting cultivation land-use systems. Since then, intensive
logging, the expansion of rubber plantations, and the
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Fig. 1. Location of the study sites in Jambi province, Sumatra, Indonesia.

establishment of oil palm plantations, which was promoted
particularly since the mid-1990s (Colchester et al. 2011), led to
rapid deforestation. Today, natural vegetation can only be found
in patches in the Harapan Rainforest, a forest rehabilitation
project in the southern area of Bungku (Fig. 1). In 2013, land use
in Bungku Indah was characterized by about 60% rubber and
40% oil palm cultivation, with oil palm strongly increasing in
recent years (personal communication with village head); Johor
Baru 1 was predominantly characterized by industrial and
smallholder oil palm plantations. The company PT Asiatic
Persada holds an oil palm concession of 20,000 ha directly
bordering the Johor Baru 1 (Fig. 1). Indigenous land claims inside
the concession area have been oppressed since the granting of the
concession in 1987. The plantation has ever since been the subject
of an ongoing land-use conflict involving numerous national and
international actors (for more details see Colchester et al. 2011,
Steinebach 2013, Beckert et al. 2014, Hauser-Schäublin and
Steinebach 2014).
Through constant in-migration from other parts of Jambi and
Indonesia the population of Bungku has grown significantly over
the last decades. Although the initial settlement project in the
early 1970s only comprised roughly 60 households, the village
population in 2015 had grown to 10,798 people (HauserSchäublin and Steinebach 2014, BPS Kabupaten Batang Hari
2015). About 10% of today’s population are indigenous people,
55% are migrants from Java, 30% are migrants from other parts
of Sumatra/Jambi province, and 5% come from other parts of

Indonesia (personal communication with village head). Public
infrastructure in Bungku was generally poor at the time of
investigation (June 2013). Roads had a severely degraded asphalt
cover and public electricity and water supply did not exist. More
well-off households had electricity from diesel generators.
Household wells, sometimes shared among neighboring families,
represented the main water supply for Bungku villagers. These
wells differed significantly in construction type, ranging from
nonsecured holes adjacent to small rivers to deeper wells secured
with cement. Water from these wells was often pumped to the
houses with electric pumps. Bottled water has been for sale in
Bungku since 2009. Since then, most households buy bottled
water for drinking and often also for cooking. Well water is used
for people’s personal hygiene and washing dishes and clothes
(personal observations).
The environmental study plots were located on upland mineral
soils; soil type is loam Acrisol (Allen et al. 2015), which is
characterized by a clay accumulation horizon at a depth of 20 –
50 cm. Measurements were taken on four plots each in oil palm
monocultures (HO1 – HO4), in rubber monocultures (HR1 –
HR4), and in forest reference sites (HF1 – HF4, Fig. 1). Each of
these 12 plots was 50 m × 50 m in size. The oil palm and rubber
plots were located in the vicinity (up to 15 km) of the village of
Bungku. Management characteristics as well as agroecological
site conditions were typical for smallholder plantations in Bungku
(personal observation). Plantation ages ranged from 7 to 16 years;
the plantations were smallholder properties. The forest plots were
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located in the Harapan Rainforest, 30 km from Bungku Indah.
The Harapan Rainforest was partially severely logged until
approximately 2003 and became a conservation and restoration
area in 2010. Additional measurements were taken in a 12-yearold large-scale oil palm plantation 25 km from Bungku (PTPN6,
Fig. 1). For further details on the study region and the overall
study design of the EFForTS project, refer to Faust et al. 2013
and Drescher et al. 2016.
Social dimension
Based on initial reports about water scarcity in areas surrounding
oil palm plantations in Jambi, interest by social and natural
scientists led to an inductive social case study. Bungku was chosen
because of reports of rapid land-use changes and increasing water
scarcity. The case study aimed at investigating villagers’
perceptions of major environmental changes, challenges in the
local water supply, and processes that potentially cause problems
for the water supply.
To investigate these questions we conducted problem-centered,
semistructured household interviews (after Mayring 2002; n = 30)
that were triangulated with participatory observation, informal
interviews, focus group discussions, and participatory rural
appraisal tools, i.e., timeline interviews and resource mapping
(after Kumar 2002). Field work in Jambi was conducted during
a period of eight weeks from May to July 2013. Respondents were
chosen according to the snowball sampling method (Schnell et
al. 2013), trying to reflect the social structure of the hamlets.
Supplementary information was obtained through nine key
informant interviews with representatives of the private sector,
civil society organizations, and public authorities at the regional
and national level. For further details on interview procedures
and data processing refer to Appendix 1.
During the research process it became clear that changes in the
local water cycle could not easily be separated from the political
discourse about them. We thus chose the hydrosocial cycle as a
conceptual framework to cope with these existing ambiguities and
to analyze the different dimensions of socio-natural relations.
Applying this framework, the social and natural scientists
involved in the study jointly discussed if and how the villagers’
perceptions from the social case study could be explained by
empirical environmental datasets.
Environmental patterns and processes
Land-use change
In the PTPN6 large-scale oil palm plantation (Fig. 1), the eddy
covariance technique (Baldocchi 2003) was used to measure
evapotranspiration, the three components of the wind vector
(METEK USA-1, Elmshorn, Germany), as well as water fluxes
(LICOR 7500, Lincoln, USA). We used data from three sunny
days during October and November 2014 to minimize day-to-day
variability induced by weather.
Transpiration rates, soil erosion, air temperature under the
canopy, and soil moisture fluctuations were studied on oil palm,
rubber, and forest plots (HO1 – HO4, HR1 – HR4, and HF1 –
HF4, Fig. 1). To estimate stand transpiration rates we measured
sap flux densities with thermal dissipation probes (Granier 1985,
1996) in these 12 plots as well as at the PTPN6 site. For
measurements in oil palm leaf petioles, we used the calibration
and sampling scheme as proposed by Niu et al. (2015). The

standard equation (Granier 1985) was used for trees in rubber
and forest plots. For trees, radial profiles of changes in sap flux
density with xylem depth were established. To extrapolate from
trees and palms to stand transpiration, inventory data were used
(Kotowska et al. 2015). Because measurements were partly not
conducted simultaneously, we also averaged the values of three
sunny days for the analysis to minimize variability induced by
weather. More details on these and all other applied methods can
be found in Appendix 1.
On the 12 forest and plantation plots, the soil carbon content in
the Ah horizon (down to max 10 cm depth) was measured
(Guillaume et al. 2015) and soil erosion was estimated by assessing
the soil carbon isotopic composition (δ13C) with depth. The δ13C
profiles in the plantations were compared with the forest reference
plots, where erosion was assumed to be zero. This was necessary
to estimate the thickness of the surface layer lost by erosion after
forest conversion. To assess fluctuations in microclimate (air
temperature, air humidity, and soil moisture), weather stations
equipped with thermohygrometers (Galltec Mella, Bondorf,
Germany) and soil moisture sensors (IMKO Trime-PICO,
Ettlingen, Germany) were installed on the 12 study plots.
Within two small catchments encompassing some of the oil palm
and rubber plots (HO1 – 4, HR1 – 4, Fig. 1), we recorded
streamflow and measured rainfall interception for four months.
One catchment (14.2 ha in size) was dominated by 10 – 14-yearold oil palm plantations (covering 90% of the catchment area).
The other catchment (4.9 ha) consisted of different rubber stands:
8-year-old (19% of the catchment area) and 30-year-old (56% of
the area) mono-culture rubber plantations and jungle rubber
(25% of the area), a mix of rubber trees and naturally established
dicot tree species. We selected a two-week period (7 to 20 Nov
2013) of the recorded hydrographs encompassing both dry and
rainy conditions. Rainfall interception of the oil palm and rubber
monocultures in the respective catchments was assessed by
measuring throughfall and stemflow, and subtracting them from
incident rainfall.
Climate change
For the period from 1991-2011, we analyzed air temperature and
rainfall data from the meteorological station located at Airport
Sultan Thaha, Jambi, property of the Indonesian meteorological
service (BMKG). Our aim was to assess whether there have been
climatic changes in Jambi over the last 20 years. Mean, maximum,
and minimum temperature as well as rainfall data were separated
into their time components to detect trends in these variables over
the last years. For an analysis of climatic trends on a greater
temporal scale, we calculated the Standardized Precipitation
Evapotranspiration Index (SPEI) from the Global SPEI Database
(SPEIbase; Vicente-Serrano et al. 2010) for the Bungku region
from 1901–2011. The SPEI is a multiscalar drought index that
takes into account precipitation and potential evapotranspiration
to determine drought conditions; a strong drought is reflected by
a large negative value.
RESULTS
Social perspectives on changes in water availability
To structure and analyze the environmental perception of the
villagers we first describe people’s assessments of environmental
changes that they observed during their time in Bungku, and
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Table 1. Representative quotes from the interviews and group discussions† of the social case study. Interviews were conducted in the
village of Bungku, Jambi, from May to July 2013.
On the drying of surface and subsurface waters
“Before when people didn’t open much of the forest yet there was still water in the river
and it still flowed after one month of drought. But since people opened the forest and
plant oil palms the water in the river gets less. It doesn’t flow anymore.”
“When there was still a lot of forest around Bungku even during a drought of two months
we still had water in our wells. But now there is no forest anymore, there is oil palm.”
“Before there were not so many oil palms. That’s why we still had enough water. Because
oil palm needs a lot of water, while rubber can keep the water.”
'The negative thing about oil palm is that it is a plant that needs a lot of water. That’s why,
if we plant oil palm near swamp areas, after some time the swamp will run dry.”
On the increasing pollution of local water resources
“Did you observe any changes in the water quality?” “Yes, it changed. A lot! Before the
water was not that dark, but now it looks like it contains mud. Before there was not that
much mud in the water.”
“After rainfall the water in the well becomes turbid. But after some days without rain the
water quality gets better again.”
“The problem comes from the people themselves. The habit of the people here is that if
there is no rain for some weeks then they start to go fishing. But they use toxics. And
another reason is that the people who live near a river take a shower and wash their dishes
in the river. And sometimes they also throw the garbage in the river.”
“The people now have a problem with the water. The water quality of the river is not
good anymore. But they still use it for washing and showering since there is no clean water
anymore.”
On increasing local temperatures
“When I came to Bungku in 1991 the temperature was different. There was still a lot of
forest and the temperature was not as hot as today.”
“If we are standing under an oil palm and afterwards under a rubber tree and we
compare it, then the temperature feels very hot under the oil palm trees.”

Middle-class rubber farmer, Javanese, has lived in
Bungku since 1999, 60 years old.
Owner of a kiosk where bottled water is sold, has
lived in Bungku since 1995, Javanese, ~50 years old.
Rich woman, born in Bungku, ~30 years old.
Rich oil palm farmer during group discussion,
Javanese, ~35 years old.

Poor, very old woman selling food at a small stand,
has lived in Bungku since 1987.
Young, middle-class woman, has lived in Bungku
since her childhood, ~30 years old.
Nurse, has lived in the district for 15 years, ~30 years
old.

Poor indigenous rubber farmer, head of RT (rukun
tetangga, neighbor solidarity unit), 40 years old.

Very rich woman, has lived in Bungku since 1991,
Javanese, owns rubber and oil palm cultivations, 29
years old.
Oil palm farmer during group discussion, has lived in
Bungku since 1993, Javanese, ~40 years old.

†

Translations by J. Merten and I. Kasmudin.

secondly people’s personal evaluations of these changes. Finally,
we discuss impacts on local water supply as a consequence of a
decreasing availability of clean water.
Villagers’ assessments of changes in local water resources
Over the last 25 years, the villagers of Bungku observed
pronounced changes of local water resources. Among the
observations mentioned were a faster depletion of groundwater
reservoirs during dry periods, a higher fluctuation of river levels
with particularly low levels during dry seasons, and an increased
pollution of surface waters (see Table 1). The fast depletion of
groundwater levels during dry seasons was of particular
importance to the villagers because their water supply was mainly
ensured by household wells. Wells that dried up in past decades
have also been reported. However, the consensus among
interviewed villagers in Bungku was that during dry periods the
scarcity of well water has started to occur much faster and more
frequently since the early 2000s. They observed that since then,
in times of prolonged dry periods, many wells in the village fall
dry.
In addition to the fast groundwater depletion, community
members reported that streamflow levels decrease much faster
during dry seasons than had been the case 10 years ago; several
smaller rivers stopped flowing after only a few weeks without rain.
Swampy areas are generally numerous along streams and rivers
in the research region. However, over the past years, many of them

were observed to have started to decrease in extent and depth, or
to have dried out completely. During the rainy season, very high
river levels with quick declines after rainfall events were observed
in recent years.
The interviewed villagers also mentioned alterations in water
quality. Water quality was reported to have decreased significantly
over the past decades, described as changes in water color from
“clean” and “pure” in the past to “turbid” and “muddy” at the
time of research. Water quality was said to be particularly bad in
times of water scarcity. When a lot of wells in Bungku run dry,
many villagers rely on surface water for personal hygiene. This
then generates further pollution particularly of shallow or
stagnant water bodies.
The challenge in accessing clean water was also recognized by an
official document on the village development. “Difficult access
to clean water” was ranked among the four most urgent issues for
all five village hamlets. An additional factor possibly
interconnected to seasonal water scarcity in Bungku was the
observation of increasing air temperature. Villagers felt it had
become significantly hotter since oil palm plantations started to
dominate large parts of the landscape surrounding the village.
Local evaluations of increasing seasonal water scarcity
The explanations by the villagers for the observed changes in local
water supply were manifold but were all directly or indirectly
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related to the ongoing land-use change in the Bungku region. The
explanations given for decreasing groundwater and streamflow
levels during dry seasons included particularly the ongoing
deforestation and the expansion of oil palm cultivation (see Table
1). Water availability was observed to have decreased notably after
oil palms became the dominant element in the landscape. Common
stories in the village attributed an allegedly high water use to oil
palms, which was believed to cause adjacent swamp areas, rivers,
and wells to run dry. Rubber plantations, on the other hand, were
believed to rather “conserve” or “store” water in the soil. Some
villagers reported that wells they built in oil palm plantations ran
dry after only a few weeks without rainfall, while wells inside rubber
plantations provided water even during prolonged dry periods.
Further explanations for the low streamflow of local rivers brought
forward by individual villagers included landscape-shaping
activities of oil palm companies, e.g., draining of swamps,
channelization of rivers, or inadequate canalization in road
construction.
Key informants reported that increasing pollution of surface
waters was likely related to the behavior of the villagers themselves
(see Table 1). The main issues mentioned by the interviewees were
the lack of waste and wastewater management in the village, the
use of surface waters for personal hygiene, and the use of poison
for fishing. The rapid population growth in the village added to
this by causing a constantly increasing volume of waste and
wastewater. With respect to oil palm cultivation, individual
villagers blamed the lack of environmental management and the
absence of buffer zones along rivers for increases in the sediment
load of local rivers over the last years. Fertilizer and possibly
pesticide leaching were reported to be further sources of pollution
in other studies (e.g., Banabas et al. 2008, Comte et al. 2012,
Obidzinski et al. 2012, Larsen et al. 2014, Allen et al. 2015), but
were only mentioned by few villagers in our study.
The evaluations presented above reflect the general opinion of the
respondents in Bungku, including both rubber and oil palm
farmers. Some indigenous farmers and long-time residents,
however, presented different evaluations of local developments.
They emphasized that oil palms per se cause most environmental
degradations occurring in the area and are, e.g., also particularly
“water-greedy.” In contrast to this, individual, more prosperous oil
palm farmers, company representatives, and local representatives
of policy institutions negated most negative environmental
impacts of oil palm expansion, rather stressing the economic
benefits.
Impacts of decreasing water availability on local water supply
As a consequence of local water scarcity during prolonged dry
seasons, the majority of the interviewed households were forced
to access different, more abundant water resources. These were
often at a distance of up to 10 kilometers from the village. Only
those few households possessing a car could transport an amount
of water lasting for a couple of days. Poorer families had to rely
on richer neighbors to carry additional water for them. Trucks with
water tanks could be ordered to the village, but apart from
significant costs this implied possessing major storage facilities,
which most households did not have. Thus, many households tried
to reduce their water consumption and used bottled water for the
most essential uses, i.e., drinking, cooking, washing infants. The
sale of bottled water at kiosks in the village was reported to roughly

double during dry seasons. Concerning personal hygiene, laundry,
and the cleaning of cooking facilities, many people sought any
other available source of water in and around the village,
commonly of poor water quality, e.g., small swamps and rivers.
According to statistics of the community health center, skin
diseases and allergies were the second most common diseases
(after upper respiratory tract infections) in Bungku at the time of
investigation. People suffering skin allergies were generally
recommended to use bottled water for showering. The
degradation of water quality was also reported to lead to
substantial declines in fish stocks, forcing villagers to go fishing
at the rather distant larger streams near the Harapan Rainforest
or to rely on aquaculture.
Environmental patterns and processes
Land-use change
Evapotranspiration rates derived from the eddy covariance
technique in a 12-year-old oil palm plantation in Jambi (PTPN6)
were 4.7 ± 0.1 mm day-1 (three sunny days, mean ± SE; Table 2).
On the same days (and in the same plantation, PTPN6),
transpiration by the oil palms as derived from sap flux
measurements was estimated to be 2.5 ± 0.1 mm day-1; the
remaining 47% of evapotranspiration are likely the sum of
transpiration by other plants, e.g. ground vegetation or trunk
epiphytes, and evaporation, e.g., from the soil.
Table 2. Characteristics of the water cycle and connected variables
of oil palm plantations, rubber plantations, and forest stands as
observed in the lowlands of Jambi, Indonesia (n.d. – not
determined).
Variable

Method
†

Evapotranspiration
†
Transpiration
Rainfall interception
Soil carbon content
Stream base flow
Stream storm flow
‡
Soil erosion
Air temperature

Oil palm
-1

Rubber

Eddy covariance 4.7 mm d
n.d.
-1
Sap flux
1.8 mm d
lower
Rain gauges
28%
lower
CN analyzer
2.1%
similar
Catchments
lower
higher
Catchments
high peaks high peaks
d13C profiles
35 cm
similar
Thermometers
25°C
similar

Forest
n.d.
similar
n.d.
higher
n.d.
n.d.
n.d.
lower

†

Average of three sunny days.
Soil erosion since forest conversion.

‡

Average transpiration rates of the five oil palm plots (HO1 – 4,
PTPN6) on sunny days were 1.8 ± 0.3 mm day-1 (three sunny days
averaged for each plot; mean ± SE represent spatial variability
among the five mentioned oil palm plots), 11% lower than the
average of the four forest plots (HF1 – 4, 2.0 ± 0.2 mm day-1).
However, such a small difference lies within the uncertainties
associated with the used approaches (see, e.g., Niu et al. 2015 for
oil palm). The rubber plantations (HR1 – 4, 1.1 ± 0.1 mm day-1)
had 85% lower average transpiration rates than forests and 63%
lower than oil palm plantations. Additionally, rubber trees
(partially) shed their leaves during the dry season, which
effectively further reduced transpiration (by up to 70% at the peak
of leaf shedding).
In the catchment areas, rainfall interception was 28% of incident
rainfall in oil palm plantations, whereas it was 17% in rubber
plantations. The observed difference is probably related to the
high external trunk water storage capacity of oil palms, which we
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estimated to be 6 mm in a mature plantation in the oil palmdominated catchment. Butts of pruned petioles remain on the
trunk over several years, forming chambers full of humus, water,
and epiphytes.
Streamflow data from the two catchments confirmed differences
between oil palm and rubber plantations: baseflow under dry
conditions was lower in oil palm plantations (1.8 l s-1 per ha
catchment) than in rubber plantations (8.2 l s-1 ha-1). After intense
rainfall events (> 60 mm), recorded streamflow levels were
strongly elevated in both catchments (up to 21.2 l s-1 ha-1 in the
oil palm and 36.9 l s-1 ha-1 in the rubber catchment, respectively;
Fig. 2).
Fig. 2. Streamflow patterns from oil palm dominated and
rubber dominated catchments normalized by catchment area.
Hydrographs from a two-week period (7 to 20 Nov 2013)
encompassing both dry and rainy conditions.

Soil erosion as derived from δ13C profiles as well as decreases in
soil carbon content were similar in oil palm and rubber plots,
averaging 35 ± 8 (mean ± SE) cm of top soil loss and amounting
to 70% of C content decrease since conversion in oil palm
plantations, and 33 ± 10 cm and 62% in rubber plantations (Table
2; Guillaume et al. 2015). On forest plots, erosion was assumed
to be zero (see Methods) and the C content in the Ah horizon was
6.8 ± 0.8%.
The analysis of microclimatic conditions inside the plots showed
no clear patterns in soil moisture. We think a possible reason is
that the variability within the plots was higher than the variability
within the land-use systems and thus could not be assessed
adequately by only one soil moisture sensor per plot. However,
differences were observed in air temperature under the canopy,
which was higher in oil palm and rubber than in the forest plots
(by 0.4 and 0.5 °C respectively, Table 2) and showed 1.5-fold higher
diurnal fluctuations in both plantation types than in the forest.
Climate change
The analysis of the SPEI indices over the past 100 years suggests
that droughts are recurrent in Bungku area (Fig. 3), and that their
frequency and intensity has not increased over the last century.
The most severe droughts, reflected by a large negative SPEI index
value (i.e., -1.5), occurred in 1924, 1983, and 1998; they are
associated with strong El Niño Southern Oscillation (ENSO)
events.
The evaluation of trends in air temperature and rainfall from 1991
to 2011 shows no significant changes in mean and maximum

temperatures. However, the minimum temperature shows an
increase of about 1 °C in the period from 2004–2011 (p < 0.05),
indicating a small decrease in the range of annual temperature
variation. Rainfall, for 21 years with complete data series, was
2235 ± 84 mm per year (mean ± SE). Rainfall in Jambi is
characterized by a relatively dry period from June to September,
when average monthly rainfall is often below 120 mm. In some
years such as 1993, 1994, or 2011, this dry season was more
pronounced, with at least two consecutive months with monthly
precipitation below 40 mm. Other years, e.g., 2005, 2010, were
wetter and the dry season was not very pronounced, indicating
high variability in the rainfall patterns between years. Based on
the evaluated data, we conclude that there were no significant
climatic changes in Jambi between1991 and 2011, and probably
also not over the last century.
Fig. 3. SPEI index (standardized precipitation
evapotranspiration index), a multiscalar drought index, for a
24-month period, from 1901 to 2011 in the Bungku region.
Categorization of dryness by SPEI: Near normal (-1 to 1);
Moderate dryness (-1.49 to -1); Severe dryness (-1.99 to -1.5);
Extreme dryness (less than -2). Same ranges for positive values
indicate wetness.

DISCUSSION
Environmental perceptions of changes in the local water cycle
Our study suggests that water availability during dry periods is
an increasing problem for the local population in the oil palmdominated landscape of our study region. The interviewed
villagers reported that significant changes in the hydrological
cycle have occurred in the study region over the last 25 years. The
main concern of the interviewed villagers was the decline of
surface and subsurface waters that they attributed to the rapid
local land-use change from a landscape mosaic of forest and
(agroforest) rubber patches to an increasingly oil palm-dominated
land cover. Similar linkages between forest conversion and
changes in local water supply have been observed in several
studies, e.g., related to the development of payment for ecosystem
services schemes (Pattanayak and Kramer 2001, Pattanayak 2004,
Asquith et al. 2008, Muños-Piña et al. 2008, Lapeyre et al. 2015).
Such schemes are, e.g., introduced to maintain watershed services
from forest areas, including stable dry-season streamflow.
The villagers’ perception in Bungku was that forest conversion to
oil palm plantations impacted local water availability far more
negatively than conversion to rubber monoculture plantations. In
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the opinion of the villagers, oil palm plantations use up a lot of
the available water during dry seasons. These statements reflect
the evaluation of the great majority of the interviewed villagers,
independent of their social background and including dedicated
oil palm farmers. This is in line with findings from a household
survey in 45 villages in the Jambi province (n = 700; Faust et al.
2013), which showed high awareness of villagers across all social
groups of the environmental impacts of oil palm cultivation (M.
Euler, V. Krishna, Z. Fathoni, S. Hermanto, S. Schwarze, and M.
Qaim 2012, unpublished data). Drying wells and surface waters in
the surroundings of oil palm plantations were also reported in
studies by Obidzinski et al. (2012), Larsen et al. (2014), and an
NGO report by Friends of the Earth et al. (2008).
Two small groups of interviewees, however, propagated different
evaluations of the local development. Depending on their social
background and their (non)participation in the profitable oil palm
business, they either overemphasized or completely neglected
negative hydrological impacts by oil palm expansion. This
demonstrates that the local discourse on water supply is deeply
embedded into a wider discourse on consequences of the regional
land-use change. Local water supply is being used as an argument
to substantiate personal claims and viewpoints regarding the
drastic expansion of monoculture oil palm plantations in the
region. The actor groups that vigorously advocated the
advantages of oil palm business are among the winners of the
ongoing land-use change to agricultural systems. On the other
hand, poorer smallholders and indigenous people are confronted
with large agricultural investors, which make access to land in the
region increasingly unaffordable. Considering the diverse nature
of the ongoing land-use conflicts in the area, the described
politicization of water scarcity is not surprising. Steinebach
(2013), Hein and Faust (2014), and Hein et al. (2015) have
extensively described how indigenous people and poor farmers in
the area form strategic coalitions and engage in environmental
justice discourses to legitimize and strengthen their political
claims of access to land and natural resources.
As a consequence of regularly dried up wells, households were
forced to access more abundant but often quite distant water
resources. The transport of water from these sources heavily
depended on access to motorized vehicles. Access to clean water
thus was highly dependent on the households’ financial situation,
i.e., the available capital for purchasing bottled water or ordering
larger tanks of water. According to our observations, buying
water for drinking and cooking could be afforded by most
interviewed households in Bungku, whereas the use of bottled
water for showering or other high-water activities would stress
household finances substantially. Access to water thus strongly
increased social polarizations, further disadvantaging those not
participating in the profitable oil palm business.
Cooperation among neighbors in times of need, i.e., times of local
water scarcity, generally seemed strong regarding the provision of
water. However, recounts of locked wells during the strong El
Niño year in 1997 suggest that social cohesion might decline in
times of extreme scarcity, which poses risks of social unrest.
In times of scarcity, the increasing use of surface waters for
personal hygiene, along with the rapid population growth of past
decades, put enormous pressure on local water bodies.
Consequently, water from small and highly frequented local water

bodies was commonly observed to be of extremely poor quality,
which might be a significant cause of diseases, e.g., of the skin.
Even the water of larger rivers in Jambi cannot be considered safe
because of possible leaching of agrochemicals from surrounding
plantations (Comte et al. 2012, Allen et al. 2015) or upstream gold
mining activities. For the Muslim majority of the village, this does
not only impose problems regarding health, but also regarding
religious customs. Clean water is indispensable for the ritual
washing before prayers, fast breaking, funerals, and other
religious celebrations.
Environmental processes leading to changes in the water cycle
Evapotranspiration rates derived from eddy covariance
measurements for a 12-year-old oil palm plantation (PTPN6)
under dry, sunny conditions were similar (4.7 mm day-1) to values
reported for lowland rainforests on Borneo (4.2 mm day-1 on
annual average; Kumagai et al. 2005) and rainforests in Peninsular
Malaysia (4.2 mm day-1 on annual average; Tani et al. 2003). The
transpiration estimate derived from sap flux measurements for
the same oil palm plantation (2.5 mm day-1) was the highest among
the five oil palm plantations assessed in this study, and also among
15 different oil palm plantations of varying age in the greater
study region (Röll et al. 2015). It was also similar to the highest
transpiration rate among the four forest plots (2.4 mm day-1). Our
oil palm and forest transpiration estimates are similar to
transpiration rates reported for tropical forest sites in Indonesia
and Australia (1.3 – 2.6 mm day-1; Calder et al. 1986, Becker 1996,
McJannet et al. 2007). This suggests that oil palms can transpire
at substantial rates under certain conditions, despite, e.g., their
much lower biomass per hectare compared to forests (Kotowska
et al. 2015). Among all studied plots, the sap flux-derived
estimates for average oil palm and forest transpiration rates are
similar, but rubber plantations transpire at more than 60% lower
rates under similar conditions. Also, rubber trees partially shed
their leaves in pronounced dry periods, which further reduces
transpiration by up to 70% explicitly in times of water scarcity.
In addition to the much lower re-evaporation of water to the
atmosphere, rainfall interception by rubber plantations is 1.7-fold
lower than by oil palm plantations (28% of incident rainfall); our
values for interception fall into the range of values reported for
tropical forests in South East Asia (commonly 10-30%, e.g., Dykes
1997, Kumagai et al. 2004, Dietz et al. 2006). The differences in
transpiration and interception can explain the lower baseflow
from oil palm dominated catchments as compared to rubber
dominated catchments that we observed.
Soil water infiltration capacities represented by Ks-values derived
from ring infiltrometer experiments for different land-use types
in the study region were reported to decrease from forest (47 cm
hr-1) via rubber (7 cm hr-1 on harvesting paths, 7.8 cm hr-1 between
rubber trees) to oil palm plantations (3 cm hr-1 on harvesting paths
and weeding circles; S. Tarigan and Sunarti, unpublished data).
The much lower infiltration capacities in plantations as compared
to forest are consistent with the observed strong decline of soil
quality after forest conversion, i.e., decrease in C content and
erosion (Guillaume et al. 2015, 2016). C content plays a key-role
in soil aggregation (Franzluebbers 2002, Bronick and Lal 2005),
while erosion brings deeper and denser soil layers to the soil
surface. Thus, both are associated with lower soil permeability.
Such soil degradation after forest conversion was also observed
in similar land-use types in Malaysia (Gharibreza et al. 2013),
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China (de Blécourt et al. 2013), and Ghana (Chiti et al. 2014).
Although the extent of soil degradation was similar between
rubber and oil palm plantations, soil characteristics are more
heterogeneous in oil palm plantations, i.e., soil organic carbon
content is lower in inter-rows (Frazão et al. 2013) and frequent
and intensive management and harvesting operations increase
soil compaction, e.g., on harvesting paths. The surfaces with the
most degraded soil in oil palm plantations correspond to the
locations where rainfall interception is low because of the
incomplete canopy cover between palms (> 20% gap fraction;
Kotowska et al. 2015). This may explain the higher runoff as
reflected by two-fold higher relative peak flows, i.e., normalized
by baseflow, in oil palm than in rubber plantations.
In conjunction with the observed higher transpiration rates of oil
palm as compared to rubber plantations, the increased runoff in
oil palm plantations results in significantly less water being
available for groundwater recharge after precipitation than in
rubber plantations, and much less than in forested areas. Thus,
groundwater recharge may be less efficient in oil palm dominated
catchments than in rubber dominated ones, which may add to
water scarcity during dry periods. Similar reductions in dry period
baseflows and increases in postprecipitation peak flows after
forest conversion have been reported in a variety of studies (e.g.,
Bruijnzeel and Bremmer 1989, Fritsch 1990, Sandström 1995,
Elkaduwa and Sakthivadivel 1999, Zhou et al. 2002, Bruijnzeel
2004, Bonell et al. 2010, Zimmermann et al. 2010).
Our findings are consistent with the “sponge and pump” approach
to hydrological effects of forest conversion (Bruijnzeel 2004, Peña
Arancibia 2013). Forests may act as sponges by enhancing
infiltration rates and moisture retention because of the effects of
organic matter and the root network on soil physical properties,
and act as pumps by transpiring large amounts of water into the
atmosphere (see, e.g., Peña Arancibia 2013). In our study, both
land-use types replacing the forest may have reduced the sponge
effect. According to the “infiltration trade-off hypothesis”
(Bruijnzeel 1986, 1989, 2004), the net effects of forest conversion
on streamflow largely depend on the type of land cover replacing
the forest. Baseflow (in dry periods) may be as high as in forested
areas if losses in infiltration capacity are outbalanced by much
lower (evapo)transpiration rates in the newly established land-use
systems, which is often the case. In our study, the rubber
plantations are such an example. The oil palm plantations,
however, are different: we found soil degradation and thus low
permeability as well as a high transfer of water vapor to the
atmosphere. Combined, this can induce or enhance periodic water
scarcity in oil palm dominated landscapes.
Confronting perceived changes with environmental measurements
Our results suggest that rainfall volume and seasonal patterns did
not change significantly since the beginning of oil palm expansion
in the study region. Also, similar volumes of water are reevaporated back into the atmosphere from oil palm plantations
and forests, but the penetration of water into the soil is reduced
in oil palm plantations. Thus, much precipitated water leaves the
landscape as surface runoff, causing streamflow to be high during
rainfall events; less water remains in the soil under oil palms than
in forested areas and groundwater recharge is decreased. In
consequence, wells may dry out (earlier) during dry periods in oil
palm dominated regions, as it was reported by the majority of

interviewed Bungku villagers. The perception of extremely high
water-use rates of oil palms as the main cause for increased
seasonal water scarcity among some Bungku villagers does not
match the results of our evapotranspiration and transpiration
measurements. However, the people’s perception that the regional
oil palm expansion may be responsible for local water scarcity
during dry periods is backed by several results from environmental
measurements. We also have indications that there are significant
differences in eco-hydrological characteristics (particularly in
transpiration rates) between oil palm and rubber plantations, as
observed by several villagers.
Our matching of social perceptions and environmental
measurements thus provides manifold explanations for changes
in the physical water cycle. The major force behind these changes
is the rapidly expanding oil palm business, which constitutes the
main driver of deforestation and land-use change in the area
(Colchester et al. 2011). Changes in the local water cycle are not
only caused by soil degradation under oil palms but also through
the channelization of rivers and the draining of swamp areas by
oil palm companies (personal observations in the field and from
satellite images). These shifts in the physical water flows mirror
changing societal power relations that accompany the conversion
of an originally forest-dominated area toward an intensively
managed agroindustrial landscape (see Beckert et al. 2014, Brad
et al. 2015, Hein et al. 2015). Water, a formerly abundant common
pool resource, today is becoming a scarce resource during dry
seasons. In such times of water scarcity, people have to reorganize
their daily life around the constant “search for water.” Water is
consequently increasingly treated as a commodity rather than a
common pool resource. This capitalization increases social
polarizations in the village between winners of land-use change
and underprivileged social groups such as indigenous people or
poorer farmers. In the light of decreasing access to land
(Colchester et al. 2011, Beckert et al. 2014, Hauser-Schäublin and
Steinebach 2014, Hein et al. 2015), the access to clean water has
turned into an additional argument to substantiate political
claims in local contestations over access to land and natural
resources. Our social and environmental analysis of different
components and processes of the hydrosocial cycle in Bungku
thus clearly depicts the complexity of local water-society relations.
It serves as an example of how local land-use change triggers both
material and discursive changes in the hydrosocial cycle, i.e., the
occurrence of local water scarcity as well as its local interpretation
by different social groups.
CONCLUSIONS
Water shortages were reported to occur more often since oil palm
cultivation has become the dominant land use and large-scale
deforestation has taken place. Several villagers strongly
emphasized that oil palm is a major consumer of water and thus
largely responsible for decreasing local water tables and water
supplies. Analyses of environmental processes generally
supported this perception and also confirmed differences between
rubber and oil palm plantations. However, there is some added
eco-hydrological complexity to the local interpretations. Our
evapotranspiration data indicate that oil palm plantations use
about as much water as forests for transpiration. Rather than to
high water use of oil palms per se, local water scarcity seems
connected to the redistribution of water after precipitation at the
landscape scale. In natural ecosystems, e.g., forest, the largest part
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of rainfall water is taken up by the soil and contributes to the
transpiration of plants and groundwater recharge. Under oil palm
plantations, however, precipitated water cannot well penetrate the
eroded and compacted soil. Consequently, a significant amount
of water leaves the landscape as runoff and less water is available
for groundwater recharge. Large-scale conversion of natural
forests to oil palm plantations thus induces or enhances periodic
water scarcity.
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Appendix 1. Detailed method description.
METHODOLOGY OF SOCIAL STUDY
The research stay in Indonesia comprised a period of three months in total. An initial two week
one-to-one course of Bahasa Indonesia added up on prior autodidactic learning and provided the
researcher with a good basic knowledge of the Indonesian language. This knowledge as well as
several meetings with our Indonesian counterparts at the Agricultural University of Bogor and
the University of Jambi helped to prepare the field research and to get important insights into the
Indonesian culture. Except for two expert interviews in Bogor, all interview activities were
conducted in Jambi province during a period of eight weeks from May to July 2013. All
interviews were conducted in Bahasa Indonesia with the help of an Indonesian research assistant
who had extensive prior research experience and a very good knowledge of the English
language.
Initial participants for household interviews in the village were chosen based on their relevance
for the research topic, e.g. length of time lived in Bungku. Subsequent interview partners were
chosen by the snowball sampling method (Schnell et al. 2013), aiming to represent the social
structure of the village hamlets. Focus group discussions were conducted with groups of six
independent oil palm farmers to gain insights into local attitudes and concerns regarding oil palm
cultivation. All interview activities were audio-recorded and written down in form of detailed
chronological protocols in English language. Data processing and analysis followed the
principles of a qualitative analysis of content (after Mayring 2002). Additional personal profiles
of the interview partners allowed for an empirical typification (Kluge 2000) of the participants.

METHODOLOGY OF CLIMATE CHANGE ANALYSIS
We used the Standardized Precipitation Evapotranspiration Index (SPEI), which takes into
account precipitation and potential evapotranspiration, to determine drought conditions. Using
the Global SPEI database (SPEIbase, Vicente-Serrano et al. 2010), which offers information
about SPEI at the global scale with a 0.5 degrees resolution and monthly time resolution, we
evaluated drought changes from 1900 until 2011 in Bungku area (E 103.25, S 1.25). The
SPEIbase is based on monthly precipitation and potential evapotranspiration from the Climatic
Research Unit of the University of East Anglia (CRUE TS 3.2 dataset).
Additionally, we analyzed air temperature and rainfall data from 1991 to 2011 from the
meteorological station, property of the Indonesian meteorological service (BMKG), located at
the Airport Sultan Thaha in Jambi. Rainfall was recorded daily, while temperature was manually
recorded three times a day (7, 13 and 18 h). Daily average temperature was calculated by double
counting the measurement at 7 am (to consider the lower temperatures during the night) and
averaging it with the temperatures measured during the rest of the day. Daily minimum and
maximum temperatures were also recorded. Data series were separated into its time components
in order to detect possible changes in their trend over the period of study.
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METHODOLOGY OF ENVIRONMENTAL MEASUREMENTS
Evapotranspiration
The eddy covariance technique (Baldocchi et al. 2003) was used to measure evapotranspiration
(ET) in a 12-year old oil palm plantation in Indonesia. In the oil palm plantation (S1.693 E
103.391, at approximately 25 km from Bungku, Fig. 1), a 22 m high tower, equipped with a
sonic anemometer (Metek uSonic-3 Scientific, Elmshorn, Germany) to measure the three
components of the wind vector, and an open path carbon dioxide and water analyzer (Li-7500A,
Licor_Inc, Lincoln, USA), was running from March 2014 until December 2014.
Evapotranspiration fluxes were calculated using the software EddyPro, planar-fit coordinate
rotated, corrected for air density fluctuation and quality controlled (Meijide et al., in
preparation). For this analysis, ET was estimated using data from three sunny days during the
period of July-August 2014, using daytime (6 am-7 pm) data, in order to avoid possible
measurement errors as a consequence of low turbulent conditions during nighttime hours.
Transpiration
To derive transpiration rates, we used the thermal dissipation probe (TPD, Granier, 1985, 1996)
method to measure sap flux density (SFD) in leaf petioles of oil palms and in the trunks of dicot
trees. For oil palm, 16 TDP sensors (1.25 cm length) were installed on the underside of oil palm
leaf petioles on four palms of varying height per plot (see Niu et al. 2015 for details). For forest
and rubber plots, two sensors were installed at breast height in the North and South, respectively,
of six (rubber) or eight (forest) tree trunks per plot (2.5 cm sensor length). In the forest, we chose
dominant and co-dominant individuals only, as they are expected to account for the major part of
stand water use; within the dominant and co-dominant sociological classes, we evenly selected
individuals of relatively larger, medium and smaller diameters (min. diameter at breast height: 10
cm).
After sensor installation, insulative materials and aluminum foil were added to minimize
temperature gradients and reflect radiation. Durable plastic foil was added for protection from
rain. The sensors were connected to AM16/32 multiplexers connected to a CR1000 data logger
(both Campbell Scientific Inc., Logan, USA). The signals from the sensors were recorded every
30 sec and averaged and stored every 10 min. In each plot, SFD was measured for a minimum
period of three weeks. For oil palm, the mV-data from the logger were converted to SFD (g cm 2
h 1) with the equation by Granier (1985), but with an adjusted set of equation parameters a and b
that was specifically derived for TDP measurements on oil palm leaf petioles (Niu et al. 2015).
As for oil palm by Niu et al. (2015), the TDP method was tested against gravimetric
measurements in the laboratory for rubber and forest trees. The gravimetric readings and the
estimates using the original Granier equation were within the 95 % confidence interval of a
linear regression with a slope of 1. Thus, the original equation parameters (Granier 1985) were
used for the analysis of rubber and forest trees.
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To upscale from sap-flux point-measurements to water use rates per plant (kg day-1) and
ultimately to stand transpiration (mm day-1), water conductive areas (cm²) had to be established
for each of the studied individuals and stands. For oil palm leaf petioles at the location of sensor
installation, we used a linear regression between leaf baseline length and leaf conductive area,
which was derived by Niu et al. (2015) for oil palms in the same study region based on
laboratory staining experiments. To derive water conductive areas for dicot trees in forest and
rubber plots, we measured the radial patterns of SFD with increasing depth (d, cm) into the
xylem (0-8 cm, 1 cm resolution) with heat field deformation sensors (HFD, Nadezhdina, 2012,
sensors from ICT International, Armidale, Australia) in 10 individuals per land use type. The
measurements were conducted in parallel to TDP measurements (0-2.5 cm depth) on these
individuals; HFD sensors were installed in between TDP sensors (North and South), i.e. in the
West, at a similar height on the tree. The radial SFD patterns obtained by the HFD measurements
were normalized to a depth of 1.25 cm (center of TDP sensors) to allow for an extrapolation of
the single-point TDP measurements in the outer xylem (0-2.5 cm) to whole-tree water use rates
(following Oishi et al. 2008). To subsequently upscale to stand-scale transpiration rates inventory
data were used.
The sap flux measurements were conducted between March 2013 and April 2014. As most
measurements could not be conducted in parallel for logistical reasons, we used the respective
averages of the three most sunny and dry days within each measurement period (min. 3 weeks)
for the analysis of the spatial variability in transpiration rates between plots, as to minimize dayto-day variability induced by weather.
Soil characteristics and erosion
Soil samples were collected per horizon in one soil pit on each plot. The subsoil under
plantations was not affected by enhanced decomposition processes after forest conversion
(Guillaume et al. 2015). Carbon content and C/N ratio below the Ah horizons were similar under
13
C
forest and plantations. Therefore, we assessed
values) in the plantation subsoil was similar to the values in the forest subsoil prior to
13
conversion. Consequently, when an identical subsoil dept
C in the plantation
than the forest, we suggest that this layer experienced a vertical shift towards the soil surface
after erosional loss of the upper layer.
13

C with depth under forest was fitted in Statistica

10 using Equation A1.1.
13

Cd

13

13

13

CAhdl (A1.1)
13

C value estimated for the
depth d and measured in the Ah horizon, respectively, d the depth in cm and l the fitted
parameters of the function. Regressions were fitted using all samples below the Ah horizons in
the four forest replicate plots.
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13

C with soil
C in the plantation subsoil resulted from
depth in the forest plots
shift in the depth due to the erosion after conversion, we calculated the original depth before
erosion for all samples under plantations by modifying Equation A1.2:
13

(A1.2)
13
13
Cd
C values of
where db
13
13
the samples under plantation at depth d
CAh
C values of the Ah horizons under
forest, and l is the parameters estimated for the soils under forest. The difference between the
estimated depth before conversion (db) and depth at which the sample was collected (d)
corresponds to erosion. The erosion for one plantation plot was calculated by averaging the
erosion estimated for each sample collected in the plot. We excluded Ah horizons and samples
deeper than 77 cm, which corresponds to the deepest sample under forest.

Microclimatic effects of land use change
A 2.5 m aluminum mast was placed in the center of the plots. A thermo-hygrometer (Galltec
Mella, Bondorf, Germany) was installed at 2 m height in the mast and a soil temperature and
moisture sensor (Trime-Pico 32, IMKO, Ettlingen, Germany) was placed 0.3 m under the soil
surface. Both sensors were connected to a data logger (LogTrans16-GPRS, UIT, Dresden,
Germany). Data were recorded every hour, for 16 months from June 2013 on.
Micro-catchment related measurements
General catchment characteristics
Within two small catchments partly encompassing the oil palm and rubber plantations (plots
HO1-4, HR1-4, Fig. 1), we recorded streamflow and measured rainfall interception for four
months. One catchment (extension of 14.2 ha) was dominated by 10-14 year-old oil palm
plantations (90 % of the area). The other catchment (4.9 ha) consisted of different rubber stands:
eight year-old (19 % of the area) and 30 year-old (56 % of the area) mono-culture rubber
plantations and jungle rubber (25 % of the area), a mix of rubber trees and naturally established
dicot tree species. We selected a two week period (7 to 20 Nov 2013) of the recorded
hydrographs encompassing both dry and rainy conditions. Rainfall interception of the oil palm
and rubber monocultures in the respective catchments was assessed by measuring throughfall
and stemflow, and subtracting them from incident rainfall.
Precipitation
We measured incident rainfall with three ombrometers (154 cm² collection area each) in open
areas no more than 100 m from the respective catchments. Data were recorded manually at 6 am
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every day. We observed 30 rainfall events during our measurement period from November 2012
to February 2013, ranging from light to heavy rain (see Fig. A1.1).

Fig. A1.1. Quantities of daily rainfall in the study area from November 2012 to February 2013.
Streamflow
The two catchments were instrumented with a rectangular weir. The water levels in the weirs
were continuously recorded using a HOBO Water Level Data Logger (Type U20-001-01, Onset,
Bourne, MA, USA). Recorded water levels were converted to discharge units using Equation
A1.3.
Qr = 0.57 H1.44 (A1.3)
Where Qr is rectangular weir discharge (l s-1) and H is the water level in the weir (cm).
Throughfall
Throughfall samplers were made of 10-liter-canisters with funnels attached to the top for water
collection. In oil palm plantations, the samplers were installed in diagonal patterns between
adjacent palms. In total, the measurements were carried out in eight diagonal lines, where four
lines represent 2 m and 4 m distance from respective trunks and the remaining four lines
represent 1 m and 3 m distance from the trunk. Combined, the throughfall data thus had a
resolution of 1 m. In rubber plantations, throughfall samplers were placed between adjacent
rubber trees at distances of 1 m and 2 m from the trunk. Recordings were taken daily between
November 2012 and February 2013.
Stemflow
Stemflow was measured by circling and sticking semicircle-shaped metal sheets from the top to
the bottom of the trunk. The circling ended 50 cm above ground to allow for the placement of
water collectors beneath it. Stemflow collectors were installed on four oil palm and six rubber
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trunks, respectively. The measurements were conducted between November 2012 and February
2013.
Interception
Interception was calculated by subtracting stemflow and throughfall from incident rainfall at the
plot scale. Given that interception is based on the area of palm or tree canopy cover, stemflow
data were normalized with canopy area before subtraction. Throughfall values on the canopy
level were obtained by averaging measurements at various distances from the trunks of several
individuals.
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