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Abstract: Land use and climate change exert pressure on ecosystems and threaten the sustainable
supply of ecosystem services (ESS). In Southeast-Asia, the shift from swidden farming to permanent
cash crop systems has led to a wide range of impacts on ESS. Our study area, the Nabanhe
Reserve in Yunnan province (PR China), saw the loss of extensive forest areas and the expansion
of rubber (Hevea brasiliensis Müll. Arg.) plantations. In this study, we model water yield and
sediment export for a rubber-dominated watershed under multiple scenarios of land use and climate
change in order to assess how both drivers influence the supply of these ESS. For this we use
three stakeholder-validated land use scenarios, varying in their degree of rubber expansion and
land management rules. As projected climate change varies remarkably between different climate
models, we combined the land use scenarios with datasets of temperature and precipitation changes,
derived from nine General Circulation Models (GCMs) of the Fifth Assessment Report of the IPCC
(Intergovernmental Panel on Climate Change) in order to model water yield and sediment export with
InVEST (Integrated Valuation of Ecosystem Services and Trade-offs). Simulation results show that the
effect of land use and land management decisions on water yield in Nabanhe Reserve are relatively
minor (4% difference in water yield between land use scenarios), when compared to the effects that
future climate change will exert on water yield (up to 15% increase or 13% decrease in water yield
compared to the baseline climate). Changes in sediment export were more sensitive to land use
change (15% increase or 64% decrease) in comparison to the effects of climate change (up to 10%
increase). We conclude that in the future, particularly dry years may have a more pronounced effect
on the water balance as the higher potential evapotranspiration increases the probability for periods
of water scarcity, especially in the dry season. The method we applied can easily be transferred to
regions facing comparable land use situations, as InVEST and the IPCC data are freely available.
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1. Introduction

Ecosystem services (ESS) are defined as the goods and benefits humans gain from healthy and
functional ecosystems [1]. Global change processes such as large-scale land use change and climate
change increase pressure on ecosystem functions and threaten the sustainable supply of ESS [2–5].
In the last decades, the ESS concept has been increasingly used in environmental policy formulation
and decision-making processes [6]. High impact publications such as the MEA (Millennium Ecosystem
Assessment) [1] and TEEB (The Economics of Ecosystems and Biodiversity) [7] paved the way for
the establishment of IPBES (Intergovernmental Platform on Biodiversity and Ecosystem Services) [8],
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who recently reported extensive land degradation and declining trends for many ESS and biodiversity
all over the globe [9]. Several pathways exist for safeguarding the sustainability of future ESS supply.
Modeling and mapping ESS for future scenarios of global change is one way to project the impact of
land use or climate change on ESS in a spatially explicit manner [10]. Several tools are available to
model ESS and how their future provision might be altered under scenarios of climate or land use
change. Two of the most-used models are SWAT (Soil and Water Assessment Tool) [11] and InVEST
(Integrated Valuation of Ecosystem Services and Trade-Offs) [12], which are most prominently used in
the field of water-, soil- and climate-related ESS research [13]. Output of such modeling efforts can
assist land use planners and policy makers and serve as a basis for the development of mitigation and
adaptation strategies.

Global surface temperature and the variability of precipitation patterns in both time and space
are highly likely to change over the course of the next century [14–16]. The Fifth Assessment Report of
the Intergovernmental Panel on Climate Change (IPCC5) [17] provided multiple future trajectories of
Relative Concentration Pathways (RCPs), in which the atmospheric concentration of gases relevant
for Earth’s climate changes as a result of global-scale socio-economic decisions over the course of the
next century. In general, global mean temperature is expected to increase in all RCPs, as the climate
system responds with some delay to past changes in atmospheric greenhouse gas concentrations.
Regional differences in temperature and precipitation vary in the amount (and direction) of projected
changes as a result of the differences in the assumptions, resolutions, and parameterizations of General
Circulation Models (GCMs). For this reason, mean results of ensemble model projections are often
considered as the best estimate for future conditions in the field of climate research.

In montane mainland Southeast-Asia, the recent shift from traditional swidden farming to
permanent cash crop systems has led to a wide range of impacts on ESS [18,19]. In Yunnan Province in
Southwest China in particular, large areas of forest have been replaced by rubber (Hevea brasiliensis Müll.
Arg.) plantations due to increasing rubber-based product demands [20–22]. Such extensive changes
of land use can strongly affect multiple ESS [23,24]. Effects on hydrological ESS are of major concern,
as land use changes influence many hydrological factors such as the interception of precipitation,
run-off, sediment transport, and evapotranspiration. Hydrological effects of the expansion of rubber
plantations range from increases in surface run-off and soil erosion [25,26], to increases in water loss
via evapotranspiration in the dry season, and a reduction of water storage in the subsurface soil [27].

Other authors have estimated potential hydrological effects of climate change in montane
mainland Southeast-Asia. Eastham et al. [28] showed potential increases in both mean annual
temperature and precipitation in Yunnan Province and the rest of the Mekong basin. Studies on
hydrology in the Mekong Region have shown potential impacts of climate change on streamflow,
soil erosion rates, and sediment fluxes [29]. Zhu et al. [30] estimated increases in sediment fluxes in
a catchment of the Upper Yangtze River as a response of changes in precipitation and temperature.
Similar increases in both mean annual streamflow and sediment export have been estimated by
Phan et al. [31] for the Song Cau watershed in Northern Vietnam.

However, only few studies included both land use change and climate change scenarios in their
estimates for future ESS supply [32]. Trisurat et al. [33] used InVEST in combination with input data of
(1) 10-year average precipitation (2000–2010), (2) precipitation predictions of one GCM for 2020, and (3)
extreme precipitation (wet year of 2000) in combination with three land use scenarios. They found the
highest water yield and sediment export for intensified land use with extreme precipitation conditions.
Hoyer & Chang [32] applied InVEST using three GCMs for precipitation and temperature input data in
order to represent a low, medium, and high range of potential climate paths. As the projected climate
change varies substantially between different climate models, this uncertainty needs to be taken into
account for watershed management and climate change adaptation [29].

In this study, we model two indicators for ESS—water yield and sediment export—for a
rubber-dominated watershed under multiple scenarios of land use and climate change in order
to assess how both drivers influence the supply of these ESS. For this purpose, we use spatially explicit
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data derived from nine General Circulation Models (temperature and precipitation) in combination
with stakeholder-validated land use scenarios as input for a well-tested ESS modeling framework
(InVEST). This study represents the first ESS assessment combining land use scenarios and multiple
climate scenarios for rubber cultivation systems.

2. Materials and Methods

2.1. Study Area

The study area was the Naban River Watershed National Nature Reserve, which is referred to as
the Nabanhe Reserve henceforth. It is located in Yunnan Province, Xishuangbanna Prefecture in the
Peoples Republic of China (22◦08′ N 100◦41′ E). It covers an area of roughly 271 km2 and its topography
is characterized by sloping hills, with altitudes ranging from about 500 to 2300 meters above sea
level (m.a.s.l.). Depending on elevation, mean annual temperature is 18–22 ◦C and annual average
precipitation varies between 1100 and 1600 mm [26]. The region is characterized by a subtropical
climate and is influenced by monsoon cycles. The wet season lasts from May to October and about
87% of the annual precipitation occurs within these months [34]. The region is located within the
Indo-Burma biodiversity hotspot and features an exceptional species richness [35]. As the study area
is located on the northernmost border of tropical Asia, it features a mixture of tropical and temperate
florae, which are diversified in their distribution by the mountainous topography [36]. Natural or
semi-natural tropical mountainous rainforests represent the largest part of Nabanhe Reserve and cover
about 60% of its area. Agricultural land use systems present in the Reserve include paddy rice fields
and other annual crops (e.g., maize), as well as perennial systems such as tea, banana, and rubber
plantations. More details on land cover in Nabanhe Reserve are listed in Table 1. We chose Nabanhe
Reserve because it encompasses a watershed with rubber plantations as the dominant land use, but also
features extensive protected areas, as it is part of the UNESCO (United Nations Educational, Scientific
and Cultural Organization) Man and the Biosphere Programme [37]. Rubber cultivation had been
present in the region’s valley bottoms for decades, but has increasingly spread into the hillsides, where
the rubber trees most commonly replace natural or semi-natural tropical mountainous rainforest [38].
The economic lifespan of rubber plantations in this area is around 20–25 years. Trees are commonly
planted in monoculture on terraces in rows with about 3–4 m distance, whereas the distance between
two adjacent terraces is about 5–7 m. Tree density ranges between 450 and 600 trees per hectare.
Ground cover is kept low by the farmers, usually with two herbicide applications per year.

2.2. Climate Change Scenarios

InVEST was designed to be used with long-term average annual precipitation input data.
We used the WorldClim dataset (Version 1.4) as baseline data, as it represents average annual
precipitation derived from long-term measurements, which were interpolated to local topographical
conditions [39,40]. We used precipitation and temperature data of nine GCMs and two RCPs (RCP
4.5 and RCP 8.5) as input for InVEST. RCP 4.5 is a moderate climate scenario which features a
stabilization of greenhouse gas concentration by the year 2070 [41]. RCP 8.5 is a high emission scenario
leading to an increase of 4 ◦C in global mean temperature by the end of the century in comparison
to the pre-industrial era [42]. The GCMs were chosen based on their regional performance [43]
according to the selection criteria of McSweeney et al. [44]. The output of the following GCMs
was used: ACCESS1.0 [45,46], BCC_CSM1.1 [47], CCSM4 [48], GFDL CM3 [49], HadGEM2-ES [50],
IPSL-CM5A-LR [51], MRI-CGCM3 [52], MPI-ESM-LR [53], and NorESM1-M [54]. Both temperature
and precipitation datasets were obtained online at the “Climate Change Agriculture and Food
Security-GCM Downscaled Data Portal” [55]. The geo-datasets were downloaded in ASCII-format
and feature a horizontal resolution of roughly 900x900 m at the latitude of Xishuangbanna. We used
ArcGIS (Version 10.3.1, [56]) to clip the geo-datasets to the extent of our study area, convert them to
TIFF-format and project the data from “GCS_WGS_1984” to “WGS_1984_UTM_zone_47N” in order
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to match the grid of the rest of our spatial input data. The data is structured in three time slices
centered around 2030 (2020–2040), 2050 (2040–2060) and 2070 (2060–2080) and includes annual average
precipitation as well as monthly minimum, mean, and maximum temperature. Figure 1 depicts annual
mean temperature (a) and annual precipitation (b) averaged over Nabanhe Reserve from the nine
GCMs as well as baseline temperature and precipitation (WorldClim v1.4).
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Figure 1. Annual mean temperature (a) and annual precipitation (b) in Nabanhe Reserve for two
Relative Concentration Pathways (RCP 4.5 and RCP 8.5 of IPCC5) derived from 9 General Circulation
Models (GCMs) for the time slices of 2030 (20-year average from 2020–2040), 2050 (20-year average
from 2040–2060) and 2070 (20-year average from 2060–2080). Boxes and whiskers show the 25/75 and
10/90 percentiles respectively. Lines in boxes show the ensemble median, whereas crosses show the
ensemble mean. The dotted lines show long term annual average precipitation and long term annual
mean temperature used as a baseline (WorldClim v1.4. [39,40]).

In addition to annual precipitation, InVEST requires annual potential evapotranspiration (PETa)
as a spatially explicit input layer. In order to calculate PETa (mm/year) for each time slice of the climate
change scenarios we used the output of the GCMs for monthly mean temperature (Tmean in ◦C) and
daily temperature range (TD in ◦C, maximum temperature − minimum temperature). Extraterrestrial
radiation (RA, radiation at the top of the atmosphere in mm/month as equivalent of evaporation) was
obtained online from the “CGIAR-CSI Global Aridity and PET Database” [57–59]. We did not assume
changes in RA during the course of the climate scenarios, so the geo-dataset of RA remained constant
for each time slice. We used Hargreaves method [60] to calculate PETm (mm/month):

PETm = 0.0023× RA× (Tmean + 17.8)× TD0.5. (1)

We calculated PETa by summing each cell of the monthly PET layers:

PETa =
12

∑
m=1

PETm. (2)

Hargreaves method [60] was chosen in order to keep consistency with previous InVEST
applications in Nabanhe Reserve [23,61], where the InVEST water yield model was fitted to baseline
PETa data derived with the same methodology [57].

2.3. Land Use Change Scenarios

The implemented land use scenarios have been developed in the 5-year project SURUMER
(Sustainable Rubber Cultivation in the Mekong Region) [62]. The aim of SURUMER was to develop
stakeholder-validated land use and land management strategies to improve the sustainability
of rubber production systems in Yunnan province. Stakeholders participating in the scenario
development process included village heads and innovative farmers, prefecture administration,
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and local politicians [63,64]. Stakeholder workshops were held between January 2013 and October
2016 and were generally structured around presentations by SURUMER researchers, followed by
interactive discussions. Scenario storylines were developed based on past land use changes and
their perceived effects on the environment, local policy plans, and at a later stage, best practice
recommendations based on preliminary results of field campaigns. Detailed information on the
scenario development process can be found in Thellmann et al. [61] and Aenis & Wang [64]. Here,
we focus on the implemented land use and land management rules leading to the land use maps we
used as input for the modeling procedure with InVEST. The scenario outlines and maps were presented
during the stakeholder workshops in order to confirm the viability of the introduced land use changes
(e.g., spatial extent, property rights, land use restrictions) and the feasibility of management practices
(e.g., weed management). The initial land use map of Nabanhe Reserve (2015) and the scenario maps
resulting from the stakeholder participation process are depicted in Figure 2.
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Figure 2. Land use maps of Nabanhe Reserve; the initial condition in 2015 (a), the Business-As-Usual
Scenario in 2040 (b), based on linear extrapolation of past rubber expansion rates, the 5-Years-Plan
scenario in 2040 (c), based on province-level policy land use guidelines, and the Balanced-Trade-Offs
scenario in 2040 (d), based on the 5-Years-Plan and additional measures such as water protection zones
and riparian buffer zones. Maps are taken from Thellmann et al. [61].

Land use as of 2015 was derived from Rapid Eye satellite imagery and serves as the initial
condition for the InVEST models, as well as the baseline for three land use scenarios developed in the
SURUMER project: (1) The Business-As-Usual (BAU) scenario features the unrestricted expansion of
rubber plantations based on past expansion rates in the region [65,66]. This translates to an extension
of 2% per year in relation to the area occupied by rubber in the previous year, which is targeted at
lowland forest areas, and during the course of the scenario, upland forest areas. (2) The 5-Years-Plan
(5YP) scenario is based on a local government plan [67]. It includes measures to reduce erosion and
keep rubber plantations at suitable production locations only. These measures include the reforestation
of bushland areas in the uplands and no further establishment of rubber plantations above 900 m.a.s.l.
or on steep slopes (>23◦). (3) The Balanced-Trade-Offs (BTO) scenario includes all measures featured
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in the 5YP scenario, but expands them based on the recommended land use and land management
options developed by SURUMER. These recommendations include water protection zones around
water sources and buffer strips along the two main streams (Mandian and Naban River) in Nabanhe
Reserve. Both measures include the reforestation of degraded areas into secondary forest areas to trap
sediments, nutrients, and pesticides in order to improve water quality. The land use scenarios have
been set to end in 2040, as we think that any further land use change would be unreasonable to predict
by a rule-based mechanism. Table 1 shows the percent coverage of land use categories for the initial
condition of 2015 and the three land use scenarios.

Table 1. Percent coverage of land use categories in Nabanhe Reserve (271 km2) for each scenario
derived from Thellmann et al. [61].

Land Use Category
Coverage (%)

Initial Condition
2015 (INIT)

Business-as-Usual
2040 (BAU)

5-Years-Plan 2040
(5YP)

Balanced-Trade-Offs
2040 (BTO)

Upland forest 1 45.9 43.7 55.3 55.7
Lowland forest 1 15.4 12.6 13.5 13.4

Bamboo 5.8 5.0 5.8 5.8
Rubber 9.4 15.2 10.4 10.5

Rice 4.1 4.1 4.1 4.1
Perennial crops 1.1 1.1 1.1 1.1
Bushland/tea 2 8.8 10.9 2.3 1.9
Annual crops 5.8 5.8 5.8 5.8

Water 1.3 1.3 1.3 1.3
Urban 0.4 0.4 0.4 0.4

1 The categories “Lowland forest” and “Upland forest” were split according to their altitudinal location in the
landscape (below/above 1000 m.a.s.l.). 2 The categories “Bushland” and “Tea plantations” were merged into one
category as their spectral signatures were too similar to distinguish between the two in the land cover mapping
process. Coverage values might not add up to 100% due to rounding.

2.4. Modelling Framework

Erosion and water quantity were among the most relevant topics for the stakeholders in the
SURUMER project [68]. We used InVEST (Version 3.3.3, The Natural Capital Project, Stanford
University, Stanford, CA, USA, [12]) to model water yield and sediment export under the land use and
climate change scenarios outlined in the previous sections. InVEST is a well-established modelling
framework, which has been applied all around the globe [23,32,33,61,69–71]. The water yield model
is based on the Budyko curve [72] and estimates annual water yield based on spatially explicit input
data of annual average precipitation, annual potential evapotranspiration, root restricting layer depth,
plant available water content, as well as rooting depths and evapotranspiration coefficients for each
land use category. The sediment export model is based on the widely used USLE (Universal Soil
Loss Equation) [73] and uses spatially explicit inputs such as a digital elevation model, annual
rainfall erosivity, soil erodibility, as well as cover-management and support practice factors for
every land use category. We refer to the InVEST user’s guide [12] for detailed descriptions of the
biophysical relationships realized in the water yield and sediment export models. Details on model
parameterization, application, and sensitivity analysis are given in Thellmann et al. [61]. Both the
water yield and sediment export model were fitted to run-off and erosion field measurements in a
sub-watershed in Nabanhe Reserve and then extrapolated to watershed scale [61,74].

Instead of using the stand-alone version of InVEST, we made use of InVEST in Python 2.7 in
order to facilitate input data management and calculations using batch processing. Model outputs
(TIFF-files) were exported to R Studio (Version 1.0.136, R Foundation for Statistical Computing, Vienna,
Austria, [75]). We used the R library ‘raster’ to calculate spatial statistics. We applied two-tailed, paired
Student’s t-tests in order to test if there are significant differences in the water yield, evapotranspiration,
or sediment export results between (1) the land use scenarios, (2) the time slices of the climate scenarios,
and (3) the two RCPs. We used ArcGIS (Version 10.3.1, Environmental Systems Research Institute,
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Redlands, CA, USA, [56]) and the R library ‘rasterVis’ to visualize spatially explicit results and
OriginPro 2017 (Version b9.4.1.354, OriginLab Corporation, Northampton, MA, USA, [76]) to create
plots of ensemble results. Scheme 1 provides a comprehensive overview of the modeling methodology.Forests 2019, 10, x FOR PEER REVIEW  7 of 18 
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3. Results

The following sections focus on InVEST results for water yield (3.1) and sediment export
(3.2) averaged across all cells of the entire Nabanhe Reserve. Due to the large amount of data,
spatial statistics and comparisons between the scenarios and baseline conditions are given in the
Supplementary Materials (Figures S1–S18). Total water yield and total sediment export results in
Nabanhe Reserve for every climate and land use scenario as well as percentage comparisons to baseline
climate and land use conditions are listed in Table S1.

3.1. Evapotranspiration and Water Yield

In Figure 3, evapotranspiration simulation results are shown as an average across all cells in the
study area to make comparisons between the scenarios easier. We observed an increasing trend in
evapotranspiration during the course of both RCP scenarios, with higher evapotranspiration values
in RCP 8.5. However, only the evapotranspiration results in 2070 were significantly different when
comparing RCP 4.5 and RCP 8.5 (Table S4). Evapotranspiration in RCP 8.5 was skewed towards the
higher values, with differences between median, 75 and 90 percentile ensemble values being in the range
of tens of millimeters. For all time slices and RCP scenarios, evapotranspiration values for the BAU
scenario were higher than in the other land use scenarios. Generally, the differences between the land use
scenarios were minor in comparison to the large differences between the time slices (all with p < 0.5).

Water yield results were averaged across all cells in the study area in Figure 4. The simulated
water yield for the baseline climate data and the initial land use was about 375 mm in Nabanhe Reserve.
Differences between the initial land use and both 5YP and BTO were only ±1% at watershed scale
for each climate condition (p < 0.5). On the other hand, the model results indicate a lower water
yield ranging from −3.3% to −4.1% (depending on the climate condition) in BAU, when compared to
the simulated water yield for the initial land use condition (p < 0.5). Both the median and the mean
ensemble results of water yield for time slice 2030 in RCP 4.5 were lower in comparison to the baseline
climate. This was due to increasing temperatures, which lead to higher potential evapotranspiration
(Figure 3). As the mean and median precipitation values in the ensemble input data remained at the
same level as the baseline climate data (Figure 1), the higher evapotranspiration leads to a reduction
in simulated water yield in 2030 for both RCP 4.5 and RCP 8.5. An increasing trend for precipitation
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in 2050 and 2070 increased projected water yield also in RCP 4.5. Baseline evapotranspiration values
(Figure 3) were in the same range as precipitation input (Figure 2). A two-tailed, paired Student’s
t-test revealed no significant differences (p > 0.5) in water yield when comparing RCP 4.5 and RCP
8.5 (Table S2). Upland areas, which received the highest amount of precipitation and had lower
potential evapotranspiration, contributed the largest share to the annual water yield in Nabanhe
Reserve (Figure S1).
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Figure 3. Annual average evapotranspiration in Nabanhe Reserve calculated with InVEST and
ensemble data (9 GCMs) of two Relative Concentration Pathways (RCP 4.5 (a) and RCP 8.5 (b) of the
Fifth Assessment Report of the IPCC) for the time slices of 2030 (20-year average from 2020–2040),
2050 (20-year average from 2040–2060) and 2070 (20-year average from 2060–2080). Boxes and
whiskers show the 25/75 and 10/90 percentiles respectively. Lines in boxes show the ensemble
median, whereas crosses show the ensemble mean. Colors represent land use conditions: Initial case
of 2015 (INIT, yellow), Business-As-Usual scenario (BAU, red), 5-years-plan scenario (5YP, green),
Balanced-Trade-Offs scenario (BTO, blue). The dotted lines show annual average evapotranspiration
calculated with long-term annual average climate data as a baseline (WorldClim v1.4. [39,40]).Forests 2019, 10, x FOR PEER REVIEW  9 of 18 
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Figure 4. Annual average water yield in Nabanhe Reserve calculated with InVEST using ensemble data
(9 GCMs) of two Relative Concentration Pathways (RCP 4.5 (a) and RCP 8.5 (b) of the Fifth Assessment
Report of the IPCC) for the time slices of 2030 (20-year average from 2020–2040), 2050 (20-year average
from 2040–2060) and 2070 (20-year average from 2060–2080). Boxes and whiskers show the 25/75
and 10/90 percentiles respectively. Lines in boxes show the ensemble median, whereas crosses
show the ensemble mean. Colors represent land use conditions: Initial case of 2015 (INIT, yellow),
Business-As-Usual scenario (BAU, red), 5-years-plan scenario (5YP, green), Balanced-Trade-Offs
scenario (BTO, blue). The dotted lines show annual average water yield calculated with long term
annual average climate data as a baseline (WorldClim v1.4. [39,40]).
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3.2. Sediment Export

Simulated sediment export for the baseline climate and land use was about 2 tons per hectare and
year in Nabanhe Reserve. Sediment export averaged across all rubber plantation cells accounted for
1.38 t/ha for the initial land use and baseline climate (Figure S19). Land use categories with the highest
amount of mean sediment export were annual agriculture (10.7 t/ha), bushland and tea plantations
(8.5 t/ha), rice (3.6 t/ha), and perennial crops (3.2 t/ha) (Figure S19). In general, the simulation results
indicate increases in sediment export from 2030 to 2070 for all land use scenarios in both RCPs (Figure 5).
This is due to the increased amounts of precipitation in both RCP 4.5 and RCP 8.5. However, in RCP 4.5,
only comparisons between 2030 and 2070 yield significantly different results (Table S6). For every land
use scenario, sediment export results in RCP 4.5 were about 2.5% (2030), 0.9% (2050), and 1.6% (2070)
higher in comparison to RCP 8.5. However, these differences were not statistically significant (p > 0.5)
(Table S6). Unlike the results for water yield and evapotranspiration, the differences between the land
use scenarios for sediment export were more pronounced as compared to the differences between
the RCPs and time slices. In comparison to the initial condition of 2015, the model results indicate
increased sediment export in BAU (up to 0.48 t/ha) and reductions for both 5YP and BTO (more than
1 t/ha) (p < 0.5). The results indicate that the reforestation measures and water protection zoning in the
5YP and BTO scenario slightly increased the sediment retention capacity of the landscape, as sediment
from agricultural land use categories is more likely to be trapped by patches of natural vegetation in
the down-slope sediment retention path in these scenarios (Figures S10 and S19). On the other hand,
increased sediment export in BAU was mainly due to the expansion of rubber plantations at higher
altitudes and steeper slopes (Figures S10 and S19).Forests 2019, 10, x FOR PEER REVIEW  10 of 18 
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Figure 5. Annual average sediment export in Nabanhe Reserve calculated with InVEST using ensemble
precipitation data (9 GCMs) of two Relative Concentration Pathways (RCP 4.5 (a) and RCP 8.5 (b)
of IPCC5) for the time slices of 2030 (20-year average from 2020–2040), 2050 (20-year average from
2040–2060) and 2070 (20-year average from 2060–2080). Boxes and whiskers show the 25/75 and 10/90
percentiles respectively. Lines in boxes show the ensemble median, whereas crosses show the ensemble
mean. Colors represent land use conditions: Initial case of 2015 (INIT, yellow), Business-As-Usual
scenario (BAU, red), 5-years-plan scenario (5YP, green), Balanced-Trade-Offs scenario (BTO, blue).
The dotted lines shows annual average sediment export calculated with long-term precipitation data
as a baseline (WorldClim v1.4. [39,40]).

4. Discussion

4.1. Climate Change Impacts

If one considers the climate change scenarios alone (using the initial land use data (INIT)),
the model results indicate that both annual water yield and annual sediment export in Nabanhe
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Reserve are likely to increase with climate change by 2070 (p < 0.5). These results are in accordance
with similar studies in Asia [33,77,78], which showed comparable increases in simulated water yield
and sediment export under climate change scenarios. We expected to see significant differences
between RCP 4.5 and RCP 8.5, however, with the exception of evapotranspiration results for the 2070
time slice, this was not the case. We conclude that the large difference in annual mean temperature in
Nabanhe Reserve in the 2070 time slice (Figure 1a) is the main reason why only the evapotranspiration
results for this time slice show a significant difference. Based on Figure 1b we conclude that the
differences in annual precipitation between RCP 4.5 and RCP 8.5 are not large enough to lead to
significant differences in both water yield and sediment export.

Our results for Nabanhe Reserve revealed higher percentage increases in water yield in the
lowlands as a result of climate change as compared to more complex changes in the uplands
(Figures S2–S9). Simulated water yield in the uplands was reduced (2030), relatively equal (2050),
and slightly higher (2070) as compared to the baseline climate. This trend held true for both RCP
4.5 and RCP 8.5, albeit with smaller increases of water yield in the lowlands and larger decreases
in the uplands for RCP 8.5. Hoyer & Chang [32] found that water yield estimates are especially
sensitive to climate change in the lowlands, while sediment export is projected to increase under
the higher erosivity from increased rainfall amounts. Bajracharya et al. [77] found that increases in
temperature and precipitation show synergistic effects under climate change and increased water
yield by over 50% at the outlet of the Kaligandaki basin of Nepal. We found the highest increase
(~15%) in water yield in RCP 4.5 for the initial land use in Nabanhe Reserve. In Bajracharya et al. [77],
glacier melt played an additional role in the local hydrology. As there are no glaciers in Nabanhe
Reserve, effects of temperature increases throughout the next century will not be as severe as in other
mountainous watersheds, e.g., the Kaligandaki basin in Nepal. In a watershed in southern Thailand,
which is comparable in land use to Nabanhe Reserve, Trisurat et al. [33] showed that changes in rainfall
(extreme value scenarios) exerted a stronger influence on water yield, but also on erosion and sediment
export as compared to the effects of land use changes. However, the range of annual precipitation
used as input for InVEST in Trisurat et al. [33] was also significantly larger (1980–3838 mm/year) than
in this study.

Many studies on the impacts of climate change on water yield consider only changes in
precipitation, but do not include changes in potential evapotranspiration (e.g., [32,33]). Our results
also show significant increases in potential evapotranspiration as we approach the end of the century.
As precipitation also increases, annual water yield in Nabanhe Reserve will be higher as compared
to the baseline conditions at the end of the simulation. However, in both RCP 4.5 and RCP 8.5,
the increases in temperature and evapotranspiration lead to a reduction of water yield in 2030.
This reduction was most severe in RCP 8.5, with a reduction of annual water yield of more than
10% for every land use scenario. We can extrapolate that particularly dry years may have a more
pronounced effect on the water balance in the future as the higher potential evapotranspiration
increases the probability for periods of water scarcity, especially in the dry seasons.

4.2. Land Use Change and Management Implications

The land use scenarios we have analyzed are based on an intensive stakeholder dialogue and
represent a transdisciplinary work effort by rubber farmers, policy-makers and scientists alike. During
the workshops, stakeholders expressed that the current situation of rubber cultivation is difficult
to change for the following reasons: (1) In comparison to other cash crops, there is still a relatively
high price to be gained for rubber; (2) No more land is available for the cultivation of other crops;
(3) Farmers have invested in their plantations and are hesitant to replace them before the end of the
economic life cycle; (4) Farmers know how to manage rubber plantations and lack experience with
other crops; (5) Farmers want to continue growing rubber, even under less than optimal market and
environmental conditions [74].
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Most of the areas in Nabanhe Reserve featuring optimal growth conditions for rubber were already
occupied with rubber plantations at the initial year of the simulations (2015). Therefore, the extension
of rubber plantations (from 9.2% to 15.2% of Nabanhe Reserve) in the BAU scenario is mostly targeted
at locations above 900 m.a.s.l., of which a large part is also characterized by steep slopes (>23◦).
For the BAU scenario, our results revealed the highest water yield reductions and also the highest
sediment export for all simulated climate conditions. Rubber expansions on high altitudes and steep
slopes should, therefore, be prevented. During the workshops, stakeholders critically commented
further rubber expansions as they saw them as rather unlikely, due to the aforementioned reasons [74].
Nevertheless, the trend of rubber expansions into higher altitudes and steep slopes has been observed
all over Xishuangbanna [22]. As in other watersheds [79,80], upland areas have the highest water
regulation capacity. Therefore, these should be targeted for protection [80]. Reforesting and protecting
these areas were the main aims of both the 5YP and BTO scenario. The BTO scenario featured the
highest sediment retention capacity with the implementation of riverine buffer strips, water protection
zones and reduced herbicide application in rubber plantations. However, in comparison to the 5YP
scenario, the additional benefits of these measures were very small (roughly 0.03 t/ha), as upland
reforestation alone significantly reduced exported sediments (roughly 1 t/ha).

Further research should be aimed at cost-benefit analysis and at assessing the effect of these
measures on water quality (e.g., fertilizer and pesticide residues). Additional benefits of the BTO
scenario in comparison to the 5YP such as improved habitat quality and rubber yields have been
shown in other studies [61,81], albeit without the integration of climate change impacts. The land
management measures of the BTO scenario have been met with higher approval rates by the
stakeholders in comparison to the other two scenarios [74]. Water protection was expressed to
be of utmost importance by the stakeholders, as they already experienced the reduction of available
drinking water resources [74].

Rubber cultivation provides on average over 40% of smallholder incomes in Xishuangbanna,
so household incomes are at risk due to reduced diversification and the dependence on market
prices [82]. The reforestation measures as described in BTO (and 5YP to a lesser degree) are
unlikely to be adopted by farmers without any economic incentives. Although stakeholders were
generally positive about the assumptions in both 5YP and BTO, they were also doubtful about their
implementation [74]. Suggestions to completely dispense with weed control measures have been
met with disapproval by the farmers, as it reduces tree accessibility for tapping and increases the
probability to encounter poisonous caterpillars [83]. Intercropping (with e.g., maize or tea), as a
measure to reduce erosion, was discussed controversially during the stakeholder workshops [74].
So far, intercropping methods for rubber plantations have only shown low adoption rates by local
farmers, even though these methods are encouraged by the government and have the potential to
improve sediment retention and diversify household income sources [84].

4.3. Uncertainties and Limitations of the Study

InVEST has been developed as a policy support tool to enable researchers and practitioners
to assess the impact of land use planning decisions on ESS. Compared to other, more specialized
hydrological models (e.g., SWAT), InVEST represents bio-physical processes in a simplified manner.
The choice of this model may not seem ideal for assessing the impact of climate change on
hydrological ESS. However, more sophisticated models are much more demanding with regard
to the temporal resolution of input data (e.g., daily resolution for SWAT), which makes them less
compatible with freely available GCM data. As InVEST was designed to work with long-term average
input data, we argue that it is a suitable choice for comparing the impacts of long-term changes in
climatic variables on ESS.

Many hydrological ESS modelling studies rely on one or few precipitation and temperature
datasets as input, particularly in tropical regions where hydro-meteorological data are often scarce.
This makes conclusions about the absolute amount of available water highly dependent on the
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selected input data [85]. In cases of data scarcity, van Soesbergen & Mulligan [85] suggest
percentage comparisons to baseline conditions as an alternative to assess future adaptation options.
Shrestha et al. [29] emphasized the need for multi-climate model evaluations of future hydrological
conditions for climate change adaptation and sediment management. We included an ensemble
of climate datasets derived from nine GCMs in order to define an uncertainty envelope for the
hydrological ESS model results (Figures 3–5) and provided percentage comparisons to baseline
conditions (Table S1). For the selection of climate data, McSweeney et al. [44] recommended to
retain a subset of 8–10 GCMs in order to ensure plausible dispersion while avoiding the least realistic
model predictions for a particular study region. As expected, large uncertainties exist in all of the
hydrological variables due to the differences in the climate model projections. The spread in the results
of water yield (and precipitation input) is generally larger at higher altitudes in Nabanhe Reserve.
These areas are also the source of the largest quantities of run-off (Figures S1–S9). These results are not
particular for Nabanhe Reserve, but have also been assessed in other basins spanning steep gradients
in elevation [86,87]. Uncertainties in the results for sediment export are highest in the down-slope
sediment retention pathways (Figures S11–S18). Uncertainties stem from the different assumptions
and parameterizations of the GCMs, but also from downscaling temperature and precipitation datasets
to a finer resolution.

As the InVEST water yield model works on an annual basis, it is not able to capture intra-annual
variability of temperature, precipitation, and evapotranspiration patterns. This is most likely the
greatest limitation of our approach, as annual evapotranspiration from rubber trees has been linked
with high late dry season water use from rapid refoliation after leaf flush as well as very high wet
season evapotranspiration [88]. The same limitation also applies to the sediment export model,
as the timing and the amount of daily precipitation intensity also have a large influence on potential
erosion [78]. Furthermore, the InVEST water yield model is limited in its representation of plant
physiology. An increased intra-annual resolution would open up the possibility to include more
phenological variables (e.g., vapor pressure deficit, leaf area or photoperiod) in order to improve
how the transpiration of plants is represented in the water yield model. Combined with the available
monthly GCM data, this would allow for predictions of water availability in regard to seasonal highs
and lows, which in turn would be more beneficial for watershed management than our current
approach. Similar benefits would apply to weed management in rubber plantations, as the timing and
frequency of herbicide application in rubber plantations has been shown to be highly influential in
rubber plantations [83]. Future modelling efforts including improved plant physiology, intra-annual
or seasonal variability and extreme wet/dry climate conditions are needed to shed more light on
temporal patterns of water provisioning and sedimentation in Nabanhe Reserve.

5. Conclusions

Should the expansion of rubber plantations in Nabanhe Reserve continue, the increases in
sediment export will be amplified further under the wetter and warmer climate. In addition,
we conclude that the effects of land use and land management decisions on water yield in Nabanhe
Reserve are relatively minor when compared to the effects that future climate change will exert on
water yield. Our results can contribute to an effective management of erosion and sedimentation in
Nabanhe Reserve and provide useful insights for future water availability and sediment export under
the effects of climate change in the watershed. The method we applied can easily be transferred to
other regions facing comparable land use situations, as InVEST and the IPCC5 data are freely available.
Furthermore, up-scaling our methodology to larger areas could be beneficial for hydro-power planning
in the area [89,90], as it includes information about annual water and sediment volumes under the
effect of climate change.



Forests 2019, 10, 176 13 of 18

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/2/176/s1,
Figure S1: Water yield results for every land use scenario and the baseline climate data. INIT: Initial land use
in 2015, BAU: Business-As-Usual, 5YP: 5-Years-Plan, BTO: Balanced-Trade-Offs, Figure S2: Water yield and
standard deviation results in Nabanhe Reserve for the initial land use in 2015 (INIT) under RCP 4.5 climate data,
Figure S3: Water yield and standard deviation results in Nabanhe Reserve for the initial land use in 2015 (INIT)
under RCP 8.5 climate data, Figure S4: Water yield and standard deviation results in Nabanhe Reserve for the
Business-As-Usual scenario (BAU) under RCP 4.5 climate data, Figure S5: Water yield and standard deviation
results in Nabanhe Reserve for the Business-As-Usual scenario (BAU) under RCP 8.5 climate data, Figure S6:
Water yield and standard deviation results in Nabanhe Reserve for the 5-Years-Plan scenario (5YP) under RCP
4.5 climate data, Figure S7: Water yield and standard deviation results in Nabanhe Reserve for the 5-Years-Plan
scenario (5YP) under RCP 8.5 climate data, Figure S8: Water yield and standard deviation results in Nabanhe
Reserve for the Balanced-Trade-Offs scenario (BTO) under RCP 4.5 climate data, Figure S9: Water yield and
standard deviation results in Nabanhe Reserve for the Balanced-Trade-Offs scenario (BTO) under RCP 8.5 climate
data, Figure S10: Sediment export results for every land use scenario and the baseline climate data. INIT: Initial
land use in 2015, BAU: Business-As-Usual, 5YP: 5-Years-Plan, BTO: Balanced-Trade-Offs, Figure S11: Sediment
export and standard deviation results in Nabanhe Reserve for the initial land use (INIT) under RCP 4.5 climate
data, Figure S12: Sediment export and standard deviation results in Nabanhe Reserve for the initial land use
(INIT) under RCP 8.5 climate data, Figure S13: Sediment export and standard deviation results in Nabanhe
Reserve for the Business-As-Usual scenario (BAU) under RCP 4.5 climate data, Figure S14: Sediment export
and standard deviation results in Nabanhe Reserve for the Business-As-Usual scenario (BAU) under RCP 8.5
climate data, Figure S15: Sediment export and standard deviation results in Nabanhe Reserve for the 5-Years-Plan
scenario (5YP) under RCP 4.5 climate data, Figure S16: Sediment export and standard deviation results in Nabanhe
Reserve for the 5-Years-Plan scenario (5YP) under RCP 8.5 climate data, Figure S17: Sediment export and standard
deviation results in Nabanhe Reserve for the Balanced-Trade-Offs scenario (BTO) under RCP 4.5 climate data,
Figure S18: Sediment export and standard deviation results in Nabanhe Reserve for the Balanced-Trade-Offs
scenario (BTO) under RCP 8.5 climate data, Figure S19: Sediment export averaged over every land use category in
Nabanhe Reserve for the initial land use (INIT) and baseline climate. We calculated these values by summing
the sediment export amounts from each land use category and divided them by the areal extent of the respective
land use category in Nabanhe Reserve, Table S1: Total water yield and total sediment export in Nabanhe Reserve
estimated by InVEST for all climate and land use scenarios as well as percentage comparisons to the baseline
climate and land use conditions. Table S2: Simulation results of the InVEST water yield model for the land use
scenarios and each General Circulation Model (GCM) in Nabanhe Reserve, Table S3: Results of a two-tailed, paired
Student’s t-test to determine significant differences between water yield model results. Green values indicate
significant differences (p < 0.05), red values indicate no significant difference (p > 0.05), Table S4: Simulation
results for evapotranspiration for the land use scenarios and each GCM in Nabanhe Reserve, Table S5: Results of a
two-tailed, paired Student’s t-test to determine significant differences between evapotranspiration model results.
Green values indicate significant differences (p < 0.05), red values indicate no significant difference (p > 0.05),
Table S6: Simulation results for sediment export for the land use scenarios and each GCM in Nabanhe Reserve,
Table S7: Results of a two-tailed, paired Student’s t-test to determine significant differences between sediment
export model results. Green values indicate significant differences (p < 0.05), red values indicate no significant
difference (p > 0.05).
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