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Chapter 1. General Introduction

1.1. Background

The wak presented in this thesis wéisnded by the Anton&-PetraEhrmann Foundatioas a parof

the Water¢ Peoplec Agriculture Graduate School and supportedthe German Federal Ministry of
Education and Research (BMBRjough i KS NX & S| NORUMERN®Rs2aidablé Rubber
Cultivation in 6 a S{ 2 y 3 Gra§ AumPeyFKZ01hL091) The objective of the SURUMER
project was the development of an integrative, applicable and stakeheldiédated concept for
adzadF Ayl ofS NHz2O6SN) Odz GAGFGA2Y Ay |, diffeyprojct t NB OA Y
consisted ofin interndional andmultidisciplinary consortium of researclafiners structured in nine
disciplinary sub-projects ranging fromeconomics and sociaciences,soils, plants and carbon
dynamics to water management amdimanwildlife conflicts Parts of thighesiswere conductedas

a part of the dntegrated Ecosystem Service Assessment Grompich aimed to integrate a
combination of disciplinary modefsom the biophysical and soceconomic subprojects of SURUMER
in order todevelop an interdisciplinary assessment method for the impacts of rubber cultivation in
the study region.

Furthermore, parts of this thes{€hapter 3are an outcome of the initial phase of the SOS Uplands
project, alsofunded by BMBF (Grant number FKZ.G1709)Theobjective of SOS Uplands was to
developintegrated assessment tools for theeigtification and management of safgperating gaces
(SOSjo strike a balance between the conservation of structural and functional biodiversity and land
use intersificationwith the aimof safeguarihg livelihood and ecosystem functioms mountainous
agricultural landscapes in the tropics.

1.2. Global Change h8cesses and their nhpact in Montane Mainland
Southeast Asia

1.2.1. Terminology

Land cover is defined as tihophysicécondition of the landyhich includeboth artificial structures

as well aghe kind and conditiorof its natural features such awil, water, vegetation or other biota

[1]. Land use is defined as the human employment of the land, meaning the way it is utilized to ensure
that human resource demands are nié&j. Meyer and Turnefl1] list three ways in which land cover

can be changed: (1) Conversion of one lander into another (quantitativehange), (2) modification

of the land cover without full conversion (qualitative change), @&)dr(aintaining the condition of the

land cover against drivers of natural change (e.g. pest confol)the sake of simplicitjthe term

Gf I yR dzaSé¢ A a NE&ES NNkola foriie remaindel of thik tifeRis dz

Land usepatterns can be lbservedwith remote sensing techniques. For exam@esups of pixels in
multispectral satelliteobservationscan be assorted into land use categories based on their spectral
similarities and differenceso other groups of pixelg§2]. Simple diferentiations e.g, between
vegetated and notvegetated land, are relatively straightforward as plants feature a distinct peak in
the near infraredspectrumof reflected lightand absorb solar radiation in the phesynthetically
active radiation spectral regidi3]. However, astinguishing between different kinds of crops is more
compex and requiresadvancedclassification techniques which rely on extensive ground truth
campaignsfor training the classification algorithm with geeferenced (multi-temporal) photo-
sequences taken in the fie[8].



Land use change cdhen be detected by comparing sequential land use maps of the same area taken
at different points in time using geographic information systems (G&)d use change models can
be powerful tools toestimate potential future land use changesr support policy, decisiemaking

and planning processd4]. Land use planners have émsurethat the compositio of elements in a
landscape igdeally planned in terms of ecolmgl soundness and economic profitabiliyhile taking

into account environmental anaddministrative restrictions such as land tenuights. In other words,
agricultural crops should be grown kere they growbest while forests and habitatsshould be
protected wherethey are most worthy of protection.Available toolso regulatethese processes

include spatial planning with GIS such as agricultural zoning, the establishment of restrictive areas

such as natureeservesand providing extension services to farmers in order give advice on suitable
plantation choices or appropriate crop rotations.

1.2.2. Land Use Changeg/iliamics in Montane Mainland Southeast Asia

Montane Mainland Southeast Asia (MMSEA) represents a,lamplogically vital region, which spans
roughly half of the lad area of Cambodia, Laos, Myanmar ¢ Kl Af I YRE +*+ASdyl Y
Province (Figre 1.1)[5]. Situated within the IndeBurma Biodiversity Hotspothé regionisone of the
most biologicall diverse regions on the plangd].
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Figurel.l. Map depictingcontinentalSoutheast Asiand the location of the study area, the Nabanhe
Reserve (depicted ined). Nabanhe Reserves located inXidwangbanna Prefectureo(tlined in
yellow), in Southwestern Chin#reas above 300 meters in elevation are depicted in a green shade
(based on CGRACSI SRTM Versiorf4). Admnistrative borderswere obtained from the DIVASIS

free spatial databasf3].
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The past decades saw an extensive shift in land use patterns in MNMf8Easinglymore landhas
beenconverted to cash crop farming systems suchibpalm or rubber plantationf,10]. So farthe
expansion of cash cropn upland areahasoccurred mostlyat the cost of taditional (longfallow)
shifting cultivationsystems(also referred to as swiddeor slashand-burn cultivation) [9,10]. This
transition from shifting cultivationto intensified croppinghas resulted inseveral outcomes in
Southeast a A(BEAHplands: increases in overalicome for more households, but withe coss
of reductions of traditional cultivation methodsacio-economic wellbeing, staple crop yieldsd
livelihood optiong10].

Whereas hydrological and geomorpholodieffectsof traditional shiftingcultivation systems have
been largely inconsequential in MMSEA, the introduction of permanent cash crops and monocultures
has led tonumerous negativeeffects (1) changes in streamflow response, (2) increased surface
erosion, (3) lgher probability of landslides, and (4) declines in stream water qyalifyFurthermore,

the transition to permanent cropping systems have negatively affestaldproperties such assoil
organic carbon, caticexchange capacity, and abegeound carbon contenfl0]. Reasons for the
negative impacts include the following: (1) the simultaneous atitiwm of large portions of upland
catchments, which leads to accelerated hydraulic and tillage erosion as nho more fallowing is practiced
to allow for the recovery of key soil properties (e.g. infiltration), (2) concentrated overland flow and
erosion source which are connected to the stream network, (3) reduced root strength on
permanently cultivated slopes, (4) the use of pesticides, ieatbs and irrigatiofl11]. In addition,
shifting from lowto highinput agriculturereduces both functional and species diversity as well as the
availability of sitable habitats for species originating from natural ford42|.

In summary, the underlying drivers pushiagd use transitions from traditional shifting cultivatitm
intensified perennial and annual cash croppivagled to declines in ecosystem servi¢gsSand the
livelihood security they previously supportétD]. Deforestation, transformation, intensification and
degradation not only have extensive impacts on the supply of ESS, but also impact the distribution of
habitats and threaten biodiversitj1 3]. Dressler et al[10] conclude that the most sensilpproach

for sustainable upland agriculture and climate change mitigation would be to implement broader
landscapescale policieshat keep farmers on their land andlltivation systems that enhance rather

than deplete livelihood security and E$Be ex@ansion of rubber in Xishuangbanna Prefecture serves

as a suitable case study to assess past impactsdamdiop new landscapscale approaches for
sustainable upland agriculture

1.2.3. Rubber Bom in Xishuangbanna

By the year 2012, more than one million heesuof nontraditional rubbergrowing areas had been
converted to rubber plantations throughout Thailand, Laos, Vietham, Cambodia, MyzamdaChina
[14]. Fox et al[5] predict a fourfold increase of area under rubber plantations by #2050, mostly

at the loss ofireas previously undeshifting cultivation and secondary foresiéew rubber plantations
are increasingly established in saptimal, marginal environments, where reduced yields are likely
due to environmental stresses, suchiasreasedsusceptibility to diseasd43,15] Already in2010,
nearlythree fourths of rubber aream SEA were located on marginal Ig&8]. Furthermore, 57% of
rubber areasn SEAare susceptible to erosion, frost, wind damage and insufficient water availability
[13]. In addition, the effects of climate change aggpected tomostly lead to an exacerbation of
environmental marginality for rubber cultivation in SEA accelerated erosion rates due to increased
precipitation for high altitude plantations, (2) increased risk of drougid ensuing dry stres$3)
increased risk of storm damagehereaq4)frost risk is expected to decrease in the fut(iig].



Today,natural rubber of the Paréubber tree Hevea brasiliensMiill. Arg.Jisamong theg 2 NImbsQ &
important renewable resourcessit is a key industrial commodity in manufacturingvéde range of
latex products andis classified as a strategic resouft6¢18]. The tree is native to the tropical rain
forests ofthe Great Amazonian basin in Brazil, where latex colleatias traditionally alabour
intensiveprocess, due tadhe low densities of rubber trees in old growth fore§i$,19] As a result,
latex extractionwas more comparable to mining of natural resources rather thana managed
agricultural systenj16]. Nowadaysmore than 90% of all natural rubbeas producedin Asia with
Thailand, Indonesia and Malaysigpresentingthe top three rubber producing countrig&igure 1.2)
[20]. Lage-scale production in Southmerica is hampered by the fung@seudocerospora ulei
formerly known adMicrocyclus ule{South American leaf blight), which has ryett spread to Asia
[21,22] As Asian rubber plantationare susceptible to the fungus, an outbreakight lead to
catastrophic consequences for bathbberfarmers as well as industries dependentraturalrubber
for manufacturing their products (e.g. medical products or the transportation sef2af) In such a
scenarig the vehicle industrywhich useabout three quarters of théotal world productian of natural
rubber, would take the largest h[23].
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Figurel.2. Annual natural rubber yields and annual harvested rubber area from-20%8(a), and

annual average rubber production by the top ten rubber producing countries ¢2098)(b). Data
for both (a) and(b) istaken fromFAOSTA[RO].

¢KS addzRé NBIAZ2YZIT - AadKdzry3aolyyl tNBFSOGdzE Ay | «
located atthe northernmost edge of tropical Asia (Figure 1[24]. Tropical seasonal rainforest,

tropical montane rainforest, monsoon forest on limestone and on riverbanks, as well as south
subtropical evergreen broalkaved forest represent the main primary forest types in Xishuangbanna

[24]. The environmenteimpacts of traditional shiftingultivationwererelatively inconsequential until

after the Second World War, when poppy cultivation for opium was introduced, populationitygléns
mountainous areas increased, cropping periods lengthened and fallow periods became gbfjrter

In the early 1950s, rubber was introduced to Xishuangbanna, driven by economic and ideological

L2t AOASE (2 Y2RSNYAT S & LINAand eéngud $hé availdoiitF af mypad O dzf G
for national defence and constructid@6]. Since the 1960s, the most drastic drivers of deforestation

observed in Xishuangbanna have been the introduction of rubber tragswell as logging for

commercial and fuel usevhile previousshifting cutivation triggeredthe development of large scale



areas of secondary vegetation, such as deciduous monsoon forests, grasslands and savannah
woodlands[24]. As the planting of rubber trees was seen as a @aable alternative to traditional
shifting cultivation the expansion of rubber plantations was encouraged through policies such as the

G{f2LAY 3T NHEHANR /t2NBIENTI Yé X GKAOK YIRS (GKS Sadlof A

officially count as reforestatiof25].

Prices for natural rubber saw an inciblg increase from around 013S$/kg at the turn of the century

to a peak of more than 6 US$/kg in 20drtil it steadily declind to less than 2 US$/kg in 20137].

The steady increase in prices for natural rubber in the early 2000s was reflected in the land use
conversion rates in SEl Xishuangbanndorest cover declined from 71% to 52% of the land area
whereas rubber increased from 11% to 21% in the same time period {2002)[27]. Unprotected

forest areas are dispropodnately located on steep slopes at high altitudes, whereas only smaller
forest patches remain in the biologically more diverse valleys at low altit{@igs Forest patch
numbersincreased and forest patch sizes decreasddl® and 16fold, respectively(2001-2014),

which creates challenges for conservation planning, as valuable links between habitats fté]lost

With the environmental consagences of rubber expansiobgcomingmore apparent in recent years,
there is an urgent need to assess the impact of potential future rubber expangioMSEA. The
concept of ESfrovides a fitting famework forthisanalysis

1.3. Ecosystem Services
1.3.1. General Gncepts

ES&re defined as the benefits that ecosystems provide to pefi{8¢ ESS can be considered among

the most important bilding blocks of human societgnd include the povisioning of food, fibre
medicinesclean water protection from extreme weather eventflooding or pests; as well as spial

and cultural welbeing[29].¢ KS G SNX & dylanddABDae aS8WADSHPA OSA¢
academic literature in the 1970s and 1980s, but it was not until 1997 when two seminal publications
(an edted book by Gretchen Dai[@0] YR 'y I NOAOfS Ay GKS 22BNy | f
started an exjosiveincreaseof research, policieand application®n the concept of ESB2]. The

rapidly growing field of research aimed to address questions on how to assess, value and account for
ESS in regional and global economies and deeisiking processeg9]. Publications such as the
Millennium Ecosystem Assessment (ME28), TheEconomics of Ecosysterasd BiodiversitfTEEB)

[33], and the formation of IPBES (the Intergovernmental Sci®utiey Platform on Biodiversity and
Ecosystem Seices) in 201234] further reshaped environmental management and policy making.

There is an important distinction betwedahe termsESS and esystem processes and functions.
Ecosystem processes and functiais contribute to ESS, but are not synonymauth ESY32].
Ecosystem processes and functions are biophysical relationships that exist whether humans benefit
from them or not, whereas ESS are functions and processes that benefit people, directly or indirectly,
consciously or wtonscioush)32]. This arguablynthropocentric view of nature has been criticized

for conveyngthe idea that nature only exists to service humans (8%9,36). The counterarguments

of ESS proponents arfl) that ESS imply the recognition that humaepresent an integral part of

the biosphere; (2}heir wellbeing but also themere survivabf Homo sapiensis a speciess very

much depenént2 y & 0 K § | NB@Iat, 2sfany other species, humans use their environment
and resources to survive and thrive; amdi) that with this recognition of our interdependence with

the rest of natue, the ESS concept makes it clear that only humangnatter, but thatthe whole
systemis of importancq32).

a



Ecosystera G KI G adzlid e 9{{ IINB’ |faz2 NBFTSNNBR (2
services over time), whigbrovides thdink between ecology and economif&2]. Natural capital does
not require human activity to be built or maintained, but requires the interaction with other forms of
capital and human agency in order generatebenefits[32]. The other typs of capital include: (1)
built or manufactured capital, (2) human capital, and (3) social (or @ljteapital[32]. Figure 1.3
depicts the interaction of the four types of capitathich highlights the need for transdiplinary
approaches in order to measure, model, understand and managgERS

Social
Capital Sustainable
Human
Well-being

Natural Capital

\-.
-

Figure 13. The interaction between far types of capital affecting human wéléing: built, hunan,
social and natural capitaddapted from Costanza et §7]. Ecosystem Services (ESS) are the relative
contribution of natural capital to human webeing, as natural capital does not flow directly, but
requires interaction in order to contribute touman welibeing[32].

Several classification systems for ESS have pegrosedin the last decades (e.§28,31,33). They
differ in some details, bumostly agree on a general categorization of the following types of services
[32]:

() Provisioning servicesequire the combinaton with built, human and social capitah
order to provide food, timberfibre or other raw material;

(1)) Regulating serviceombine with the other three capitals to generate flood control, storm
protection, water and air quality regulation, pollination, couitof diseases, pest and the
climate.They are dakn unregarded by individuals;

(1 Cultural servicegprovide recreation, aesthetic, scientific, and cultural identi#gnse of
place and other cultural benefits in combination withilt, human and sociaapital;

(IV)  Supporting servicesnclude ecosystem processes such as primary productivity, soll
formation, biochemistry, nutrient cycling and the provisioning of habitat. They contribute
indirectly to human welbeing by maintaining ecosystem processes amdtions in order
to safeguard the other three ESS categoragpporting services (or biodiversity, primary

production, habitat/refugia services) are sometimes used as proxy measures, as

ecosystem functions underpin all other ESS

~
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One of themain reasos for comprehensive classification systems for ESS is to prevent double
countingin ESS accounting, so asateert an overestimation of ESS supphs outlined in Section 1.2
ecosystems and the ESS they supply are uimdeeasingoressure from human adtities[38,39] The

main reason for overexploitation of E&3nono-functional use(maximization of one ES&hd the
consequences of the corresponding landscape managemasrapposed to a less frequently favoured
multifunctional useconcept [40]. This enables a maximum of economic gains, but redubes t
opportunities for current and future generations to sustain the same level oflvedtig as the costs

and benefits ofunsustainableresource use are not evenly spread across time and spddeThis
circumstance can favour economically rational decisions of certain stakeholder groups to pursue the
unsustainable use of resources, as it is unlikely for them to experiteceegative consequences of
their decisions[42]. Since it is impossible to maximize all ESS simultaneously, environmental
management should be aimed at the optimal balance of services in accordancé with { SK2 f RS NI
needg41]. Onemeansto achieve this balance is through the quantification and valuation ofuss1s)

ESS modeling tag)] which isgenerally referred tas ecosgtem service assessments (ESAS).

1.3.2. Ecosystem ServigessessmenApproaches

The past years saw the development of seveddiwareapproaches for modelingnd evaluatindgeSS.
Tools for replicable and quantifiable ESS analyses include IQWEegiaed Assessment of Ecosystem
Services and Tradeffs)[43,44] ARIEfArtificial Intelligence for Ecosystem Servidd$§), and MIMES
(Multiscale Integrated Model of Ecosystem Sen)idd€]. These models can be categorized as
independently applicable and generalizable landsesqee model§47].

After an extensive review of the available software solutions for modeling and assessing ESS, INVEST
became the model of choice forihthesisThis decisiomvas made according to the followiegteria:

INVEST featurdd) spatiallyexplicitapplicabilityfrom watershed to landscape scale, €timation of
uncertaintythrough varying inputq3) biophysical values as model outpuith optional monetization,

(4) an open sourceframework, (5 a modular desigrof independentlyapplicable modles, (6) the
capabilityof batchprocessing with Python 2.77) extensive documentation and an online support
forum, and B) isreadyto-use, aopposed to many othesipproaches, which were still in development

at the beginning of this study.

As opposed to many other modeling frameworks used in environmental science (plEsss
models, cellular automataagentbased models, system dynamiesdps of the INVESmodules rely
on deterministic production function3his approach reduces model complexity and the level tHide
in the ecosystenprocesses InVE&Todulesare able to represent, but makes it possible to apply them
on larger scalg increases generalizabilitgnd the amount of integrated serviceSnother advantage
of spatially explicit computer models such as INVEST sltitiey to include both perceivedrad non
perceived benefits, allowinfpr the evaluation of a range of different poyji scenario§32].

1.4. Justification

In Xishuangbanna Prefecture, the extensive expansion of rubber plantations has furiddynen
impacted environmentabnd sociceconomic condition®©n many levelslt has changedhe local
hydrology water quality and quantity, erosion and river sedimentati@duced suitable habitats and
decreasechabitat quality for a number of pfd andanimal species, and reducéae capacityof the
landscape to serve aslongterm carbon sinkandprovide other essential ES®&hile t has brought a
new and tempting source of income to the rural populationmany cases alleviatimgpverty, it has



alsolead tohigher livelihood vulnerability due to less diversificationnocomesources and higher
dependency on global market pricéhere is an urgent need to assess émyironmentalimpact of
future land use changei regard to rubber expansionin order to offer decision support for
environmental management, land use plannirand policy designespecially under the altered
environmental conditions a changing climasdikely tointroduce to the region

Until now, not much research has been conductsn multidisciplary ESS assessments for rubber
producing landscapes$tudies on ESS in rubber plantations have only focused on one or a few ESS.
The strength of the ESS concept lies in itgstial approachin the assessment ahultiple ESSn the
identification of trade-offs between them, and irthe integration of feedback and experience of
stakelolders in an iterative process.

With these gaps in knowledge, the presented thesis is scientifically rel@asamotonlyincludesthe

first spatially explicit ESS assessment for rubber producing landscapes under multiple drivers of
change (land usehangeand climatechangé, but al® introduces multiple methods fogvaluaing

and further utilizing modkng results (evaluation basedn stakeholder preference@Chapter 2)

tipping point analysigChapter 3)and integrating theuncertainty ofclimate changgChapter 4).
Further,the thesis shows the need for ESS assessments to evolve beyond their existing concepts in
order to providemore utility and be more relevant for both science and for different groups of
stakeholders.

1.4.1. Hypotheses

There are several hypotheses whisbrve as guiding threadhrough this thesis

() A continuation of the past trend afubber expansionsn the study areawill lead to
declinesin water availability, increased erosion and river sedimentation as well as
reductions in habitat quality and carbon storage pdiahon a watershed scale. The
reductions in hydrological ESS will be further angalifoy the impact of climate change.

(D) The incorporation of stakeholder preferences into the evaluation of different land use
change trajectories in regard ESS supply will provide additional aspects of assessing the
suitability of land use plans to presereSS in comparison telying onlyon biophysical
modeling results.

(I The identification of tipping points in the supply of ESS at different spatial scales will
provide a toolthat can be usedn environmental managemerfor early interventions
within lard use change trajectories.

(IV)  Land use plans incorporating water protection measures, such as riparian buffer zones
and reforestation on step slopes,are able to buffer against the negative effects of
climate changén the study area watershedin addition,these measures will increase the
capacity of the landscape to serve asaabon sink and provide more suitable habitats in
comparison to the current land use situation.



1.4.2. Objectives

The aim of tle presented thesis is to assahg potential impacts of future rubber expansions the
supply of ESS armiodiversityin Nabanhe Reserve. In particular, the three case studies examined:

() if the INVEST (Integrated Assessment of Ecosystem Services andOffigdmodeling
framewark couldbe used to provide a holistic quantification of ESS supply in asdatae
environment, andif stakeholder preferences coulde used to evaluatehese spatio-
temporalmodel resultsn order to generate new insights on the suitabitifyseveral land
use change trajectories for the future of the study area.

{0)) if a simple tool for regional policy making and land use planning could be produced by
combining time series results derived from INVEST with a-didan algorithm in order
to reduce the risk afraversing future tipping points in the supply of ESS at multiple spatial
scales.

(1 if InVEST could be ustmlanalyse land use scenarios in combination with multiple climate
change scenarios in order to assess hydrological ESS in Nabanhe Rédereaptuing
the uncertainty in climate projections

1.4.3. Outline

The work presented in this cumulative PhD thesis is divided into five chapters. The first chapter serves
as a general introduction to the study region, research concepts and introduces the overarching
research questions, hypotheses and objectives. It providesbtekground for the resach on
ecosystem servicegsurrent appoaches on how they can be assessasl well as an overview of the
global change processes which compromise their provisionindy asidhe recent land use change
dynamics inMMSEA Chapter 2 introduces the multidisciplinargodding approach for ESS and
biodiversity in rubbeiddominated landscapes using the InVESIdding framework. Chapter 3 builds

on the methodological framework introduced in the previous chapter and expands on it by integrating
the concept of tipping points into the spatial and temporal analysis of ESS. Chépteisdeon the

supply of hydrologidaESS and discusses how they are altered under the pressure of both land use
change and climate change. Chapter 5 provides a general discussion of the previous chapters and
touches upon the shortcomings, strengths and uncertainties as well as future chggatentials. The
appendix contains a complete list of the literature referenced in this thesis, summaries in English and
German language as well as a curriculum vitae of the author.



Chapter 2: Assessing ecosystem services in rubber dominated
landscapes in South-East Asia i a challenge for biophysical
modeling and transdisciplinary valuation

Kevin Thellmanh Sergey Blagodatskylnga Hausef, Hongxi Lid, Jue Wang, Folkard Asch Georg
Cadisch and Marc Cottet

1 Institute of Agricultural Sences in the Tropics and Subtropics (HRoghenberginstitute),
University of Hohenheim, 70593 Stuttgart, Germany

2 Naturschutzjugend Badewurttemberg, 70178 Stuttgart, Germany

3 Extension and Communication Group, Humbdldtversitat zu Berlin, 1009Berlin, Germany

Abstract: The concept of ecosystem services (ESS) has been increasingly recognized for its potential in
decision making processes concerning environmental policy. Multidisciplinary projects on rubber
(Hevea brasiliensjiscultivation, integating research on a variety of ESS, have been few and far
between. More than three years of iterative workshops with regional stakeholders resulted in the
development of future land use scenarios for our study area in Xishuangbanna, PR China. We used the
INVEST (Integrated Valuation of Ecosystem Services and-dffaflenodeling framework to analyze

their impact on sediment retention, water yield, habitat quality, and carbon sequestration and
developed a model for assessing rubber yields. We investigdtedpercentage deviations of
integrated ESS indices in each scenario, as compared to the initial state of 2015 and as a novelty used
different statistical weighting methods to include rankings for the preference of ESS from three
contrasting stakeholder gups. The businesssusual scenario (BAU, continuous rubber expansions)
revealed an increase in rubber yields trading off against all other ESS analyzed. Compared to BAU, the
measures introduced in the balancédde-offs scenario (reforestation, reduced etbicide
application, riverine buffer zones, etc.) reduced the total amount of rubber yield but enhanced habitat
guality and regulating ESS. The results show that the integrated indices for the provisioning of ESS
would be overestimated without the inclumi of the stakeholder groups. We conclude that policy
regulations, if properly assessed with spatial models and integrated stakeholder feedback, have the
potential to buffer the typical tradeff between agricultural intensification and environmental
protection.

Keywords: SouthhEast Asia, ecosystem services, rubber, land use planning, biodiversity, scenario
modeling, INVEST

A version of this chapter was published[48]:

Thellmann, K.; Blagodatsky, S.; Hauser, |.; Liu, H.; Wang, J.; Asch, F.; Cadisch, G.; Cotter, M. Assessing
Ecosystem Services in Rubber Dominated Landscapes inSasitAsia A Challenge for Biophysical
Modeling and Transdisciplinaxaluation. Forests 2017, 8, 508tfs://doi.org/10.3390/f812050%.

The original publication is available kttps://www.mdpi.com/19994907/8/12/505
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2.1. Introduction

Ecosystem services (ESS) are defined as the benefits people obtain from eco$28leisrecent

years, the ESS concept has increasingly daimportance and its potential for shaping decision
making processes with regard to environmental policy formulation and sustainability issues has been
widely recognized[49]. Sustainably maintaing ESS and ecosystem functions (ESF) is crucial
considering the increasing pressure on ecosystems caused by climate change and land use change due
to e.g., deforestation, agricultural expansion, and intensificai@51] Spatially explicit analyses and

the mapping of ESS, as well as ESF, are essential for developing managenegigstia ecosystems
adaptation to climate change, the maximization of seeimlogical resilience, and to ensure
sustainable ESS and ESF for manj&ap

In Montane Mainland Soutiicast Asia (MMSEA), extensive land use changes during the last decades
have resulted in the disappearance of traditional swidden farming systems and an intensification of
cash crop cultivatiofil1]. For example, suitable environmental conditions and the absence of South
Americanleaf blight (Pseudocercospora ulek major pest in rubber production systems in South
America) have resulted in the expansion of rubber tree plantations in Seash Asia (SEA), today
LINE RdzOAYy 3 GKS Yl 22NARde 2] Ask SonsaqidhfeRubBer pfahtatiomsld € |
in SEA have spread mostly into former forest areas at increasingly higher altitudes and steeper slopes,
which are subptimally suited for the growth and prodtivity of rubber tree¢15]. InXishuangbanna,
located in Yunnan Province of P.R. China, this development was mainly driven by the expected high
income possibilities from rubber cultivati¢g4], which is grime example for this tradeff between
economic development and environmental conservation.

Over the last ten years, numerous changes in biophysical ESF related to thesclle
implementation of rubber plantations have been reported. Forest to ruldmaversions have been
shown to have negative effects on soil qual], to increase soil erosion and surface 4ffi[56,57]

and to reduce carbon stocK$8,59] Hydrological effects include increased water loss through
evapotranspiration during the dry season, decreasing water storage in subsurface soil and, thus, basin
discharge[60]. The expansion of rubber plantations in MMSEA has led to serious losses of highly
diverse rain forest areaf61], resulting in decreased floral and faunal species abundfi#land

altered species composition, mostly in disfavour of forest specigfigls On the otker hand, rubber
plantations maintain a higher number of plant species (with a lower proportion of exotic and invasive
species) compared to tea plantations or irrigated crops cultivated in the[&8}a

A recent review on ESS in rubber plantations has shown that tjerity of publications on the
subject focused on only a few ESS, thus providing incomplete and therefore insufficient information
for sustainable land use planning or letr@gm investment decisionf54]. There is an urgent need for
multidisciplinary approaches integrating research on a wide variety of ESS for ecosystem service
assessments (ESA) related to rubber cultivation, esstby Hauser et aj64].

Several approaches for valuing ESS in rubber cultivation systems have been pursued in recent years:
ESS valuation via stakeholder perceptions or expert judgeniébi66] benefit transfer methods

[67], and biephysical approaches lacking any valuation proced{68% Hu et al[67] used benefit
transfersbased on Costanza et {#81]to assess thenonetary loss of ESS in Xishuangbanna from 1988

to 2006. Benefit transfer methods are only reasonable when provisioning changes are given across
comparable goods and contex{89], which Hu et al[67] attempted to account for by using
coefficients of sensitivity. A point of criticism for this method wouldhieecomparison between gross
domestic product and ecosystem service value, as the former is based on market prices while the
latter is largely based on willingness to pay (WTP), therefore representing only limited comparative
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validity. Koschke et al[70] provided a comparison between benefit transfers and valuation
approaches based on expert opinions and fowwshsiderable differences for their impact on the

outcome of the evaluation. The difficulty of attributing a value for biodiversity was @diout by

Atkinson et al[71]. Concordantly, no value is giv@n2 NJ & | | 6FA&( | & NIBYF d&B7. Ay | dz
Areas of high plant diversity values generally overlap with areas of high aesthetic value and high
regulatory ESF2]. To our knowledge, no study has yet been conducted to assess the effectsref futu
trajectories of rubberrelated land use changes on multiple ESS and biodiversity and subject these
results to a valuation based on stakeholder perceptions.

After reviewing the currently available software solutions to model multiple ESS and biodiveesity
chose the INVEST (Integrated Valuation of Ecosystem Services aneffsaaeodeling framework.
INVEST is a suite of free and open source software models to map and valitE®Sallows
independent modeling of different sets of ESS, enabling the user to ensure the bagpgalism of

each submodel with respect to input data and model results. Furthermore, INVEST is able to offer
flexible customizability and generalizability options, not only in terms of scaling and input data, but
also for stakeholder integration andade-off evaluation. These points represent the essential parts
to be included in any E9A3], in addition to offsite effects, which we are only able to assess in a
gualitative manner for this study. Additionally, INVEST provides a sophisticated basis for reporting the
modeling results in terms of transparency and comparaljdity, since it has been repeatedly applied

to investigate the provisioning of ESS all around the g6

Thompson et al[75] highlighted the importance of comparing contrasting scenarios to better
understand the complex dynamics and relationships in secaogical gstems. Seppelet al. [76]
further developed this idea by suggesting the combination ohade analysis with optimization
algorithms, while also stressing that optimized plans might not always be reachable for the current
land system and political instruments.

The aim of this study is to attempt an assessment of ESS for a landscape sthynifitaenced by the
expansion of rubber plantations by combining biophysical aspects of ESS modeling with the feedback
of stakeholders on rules of decision making. We place an emphasis on repeatedly integrating
stakeholder feedback into the scenario dgsiand evaluation process to ensure their feasibility in
regard to land use planning and policies, expert recommendations, and management practices. Thus,
we aim at quantifying and evaluating the ESS provided by the land use systems and subject them to
scenario analyses assessing the effect of several possible land use change trajectories for the future.

2.2. Material & Methods
2.2.1. Study area

The research area was the Naban River Watershed National Nature Reserve (henceforth referred to

as Nabanhe Reserve), locdtat the southwestern border of the Peoples Republic of China, in the

- A&aKdzZl yaolyylr tNBFSOGdzNE 2F | dzyyly t NEOAYOS OHHC
The region is characterized by an exceptional species richness, being situated within HBeitrmdo

biodiversity hotspot{6]. Annual average precipitation varies between 1100 4660 mm and the

mean annual temperature is £82 °C[57]. The climate of Xishuangbanigasubtropical and mostly

dominated by monsoon cycles, where up to 87% of the annual precipitation occurs during the wet
season from May to Octobgr7]. With altitudes ranging from about 500 to 2300 m.a.s.l., the Nabanhe

Reserve features a variety of natural vegetation types, as well as several agricultural land use systems.

The nature reserve is inhabited by people from differethtnical backgroundg8], formerly engaged
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in shifting cultivation and increasingly adapting the cultivation of cash crops such as rubber, sugarcane,
and tea in the recent & [26]. In this region, rubber has been grown for decagtekwland valley
bottoms. Over the past 15 years, rubber cultivation has spread into the hillsides, being planted on
terraced slopes (at planting distances of approximately 2 m within the row and 5 m between rows),
often replacing traditional orchards, getable cultivation or, most commonly, sematural or natural
tropical mountainous rainforesf58]. Due to the presence of cokpells during the dry season in
spring, rubber plantations haw&o far been restricted to altitudes below 10200 m.a.s.l. Rubber
plantations are relatively prone to erosion during strong rain events before canopy closure is reached
at about five years after the establishment of the plantation, with tapping (hareésaw latex)
starting two years later.

2.2.2. Scenario development

Three key stakeholder groups were identified in our study area. These are local village heads and
innovative farmers, prefecture administration, and politicians at a provincial [2e80] In a seées

of workshops held between January 2013 and October 2016, environmental problems, as well as
management challenges related to rubber cultivation systems, were discussed by our consortium of
researches and key stakeholders. The structure of the worksh@s based on presentations of our
consortium of researchers with a focus on thematic clusters (e.g., soil erosion, water availability, or
biodiversity) followed by interactive discussion rounds. Based on the discussions and results from
these workshops,we developed three future land use scenarios for the Nabanhe Reserve.
Stakeholders additionally participated in the scenario development process by confirming the viability
of the land use changes introduced in the scenarios regarding their spatial efgant land
ownership, land use restriction), as well as their feasibility in regard to management practices. Land
cover patterns derived from Rapid Eye satellite images of 2015 served as the spatially explicit starting
point for the scenarios. The percages of each land cover category in the study area at the initial
state of 2015 are listed in Takkel.

Table2.1. Proportions of land cover categories in the Nabanhe Reserve (2%)laknof 2015.

Land Cover Category Coverage in 2015 (%)
Upland forest 45.9
Lowland forest 154

Bamboo 5.8
Rubber 9.4
Rice 4.1
Perennial crops 1.1
Bushland/te&? 8.8
Annual crops 5.8
Water 13
Urban 0.4

1 Upland forest and lowland forest are based on the altitude of their respective location (above/below 1000
m.a.s.l.).?2 Bushland areas and tea plantations were put into one category since the similarity of the spectral
signature did not allow for a reliadldistinction between them.

The scenarios were set out to simulate land use and land management changes over the course of 25
years, ending in the year 2040. Several land use restrictions were active in the Nabanhe Reserve, as it
is subdivided in differerzones according to the Man and Biosphere Prograrf@hg In the core zone,
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all access is prohibited and, therefore, no changes were set to occur in any of the simulations. Limited
access was imposed indtbuffer zone, whereas the experimental zone does not comprise any land
use restrictions. The zones are shown in Fidute

Digital Elevation Model
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Figure 2.1. Map of Nabanhe Reserve featuring functional zones from the Man and Biosphere
Programme and a digital elevation modela 30 x 30 m resolution (ASTER Digital Elevation Model
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For the first scenario, called Businessusual (BAU), we assumed a further extension of rubber, based
on past rubber expansion rates in Xishuangbaj@2j and in Nalanhe Reservgs9]. This extension

was set to 2% per year in relation to the area occupied by rubber in the previous year, resulting in an
encroachment of rubber plantations into higher altitudes and also steeper slopes, where they replace
secondary foresareas. This scenario represents the continuation of a trend observed in many other
parts of MMSEAL3,15] According to this trend, we expected this scenario to result in increased dry
rubber yields trading off against the supply of other ESS.

The second scenario, called they&arsplan scenario (5YP), is based on the policy plan of the
Xishuangbanna Prefecture Government concerning the development of rubber in Xishuangbanna for
the 12th fiveyear plan from 2011 to 201[B3]. Rubber plantations on suiarginal plots are planned

to be restoredmto near natural forest. The scenario features an annual gain of 1% of existing forest
areas targeted at bushland/tea areas and rubber plantations with the following conditions: (1) Rubber
sites located above 900 m.a.s.l.; and (2) rubber sites locatetbpaswith an inclination of more than

23°, as these areas feature a high erosion risk. With these parameters, all rubber areas eligible for
reforestation will be occupied by forest before the end of the scenario run. Additionally, no further
expansion ofubber plantations is allowed on locations with the aforementioned spatial properties.
With the aim of evaluating the measures enforced by this governmental plan, this scenario is expected
to keep rubber plantations at locations of high productivity anstoee ESFs at subarginal areas for
rubber cultivation.
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The balancedrade-offs scenario (BTO) represents the third scenario, which also incorporates all rules
specified in the 5YP scenario. Additional measures include the establishment of bufferletipthe

main streams in the nature reserve (Mandian and Naban). These strips were 30 m wide and consisted

of secondary forest vegetation. Water conservation priority zones were to be established around the
f20FGA2ya dzaSR o0& (KS aydourasNSr driving S/aMdD D& & lantl yide | 0 A G |
management measure, a reduced frequency of herbicide application for rubber plantations was
introduced, starting in the first year of the simulation period, to maintain a higher amount of
undergrowth in ordeto reduce soil erosiofb7]. This scenario was expected to significantly enhance

the sypply of ESS without tradirgff most of the financial benefits gained by rubber cultivation.

For all scenarios, the corresponding land use changes were implemented using the Land Use Change
Generator module of LUCIA (Land Use Change Impact Asses$@8nffhe Land Use Change
Generator does not includgatial optimization algorithms (s§85¢87] for examples), but represents

a rulebased tool allowing for spatially explicit expansion rates, target land use categories, and
restricted zoning. The scenarios are not intended to accurately predict future land use patterns in the
Nabanhe Reserve, but rathé assess and evaluate possible consequences of land use planning and
land use management decisions as a basis for discussion with the stakeholders. The simulated land
cover maps have been presented at stakeholder workshops in order to confirm thdityaliterms

of consistency and feasibility (Figur2 3.

2.2.3. Selection of ESS, Model Description and Data Integration

The selection of relevant ESS is based on the results of early stakeholder workshops. Problems
addressed in these workshops include thebidity and limited availability of water in the dry season

and high amounts of soil erosion, especially in the rainy season. Because of the decrease in forest
areas in Nabanhe Reserve, villagers increasingly rely on buying imported vegetables, as tpposed
their past lifestyle of collecting wild plants and hunting game in the forest. The concept of carbon
storage and sequestration as a climate regulation service was introduced in the workshops by
government officials and was previously largely unknownhe other stakeholders. While rubber

yield serves as the most important proxy for private goods, all other ESS can be seen as public goods
to a certain degree.

The ESA includes four saoibdels of INVEST (Version 3.3.3, The Natural Capital Project: Sthr@tior

USA) related to the ESS of carbon storage and sequestration, habitat quality, sediment retention, and

water yield, as well as a seleéveloped model approximating rubber yields. Details on the biophysical
relationships realized in the INVEST -subdels are given in the InVEST user guidi4]. Input

parameters, spatial data, and their sources are given in the supplementary material for each sub

model (TablesBltoRy 0 ® Ly +9{ ¢Qa O2Fadlt SO2aeaidsSYy aSNIIAOS
were not relevant for the studgrea. The same applies to pollination services, as there are hardly any

crops dependent on insects as pollinators in the Nabanhe Reserve. Although identified as a relevant

topic during workshops with the stakeholders, nutrient retention or water qualigeimeral could not

be assessed due to insufficient data.

The carbon storage and the water yield models were implemented without any further modifications
following the methodology of previous INVEST implementati{88g90]. For habitat quality, model
parameterization and implementation was largely identical to Cottexi412], updated and adapted

only to reflect changes in land cover categories, using overall habitat scores as described in the
supplementary material (Tabl@®8). These habitat scores were derived from both field hterature

data sets involving plant and animal species, and were normalized according to their abundance values
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for comparison. The habitat quality suibodel estimates habitat scores based on land use categories
and considers threats to habitat sensityjvsuch as roads, settlements, and agricultural activities (e.g.,
chemical pest control). The sediment retention subdel of INVEST is based on the widely used USLE
(Universal Soil Loss Equation) and assigns a crop management fafetctiofCand a supprt practice

factor (Rfactor) to every land use categoi91]. By reclassifying each land use cell based on the slope
of its location, we were able to implement thef&ctor in a spatially explicit maen[92], allowing for

better capture of the complex topographic conditions in the study area. As the crop productien sub
model of INVEST was still being developed at the time of the study, we developed our own model to
assess potentiadry rubber yields. This model is not based on biophysical functions, but uses regional
survey data of average yields corresponding to altitude, as well as the age of each respective
plantation[93]. How rubber yields respond to changes in #ferementioned vaiables is shown by
Nguyen[94], and the average yields we derived from surveys show a comparable range in relation to
altitude and plantation age. Starting with plantation agdues based on Beckschaf@s], who
assessed the age of rubber plantations in Xishuangbanna using remote sensing, the model dynamically
simulates the economic lifespan of rubber plantations. Lowland rubber trees (<800 m.a.s.l.) are ready
to be tapped after an establishment phase ofaeyears and remain economically viable for 25 years,
while upland rubber is tapped at the age of nine (80000 m.a.s.l.) to 10 (>1000 m.a.s.l.) and reaches
the end of its economic lifespan at the same age as lowland rubber plant@®psnput parameers

for this procedure are given in the supplementary material (Tatd8)Sand the model was
implemented using ArcGIS (Version 10.3.1). Climatic variables as the input for relevant models, such
as precipitation amounts, were based on 30 year average9¢1980) and kept constant throughout

the simulation period in order not to obfuscate the influence of land use change on the ESS results
[96].

2.2.4. Ecosystem Service Evaluation

Similar to the normalization methods applied in other ERZL8] all biophysical sulmodel results

were normalized to aaale ranging from 0 to 1 according to the lowest and highest values,
respectively. The normalization procedure is used to transform thebiical results of each sub

model into comparable indices and gives five spatially explicit ESS maps for eveof geary
scenario, where every pixel has a value between 0 and 1. These maps serve as the basis for the
weighting procedure described in the following paragraphs.

For the evaluation, we used survey data of three stakeholder groups considering their preference for
each of the five modeled ESS. These groups were (1) prefecture administration (PA), (2) tourists in
Xishuangbanna (T), and (3)-effe citizens surveyed iShanghai ($99]. Group PA serves as the most
representative group for the evaluation, being most familiar with the history and environmental
consequences of rubber cultivation in Xishuangbanna. Group T was considered to be important as
tourism is another source of ecomac income for Xishuangbanna and we assumed a considerable
difference in the preference of ESS between both groups. Group S represents a neutral group as many
group members had no connection to Xishuangbanna.

The five ESS investigated were ranked accordingpeir importance in descending order by each
stakeholder group. Based on these ranks, different weighting factors were applied to the normalized
sub-model results. Tabl2.2 shows the ranks of each ESS and their corresponding weighting factors,
based m three statistical rank weighting methods: The rank sum method (RS), inverse (or reciprocal)
weights (RR), and the ramkder centroid weight method (ROC)00]. The RS method distributes
weights more homogeneously among items, whereas the RR and ROC methods apply larger weights
to the top ranking items. The main difference between RR and ROC is how steegighésvdecay
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towards the lower ranking items. We chose to employ all three methods in order to compare their
effect on the end results. We also used equal weights (EW) as a neutral option, eliminating the
influence of the stakeholder groups to serve asaib for comparison. This procedure results in maps

of integrated ESS indices for every year of every scenario, which feature ESS indices ranging from 0 to
1 for every pixel. These maps are the basis for spatial comparisons of changes in integrate@l¢SS sup
between the scenarios.

Table 2.2. Ranking of each ecosystem service based on feedback of three stakeholder groups
concerning their importance in descending order and their corresponding weight factors used for the
ecosystem service evaluation.

Rank ES&nd Stakeholder Groups Weighting Method
PA T S RS RR ROC EW
1 Water Soil Biodiversity 0.33 0.44 0.45 0.2
2 Soil Biodiversity Water 0.27 0.22 0.26 0.2
3 Biodiversity Water Rubber 0.21 0.14 0.16 0.2
4 Rubber Rubber Soil 0.12 0.11 0.09 0.2
5 Carbon Carbon Carbon 0.07 0.09 0.04 0.2

b2dSY ¢KS GSN¥ya FT2N) S02aeaidSYy aSNBWAOSa ¢SNBE | 600NBJALI
NEGSYGA2ys . A2RAGSNBAGEE F2NJ KIoAGFG ljdzr t AG@Y awdzo o
full descriptions for the stakefder groups and weighting methods are: Prefecture administration (PA),
Xishuangbanna tourists (T), &ife citizens (S), Rank sum weight (RS), Reciprocal weight (RR), Centroid weight

(ROC), and Equal weight (EW).

To allow a temporal comparison, the igi@ated ESS indices for every year of every scenario were
summed up for the whole Nabanhe Reserve. The percentage deviations in the sums of the integrated
ESS indices, resulting from the land use changes introduced in the scenarios, were compared to the
initial state in 2015, which was set to 100%. This approach allowed evaluating the quantitative model
results in a qualitative manner with respect to the ESS prioritized by the stakeholder groups. Scheme
2.1 depicts a comprehensive overview of the applied mogiology.

[ Prefecture ] [ Tourists ] [ Off-site citizens ]

Stakeholder admin. (PA) Xishuang. (T) (s)

Rapid Eye Land feedback - - . - :

Use Map 2015 process [Rank sum welghtJ[ Reciprocal J Centroid weight J‘ Equal weight ]
(RS) weight (RR) (ROC) (EW)

Land Use Change
Generator

Stakeholder
workshops

A

(" Annual Maps InVEST/ArcGIS Normalization 1 Evaluation Integrated ESS
| (2015 —2040) applications process process evaluation

'Business-as-usual Business-as-usual

Water Yield

| (BAU) (BAU)

5-years-plan . 5-years-plan
Sed t E t
(5YP) ediment Expor (5YP)
Balanced-trade- . . Balanced-trade-
Habitat Qualit
offs (BTO) i offs (BTO)

Carbon Storage

Rubber Yield

Scheme2.1. Comprehensive scheme of the applied methodological framework.
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2.3. Results
2.3.1. Simulated Land Use Change and Biophysical Model Results

The proportions of land cover categories in the Nabenhe Reserve at the end of each scenario are
shown in ‘&ble2.3. In the BAU scenario, rubber areas increased from 9.4 to 15.2% of the study area.
This resulted in the loss of 5.8% of the total forest areas in the nature reserve. In comparison to their
extent in 2015, bushland/tea areas increased by 23.3%. The réditims measures in the 5YP
scenario lead to an increase of 20.5% of upland forest areas in comparison to their coverage in 2015.
Lowland forest areas decreased by 12.3%, while rubber plantations gained 11.5% in comparison to
2015. The reforestation measwgeesulted in bushland/tea areas decreasing to a quarter of their size

of 2015 in the 5YP scenario and to a fifth in BTO. In BTO, rubber areas increased by 12.6% while upland
forest areas increased by 21.6% of their former shares of the nature reser@é&n 2

Table2.3. Proportions of land cover categories in the Nabanhe Reserve (2% ¥dnthe final year of
each scenario.

Coverage in 2040 (%)

Land Cover Category Business as Usual 5-YearsPlan BalancedTradeOffs
(BAU) (5YP) (BTO)
Upland forest 43.7 55.3 55.7
Lowland forest 12.6 13.5 13.4
Bamboo 5.0 5.8 5.8
Rubber 15.2 10.4 10.5
Rice 4.1 4.1 4.1
Perennial crops 11 11 1.1
Bushland/tea? 10.9 2.3 1.9
Annual crops 5.8 5.8 5.8
Water 1.3 13 1.3
Urban 0.4 0.4 0.4

1 Upland forest and lowland forest are based on the altitude of their respective location (above/below 1000

m.a.s.|.¥ Bushland and tea plantations were put into one category since the similarity of the spectral signature
did not allow for a reliable distction between them.

These simulated land use changes had varying effects on the supply of ESS. Summed results for the
whole Nabanhe Reserve of each subdel of INVEST are shown in Tabl for the initial time step
(2015) and the final year of each sesio (2040). In BAU, sediment export rates increased by 13.8%
throughout the simulation period. Carbon storage, habitat quality, and water yield decreased by 4.5%,
3.1%, and 3.7%, respectively. In comparison to the BAU scenario, the 5YP and BTO szathéwias |
higher potential for carbon storage, provision of high quality habitats, and increasing sediment
retention. Compared to the initial state of 2015, all three scenarios resulted in an increase of predicted
rubber yields for 2040: 61.2% for BAU, 36.fbr 5YP, and 57.8% for BTO. There is a discrepancy in the
relatively low rates of rubberelated land use changes and the large differences in rubber yields when
comparing the initial and the final states of the scenarios. The explanation for thid ishibiat 50%

of the areas classified as rubber in the land use map of 2015 are rubber plantations, which are too

young to be tapped and only reach their productive age throughout these of the simulation
period.

In addition to a depiction of land covar the Nabanhe Reserve, spatial representations for every ESS
are shown in Figur2.2. The results are depicted for the initial condition (2015) and the results for the
final year of each scenario are given in the supplementary material (Figufe® R .4).
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Figure2.2. (A) depicts land cover in the Nabanhe Reserve in the baseline year 2015, derived from
Rapid Eye scenef¢F) show the corresponding ESS maps for habitat quality, carbon storage, water
yield, sediment export, and rubber yield, respeety. All maps feature a resolution of 30 x 30 m.
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Table2.4. Ecosystem service provision determined by INVEST at the initial state of 2015, as well as the
final year (2040) of each scenario for the Nabanhe Reserve (231 km

. Sediment Habitat Carbon

Scenario Watke r Z'eld Export Quality Y[.)r?/ dR;g?(er Storage

(b (1CPkg)  (10°HQ Index) ' '€1d (10kg) (10° kg)
Initial state (2015) 102 53 232 1.85 5337
Businessasusual (2040} 99 61 225 2.98 5095
5-yearsplan (2040¥% 102 24 248 2.52 5693
Balancedrade-offs (2040) 102 19 249 2.92 5693

1 Businessmsusual: Further rubber expansion based on past expansion rates inSasttiAsiaZ 5-yearsplan:
Restricted rubber expansion and reforestation of high altitude and steep slope plantations and bushland areas.
3 Balancedtrade-offs: Includes all measures introduced in thgearsplanscenario, as well as reduced
herbicide application farubber plantations, riverine buffer zones, and water source protection areas.

2.3.2. Scenario Comparison of Integrated Spatial ESS Supply

Figure2.3 depicts a map of integrated ESS supply for the initial state of 2015 (A). We chose to limit
the mapped resultof ESS indices to rankings by the PA group using the ROC weighting method.
Results based on the other stakeholder groups and weighting methods feature a similar spatial
representation and are shown in the next ssiction of the results chapter using a tporal
representation. In the integrated ESS supply map, dark green areas (high ESS index) mainly represent
secondary forest areas in the uplands. Lower values are found in urban, as well as in agriculturally
dominated areas. (@) depict changes in the egrated ESS values compared to (A) at the end of the
BAU, 5YP, and BTO scenario, respectively. Integrated ESS supply maps for the final year of each
scenario are given in the supplementary material (Fig@rg)Sin BAU, we mainly observe the negative
impact of rubber expansion on the integrated ESS index. New rubber plantations on locations in the
lowlands with potentially high yields show positive changes. None of the land use changes introduced
in the scenarios change the integrated ESS index by more28%b per pixel in comparison to the

initial state. In (C,D), we observe the positive changes introduced by the reforestation efforts in the
uplands, as well as the weed management changes in rubber plantations (D), as they increase the
integrated ESS inddor rubber areas with reduced erosion amounts. The negative changes are mainly
due to shifting rubber yields in the lifespan of rubber plantations, as many areas that were productive

in 2015 go through a restablishment phase and are not yet ready totapped in 2040.
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Figure2.3. (A) shows the ecosystem service index integrating the five ecosystem services weighted by
Xishuangbanna prefecture administration using the ROC (centroid weight) method for the year 2015.
(B¢D) show differences in the ES8eéx between the BAU (Busineasusual), the 5YP {gears-plan),

and the BTO (Balancdrhde-offs) scenarios and the initial state of 2015, respectively.

2.3.3. Scenario Comparisons of Temporal Integrated ESS Supply

Figure 2.4 shows the changes in the summedegtated ESS indices for the Nabanhe Reserve
GKNRdZAK2dzi GKS aAixydzZ FdAzy LISNA2R F2NJ SIFOK alOSyl !l
weighting method. With rankings of the PA group, the curves for the weighted integrated ESS indices

are generallylower in comparison to the curve of equal weights. The weighted curves for the BAU
scenario ranked by the T group depict a similar relationship to the curve of equal weights in
comparison to PA. In contrast, the trajectories using the T group ranksdd@YP and BTO scenario

result in higher ESS indices as compared to equal weights by the end of the scenario. These exceptions
aside, comparing the scenario trajectories with respect to weighting methods, we find the same trends
throughout the scenarios argtakeholder rankings, with ROC and RR leading to similar results and RS
resulting in slightly higher values in comparison to ROC and RR.
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Figure2.4.Changes in integrated ESS provision relative to the initial state of 2015. Each graph contains
time series corresponding to the scenario (BAU: Busiasssual A), O), (G); 5YP: 5earsplan @),
(B, H); BTO: Balancedade-offs ©, (), ()) and sakeholder group ranking (Prefecture
Administration A), B), ©, Tourists XishuangbannB)( E), (), Oftsite Citizens®), H), ()), as well
as the statistical weighting method (ROC: centroid weights, RR: inverse weights, RS: rank sum; EW:
equal weighs).

To give an indicator of the performance of the scenarios in relation to the initial condition of 2015 (set

to 100%) with respect to the ranks of the stakeholder groups and weighting methods, we list the
integrated ESS indices at the end of the simataperiod (2040) in Tabl25. We generally find the

lowest values in the BAU scenario, higher values for 5YP, and the highest values for BTO, regardless of
GKAOK ¢gSAIKGAYT YSGK2R 2N adl 1SK2ft RSNJ INRdzZLJAQ L
ranksof the stakeholder groups are most pronounced in group T, as the lowest ESS indices result from

the BAU scenario and the highest ESS indices from the BTO scenatrio.
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Table2.5. Integrated ESS indices at the final year of the simulation (2040) for all stakeholder groups
and weighting methods in comparison to the initial condition of 2015, which is set to 100%.

Stakeholder Group and BusinessAs-Usual (BAU) 5-YearsPlan (5YP) BalancedTradeOffs (BTO)
Weighting Method (%) (%) (%)

PA_ROC 99.60 118.71 122.16
PA_RR 101.25 117.45 121.08
PA_RS 101.47 121.01 125.15
T_ROC 97.76 130.15 134.71

T RR 99.10 130.40 135.35

T_RS 100.91 124.85 129.33

S ROC 106.07 114.07 117.89

S RR 104.54 114.75 118.27
S_RS 108.91 116.90 122.01

EW 107.29 120.99 126.42

Note: The full descriptions for the stakeholder groups and weighting methods are: Prefecture administration (PA),
Xishuangbanna tourists (T), &fte citizens (S), Centraicgtight (ROC), Reciprocal weight (RR), Rank sum weight
(RS), and Equal weight (EW).

2.4. Discussion
2.4.1. Weighting Methods and ESS Evaluation

While reviewing tools for the spatial modeling ofS£®choa & Urbin@€ardong101]found that of all
reviewed publications, only 21.6% analysed three or more ESS categories, with the majoritygfocus
on only one ESS category (60%). With this study, we contribute to the small number of papers
guantitatively assessing multiple ESS including regulation services (water yield, sediment retention,
and carbon storage), biodiversity (habitat quality forltiple species), and a very crucial provisioning
service for the study area (rubber yield).

The time series of integrated ESS indices for all three scenarios generally showed the results we
expected during the scenario design phase. The biophysical remdessed by InNVEST depict a
decreasing trend for all ESS in the BAU scenario, while rubber yields are increasing. When compared
to the other scenarios, the equally weighted integrated ESS trajectories showed the lowest values in
BAU as the expansion oflloer plantations lowers the provision of all ESS aside from rubber yields.
Nevertheless, the increase in rubber yields is high enough to trade off against the loss in other ESS,
when focusing on equally weighted indices only. Rubber yields are increbsdugtiout the greater

part of the simulation period until the year 2036. At that point in time, many plantations which were
planted before 2011, when market prices for rubber were at a peak, reach the end of their economic
lifespan in the simulation. At th point, the negative trend in the other ESS becomes apparent and
leads to the first negative changes of the integrated ESS indices in relation to the initial state of 2015.
As roughly half of all rubber plantations in Nabanhe Reserve reach their proelstéige during the

first years of the simulation, a high increase in rubber yields is present in all scenarios, regardless of
the differing rubber expansion rates. For the provisioning of ESS, our results show that the 5YP
scenario is a clear improvemeirt comparison to the BAU scenario, confirming that the current
regional policy, if properly implemented, could improve the provision of ESS. Additionally, we were
FofS (2 FdzNIKSNI RSOSt2L) GKS p.,t aO0Syl N&kehai®@ L2 aAdi
by means of a reduced herbicide application in rubber plantations, as well as upland and riverine
buffer zone reforestation measures.

In a review on the social evaluationB§S, Felipeucia et al[102]found that 22.9% othe reviewed
studies focused on preference rankings for ESS, while only 7.2% provided a comparison between the
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present and future provision of ESS. This study adds to the lacking numbers of ESAs for future scenarios
and is the first to do so for rubber @duction systems. Improvements in regard to the ESS evaluation
could be made by using more sophisticated techniques such as Likert B€&Esr the Analytical
Hierarchy Proceqd404].

2.4.2. Transdisciplinarity and Ranking of Multiple ESS

We deem the rankings of the PA group to be the most representative for the ESA, as this group has
the longest and most direct relationship with environmental changes in the study area. The beneficial
effects of the measures introduced in the 5YP and BEQasio are not only present for the equally
weighted ESS indices, but also for the ESS indices as weighted by the PA group, albeit with lower total
values. The ESS indices as weighted by the T group lead to the lowest values for BAU and the highest
valuesfor 5YP and BTO. This suggests that the governmental land use plan might also be beneficial for
the tourism sector. We assume that this result would have been even more pronounced if cultural
services had been included in the ESA. The ESS indices as@vbiglhe S group show the highest

ESS indices for BAU and the lowest values for 5YP and BTO in comparison to the other stakeholder
groups. Many measures introduced in 5YP and BTO were specifically targeted to enhance sediment
retention. Group S ranked sident retention as second to last in terms of importance (as compared

to rank 1 for Group T and rank 2 for Group PA). Therefore, the improvements in the landscapes
potential to retain sediments in the 5YP and BTO scenario have a lower impact on thetadde®s

indices as ranked by Group S in comparison to the ranks of Group T or Group PA.

The results suggest that the integrated indices for the provisioning of ESS in all scenarios would be
overestimated without the inclusion of the stakeholder groupghasintegrated ESS indices based on
equal weights generally lead to higher values in comparison to thewaidhted ESS indices. The
difference between the weighted and unweighted integrated ESS trajectories was most pronounced
in the BAU scenario whersimg the rankings of the PA and T groups.

We refrained from using benefit transfer methods for the ESA, as the assignment of monetary values
to ESS is highly dependent on the beneficiaries and thesessfic context, and may vary highly in
terms of sp#ial and temporal scalefl05]. Roughly half of all publicatis on ESS in China focus on
monetary valuation, with about 32% adopting the benefit transfer framewodppsed by Costanza

et al. [31,106]. Only 31% of ESS studies relied on quantitative assessments and only 2% used a
perspectivebased valuation approacli06], which represent the approaches we combined in this
study. The spatial heterogeneity of the study area precluded the use of direct benefit transfers.
Different ESS evaluation methods, ranging from monetary to exqurionbased evalation, can
drastically alter the outcome of the assessmgi0]. This holds true for the preferendmsed
evaluation method used in this study as well. The importance of each ESS is dependent on whom the
guestion is posed to, who the actual beneficiaries are, and which method is used to weigh the options
against one another.

As shown in this study, future lande scenarios in combination with stakeholder preferences on ESS

is an advantageous pathway to pursue for assessing the effect of policy plans on the supply of ESS.
Using a dedicated and welbcumented software application such as InNVEST provides afbasis
comparisons with future ESAs of rubber cultivation systems, as it has become the most frequently
applied tool to model ESS in recent yel@1]. Improvements to the design of the scenarios would

be possible by utilizing land use optimization algorithms, which were shown to successfully optimize
the provision of ES[B6,87] as well as an active integration of multifunction and uncertainty effects
[107]. We do not claim that BTO is the best possible solution for our study area, but wetavan
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emphasize that the close interaction with stakeholders not only confirmed the viability of our
suggested management measures, but also widened their understanding of the consequences of
future land use conversions they are accountable for. Adqgrutard by Seppelt et al76], optimized
landscapes might not be reachable githa current political environment and land use system. Our
method of involving stakeholders from the very start of the scenario design allowed us to circumvent
this problem.

The evaluation of ESS presented in this study is based on stakeholder prefebencesical decisions
concerning land use change and management still lie in the hands of the farmers. Water availability
and erosion have been identified as being of critical importance to the local stakeholders (PA), but it
is hard to imagine the coesvation of environmental services without economic incentives or policy
regulations. Smajgl et aJ108] concluded that incentive mechanisms such as PES (payments for
ecosystem services) should be implemented with great caution, as they can lead to unexpected results
such as a further increase of rubbareas. On the other hand, PES schemes might lead to higher
adoption rates of rubber agroforests, as shown in a case study froma®a by Villamor et a[109],
although the majority of (simulated) farmers there persisted in cultivating monoculture rubber.
Although beneficial, our work with stakeholders still only accounted for aliraiied reach, leaving

a majority of the potential beneficiaries of our work out of the picture. Our results revealed promising
land use plans for the future in Xishuangbanna, but their implementation might still pose a
considerable challenge.

2.4.3. ModelUncertainties

Model calibration and validation represent crucial factors for uncertainty evaluation in ESAs, but are
often omitted due to the scale, scope, and multidisciplinary character of the respective assessments
[88,98,110] These factors also increase the difficulty to appropriately monitor bkrsasuch as
sediment export or water yield over a long term, especially in remote areas of subtropical
mountainous SEA.

Several studies conclude that the expansion of rubber plantations has negative effects on the water
cycle in Xishuangbanna and othearts of SEA60,111,112] Liu et al[68] found that the expansion

of plantations (also including tea and sugarcane) decreased the water yield by 32% (and carbon
storage by 45%) in a period between 1976 and 2012. In comparisonfumlyr ievealed relatively

minor changes for water yield (a decrease of 4.5% in BAU), even though forest and rubber areas
undergo the highest transformation rates throughout all scenarios. Reasons for this are the shorter
simulation period and the large sheof forest areas in the Nabanhe Reserve. Averaged on an annual
basis, there is only a 10% difference between the evapotranspiration coefficighter(kubber and

the forest categories, which largely explains the small changes in total water yieldtpety the
INVEST water yield model. The model is likely to yield different results when seasonal variations of K
coefficients are implemented into the model, reflecting the strong seasonality in precipitation and leaf
area dynamics in the region.

The nitial run of the sediment retention model identified high altitude bushland areas as most prone
to erosion. The expansion of rubber plantations in the BAU scenario accounted for the additional
sediment exports (an increase of 13.5%). In 5YP and BTOn¢heaehment of rubber into the few
remaining areas with suitable environmental conditions in the Nabanhe Reserve successfully avoided
additional patches with a high erosion probability. On the landscape scale, however, the high
reduction of sediment expostin 5YP and BTO was mainly due to reforestation efforts in the uplands,
replacing the bushlands with trees. Additional reductions found in BTO were due to changes in ground
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cover management practices in rubber plantations. The large difference in sedéxgort compared

to the minor differences in water yield seem to be contradictive, but comparable relationships have
been confirmed in earlier studies on rubber plantation management chafiged. However, the

water yield submodel of INVEST did not allow us to adequately capture the effect of management
changes introduced in the BTO scenario when compared to field measurements of surface runoff in
rubber plantations in the study arg&7].

For this study, sediment export and water yield model runs were calibrated witlia sediment
export and ruroff measurements in a swwatershed of the study area in 2014, a year with below
average precipitation amounts in Nabanhe ResdbB/g. Therefore, a certain discrepancy with the
long term annual averages used as the precipitation input is to be expected and we assume the water
yield results to be slightly undesdmated by INVEST. The same holds true for the sediment export
model. Since we evaluated percentage changes compared to the initial situation in 2015, the
uncertainties in the quantitative amounts of erosion and +4affi are of minor importance to the
trajectories of integrated ESS provision within the timeframe of the scenario simulations (E#jure

Sensitivity analyses of INVEST water yield applicafidi® have shown the model to respond most
sensitively to the amount of annual average precipitation, followed by potential evapotranspiration
and the plant evapotranspiration coefficients We performed sensitivity analyses for both thater

yield and sediment export models. Detailed results for both are given in the supplementary material
(Figures 36 and 2.7).

2.5. Conclusion

This study estimates the effects of potential future land use change scenarios on the provisioning of
multiple ESS in a mountainous watershed. It is the first of its kind to combine spatially explicit modeling
of five relevant ESS for scenarios initiated and validated by stakeholders for rubber cultivation
systems. Furthermore, we subjected the modeled resultsgreerencebased evaluation by multiple
stakeholder groups. Our analyses show detrimental consequences induced by rubber expansions for
all assessed ESS, with the exception of raw material provision (rubber vyields). Based on a
comprehensive assessmentB$§S, we find that further continuing the trend of rubber expansions in

the study area is not the best option in terms of integrated ESS supply on a landscape scale. Land use
planning alternatives, such as rubber expansions restricted to suitable areagardynbination with
reforestation efforts at less suitable locations, might be used to keep crucial environmental functions
intact. Management options such as reduced herbicide application in rubber plantations and the
establishment of riverine buffer n@s reduce the amount of exported sediments. Additionally, the
flIyYyRAOFKLISQA LRGSYyGAFt (2 &aSljdzSaiSNI OFNb2y | yR
animal species is enhanced by these measures. The cycle of repeatedly integrating stakeholder
feedback into scenario development and model adaptions not only confirmed the practicability of our
suggested rubber management options, but also gave stakeholders a wider view on the consequences
of future land use conversions they are accountable foe ifielusion of stakeholder preferences in

the evaluation of ESS was crucial, as the integrated ESS indices were generally overestimated when
using equally weighted ESS results in the ESA. We conclude that policy regulations at the local level, if
properly assessed with spatial models and integrated stakeholder feedback, have the potential to
buffer the typical tradeoff between agricultural intensification and environmental protection for
rubber cultivation systems in Soutfast Asia. Implementing these tégtions at the local level might

still pose a considerable challenge.
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Supplementary Materials The following are available online atvww.mdpi.com/1999
4907/8/12/505/s1, Figure 3.1: Land cover maps of the Nabanhe Reserve of the initial state of 2015
(A) and the final year (2040) of each scenario: Bushassssual B), 5yearsplan O and Balanced
trade-offs (D), Figure 32: Ecosystem service results at the last year (2040) of the BAU scelario (
including habitat qualityR), carbon storaged), wateryield ©), sediment exportE) and rubber yield

(P, Figure 33: Ecosystem service results at the last year (2040) of the 5YP sce¥ainalgding
habitat quality B), carbon storageQ), water yield D), sediment exportE) and rubber yieldR), Figue

.4: Ecosystem service results at the last year (2040) of the BTO scénanidyding habitat quality

(B), carbon storage(), water yield D), sediment export B) and rubber yield R), Figure 35:
Ecosystem service index integrating the five ectsysservices weighted by Xishuangbanna
prefecture administration using the ROC (centroid weight) method for the initial year of 20Hs (
well as additional results for the final year of each scenario (Busamssual B), 5yearsplan C and
Balancedrade-offs D)), Figure 26: Sensitivity analysis of the INVEST sediment export model, Figure
.7: Sensitivity analysis of the INVEST water yield model, T2Hdle I8put values for the INVEST
sediment retention model for the-@nd Rfactors of the USE equation for every land cover category,
Table 3.2: Additional parameterization (spatial data and calibration parameters) for the InVEST
sediment retention model, Tabl2S: Kc coefficients and rooting depth of every land cover category
for the INVEST ater yield model listed with their sources, Tab®4S Additional input parameters for

the INVEST water yield model, TabB5SInput values for the carbon storage model for each carbon
pool and every land use category in Nabanhe Reserve, TabldHabitat quality threats for the BAU,

the 5YP and the BTO scenario in parenthesis (where applicable), Pahl®©®erall habitat scores
(vertebrates, invertebrates, flora) and the sensitivity of each land cover category to each threat, Table
2.8: Rubber ield estimations based on survey data in Xishuangbanna.
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2.6. Supplementary Material
2.6.1. Land use change scenarios

Land cover

B upland forest (>1000m) 4
M Lowland forest (<1000m :
[[] Bamboo

B Rubber

[] Rice

B Perennial crops
[ Bushland/Tea
[T Annual crops
[ Water
B Urban

(A) 2015

(D) BTO 2040 A

I | Kilometers
012 4 6

(C) 5YP 2040

Figure .1. Land cover maps of the NRWNNR (Naban River Watershed National Nature Reserve) of
the initial state of 20154) and the final year (204@f each scenario: Busineasusual B), 5years
plan © and Balancedrade-offs D).
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2.6.2. Model parameterization

For detailed descriptions on the manner of functioning for each of the four INVEST model applications
used in this study, the reader is referredto the InVEST wuser guide
(http://data.naturalcapitalproject.org/nightlybuild/investusersguide/html/). The following
chapters provide a list of input parameters and spatial data we used to run the models.

2.6.2.1InVEST Sediment Retention Model

Table 2.1. Input values for the INVEST sediment retention model for then@ Pfactors of the USLE
equation for every land cover category. On the basi@2f (Sheikh, Palria et al. 201 Maluesfor P

are assigned in relation to the slope of the landscape and management measure (no measures,
terracing, contouring, strip cropping) on a pixel basis. Elevation data for calculating the slope with
ArcGIS (Version 10.3.1) is derived from ASTER Didildvation Model Data

0l AGSNBOYHYUYHHSMANYPRSYE 6! {¢9w D59a Aa | LINE RdzC
Land se USLE C Source C USLE P measures
Upland forest 0.001 [115] no measures
Lowland forest 0.001 [115] no measures
Bamboo 0.04 [116] no measures

[57], 2 herbicide applications

Rubber 0.029 (C*P) per year terracing
Rice 0.18 [117] terracing
Perennial crops 0.13 [118] strip cropping
From[119] (Pimary sources: )
Bushland/Tea 0.18 [120,121) contouring
From[119] (Primay sources: . .
Annual crops 0.31 [120,121) strip cropping
From[119] (Primary sources:
Water 0 [120,121) no measures
From[119] (Primay sources:
Urban 0.2 [120,121) no measures
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Table 2.2. Additional parameterization (spatial data and calibration parameters) for the INVEST

sediment retention model.

Source of calculation

Input Range Source of input data procedure
. L 2911¢ 4492 Annual average precipitation 122
Rainfall Erosivity R [MJ*mme(hahr) ] (see below) [122]
Annual average [96]
precipitation 1233¢ 1631 [mm] (Resolution ~900*900m)
0¢0.035 [123] [57,124]

Soil Erodability K [t*ha*hr*(MI*ha*mm) 1]

(Resolution ~900*900m)

INVEST internal calculation basedA®TER
DEM(mean LS factor=40.7, some few

LS Factor 0.02¢ 4579 values are extreme outliers), which are [125]
capped at333 according to the INVEST us
manual. (Resolution = 30*30m)
Borselli k 1.096 Calibration parameter [126]
SDR max 0.8 INVEST default setting [127]
ICO 0.5 INVEST default setting [127]

Threshold Flow

Accumulation 500

Calibrated to fit the hydrological network

in NRWNNR

2.6.2.2InVEST Water Yield Model

Table 2.3. K coefficients and rooting depth of every land cover category for the INVEST water yield

model listed with their sources.

Land use Kc coefficient Kc source Rooting depth [mm] Rooting depth source
UE")%%{)?;?“ 1 [43] 7000 [43]
L"(V:fongofrﬁ;te“ 1 [43] 7000 [43]

Bamboo 1.1 [128] 4000 [129]

Rubber 11 Own measurements 5000 Own measurements
Rice 1.2 Own measurement 300 Own measurements
Perennial crops 1.2 [130] 400 [131]
Bushland/Tea 1 [130] 3500 [88]
Annual crops 0.65 Own measurements 2100 [132]
Water 1.05 [130] 0 Not applicable
Urban 0.3 [43] 200 [43]
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Table 2.4. Additional input parameterfor the INVEST water yiefdodel.

Input

Range

Source of input data

Source of calculation
procedure

Annual average precipitatio

1233¢ 1631 [mm]

[96]
(Resolution ~90®00m)

[96]

Annual potential

evapotranspiration

1209¢ 1610 [mm]

[133]
(Resolution ~90®M00mM)

Direct implementation

Plant available water conter

(PAWC)

0.115¢ 0.138

[123]
(Resolution ~90®M00mM)

Direct implementation

Root restricting layer depth

920.2¢ 1130 [mm]

[123]
(Resolution ~90®M00mM)

Direct implementation

Zhang constant

23

[134]

2.6.2.3InVEST Carbon Storage Model

Table 2.5. Input values for the carbon storage model for each carbon pool and every land use

category in Nabanhe Reserve.

Above ground C  Below ground C

Soil organic C

Dead matter C

ST U [Mg C/ha] [Mg C/ha] [Mg C/ha] [Mg C/ha] Sl
Upland forest
(<800m) 145 29 82 5 [59]
Lowland forest
(>800m) 189 41 79 6 [59]
Bamboo 42 4 72 4 [59]
Highland rubber
(<800m) 24 5 62 1.76 [59]
Lowland rubber
(>800m) 58 10 56 211 [59]
Rice 5 1 39 1 [59]
Perennial crops 15 3 56 1 [59]
Bushland/Tea 6 10 73 0.5 [59]
Annual crops 6 1.67 50 0.5 [59]
Urban 2 1 50 0 [43]
Water 0 0 0 0 [43]




2.6.2.4InVEST Habitat Quality Model

Table 2.6. Habitatquality threats for the BAU, the 5¥Rd the BTO scenario in parenthesis (where
applicable). All valuesr@ based on Cotter et gl12]. Threats are assigned weights concerning their
severity in relation to the strongest threat (Urban areas withatue of 1). The weight of all threats
decays in an exponential manner until the maximum distance is reached.

Threat Maximum distance [km] Weight Decay
Rubber 0.1 0.27 0.135 exponential
Agriculture 0.1 0.3 exponential
Urban 1 1 exponential
Roads 0.1 0.5 exponential

Table 2.7. Overall habitat scores (vertebrates, invertebrates, flaajlthe sensitivity of each land
cover category to each threat. All values are lshsa Cotter et al[12].

Land use Habitat score Rubber Agriculture Urban Roads
Upland foresi(>1000m) 1 0.7 0.6 1 0.8
Lowland fores{<1000m) 1 0.7 0.6 1 0.8

Bamboo 1 0.7 0.6 1 0.8

Rubber 0.57 0 0.1 0.87 0.63
Rice 0.26 0 0.07 0.47 0.33
Perennial crops 0.32 0.13 0.07 0.2 0.2
Bushland/&a 0.33 0.12 0.17 0.39 0.29
Annual crops 0.33 0.1 0 0.5 0.33
Water 0.73 0.82 0.82 0.97 0.75
Urban 0.1 0 0 0 0

2.6.2.5ArcGIS Rubber Yield Model

Table 2.8. Rubber yield estimations based on survey data in Xishuangh@3haSpatially explicit

land use data iderived from Beckschaf¢®5] concerning plantatiomge Altitude data is derived from

F{¢9w S5AFAGIE 9ftS@lIGA2y a2RSf 5FdGF oaladSNBGYHY)
and NASA)). Yields are listed from the fyrsér of plantations being tapped, since plantations have

different lengths of establishment phases, depending on elevaRorel size is 30x30 m.

Potential rubber yield[kg/(year*pixel)]

Elevation 1-5 years 6-10 years > 10 years
< 800m 124.12 158.20 158.20
800-1000m 124.12 129.% 15130
>1000m 5850 5850 58.9
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2.6.3. Additional Results

Land Cover BAU 2040
Upland forest (>1000m) 3
Lowland forest (<1000

Bamboo
Rubber
Rice

Perennial crops
Bushland/Tea
Annual crops
B water 3

EEEOEEN

Carbon Storage BAU 2040
[Mg C/ha]

o

[1o-5188
[[]51.88-74.12
[ 74.12-92.65
B 92.65-126.00
W 126.00 - 315.00

Sediment Export
BAU 2040 [t/ha]
[Jo
[o-05
[os-10
Wi10-20
W20-40

W-a0

Habitat Quality BAU 2040
Value

High:1 I

Low : 0.1 l

Water Yield

BAU 2040 [m*/ha]
0.000 - 2056
2057 - 3213

M 3214 - 4557

M 4558 - 5797

M 5798 - 10340

Rubber yield
BAU 2040 [kg/ha]
[Jo

[Jo-644

M 645 - 1377

B 1378 - 1444
W 1445 - 1755

(F)
I Kilometers
012 4 6

Figure 2.2. Ecosystem service results at the last year (2040) of the BAU scefanal(ding habitat
quality @), carbon storaged), water yield D), sedimentexport € and rubber yieldR).
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Land Cover 5YP 2040
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B upland forest (>1000m) ; High ‘_V?lue
B Lowland forest (<1000 ' I
[] Bamboo

B Rubber |
D Rice Low : 0.1

B Perennial crops

B Bushland/Tea
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B water \
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Carbon Storage 5YP 2040 Water Yield

[Mg C/ha] 5YP 2040 [m*ha]
[Jo 0.000 - 2056
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5YP 2040 [t/ha] T i 5YP 2040 [kg/ha]
[Jo L _ o
[Jo-05 s L L, [ o-644
[o5-10 T . [ 645 - 1377
Wi10-20 ' ) W 1378 - 1444
W20-40 W 1445-1755
M-40 z
£ LT
' N

® F) A

I I Kilometers
012 4 6

Figure 8.3. Ecosystem service results at the last year (2040) of the 5YP sce¥driol(ding habitat
quality B), carbon storaged, water yield D), sediment exportE) and rubber yieldH).
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Figure 8.4. Ecosystem service results at the last year (2040) of the BTO sceXdriol(ding habitat
quality B), carbon storaged, water yield D), sediment exportE) and rubber yieldH).
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ESS Index ’ ‘ BAU

High : 0.58 ESE| igr\]q%x%
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High : 0.58 High : 0.58
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Figure 2.5. Ecosystem service index integrating the five ecosysteenvices weighted by
Xishuangbanna prefecture administration using the ROC (centroid weight) method for the initial year
of 2015 A) as well as additional results for the final year of each scenario (Businessal B), 5
yearsplan ) andBalancedrade-offs D)).

2.6.4. Sensitivity Analysis of Hydrological Models

The sensitivity analysis for the sediment export model showed the expected behaviour of a model
based on the USLE. Linear relationships between sediment export amounts and changekK,ifRth

and P factor were found. Sediment exports were more sensitive to changes in the C factor, as it also
influences downslope sediment retention in addition to potential soil erosion. The highest sensitivity
was identified in respect to changes in ther&elli k parameter, explicitly implemented for calibration
purposes.
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Figure 2.6. Sensitivity analysis of the INVEST sediment export model.
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Figure .7. Sensitivity analysis of the INVEST water yield model.
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Chapter 3: Tipping Points in the Supply of Ecosystem Services of a
Mountainous Watershed in Southeast Asia
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Abstract: Rubber plantations have expanded at an unprecedented rate in Soutlde#stin recent
decades. This has led to a substantial decline in the supply of ecosystem services (ESS) and has reduced
livelihood options and socioeconomic wb#ing in rural areas. We assessed the impact of two land

use scenarios on the supply of ESISinY2 dzy G F Ay2dza ¢l 6SNBRKSR Ay - Aakdz
Republic of China. We combined tiraeries data derived from spatially explicit ESS models (INVEST)
with a sequential, datalriven algorithm (Rnethod) to identify potential tipping points (TP# the

supply of ESS under two rubber plantation expansion scenarios. TPs were defined as any situation in
which the state of a system is changed through positive feedback as a result of accelerating changes.
The TP analysis included hydrological, agnoical, and climateegulation ESS, as well as multiple

facets of biodiversity (habitat quality for vertebrate, invertebrate, and plant species). We identified
regime shifts indicating potential tipping points, which were linked to abrupt changes in ryiabes,

in both scenarios at varying spatial scales. With this study, we provide an easily applicable method for
regional policy making and land use planning in datarce environments to reduce the risk of
traversing future TPs in ESS supply for rublbedypcing land use systems.

Keywords:Southeast Asia; ecosystem services; rubber; regime shift; tipping point; scenario modeling;
INVEST
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3.1. Introduction

Ecosystem services (ESS) are defined as the goods and benefits people obtain from ec{@§ktems
The capacity of ecosystems to sustainably deliver ESS can change and is often threatened by increasing
anthropogenic pressure. This pressure includes increased climatic variability, land use chattge, and
overexploitation of resource§67,136,137] The intensity of external pressure that a system can
absorb without changing its characteristic structure and functions is defined as resili38;&39]

The faster the system returns to its former equilibrium state after disturbance, the more stable it is
considered to bg138]. Socioecological systems are characterized by complex interactions between
ecosystem properties and social dymias. Their resilience is defined as the ability of the
socioecological system to sustain a set of ESS under changing environmental and management
conditions[140]. This ability to generate ESS may shift from desired to less desired states as a result
of increasing external pressures, which often act synergisti¢a#t]. Resilience may then be
compromised and the system reaches a tipping point (TP). Shifts from one system state to another
may not be desirable, costly to revise, or irrevers[ie9,142]

Using the concept of TPs to analyze socioecological systems has gained considerable momentum in
academia in recent yeaf$43]. Milkoreit et al.[143] deduced the concepts most frequently used for

defining TPs across scientific disciplines (natural science| soi@ace, and socioecological systems).

In their review, the majority of literature on land use change and socioecological systems involve the
O2yOSLJia 2F dadzZf GALXS {dGlFo6tS {iG103S4a¢ FyR &! o NYzLJIG
used in soimecological system research, whereas land use change research often involves the concept

2F GLNNBOSNEAOAfAGERED ¢KS GSN)Y GCALIMAY3I t2Ay0e A
G2 RS&AONROGS LIKSYy2YSyl O2YLIwWEAaYS (HKAFKE a6 §i EONfE
[143). We refer to a general definition for TPs from van Nes et[B#4)Y a! yeé& &aAlGdzZ GA2Y
FOOSt SNXrdAy3a OKIFy3aS OlFldaAaSR | LRaAGABS FSSRol 01 «
few studies have looked at TPs BSEsupply.

Zhang et alf145]analyzed time series of 55 sal; economic, and ecological indicators, ranging from

soil stability, air quality, and water quality to livestock and various crop yields, in order to assess the
sustainability of ESS in Eastern China. They found that the analyzed regional socioesyisigical

Ff NBFReé LI &daSR I ¢t Ay (GKS mprtnas O2AYOARAY3I A
SO2y2Yeéd ! FUSNI/ KAYlFQa | 0O0Saairzy (2 GKS 22NIR ¢N
towards a new steady state. Such TPs are of amnes passing critical thresholds and the associated

changes can affect the ability of a system to provide ESS and lead to disastrous consequences for
human and ecological societies that depend on tH&#®6].

¢CKS O2yOSLJi 2F | aalFS 2LISNI GAy 3T aLI30F47FTReMI K dzY | Y
interlinked nine critical boundaries of biophysical processes at a planetary sealsdime the safe

operating space. Within this space, the risk for unpredictable or catastrophic changes is low. Raworth
[148]extended the planetary boundary concept and integrated human-behg into the framework,

which has become knowrsaghe Oxfam Doughnut. In the Oxfam Doughnut, the borders of the safe
operating space are defined by the social foundation and the environmental ceiling. Falling below the

social foundation or breaching the environmental ceiling reduces humanbeily [148]. On a

planetary scale, three of the environmental boundaries have already been transgressed (climate
OKFy3aS: NIGS 2F 0A2RAQOSNBRAGE f2aa>X YR GKS yAlNI
below the social foundation (e.ggdd, energy, income[jL48].

In contrast to the planetary scale of these approaches, management of resources and decision making
mainly takes place at a regional or local scale. Dearing Ei4#l] propose a method to transfer the
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Doughnut concept into a framework of regional boundaries. They describe four typeseederies

analyses to define the boundaries of a safe operating space at a regional scale: (1) linear trends with
environmental limits set by scientific, public, or political instances (e.g., urban air quality regulation);

(2) the envelope of variabilitgdefined by longerm, normal fluctuations of a system (e.g., climate

system of planet earth); (3) analysis of systems that crossed a critical threshold in the past (e.g.,
eutrophication of a lake); and (4) the identification and analysis of early wadnk@y' I t & 0 SPI DX
aft26Ay3 R26y£0d G NBIA2YIE tS@Stas LINRPOSaasSa 2-
the most important drivers for regime shifts that impact the supply of ESS in rural [Af]sThese

processes and their impact on ESS can be simulated and assessed with spatially explicib2jodels

Modeling results can then be used to delineate the boundaries of local safe operating spaces in order

to predict and reduce the risk of traversing TPs in the futlites is of particular importance in areas

GKSNB LIS2LX SQa OdzNNByYyid IyR Fdzidz2NE f AQOSt AK22Ra |1
as rural agricultural areas.

In Montane Mainland Southeast Asia (MMSEA), the recent intensification in ttieatioh of cash

crops has led to the demise of traditional swidden farming sys{@8lsMajor reductions in livelihood
options, socioeconomic weltleing, and the supply of ESS have been the result of suchdaadgland

use conversionfl0,11,151] A prime example of these conversions is the introduction and extensive
exparsion of rubber treelevea brasiliensigplantations in many parts of MMSEA. The Prefecture of
Xishuangbanna, located in Southwestern China, has seen increases in area covered by rubber
plantations, from 4.5% in 1988 to 22.2% in 2018]. The rapid expansion of rubber plantations has
been linked to increased soil erosion, loss of biodiversity, changes in carbon dynamics, and changes in
the hydrological cycl¢l2,5557,59,61] However, rural areas in MMSEA often lack the amount of
longterm and highquality data needed to advance the scope of multidisciplinary modeling. To date,

no research has been done on deriving potential TPs in ESS in-ddrberated land use systems.

As rubber expansion has proceeded at an unprecedented rate in MMSEA in recent decades, there is
an urgent need for methods to assess the future supply of ESS from rphdmhrcing land use
systems, even in datscarce environments. We propose a method @mritifying TPs in the supply of

ESS. For this, we use results from spatially explicit ESS models such as INVEST (Integrated Valuation of
Ecosystem Services and Tra@#s) in combination with a datdriven, sequential algorithm, originally
developed to detct regime shifts in climate variations. The analysis includes hydrological,
agronomical, and climateegulation ESS, as well as multiple facets of biodiversity (habitat quality for
vertebrate, invertebrate, and plant species) for two rublielated land se scenarios, simulated at

the watershed scale over a 3®ar period. We aim at providing a simple tool for regional policy
making and land use planning to reduce the risk of traversing future TPs in ESS for rubber producing
land use systems. This methaoaincalso be transferred to other comparable land use systems outside

of MMSEA.

3.2. Material & Methods
3.2.1. Research Area

The research area is the Naban River Watershed National Nature Reserve (hereafter referred to as
Nabanhe Reserve). It spans an area of roughlyKIn? and is located in Xishuangbanna Prefecture,

,dzy Yy t NPOGAYOSsS {2dziKSNY [/ KAYl O6HHcAny b mMnancnwm
climate, strongly influenced by monsoon cycles and a distinct wet season from May to (atoper

The mean annual temperature lies between 18 and 22 °C and annual average precipitation amounts

to 11001600 mm[57]. The elevation ranges from 500 to 2300 m.a.s.l., with rubber plantations being
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located in lowland MVii&ey bottoms and, more recently, expanding into higher altitud@8]. The
Nabanhe Reserve is part of the InBarma biodiversity hotspd6] and is not only rich in floral and
faunal species diversity but also in terms of the multiple ethnicities living in the [6B@8] The

largest share of area in the Nabanhe Reserve is covered by natural or seminatural tropical
mountainous rainforest (~60%). Other land uses include tea plantations and bushland (~11%), rubber
plantations (~9%), bamboo forests (~6%), annual crops such as maizeganctaoe (~6%), paddy

rice (~4%), and small patches of perennial crops (~1%) (Rdae

3.2.2. Scenario Definition

The scenarios used for this study were developed as part of the ChBesman project SURUMER
(Sustainable Rubber Cultivation in the Mekong Redi®B8]. The project had the objective to develop
sustainable land use strategies for rubber cultivation through a close interaction of science and
practice [153]. A team of relevant stakeholders in collaboration with a multidisciplinary team of
scientists developed several future land use scendfioy We used two of these scenarios to assess
potential TPs in the supply of ESS in the research area: (1) The Béstssl scenario (BAU) and

(2) the BalancedlradeOffs scenario (BTO). In BAU, past rubber expansion in Xishuandg8ahaad

the Nabanhe Reserv[s9] was linearly continued at an annual rate of 2%,ejpendent of the
suitability of the land. In BTO, rubber expansion was restricted to areas suitable for rubber cultivation.
These were defined as below 900 m.a.s.l. and with slopes below 23°. These restrictions were chosen
based on reduced rubber yields laigh altitudes[94] and the aim to reduce soil erosion on sloping
aread57]. BTO additionally incfied the establishment of riverine buffer zones around the main rivers

in Nabanhe Reserve. These consist of secondary forest vegetation and are 30 m wide. Similar
reforestation measures were introduced in the initial years of BTO as water protection zouesi a

water sources for domestic use. The land use map of 2015 (RBdwakserved as the initial condition

for both scenarios. The scenarios have been described in more detail in Thellmanf48i. dlard

use changes were simulated for 25 years, from 2015 to 2040. The focus in Thellmarjd&jtvehs

on deriving realistic land use change scenarios and information on ESS preferences and evaluation
through a close interaction with stakeholders. Here, we refrained from social or economic valuation
for ESS and focused on analyzing the biophysical changes in ESS supply for two contrasting land use
scenarios across varying spatial scales and initial land usktioms. FigureS.1lccf shows the spatial

extent of land use changes introduced in both scenarios for the final year of the simulation (2040).
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Figure3.1. Depiction of land cover in the Nabanhe Reservea)ri{e baseline year of 2015;)(the

final yean(2040) of the Busines&sUsual scenario, an@) the final year (2040) of the Balanc&dade

Offs scenario. The 2015 land cover map features a resolution of 30 x 30 m and was derived from Rapid
Eye satellite data. Three subwatersheds (SW1, SW2, SW@aglareated as focal points for further
analysis. Detailed excerpts of the three subwatersheds are depictda) for(the initial condition of

2015, () for the final year (2040) of the Busine&sUsual scenario, and)(for the final year (2040)

of the BalancedTradeOffs scenario.
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3.2.3. Ecosystem Service Assessment

Ostrom proposed a framework for analyzing the sustainability of a socioecological §¥&me

used this framework as a basic guideline to identify relevant variables: (1) resource gyshems
Nabanhe Reserve; (2) resource unitpuantification of ESS supply from spatial models; (3)
governance systemfuture land use plans based on past land use change and governmental land use
plans; and (4) usersfeedback from local stakeholders to identifcédly relevant ESS.

We assessed a set of four ESS using INVEST (Integrated Valuation of Ecosystem Services and Trade
Offs, Version 3.3.3., The Natural Capital Project: Stanford, CA[44$ANhd used a selfieveloped

model for assessing rubber yields, as rubber is the most itapbprovisioning service in Nabanhe
Reserve. These ESS were chosen based on several discussions with stakeholders, including village
heads, farmers, prefecture administration, and politicians at the provincial [&&¥9,80] The

INVEST submodels we used were: (1) habitat quality (as a proxy for biodiversity), (2) carbon storage
and sequestration, (3) water yield, and (4) sediment retention (as proxies for regulating ESS). The code
of INVEST was mdigid to iterate model runs in 25 steps for the 25 years of land use changes outlined

Ay GKS aO0SyIFNA2 RSAONRLIIAZ2Y® hiGKSNBAASS 6S AYLIM
manual[44] and published literatur¢12,88;90] and used a substantial pool of field studies for model
parameteriation [48]. Environmental input variables such as ldagn mean annual precipitation

and soil properties were kept constant throughout the simulation pefii8,133] This was done in

order not to bias the effect of land use changes on the model results with changeeer parameters.

Note that we considered a decrease in sediment export as beneficial. On the other hand, due to water
scarcity in the dry season, decreases in annual water yield were considered to be unfavorable. The
rubber yield model was based on locairvey data considering average rubber yields with regard to
plantation altitude and plantation ag®3,95]and was performed with ArcGIS (Version 10.3.1).

We normalized the biophysical model results so that the values of each ESS are set to 1 in the initial
year of the simulation. ESS values for the following years in the simulation were then calculated in
relation to the initial year. We calculated the dmhetic mean of the five normalized ESS values for
every year. This we refer to as the ES8are. The time series of the ESS2are was then used as an

input for the TP identification algorithm described in Section 2.4. A detailed description of the
coneeptualization, parameterization, and results of the INVEST submodels and the rubber yield model
can be found in Thellmann et 448] for the entire Nabanhe Reserve. Here, we focused on three
subwatersheds ithe Nabanhe Reserve in more detail: SW1, SW2, and SW3 (Biguné/e selected

these subwatersheds as (a) data was available for calibrating the submodels for water yield and
sediment export (in SWI%7], and (b) they feature varied conditions regarding their spatial extent,
initial land use conditions, and land use change trajectorigsdisimulated scenarios. Therefore, they
allowed us to analyze the provisioning of ESS in relation to different rubber expansion rates as well as
different initial land use conditions. The initial land use conditions are listed in 3dblI&W1 is the
smallest subwatershed, at 6.92 km? in area. SW2 spans 27.97 km? and SW3 has an extent of 21.34
kmz,
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Table 3.1. Proportions of land cover categories in the Nabanhe Reserve and the analyzed
subwatersheds for the initial year of the simulation (2015).

i 0
Land Cweer Category Coverage in 2015 (%)

NR? SW12 SW28 SW34

Upland fores® 45.9 35.8 70.4 29.0
Lowland foresp 15.6 7.7 2.6 17.0
Bamboo 5.6 3.7 1.7 5.3
Rubber 9.2 11.8 7.6 30.6
Rice 4.1 5.4 5.8 5.3
Perennial crops 11 2.4 15 4.0
Bushland/teef 111 15.2 6.2 5.0
Annual crops 5.7 17.2 4.1 3.0
Water 1.3 0.0 0.0 0.0
Urban 0.4 0.9 0.2 0.9

1 NR: Nabanhe Reservé. SW1: Subwatershed B SW2: Subwatershed 2. SW3: Subwatershed 3.

5 The distinction between upland forest and lowland forest is solely based on the altitude of their respective
location (above/below 1000 m.a.s.F)Due to the similarity of the spectral signature of bushland and tea
plantation areas in the satellite imageno distinction was possible between them. Therefore, these land use
categories were merged into one category. The percentage values might not add up to 100% due to rounding.

3.2.4. Ildentification of Tipping Points

In order to identify potential TPs in the time series of the ES®® in our scenarios, we adapted the
method of Zhang et a]145], who used longerm time series of economic and environmental data to
analyze the past supply of multiple ESS in eastern China. The algorithm we used to statistically identify
TPswas developed to detect regime shifts in time series of climate variations by RodibwvWe

chose the Rodionov algorithm (henceforth referred to as thedthod) as it is capable of identifying

TPs even in the presence of a background trend and outliers in the data.-fie¢hBd does not

require prior knowledge of the timing of a potentid® &s it is an exploratory dathiven analysis. We

refer to the periods separated by TPs as regimes. The input for-thetRod was the annual time

series of the ESSszore for both scenarios in the simulation period between 2015 and 2040. Years
with potential TPs are indicated by the regime shift index (RSI). A positive RSI signifies a shift to a new
regime, where the mean ESScore for the entire regime is greater than the mean of the previous
regime. The opposite is true for a negative RSI. The highetbsolute value for RSI, the more distinct

is the subsequent regime from the previous one. To prevent the misidentification of very short
regimes, the Rnethod was set to a moving average window of half the length of the simulation period
(cutoff = 125), with significance opI' ndnm YR | dzo SNRE WS A Bded S NI NI &
parameter defines to which extent outliers are taken into account in the algorithm of 4inetRod.

3.3. Results
3.3.1 Biophysical Model Results of INVEST and Rubber Yield

Table3.2 shows the results of the INVEST submodels and the rubber yield model for the initial
condition (2015) and the final years (2040) of BAU and BTO for the entire Nabanhe Reserve as well as
each subwatershed. In both scenarios, the simulated land use chahgesthe same general trend

in affecting the supply of ESS, regardless of the spatial scale of the analysis. These trends are: (1) a
decrease of the regulating ESS and habitat quality in BAU and (2) increases of habitat quality and the
regulating ESS in® in the Nabanhe Reserve and the subwatersheds.
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Table3.2. Annual output of the Integrated Valuation of Ecosystem Services and -Ofisl€INVEST)
submodels and the rubber yield model for the initial state of 2015 and the final year of each land use
scerario (2040) for the whole Nabanhe Reserve (NIB) and each subwatershed (SW1, SW2, and
SW3).

Scenario/Subwatershed Habitat Quality Rubber Yield Sediment Export Water Yield Carbon Storage

(103 HQ Index} (105 kg) (103 kg) (km3) (106 kg)®
Initial state (2015)
NR? 232 1.85 53,441 102 5337
Swi1 5 0.06 1005 3 111
SW2 25 0.04 3185 12 589
SW3 16 0.42 2555 5 367
BAUZ (2040)

NR 225 2.98 60,814 99 5095
Swi1 4 0.10 1128 3 106
SW2 24 0.15 3981 11 556
SW3 15 0.67 3769 4 321

BTO3 (2040)

NR 249 2.92 19,040 102 5693
Swi 5 0.09 519 3 129
SW2 27 0.07 1417 12 630
SW3 17 0.62 829 5 380

1 NR: Nabanhe ReserveBAU: BusinesadsUsual.® BTO: Balancet@iradeOffs.* The Habitat Quality submodel

of INVEST assigns a value between 0 and 1 to every pixel in the land use map, according to land use, management,

and surrounding threats such as roads. The HQ (Habitat Quality) Index for each subwatershed and the Nabanhe
Rese@S | & | ¢6K2fS A& (KS &dzy Hntludéslcddfon stdradeSdtifates fisrlatioved | G 1j o
and below ground biomass, soi@D cm depth), and dead organic matter.

Rubber yields increase in both scenarios but are highly variable throtigin® simulation period as
plantations shift in and out of their economic life cycle in different parts of the Nabanhe Reserve. The
final year of BAU shows an increase of 1.13%kg@0ubber yield compared to the initial condition. A
slightly lower incrase can be seen in BTO (1.07 %ktf). Even though there is a decrease of exported
sediments in BTO, there are only minor changes in water yield. The land use changes introduced in
both scenarios have only minor effects on water yield (1%, which is ehéskeounded numbers in
Table3.1).

3.3.2 Land Use Change and Tipping Points in ESS Supply

Figure3.2 shows the temporal changes in the normalized supply of ESS as well as anabfarest

related land use changes for both scenarios. Additionally, the B&8e, the arithmetic mean of the

five normalized ESS values (light blue line in Fig@ecatulated on an annual basis, is shown. Years
with potential TPs are depicted as purple columns in Fi@2e(RSI: regime shift index). In both
scenarios, we identified potential TPs in all case study subwatersheds, all of which are significant with
p> 0.4

In the BAU scenario, for each subwatershed, as well as the entire Nabanhe Reserve, habitat quality
and the three regulating ESS decrease in response to the rubber expansion and the loss of forest areas.
Rubber yields are increasing in the initial yeafrthe simulation, then remain relatively constant until

2036, and see a steep decline at the end of the simulation.
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Figure3.2. Depiction of the modeled and normalized ecosystem services (ESS) indices for Habitat
Quality, Rubber Yield, Sediment Retenti®Vater Yield, and Carbon Storage, as well as their annual
arithmetic mean value (gcore) for the Busines&sUsual (BAU) scenario (left columa;c(e,g)) and

the BalancedlradeOffs (BTO) scenario (right columb;d,f,h)) in relation to rubbetrelated land

cover changes throughout the simulation period between 2015 and 2040. The rows of graphs relate
to the whole Nabanhe Reservaly), SW1¢,d), SW2¢€,f), and SW3d) and f). The land use changes

are given in percent of the extent of the Nabanhe Res®r respective subwatershed for each graph.
Years with potential regime shifts are indicated by purple columns (RSI: regime shift index). Note the
different scaling on the-gxis for the zscore of the different subwatersheds and the differences in
scaing on the axes for rubber and forest coverage. The coloring of the letielnd indicates if the
regime of ESS supply at the end of the scenario is comparatively better (green), worse (red), or
approximately the same (black) as the initial condition.
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Theyear of a potential TP in total ESS supply is 2036 for NR, SW1, and SW2. For SW3, a potential TP is
found in 2034. The trajectory for sediment retention in SW3 shows a more pronounced decline in
comparison to the sediment retention trajectory in the othmrbwatersheds. SW2 has the smallest

share of rubber areas in the initial year of the simulation (7.6%), and with that, also the lowest total
annual rubber yield in comparison to the other subwatersheds. As the rubber yield trajectories are all
relative tothe initial condition (set to 1), a lower initial rubber yield results in a steeper increase of the
trajectory, as can be seen for the rubber yield in SW2 (Fig2e. SW2 is the only subwatershed in

the BAU scenario where a positive TP can be obsdR@2#).

In the BTO scenario, the reforestation measures and restricted expansion of rubber plantations led to
increases in the regulating ESS and habitat quality. Rubber yields follow trajectories that are
comparable to those seen in the BAU scenaridalgh with lower total values. In the BTO scenario,

a positive RSl indicates a potential TP for the entire Nabanhe Reserve in the year 2023. In contrast to
the BAU scenario, no further TPs occurred in the remaining years of the simulation for the Nabanhe
Reserve. In both SW1 and SW2, positive RSIs indicate TPs in the year 2024, although less distinct than
for the entire Nabanhe Reserve. No positive TPs are observed for SW3. Similar to the BAU scenario,
negative RSI values in the year 2036 indicate TPaNdr, SW2, and SW3. In SW1, the steep gain in
forest areas in the initial years of BTO are a direct result of the establishment of water protection
zones around water sources. In SW3, from 2018 onwards, the changes in the forest categories were
only about £%6. Changes in the rubber category were even less pronounced, ranging between 11.1%
and 11.7% of areal coverage of SW3 throughout the simulation period.

3.4. Discussion
3.4.1 Tipping Points in the Supply of ESS

The land use changes introduced in the BTO scenario generally improved regulating ESS and habitat
guality. We observed the opposite in the BAU scenario over thge2b simulation. These results
confirmed the expectations developed in the scenario desigitgss with local stakeholdef48].

Similar results have also been reported in other ESS scenario simulations. BdiLl&bJahpplied

INVEST in Northern China to assess agriculture, forestry, and urban expansion scenarios and found the
establishment of riparian buffer zones to be the optimal land management strategy, as it balanced
agricultural production and hydrological ESS supply. In contrast to the distinct differences of regulating
ESS and biodiversity between BAU and BTO, the d@ries of total rubber yields in the Nabanhe
Reserve and the analyzed subwatersheds follow comparable trajectories for both scenarios but vary
in the magnitude of rubber gains and losses. The time series of rubber yields turned out to be a
decisive factoin dictating whether a TP has been reached or not. This can be seen in Fpce

f,h, as the models all agree on a negative TP for the year 2036, which coincides with the steepest
declines in rubber yields.

As perennial systems, rubber plantationsvhaan economic lifespan of about 30 yed?4]. The

amount of latex which can be tapped during this period is highly variable. Productivity is low when
tapping begins, peaks duringthe midéleS I N& 2 F | LI I ydlF A2y Qa f AFSaLN
plantation approaches the end of its economic lifesj@4]. In the study area, a broad range of
plantation ages is present at the start of the simulat{®6], which results in high variations of total

rubber yield throughout the simulation period as existing plantations shift in and out afébenomic

lifespan in addition to the variations introduced by newly established plantations. The drop in total
rubber yield leading to the TPs in 2034/2036 is a result of multiple plantations in the Nabanhe Reserve
reaching the end of their economic Ilfpan simultaneously and having to be renewed. Rubber
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plantations are not the only source of income for the population in the Nabanhe Rgé4&6lePady

rice, maize, and fruit plantations are also relevgbb6], but we assumed no changes of those
categories in our scenarios. Since our analysis focoseatkviations from initial conditions, we argue

that the additional provisioning services provided by these land use categories can be neglected within
the aims of this study. In addition, we argue that the strong dependency on rubber for the inhabitants
of the Nabanhe Reserve justifies rubber yield as the defining provisioning service (like agricultural GDP
in Hossain et a[157]).

The analysis of subwatersheds, varying in their initial land use conditions and land use change
trajectories, proved to be a crucial point for the interpretation of the results.tkRerentire Nabanhe
Reserve in BTO, the land use changes led to a positive TP in 2023 32gur€his means that at a

large scale, the increases in the regulating ESS and habitat quality are able to buffer against the decline
in rubber yield in the lateyears of the simulation. We expected to find similar results for the three
analyzed subwatersheds. These expectations have only partly been met, as we identified positive as
well as negative TPs for smaller spatial extents (SW1, SW2, SW3) in BTO.,FaWaWahd SW3 in

BTO, the results agree on negative TPs in 2036, comparable to the negative TPs identified in the BAU
scenario. However, for SW1 and SW2, positive TPs indicate that the system shifted to a comparatively
more beneficial state of ESS supiply2024. This means that the negative TP found for SW1 and SW2

in 2036 in BTO represents a shift back to a comparable system state as that of the initial regime (2015
2023). In SW3 in BTO, this is not the case, as only a negative TP was identified Tiia0B6icates

that the increases in other ESS are not sufficient to buffer against the steep drop in rubber yields in
2036 for SW3 in the BTO scenario.

In the BAU scenario, on the other hand, as linear growth of rubber areas and linear decreaset of fores
areas are set to occur with constant annual rates, the E&®res in the Nabanhe Reserve and
analyzed subwatersheds show very similar trajectories, regardless of the differing scales. The
exception to this is SW2 in BAU. The high gain in rubber \ghlfts the system to a comparatively

more beneficial state of ESS supply in 2024. This is very similar to what was observed in SW1 and SW2
in the BTO scenario, the difference being that we observed increased habitat quality and regulatory
ESS in BTO, aspmsed to increased rubber yields alone in the BAU scenario.

The strengths of our method include the focus on smaller subwatersheds, since this revealed results,
which would have gone unnoticed due to aggregation, if the focus had been on the NabanheeReser

as a whole. Furthermore, ESS research often focusses on comparing present land use conditions with

Ff GSNBR flyR dzaS GaylLlAaK2Ga¢ 2F 2yS &aLISOAFAO (Ol
timeframe in between the initial condition and the &ihyear of a scenario (s€d2,88,98]as

examples). As rubber is a perennial crop and the expected yield can vary substantially with plantation

age and location, the annual resolution of our method is more robust in comparison to snapshot
approaches. In addition, our method can be transferred theo regions of comparable land use

change situations, as a both the INVEST models and-thetRod are freely available through online
platforms[44,154]

As suggestefly Rodiono\154], the applicability of the fhethod should be tailored to the topic of

study at hand. In Rodionojd54], the Rmethod was exemplified using the January PDO (Pacific
decadal oscillation), which is well known to experience regime shifts. In our case study, no prior
knowledge existed forgential future or past shifts in regimes of ESS supply. Analyzing past shifts is
very data demanding, as exemplified in Zhang efld5]. They analyzed time series (1¢2006) of

55 social, economic, and ecological indicators to assess the sustainability of ESS supply in Eastern
China. In Zhang et dlL45], normalized trajectories of regulating services and provisioning services
were grouped and depicted as separate time series. This revealed a cleaoffdmgween the two
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ESS categories, with declining regulating services and increasing provisioniiogssein both
scenarios analyzed in this study, the relationship of regulating services (and habitat quality) with
rubber yields (the only provisioning service in our case study) is not as clear because of the variable
amount of rubber yield throughout # simulation period.

Depending on the focus of research, definitions for TPs in socioecological systems and land use change
can, but do not necessarily have to, include different concgpt8]. Here, we did not focus on specific
concepts to define TPs. Instead, we describe TPs as deviations fronalnituctuations in the
presence of underlying trend449]. Neverthelss, we address some of the concepts (indicated by
guotation marks in the following paragraph) commonly used in research on socioecological systems
and land use change according to Milkoreit ef 84.3].

Ly 2dzNJ NBadz Gasx dqadz GALX S {dFo6ftS {0 §SaéheOly 68
ESS-gcore. With the chosen models and their structure, we were not able to cover the concept of
GLNNBEOSNEAOAT AGEED C2NJ a2YS &ddzoY2RSftfa 6S dzaSR 0SS
land use change rates in BAU would simply réawdh approximately linear increase for these ESS, as
opposed to the approximately linear decrease shown in Fi§te,c,e,g. The same can be said for

the ESS trajectories of habitat quality and carbon storage. Improvements for both submodels could

be mace by including an analysis of forest patch connectivity or forest edge efi@@i$58] The

habitat quality submodel of INVEST does include edge effects at agricultural areas, as well as for roads
and villages, but does not include any landscape connectivity indicators. We were abtdutiein
GCSSRolOl1aé¢ Ay | ljdzqr t AdFGABS YIYYSNI GKNRdzAK GKS
designed by stakeholders. However, quantitative feedback is not included in any of modeling
structures of INVEST or the rubber yield model. This mésmighanges in one ESS do not affect other

ESS in the simulation. Therefore, the only dynamically changing input parameter throughout the
AAYdzZ FGA2Y LISNRA2R Aa fFyR dzaSe® ¢KS 02y OSLIi 2F
are related toabruptly declining rubber yields in the case study areas. Hughes[&58] highlighted

how slow regime shifts provide additional time for taking management actions in order to prevent a
change in system states. Our analysis revealed habitat quality and the three regulefing BS

variables that slowly react to changes in land use at the scale of the entire Nabanhe Reserve. Depicted

as the ESSscore, the decrease in habitat quality and the regulating ESS is masked by increases in
rubber yield. This can be seen in the fiejime in BAU until the years 2036 (FigBi2a,c,e) and 2034
(Figure3.2g). With an abrupt decrease in rubber yield, the algorithm of thedthod revealed

significant differences between the mean ES8are of the new regime (2088040) in comparison

to the previous regime (20£2035).

3.4.2 Methodological Limits and Future Research

The trajectories of habitat quality and most of the regulating ESS depicted in Bguman be
approximated by linear functions. These would qualify as type 1 ofsienies ategories described in
Dearing et al[149]t linear trends with environmantal limits set by scientific, public, or political
instances. We refrained from an analysis based on environmental limits, as no known thresholds for,
e.g., habitat quality, exist for our study area. At the moment, without the quantification of
environmental limits, our method can only provide the general direction in which the state of the
socioecological system is moving, towards or away from the boundaries of the safe operating space.
This, in turn, raises the question of if the system had already beem state of unsustainable
management before the start of the simulation, as all further analysis is related to the initial system
state. The next step in improving our method would be to integrate environmental limits for the supply
of the analyzed ESOur results revealed further weaknesses of using thed®od for the purpose
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of identifying TPs in modeled time series of ESS supply. For the BTO scenario in SW1, we expected the
rapid gain of forest areas to result in a positive TP after the initialy®ars (Figur&.2d). However,

no TP was identified. This was due to the following reason: ThetRod allows for the reduction of
influence of outliers on the regime mean in the time series. The E8&e of the initial two years of
BTO in SW1 are cotad as outliers and, therefore, these values enter the calculation of the mean of
the respective regime with reduced weights. Furthermore, the methodology of this study does not
take any stakeholder preferences for specific ESS into account, as all &S8esaélculation of the
arithmetic mean (ESSszore) with equal weights. With the inclusion of stakeholder preferences for
ESS, the identified years of potential TPs may be subject to clhd8herhe potenial impacts of
stakeholder preferences and weighing methods have been discussed, e.g., in Thellmarj48t al.
Other points of improving the methodology would be to include natural disturbances (e.g., extreme
weather events or pests) in addition to the human drivers we analyzed in this study.

In parts, our results are an example of the modifiable areal unit problem, meaning that results may
change depending on where the boundaries are [4€0]. To circumvent this problem in future
resaarch,agen® A SR Y2 RSt a 2F 9{{ LINRBGA&AAZ2Y YAIKIG 0SS dza
I tAY] 0SGsSSy 9{{ G & [26d3NReBant atlvghBemeats Mysimulabig 3 A 2 v &
socioecological systems have shown promising results with the use of system dynamics models for the
delineation of regional safe operating spa¢&62]. This approach of system dynamics is well suited

to capture potential feedbacks for longer simulation periods but is also more dependent on past
empirical studies in comparison to tla@proach we used here. In our case, a simulation period of 25

years was chosen as a realistic timeframe to predict potential future land use changes for rubber
cultivation in the Nabanhe Reser{#8]. Futureresearch with the method proposed here could be
conducted with longer simulation periods in combination with an earlier year for the initial conditions

to: (1) improve validation of model runs, (2) capture long term effects of rubber plantation turnover

times, and (3) reveal the impact of past rubber expansion on ESS in the Nabanhe Reserve.

3.5. Conclusion

In an era of global change, decisions may have to be made without full knowledge of potential
consequences while making the best possible use of what is kkradvthe time[163]. Within this
background, we deveped a method of combining spatially explicit modeling with a dhtaen,
sequential algorithm, both of which are freely available, as an-easglapt concept for land use
planning in datascarce environments. We used this method to identify potentialinfESS for rubber
expansion scenarios in MMSEA, but the method can be adapted to other areas facing comparable land
use change situations, such as deforestation driven by timber or palm oil production in other parts of
Southeast Asia. In the study arese discovered unexpected differences in the results of the TP
analysis related to questions of spatial scale. The application of the same TP identification
methodology for the same scenario (BTO) resulted in positive TPs for the entire Nabanhe Reserve
(large scale), whereas for the analyzed subwatersheds (small scale), conditions remained unchanged
or were comparatively worse at the end of the scenario when compared to the initial state. From this,
we conclude that sophisticated land use planning is ablprtwide benefits in the supply of ESS at
watershed scale, but that potential traetfs at subwatershed scales should not be neglected. Even

if land use plans aim at a more sustainable manner of production, specific local conditions may prevent
them from being adapted. Developing management plans for socioecological systems on multiple
spatial scales without exceeding the limits of regional safe operating spaces is a critical challenge that
remains for future research.
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Chapter 4: Assessing Hydrological Ecosystem Services in a Rubber-
Dominated Watershed under Scenarios of Land Use and Climate
Change

Kevin Thellmanh Reza Golboh Marc Cotter, Georg Cadischand Folkard Asch

! Institute of Agricultural Sciences in the Tropics and Subtropics {Rath&nberginstitute),
University of Hohenheim, 70593 Stuttgart, Gany

Abstract: Land use and climate change exert pressure on ecosystems and threaten the sustainable
supply of ecosstem services (ESS). In Southdssif, 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 aredeanghansion of rubbeHevea
brasiliensisMiill. 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 drivemsfluence the supply of these ESS. For this we use three stakehalliigated

land use scenarios, varying in their degree of rubber expansion and land management rules. As
projected climate change varies remarkably between different climate models, wbineththe 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 yieldlaediment export with INVEST (Integrated Valuation

of Ecosystem Services and Tradts). 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 larelalmange (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
evapotranspiation 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.

Keywords:Ecosgtem services; climate change; land use change; rubber plantation; INVEST
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4.1. Introduction

Ecosystem serviceESS) are defined as the goods and benefits humans gain from healthy and
functional ecosystem8]. Global change processes such as ksiggde land use change and climate
change increase pressure on ecosystem functions and threaten the sustainable supply of ESS
[38,51,137,165]In the last decades, the ESS concept has been increasingly used in enviednment
policy formulation and decisiemaking processefl9]. High impact publications such as the MEA
(Millennium Ecosystem Assessmeft] and TEEB (The Economics of Ecosystems and Biodiversity)
[33] paved the way for the establishment of IPBES (Intergovernmental Platform on Biodiversity and
Ecosystem Servicdd)66], who recently reported extensive land degradation and declining trends for
many ESS and biodiversity all over the gl¢b&7]. 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 langke or climate change on ESS in a spatially explicit m@bijer
Several tools are available to model ESS and how their future provision might be altered under
senarios of climate or land use change. Two of the nus&d models are SWAT (Soil and Water
Assessment Too168]and INVEST (Integrated Valuation of Ecosystem Services and(ffayd4],

which are most prominently used in the field of watesoil and climaterelated ESS resear§h01].

Output of such modeling efforts can assist land use planners and policy makersraads 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 cenfi88¢171]. The Fifth Assessment Report of

the Intergovernmental Panel on Climate Change (IP@C3)provided multiplefuture trajectories of
RepresentativeConcentration Pathways (RCPs), iniclihthe atmospheric concentration of gases
NEf SOFyid F2NJ 91 NI KQa Of AscdleisScietKdmif Aesigiond: oier the NI a dzt
course of the next century. In general, global mean temperature is expected to increase in all RCPs, as
the climae 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 assumpteswutions, 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 SdleastAsia, the recent shift from traditional swidden farming to permanent
cash crop systems has led to a wide range of impacts ofLlB33$] In Yunnan Province in Southwest
China in particular, large areas of forest have been replaced by rubleseé brasiliensilull. Arg.)
plantations due to increasing rubbéased product demandd5,61,108] Such extensive changes of
land use can strongly affect multiple H$36,173] Effects on hydrological ESS are ofanaoncern,

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 surfaoe-off and soil erosiof56,57] to increases in water loss

via evapotranspiration in the dry season, and a reduction of water storage in the subsurfd60]soil

Other authors have estimated potential hydrological effects of climate change in montane mainland
SoutheastAsia. Eastham et gl174] showed potential increases in both mean annual temperature

and precipitation in Yunnan Province and the rest of thekbfgy basin. Studies on hydrology in the
Mekong Region have shown potential impacts of climate change on streamflow, soil erosion rates,
and sediment fluxefl75]. Zhu et al[176] estimated increases in sediment fluxes in a catchment of

the Upper Yangtze River as a response of changes in precipitation and temperature. Similar increases
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in both mean annual streamflow and sediment export have been estimagdahan et al[177] 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 supp8/7]. Trisurat et al[178]used INVEST in cdamation with input data

of (1) 18year average precipitation (20QR010), (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 yieldnd sediment export for intensified land use with extreme precipitation
conditions. Hoyer & Charj§7] 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 airdgrt
needs to be taken into account for watershed management and climate change adagfatin

In this study, we model two indicators f&S$ water yield and sediment expartfor 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 data derived
from nine General Circulation Models (temperature and precipitation) in combination with
stakeholdervalidated land use scenarios as input for a wedted ESS modeling framework (INVEST).
This study represents the first ESS assessment combining land umsgiecsend multiple climate
scenarios for rubber cultivation systems.

4.2. Material & Methods
4.2.1 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
t S2LJ S& wSLlzmt A0 27F / KAY Il aofmwugblyi2yl kmdanditsitapography 9 0 @
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 @28C and annual average
precipitation variedbetween 1100 and 1600 mifs7]. The region is characterized by a subtropical
climate andis influenced by monsoon cycles. The wet season lasts from May to October and about
87% of the annual precipitation occurs within these morfif. The region is located within the Indo
Burma biodiversity hotspot and features an exceptional species ricHbgsés the study area is
located on the northernrast border of tropical Asia, it features a mixture of tropical and temperate
florae, which are diversified in their distribution by the mountainous topogrd@hy Naturalor sem

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 welpasnnial systems such as tea, banana, and rubber
plantations. More details on land cover in Nabanhe Reserve are listed in4Tablige 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) Mamd the Biosphere Programnji79]. Rubber cultivation had
beenpSaSyid Ay GKS NBIA2YyQa GrttSe o620G2Ya F2N RSOl
where the rubber trees most commonly replace natural or saeatural tropical mountainous
rainforest[58]. The economic lifespan of rubber plantations in this area is arougd=®@ears. Trees

are commonly planted in monoculture on terraces in rows with aba4 B distance, whereas the
distance between two adjacent terraces is abog?75n. Tree desity ranges between 450 and 600
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trees per hectare. Ground cover is kept low by the farmers, usually with two herbicide applications
per year.

4.2.2 Climate Change Scenarios

INVEST was designed to be used with {mmgn average annual precipitation input dataeWsed the
WorldClim dataset (Version 1.4) as baseline data, as it represents average annual precipitation derived
from longterm measurements, which were interpolated to local topographical conditje6s180]

We used precipitation and temperature datd 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 20fIB1]. RCP 8.5 is a high emission scenario leading incease

of 4 °C in global mean temperature by the end of the century in comparison to th@agusetrial era

[182]. The GCMwvere chosen based on their regional performarité] according to the selection

criteria of McSweeney et dlL83]. The output of the following GCMs was used: ACCERS1.,285]
BCC_CSM1[186], CCSM4187], GFDL CMBL88], HadGEMZES[189], IPSICM5ALR[190], MR}
CGCM3191], MPIESMLR[192], and NorESMM [193]. Both temperature and precipitation datasets

were obtained2 Yt AyS G GKS &/ fAYIGS /| K-G@vED®DwnscAIdID&az G dzNB
t 2 NJ194] Ehe geeadatasets were downloaded in AS@iimat and feature a horizontal resolution

of roughly 900x900 m at the latitie of Xishuangbanna. We used ArcGIS (Version 1{195]) to clip

the geodatasets to the extent opur study area, convert them to THidrmat and project the data
FNRY 4D/ {y2D{ymepyné (2 a2D{ymdbpyny! ¢caypli2ySyntbé A
spatial input data. The data is structured in three time slices centered around 2030;228%1),2050
(204@;2060) and 2070 (2062080) and includes annual average precipitation as well as monthly
minimum, mean, and maximum temperature. Figdré& depicts annual mean temperature (a) and
annual precipitation (b) averaged over Nabanhe Reserve frommiihe GCMs as well as baseline
temperature and precipitation (WorldClim v1.4).
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Figure4.1. Annual mean temperatureaf and annual precipitationb] in Nabanhe Reserve for two
RepresentativeConcentration Pathways (RCP 4.5 and RCP 8.5 of IPCC5) derived from 9 General
Circulation Models (GCMs) for the time slices of 2030yEAr average from 2022040), 2050 (20
year average from 2042060) and 2070 (2Qear average from 20€2080). Boxes anahiskers 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 bage{\WorldClim v1.496,180).
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In addition to annual precipitation, INVEST requires annual potential evapotranspiratiof) 43T

spatially explicit input layer. In order to calculate P&Tm/year) for each time slice of the climate

change scenarios weased the output of the GCMs for monthly mean temperaturge4{din °C) and

RFEFAf& GSYLISNI GdzZNB NI y3IS 6¢5 Ay c/ T YFEAYdzZY GSYLX
radiation (RA, radiation at the top of the atmosphere in mm/month as equivalentap@ration) was
200FAYSR 2yt AYyBS{ENPY2aKE8 G&KNDRA[LRS196,WRWea ddmot5 | G o
assume changes in RA during the course of the climate scenarios, so tHatgset of RA remained

constant for each timslice. We used Hargreaves metHd®8]to calculate PET(mm/month):

00 ™T8rm¢dYd Y PR YR, (1)
We calculated PEDy summing each cell of the monthly PET layers:
0OYB 007Y (2)

Hargreaves methoflLl98] was chosenn order to keep consistency with previous INVEST applications
in Nabanhe Reserjéd8,135] where the INVEST water yield model was fitted to baedPET data
derived with the same methodolod$33].

4.2.3 Land Use Change Scenarios

The implemented land use scenarios have been developed in theal5 project SURUMER
(Sustainable Ruder Cultivation in the Mekong Regiofip2]. The aim of SURUMER was to develop
stakeholdervalidated land use and land management strategies to improve the sustainability of
rubber production systems in Yunnan province. Stakeholders participating in the scenario
development process includedilage heads and innovative farmers, prefecture administration, and
local politiciang79,80] 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 changesrgretdhived

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 @8] and Aenis & Wang80]. 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 introducedlaise changes (e.qg.,
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 padipation process are depicted in Figdrg.
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Figure4.2. Land use maps of Nabanhe Reserve; the initial condition in 201th¢ Businesé&\sUsual
scenario in 2040k), based on linear extrapolation of past rubber expansion rates, tifedssPlan
scerario in 2040 ¢), based on provinckevel policy land use guidelines, and the Balar€eatle Offs
scenario in 2040d), based on the & earsPlan and additional measures such as water protection
zones and riparian buffer zones. Maps are taken from Thelinedrml.[48].

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 developetd RUMER
project: (1) The BusinegssUsual (BAU) scenario features the unrestricted expansion of rubber
plantations based on past expansion rates in the re@#®87. 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)Yiém&lan (5YP)
scenario idased on a local government plg8B8]. It includesmeasures 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 slope&>23°). (3) The BalancdaadeOffs (BTO) scenario includes all measures featured

in the 5YP scenario, but expands them based on the recommended land use and land management
options developed by SURUMER. These recommendations include water protectianazonad

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

57





























































































































































































