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

Key Words: ecohydrology, flooding; global change; Indonesia; interdisciplinary analysis, land use conversion; local ecological knowledge;
oil palm; rubber

INTRODUCTION The existing studies build on a variety of methodological
In the past, flooding occurred rarely. ... Back then, most approaches. Hydrological measurements showed that oil palm
people didn’t plant oil palm, didn’t plant rubber. ... It monoculture plantations may have low soil water infiltration rates
started, because the forest is already gone. That’s why (Tarigan et al. 2018) as a consequence of severe soil degradation
nowadays flooding occurs so often. ... For annual crops, and erosion (Guillaume et al. 2015, 2016). Particularly in
if flooding occurs more often, that’s a problem. ... combination with low evapotranspiration rates of young oil palm
[Sometimes] when the farmers had just planted the plantations this may increase surface run-off and the risk of
seedlings, then suddenly flooding occurred. (rubber flooding in oil palm dominated landscapes (Manoli et al. 2018,
farmer, Jambi, Sumatra, Indonesia) Tarigan et al. 2018). These findings also correspond with a time-

series analysis of streamflow data that found evidence for
increasing streamflow through upstream land use conversion to
rubber and oil palm plantations (Adnan and Atkinson 2011).
Other approaches have built on spatial analyses and econometric
modeling. For example, Tan-Soo et al. (2016) and Wells et al.
(2016) found rubber and oil palm plantations to be spatially
associated with reports of increasing flooding occurrence in
Malaysia and Indonesia. Finally, a number of studies conducting
qualitative social research present interview data from villagers
across Indonesia who associated land use change, toward
monoculture plantations, with increasing flood occurrence
(Obidzinski et al. 2012, Larsen et al. 2014, Kelley and Prabowo
2019).

In Southeast Asia, large areas of lowland forests have been
converted to oil palm, rubber, and pulp wood plantations over
the last decades (Hansen et al. 2013, Margono et al. 2014, Clough
etal.2016). Forexample, in 2015, oil palm plantations in Malaysia
and Indonesia covered an area of 17 million ha (Chong et al.
2017). Such intense land use change is often followed by an
impairment of ecohydrological functions (Bruijnzeel 2004,
Bradshaw et al. 2007, Ellison et al. 2017). Several studies have
recently started to connect the expansion of rubber and oil palm
monoculture plantation systems with increases in the frequency
and intensity of flooding.
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Such alinkage between the expansion of plantations and flooding
was also observed by villagers in our study area in Jambi Province,
Sumatra, as pointed out in the above quote from a smallholder
farmer. In times of rapid land use change for global cash crop
production, understanding such processes is of great relevance
for the affected communities. Although the above-mentioned
studies provide some evidence of changing flooding regimes due
to plantation expansion, most of them present compartmentalized
insights from single disciplines. A substantial gap in knowledge
about the multiplicity of causal processes between land use
change, climate change, and river water levels remains in our study
region and beyond.

Establishing the linkage between land use change and flooding
has been a long and contested endeavor among natural as well as
social scientists (Calder and Aylward 2006, Bradshaw et al. 2007,
van Dijk etal. 2009, Lele 2009). In public discourses, deforestation
is often linked to an increase in the frequency and intensity of
flooding. In fact, tree and forest removal is well known for raising
the likelihood of floods, as decreasing evapotranspiration rates
and decreasing water infiltration increase local surface runoff
(Ellison et al. 2017). However, after deforestation, such processes
may be reversed. Water infiltration rates may recover and
evapotranspiration rates by planted tree species may then be as
high as those of natural forests (Bruijnzeel 2004). Natural
scientists have further cautioned that linkages between land use
change and flooding regimes often depend upon the interaction
of multiple, site-specific ecohydrological processes, including
local climate change (Bradshaw et al. 2007, Alila et al. 2009,
Locatelli and Vignola 2009, van Dijk et al. 2009, Tran et al. 2010,
Pattison and Lane 2012). Social scientists, for their part, have
warned that a generalization of the forest-flood linkage may result
in policies with adverse social consequences, e.g., upstream forest
dwellers being restricted in their land use activities and falsely
blamed for causing downstream flooding (Saberwal 1998, Calder
and Aylward 2006, Hofer and Messerli 2006). Moreover, they
have pointed out that studies within the natural sciences often
ignore the social and technical context that mediates flood
impacts as well as response and feedback processes (Lele 2009,
Di Baldassare et al. 2014).

Integrating local ecological knowledge into scientific analysis can
address some of the above-mentioned uncertainties and risks
when studying complex social-ecological phenomena (Pierotti
and Wildcat 2000, Fabricius et al. 2006, Stringer and Reed 2007,
Tengo et al. 2014, Leimona et al. 2015, Dias et al. 2018). Such an
integration of different knowledge sources may also enable
research outcomes to be socially and practically more relevant in
the local social context and is considered an important step
toward democratizing explanations of environmental change
(Forsyth 2003).

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

Finally, we integrate these multiple knowledge sources by
discussing convergences, complementarities, and divergences
among datasets. Although our study design was not a priori
designed to answer questions related to flooding specifically, we
show that an a posteriori analysis of different knowledge sources
can be an important tool for interdisciplinary research. It can also
provide a more complete analysis of the complex linkages between
land use change and flooding.

CONCEPTUAL FRAMEWORK

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

Studies on flooding and flood impacts in the context of land use
change are often dominated by accounts from the natural sciences.
Changes in flooding regimes are mainly derived from direct
ground-based measurements using water level or discharge data
from flood gauges (e.g., MDID 1989, Yusop et al. 2007, Adnan
and Atkinson 2011), or modeling exercises. Model inputs are
typically based on direct field measurements of the different
components of the hydrological cycle, such as soil surface runoff,
infiltration rates, throughfall, or evapotranspiration rates (e.g.,
Manoli et al. 2018, Tarigan et al. 2018). Precipitation quantities
are either obtained from satellite-derived precipitation and cloud
cover estimates (Maggioni and Massari 2018), or based on
combined field and satellite measurements (Kwak 2017). In recent
years, satellite imagery has become a widely used tool for
monitoring flood events on a large scale. However, optical-based
satellite imagery has its limitations because of cloud cover,
especially in the tropics (Ahamed and Bolten 2017, Ban et al.
2017, Adam et al. 2018, Notti et al. 2018). Typical indicators for
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changing flooding regimes include the number of days with
extreme water levels or peak flows, average water level rise as an
indicator for flash floods, average seasonal water levels, or shifts
in seasonal water levels (Dang et al. 2011, Wang et al. 2015).

These approaches, however, have a number of limitations with
regard to data availability and the integration of the human
dimension. In the study of flooding regimes, local people’s
ecological knowledge may thus fruitfully complement scientific
measurements. Local ecological knowledge (sometimes also
referred to as traditional ecological knowledge) comprises three
components of knowledge: observational knowledge, knowledge
acquired through practical experience, and knowledge in the form
of people’s beliefs (Berkes et al. 2000). Such knowledge is acquired
through personal empirical observation and interpretation of
local ecosystems, and enriched and validated through exchange
with other farmers and villagers (Berkes et al. 2000, Usher 2000,
Houde 2007).

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

Second, both field measurements and modeling exercises often
fail to adequately incorporate the human dimension of the
problem, both with regard to defining what constitutes a
problematic change in flooding as well as with regard to potential
human influences on water flows (Lele 2009, Di Baldassare et al.
2014, Langill and Abizaid 2020). Lele and Kurien (2011) thus call
for a shift from theory-driven to problem-driven, bottom-up
research, to avoid research questions that are only determined by
what the researcher is trained in. For example, by questioning
what actually constitutes a “bad flood,” Langill and Abizaid
(2020) showed that studies of extreme floods within the natural
sciences typically focused on unusually high floods. In their study,
they showed that for a floodplain community in the Peruvian
Amazon the timing and duration of flooding were in fact the most
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salient features of problematic floods. Existing studies connecting
land use change in Indonesia and Malaysia to changing flooding
regimes either investigated streamflow fluctuations independent
of human evaluation (Adnan and Atkinson 2011) or looked at
the number of flood events reported by newspapers and
government assessments (Tan-Soo et al. 2016, Wells et al. 2016).

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

Although multiple opportunities for integrating local knowledge
and scientific measurements exist, the pitfalls of integration have
also been discussed at length and, at times, in a controversial
manner (Klubnikin et al. 2000, Pierotti and Wildcat 2000, Moller
etal. 2004, Bohensky and Maru 2011, Persson et al. 2018). Similar
to the integration of methods from qualitative social science and
quantitative natural science, it has been pointed out that
ontological and epistemological differences between knowledge
sources may hinder output-oriented knowledge integration
(Nadasdy 1999, Kriiger et al. 2016, Thorén and Stahlhammer
2018). In particular, in-depth confrontations between different
ontological understandings and assumptions, or critical
engagements with other approaches for establishing scientific
quality and validity of methods, are often limited by time
constraints. Despite such concerns, we argue that more pragmatic
approaches that foster interdisciplinary research are both possible
and valuable. An important condition for overcoming challenges
of integration is a common framing of the research problem.
Several scholars have therefore recommended taking an empirical
societal problem as a starting point of analysis, i.e., observations
of increasing flood occurrence (Walters and Vayda 2009, Lele and
Kurien 2011, Thorén and Persson 2013). Explanations from
different disciplines and knowledge sources may then be
reconciled by seeing each as partial, context-specific, and
potentially fallible, but acknowledging that the combination of
different sources may provide better understandings of
environmental problems (Yeung 1997, Forsyth 2003, Lele and
Kurien 2011).

STUDY REGION AND METHODS

Our study region, Jambi Province, lies in the eastern lowlands of
Sumatra, Indonesia. In Jambi Province, 7942 km? of forest were
cleared between 1990 and 2013, which corresponds to 35.2% of
the 1990 forest area (Melati 2017). Most land use changes have
taken place in the lowlands of Jambi Province, which today are
dominated by monoculture rubber (Hevea brasiliensis) and oil
palm (Elaeis guineensis Jacq.) plantations. Monoculture rubber
plantations have been developed in Jambi Province since the
Dutch colonial times (Feintrenie and Levang 2009); oil palm
cultivation started in the mid-1980s and has expanded to almost
9000 km? (18% of the province’s territory) in 2017 (BPS Indonesia
2018).
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Fig. 1. Study region of the Tembesi watershed in Jambi Province, Sumatra, Indonesia.
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The lowland rivers of Jambi Province show strong seasonal
fluctuations between the dry and the wet season. Consequently,
large areas in the province’s lowlands are inundated during the
rainy season. In the Batanghari watershed (44,595 km?), the
largest watershed in Jambi Province, 2282 km? of land across 222
villages is affected by regular flood events (Minister of Public
Works 2012).

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

uni-goettingen.de/en/310995.html)

Qualitative interview data

Our analysis builds on two different sets of qualitative interview
data obtained from semistructured and informal interviews (total
number of interviews = 91; Bernard 2011). All interviews were

conducted during long-term (2-6 months) field stays in Jambi
Province between 2012 and 2017. Interviews were conducted in
English and Indonesian with the help of local assistants. Detailed
notes and memos were written down during or shortly after the
interviews. In addition, audio-recorded interviews were
transcribed in Indonesian. All interview notes as well as excerpts
from transcripts were coded for content (Mayring 2000) using
MAXQDA (V. 11) software.

Local ecological knowledge on changing flooding regimes
Interviews of the first dataset were mainly conducted in the
subdistrict Air Hitam (Fig. 1). In this subdistrict, three villages
were chosen along an upstream-downstream continuum of the
eponymous Air Hitam River. In this subdistrict, interview
partners from 33 different households were interviewed. Interview
partners were chosen according to snowball and purposive
sampling methods (Flick 2016). Purposively selected interview
partners included village government representatives, heads of
farmer groups, village elders, and villagers who were directly
affected by flood events, either on their housing plot or on their
plantations. In addition to the households in the Air Hitam
subdistrict, eight households, who own plantations in riparian
areas that were also sampled for soil property analyses within the
frame of this study, were purposively selected for interviews.
Several of the interview partners were interviewed repeatedly
during consecutive field visits, combining both formal and
informalinterview situations, and often involving family members
or friends present during the interview situation (total number of
interview situations n = 69). The interviews focused on
interrogating people’s observations of changes in local flooding
regimes, their individual evaluations of possible causal relations
and the implications for the individual households.
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Local knowledge on land use history and management of
wetlands

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

The presence of a foreign researcher most certainly influences the
way interview partners recount a certain topic, e.g., by providing
an answer they expect will please the researcher (Berger 2015).
We aimed to reduce such response biases through conducting
long-term qualitative research with repeated visits to the studied
villages. Qualitative interview techniques were chosen as a method
because they allow for bottom-up and in-depth analyses of
people’s evaluation of local environmental change. Contrary to
predefined questionnaires, the use of open-ended questions and
a more natural and spontaneous course of conversation allows
researchers to create trusting and less formal interview situations.
These are helpful for avoiding response biases because they allow
the researcher to encourage interview partners to recount
environmental changes on their own initiative. They further
provide room for more detailed descriptions of environmental
changes and reveal insights into the importance of flooding for
people’s daily life. Information obtained during interviews was
then cross-checked in subsequent interviews with interview
partners from different social groups. Finally, interview data was
triangulated with participative observation, including several
visits to villagers’ plantations and different river sections.

Quantitative scientific measurements

River water level

The water level of the Tembesi River was measured at Pauh
hydrological station (02°08°55” S, 102°48'22” E), which is located
at the mouth of the Air Hitam River to the Tembesi River (Fig.
1). The data for this analysis was provided by the Public Works
Agency for Water Resources (Dinas Pekerjaan Umum Bidang
Sumberdaya Air) and covers the period 1997-2016. The river
catchment area at Pauh hydrological station covers an area of
10,760 km? (84% of the Tembesi watershed). Water levels were
recorded once per day between § and 9 am, local time, with an
automatic water level recorder that uses a floating ball as a
mechanical trigger (Roni 2005). River discharge was derived from
a site-specific rating curve.

Based on villagers’” observations of changing flooding regimes
and building on the approach of Wang et al. (2006) and Zhang
et al. (2009), we analyzed a potential increase in flood frequency
and intensity as well as potential shifts in seasonal patterns of
flood events. To this purpose we investigated (a) the number of
days with extreme water levels of the Tembesi River, (b) the
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average water level rise as well as the frequency and intensity of
flash floods, and (c) the average seasonal water level and possible
changes. For (a) we defined extreme water levels as water levels
when the Tembesi River overflows its natural dams (11 m). This
threshold is based on the reported typical water level of 5-11 m
(Anton 2017, Saputra 2017) and double checked with river water
level data for days when flood events were reported in the local
online newspaper or by the National Board for Disaster
Management (BNPB 2019). For (b) we compared the change in
water levels between two subsequent days over the period 1997-
2016 and defined a flash flood as an event with water level rise >
1 m over two consecutive days. For (c) we calculated the mean
water level for each month.

Precipitation

The only lowland meteorological stations in the vicinity of our
study region that offer long-term meteorological measurements
are at Jambi Sultan Thaha Airport (01°38717” S, 103°38’40” E, 25
m a.s.l.), which has been taking measurements since 1978, and in
the village Pauh (02°11°09.6” S, 102°49'01.1” E, 43 m a.s.1.), where
measurements have been available since 2007 (Fig. 1). Both
meteorological stations are owned and run by the Indonesian
Meteorological Service (BMKG). The areal distance between the
two meteorological stations is approximately 110 km and the areal
distance between the Pauh meteorological and hydrological
stations is approximately 4 km. Both meteorological stations are
located inland, within similar land use structures and relatively
flat terrain. Precipitation pattern in the lowlands are mostly
dominated by very local and temporary convective rain showers.
Precipitation patterns and intensities may thus differ substantially
even within small distances. We analyzed monthly accumulated
precipitation, precipitation intensity, and seasonal distribution.
Precipitation intensity for both meteorological stations was
calculated following the SDII climate index (Zhang et al. 2011),
where the total sum of precipitation during consecutive wet days
(precipitation > 0.1 mm d') is divided by the total number of
consecutive wet days.

Land use change

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

The maps elaborated by Melati (2017) were based on mixed land
use/land cover maps originally developed by the Indonesian
Ministry of Environment and Forestry (MoEF; Margono et al.
2016). The classification of these land use/land cover maps was
based upon a visual interpretation of 30 m spatial resolution
Landsat imagery with a minimum mapping unit of 6.25 ha. The
original 23 classes defined by Margono et al. (2016) were enhanced
further in a subsequent visual interpretation by Melati (2017) who
regrouped some of the former land use/land cover classes to fit
land use in Jambi Province. During this enhancement, formerly
categorized estate crops were further differentiated into rubber
and oil palm land use systems. For this study, we grouped the
resulting land use classes by Melati (2017) into the seven most
relevant land use classes, namely forest, mixed agriculture, bush/
bare land, rubber plantations, oil palm plantations, settlement,
and water.
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Table 1. Quotes illustrating villagers’ perceptions of changing flooding regimes.
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+

Perceptions of changing flooding regimes

QI: “[The flooding in the past] was different, very different. In the past when it only rained for one day, the river did

rubber farmer (riparian plantation, 14

not directly overflow. But now, after one hour of heavy rain, it already overflows. ... It started to be like that ever since Nov. 2017)

many people opened the land for
oil palm. ... Now, there is constant flooding.”

Q2: “Flooding happened since the past. But as far as I remember, in the past flooding occurred rarely, and it was
rarely very high. Sometimes, once in five years there was a big flooding, but now it happens almost every year.”

Q3: “Now it is difficult to predict [the flooding]. Normally, ... starting from October, November, December, there
would be flooding. But last year, in May, and in April, there was flooding as well. We cannot predict it anymore. In

the past, when the forest was still wide, we could still predict the flooding.”

village government representative (Air
Hitam, 13 July 2016)

village government representative (Air
Hitam, 7 June 2016)

" Translations by J. Merten.

To map wetland areas, we combined available wetland maps for
Jambi Province, elaborated by Gumbricht et al. (2017; https:/
www?2.cifor.org/global-wetlands/), Wahyunto and Subagjo (2003),
and Laumonier (1997). An additional land use change analysis was
performed on these areas using the land use data provided by
Melati (2017).

Soil bulk density and water infiltration capacity

Published bulk density data (g cm™) from well-drained sites (Allen
et al. 2016) as well as unpublished data from riparian sites were
used to evaluate soil compaction after the conversion of forests to
monocultures. Bulk density samples were weighed and dried at
105 °C until constant weight. The data consisted of five replicates
per site and soil depth. Sampling depth intervals were 0-10 cm,
10-30 cm, and 30-50 cm soil depth. Sampling sites represented six
sites from reference forests, six from rubber, and six from oil palm
plantations on well-drained mineral soils as well as four sites of
each land use system on riparian soils. Three well-drained mineral
soil sampling sites were located within the Tembesi watershed
whereas three well-drained mineral sampling sites, as well as the
riparian soil sampling sites, were located just outside the watershed,
but within the same lowland of Jambi province (Fig. 1). Acrisols
with a clayish to sandy loam texture were the dominant soil type
in well-drained mineral soils (Guillaume et al. 2015), whereas
riparian soils were classified as stagnic Acrisol and Stagnosols with
a loamy texture (Waite et al. 2019).

To assess the water infiltration capacity of soils, we measured
saturated soil hydraulic conductivity (K, cm h™"), which describes
the movement of water through soil under water-saturated
conditions. The main measurements were performed with a dual-
head infiltrometer (Saturo, Meter, USA) in a commercial oil palm
plantation where a biodiversity enrichment experiment was
established in 2013 (EFForTS-BEE; Teuscher et al. 2016). In this
experiment, multiple native tree species were planted and natural
regeneration of the vegetation was allowed. The experimental plots
have varying tree diversity levels (from 0 to 6 native tree species)
and plot sizes (from 25 m? to 1600 m?) following a random partition
design (Teuscher et al. 2016). We carried out one measurement per
plot in March 2018 in the subplot in four control plots
(management-as-usual oil palm monoculture plantation) and 33
experimental plots where different tree species have been planted
and vegetation regenerates naturally (see Table A1.1). We carried
out additional, confirmatory measurements of K, with a
conventional manual double-ring infiltrometer in a commercial,

intensively managed monoculture oil palm plantation in the same
region (PTPN VI, at approx. 40 km distance from the biodiversity
enrichment experiment). Six study plots were measured between
June and September 2018.

Groundwater level

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

Statistics and data analyses

We applied the Mann Kendall Trend Test (M-K test; Gilbert 1987)
to investigate possible changes in the seasonal and monthly pattern
of river water level and accumulated precipitation. The M-K test
tranges from -1 to 1 where values above 0 indicate a positive trend
whereas values below 0 indicate a negative trend and trends are
significant for p < 0.05. To test for statistical differences in soil bulk
density and K between different land use systems, we performed
a nonparametric Kruskal-Wallis Test (differences are significant
for p < 0.05; Townend 2004). All statistical analyses and graphing
were performed using R-studio (version 1.1.463), except for the
land use change analyses, which were performed in ArcMap
(version 10.6.1) and Excel and visualized with the help of the online
tool sankeyMATIC (http://sankeymatic.com/).

RESULTS
Qualitative interview data

Local ecological knowledge on changing flooding regimes

Of 33interview partners in the Air Hitam subdistrict, 29 mentioned
having perceived changes in the intensity, frequency, or
predictability of flooding over the last 10-15 years. A common
observation among villagers was that flooding nowadays would
occur faster, and even after short rainfall events. In their memory,
flooding in the past had only occurred after prolonged rainfall
(Table 1: Q1). Heavy flood events, in the past common at a return
period of about five years, nowadays were said to occur almost
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Table 2. Quotes illustrating villagers’ evaluations of possible causes of changing flooding regimes.”

Possible causes of changing flooding regimes

Deforestation

Q4: “In the past the water did not flow down that strong, because it was held back by the trees. But now, as

elderly villager (Air Hitam, 1 Nov. 2017)

soon as it rains there will be flooding. All the water accumulates in the branches of the river.”

QS5: “[The trees] hold back the rain, so that not all the rain falls down. Then we have less flooding. But if all
Because the forest has already been cut, that’s 2016)

the rain falls down, on the earth, the flooding will be higher. ...
why. The forest can absorb all the disasters.”

Soil degradation

Q6:“Maybe it also changed because in our area, the water infiltration is already less. The area where the

elderly indigenous man (Air Hitam, 16 June

rubber farmer (riparian plantation, 14 Nov.

water can infiltrate is already less, but in the past there was still a lot of forest. So however big the rain was, 2017)

maybe it was quickly absorbed by the earth, by the soil. But now ...
not enter the earth anymore, it directly flows to the river.”

as soon as it rains maybe the water does

Q7: “The difference is that in the past there was rarely flooding. Because there was no erosion, there were still rubber farmer (riparian plantation, 15 Nov.
main other trees. The river was still deep, but now the river is shallow ... because the soil slides off into the 2017)

river, that’s why it is shallow, that is why floods today happen easily.”

Ecological function of wetlands
Q8: “Nowadays, we cannot predict the seasons anymore. ...

Each time it rains, there is flooding. ...
the forest was wide, but now it is all oil palm, that’s why the water is absorbed slowly. And also all the

In the past village government representative (Air Hitam,
15 Aug. 2016)

peatlands have been destroyed. In the past, when there was still peat, all the water was absorbed by the peat.”

Water infrastructure

Q9: “My oil palm in the past never got flooded, but now the water is deep and the oil palms cannot be

oil palm farmer (Air Hitam, 21 July 2016)

harvested. Because the water cannot spread anymore. In the past it could flow over there [direction of
peatlands], but now it is blocked by the company’s dam, and then the water flows over here. In the past the
water flowed to [village name]. The water split [into several arms], but now, because there is the dam, the

water flows to the village.”

Q10: “In the past, before there was a dam built around inti [the company’s plantation], the flooding would

oil palm farmer (Air Hitam, 22 June 2016)

drop fast. Now because of the dam, it takes longer for the water level to drop. The water comes fast, but

drops slowly. ...
After five days the water was already gone. ...

Climate change
Q10: “The seasons are not certain anymore today ...

[It] lasts 4 months. But because there is a change in the weather, we cannot predict it anymore. ...
Our ancestors, when they
But now it is difficult because of

of rain nowadays is not certain anymore. ... In the past it was comfortable. ...
wanted to plant rice, they would count the day, would count the month. ...
the change, the change in the weather.”

Normally, the flooding seasons starts in November ...

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

rubber farmer (riparian plantation, 14 Nov.
The amount 2017)

" Translations by J. Merten.

every year (Table 1: Q2). Moreover, villagers complained that
contrary to former seasonal patterns of flooding, today, the
timing of flood events was no longer predictable (Table 1: Q3).
Only five farmers residing in wetland areas had noticed decreases
in flood height and length, which in most cases can be explained
by drainage activities on these lands.

Explanations given for these observed changes in flooding
regimes were multiple. In total, 25 of the interview partners
associated changes in intensity and frequency of flood events
directly with land use change and plantation management. They
agreed that flooding regimes started to change after vast forest
areas had been converted to rubber and oil palm plantations.
Because of this conversion, according to them, the capacity of
the landscape to “retain” or “save” water had decreased. Among
the villagers, forests were known to “hold back” rainwater and
release it only slowly to the rivers (Table 2: Q4). Individual
interview partners referred to forests as acting as a “protective
shield” that would prevent the occurrence of natural disasters
(Table 2: Q5).

The capacity to store water in the landscape was attributed to
forest areas, but not to plantations. Some farmers had observed

that rainfall in their plantations could not be absorbed and
retained by the soil (Table 2: Q6). Others further observed that
rainfall in their plantations had flushed away large quantities of
soil. This soil was then observed to flow into the rivers where it
would result in shallower riverbeds (Table 2: Q7). In addition to
the protective function of upstream forest areas against flood
occurrence, individual interview partners also highlighted this
function in regard to swamp and peat areas. As a village head
recounted, before these peatlands were converted to oil palm
plantations, they had absorbed and stored large amounts of water
(Table 2: Q8).

Perceived causes for changes in the temporal predictability of
flood events were not as consistent as for changes in flood
frequency and intensity. Some interview partners associated
seasonal changes in flood events with land use change (Table 1:
Q3, Table 2: Q8). Others, however, also perceived that rainfall
would no longer follow seasonal patterns and had become difficult
to predict (Table 2: Q10).

Villagers owning land close to rivers had further noted a very
recent (3—5 years) change in flooding regimes. This change was
attributed to the construction of flood control infrastructure by
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oil palm companies managing wetland areas. Newly constructed
dams and drainage gates were reported to lead to a redistribution
of floodwaters. These were blamed for increasing the length and
depth of flood events on smallholder farmers’ plantations located
adjacent to or downstream of such infrastructure and further
complicating villager’s prediction of flood events (Table 2: Q9 and
Q10).

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

Land use history and management in wetland areas

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

Starting in the mid-1980s, forested wetlands in our case study
villages were progressively converted into plantation systems. At
that time a national resettlement program (transmigrasi) aimed,
inter alia, at the economic development of supposedly
undeveloped areas across Jambi Province, including expansive
peatland areas (for more details see Fearnside 1997). Three of our
case study villages were established under this program. Following
the establishment of these villages, peat swamp forests adjacent
to them were converted into industrial oil palm and rubber
plantations. These plantations were jointly managed by settlers
and industrial companies. In the other three autochthonous
villages, plantations expanded into wetland areas more recently,
starting around the early 2000s. A profitable plantation
development on these soils requires substantial financial and
technical capital for water management. Therefore, villagers
interviewed argued that the conversion of wetland forests was
mainly initiated by independent private and commercial
investments that progressively expanded into areas that were
formerly considered marginal. Smallholder farmers who
independently tried to develop these areas often sold their land
or left it only sporadically managed.
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Nowadays, wetland areas in all studied villages are almost
exclusively planted with monoculture oil palm plantations.
According to the interview partners, the oil palm is the only crop
known that can be profitably managed in inland wetlands. A
rubber plantation developed on peat soils in one of the
transmigration villages had been abandoned after a few years
because of extremely low productivity. Annual crops planted in
wetland areas have decreased in extent over the past decades
because of economic disincentives as well as the above-mentioned
challenges associated with changing flooding regimes.

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

Fig. 2. Recently built flood control dam on an agro-industrial
oil palm plantation.
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Fig. 3. Accumulated precipitation (a) and mean precipitation intensity index (b) at Pauh meteorological
station during the period 2007 to 2016. Days within one year with water level of Tembesi River above 11
m (c), average change in river water level of the Tembesi River during a flash flood event (d), and
fingerprint map of Tembesi River water level at Pauh hydrological station (e) during the period 1997 to

2016 (no data for 2007).
§— |2
T O O
=2 0 O
2 >0 7
8 E N/ dry season no data
g & o M wetseason
- o
22 ¥ o) Q
£'6 § o o dryseason .. .0 BB
2§ 2 N "o wetseason dat 8--3:832813"8 GSSE
o £ @ all seasons "0 data
o o
5c8EQ 0
S T T
gz 2 A o | M dryseason
:E,_§ g T ¥ | M wetseason
z =) i
_ o
(0] —
> E o
520 ]9 E°s o,
£5228 9 ..’_.__.-,...O_.i‘:ig:_ﬁg s.=&.8=.8=.8_.-.g;;e;;0_1
> © =2 5 - 4 &
< '8 . O 'UC)
2 fo
12
15 15
18
% 8 10
o [/
S 6
2 5
4
3
2
1 0

Quantitative environmental measurements

River water level

To interrogate water level data for the observed changes in the
frequency and intensity of flood events we used the
nonparametric Mann-Kendall trend analysis and linear
regression. On a monthly basis, the Tembesi River at Pauh
hydrological station had a mean water level of 6.07 m (£ 1.29 m
standard deviation) over the period 1997-2016 (Table A2.1). On
average, mean water levels are 6.88 (+ 1.42 m) in the wet season
(October—May), which is 1.9 m (* 1.35 m) higher compared to
the dry season (June—September; Table A2.1). Our trend analysis
showed a small but significant increase of annual mean river water
levels by 0.10 m yr™' over the 20-year study period (Mann-Kendall

t=0.18, p <0.001). This observed increase in mean river water
levels was more pronounced in the wet season, with 0.12 m yr'!
(Mann-Kendall T = 0.29, p < 0.001) compared to the dry season,
with a respective increase of 0.06 m yr'! (Mann-Kendall t = 0.14,
p < 0.05; Table A2.1). Extreme water levels of > 11 m, as an
indicator for flood events, occur almost exclusively during the wet
season (92%) in coherence with intense precipitation (R? = 0.99;
Fig. 3c, Table A2.2). According to the Mann-Kendall test, the
frequency and duration of such extreme river water levels has
increased significantly over the study period (Mann-Kendall t =
0.45, p < 0.01; Table A2.2).

Because villagers reported that flood events today would occur
even after only short rainfall events, we investigated changes in
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Fig. 4. Land use change in the Tembesi watershed and its wetland areas between 1990 and 2013 (based on land
use data by Melati 2017). Total area: Tembesi watershed 13,370 km?, wetlands 1167 km?.
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the frequency and intensity of flash floods as well as in the average
water level rise. Water levels during a flash flood event (a rapid
increase in river water level > 1 m between two consecutive days)
increase on average by 1.59 m (£ 0.67 m) during such events. The
frequency and intensity of such flash flood events remained
relatively constant over the study period (Mann-Kendall t = 0.04,
p = 0.36). However, our analysis of the average water level rise of
the Tembesi between two consecutive days (Table A2.3) indicates
weak evidence for an increase in the fluctuation of river water
levels (Mann-Kendall T = 0.16, p < 0.01).

To interrogate a changing predictability of flood events we
analyzed seasonal patterns of extreme water levels, mean river
water levels and flash flood events. However, we did not find any
significant shift in the seasonal patterns of mean river water levels
(Table A2.1) or flash floods and the increase of extreme water
levels was only significant (p < 0.05) in the wet season, i.e., in
January and November (Fig. 3d, Table A2.2).

The analyses of river water levels show that flooding is an
important component of the Tembesi River hydrology. Therefore,
we used a digital elevation model and the river network to generate
a flood risk map (see Appendix 3). We found that in the case of
a 100-year flood event, about 408 km? of land adjacent to local
rivers would be flooded, with strong negative impacts on local
infrastructure, agriculture and villages.

Precipitation

Precipitation patterns at Pauh meteorological station are well
reflected in the behavior of the Tembesi River water levels
recorded at Pauh hydrological station. However, precipitation
patterns from Jambi airport do not generally explain the water
level characteristics at Pauh hydrological station, probably
because of the station being located outside of the Tembesi
watershed. At both meteorological stations, monthly
accumulated precipitation displays large seasonal and annual
fluctuations (Fig. 3a, Table A4.1, Table A4.3). At Pauh,
November and December show the highest rates of precipitation
and the strongest precipitation intensity (Table A4.1 and Table

A4.2), which is also reflected in the annual peak of river water
levels during those two months (Fig. 3e). At Jambi, where we have
a longer record of precipitation measurements, April shows the
highest accumulated precipitation and precipitation intensity is
strongest in March (Table A4.3 and Table A4.4).

At both meteorological stations, we found no clear trend in total
accumulated precipitation and no shift in the distribution of
precipitation between the wet and the dry season (Table A4.1-
A4.4). At Pauh however, we found a clear trend toward higher
precipitation at the end of the wet season in May (Mann-Kendall
t = 0.60, p < 0.05) and at the beginning of the wet season in
November (Mann-Kendall t = 0.56, p <0.05; Table A4.1), which,
for the latter, is in agreement with our findings of increased river
water levels at the beginning of the wet season (Table A2.2).

Land use change

In 1990, about half of the Tembesi watershed was covered with
forest areas. Between 1990 and 2013, this forest area decreased by
25%, from 6835 km? to 5108 km?. Today, most of the remaining
forest area is located in the upstream, mountainous area of the
watershed (Fig. 1; for an accuracy assessment of the land use
classes see Table A5.1). The forest loss in the watershed can mainly
be explained by an increase in plantation area as well as in bush/
bare land (Fig. 4). From 1990 to 2013 the area cultivated with oil
palm plantations expanded by 54%, from 939 km? to 1451 km?.
Rubber plantations increased by 25%, from 2714 km? to 3404 km?.
The area of bush or bare land increased by 59%, from 597 km?
to 947 km?. In consequence, in 2013, oil palm plantations covered
11%, and rubber plantations 25% of the Tembesi watershed. The
area of mixed agricultural land has remained almost the same
over the same period, covering 15% of the watershed’s area in
1990 and 16% in 2013.

According to the wetland map we created, wetland areas
constitute 8.35% of the Tembesi watershed (1116 km?). In 1990,
about one-third of these wetlands were covered with forests, while
54% of the wetlands were used for different types of agriculture
(Fig. 4). The proportionate loss of forest cover in wetlands was
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even greater than in the whole watershed. From 1990 to 2013,
forest areas in the watershed’s wetlands decreased by 73%, from
347 km? to 93 km?. This implies that 15% of the total forest loss
between 1990 and 2013 in the Tembesi watershed occurred in
wetland areas although these comprise only 8.35% of the whole
watershed. The converted forest area was almost exclusively
planted with oil palm plantations, which almost doubled in area
from 1990 to 2013, from 244 km? to 479 km?, respectively. In fact,
33% of all newly developed oil palm plantations in the Tembesi
watershed have been established in wetland areas.

Soil bulk density and water infiltration capacity

Bulk densities of rubber and oil palm plantations in the topsoil
(0-10 cm) were 1.3-fold higher (1.14 £ 0.05and 1.13 £ 0.05 gcm”
3, mean * standard error) than at the reference rainforest sites
(Fig. 5). In contrast to the topsoil, bulk densities in deeper soil
layers (30—50 cm) showed similar values across all land use systems
(1.37 £ 0.03 gem™).

Fig. 5. Topsoil (0-10 cm) bulk densities (BD, g cm™) at 10 sites
each in forest, rubber, and oil palm plantations (sites described
in Drescher et al. 2016). The dots represent means and the error
bars the according standard errors. Different letters represent

significant differences among groups (Kruskal-Wallis test, p <
0.05).
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Saturated soil hydraulic conductivity (K;) in an oil palm
monoculture plantation (6.5 * 1.7 cm h™!, n = 4) was three times
lower than in the oil palm biodiversity experlment (22.6£2.6cm
h', n = 33; Fig. 6), suggesting higher surface runoff in the former.
Additional measurements with a conventional double-ring
1nf11trometer in another oil palm plantation gave lower K (0.7
+02cmh’, n=6).

Groundwater levels

Groundwater table (GWT) measurements in riparian areas
showed that the mean GWT in the rubber and oil palm plantations
is lower than in the forest reference sites (Fig. 7). On average, the
GWT during the period July 2017 to April 2019 was 0.55m (£ 0.27
m) below the soil surface in the forests, and 1.03 m (x 0.39 m) and
1.24 m (£0.50 m) below the soil surface in the rubber and oil palm
plantations, respectively. In addition, GWTs in the plantations
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(rubber and oil palm) showed higher amplitudes compared to the
GWT in the forests (Fig. 7b). After a rainfall event, the GWT in
the plantations can increase up to 1.5 m within a few hours while
in the forests, the increase in the GWT after a rainfall event is less
pronounced, with a maximum of ~0.5 m (Fig. 7). Although the
mean GWT in the plantations is lower than in the forests, GWTs
in the plantations regularly exceed the respective GWT of the
forests. This indicates that after a rainfall event, the rubber and
oil palm plantations are more prone to flooding than the forests.

Fig. 6. Saturated soil hydraulic conductivity (K, cm h"y in oil
palm monoculture control plots (n = 4) and in plots within the
oil palm biodiversity experiment (n = 33; sites described in
Teuscher et al. 2016). The dots represent means and the error
bars the according standard errors. Different letters represent
significant differences among groups (Kruskal-Wallis test, p <
0.05).
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Fig. 7. Development of average groundwater table at forest
(0.55 +0.27 m, n = 4), rubber (1.03 £ 0.39 m, n = 4), and oil
palm (1.24 * 0.50 m, n = 4) riparian locations during the period
July 2017 to April 2019.
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DISCUSSION: INTEGRATING INSIGHTS FROM LOCAL
ECOLOGICAL KNOWLEDGE AND SCIENTIFIC
MEASUREMENTS

Comparing villagers’ observation of changing flooding regimes
with stream flow data

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

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

Potential contributions of local climate change to changing
flooding regimes

Several interview partners reported seasonal shifts in local rainfall
patterns, which could thus potentially provide an explanation for
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the villagers’ reports that flood events have become difficult to
predict. Our analysis of precipitation data may partly explain the
villagers’ complaints as it indicates a clear shift in the seasonal
distribution of precipitation toward higher precipitation rates at
the end of the wet season in May. Similar accounts about
increasingly unpredictable rainfall patterns were reported from
farmers across different regions in Jambi Province (Merten et al.
2016, Martens 2017, Rodel 2018). Considering this widespread
observation, the measured changes in the seasonal distribution
of precipitation appear relatively small. Further data from
different meteorological stations across Jambi Province would
thus be needed to discuss the villagers’ observation of changing
seasonal rainfall patterns in more detail.

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

Deforestation can modify rainfall patterns because of vegetation-
atmosphere interactions at various spatial scales (Lawrence and
Vandecar 2015, Spracklen et al. 2018). Large-scale forest
conversion, as in the Tembesi watershed, typically leads to a
reduction of rainfall and therefore river discharge (Lawrence and
Vandecar 2015). However, this might be different in the case of
forest conversion to oil palm plantations in which
evapotranspiration remains relatively high (R6ll et al. 2019). On
the other hand, deforestation in heterogeneous landscapes such
as the Tembesi watershed may increase rainfall over deforested
areas and thereby increase both river discharge and river water
levels (Lawrence and Vandecar 2015). Moreover, global climate
change is expected to increase both total annual precipitation and
extreme precipitation in Southeast Asia (Geetal. 2019). Although
such trends are not yet identifiable in our precipitation data, such
developments could further increase both river discharge and
river water levels in the future. Long-term climate records and a
dense network of meteorological stations are therefore
indispensable for studying the current and future linkages between
precipitation and river discharge.

Potential contributions of land use change to changing flooding
regimes

Evidence for altered hydraulic soil properties after forest
conversion

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

The type of vegetation in riparian areas is critical for infiltration
capacity, overland flow, and groundwater recharge (Alvarenga et
al. 2017). Our groundwater table (GWT) analysis in riparian areas
showed that rubber and oil palm plantations have lower GWTs
compared to forests. This might be related to the relatively high
soil compaction and the low water infiltration capacities in
monoculture plantations, as mentioned above. Higher amplitudes
of GWT in oil palm and rubber plantations compared to forests
indicate a loss of buffer functions such as flood moderation,
groundwater recharge, and soil water storage in the plantations.
Hence, our measurements of bulk density, water infiltration, and
groundwater tables point to substantial increases in surface runoff
after precipitation, which could potentially increase flood
frequency and intensity (Bruijnzeel 2004). This line of argument
is supported by a previous study in the region, which modeled
large increases in surface runoff with an increasing share of rubber
and oil palm plantationsin a given watershed (Tarigan et al. 2018).
Although our water level data from the Tembesi River did not
reflect villagers’ observation that rainfall nowadays accumulates
faster in local rivers than they remember from the past, our
measurements of hydraulic soil properties and groundwater levels
provide substantial indications that support this observation.

Our analysis of soil water infiltration in oil palm plantations
where biodiversity enrichment has been carried out, however,
suggests that tree planting and regeneration of natural vegetation
could partially restore the very low infiltration capacity. Five years
after the establishment of the experiment, average K, in the
enriched oil palm plantation was at least three-times higher than
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in oil palm monocultures. These findings are consistent with a
meta-analysis across the tropics that reports on average three-fold
increases of water infiltration capacity after afforestation or tree
planting in agricultural fields (Ilstedt et al. 2007).

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

Increases in the Tembesi river water levels in both the dry and
rainy seasons might be explained by the complexity of interacting
ecosystem processes. In the case of reduced water infiltration
capacity of soils coupled with high (evapo)transpiration rates in
oil palm monoculture plantations (Manoli et al. 2018), a
reduction of water levels in rivers during the dry season might be
expected (Bruijnzeel 1990). Indications for such changes were
suggested for oil-palm-dominated landscapes by Merten et al.
(2016). Rubber plantations, on the other hand, exhibit lower
(evapo)transpiration rates in smallholder-dominated cultivation
systems in Jambi (Ro1l et al. 2019). Therefore, the impact of land
conversion on the river water level in larger watersheds with mixed
land use systems may be less discernible.

Potential contributions of wetland conversion and water
infrastructure to changing flooding regimes

Despite their important ecological role (Bhowmik 2020), wetlands
have often been described and treated as wastelands and hence
converted into other land use types (Barbier et al. 1997). Our land
use change analysis indicates a much higher rate of forest
conversion in wetland areas compared to well-drained sites.
According to interview data, this land use change can be explained
by both governmentally planned plantation establishment as well
as market-driven expansion of oil palm plantation into marginal
areas. This trend of oil palm plantations expanding into wetlands
areas has also been reported in other regions across Indonesia
and Malaysia (Abram et al. 2014, Guillaume et al. 2016,
Schoneveld et al. 2019).

Because of plantation expansion into wetland areas, but also
because of the reported increases in flood frequency and intensity,
flood control infrastructure such as dams and drainage channels
have recently been installed across all our case study villages.
Although we cannot quantify to what extent such infrastructure
has contributed to an alteration of flooding regimes at the
landscape level, our interview partners reported that the
construction of flood control dams, water pumps, and drainage
gates contribute to a redistribution of floodwaters at the local
scale. Such developments are considered particularly sensitive
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because government representatives during interviews confirmed
that the construction of water infrastructure often happens
without legal notice. Accordingly, the first author observed the
emergence of social conflicts.

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

The large-scale expansion of plantations into wetland areas may
also have contributed to changing flooding regimes by reducing
the ecohydrological functioning of these ecosystems. Review
studies suggest that lowland wetlands may substantially reduce
or delay flood events (Bullock and Acreman 2003, Acreman and
Holden 2013, Mitsch and Gosselink 2015). Anthropogenic
activity in wetlands strongly affects local river systems because of
frequent lateral water exchange between rivers and wetlands (Junk
etal. 1989, Junk and Wantzen 2004). Although no data on wetland
hydrology were available for the Tembesi watershed, the drainage
and burning of large areas of peatlands in the watershed (Uryu
et al. 2010, NASA FIRMS 2019) is particularly indicative of a
degradation of local ecohydrological functions. Drainage and
burning of peat soils is known to alter their physical properties,
resulting in peat subsidence and compaction, thus reducing the
water absorption of peat swamps (Andriesse 1988, Page et al.
2006, Wosten et al. 2008, Evers et al. 2017). Moreover, the
subsidence of peat soils is considered to progressively lengthen
periods of inundation (Wosten et al. 2006, Hooijer et al. 2015,
Sumarga et al. 2016).

CONCLUSION AND FINAL REFLECTIONS

Our analysis showed that the observed and measured increase in
flood frequency and intensity within the Tembesi River catchment
area is most likely driven by land use change from forests to
monoculture plantations. This development appears to be related
to soil compaction, decreasing water infiltration rates, and,
therefore, higher surface runoff. It might further be aggravated by
the expansion of oil palm plantations into wetland areas and the
subsequent construction of drainage and flood control
infrastructure.

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

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

Finally, the integration of local ecological knowledge draws our
attention to the multiplicity of processes that influence the
occurrence of flooding. Our study reveals that the construction
of drainage or flood control infrastructure has aggravated
changes in local flooding regimes, thus generating new social
conflicts. Newly installed infrastructure was observed to
redistribute floodwaters at the local level and thus to play a crucial
role in the mediation of the social impacts of flooding.
Surprisingly, the role of technical infrastructure in mediating
water flows has received little scientific attention in studies
connecting land use change with changing flooding regimes. More
studies are needed to assess and monitor the hydrological impacts
of such water management practices, as well as the social and
economic relations that shape these practices.
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Appendix 1: Biodiversity enrichment experiment

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

Composition Number of
Diversity | of the planted | planted
Plot ID Lat Long Plot size | Level tree species trees

1| -1.94162 | 103.2519 40 1A 400
2 | -1.94174 | 103.253 20 3 | ACF 99
3| -1.9433 | 103.2518 20 2| CD 100
4| -1.94321 | 103.2532 10 1|F 25
5| -1.94478 | 103.2518 40 1 400
6 | -1.94462 | 103.2532 5 1|E 6
7 | -1.94469 | 103.2552 40 3 | AEF 399
8 | -1.94587 | 103.2491 5 1|F 6
12 | -1.94589 | 103.2543 20 1 100
13 | -1.94591 | 103.2559 10 1 25
17 | -1.94734 | 103.2531 20 1|F 100
22 | -1.94873 | 103.2491 5 2 | BF 6
24 | -1.94838 | 103.2543 40 2 | CE 400
26 | -1.94849 | 103.2572 40 2 | DF 400
27 | -1.94992 | 103.2464 10 2 | AE 24
28 | -1.95002 | 103.2478 5 1B 6
29 | -1.94996 | 103.249 40 3 | BCD 399
30 | -1.94981 | 103.253 20 1|E 100
31 | -1.94997 | 103.2545 5 1|C 6
34 | -1.95143 | 103.2451 10 2 | BD 24
35 | -1.95182 | 103.2466 40 0|Z 0
36 | -1.95106 | 103.2477 20 2 | AF 100
37 | -1.95118 | 103.2488 10 0|Z 0
38 | -1.95172 | 103.2504 20 1|D 100
39 | -1.95138 | 103.2518 5 2 | AC 6
41 | -1.95267 | 103.2438 10 1A 25
42 | -1.95276 | 103.245 1|D 6
44 | -1.95271 | 103.2478 3 | BEF 6
45 | -1.95307 | 103.2487 40 1|E 400
46 | -1.95442 | 103.2424 40 2 | AB 400
47 | -1.95395 | 103.2437 20 2 | BE 100
48 -1.9541 | 103.2452 10 3 | CEF 24
49 -1.954 | 103.2466 40 1|F 400




50 | -1.95406 | 103.2478 5 ABCDEF 6
51 | -1.95425 | 103.2491 20 A 100
53 | -1.94325 | 103.2547 10 | control 0
54 | -1.9512 | 103.2558 10 | control 0
55| -1.9513 | 103.2534 10 | control 0
56 | -1.95505 | 103.2461 10 | control 0




Appendix 2: River discharge

Table A2.1: Mean water level (+ standard deviation) at Pauh hydrological station and results of Mann-Kendall test (Mann-Kendall t and p-
value).

Month Wet Dry
Year s(?)ai?? 58310[1 Annual
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sept. Oct. Nov. Dec. May) Sept'.)
A(‘l’gga7~g_e 7.07 690 | 680 | 725 | 647 | 492 | 474 | 448 | 443 | 508 | 705 | 813 688 | 498 | 6.07
boe) | (£209) | (£224) | (2246) | (x217) | (£1.94) | (£150) | (+158) | (+1.29) | (x132) | (£143) | (173) | (:267) | (+147) | (x122) | (+1.29)
xmg” 043 | 023 | 022 | 033 | 028 | 025 | 021 | 005 | 005 | -014 | 026 | 025 | 029 | 014 | 0.8
| (p<0.002) | (p<0.001) | (p<0.001) | (p<0.001) | (p<0.001) | (p<0.001) | (p<0.001) | (p =0.07) | (p =0.07) | (p<0.001) | (p<0.001) | (p<0.001) | (p<0.001) | (p<0.05) | (p<0.001)

Table A2.2: Sum of days with water level >11 m at Pauh hydrological station and results of Mann-Kendall test (Mann-Kendall t and p-value).

Month S(;/;/Se(;n se[;?c/)n
Year (Oct.- (Jun.- Annual

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sept. Oct. Nov. Dec. May) Sept)

Average

1.8 25 2.2 1.8 1.4 3.6 15.4 15.4
Sory | €18 | @y |20 @ | @o | O 0 0 0 01 | o7) | @43 | ¢10) | O | 10
x‘;gg" 049 | 028 | 024 | 023 | 023 ] ] ] ] 032 | 059 | 025 | 045 | 032 | 045
1 (p=0.01) | (p=0.15) | (p=0.21) | (p <0.24) | (p <0.23) (n=0.12) | (p<0.01) | (p=0.17) | (p<0.01) | (p=0.12) | (p<0.01)




Table A2.3: Average water level rise (m) (£ standard deviation), based on the difference between average water levels of two consecutive days at
Pauh hydrological station and results of Mann-Kendall test (Mann-Kendall t and p-value).

Month Wet Dry
Year S(eoaif? S(iisr?? Annual
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sept. Oct. Nov. Dec. May) Sept.)
Average
(1997- 0.43 0.50 0.46 0.43 0.51 0.43 0.37

0.40 0.41 0.42 0.47 0.53 0.46 0.42 0.45
S016) | (H015) | (:0.22) | (£0.16) | (2024) | (x0.32) | (£0.21) | (20.14) | (x0.30) | (£0.30) | (+026) | (0.16) | (£0.22) | (+010) | (20.13) | (x0.10)

}Xﬁ?jg“ 0.22 0.56 0.35 0.22 0.29 0.14 0.12 0.06 0.15 -0.03 0.18 0.12 0.16 0.14 0.16
| (p=0.21) | (p<0.01) | (p=0.05) | (p=0.21) | (p=0.09) | (p=0.44) | (p=0.54) | (p=0.77) | (p=0.40) | (p=0.88) | (p=0.34) | (p=0.54) | (p<0.01) | (p<0.01) | (p<0.01)




Appendix 3: Determination of flood-risk areas

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

in |

TL, =In ltan (ﬁ)l

where ag is the local upslope contributing area per unit contour length; tan(5) is the local
slope gradient; n is an exponent (0.016x>%) and x is the spatial resolution of the DEM
(Manfreda et al. 2011; Manfreda et al. 2014). The Tl, was developed to delineate the
exposure to flooding events on the basis of the basin topography (Manfreda et al. 2011).
Eventually, an area was defined as flood-prone when (1) the distance to the river was < 300
m, (2) the slope gradient < 15% and (3) Tl exceeded a threshold z, which was set to 7 =
10.89n + 2.282 (based on BNPB 2016), and constitutes an area that equals or exceeds 0.2 %
annual chance to be flooded (Holmes Jr. and Dinicola, 2010).
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Appendix 4: Precipitation

Table A4.1: Accumulated precipitation (mm) at Pauh meteorological station and results of Mann-Kendall test (Mann-Kendall t and p-value).

Month Wet Dry
Year s(eoa(?:)? S(iisr?? Annual
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sept. Oct. Nov. Dec. May) Sept.)
'Az‘z’ggaf_e 2903 | 2167 | 2685 | 2803 | 2441 | 1096 | 1706 | 1266 | 1412 | 2561 | 3527 |3650A)| 19931 | 792.1 | 2785.2
j016) | (£115.9) | (£74.1) | (£149.3) | (£946) | (x839) | (£53.0) | (940) | (£85.2) | (£112.1) | (x1103) | (£119.4) | (1628) | (£3927) | (+220.2) | (£547.0)
m%‘;u 0.16 0.38 0.33 0.20 0.60 004 | 007 | -020 | 024 | -033 0.56 0.06 0.02 -0.02 0.03
. (p=0.59) | (p=0.15) | (p=0.21) | (p=0.47) | (p <0.05) | (P =0.93) | (p =0.86) | (p =0.47) | (p =0.37) | (p =0.21) | (p <0.05) | (p =0.92) | (p =0.13) | (p =0.33) | (p =0.65)
A No data for December 2012 available

Table A4.2: Average precipitation intensity index (+ standard deviation) at Pauh meteorological station and results of Mann-Kendall test (Mann-
Kendall t and p-value).

Month s:;/:cfn se[;?c;n
Year (Oct.- (Jun.- Annual
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sept. Oct. Nov. Dec. May) Sept.)
2007- 15.9 17.6 17.2 22.0 21.6

13.7 18.5 15.4 17.3 17.1 24.4 23.3 20.2 16.0 19.0
2016 | (+13.3) | (#135) | (216.1) | (219.0) | (£21.2) | (+13.5)

(*225) | (£165) | (+16.9) | (+14.0) | (+224) | (x23.1) | (+18.8) | (+17.6) | (+18.6)
}Xiﬂgu '0(';4 Otﬁ,l Oaffs 2009 | 007 | -008 | 014 | -009 | 005 | -014 | 002 | 006 | 002 | -002 | o001
! ~013) | =026 | =004 |P=029)|(P=040)|(P=0.40)| (P =0.10) | (P =0.32) |(P =0.66) (P =0.13) | (P =0.81)| (P 0.47) (P =0.59) (P =0.71) | (P =0.81)




Table A4.3: Mean precipitation (mm) at Jambi airport meteorological station and results of Mann-Kendall test (Mann-Kendall T and p-value) during
the period 1978-2016.

Month S(\e/z:l/:c:n sezg)(;n
Year (Oct.- (Jun.- Annual
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sept. Oct. Nov. Dec. May) Sept.)

129.6 223.0 241.1 248.2 1798.2 491.7 2289.9

1978- | 199.3 | 1802 | 2339 | 256.0 | 1705 | 1124 | 1125 | 124.6
(#81.4) | (£99.9)

2016 | (#85.7) | (£79.9) | (¢82.7) | (£90.0) | (64.8) | (+64.6) | (x81.4) | (£92.9) | (+86.1) | (+105.8) | (+98.9) | (+86.6) | (+91.6)

Mann-
Kendall
T

028 | -008 | -002 | -022 | -012 | -008 | 0.6 010 | -0.16 | -0.13 | -0.06 0.02 0.09 003 | -0.05
(P =0.01) | (P =0.51) | (P =0.85) | (P =0.05) | (P =0.31) | (P =0.51) | (P =0.16) | (P =0.38) | (P =0.16) | (P =0.24) | (P =0.63) | (P =0.85) | (P =0.02) | (P =0.54) | (P =0.10)

Table A4.4: Average precipitation intensity index (z standard deviation) at Jambi Airport meteorological station and results of Mann-Kendall test
(Mann-Kendall t and p-value).

Wet Dry
season | season
veur Month (Oct.- (Jun.- Annual
May) Sept.)

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sept. Oct. Nov. Dec.

11.1 14.7 14.4 15.7 140 | 13.0 13.8
(+13.8) | (x15.2) | (+14.2)

1991- | 11.3 13.1 16.1 14.2 12.8 11.9 15.3 13.7
2016 | (+11.9) | (x13.4) | (216.6) | (£14.2) | (x12.8) | (+14.6) | (218.2) | (£155) | (£12.0) | (+12.4) | (213.0) | (215.0)

x";‘]g;” -0.01 005 | -013 | 0.02 003 | -008 | -0.04 0.01 -0.05 | -003 | -005 | -0.03 o&gs %ﬁ’ -0.03
¢ |(P=079)| (P=034)| (P <0.01)| (P =0.74)| (P =0.54) | (P =0.18) | (P =0.54) | (P =0.92) | (P =0.44) | (P =0.57) | (P =0.36) | (P =0.56) | _qyy | g0y | (P =0.06)




Appendix 5: Accuracy statistics of land use/cover classes

Table A5.1: Accuracy statistics and area proportion of each land use/cover class in the

Tembesi watershed for the year 2013 (recalculated from Melati 2017).

Land use/ cover

Area proportion

class Accuracy %)

User's Producer's | Overall | Map Estimated

724 12.4 +

Agriculture 16.6 | 95.6 +5.4 16.3 2.8
794 + 60.3 +

Bush/bareland 10.1 17.4 71| 94+28

375+

Forest 93.9+6.8| 954+3.2 858+ 38.1 2.9

68.5+ '41 13.1+

Oil palm 83.3+10 13.8 ' 10.8 2.8

244

Rubber 86.4+75| 90.9+6.7 25.6 2.6
813+ 352+

Settlement 19.8 22.3 13| 29+18

Water body 50 +43.8 100+ 0 08| 04+0.3
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