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Preface

PREFACE

The dissertation entitletboil Erosion in a Highly Dynamic, Terraced Enviroant - Effect of
the Three Gorges Dam in China/as developed by the author as a cumulative tlagise Chair of
Physical Geography and Soil Science, Departmef@eafsciences at the University of Tubingen. It is

submitted for the degree of Doctor of Natural Scem

The thesis is part of an interdisciplinary jointsearch project aiming at the ecological
consequences of the changing environmental conditio the newly created reservoir of the Three
Gorges Area at the Yangtze River in Central Chifae results presented herein required
comprehensive field surveys, data analysis and hmgdesing Geographical Information Systems and
data mining approaches, and laboratory analysesedBan those, one book chapter and three peer-
reviewed articles dealing with the impact of thedehGorges Dam on the risk potential of soil emosio
by water and the modification of the bench terraces terraced degradation, as the most important
soil conservation measure in the study area, walblighed. As a mismatch between existing data and
data required as input for soil erosion modelingstained the study, the research herein is largely
based on remote sensing data serving as a fasivaildble supplier for the derivation of area-wide

and spatially explicit data on the landscape level.

The purpose of this dissertation is to introducd damonstrate an approach to soil erosion
modeling and assessment of those processes triggeoil erosion by water in a highly dynamic,
terraced environment that currently belongs tortiost dynamic large-scale anthropogenic influenced
and disturbed regions in the world - The Three @sr8rea. The current situation in this area highly
elicits a call for action in order to control seilosion and its slow and devastating effects. flies
the reduction of agricultural depletion and envinemtal risks linked to water erosion, and the
contribution to ecological protection and sustailitglof one of the most populated regions in China
Minimizing soil erosion through best managementpeas, such as well-adapted farming terraces, is
an indispensable prerequisite for good soil managenmand includes the urgent need for

understanding the processes triggering soil eramnohtheir spatial and temporal variability.

Therefore, this thesis combines physio-geographit anthropo-geographic aspects to assess
the relevant processes and driving forces of tileesasion risk potential in a region undergoingHi
land use dynamics. The unique contribution of thesis is the model framewofllerraCE (Terrace
Condition Erosion) developed for the identificatimd spatial analysis of different terrace condiio
and their causes. It considers the sparse datdabwiiy and limited access to terrain and thus,
improves the knowledge on terrace degradation ngacting the first inventory of bench terraces in

the Three Gorges Area and throughout China.
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Thus, this thesis might be of interest to thosel\shg the impact of land use change in a
terraced landscape in the context of soil erosagsearch and environmental planningTasraCE is
readily transferable to other regions when the irequents on the data are fulfilled. The thesis migh
also be of interest to those studying the soilieropotential on the catchment scale of mountainous

regions characterized by data scarcity.

Chapter 1 "Introduction and State-of-the-Adpins the common thread from soil erosion in
the global context to soil erosion in China andhi@ Three Gorges Area where the mountainous study
area is located. Thu€hapter 1creates the basics for the derivation and foatiever of the research

objectives that are presenteddhapter 2 'Staring Point of the Research and Objest

Chapter 3 'Materials and Methodstroduces into the study framework and the stadya and

presents the geo-basis data as well as soil erosidieling approach used.

Chapter 4'Overview on the manuscriptsxplores the most relevant and intrinsic resalts
discussions of each study. Thereby, the overvieshermanuscripts follows the chronological order
regarding the date of publication of the peer-rerei@ articles. Exceg¥lanuscript 1 all manuscripts
were originally published in English language. Tlaeg attached in the end of this thesis as theg wer
originally published in international peer-reviewdirnals.Manuscript lis attached in the German

language.

Chapter 5 'Conclusions and Outldaoncludes the central findings of the thesis witspect
to the research objectives and issues an outlookppfication possibilities of those findings and

further need of research. The summary of the rebaamgiven inChapter 6

In Chapter 7all references cited in the thesis are listedadtied to this thesis, the Annex
intends to provide supplementary information onhistory and combat of soil erosion in China, on
the Yangtze River and its Basin, as well as onetfiect of large dam projects on soil erosion and
technical information about the Three Gorges Dar€lina. This thesis then finishes with words of
thanks and appreciation addressing all persons ditextly and indirectly made their part in the

author’s scientific work and process and contridutethe success of the study.

The dissertation completes with the authdCsrriculum Vitag the compilation of the
'Scientific Publications, Books and Conference @Gbuations'that were almost exclusively conducted

within the thesis framework, and thigeclaration by the Candidate

This research was supported by the German Federaktyy of Education and Research
(BMBF, grant no. 03 G 0669).



Chapter 1 Introduction and
State of the Art

1 INTRODUCTION AND STATE OF THE ART

~Should we be shocked that we are skinning our gifarPerhaps, but the
evidence is everywhere. We see it in brown strdalgexding off construction sites and
in sediment-choked rivers downstream from clearforests. We see it where
farmers’ tractors detour around gullies, where ntaunbikes jump deep ruts carved
into dirt roads, and where new suburbs and strifisnave fertile valleys. This
problem is no secret. Soil is our most underapptedi least valued, and yet essential
natural resource.”

David R. Montgomery,

Dirt - The erosion of civilization, 2007a, p. 3

1.1  SOIL EROSION IN THE GLOBAL CONTEXT
1.1.1 THE NATURAL GEOMORPHIC PROCESS OF SOIL EROSION

Soil erosion is a natural geomorphic, interactiv@cpss involving the four stages of
detachment of individual soil particles from theil smass, their breakdown, their transport and
redistribution by water and wind, and depositionthwieclining transport energy AL, 2003;
MORGAN, 2005). Both, water and wind erosion are majod laarface processesKBSHEARS ET AL,
2002; HANG ET AL., 2011). Due to both processes generally beindiefuas separate and the
difficulties in determining the contributing are& sediment transported by wind, the magnitude of
wind erosion relative to water erosion is not fudlyantified across ecosystem#i£RG ET AL., 2011).
MIDDLETON and THOMAS (1997), laL (2001), and MRGAN (2005), however, revealed a globally
higher potential and significance of water erosifncording to laL (2001), water erosion is the
biggest driver of soil degradation. At the end ¢ ©20th century, almost 67% of the worldwide
approximately 16.4 million km2 of degraded soil iiaked to water erosion. Wind erosion amounted
to approximately 33% (AL, 2001).

Particularly, the detachment of soil particles hindrop impact - splash detachment - (e.g.,
MORGAN andNEARING, 2011; GIRLER ET AL, 2012) and their transport downslope by overlma
are recognized as the two main driving processegtdr erosion (GORLEY, 1978; GIAHRAMANI ET
AL., 2011). This soil erosion by water is referrecaso'sheet erosion' or overland flow and removes
and transports detached soil in form of rainsplasiface runoff, and shallow flows GRGAN, 2005).
Initiated by a critical distance downslope, oveddailow becomes channeled as small ephemeral
concentrated flow (rill erosion) or breaks up irgmall channels (microrill erosion). Rill erosion

accounts for the most powerful erosive agent deitids as it is also non-selective in the particies

1
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to be transported (DS ET AL, 1982; MORGAN, 2005). Amongst permanent gully erosion, develgpin
from intense soil piping typically on deeply weatte regolith or soft bedrock (WwARD, 1999;
POESEN 2011), and interrill erosion, referring to waggosion between rills by the combined action of
raindrop impact and overland flow @®RGAN, 2005), sheet and rill erosion constitute the qpal
mechanism of water erosion EARING, 1997). Factors triggering the natural proceswatkr erosion

to a varying extent dependent from their interactoe: the erosivity of the eroding agent (i.a@nfedl
amount and intensity, wind speed), the erodibiligferring to the soil's resistance to particle
detachment and transport, the land’s slope stesmebslope length, and the vegetation cover acting

as protective layer against the erosive impaagB&AaN, 2005).

Ranging from very low soil losses up to 2 t'faé on relatively flat grasslands and forests to
1to 5t hd a* in mountainous regions completely covered withetation (RTRIC, 2002 quoted in
PIMENTEL, 2006), water erosion is of earth-historical relese. In most ecosystems it normally almost
equals the average rate of natural soil formatimging from 0.5 to 1 t Haa® (PMENTEL and
KOUNANG, 1998; WACHS and THIBAULT, 2009). The redistribution of soil and associajptant
essential nutrients from weathering to depressisit@é made the natural water erosion over geologic

time one of the most powerful natural forces irdiscape evolution (EBUEIREDO ET AL, 1999).

Nevertheless, soil erosion in general, and watesien in particular, is on top of the world’s
agenda as one of the most pressing environmerghlgmns of present times (/NI ET AL., 2006). In
the scientific discourse, it is even recognized 'skent global crisis' (MNTGOMERY, 2007a)
concurrent with climate change. Here, the concernat about the natural complex system of soil
erosion and its ‘long-term geological’ process ofMGOMERY, 2007b), but rather about the
accelerated soil erosion due to multiple humanrfietences into ecosystems and, subsequently, soil

systems.

1.1.2 THE ANTHROPOGENIC-INDUCED ACCELERATION OF SOIL EROSION

Anthropogenic-induced changes in the land coverland uses (e.g., shifts and expansion in
agriculture, intensification of cultivation, defstation and logging, urban sprawl, infrastructure
construction and mega construction sites) extraardy alter the somewhat balanced natural system
of soil loss and soil formation. On the one haahdl use is the only factor of soil erosion that can
actively be modified to reduce soil lossifEy, 2004). On the other hand, land use leads to
accelerated soil losses that can strongly exceedstistainable replacement rate by natural soil
formation. According to BANTLEY (2008), the human activities have globally incesashe long-
term soil erosion rate by a factor of approximatdly For instance, as stated by theernational

Erosion Control Association(IECA, 1991) construction activities such as roadd housing
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construction can cause extreme short-term soil@raanging from 20 to 500 t Ha' and can further

enhance runoff that contributes to increased sodien in the long-term.

The largest and most continuous destroyer of nlaggih systems and main contributor to
water erosion is the agricultural production whitcounts for about 75% of the worldwide soll
erosion (AMENTEL, 2006). Cropland is among those agricultural lasds that is most vulnerable
(PMENTEL, 2006). Inappropriate cropland management, sucltoasentional farming (e.g., row
cropping, clean weeding, intensive tillage, anduced fallow), especially enhances the effect of
agriculture (MORGAN, 2005).

According to BMENTEL (2006) and MDNTGOMERY (2007a), small-scale subsistence farms in
developing countries with hilly and mountainougder are particularly vulnerable to water erosion
since they are often located on marginal land wibr soil quality and frequently steep topography.
According to ®UTHGATE and WHITAKER (1992), SONE and MOORE (1997), and RMENTEL (2006),
subsistence farming is often attributed by inappate land management and thus, is susceptible to
soil erosion. Here, the erosive effect of rainfald terrain as well as inappropriate land managemen
can be most effectively alleviated by establishampquate soil conservation measures, such as
sufficient crop cover, contour-aligned cultivatiand planting of hedgerows, intercropping, mulching,
and farming terraces (#bsoN, 1981; MORGAN, 2005). They all act as a quasi fifth factor ol so
erosion in the human-induced water erosion on arapl By reducing the terrain-induced runoff
potential, especially, bench terraces are the memymmended type of soil conservation measure on

sloping land (RWDSON, 1981).

1.1.3 FARMING TERRACES AS KEY SOIL CONSERVATION TECHNOLOGY

Bench terraces (synonym for slope or stone terjages the major recommended type of
terrace for steep sloping areasu@$on, 1981; $il ET AL., 2012). In order to stabilize the vertical
terrace riser, dry-stone walling along the contmes is largely applied (BbsoN, 1981; BELLIN ET
AL., 2009; &l ET AL., 2012). Since the ancient world and early modegye, terracing serves as key
technology for soil and water conservation andafsuitable land management in mountainous regions

throughout the world (e.g.,0F ET AL., 2002; $IRESTRA ET AL, 2004; QO ET AL., 2007).

Due to the terracing, steep slopes are convertedain artificial sequence of relatively flat
surfaces (MINTGOMERY, 2007a). The erosive slope length and angle auns, tihe runoff potential
distinctly decrease resulting in a reduction ofagr-induced soil erosion and sediment yielGR{AEZ
ET AL., 2010; EE ATTA and AREF, 2010; $Il ET AL., 2012).

Under optimum conditions, these engineering strestdorm a ‘hydraulic equilibrium’ state

between the geomorphic settings and anthropogessic(BRANCUCCI and RALIAGA, 2006; GIEMIN
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and VAROTTO, 2008). From the Mediterranean, for instancemMAD ET AL . (2004) report a decrease
of average soil loss on bench terraces comparadrtderraced plots by factors up to 20. In the lyigh
vulnerable Chinese Loess region, decreases oflassl of average 49% were observed énd
NGUYEN, 2008). Applying the WATEM/SEDEM erosion and sedirh transportation model for a
small watershed sloping in average with 23° in @dr€hina, $il ET AL. (2012) report a reduction of
soil loss and sediment yield by approximately 179 82% for bench terraces combined with furrow-
ridge tillage. Terraces are further likely to fatbe interception of overland flow and to enharfe t
infiltration in the long-term (e.g., BLIN ET AL., 2009; E ATTA and AREF, 2010; $il ET AL., 2012),
to reduce the erosion-induced nutrient lossaAMBENE ET AL., 2012), to promote agricultural
productivity (ROSTHUMUS and SROOSNIJDER 2010), and to expand available land for cultimati
(ZHANG, 2008).

In contrast to the above benefits, numerous stugliel as from Saudi Arabial(ATTA and
AREF, 2010), the Andes in Perw@AR and LLERENA, 2000), from the Chinese Loess region (e.g., L
and LNDSTROM, 2001), from ltaly (e.g., BzzoFFl and GRDIN, 2011), from Greece (e.g.dLOURI
and GOURGA, 2007), from Spain (e.g.,HBLIN ET AL., 2009), Indonesia AN DiJK, 2002), and
Thailand (3NG-ARUN ET AL., 2006) have proven that bench terraces reacttisehsto changes in

land use. Subsequently, despite terracing, sasi@nacan be a serious problem.

Particularly, inadequate terrace design and misg@mnant strongly affect the stability of
bench terraces and favor soil erosion (e.gNGGARUN ET AL., 2006; KOULOURI and GOURGA, 2007;
LESSCHEN ET AL, 2008; EELLIN ET AL., 2009). Causes for this phenomenon are seetackaf local
knowledge of adequate terracing (e.gSTEVE ET AL, 2004), in a lack of individual farmers’
motivation and uncertainty regarding tenureildms, 1990; DEININGER and N, 2006), in a
shortage of labor and investmentsgAR and LLERENA, 2000), a shift of production €BLIN ET AL.,
2009; BEVAN ET AL., 2012), and land shortage and fragmentaticabREEELS ET AL, 2000). Mostly,
these causes interact with each other and aresdisduo result from an agricultural abandonment
(e.g., KOULOURI and GOURGA, 2007; LESSCHEN ET AL, 2008; E ATTA and AREF, 2010) due to
social, economic and/or political upheavals, sushusal-urban migration (e.g.,WAHASSAN ET AL,
2000; NBAR and LLERENA, 2000; KOULOURI and GOURGA, 2007).

According to NBAR and LLERENA (2000) who studied erosional processes on bemcces
in Peru, the supporting terrace wall mainly deteesithe terrace stability. Typically, walls of benc
terraces left to degrade exhibit bulges and upsgtiiy erosive action followed by more intense wall
disorders such as breaches that further lead tgpletencollapses BAR and LLERENA, 2000;
LASANTA ET AL., 2001; BRANCUCCI and RALIAGA, 2006; LESSCHEN ET AL, 2008; BELLIN ET AL.,
2009). The natural geomorphic system will progresdgi annul the former balanced terraced system

(BrRANCUCCI and RALIAGA , 2006; BazzoFFl and GARDIN, 2011). This will increase the slope length
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and slope gradient, followed by an acceleratioruabff (e.g., E ATTA and AREF, 2010; KOULOURI
and GOURGA, 2007). Consequently, the capability of a terréxerotect the soil against surface

erosion by water is reduced, defined as terraceadagion by Bzzorri and GRDIN (2011).

By evaluating the potential of the terrace desigmreduce soil erosion and applying flow
traces, EBLLIN ET AL. (2009) proved that terraces that were not lomggntained do not longer retain
water and promote an increased contribution of ffuinem cropland to the drainage network. Within
50 years, the portion of runoff was observed todase from 9% to 31%. According t&: ET AL.
(2006) and Bzzorrl and RRDIN (2011) poorly designed and maintained terracesesent

significant sediment sources.

1.1.4 FIGURES AND EFFECTS OF SOIL EROSION

Estimated 75 billion tons of fertile soils are eeddrom agricultural land each year around the
world (e.g., BWARAN ET AL., 2001; laL, 2003; PMENTEL, 2006; WACHS and THIBAULT, 2009).
Globally, the estimated average water erosionaateropland is 30 t Raa® and ranges from 0.5 to
400 t hd a' (PMENTEL ET AL., 1995, RMENTEL, 2006; WACHS and THIBAULT, 2009). Thereby,
highest water erosion on cropland is reported feiaAAfrica, and South America with average soll
loss rates ranging from 30 to 40 t'h@ADDESE 2001 quoted in IRMENTEL, 2006). In the 1990s, 105
million hectares in Europe amounting to 16 per afrihe continent's total area (without Russia)ever
affected by water erosion@NES ET AL, 2012). New calculations by the Joint Researchtit@eof the
European Union estimate the current area affectdx tdistinctly higher, with 1.3 million km?2 foreh
EU-27 (before EU accession of Croatia in July 20E3)proximately 20% of this area exhibits soil
losses of more than 10 t*ha® (JONEs ET AL, 2012). According to IMENTEL (2006) this severe soil
erosion is directly linked to cropland and equaks @average water erosion rate on cropland acress th
United States.

Soil erosion leads to manifold on-site and off-sit&ruptions that can interact with each other
and can reinforce soil losses by erosive actioaffé#cts the soil's water storage capacity and wate
availability due to decreased water infiltratiorg(e PMENTEL ET AL., 1995; ONES ET AL, 2012). The
loss of soil organic matter and the subsequentdbstable soil aggregates lead to a decline ih soi
porosity, again influencing slaking, infiltratioand runoff potential (MENTEL, 2006; BARTHES and
RoOSE 2002; $ ET AL., 2002). The reduction of soil depth and disrumgion the essential plant
nutrients cycle distinctly reduce the (top)soiltiféy and land productivity (ONES ET AL, 2012), and
considerably influence the soil biodiversity ancanil diversity (e.g., IMENTEL ET AL., 1992;
HEYwoOD, 1995; ONES ET AL, 2012). This is especially true for shallow seilsere water erosion
may lead to an irreversible loss of the entire kody within short erosive eventNES ET AL, 2012)

triggered by abundant rainfalls. Worldwide, the ductivity loss due to soil erosion by water is
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estimated to make up to 50% S{EARAN ET AL., 2001). Particularly, African and South Asian
countries are affected. Here, the average anne#l yeéduction by water erosion is estimated to be

approximately 8%, respectively to equal to 36 milions of cereals €&ARAN ET AL., 2001).

Water erosion is also widely discussed to largelyticbute to global warming due to releases
of oxidized biomass carbon (GCfrom the soil into the atmosphere. Based on éwpmartal analyses
and national scale modeling for England and W&esSNTON ET AL. (2006), for instance, report the
carbon that was mobilized as particulate organittandy water erosion from cropland to range from
annually 0.2 to 0.76 Mt. The losses of carbon daseat to water erosion accounted for a wide range
of 2 to 50% of soil carbon change (@TON ET AL., 2006). However, due to the complexity of soil
erosion in general, its effects on C emissionsthrdglobal terrestrial carbon budget still remait n
fully understood and quantifications are vague.(d.gL, 2003, 2004; QUTON ET AL., 2006; \AN
OOST ET AL, 2007; laL and PMENTEL, 2008; ONES ET AL, 2012).Vice versafuture water erosion is
expected to react very sensitive on climate chahge will drive a 'vigorous hydrological cycle'
inducing erosive torrential rainfall with highenmall amounts and intensities, and triggering aem
in plant biomass (e.g.,ANG ET AL., 2003; DUFKOVA and TOMAN, 2004 ,NEARING ET AL., 2004). For
instance, based on simulation studies across theedJStates, HARING ET AL. (2004) predict an

increase in water erosion of 1.7% for each 1% chamgnnual rainfall amount.

Off-site water erosion damages mainly result in draim discharge of sediments and
associated contamination of waterbodies due toushff matter transport and particle-bounded
agrochemicals from cropland (e.g.EMNETT and RHOTON, 2007). They deteriorate the quality of
aquatic systems and threaten biodiversity and huneatfith (e.g., RIENTEL, 2006; MAINSTONE ET
AL., 2008). Enormous potential of economic damagesss attributed to extreme overland flow and
floods resulting from improper upstream managenagat from wind-driven dust storms originating

from degraded land with porous vegetatiom@RTEL ET AL., 1995; WACHS and THIBAULT, 2009).

Against the background of an increasing world patioih to estimated 9 billion people by the
year 2050 (WITED NATIONS, 2011), an increasing demand for food of 60 to #pthe same year
(ALEXANDRATOS and BRUINSMA, 2012), and 99.7 % of the food already coming ftbmland (FAO
1998 quoted in IMENTEL, 2006), water erosion has a global significanceohstitutes a global threat
to food security and drinking water quality in mgogrts of the world. Both, available soil resources
and clean water are expected to present a futureesof conflict. Thus, combating soil erosion will

be a major challenge of the world communitgfBY and WEIL, 2007).



Chapter 1 Introduction and
State of the Art

1.2  SOIL EROSION IN CHINA

Globally, China belongs to one of those countriesstmaffected by soil erosion (UANG,
1987; ADHOUS, 1993; VAN LYNDEN and QDEMANN, 1997; KOLB, 2003; HhO ET AL., 2004; WANG,
2004; Qu ET AL., 2005) and is strongly challenged with its combdie mere fact that steeplands and
shallow mountain soils, accounting for 52%, respebt 29% of China's totals @r ET AL., 2000),
are largely linked to subtropical monsoon climataAo, 1986) already indicates a high to very high
physical vulnerability to water erosion, especially the great river basins in north, east andraént
China (Figure 1). Additionally, China exhibits largegions of low to very low protective vegetation
cover. This is mainly a result from former phasds development-driven deforestation and
agriculturally expansion in China’s great river inaswhere vegetation could not completely recover

through the centuries BANG, 2000; c.f., Annex I).

VULNERABILITY OTHER REGIONS "’é”
Low ! Dry 3’\ "
Mederate Cold 2

! High Depositional —

B Very High

lcelglacier

Figure 1 Water erosion vulnerability in China, in the YargRiver Basin, and in the Upper Yangtze
River Basin (framed). (after U.S. Department ofiégture, Natural Resources Conservation Service,
Soil Survey Division, World Soil Resources, 1998difred).

At the same time China has the largest populatiorthe world with a relatively high
proportion of rural inhabitants (49%) and employmen agriculture of (37%; both in 2011) of
nationals totals (WRLD BANK, 2013). Thus, it seems not surprising that physuwdnerability
combined with population pressure on land andresiburces tremendously trigger water erosion and
contribute to nationwide environmental degradafmg., FOZELLE ET AL., 1997; WANG, 2004; XU ET
AL., 2005; AN and GQuo, 2007).

However, figures on the actual soil loss by watesien and the area affected in China are
controversial. They range from recently estimatedual 4.5 billion tons (Xinhua, 2008) to already
estimated average 5.5 billion tons per year in1®@0s (e.g., AL and SEWART, 1990; WEN, 1997,

7



Chapter 1 Introduction and
State of the Art

PIMENTEL, 2006). Based on the report on land resource pateand constraints by @& ET AL.
(2000), 16% of China's territory show soil erosisk. Based on remote-sensing based studies from
the latest Chinese three-yeaoil Conservation Scientific Surye37% to 40% of China’s territory -
accounting for about 3.6 million km? - are recentlgssified as suffering from soil loss by water
erosion (§N ET AL., 2002; FhO ET AL., 2004; XNHUA, 2008). According to the 2013's report by the
UN Desertification ConventiolJNCCD), more than 400 million people in China diectly affected

by the on-site and off-site effects; such as serimsses in agricultural productivity of more than
annually 20% since the 1990ss{EARAN ET AL., 2001) and annual economic losses of estimated
US$10 billion (UNCCD, 2013).

China’s severe soil erosion problem, and the aptigenic effects triggering soil erosion and
eco-environmental deterioration led to comprehensiwuntermeasures by the government during the
second half of the 20th century (c.f., Annex Il)ithMhe nationwide implementation of thiéater and
Soil Conservation LaywWSCL) in 1991 and its revised version in 201eesally the prevention and
rehabilitation of land prone to water erosion waireed. Thereby, sloping farmland or sloping land to
be reclaimed for cultivation with inclinations gteathan 25° is in the focus of the WSCL and
prescribed as ‘reclamation-forbidden’1gl. 2012). The enhanced installation of conduciveewat
erosion control measures such as farming terraesef AL., 2005) and the governmental-driven
‘Sloped Land Conversion Program’ based on the alsbwpe steepness criterion (e.gly KT AL.,
2006; WANG ET AL., 2007; c.f., Annex Il) aimed at the distinct redon of runoff and water erosion
potential by controlling the terrain effect and weerting cropland to forestland. By identifying key
prevention and rehabilitation areas and implemgntire Integrated Small Watershed Management
(ISWM) since the 1990ies, in particular, the wagesded, largely mountainous Yangtze River Basin
became part of the governmental action plan torobsbil erosion (X) ET AL., 20005; Lu, 2012;
ZHUET AL., 2013).

Notwithstanding these efforts, the Yangtze RiversiBa- presenting a ‘critical global
ecoregion’ rich in biodiversity and one of the 36ridwide ecological priority areas - recently shows
the highest rates of soil erosion by water outhef whole of China (W ET AL., 2006; Zou, 2008;
WWF China, 2013).

1.2.1 SOIL EROSION IN THE UPPER YANGTZE RIVER BASIN
Thirty-three percent (560,000 km?) of the areaheftangtze River Basi{¥RB) — the largest

watershed in China — is severely affected by wetesion, mainly alongside the upper reaches of the
Yangtze River (&ou, 2008).

Accounting for approximately 56% of the entire Inaarea, the mountainoldpper Yangtze
River Basin(UYRB) distinctly dominates the YRB. It extendsin the Qinghai Tibetan Plateau

8
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through mountainous terrain mainly ranging betw&60 and 4,000 m a.s.l. towards the plains in
Central China (c.f., Annex lll). Accelerated watmosion resulting from deforestation, agricultural
expansion, and intensification in cropland duentustrialization and increasing population pressure
seriously affected the UYBR since the last decgdesNG ET AL., 2005; AHANG, 2008). Within
approximately 50 years, the area exhibiting watesien dramatically increased by more than 100%
from 350,000 to 711,000 km2, amounting to approx@lyad0% of the total area of the YRBHZNG,
2008. Thereby, the proportion of affected arednanWYRB alone constituted more than 60 to 66% of
the YRB’ total (ZHANG, 2008).

According to YANG ET AL. (2005), the area affected by water erosion p@sditicorrelated to
the sediment yield during the observed period. @/atlthe begin of the 1950s sediment deposition in
reservoirs and lakes was recorded as nearly Zeeorate of deposition increased to approximately
740%16 t annually already taking into account the effeicareas under water erosion control (~35%
in the YBR, ~23% in the UYBR; XNG ET AL., 2005). With an average annual sediment load of
approximately 500 million tons, the UYBR accourts the principal area of sediment production in
the entire basin (B and TaN, 1996; YANG ET AL., 2006; AHANG, 2008). The effect of the high soil
erosion, due to inappropriate land uses and calsgigdeposition of sediments, and siltation ok
and floodplains, resulted in frequent flooding amas particularly evident in 1998 and 2010 when
severe flood disasters hit Hubei provincaN¥and L, 2001; LONG ET AL, 2006; PrTOoCcK and XU,
2011).

YANG ET AL. (2004) reported intensive and inappropriate lasds on steep slopes to be
typical for the UYRB. Their effect on water erosiand sediment yield is even enhanced by abundant
precipitation, erodible soil textures, and popualatpressure (e.g.,uLand HGGITT, 1999; HANG ET
AL., 2002). Soil erosion by water in the UYRB affeatsout 35.2 million hectares accounting for
approximately 63% of the entire UYRB @NG ET AL, 2006). The total annual soil loss by water
erosion in the UYRB is estimated to be 1,410 millimnes with an average annual rate of water
erosion of 40 t HA (SHI, 1998). Thereby, sheet and rill erosion, and dooaly gully erosion

constitute the major water erosion processes@d.ET AL., 2006)

Despite the efforts on controlling soil erosiontlie UYBR via key environmental programs,
such as ISWM (c.f., Section 1.2), the further indakdevelopment of the basin seems to be at odds

with the general protection idea and soil consémmateed.

Due to the significant elevation drop of the deeplsised Yangtze River in the UYRB (c.f.,
Annex IlIl), the river has huge hydropower potentiit usage as relevant transportation path
connecting the east with the west already gaveY#nagtze River an integral role in the historical
development and exploitation of ChinaofisETIand LOPEZPUJOL, 2006). This is even more the case

nowadays, since the Yangtze River plays a crual m the development strategic plans of the
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Chinese central government Q/#T AL., 2010). These includ@ter alia, the provision of electricity,
goods and measures, and water to eradicate the seateeity in North China (®NSETI and LOPEZ
PuJoL, 2006; GIENG ET AL., 2012).

In the surrounding of major projects being econahyc important for the industrial
development, a boost of soil erosion can be exdet#rge dam projects and hydropower engineering
schemes are such major projects and attract watthstientific and media interest due to their
serious upstream and downstream environmental is@awl associated intensive land use changes
(e.g., NLSSON ET AL, 2005; SONE andJiA, 2006). For instance, DRTON ET AL (2001), @CHRANE
ET AL. (2002), AIXANDRINI (2010), ARVELA ET AL. (2012) and ERREIRA and RANAGOPOULUS
(2012) could reveal a distinct raise of the soilséon risk in the affected watersheds of the Alguev
(Portugal) and ltaipu (Brazil and Paraguay) dame thu post-construction shifts in land use and
human activities (c.f., Annex IV). Both projects tmenfavorable prerequisites in terms of physical
vulnerability (e.g., erosion-prone soils, high falh erosivity, and steep terrain) and poor
environment-related planning E8AFIM ET AL., 2006; AIXANDRINI, 2010; FERREIRA and
PANAGOPOULUS 2012). As a consequence of the increased sal@raoisk, Alqgueva and Itaipu lakes
are facing an accelerated sediment production eservoir siltation leading to serious environmental
and economic off-site damagedCHRANE ET AL, 2002; [ERREIRA and RANAGOPOULUS 2012). An
extreme example on the causality of 'increasedesogion - increased sediment production - reservoi
siltation' and consequently decreased lifespanaof grojects is reported from the Yellow River in
China where trapped sediment behind the SanMenXim l&d to a loss of initial storage capacity

within the first four years after constructiorHZET AL., 2013).

In the case of the UYBR, a strongly ranging nuntfenore than 42,000 to more than 50,000
dams were already constructed from 1950 to 20GBeatyangtze River and its tributariesuXand
MILLIMAN , 2009; YANG ET AL., 2005; YANG and Lu, 2012). At present, a total of 4,688 km of streams
are already regulated by dams that strongly cotiteldischarge in the UYRB EHNER et al., 2011;
YANG and Ly, 2012), but also indicate high relevance and igarice of anthropogenic-induced soil
erosion in the UYRB.

Probably, the currently most prominent example argd dam projects in China and
worldwide is the multipurpose Three Gorges Dam ()@bDthe Yangtze River (c.f., Annex V). It is
less the dimension of the dam construction itdmif, rather the short period of construction and the
huge dimensions of the reservoir with a length @ &m and a surface area of 1,084 knBNEETI

and LoPEzPuJOL, 2006) that attract worldwide scientific, sociedald political interests.
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1.2.2 SOIL EROSION IN THE THREE GORGES AREA

The impoundment of the Yangtze River in the zonghef'Three Gorges’ and further beyond
towards Chonggqing (c.f., Annex V) make the Threedgae Area (TGA) the currently most dynamic
large-scale anthropogenic influenced region inibed (e.g., YANG ET AL., 2002). Though the TGD
project is accepted to significantly reduce Chirgasenhouse gases and emissions by hydropower
generation (80, 2010), the dam is largely assumed to have negatiypacts, too. Thus, the dam-
induced impoundment and newly created reservoireapected to have unprecedented long-term
environmental consequences and to threaten theg@cah an unforeseeable dimensionrdSE,
2008). Subsequently, expected increases in wataiogr will constitute enormous environmental
planning challenges in the large drainage area®MGA of about 1 million km?2 (BrNOLDS, 2011,

ZHU ET AL., 2013).

1.2.2.1 LAND USE CHANGES IN THE THREE GORGES AREA

Due to an enormous transformation process attiibtaethe construction of the TGD and
ongoing associated hydraulic engineering projeftes aver impoundment, such as small barrages in
the tributary valleys and bank reinforcement, tH@ATis largely characterized by rapid land use
changes. In total, an area of 635 km? has beendib@longside the Yangtze River and its tributaries
(Figure 2). Twelve counties and municipalities, &b cities with their whole infrastructure are
affected (®PNSETI and LOPEZPuUJOL, 2006; WJ and Lo, 2006; GEICK, 2009). Estimated 29,500 to
40,000 ha of this flooded land, accounting for @bél to 63% of the total submerged area, was
classified as agricultural land on fertile valleyils (JACKSON and SEIGH, 2000; Dul ET AL., 2006;
PoNsETIand LOPEZPuJOL, 2006; GEICK, 2009).

1 *
w200

Figr 2 Impdrhent of the ngte River by the Three&3dbam, here in the surrounding of the

dam before the flooding in 1993 (left) and afte¥ flooding in 2009 (right). From @& (2010).
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The massive loss of settlements and farmland aadadibe rapidly compensated. Rural and
urban resettlements of more than 1.25 million pedpl the end of the year 2008 (MEP, 2009) and
new land reclamation for the purposes of infrastmec connection and settlements as well as
subsistence farming and cash crop production Hetplace (MDONALD ET AL., 2008; SBKLEW
ET AL., 2010, @I ET AL., 2011). Consequently, this land reclamation ie- @nd post-construction
times of the TGD affected the steep sloping up-bites adjacent to the new river line after

impoundment (Figure 3).

According to theState Environmental Protection Agen(SEPA), respectivelyMinistry of
Environmental ProtectiodfMEP), from 2005 to 2008 alone, more than 778 Knnuoal roads were
constructed (SEPA, 2006; MEP, 2008, 2009). BasethedECA (1991), the road construction alone
implies extreme short-term water erosion poter(tidl, Section 1.1.2). Alone during the two years
from 2007 to 2008, more than 1.6 million m? andblnillion m? of new rural and urban houses had to
be constructed for 114,229 resettled people (44% ralocates, 56% urban relocates) within the same
period (MEP, 2008, 2009). In 2009, the area oflarkmd in the TGA was 209,647 ha which is about
7% higher than in 2008 (195,588 ha) and almost @§lagn than in 2007 (192,672 ha; MEP, 2009;
2010). With the river impoundment, the implemematiof orange orchards became highly
recommended in the TGA, too, as it is supposecetiuge soil and nutrient losses and to favor a
suitable use on critical uphill-sites exceedingps® of 25° (MNG ET AL, 2001). Moreover, the
installation of orange orchards as a cash cropt&nded to boost the farmer’s income after the TGD-
associated resettlementH{SET AL., 2012). For instance, investigations by §T AL. (2012) in the
hilly Wangjiagiao watershed in Zigui county closetthe TGD revealed an increase of orange orchards
by the 2.8-fold.For the whole TGA, the proportion of orange orclsaod the total arable land was
approximately 35% in 2009 (73,142 ha). Comparedht® previous year, the increase in orange
orchards alone is about 18% (61,760 ha in 2008; N2BFPO).

However, similar to the examples on the dams Alquand Itaipu (c.f., Annex V), the TGD
project and associated rapid land use changesegerded to meet unfavorable prerequisites in a
vulnerable region exhibiting an already low envira@antal carrying capacity (e.g.EHGELUND, 2006)
and the highest soil erosion rates in the UYRB thnoughout whole China @u, 2008).

The limited environmental capacity is mainly dughe steep to extremely steep, mountainous
topography accounting for 90% of the total TGA #mel impact of the Southeast Asian monsoon with
abundant precipitation (mean annual precipitatibh(®5 mm) and high rainfall erosivitiesySron,
2004; TAN ET AL., 2005; H ET AL., 2008; MEP, 2010). Additionally, the shallow afmdgile, and
partially uncovered soils on the steep sloping lighies are characterized as predominantly poor in
soil organic matter with low stability of soil agmates and as highly erodibled(&T AL., 2004).

They typically show poor fertility and low agricutal productivity compared to the now inundated
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valley soils below the impoundment levelH(%T AL., 2004; @ ET AL., 2011). This difference in
soil's productivity increases the need of slopiggaltural land to produce the same amount of the

former harvest. According tol&IGITT and Lu (2001) this proportion is 1:5.

Though a total of approximately 19,895 ha of slopese already transformed into terraced
farmland and more than 20,400 ha of cropland wst®red to forest or grassland from 2008 to 2009
(MEP, 2009, 2010) according to the slope steepaoritssion (c.f., Annex Il), soil erosion is a sar®
threat in the TGA. It dramatically increased in thest-construction time of the TGD. Also, the
implementation of hedgerows by the local governsgrgr se cannot be considered as effective at

reducing runoff and soil loss G\=T AL., 2008).

1.2.2.2 CURRENT STATUS OF SOIL EROSION IN THE THREE GORGES AREA

Before dam construction and resettlements statted{otal annual soil loss in the TGA was
estimated to be 157 million tons (~11% of annual less by water erosion in the entire UYRB)
producing an annual sediment delivery of about 4liom into the Yangtze River (8 ET AL., 1992).

For post-construction times, estimations on sa$lbased on empirical soil erosion modeling, remote
sensing, and radionuclides inventory revealed arease of total annual eroded soil of about 20%
accounting for 189 million tons. HET AL. (2009) estimate the sediment trapped behind Gb 1o
amount to annually 162 million tons from 2003 t®20The recent, average soil loss by water erosion
is reported to range from 32.8 to 45 t'i{aU and HGGITT, 2000; ZHANG, 2008; WU ET AL., 2011b)

for the whole TGA. This is distinctly more (~9 t8.5%) than the average reported for Asian countries
(c.f., Section 1.1). For extreme storm events dusommer monsoon,HD ET AL. (2013) reported
very high soil loss rates of 23 t Knon loamy to sandy loamy soils and a precipitatiotount of 106

mm.

According to theSoil Erosion Rate Standar@.f., Xu ET AL., 2009), almost 77% of the total
soil loss in the TGA occurs in areas of high taexte erosion grades (WET AL., 2011b). The total
area affected is estimated to be 33,000 kn&z€NAL., 2008).

The water erosion is strongly linked to cultivatgapes (lu and HGGITT, 2000; LONG ET AL,
2006; Qi ET AL., 2011). Sloping farmland greater than 10° accodot approximately 78% of the
total arable farmland in the TGA. Approximately 1686the farmland occurs on slopes above the
critical threshold of 25° over which cultivationastually prohibited according to the WSCLHENG,
2008; MEP2010;CuUl ET AL., 2011). According to Q1 ET AL. (2011), the regional average annual soil
loss rates on sloping farmland ranges from almésto467 t hd and are likely to exceed £00°
t km2 & in places. For the small-scale catchments HeMimGarad LiZiKou (< 20 km?) in the
watershed of the Yangtze tributary Jia Ling JiamgeR ZHU ET AL. (2013) proved the soil loss to be

highly linked to the land use, also. Whereas frooptand areas the eroded soil amounted to 20 up to

13



Chapter 1 Introduction and
State of the Art

hundreds of tons per km?, soil loss in woodland wey low (< 10 t kri¥). The reported soil loss rates
increased with higher slope gradientsH(ZET AL., 2013). Thus, cultivation on slopes, especially
conventional slope farming, is the largest contobio soil erosion and sediment delivery in theATG
(c.f., Lu and HGGITT, 2000; N5 ET AL., 2008; HANG, 2008; WIET AL., 2011; WU ET AL., 2011a).

1.2.2.3 ECOLOGICAL IMPLICATIONS OF SOIL EROSION IN THE THREE GORGES
AREA

Along with the soil erosion, manifold environmengald socio-economic threats also occur.
Soil erosion in the TGA is widely recognized as tleason for the reduction of soil fertility and
agricultural productivity (¢ ET AL., 2008), the impoverishment of the local people € AL., 2005;
Liu and WU, 2010), and the reservoir siltation with threatte long-term safe operation of the TGD
(SHIET AL., 2004;DAI ET AL., 2008;ZHANG, 2008; HU ET AL., 2009).

For instance, the farmland supply of suspendedmaats estimated to be 90% (CET AL.,
2011). Considering the application of pesticidesriprove the farming performances in terms of crop
yield and soil conservation @NET AL., 2008), the discharge of sediment linked to spaision might
particularly increase the risk of eutrophicationa([BT AL., 2010). From 2005 to 2009, the use of
chemical fertilizers and pesticides increased hyr@admately 81% and 29% from 88,400 to 160,000
tons of fertilizers, respectively from about 5416@9 tons of pesticides (SEPA, 2006; MEP, 2010).
Most of these are nitrogen fertilizers (63-66%) anganic phosphorous fertilizers (48-49%) that are
assumed to distinctly change the trophic statuth@fYangtze River, especially in combination with
the standing water of the reservoingBER, 2013). These figures might be even higher as ey
based on the monitoring of only 156 towns and gé&in 19 counties in the TGA (MEP, 2010). Due
to diffuse matter transport by soil erosion and -poimt source pollution, those particle-bounded
agrochemicals enter the waterbodies and deteridh&teaquatic systems (e.g.lULET AL., 2003;
PONSETI and LOPEZPuJOL, 2006; Du ET AL., 2010; @i ET AL., 2011) with further effects on the
drinking water quality, and aquatic biodiversityoffezPujoL and RN, 2009; BERGMANN ET AL.,
2012).

1.2.2.4 NEED FOR ENHANCED UNDERSTANDING OF SOIL EROSION IN THE THREE
GORGES AREA

The destabilization of slopes during artificial wdown processes at the dam (c.f., Annex V),
high cutting slopes formed during the infrastruetwonstruction, and the increasing number of
landslides (e.g., W and o, 2006; @i ET AL., 2011; GiU ET AL., 2012) still might accelerate the
potential of hillslope erosion. As reported hiwENTEL (2006) landslides can trigger water erosion by

dislodging soil and moving it downhill, consequgrfdllowed by an enhanced use of alternative land.
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Furthermore, the economic-driven decisions by loeamers are expected to indirectly
increase the soil erosion potential in the T@¥ereas farmers participating in tt@@rain for Green
Program’ (GFG,; c.f., Annex Il) were paid for converting th&armland into grassland or forests, no
considerable improvement of their livelihood was@itved (IONG ET AL, 2006). According toIm
and YANG (2006) and bNG ET AL (2006), those farmers are even expected to ediitbeir former
farmland due to an end of the payments in ordeimprove their financial situation through
agricultural products. Moreover, GFG that has bpesved to effectively reduce the potential of
runoff and soil erosion on converted land, decredle available land for agriculture. This in tisn

regarded to further increase the economic pressutie remaining croplandifd and YANG 2006).

ZHANG (2008) concerns an already serious soil erosioblem causing a latent crisis of the
agricultural environment which can likely been aygted by the conflict potential between relocation
from the resettlements and agricultural land. Tt that the, probably underestimated, 1.3 million
people to be resettled (e.g.,CBIONALD ET AL., 2008) had to be upwardly corrected to another 4
million that are expected to move by the year 2Q0@28TER 2007), and that the infrastructure
construction and land reclamation will still contenon a high and long lasting level, e.g., duddpes
failure (LONG ET AL, 2008), distinctly reduce the carrying capacitgh® TGA. The rapid population
growth (i.e., growth of 2.5% from ~20.2 to ~20.7llimh people from 2005 to 2008) combined with
the intended increases in tourism throughout thireeGA (china.org.ch c.f., Annex V) even

accelerates the high conflict potential betweenlalvig and suitable land @Ou ET AL., 2006; HANG
ET AL., 2009; SEPA 2006, MEP, 2009).

Figure 3 Challenging location of housing and farmland oedfuently steep to very steep slopes in the
TGA as observed in a large mountainous catchmeafio$t class tributary to the Yangtze River.
Picture by S. Schonbrodt-Stitt.
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Also considering the projected future climate clegrige water erosion is expected to increase
across China, and thus in the soil-erosion prond, Tt6o. Based on historical data and UKMO
Hadley 3 climate scenarios, and the applicationyolrological and soil erosivity models for the ghor
term (2001 to 2030), middle-term (2031-2060), amagtterm (2061-2099) projectionsYI$ET AL.
(2002) predict a significant middle to long-ternaii@ase in rainfall erosivity, following a dry pediin
the short-term. From 2061 to 2099, the change ofianprecipitation in the UYRB and TGA accounts
for an increase of 10 to 30%. The predicted charigainfall erosivity in this region amounts up to
average 50% (@ ET AL.,, 2002). Taking into account that the current lacwler and land
management throughout China would not change, riigied water erosion rates will increase by 37
to 93% across China, subsequently referring tostindi increase also for the TGAUS ET AL.,
2002).

Against the background of the current physio-gepigi@and anthropogenic situation in the
TGA and expected future changes for both, the obmtf soil erosion highly gains relevance and
elicits a call for action. The control of soil elms is an urgent and indispensable prerequisitgdoad
soil management @r ET AL., 2000). It further implies the reduction of agitaral depletion and
environmental risks linked to water erosion, anel tontribution to ecological protection and to the
functionality of the TGD. Minimizing soil erosioe.g., through best managements practices (BMPs),
such as well-adapted farming terraces, includesutigent need for understanding the processes
triggering soil erosion and their spatial and terap@ariability. Additionally, sound knowledge and
information on the quality and quantity, and thatsp distribution of hotspots of soil loss by wate
erosion are urgently needed. For large areas, gineaglitools, such as erosion models, are commonly
applied. Such models can provide a scientific fas@lecision making by assessing current erosion
processes and predicting future trends of soilieno@VIoRGAN, 2011). Though, ISWM (c.f., Section
1.2) has been integrated in more than 5,000 snabfnsheds typically less in size than 20 ki €&
AL., 2012; AU ET AL., 2013), comprehensive analyses on water erosioing TGA are largely
constraint by a mismatch between existing datadata required for modeling and predicting the soil
loss potential (AU ET AL., 2013). In addition to the data scarcity, by ndtle, respectively, hardly
anything is known about the status and dynamicodf erosion and its processes on the scale of
complete catchments of major tributaries to the gtam River covering by far more than the above
mentioned 20 km2. According toHD ET AL. (2013), the large majority of those studies caeldi on
soil erosion and its countermeasures in the TGArraf experimental designs and do not take into
account the typical field settings. As the largainiage area of the TGA (c.f., Section 1.2.2) igexttb
to a variety of land use changes and physio-gebgragettings, especially those ‘typical field sggs’
on the catchment-scale are expected to refleatulrent situation and to hold a great significafure
the knowledge on the quality and quantity on sabken and its improvement. Moreover, such highly

dynamic ecosystems under high socio-economic predsom large dam building projects are of
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particular interest for geo-risk (e.g., soil erogioesearch since they are an integral part of the
economic development in less-developed countrigs, (BDAMS, 1993; BROWN ET AL, 2008). In
addition, they often represent highly diverse andtipe geo-ecosystems, which offer valuable and

particularly sensitive ecosystem functions andises/(Guo and G\N, 2002; TAN ET AL., 2007).

Moreover, the partly dramatic environmental TGDtioed impacts are assumed to gradually
expand towards the currently largely wooded heagiwabnes in the TGA (HONBRODT-STITT ET
AL., 2012). Considering this fact, the urgent neeg@roper management and conservation decisions,
in order to reduce the extent and intensity of soilsion in such a mountainous region with a low
carrying capacity, even increases. Also lookinduather more than 20 large dam projects that have
been projected in the 'Yangtze cascadedNEETI and LOPEzPuJoL, 2006) and large-scale
hydropower projects on the global scale, it seargial to perceive soil erosion in the surrounding
large dams and their reservoirs as a serious emaiatal threat and to contribute to a better

understanding of human-induced land use changegsaeffects on soil erosion.
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2 STARTING POINTS OF THE RESEARCH AND OBJECTIVES

The overall aim of the present thesis is to investigate the risk potential of soil erosion by water
and to identify the processes triggering soil erosion by water in a large hydrological and mountainous
catchment that was considered to adequately reflect the typical physio-geographic settings and

anthropogenic interferencesin the TGA.

As the interaction of factors and processes enhancing or reducing water erosion in the TGA
are highly complex, a sound knowledge on the inherent physical vulnerability to water erosion,
respectively, natural soil erosion risk potential is considered to present a suitable starting point for the
assessment of the natural soil erosion potential and - based on that - the evaluation of the effect of the
TGD on the water erosion. In the newly created and highly dynamic reservoir of the TGA, the
associated land use changes are assumed to result in a distinct change in the spatial distribution and
guantitative dimension of the water erosion potential. Considering the vegetation cover to constitute a
key factor in the erosive process and to be highly influenced by land use changes, precise information
on its spatia and temporal variability are essential for soil erosion analysis. Due to the water erosion
being strongly influenced by rainfall erosivity and in order to account for the superimposed role of the
climate and terrain on the rainfall characteristics, knowledge on the rainfall erosivity at a certain place
is also essential. Since bench terraces exhibit a key technology for the control of soil erosion with a
long tradition in the TGA, the rapid ongoing and extensive land use changes are also expected to
likewise impact the cultivated farming bench terraces and to lead to their degradation. Assuming those
bench terraces to have a crucial role in the sustainable land management in mountain areas, they are

additionally considered as essential precondition in the soil erosion risk evaluation.

Based on the considerations and restrictions imposed by the data scarcity, the central research

objectives of the present thesis are:

(i) Spatia anaysis and assessment of the soil erosion risk potential under natural conditions and
the effect of the TGD on the soil erosion risk potential,

(ii) Spatial and tempora analysis of the vegetation cover and its effects on the soil erosion
potential,

(iii) Determination and spatial regionalization of the rainfall erosivity that can be run with limited
data and addresses the mountai nous topography and

(iv) Analysis of the current status of cultivated bench terraces and spatial analysis of the strength
and direction of the effect of TGD project on the terraced landscape.

After a brief introduction into the study framework providing an overal context of this thesis

and the description of the study area, available data are listed and the modeling framework is presented
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(Chapter 3). The description of the study areais essentially based, unless quoted otherwise, on results
from the field campaigns and Gl S-based analyses conducted within the study framework.

Chapter 4 addresses the research objectives (i) to (iv), and explores and summarizes the most
relevant and intrinsic results and discussions. Each of the subchapters in Chapter 4 refers to published

contributionsin abook (Chapter 4.1) and peer-reviewed journals (Chapters 4.2, 4.3, 4.4).

Chapter 4.1 aims at the modeling of the natural soil erosion risk potential and the soil erosion
risk under former and current land uses in order to assess the erosion-relevant effect of the TGD and to
identify hotspots of soil erosion in the mountainous study area. Chapter 4.2 aims at the spatially more
detailed and multi-temporal analysis of the vegetation cover represented by a crop and management
factor. Due to remote sensing (RS) as only available data source, environmental covariates on the
vegetation were derived from space-borne data and a regression function was applied. Serving as
reference to the computed results, data on the land uses were taken from literature. The effect of both
on the soil erosion risk potential was then modeled using the same approach as in Chapter 4.1. The
central aim of Chapter 4.3 is to present a methodology on the best approximation of the rainfal
erosivity for a subtropical and mountainous catchment based on worldwide applied regressions
functions. Finally, Chapter 4.3 focuses on the spatial regionalization of the rainfall erosivity
performing best onto the catchment scale. Both aspects covered in Chapter 4.3 account for the data
scarcity in terms of spatial and tempora resolution. Chapter 4.4 introduces into TerraCE (Terrace
Condition Erosion), a framework that was specifically developed for modeling and anayzing terrace
conditions in order to invest their current status and the terrace degradation. By embedding
environmental and anthropogenic indicators derived from RS data as well as classes on the terrace
conditions from field mapping surveys into a spatial data mining approach, Chapter 4.4 aims at a
better understanding of the terrace degradation and the strength and direction of its driving factors.

Asthisthesisis part of an interdisciplinary project aiming on the ecological and environmental
risks of the TGD project, the results provide information on areas at risk linked to soil erosion and
contribute to further ecological and eco-hydrological modeling, and an enhanced understanding of the

complexity of human-environmental interactionsin the TGA.

19



Chapter 3 Materials and Methods

3 MATERIALS AND METHODS
3.1 STUDY FRAMEWORK

The environmental changes in the TGA resulting ftbmhuge dimensions of the dam project
form the scientific focus of the German-ChinesatiANGTZE Project ‘Sustainable Management of
the Newly Created Ecosystem at the Three Gorges’.Dais joint research collaboration was
initiated by the Research Centre Julich (Germamygd02. It consists of two thematic blocks aiming
at the ecological consequences resulting fromijHar(d use changes, soil erosion, mass movements,
and diffuse matter inputs (YANGTZE GEO) and frone ti) interactions of water, sediment and
contaminants in the reservoir of the TGA (YANGTZEBRO; BERGMANN ET AL., 2012).

YANGTZE GEO aims at the assessment and analysi®ibkrosion, landslides, and diffuse
matter inputs as well as particle-bounded contamitnauch as phosphorus into the reservoir. The
main goal is to gain a better and profound undedstg of the causes and mechanisms of the
ecological consequences of the TGD and their dpatid temporal dimensions and dynamics by

analyzing, modeling, predicting, and evaluatingrthiek potential.

For this purpose, five subprojects (SPs) locatethatGerman universities of Tubingen (SP
'Soil Erosion'), Erlangen-Nuremberg (SP 'Mass Maoaetsl), Giessen (SP 'Land Use Change’), Kiel
(SP 'Diffuse Matter Inputs'), and Potsdam (SP 'RenS@nsing’), and their Chinese partner from the
China University of Geosciences in Wuhan (P.R. @hinsed a multidisciplinary approach on the
catchment scale combining research from the fieldsoil science, geology and geo-engineering,
hydrology, and RS. Close thematic and methodolbdjiteages of the five subprojects enabled for a
rapid transfer of data but also for a synthesisthef results and detailed consideration of the

interactions of the dynamic land use changes amdhbve geo-risks.

Within YANGTZE GEO, the environmental studies wearenducted in the mountainous
catchment of the Xiangxi River. The Xiangxi catclmnevas considered to adequately represent the

reservoir of the TGA in terms of physical settirggl human interventions attributing to the TGD.

3.2 STUDY AREA
3.2.1 GEOGRAPHICAL POSITION AND STUDY SCALES

The hydrological catchment of the Xiangxi Rivei&) is located in western Hubei province

in Central China and covers an area of 3,208.8 knn8.largely covered by the preponderantly rural
counties Zigui, Xingshan, and Shennongjia. Thedsrgowns in the Xiangxi catchment are Xiakou,

Gaoyang, and Gufu (Figure 4).

The Xiangxi River originates in the ShennongjiadsdrNature Reserve. After a passage of

approximately 100 km, the Xiangxi River joins thangtze River as a first class tributary almost 40
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km westward of the TGD. The largest distances istwast direction and from north to south are
approximately 72 km and 73 km, respectively.

Due to the Yangtze River impoundment by the TGI®, Xtiangxi River is also affected. The
newly created reservoir (Xiangxi Bay) in the 'Backer area' stretches from the outlet approximately
35 km towards Gaoyang in the central Xiangxi catehinfFigure 4). This Backwater area (558.9 km?)
and two further hydrological sub-catchments werdected for further detailed, multi-scale
environmental research within YANGTZE GEO as hemendnduced consequences are obvious and
were observed to be directly linked to the TGD @cbj(EEBER ET AL, 2010). The two sub-
catchments are Xiangjiaba (2.8 km?) on the easieenside and Quyuan (87.3 km?) on the western

riverside (Figure 4).

- Xiangxi catchment ,fﬂ)
I:J Hubei province
- Upper Yangtze catchment .Beiig

ey Yangtze River

4

Three
Yangtze River

B

) ,,

440000 460000 480000 500000 520000
T

5

3500000

30

Xiangjiaba
sub-catchment

3480000
3480000

20

Quyuan
sub-catchment

Kilometers

Slope angle

©)

[~ Elevation

3460000
1
3460000

0 5 10

(m asl) :I <10

. = U I 1
[ J<s00 [ 1>10-20 e 0 25 5 75 10
[ ]>s500-1.000 "o e [520-3 4o Kilometers

=[] > 1.000- 1.500

N\ River network

3440000

1
3440000
v
w
o
&

(=}

[ > 1.500- 2.000 AL sment 050
mpoundmen
- > 2.000- 2500 |:I Xiangxi catchment - 7 90-%0 W Cities
I X1
500 - 3. - >60-70 . .-
g I - 2 500 3.000 d L - . Backwaterarea | S . /" River network y _ Y Backwater area
g - 5000 Outet 18 W00 A
g Sub-catchments | § Impoundment D Sub-catchments
3 3
1 1 1 1 1
c 440000 460000 480000 500000 520000 D

Figure 4 Location of the Xiangxi catchment in the Upper ¢tae River Basin in China and in the
western Hubei province (A) with the counties Shagjia, Xingshan, and Zigui (B). Geographical
position (UTM WGS 1984, Zone 49 N) of the Xiangttloment and its range of elevation (m a.s.l.)
based on the SRTM-DEM in a spatial resolution ofids 45 m (C). Slope angels in the Backwater
area with the sub-catchments Xiangjiaba and QuyilynThe slope angle is based on the steepest

slope algorithm introduced BYARBOTON (1997). GIS and Layout by S. Schénbrodt-Stitt.
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3.2.2 CLIMATE IN THE XIANGXI CATCHMENT

Located in the humid subtropics of China, the ctanaf the Xiangxi catchment is mainly
characterized by prevailing winds from the northd dhe impact of the southwest monsoore @
AL., 2003). It is further strongly influenced by tQiling mountain range in the north. This mountain
range serves as climatic border between North amir@l China and hinders cold air masses from the
north advancing to the south EHT AL., 2003). Consequently, the Xiangxi catchment tgihc
exhibits an unimodal rainfall regime with humid amot summers and moderate dry winters (Figure
5). Mean annual precipitation (MAP) at Xingshamulie station close to Gaoyang is 1,000 mm for
the WMO climate normal period from 1961 to 1990.pfgximately 77% of the MAP during this
period falls in rainy season from May to Octobetorf 1971 to 2000, MAP is slightly lower (991
mm), however, about 78% of rainfall occurs duriagny season. Mean annual temperature is 16.9 °C
for both periods. According to HHET AL. (2003) and W ET AL. (2006), the precipitation in the
Xiangxi catchment is typically convective referritggan orographic precipitation pattern based en th
range of elevation. The range of elevation causdsstinct vertical climate spectrum with thermal
zones referring to specific elevation bands anehglly correlating with the increases in MAP (WT
AL., 2006). These are from the outlet of the XianBxrer at 62 m a.s.l. to the highest elevation
(Mount Shennongjia in the northern catchment) @78 m a.s.l.: the Mid subtropics (1,000 mm MAP
at <500 m a.s.l.), the Northern subtropics (1,200 MAP up to 500 m a.s.l.), the Southern temperate
(1,600 mm MAP up to 800 m a.s.l.), the Mid tempei@,000 mm MAP up to 1,200 m a.s.l.), and the
Northern temperate (2,400 mm MAP above 1,200 rh)a.s.

Data from 1961 to 1990

Xingshan / Hubei Province / P. R. China Data by: National Meteorological
Information Center, China
X 478095 Y 3455114 (UTM WGS 84 Zone 49N)
275 m Layout by: S. Schénbrodt, 2009
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3.2.3 TERRAIN AND GEOLOGY IN THE XIANGXI CATCHMENT

The mountainous Xiangxi catchment, ranging in ageraith 1,230 m a.s.l., is characterized
by steep to extremely steep slopes (Figure 4). i@gstbree percent of the catchment area exhibits
inclinations above 20°. In average, the slopesriaclvith 39° (standard deviation is approximately
23°). Occasionally, slopes in the southern Xiangpichment exhibit maximum inclinations of 78°.
Typical for the steepest slopes, mainly belongmghe Triassic formation at the eastern riverside i

the Backwater area, are extreme slope lengths rgigu In exceptional cases, they can reach lengths

of maximum 760 m.

Figure 6 The Xiangxi River, and the alternation of th&$sic limestone exhibiting extreme slope
lengths and the less steep sloping and morpholbgafter Jurassic sandstone, siltstone, and
claystone in the Backwater area of the Xiangxi loatent. The viewing direction is northeast. Picture

by S. Schonbrodt-Stitt.

The terrain of the Xiangxi catchment reflects theplggical structure of the TGA. The
crystalline basement composed of pre-Sinian magmatid metamorphic rocks belongs to the
Yangtze Block (BRET ET AL, 2010). The Sinian to Middle Triassic sequencensisis of
predominantly marine carbonate-clastic sedimenpged Triassic to tertiary formations are dominated
by continental shallow-water clastic and, partisgamic sediments. Crystalline rocks are prevailing

the eastern part of the Xiangxi catchment and sealiany rocks in the southern, western, and northern
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catchment area @RET ET AL, 2010). Central feature of the southern Xiangxichment is the
alternation of Triassic limestone resistant to Weehg in higher altitudes and morphological softer

Jurassic sandstone, siltstone, and claystone ilower regions (HERET ET AL, 2010; Figure 6).

3.2.4 SOILS AND SOIL ERODIBILITY IN THE XIANGXI CATCHMENT

Linked to the high terrain energy and to the lidgyl, the Xiangxi catchments shows a high
diversity of soils (HORP, 1936; KOVDA, 1959). According to data of the Second Natiorwl Survey
(SNSS) in China that was conducted from 1979 to41@®i ET AL., 2010), eight major soil groups
can be located in the Xiangxi catchment (Figure F9llowing the Chinese Soil Taxonomic
Classification(CSTC) and their area percentage, the soils assifled as Chao soils (< 1%), Paddy
soils (2%; ~64 km?2), Yellow soils (4%; ~128 km?)ai® brown soils (4%; ~128 km? ), Purple soils
(5%; ~160 km2), Brown soils (7%; ~225 km?), Limestcsoils (38%; ~1219 km?), and Yellow browns
soils (40%; ~1284 km?).

Brown soils develop in higher altitudes, typicallywder coniferous forest conditions on
carbonate-free bedrock @NG and GIEN, 1990). They are located in the eastern Xiangighraent
and stretch belt-like above the humous Dark browits.sDark brown soils develop under humid
temperate monsoon climate. They are characteriyeal High solum thickness, high base saturation,
and neutral to alkaline pH. In China, Dark browiissoconstitute typical soils of mountain regionglan
form optimal locations for large forest area{$ and GIEN, 1990). In the Xiangxi catchment, they
are exclusively distributed in altitudes from 2,2003,000 m a.s.l. in Shennongjia county (Figure 4)
The fersialitic subtropic Yellow brown soils arepiyal for the low mountains and hilly regions
alongside the Yangtze River. Dependent from theidrbck, the solum thickness of those soils
strongly varies (I8NG and GHEN, 1990). In the Xiangxi catchment, the Yellow broggils belong to
the dominating soil types. Their main distributibrenge is located in the eastern and northeastern
well as in the central study area. The clayey,idétie and acidic Yellow soils are mainly distritea
alongside the lower reaches of the Xiangxi Rivexd & the central and eastern catchment area. In
China, Yellow soils typically occur in tropic andldropic mountain areas @Hic and GiEN, 1990).
Shallow carbonate Limestone soils are very changtitefor the Xiangxi catchment. They are largely
linked to the Sinian to Middle Triassic sequencd #re Upper Triassic to tertiary formation. In the
Backwater area of the Xiangxi catchment, the Limestsoils exclusively occur on the eastern
riverside that is characterized by the extremepstd@ping Triassic limestone. Paddy soils are @fpic
agricultural soils throughout subtropical China.eDto artificial land leveling and terracing in
combination with seasonal, artificial flooding, yhexhibit typical processes of oxidation and
reduction (ONG and GiEN, 1990). Paddy soils are rather atypical for thangii catchment and are

only located on scattered plots in the eastern Batde area. The silty Purple soils typically
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predominate as Regosols in the Xiangxi catchmeudt lzave been primarily developed in lower
altitudes on hematite-rich Jurassic purple sandtesand purple sandstone, and Jurassic siltstone.
Compared to the Purple soils on uphill-slope posgithose on downhill-slope position show higher
solum thicknesses. Together with the Paddy soilgIB soils account for the most fertile soilstie t
Yangtze River region (BNG and GiEN, 1990). In the study area they are exclusivelyridisted on
the Jurassic formation at the western side of tiengki River. Due to the CSTC being strongly
focused on the agricultural relevance of the sthig,soils in the Xiangxi catchment can only royghl
be transferred into the standard of the internaticfassification system of th&'orld Reference Base
for Soil Resourcesf the FAO ($11 ET AL., 2010). In terms of their geomorphologic positi@nd their
bedrock, the soils in the Xiangxi catchment mairdfer to Cambisols, Luvisols, Alisols, Regosols,
Leptosols, Fluvisols, and Gleysols (IUSS Working@® WRB, 2007).

A
“

Major soil groups
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Figure 7 Spatial distribution of the major soil groups et Xiangxi catchment based on the Chinese

Second National Soil Survey (below). The classifinaof soils refers to the Chinese Soil Taxonomic

Classification (CSTC). Spatial distribution of theil erodibility (t ha h h& MJ* mni') based on the
major soil groups in the Xiangxi catchment (abos and layout by S. Schénbrodt-Stitt.

The erodibility of the topsoils (0 - 20 cm depth)the Xiangxi catchment strongly refers to the
soils' mostly silty-loamy soil texture. Based oe #nalysis of the available 126 topsoil sample$ién
Xiangxi catchment taken from the SNSS and the tatiom of the erodibility according toHRAZI
and BOERSMA (1984), the topsoils show a moderate to high éiliti to water erosion ranging from
0.30 to 0.44 t ha h HaMJ* mmi*. With 0.39 t ha h HAMJ* mm?*, the average soil erodibility,
represented by the RUSLE factor (WSCHMEIER and $MITH, 1978), in the Xiangxi catchment is
high. The standard deviation is 0.05 t ha i N&™* mm™. Based on 245 topsoil samples taken during
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the field campaigns, the average soil erodibilityhie Xiangxi catchment is slightly lower (0.36a h
ha' MJ* mm*). The standard deviation is 0.13 t ha # MJ™* mm™. The total range of soil erodibility
based on field data varies from 0.09 to 0.64 t ha'tiMJ* mm*, indicating much higher but also very
low topsoil’s resistance to particle detachment madsport by water. Highest soil erodibilitiesq:39

to 0.44 t ha h HaMJ™* mm*, respectively, 0.64 t ha h haJ* mmi?) are located on the western bank
of the Xiangxi River in the Backwater area, respety, in the Xiangjiaba sub-catchment (Figure 7).
Here, the high soil erodibility refers to the Peargbils on Jurassic strata, however, they arelialsed

to Yellow brown soils, Dark brown soils, and Padayls (Figure 7). Lowest soil erodibilities (< 0.32
t ha h hd MJ* mm*) are linked to Yellow soils and Brown soils, maiuiistributed in the central and
northern Xiangxi catchment (Figure 7). Moderatd sobdibilities ranging from more than 0.32 to
0.39 t ha h hAMJ* mm* are typical for the Limestone soils that largebyer the catchment area, and

partially for Yellow brown soils (Figure 7).

In the Xiangxi catchment, sheet and rill erosiomsatitute the major processes of water
erosion. Sheet erosion in form of rainsplash aral®h flows, but also microrills (< 2cm depth) can
be found on nearly every place throughout the whélngxi catchment, on agricultural and non-
agricultural land (Figure 8). They typically exhilain initial stage of frequently distributed linedr
erosion (> 10 cm depth). Rill erosion typically ace on cultivated non-terraced, but also terraced
farmland where they can be manually obliterated. &bsion also occurs alongside narrow paths
(Figure 8). Although gullies (> 40 cm depth) can dieserved at a few places without any soil
conservation on steep land with porous vegetafiagu¢e 8), they do not constitute typical types of
water erosion in the Xiangxi catchment. Soil trappehind trunks of trees, and silted up stairways,
runoff disposals and dry-stone walling of terraesswell as larger amounts of accumulated soil

alongside the high cutting roads further indicagsoil erosion dynamics in the Xiangxi catchment.

3.2.5 LAND USE AND LAND USE CHANGE

The land use in the Backwater area is stronglyelinto the terrain, with the Xiangxi River
acting as a kind of dividing line between mainlyiagltural cultivation on the western riverside and
mainly forests and shrubs with scattered plots wfivation on the eastern riverside (Figure 6).
Management cash crop farming mixed with lower pobide subsistence farming located on higher
altitudes strongly characterizes the cultivation tre western bank. Steep garden plots are
characterized by the small-scale cultivation olulegs, vegetables, fruits, and chilEEBER ET AL,
2010). The rainfed cultivation of oranges clasdifees garden land according t@EBER ET AL,
(2010), and paddy rice, dry land and steep gartt#n, peferring to the land use class arable lanel,
typical for the southern Xiangxi catchment. Typiday land crops are rape, wheat, sesame, soybeans,

potatoes, and maize.
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Figure 8 Soil erosion in the
Xiangxi catchment.

Plate A. Micro-rills on a field
cropped with vegetables.

Plate B. A special type of soil
erosion - little earth pillars.

Plate C. Rill erosion on a non-
terraced plot cropped with
vegetables.

Plate D. Extreme rill erosion
on a non-terraced plot cropped
with oranges.

Plate E. Extreme rill erosion
observed along a path.

Plate F. Extreme rill erosion
on a terraced plot cropped
with maize and vegetables.

Plate G. Gully erosion on a
silty-clayey loam on a non-
terraced plot cropped with
oranges.

Plate H. A deep-carved
erosion rill stretches for
approximately 20 meters along
a terrace cropped with a few
soybeans. Partially, this rill is
deeper than 40 cm and initially
forms a gully.

Plate I. Extreme rill erosion on
a silty-clayey loam makes this
plot permanently unusable.

Plate J. Extreme rill erosion on
a very steep sloping hillside
exposes the residential house
and farmland to risk.

Pictures by S. Schonbrodt-Stitt
(2008-2012).

Farming typically occurs on contour-aligned bereaced with dry-stone walling (Figure 9).
Those bench terraces are spatially distributea\adl- the hillslopes on almost the whole range of
altitudes, particularly adjacent to the impoundeadngxi River. In the Backwater area, they typically
show a high small-scale diversity of terrace coad# in terms of terrace design (e.g., terraceeslop

height of terrace wall, and width of terrace risgng state of maintenance with a varying number of
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wall disorders, such as wall collapses (Figure Bgording to a survey on bench terraces conducted
in the Backwater area, the terraces are predontyngn75 %) outward sloping (Figure 9G). Only in
very rare cases, the bench terraces show leveiward sloping terrace risers (Figures 9C and 9D).
This diversity of terrace conditions due to inadeguerrace design and lack of constant maintenance
is assumed to indicate the process of terrace dagoa with the effect of a varying effectiveneds o

protecting the soil against surface erosion by funo

The headwater zone of the Xiangxi catchment isnglyo characterized by large dense
woodland with deciduous trees and conifer8 @&T AL., 2000). Evergreen forests, sparse shrubland,
and grassland occur on the highest elevations eéni®ingjia county (S&BER ET AL, 2010). Large
areas of cultivation are atypical for the mountamand steep sloping headwater zone. Scatteresl plot
of arable land with dry land crop cultivation arataly paddy rice exclusively occur alongside the
river network with less steep sloping topographg an the plateau of HuangLiangPing northeast of
Gaoyang (Figure 10). Occasionally, the cultivatidrtobacco can be observed, tO@EBER ET AL,
2012). Tea plantations are typical for the Northlemperate zone above 1,200 m a.s.l, however do not
appear in the land use classification due to diffies in differentiating their spectral signatdrem
woodland (BEGER, 2013).

According to $EBER ET AL (2010), the land use in 2007 in the Xiangxi cateht was
characterized as the following: woodland 87%, aralaind 9.5%, and garden land with orange
orchards (2.2%). Only marginal areas in the Xiangpichment were covered with bare rock and
grassland (both 0.4%), reservoir, respectivelyndlavater (0.3%), and built-up land (0.2%) as shown

in Figure 10.

In their study on land use change in the Xiangitlv@ent using satellite imagerygEBER ET

AL. (2010) estimated the area lost to the river inmoiooent by the TGD to be approximately 9.4 km?
from 1987 to 2007. This land previously used fori@agdture and settlement had to be compensated
causing land use changes on approximately 26%eoBtckwater area in close distance to the new
Xiangxi reservoir (Figure 10). With 66%, the brosddehange is observed in the Xiangjiaba sub-
catchment close to the flooded Xiangxi River. le fQuyuan sub-catchment, the land use changes
account to 17%, thus, almost four times lower camgbdo the Xiangjiaba sub-catchment. Within the
entire Xiangxi catchment, the portion of area affddy land use changes equates to 12% from 1987
to 2007 (®EBER ET AL, 2010).
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e _ AL SRS
Figure 9 Diversity of farming bench terraces in the Xiangaichment on hillsides sloping with more
than 5°. Plates A and B. Steep garden terracesdbsistence farming; Quyuan sub-catchment. Plate
C. Paddy terrace that is also used for the culttvabf rape; Quyuan sub-catchment. Plate D. Slightl
inward sloping bench terrace completely coveredh @énse vegetation; headwater zone of the
Xiangxi catchment. Plate E. Terrace cropped withnges on a steep slope adjacent to the seasonally
impounded Gaolan River, a first class tributarythie Xiangxi River. Plate F. Terrace cropped with
oranges that is on the half of its area seasorfédlyded due to the artificial water level fluctuatis at
the dam (c.f., Annex V); Backwater area. Plate Balbscale subsistence farming terrace under
construction (April 2009) on steep slopes adja¢erst depth contour; Xiangjiaba sub-catchment.
Plate H. A terrace that is no longer used for satesice farming but cropped with oranges; Quyuan
sub-catchment. Plate I. Terrace cropped with maga HuangLiangPing on a plateau; western
Xiangxi catchment. Pictures by S. Schonbrodt-@08-2010).

The remote areas in the north-eastern and norttewepart of the Xiangxi catchment only
show slight land use changes (Figure 10) in forra décrease of arable land from approximately 13%
to 10% from 1987 to 2007 and an increase of woabifesm approximately 84% to 87% for the same
period. According to BEBER ET AL (2010) this greening is likely to be induced yvernmental
programs such as GFG (c.f., Annex Il). Contraratgeneral greening in the Xiangxi catchment, the
immediate vicinity of the reservoir, particularliget Xiangjiaba sub-catchment, shows a decrease of
woodland from about 49% to 45%HEBER ET AL, 2010). The portion of arable land in the Baclewat
area decreases from about 21% to 12%, and morblypdtam approximately 36% to 14% in the
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Xiangjiaba sub-catchmenteBBER ET AL (2010) state that arable land in the Backwates dras
largely been replaced by orange land, again edpyepi@mnounced in the Xiangjiaba catchment and
immediate vicinity of the reservoir. Here, the avéth orange orchards increased from 15% to about
42%. The change of rate of orange orchards in tiigeeXiangxi catchment from 1987 to 2007
amounts to approximately 29%. In the Backwater amed further beyond towards Gufu, orange
orchards distinctly predominate on terraces closkarge settlements and main transportation routes
such as trafficable main roads and navigable ri{@&BER ET AL, 2010). Climatologically, this area
also refers to the mid-tropic zone below an elewatf 500 m a.s.l. that is suitable for citrus giow

(WU ET AL., 2009) and allows for optimal cash crop produc{of., Section 1.2.2.1).

Land use 5.
(L1 based on
Landsat 2007)

[:l Arable land
[: Bare rock
- Built up area
[ Gardenand
[ Grassland
- Reservoir
Bl voodiand

0

£ ‘0utlet Reservoir
B Cities
oo 1
0 75 15 225 30 m Xiangxi catchment

kilometers i__ ! Backwater area

D Subcatchments

LUCC gradient (%)
o 100

Figure 10 Land use classification in the Xiangxi catchmeaddal on Landsat-TM 2007 (left) and
gradient on the land use and land cover change (CY@n the catchment scale (right) from 1987 to
2007. LUCC gradient was derived from post-clasatfan change analysis, expressing the change
intensity in a spatial resolution of 150 m x 15@n@m O (no change within raster cell) to 100%
(complete change within raster cell). For the feftre: data by 8EBER ET AL(2010), GIS and layout
by S. Schonbrodt-Stitt. Right figure aft@E8ER ET AL(2010).

Though, the change of rate of built-up land fron82% 2007 was revealed as negligible in
the Xiangxi River and Backwater areaEBER ET AL, 2010), road and building constructions
strongly determine the landscape in the southetthogent (Figure 11). Such stresses imposed by
human activities happen in steep sloping challepgipography. For instance, in the entire Xiangxi
catchment, sloping farmland greater than 5° aceoiantalmost 94% of the total cultivated area & th

year 2007 (calculations based on the land useifitas®n from 2007). In the Backwater area, this
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proportion is even higher by 4%. Approximately ahied of these slopes (Xiangxi catchment: ~35%,
Backwater area: ~36%) are classified as 'reclamdticbidden’ according to the WSCL as they
exhibit inclinations greater than 25° (c.f., Anréx

Figure 11 Land use
dynamic in the Xiangxi
catchment associated
with the impoundment of
the Yangtze River by the
Three Gorges Dam.

Plate A. Though the
Chinese government has
implemented the WSCL
prohibiting illegal logging
(Chapter I, Article 13; c.f.
Annex Il), people - even if
rarely - cut trees for the
reasons of firewood and
land reclamation.

Plate B. Construction sites
for rural houses and
agriculture compete with
each other on steep slopes
(Xiangxi catchment).

Plates C and D. During the
process of resettlement,
new residential houses
have to be built in a
challenging topography
(Xiangxi catchment and
Badong).

Plate E. New roads carve
their way into the

mountainous and wooded
landscape (near Badong).

Plates F and G. For the
crossing of difficult terrain
and rivers, new bridges
and roads were built in an
exhilarating tempo.
Therefore, tunnels had to
be blasted into the bedrock
of limestone, siltstone, and
claystone as observed in
the Xiangxi catchment,
here at Gaolan river.

Pictures by S. Schonbrodt-
Stitt (2008-2012).
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3.3 GEODATABASE

In the Xiangxi catchment legacy data is rarely e and access to terrain is limited or
restricted due to missing roads and other logistasons. Available data vary in spatial coverage,
spatial resolution, and temporal consistency (Taldleand 2). Thus, the most suitable database to

assess relevant variables covering large areasvglpd by space-borne RS data.

In particular, information from Digital Elevation ddels (DEM) from the Shuttle Radar
Topographic Mission (SRTM) are widely applied inl ®wosion studies (e.g.,ANCOCK ET AL., 2006;
VRIELING, 2007; WRSCAJ ET AL., 2007) since they provide presentations of lamdfoand allow for

derivation of topographic information for grid-bdsanalysis.

For poorly mapped regions, such as the Xiangxiheatnt, SRTM-DEM data can offer large
benefits for catchment studies. Contrary to SRTMMBEN a resolution of 1-arc-second (30 m cell
size), those in a coarser resolution of 3-arc-sed@® m cell size) are freely available for most
regions of the world (ENDBERGEN, 2008). However, topographic features representimg
geomorphology and hydrology relevant for soil ewvasimodeling (e.g., slope, aspect, flow
accumulation flow path length, contributing areahpmot always be adequately captured at the coarse
scale of 90 m and thus, produce artifacts (e gNNLUSERY ET AL, 2004). Since the SRTM-DEM in
3-arc-second were generated from the 1-arc-secatadly sub-sampling using the center values of
each 3x3 cells (KERATIKASIKORN and TRISIRISATAYAWONG, 2008) for regions outside the United
States, refinement of the DEM data to a finer nasmh than 90 m using different interpolation
techniques, such as bicubic polynomical interpofatikriging, spline, IDW, and natural neighbor,
proved as successful without a loss of significaand, thus, as beneficial in terms of adequate
landscape representationR@HMANN, 2006, \ALERIANO ET AL., 2006; HR and HEATWOLE, 2008;
KEERATIKASIKORN and TRISIRISATAYAWONG, 2008). Because of this, the spatial resolutiorithef
available SRTM-DEM covering the Xiangxi catchmeraswmproved using bilinear re-sampling as no
impact of the re-sampling on the analysis but befrefm the higher spatial resolution was expected.
The 'target' resolution was set to 45 m x 45 mhisdell size adequately captures the environmental
indicators by avoiding artifacts resulting from ewf pixels along a slope compared to the original

resolution of 90 m. Moreover, this cell size allolwsreasonable computation time.

Since terracing as a key soil conservation teclgyolo the Xiangxi catchment (c.f., Section
3.2.5) is also linked to specific terrain condisprdigital terrain analysis can further provide
indicators, which show effects on terrace cond#idRather than providing indicators describing the
local terrace design which is limited by the sgatésolution of the DEM, terrain analysis aim at
providing information on the natural landscape atef characteristics without terraces. This allows
determining effects relevant for differentiatingréee conditions, since the general flow paths and

velocities of runoff still follows the natural t@in above the terrace plot scale. For instancthef
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contributing area increases, the water pressurénfidyration and interflow on the terrace plot is
assumed to increase, too. Additionally, terrain t@nused as a proxy for other environmental
covariates such as climate or parent materigH(&NsS ET AL, 2010a, b). A typical example is the
elevation as a spatially explicit covariate on thefall (c.f., Section 3.2.2). Thus, the DEM (Tall)
served as most powerful data source and has besttyrased throughout the studies for digital terrai
analyses such as the derivation of erosion-relepeogerties of the terrain (e.g., erosive slopgtien

and slope angle).

Table 1 Available data sources for soil erosion modelinghie Xiangxi catchment and their spatial
resolution and applicability as well as referenoésise in the studies conducted within the fram&wor
of the present thesis.

Type Data* Purpose/Applicability Resolution**/ Reference
Recording
DEM based on SRTM data Digital terrain analyses 90 m x 90 m /Manuscripts 1,2,3,
version 4 (3RVIS ET AL., 45mx45m and4
2008)
Landsat-5-TM (Thematic Land cover analyses, 30 m x 30 m/ Manuscripts 2 and 4
Mapper), path 125, row 38, derivation of 45mx45m

2005 (2005-09-09), 2006  environmental covariates

(2006-09-12), and 2007 on the crop and

(2007-09-15 management factors
Remote Land use classification from Model parameterization, 30 m x 30 m/ Manuscripts 1, 2, and
sensing 1987 and 2007 ¢EBERET  random agricultural plot 45mx45m 4

data AL., 2010) selection for the terrace
survey
SPOTS5 image from 2007  Reference base, basis for 5m x5 m Manuscript 4

(2007-09-21) and Google field mapping and for

Earth data (varying dates) deriving data on the road
network, settlements, and
the shoreline of the
Xiangxi River after the

impoundment
Maps Soil types based on the Soil classification, 1:180,000 and Manuscript 1, 2
Second National Soil Surveycalculation of the soil 1:160,000,
in China ($11 ET AL., 2010)  erodibility 126 soil
profiles
Point Soil profiles and topsoil Analysis of erosion- 245 soll Manuscript 1, 2
data samples (0 - 20 cm) relevant soil physical and profiles and
roperties) chemical properties, topsoil
plausibility check samples
Poyline Road network Plausibility check for the More than Manuscript 4
data road networks digitized 386 kilo-
from SPOT5 meters of road
Point Rainfall data from the Determination of rainfall 6 stations, Manuscript 2
data National Meteorological characteristics and daily
Information calculation of rainfall recording
Centre of China erosivity

* all data were projected to UTM WGS 1984, Zone A9Nriginal/re-sampled

Data on the land cover, and vegetation cover, odisiedy, is based on Landsat-5 (Thematic

Mapper) images. In total, three Landsat-TM scenmswig the lowest cloud and haze cover
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throughout the observations years were used faldgd analyses (Table 1). They served as data
source for the derivation of environmental covasabn the crop and management cover on the
catchment scale and as available input for theyaaalof a possible influence of the land coverhen t
terrace degradation over time. Internal and exteengors of these RS images, primarily due to
atmospheric and topographic effects of rugged &eepssloping areasgNSEN 2000; RCHARDS and

JA, 2006), were reduced by means of image preprowegatmospheric, radiometric, and geometric
corrections) using ATCOR for ERDAS IMAGINE® accandi to NEUBERT and MEINEL (2005) and
RICHTER (2010).

Additionally, two land use classifications basedL@mdsat-TM images from 1987 and 2007
(Table 1), conducted for the Xiangxi catchment byeER ET AL (2010), were applied for
parameterization of the soil erosion model andrémdom plot selection of agricultural land for the
field mapping of terrace conditions. According teeS8ER ET AL (2010), the land use classification
from 1987 presents the time before the politicdbexement of the TGD, its first feasibility studynd
the environmental impact assessment (c.f.,, AnnexI¥)ontrast to the pre-construction land use
classification, the one from 2007 presents the-posstruction phase referring to the time after the

establishment of resettlement schemes as wellrapletion of dam construction (c.f., Annex V).

An ortho-rectified, panchromatic, and geo-referen&POT image (Table 1) was used as
master scene for geo-referencing multi-spectrads#ds and for data conducted within field surveys
such as GPS-tracks of roads (Table 1). In comlmnawith available, adequate Google Earth data
covering the study area, both datasets furtheredeas basis for field mapping and for deriving
anthropogenic indicators by digitizing (Table 1prknstance, since neither precise information nor
spatial data on the human activities in the TGAeavavailable, both datasets were used to derive
proxy indicators. According t?NBAR and LLERENA (2000), the distance from a village is an impdrtan
component in the erosion-relevant process of tergegradation. Hence, spatial Euclidian distance
transforms (e.g., of the digitized settlement greasved as one indicator on the human influenbe. T
same influence was assumed for the distance tcsraad to the river network. Due to the river
impoundment, the Xiangxi River and its major trdmigs in the Backwater area became navigable.
Consequently, comparable to the road network, Hiaelidistance transforms to different orders of the

river network system served as proxies on the atubty of terraces and thus human activity.

Besides RS data, available legacy data on theesodion factors 'rainfall' and 'soil' were

checked for their applicability and accordingly jprecessed.

For the derivation of the rainfall erosivity fronregipitation data, climate data from the
National Meteorological Information Centre of ChiéMIC) were used. As daily precipitation data
were only available for one station (Xingshan sttiin the central Xiangxi catchment, precipitation

data from five other available climate stationsifyclosest to the study area were included. Acogrdi
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to the NMIC, these stations are Badong, Shenngn¥gjehang, Yichangxian, and Zigui (Table 2).
Despite for Yichangxian station, rainfall erosivitsas calculated for each station as the requirement
on long-term recording is fulfilled allowing for @mparison of long-term average observation and

climate trends according to the recommendatiorhby¥orld Meteorological Organization (WMO).

Table 2 Geographical position (UTM WGS 1984, Zone 49 N; Xorthing, Y = Easting), elevation,
and length of daily rainfall records of the climations in the Xiangxi catchment and its
surrounding area.

Start date of End date of Length of daily

Station X Y ('?‘:1 t';ugle) record (day- record (day- record
o month-year) month-year)  (year/month/day)

Badon 44249: 343789: 29t 01-07-195z 31-12-2007 45/06/0(
Shennongjia 469423 3512773 950 01-01-1975 31-17-200  32/11/29
Xingshan 477772 3455484 275 01-01-1958 31-12-2007 0/0C200
Yichanc 52885( 339668! 134 01-08-1951 31-12-2007 56/07/0(
Yichangxian 530978 3396689 116 01-01-2003 31-127200 05/00/00
Zigui 46976! 342964 151 01-04-195¢ 31-12-2007 48/09/0(

Soil data originates from soil maps and descrigtioased on the SNSS (c.f., Section 3.2.4). In
the Xiangxi catchment, the soils were surveyed atae of 1:160,000 to 1:180,000. The available
data were pre-processed in terms of geo-refereramagdigitizing. An additionaih situ soil survey
was conducted at a scale of 1:5,000 to 1:10,006.fdbus of this soil survey was to determine soll
types according to the WRB and to get erosion-eeiewsoil physical and chemical properties (i.e.,
grain sizes, bulk density, carbonate, soil organatter). In total, 245 soil profiles, respectively,
topsoil samples (0 - 20 cm) from forest and farrdlalots were analyzed and used for a plausibility
check of the soil map from the SNSS after persepaimunication with Prof. Dr. X. Shi from the
Institute of Soil Science in Nanjing, Chinese Aaagleof Sciences. Based on this, the gridded soill
map covering the whole Xiangxi catchment and linked profile descriptions from the SNSS were

used as input in the soil erosion modeling.

Considering the DEM as most relevant base foraligitrrain, all further available, conducted,
and computed data were converted to exact the spat@al resolution of 45 m x 45 m and same grid
origin. This provides exact support of field datadaomputed data for modeling to avoid negative,

random influences from finer scales.

3.4 SOIL EROSION MODELING

In order to minimize soil erosion, e.g., through liveelapted land management and
conservation practices, information on the soilseno risk potential and its spatial and temporal
variability is needed. For large areas, such aXthegxi catchment, predictive tools (e.g., sobdson

models) are commonly applied.
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3.4.1 THE REVISED UNIVERSAL SOIL LOSS EQUATION

The soil erosion risk potential in the Xiangxi dateent was estimated using the Revised
Universal Soil Loss Equation (RUSLE;ERARD ET AL., 1997). It is a soil erosion prediction

technology and presents an advanced version @rtipérical Universal Soil Loss Equation (USLE).

Based on long-term series of measurements andestinyi ANGG (1940) and MISGRAVE
(1947), the USLE was originally developed bys@HMEIER and MITH (1965) to predict the average
annual rate of soil erosion at the field scale ently undulating land. The USLE was designed for
conditions in the Middle West of the U.S., basednuestigations of standardized unit plots on clean
tiled continuous bare fallow and slopes inclinimgth 9% and a slope length of 22.13 m
(WiscHMEIER and $1ITH, 1965). By integrating statistical analyses ardti@nships from more than
11,000 plot-years of research data from 47 locatiar24 states (GLEY and FEANAGAN, 2007), the
grey-box model structure of the USLE expresseslong-term annual average conditions under
different cropping and management systems in th®. Wor a given set of rainfall, soil, and
topographic settings (WRGAN, 2011). Though, this standardized, empirical mdded been widely
applied in soil science and environmental plannicigtiques on the restriction of the parameter
calibration and on its applicability to the condits for which it was developed (e.gL-EWAIFY ET
AL., 1982; McCooL ET AL., 1987; RNARD ET AL., 1991) led to subsequent revisions by the U.S.
Department of Agriculture (USDA; BNARD ET AL., 1997).

Major regionally and locally specific improvememifsthe basic model structure aimed at the
strength of the prediction of soil loss on a widange of field conditions above the field scale or
standardized 'Wischmeier plot'@¥ and RENARD, 1998). A runoff factor was added to the driving
force of flow detachment processes that has beiemaply described with the modification of the
rainfall energy by the slope length and slope arigteTEN and MANETA, 2011). RENARD ET AL.
(1997) further define the criteria for the iderti#ftion of an erosive single storm event, e.g., a
threshold value of >12.7 mm to separate erosivanfnoonerosive rainfall as suggested by
WISCHMEIER and $ITH (1978) and BOWN and FOSTER(1987). Further improvements, for instance,
included the modification of the calculation of tkeil erodibility and the crop and management
factors to account for their inter-annual varidapiland dynamic by implementing more field- and
time-specific sub-factors, such as the surface rcamd roughness sub-factors, and the soil moisture
sub-factor (RNARD ET AL., 1997; Y and RENARD, 1998; MORGAN, 2011). The calculations of the
slope steepness and slope angle were also rectedtip improve their accuracy and to extend the
model applicability to steeper hillslope gradiemscomplex areas that was primarily considered as
one of the most stressed arguments on the inabilithe USLE (e.g.McCooL ET AL., 1987; E-
SWAIFY, 1997; RENARD ET AL., 1997; KONZ ET AL., 2009
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Following these improvements, the RUSLE represantauch more ‘fit-to-purpose’ model
(GovERS 2011). It can be applied as land use independeatmuch higher variety of field settings
including disturbed and undisturbed lands (e.gricafjural sites, forests, mining and constructions
sites), and newly or established reclaimed lanoly(&nd RENARD, 1998). Thus, it is a widely used
tool on the assessment and inventory of soil enogicassist public development and to improve soll
conservation and environmental planning by govenimand private consultants §RARD ET AL.,
1997; USDA-ARS, 2010).

As its predecessor, the RUSLE involves six majetdies that affect upland soil erosion in
terms of sheet erosion by raindrop impact and awerlflow, and rill erosion (@Y and RENARD,
1998). These factors are: rainfall erosivity, smibdibility, slope length, slope steepness, crappin
management techniques, and supporting conservatiactices (WSCHMEIER and $ITH, 1978;
RENARD et al., 1997). Using a set of mathematical equatin a multiplicatory approach, the RUSLE

for agricultural land is written as (Eqg. 1):
A=LSxRxKxCxP (Eq. 1)

where A is the potential long-term, average annual sakl¢t hd a’), R is the rainfall
erosivity (MJ mm hah™a?), LSis the combined factor frothe terrain-based slope length fadtor
(dimensionless; -) and the terrain-based slopepse=ss factolS (dimensionless; -)K is the soll
erodibility (t ha h hd MJ*mm™), C is the crop and management factor (dimensionigsandP is the

support practice factor (dimensionless; -).

The RUSLE can be run by using computer interfaced #s RUSLE2 (USDA-ARS, 2010),
but can also be implemented into GIS-based modélnigtegrating and manipulating spatial gridded
data on the above factors, for instance based aitable RS, DEM, and maps. According t@RIGAN
(2011), the success and wider range of applicatfothe RUSLE, especially, lies in the fact that
DEMs can be converted intds maps based on direct calculations or on the iat&gr of the drainage
network (e.g., flow accumulation, contributing greand thus soil losses can be predicted on the

catchment scale for each grid-cell.

Compared to more detailed process-based modelsWkKEP (Water Erosion Prediction
Project; EANAGAN and NEARING, 1995), EROSION3D (@&HMIDT ET AL., 1999), and EUROSEM
(European Soil Erosion Model; ®RGAN ET AL, 1998), the empirical RUSLE is however regaraed t
have limitations in terms of describing more compbysically-based water erosion processes (e.g.,
sediment delivery and deposition). Nevertheless,ethisy to parameterize model structure, the lower
requirements of input data, and less model run ge the RUSLE an advantage in comparison to
the more complex models. Thus, it belongs to onehef worldwide most applied soil erosion

prediction technologies @Y and RENARD, 1998), which was already often applied in Chind &
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the TGA focusing on the evaluation of soil consgéorameasures, on the soil erosion risk potential,
and on soil erosion dynamics (e.gHl 8T AL., 2004; Lu and o, 2005; AHou AND Wu, 2008; XU

ET AL., 2009; L ET AL., 2010; HUANG ET AL., 2012; ANG ET AL., 2013). Considering all these facts
and against the background of sheet and rill enobiging the dominating water erosion processes
(c.f., Section 3.2.4), the complex steep slopinguntainous areas (c.f., Section 3.2.3), and the data
scarcity in terms of spatial and temporal resotufiof., Section 3.3), the RUSLE was thus considlere

to fit to the conditions in the Xiangxi catchment.

3.4.2 MODEL PARAMETERIZATION

Model parameterization of the RUSLE was done fay fitst model runs on the soil erosion
risk potential under natural conditions, and urfdemer and current land use conditions. This erthble
to analyze to what extent the Xiangxi catchmemrane to soil erosion without any human influence,
and to analyze the effect of the land use changecaded to the TGD on the soil erosion risk

potential.

The soil erosion risk potential under natural ctiods - or natural disposition to soil erosion -
was estimated following (Eq. 1), however, withoansideration of any soil conservation measure as
the Xiangxi catchment was assumed to be undistublgdtliman activities. Contrary to the approach
used by @ SILvA ET AL. (2011) to predict the natural erosion potental the Brazilian territory
without taking into account potential natural vegiein, the Xiangxi catchment was assumed to be
completely covered with woodland. Large woodlanelaarwithout any human impact resulting from
agriculture or settlement can recently be obserfggd Shennongjia region in the northwestern
headwater zone of the Xiangxi catchment (Figure W@yeover, based on experimental plot studies in
a Chinese subtropical forest ecosystera|RGER ET AL (2010, 2013) proved the erosive power of
throughfall drops and a distinct impact of foresgetation on soil erosion. Thus, tBdactor was set
to 0.005 as proposed by LIU and LUO (2005) for waad in the TGA.

The natural soil erosion risk potential in the Xjancatchment was calculated using (Eq. 2):
AatzRXKXLSxCNood (Eq 2)
whereA,4 is the average annual natural soil erosion rigknutaal (t ha ail) andC,..qrefers to

the crop and management factor (dimensionleskpwever, is here dealt as vegetation cover.

The combined topographic, DEM-based fadt®&was derived from pre-processed separate
grids onSandL using the RUSLE approach according #ENRRD ET AL. (1997) that was also applied
by KONz ET AL. (2009) for complex steep sloping areas using 8tqnd (Eq. 4).

L factor = (1/22.13)™ (Eq. 3)
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with
m=p/(0+pB) = (sin(®)/0089%)/ (3 * [sin(6)] °* +0.56)
and
S factor = 0.063 + 10.461  sin(0) for slopes < 5.14° (Eq. 4a)
S factor = 16.8 *sin(6) — 0.5 for slopes> 5.14° (Eq. 4b)

wheref is the slope gradient (°),is the real slope length referring to the flondém(m), m is
the slope length exponent (-), afids the susceptibility to rill erosion (-). Theredo theS factor was
derived from a slope grid based on the steepept shigorithms introduced byARBOTON (1997).
Before computation of the factor, the upstream flow length (m) was derivathg Monte-Carlo-
aggregation to simulate flow divergence reflectangnore natural spatial flow pattern in complex

landscapes (BHRENS ET AL, 2008).

Due to the facts that at the time of the first miadas precipitation data on a daily basis were
only available for one climate station (Xingshaatisin near Gaoyang; Figure 4) and that the precise
calculation of theR factor necessitates consistent long-term data aitiigh temporal resolution to
assess single storm eventsI$8HMEIER and $MITH, 1978; RENARD ET AL., 1997), a singl&R value
was taken from literature. The used value on r#iefasivity isR = 2,880 MJ mm hah*a® (SHi ET
AL., 2004). It was derived for the mountainous Waagiio watershed in Zigui County 50 km
northwest of the TGD. The value is based on thehatkby WSCHMEIER and $1ITH (1978) and is

assumed to correspond to the climate regime oKidwegxi catchment.

As the classification of the soil texture throughthe SNSS (Table 1) refers to the Russian
classification system according tz&HINSKY (1965) based on the ratio of particle sizes smétian

0.01 mm, theK factor was calculated according taigazi andBoERSMA (1984) using (Eq. 5):

log(D 1.675
og(Dg) + X }

1
K = 7594 {0.0017 + 0.049%4exp[—= ( 0.6987

2 (Eq. 5)

where Dy is the geometric average particle size. The egua8 based on the symmetric
Gaussian distribution of geometrically averageiplartsizes and was recommended IDNS ET AL
(2005) for Chinese soil textures and for short godata. Thé factor was calculated for the topsoil
data of each of the 126 available soil profilesrfrine SNSS (Table 1) using the original soil péesic

data.

Aiming at the TGD-induced impact of the land usearges on the soil erosion, the soll
erosion risk potential in the Xiangxi catchment veatimated using (Eq. 1) for agricultural land.(c.f

Section 3.4.1). Therefore, the two land use clasdibns from 1987 and 20Q7Table 1, c.f., Section
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3.3) were used for model parameterization. Both classifins incorporate the same land use classes
(Table 3; &EBER ET AL, 2010).

For the first model set up, values on thdactor were taken from literature, as no previous
adequate data were available and monitoring onifspeegetation and crop parameters in the study
area was considered not practical and unfeasiliiesdC factor values refer to the land use classes
depicted for the Xiangxi catchment b¥EBER ET AL (2010) as shown in Table 3 and have been
assigned to the according land use pixel on thehoznt scale. They represent common seasonal crop
rotations within one year for subtropical agrictétun the Wangjiagiao and Taipingxi watersheds in
the TGA (S ET AL., 2004; Lu and o, 2005) close to the Xiangxi catchment. Thus, they
supposed to adequately represent the conditiotieistudy area. Contrary to the original purpose of
the USLE to predict soil erosion solely on agriotéd land (WSCHMEIER and $MITH, 1978), the
potential soil loss in the Xiangxi catchment wasdeled including all land use classes representing
soil vegetative cover (i.e., woodland and grassldarable 3) in order to assess the complete land
cover-induced range of soil erosion. The classa lground' and 'reservoir' (Figure 10) were not
considered. Assuming the settlements in the Xiangtéhment (rural and urban) to be associated with
small-scale home gardening - as often observechgldhie field campaigns from 2008 to 2010 - the
class 'built-up' was also parameterized (Tabl&8nerally, the higher th@ factor values, the less the

crop and vegetation cover and thus, protectionnagabil erosion.

Table 3 C factor values for model parameterization of Ri¢SLE for the land use in the Xiangxi
catchment. The land uses refer to the classifioabyp $EBER ET AL (2010).

Land use class C factor value Reference
Arable lanc 0.4¢ Liu andLuo (2005
Orange orchard* 0.13 HBET AL. (2004)
Paddy field** 0.18 Ly andLuo (2005)
Steep garden plc* 0.1 Liu ancLuo (2005
Woodland 0.005 iu and Lwo (2005)

Grasslan 0.2 ERENCIN (2000
Built-up land 0.08 lu and Lwo (2005)

* The land use class 'orange orchard' refers tordgan land' in the land use classification bgeBER ET AL,
(2010; c.f., Section 3.2.5). ** Only parameterized the prediction of the soil erosion risk potehtia
Manuscript 2.

For both calculations, the further RUSLE fact&randR were kept constant. THeS factor
was calculated with (Egq. 3) and (Eq. 4) using elgrid based on the steepest slope algorithm
introduced by BRBOTON (1997) as done in estimatimg.. TheL factor also refers to the upstream
flow length (m) that was derived using Monte-Caalpgregation. However here, the flow lengths
were calculated grid-based from the DEM individydtr each agricultural class considered in the
model parameterization according to the separai@ lse classification from 1987 and 2007. Doing

so allows for simulating flow divergence reflectithge spatial agricultural pattern.
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Since dry-stone walling bench terraces are comreatufes in the Xiangxi catchment (c.f.,
Section 3.2.5), terraces were considered in thienasbn of the soil erosion risk potential under
former (1987) and current (2007) land use with Rhiactor assigned to the land use classes 'arable
land' and 'orange orchard' (Table 3). As for th&t finodel runs no data on the spatial distribuiod
design of bench terraces were available, data ersupporting conservation practices refer to rough
estimates. Thus$? was set to 0.55 as suggested bByeS AL. (2004) and W and Lwo (2005) for dry-

stone walling level bed terraces on land slopirtgvben 20° and 25°.

The grid-based estimates on thg, andA;qs; and A7 Were then classified according to the
Chinese Soil Erosion Rate Standard (Technologitaidard of Soil and Water Conservation SD238-
87). Thus, five numerical classes issued by theigitin of Water Resources (Land HGGITT, 2000;
XU ET AL., 2008; XU ET AL., 2009) give information about the soil erosiskrnpotential based on the

calculated average annual soil loss.

The spatial resolution of all soil loss estimationsthe Xiangxi catchment, the Backwater
area, the sub-catchments Xiangjiaba and Quyuab im 4 45 m as this is the spatial resolution of the
database (c.f., Section 3.3).
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4 OVERVIEW ON THE MANUSCRIPTS
4.1 SOIL EROSION IN THE MOUNTAINOUS CATCHMENT OF THE XIANGXI RIVER

(Manuscript 1, published as book chapter in TUBINNSEEOGRAPHISCHE STUDIEN 151,
pp. 27-83, ISBN 978-3-88121-089-8)

Based on the model assumptions and parameteriaaiog the RUSLEManuscript 1, inter
alia, deals with the average annual soil erosion ratlemtial under former land use conditions in 1987
and under current land use conditions in 2007 sesssthe impact of the TGD on the soil erosion by
water in the Xiangxi catchment (c.f., Sections &8l 3.4.2). To oppose the soil erosion risk poaénti
under the influence of land use and thus, humaraétgo quasi natural conditionsanuscript 1
further aims at the average annual natural soisienorisk potential (natural disposition to soil

erosion).

The average annual soil erosion risk potential icemsg the Xiangxi catchment as
completely forested (c.f., Section 3.4.2) rangesnfrabout 6 to 11 ha' a* (Table 4). The average
annual soil losses under the impact of land uset) as arable land and orange orchards, are digtinc
higher and range from average 264 1 &ain 1987to average 188ha'a'in 2007. This is basically
due to the effect of th€ factor ranging from completely forested with higbgetative protection
cover to agricultural uses with less protectionthg crop cover (c.f., Section 3.4.2). Even the soil
conservative effect of the terracing, considereth wWieP factor, cannot completely mitigate the effect
of the crop cover. Interestingly, the land use @@2 has a mitigating effect on the soil erosiok ris
potential compared to the land use in 1987. Thierdihces are particularly obvious when looking at
the maxima soil losses (Table 4). In the sub-cagsfim) the maxima annual soil losses reduce by
approximately 300 to 400 t fia' from 1987 to 2007 (Table 4). This reduction is mhaidue to the
conversion of arable land to orange orchards aradl scattered forested plots as well as abandonment
of farmland driven by governmental programs, sushG&G (c.f., Annex II; c.f., Section 3.2.5).
Independent of the period considered the poteatierage annual soil losses in the Quyuan sub-
catchment, ranging from about 11 to 345t &4 are always highest throughout the sub-units @abl
4). This is mainly due to extreme high slope leagdmd angles of the mainly Triassic formation
reflecting the steeper topography in the Quyuancaibhment compared to the Xiangjiaba sub-

catchment that generally shows lower relief endedy, Section 3.2.3).

The spatial distribution of soil losses underpims very high soil erosion risk potential in the
Backwater area. Whereas under natural conditiolysé® % (~35 km?) of the Backwater area exhibit
moderate to extreme (> 25 - > 80 t'fad) potential annual soil losses, a trend of reciafeonditions
can be observed under the influence of land uséh 26.3 % (~141 km?) in 1987 and 26.7 % (~149
km?) in 2007, the percentage of areas exhibitinglenate annual soil losses is distinctly higher

(Figures 12B-C). This trend develops in favor ajraater extent of areas under high (1987: 2 % or
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~11 km?; 2007: 2.5 % or ~14 km?) and extreme (19979 % or ~100 km?; 2007: 11.4 % or ~64 km?)
soil erosion risk potential. The areas of modetatligh natural soil erosion risk potential occsr a
scattered plots mainly alongside the steep to edie steep sloping Triassic formation on the easter
side of the Xiangxi River (Figure 12A). Under thensideration of land use as well as terraces, a
different spatial pattern of average annual s@sés emerge with distinct hotspots of the soilienos
risk potential. These predominantly stretch alotgghe lower reaches of the Xiangxi River and on

the western side of the Xiangxi River, such aheXiangjiaba sub-catchment (Figures 12B-C).

Table 4 Average annual soil erosion risk potential ('fe&') under natural conditions (natural soil
erosion risk potential) and under the impact ofdarse in 1987 and 2007 in the Xiangxi catchment
and the sub-units considered.

Natural soil erosion  Soil erosion risk potential Soil erosion risk potential

risk potential under land usin 1987 under land usin 2007
Xiangxi catchment
Maximum 146.4 5,264.6 5,057.9
Minimum 0.C 0.C 0.C
Average 10.3 263.8 188.3
SD 8.9 332.2 260.6
Backwater area
Maximum 104.2 3,898.0 3,812.3
Minimum 0.C 0.C 0.C
Average 9.6 256.5 169.3
SD 9.0 306.9 227.2
Quyuan sub-catchm.
Maximum 69.4 2,673.2 2,256.9
Minimum 0.C 0.C 0.C
Average 10.7 344.9 229.3
SD 9.0 376.2 283.2
Xiangjiaba sub-catchm.
Maximum 24.7 1,232.9 945.1
Minimum 0.C 0.C 0.C
Average 5.9 245.5 128.2
SD 4.8 230.( 142.1

SD = standard deviation, sub-catchm. = sub-catchin®b = standard deviation

Based on the Caesium-137'Cs) technique, QNE ET AL. (1999) reported rates of actual soil
loss by water erosion under comparable subtromoalditions for Yanting in Sichuan province
(UYRB) of 51.5 t hd a* for farming land sloping with 6.2°, which is comghle to the Xiangxi
catchment where average annual soil losses ondadhloping with 5° to 8° amount to 54.4 t'taé
in 1987 to 50.7 t hiaa*in 2007.

Although the modeling results have a limited spagaolution of 45 m x 45 nManuscript 1
demonstrates that the application of the RUSLE aaledy reflects the general situation and the
spatial distribution of areas highly prone to smibsion in the Xiangxi catchment. It gives reliable
estimations of soil erosion that are comparablestullts revealed by other studies in the TGA (e.g.,
YAO, 1993; QUINE ET AL., 1999; WU and HGGITT, 2000; GO ET AL., 2001; $il ET AL., 2004).
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Figure 12 Potential annual average soil loss (tTe’) under natural conditions (A), under former
land use in 1987 (B), and under recent land us20@7 (C) in the Backwater area with the sub-
catchments Quyuan and Xiangjiaba.

The limited spatial resolution is due to the coagatial resolution of the database (Table 1).
The spatial validity of the modeled soil loss, ifiastance, is limited by the fact that only drRéactor
was taken for the whole catchment. In such mouatsnsubtropical areas spatially explicit
information on the rainfall erosivity is neededdetermine area-specific patterns of soil erosisk ri
potential. Another modeling constraint originatesni the assumption of equal conservation practices
for the entire catchment. ConsideringPafactor of 0.55 (c.f., Section 3.4) and thus, assgnthe
farmland on slopes between 20° to 25° being comlylgerraced with level bed terraces, the same
terrace design, and no variations in the terracelidons, is likely to either over- or underestim#he
soil erosion locally. This is particularly importain areas with high relief energy £6 ET AL., 2007;
LESSCHEN ET AL, 2008). However, taking into accounPafactor of 0.55 is likely to estimate soil
erosion in an adequate range. This is true for &bt 23% of the cultivated slopes in the Xiangxi
catchment and Backwater area, and for 61% and JIeccultivated slopes in the sub-catchments

Xiangjiaba and Quyuan with inclinations rangingnfr@0° to 25°.

Manuscripts 2 to 4leal with the above mentioned model constraintsadtempt to adequately
consider the situation in the Xiangxi catchmentdeyiving C factor values Nlanuscript 2 for grid
based analyses, by spatially regionalizing thefaflierosivity (Manuscript 3, and by analyzing the
current situation of bench terraces as most impbgail conservation practices and thus, crucidl so

erosion factor in the study ardddnuscript 4.
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4.2  ASSESSING THE USLE CROP AND MANAGEMENT FACTOR C FOR SOIL
EROSION MODELLING IN A LARGE MOUNTAINOUS WATERSHED IN
CENTRAL CHINA

(Manuscript 2, published in JOURNAL OF EARTH SCIENZ1 (6), pp. 817-823, December
2010)

One of the key factors in soil erosion control he tvegetation cover and crop type that is
expressed a6 factor in the (R)USLE (c.f., Section 3.4.1). Accoglto the resulting soil loss ratio, a
series of sub-factors need to be consider&hdRD ET AL., 1997). However, their precise assessment
is very time-consuming especially in mountain areash as the Xiangxi catchment. Large effort has
been made on precise calculating and mapg@rfactors by means of GIS, RS data, and spectral
indices (RRIYAPRASIT and $IRESTHA 2008; ZI0U ET AL., 2008;DE AsIs and MASA, 2007; WANG
ET AL., 2002;DE JONG, 1994) to avoid time and cost intensive field istigations and to offer the
possibility of a multi-temporal observation. The rihalized Differenced Vegetation Index (NDVI)
derived from multispectral images is one of the hmamsnmon environmental covariates to monitor
and analyze vegetation properties, and their dpatihtemporal changes @BTTINGER ET AL, 2008;
SUN ET AL., 2008; LLLESAND ET AL., 2007). As a function of the NDVI, the Fractioné&getation
Cover (FVC) provides information on the percentafi¢ghe vegetation cover (BTTINGER ET AL,
2008). Thus, FVC can be used to predict@actor using regression functions considering thié s

loss ratio resulting from the specific conditiorighe sub-factors (Zou ET AL., 2008).

Manuscript 2 focuses on the capability of the FVC based on kak@M data in order to
derive C factor values for soil erosion modeling on thegéarscale of the mountainous Xiangxi

catchment.

Three pre-processed Landsat-TM scenes (c.f., $e8tR) were used for the study introduced
by Manuscript 2 The NDVI was computed for each of those imagesetheon the red and near
infrared bands according tcoRSE ET AL (1974). The NDVI values were renormalized, prawdan
estimated value of vegetation cover (e.@0EBTINGER ET AL, 2008) and used as input to calculate the
percentage of the FVC taking into account the rasfgencovered, bare ground to ground completely
covered with, respectively, from lowest to highH&VI values.C factor values were then calculated
taking the logarithm of the percentage of FVC ragdgrom 0 to 78.3% using a regression function by
YANG and $11 (1994). This function was established for a sybitra watershed in the TGA using
more than 200 soil loss ratios measured from 30ffuarosion plots. Serving as a reference toGhe
factor values derived from the FV@CH,), C factor values were taken from literatur€,¢) as
described in Section 3.3. As the USLE was originaibnsidered for agricultural used land (c.f.,
Section 3.4.1)C factor values ilManuscript 2were assigned accordingly for classes only refgrid

agriculture as given in Table 3. The effeciGafc andC,;r on the soil erosion risk potential was then
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modeled for the Xiangxi catchment, the Backwateaaand the two sub-catchments aslanuscript
1 (c.f., Section 3.4.2).

In the entire Xiangxi catchment, the FVC rangesnfro% to 100% and reflects the spatial
distribution of the NDVI ranging from -1 to 0.99rtlughout the three observation yedilse results
presented itManuscript 2demonstrate that from 2005 to 2007, the Xiangicloaent is characterized
by a comparably similar spatial pattern of the R¥@t only slightly changes from approximately 93%
to 94%. Changes in FVC in the same period are mastounced in the Xiangjiaba sub-catchment
with average FVCs ranging from 75-85%, showing bgjtvariation throughout the years and subunits
considered (Table 5). Decreases of FVCs by ne@¥ #rom the scale of the Xiangxi catchment to
the Backwater area are assumed to mainly resuta the TGD-induced land use changes (c.f.,
Section 3.2.5) as infrastructure, settlements,fardland are reflected lower in NDVI values. As the
FVC was calculated based on the NDVI, the FVC tedingly lower.

Manuscript 2 showthat, analogous to the FVCg,c values were predominantly derived for
areas adjacent to the river network in the headwaiere, for the larger settlement areas and their
close surroundings, almost for the complete westackwater area with the Xiangjiaba sub-
catchment, alongside the Xiangxi Bay, and in thetam Quyuan sub-catchment. For large areas in
the northern, western, and eastern headwater aodescattered plots in the backwater areaChe
values were derived as these areas correspond=¥Caof 80% and more. IIManuscript 2this is
discussed to result from the threshold of 78.3%nfthe regression function that equals tG factor
of 0. It limits the calculation o factor values to only agricultural land assuming #neas with FVC
of more than 78.3% to represent forest land. Ta&imyg farmland into account and comparidg,c to

Cur, a similar spatial pattern can be observed.

Generally, high FVC values result in lo@/factor values (close to 0) and low FVC values
result in highC factor (close to 1). Averagér,c values range from 0.02 to 0.05 for all subunitd an
years, hardly showing any spatial and temporal ghaGompared to the avera@g,c values in 2007,
the Cr values in 2007 are distinctly higher ranging frbighest 0.32 to lowest 0.21 (Table 5). The
Crvc Values are assumed to be distinctly underestimaietpared to the values 6fr. Whereas the
Cur values represent common seasonal crop rotatiaiénvane year in the TGA and are considered
to reflect the situation in the Xiangxi catchmebt,c corresponds to the given crop cover of the date
of survey. Thus, th€g,c values exclusively refer to the month Septembethisis the date of the
scan flights of the Landsat images (Table 1). Waeithe range of; starts with lowest 0.08 for
built-up land, the broad majority (86-89%) GE,c values in the Xiangxi catchment is below this
value. Slight agreements betwe@gn,c andCr are observed only for the larger settlement aoéas
Gufu and Gaoyang witle factor values of 0.08. This is explained with thetfthat settlement areas

are expected to show hardly any inter-annual andalrvariations of FVC.
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Table 5 Multi-temporal analysis of the fractional vegetaticover (FVC) in percent and of C factors
(dimensionless) derived from FVCg(g) from 2005 to 2007 compared to C factors (dimemnisiss)
taken from literature (Gr) based on the land use classification from 2007.

2005 2005 2006 2006 2007 2007 2007
FVC (%)  Crc() FVC (%) Cee() FVC (%) Cac() Cir ()

Xiangxi catchment

Minimum 0.C 0.001 0.C 0.001 0.C 0.01 0.0¢
Maximun 100.( 0.87 100.( 0.9: 100.( 0.9¢ 0.4¢
Mear 93.¢ 0.04 92. ¢ 0.04 93.¢ 0.0t 0.3¢
SD 12.7 0.07 13.€ 0.0¢ 12.¢ 0.07 0.17
N 113,92¢ —— 146,56 103,28 250
Backwater Area

Minimum 0.C 0.001 0.C 0.001 0.C 0.01 0.0¢
Maximun 100.( 0.87 100.( 0.9: 100.( 0.9¢ 0.4¢
Mear 86.t 0.0z 85.2 0.04 88.¢ 0.0t 0.27
SD 17.7 0.0¢ 19.¢ 0.0¢ 18.¢ 0.07 0.17
N 48,99¢ S 59,12 37,245 79,51(
Quyuan sub-catchm.

Minimum 0.C 0.001 0.C 0.001 0.C 0.01 0.1C
Maximunr 100.( 0.5¢ 100.( 0.6¢€ 100.( 0.9¢ 0.4¢
Mear 91.1 0.0z 89.¢ 0.0z 93.2 0.04 0.29
SD 11.¢ 0.04 11t 0.04 10.t 0.04 0.17
N 5,49¢ 5,79¢ 3,51¢ 9,19¢
Xiangjiaba sub-catchm.

Minimum 0.C 0.001 0.C 0.001 0.C 0.01 0.1C
Maximunr 100.( 0.1z 100.( 0.5¢ 100.( 0.2C 0.4¢
Mear 79.t 0.0z 75.1 0.0z 83.: 0.0z 0.21
SD 11.€ 0.0z 13.2 0.0z 12.€ 0.0z 0.1¢
N — 582 764 37C 921

N = count of pixels of estimated and assigned Qofacalues referring to a pixel size of 45m x 458D =
standard deviation, sub-catchm. = sub-catchment

The higher theC factor values, the less their effect from crop amhagement practices and
the higher their contribution to a high soil losstential (Tables 5 and 6). Average annual soildsss
based orCrc in the Xiangxi catchment range from 9.3 to 115t a* from 2005 to 2007. The sub-
catchment Xiangjiaba shows the highest averageahmatential soil losses throughout the catchment
ranging from 11.7 to 16.3 t Haa" (Table 6). Compared to the potential average ansoifllosses
estimated based oGr,c, the average soil losses and ranges estimatedGuith are considerable
higher for all scales (Table 6). While average ahisoil loss based o@,r in the Xiangxi catchment
in 2007 is approximately 2,662 t'ha', the average potential soil loss basedCpg in 2007 is lower
by a factor of 1.6. This difference in average arsoil losses still increases by a factor of 2r7the
Backwater area, and by the factors of 5.9 and & 7lfe sub-catchments Quyuan and Xiangjiaba
(Table 6). Based on the comparison of Gdactors derived from multispectral images and from
literature for comparable subtropical study ard¢hese based on literature are considered to offer
optimal results in the study presentedManuscript 2 They represent the annual crop cycle in the
TGA and are concluded to contribute to reliablailtesof the potential average annual soil loshan t

Xiangxi catchment of approximately 121 t'ha’.
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Table 6 Annual average soil loss potential (tha') in the Xiangxi catchment and in the subunits for
the years 2005, 2006, and 2007 (all for September).

Soil loss in 2005  Soil loss in 2006  Soil loss in 2007 Soil loss in 2007 based
based orCqcin based orCr¢ in based orCrcin on Cyr for land use

200¢ 200¢ 2007 classific. 200
Xiangxi catchment
Minimum 0.0cC 0.C 0.C 0.C
Maximum 1,133.4 1,498.2 1,646.9 2,662.1
Average 9.2 11.C 11.t 120.¢
SD 21.9 26.0 28.8 1704
Backwater area
Minimum 0.0 0.0 0.0 0.0
Maximum 607.1 708.6 873.6 2,397.9
Average 11.C 13.¢ 14.2 125.¢
SD 23.5 24.5 28.3 174.6
Quyuan sub-catchm.
Minimum 0.0 0.0 0.0 0.0
Maximum 385.7 180.3 285.6 1,689.9
Average 10.4 9.1 11.1 157.¢
SD 18.6 14.8 18.9 228.9
Xiangjiaba sub-
Minimum 0.0 0.0 0.0 0.0
Maximurr 66.7 99.c 109.¢ 957.1
Average 11.7 16.3 14.6 129.9
SD 13.1 19.5 16.6 150.6

SD = standard deviation, sub-catchm. = sub-catchinelassific. = classification

4.3 APPROXIMATION AND SPATIAL REGIONALIZATION OF RAINFALL
EROSIVITY BASED ON SPARSE DATA IN A MOUNTAINOUS CATCHMENT OF
THE YANGTZE RIVER IN CENTRAL CHINA

(Manuscript 3, published in ENVIRONMENTAL SCIENGYDAPOLLUTION RESEARCH,
January 2013, DOI: 10.1007/S11356-012-1441-8)

Since URNIERS (1960) monograph 'Climat et erosion’, dealinthwhe relations between

precipitation, topography, and soil erosion proessaumerous attempts have been made to assess the

main intrinsic factors of the rainfall erosivity éits spatial and temporal variability (e.gr@~vNand
FOSTER 1987; HSENBEER ET AL, 1993; [E LIMA ET AL., 2009; AIPOUR ET AL, 2012). Those
studies have a common element which accounts éoretionally highly variable intensity and kinetic
energy of rainfall as both determine its erosiatyd crucially influence soil erosion (e.go¥Y and
RENARD, 1998). They also account for the superimposesl abthe climate regime and terrain on the
rainfall erosivity (e.g., BLINNE ET AL., 1980; MKHAILOVA ET AL ., 1997; ®OVAERTS 1999; WANG

ET AL., 2002). Most soil erosion models, such as the IRt)Sise rainfall intensity and duration,
and/or kinetic energy alone to describe the rolpretipitation (e.g., MRGAN and NEARING, 2011).
The RUSLE uses the average annual rainfall ergsfaittor R taking into account the number of
record years and of erosive storm events in a gypeam, as well as the rainfall erosivity index of a
single storm event resulting from the total stoimekic energy and rainfall volume, and the maximum

30-minutes intensity of a storm eventR@VN and FOSTER 1987; RENARD ET AL., 1997). Numerous
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studies from different regions worldwide found tkta¢ R factor correlates the strongest with the soll
loss (e.g., RNARD and RREIMUND, 1994). It is the most commonly used index fonfai erosivity
(e.g.,WANG ET AL., 2002; $IAMSHAD ET AL., 2008; DODATO and BEtLLOCCHI, 2009). However,
according to the empirical nature of the RUSLE, Bhdactor is regionally variable and must be

determined for each region separately.

To account for area-specific pattern of rainfafisevity in the subtropical Xiangxi catchment,
Manuscript 3 aims at finding the best approximation for Réactor. As only daily precipitation data
were available for five stations (c.f., Section)3:®ither the comprehensive demands on the precise
calculation requiring long-term precipitation datsingle storm events nor on the spatially explici
determination ofR factors based on a sufficient number of rainfalgjng stations could be met.

Thus,Manuscript 3presents a method that overcomes these restsdiipn

(i) approximating thdr factor based on erosivity indices and regressianstions, and

(ii) regionalizing theR factor using the elevation as a spatially explootariable interacting
with the rainfall erosivity.

To overcome the restriction of data scarcity immigiof temporal resolution, many approaches
have been developed to calculate Bhfactor for specific regions based on erosivityiced, such as
the Modified Fournier IndexHy,.9, and based on regression functions (e.gL, 11976; ARNOLDUS,
1977; KavIAN ET AL., 2011; AIPOUR ET AL, 2012). The regressions are mostly based on annua
precipitationP, (e.g., VAN DER KNIJFF ET AL, 1999), precipitation per mon#y, (FU ET AL., 2005),
precipitation per dafy (YU and ROSEWELL, 1998; MEN ET AL., 2008), and on single rainfall events or
precipitation per houP. (e.g., MANNAERTS and GABRIELS, 2000). Those alternative approaches can
be very effective according to their correlationttwihe soil loss due to their regional or scale-
dependent determination approactERRD ET AL., 1997). They further show that monthly and daily
precipitation data already offer a useful and valiproximation of rainfall erosivity when used tbe
region of origin (e.g., ®CKING and EWELL, 1976, ARNOLDUS, 1977; LO ET AL., 1985; RENARD and
FREIMUND, 1994).

In total, 15 regression functions were testedVianuscript 3to approximate th& factors.
These regressions incorporate the (i) MAROQRE 1976; BOLINNE ET AL., 1980; ROGLER and
SCHWERTMANN, 1981; LO ET AL., 1985; \AN DER KNIJFF ET AL, 1999), (ii) precipitation per dafy
(ELSENBEER ET AL, 1993; B\GARELLO and D’ASARO, 1994; YU and ROSEWELL, 1998; MANNAERTS
and G\BRIELS, 2000;DE SANTOS LOUREIRO andDE AZEVEDO COUTINHO, 2001; $IAMSHAD ET AL.,
2008; MEN ET AL., 2008) and (iii)Fmoq (ARNOLDUS, 1977); BOLINNE ET AL., 1980; DVWK,1990;
MEN ET AL., 2008). They all fulfill the requirement of a Baient discussion in literature in terms of
units and can be calculated with the available.d&ta evaluating their power, the resultiRdactors

were compared with reference data based on higiutean rainfall data according to MCHMEIER
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and $/ITH (1978) for study sites in the TGAHKBET AL., 2004; Lu and Wo, 2005; WJ ET AL.,
2011b, &I ET AL., 2012) that are directly comparable to the Xianggéchment in terms physio-

geographic settings.

All available climate stations used in the studgsanted ilManuscript 3belong to the low to
medium mountain range between 134 and 950 m W#h. 1,132 mm, Yichang station exhibits the
highest mean annual precipitation (MAP). MAP at &agl Xingshan, and Zigui are 1,074, 991, and
992 mm, respectively. Shennongjia shows the loWes® of all stations with 961 mm (c.f., Section
3.3).

The resultingr factors are highly variable and range from the ktwd approximately 26 to
the highest of approximately 434,491 MJ mni haa® (Table 7). Except th® factors derived from
the regressions by B ET AL. (2008), all otheR factorswere considered as not applicable to the
Xiangxi catchment as discussedMianuscript 3 They were excluded from further analyses as titey
not adequately reveal the rainfall erosivity foe tub-humid climate and the orographic effect @n th
precipitation in the Xiangxi catchment. For instantheR factors calculated according tco8sE
(1976) are distinctly higher (8,149-9,225 MJ mni hd a) than the evaluation data. The regression
by Roose (1976) was originally developed for trapi/est Africa with two rainy seasons. Thus, the
relation between thdR factor and the total annual precipitation is cdestd as not valid for
mountainous regions like the TGA and other traositireas with unimodal annual rainfall patterns.
Additionally, R factors based on the regressions oy IBNE ET AL. (1980) and b ET AL. (1985) can

be interpreted as extreme outliers compared totladir R factors (Table 7).

The regression by EN ET AL. (2008) integrateB,,.s the maximum daily precipitation of days
with more than 12 mm and the mean, annual summedpiation from days with more than 12 mm
precipitation. The threshold value of 12 mm is elts the threshold value of 12.7 mm as suggested by
WIsCHMEIER and $ITH (1978) and was reported as practical for sepayamsive and nonerosive
storms for the Yellow River basin in Chinal@€T AL., 2002). ThusF,,.q combines the precipitation
totals of all single erosive storm events withiregrear and correlates with MAP. Consequently, the
analyses were continued with tRdactors calculated according toEM ET AL. (2008) as this method
fits best to the objectives regarding sparse datsidering the precipitation characteristics in the

Xiangxi catchment.

Given the causal relation between precipitation elegtation in the Xiangxi catchment (W
ET AL., 2006; c.f., Section 3.2.2), the rainfall-depentdefactors are also assumed to increase with the
elevation. ThusR factors were spatially regionalized based on ¢iendands taking into account (1)
R, in each elevation band and (2) the increasB,afithin each elevation band. Based on the linear,
high correlation (r2=0.94) between MAP aRgd calculated according to &l ET AL. (2008) for the
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available climate station®, factors for each elevation band were derived atiegrto the division
method by W ET AL. (2006).

As explained ifMlanuscript 3 R, progressively increases from about 1,986 MJ mihhHa*
at the outlet to 7,547 MJ mm'ha*a" at the highest elevation in the Xiangxi catchmBatsed on the
information ofR, at the upper and lower limit of each elevationdyahe increase in rainfall erosivity
per 100 meters was calculated according to thesidivimethod by W ET AL. (2006) as shown in
Manuscript 3 This allowed for the elevation-based, spatiakpleit regionalization ofR, factors by
assigningr factors to each pixel in the DEM (Table 1) accogdio their increase within the elevation

band using GIS techniques.

Table 7 Approximated R factors (MJ mm hia*a™) for the Xiangxi catchment calculated from 1971
to 2000 based on regression equations.

Type of approximation/Author(s) Climate station

Badong Shennongjia Xingshan  Yichang Zigui
R factors based on regression equations using tl@ eaenual precipitation MAP
ROOSE(1976 9,225.. 8,149. 8,483." 9,684.! 8,482.
BOLINNE ET AL. (1980 442 41.C 420 42.C 42.C
RoOGLER and SHWERTMANN (1981) 882.( 777.1 809.7 809.% 809.¢€
LOETAL. (1985 415,709. 371,702.1 385,388.  434,490.  385,327.
VAN DER KNIJFF (1999 1,409.: 1,244.¢ 1,296.( 1,479. 1,295
R factors based on regression equations using paoim per dayPy
ELSENBEER ET AL (1993 5,093.. 3,130. 4,091. 5,575.; 4,168.¢
BAGARELLO andD’A SARO (1994 1,853.( 1,231.¢ 1,546.¢ 2,001.. 1,562.:
YU andROSEWELL (1998 4,895.; 3,285.( 4,121.: 5,400.¢ 4,142.(
MANNAERTS andGABRIELS (2000 4,789 3,345.! 4,009.( 5,276.¢ 4,079.
DE SANTOS LOUREIROandDE 2,977.! 1,972.¢ 2,505.: 3,179. 2,520.¢
SHAMSHAD ET AL. (2008) 5,417.¢ 4,266. 4,908.¢ 5,791.{ 4,838.¢
R factors based on regression equations using thfidd Fournier Index g
ARNOLDUS (1977 4,898.! 3,919.: 4,215.; 5,573 4,223.¢
BOLINNE ET AL. (1980 32k 25.7 27.¢ 36.¢ 27.¢
DVWK (1990 1,075." 948.t 988.( 1,158. 989.1
MEN ET AL. (2008 2,157.¢ 1,821. 1,981. 2,579. 1,983.°

With approximately 530 MJ mm Heh* a?, the highest increase iR, per 100 m can be
observed within the elevation band from 500 to 80Aa.s.l. This is due to the high increas®pfrom
1,200 to 1,600 mm in the humid northern subtropitsthe Xiangxi catchment with intensive
convective precipitation (HET AL., 2003). The lowest increaseRa (~85 MJ mm hah™a®) per 100
m can be observed for altitudes above 1,200 m @sthe mid- and northern temperate zone of the
Xiangxi catchment. A close link between MAP and éhevation is typical for climates with intensive
convective precipitation such as in the Xiangxichatent (Ht ET AL, 2003). Subsequently,
precipitation is mainly erosive with high rainfalitensities. Comparable ranges Rffactors from
elevation-based regionalization were given WyOBAERTS (1999) for a study area in Portugal with a

R factor range of 600 MJ mm ha'a’ per 100 m increase in elevation, which is comparalith an
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increase oR, of approximately 530 MJ mm Héa™ a' per 100 m for the elevation band from 500 to
800 m a.s.l. in the Xiangxi catchment.

In the Xiangxi catchment, the long-term (1971-2006, amounts to 5,222
MJ mm hd h''a*, generally showing enormous rainfall erosivity THainfall erosivity pattern clearly
reflects the altitudinal layers in the Xiangxi dateent due to the regionalization based on elevation
bands (Figure 13). A narrow strip of comparably loainfall erosivity characterizes the steep
topography of the lower reaches of the Xiangxi Rivelonging to the Mid Subtropics below 500 m
a.s.l. According to the global assessment of lamderability to water erosion byBJES (1996),R
factors > 1,250 MJ mm Hatal, however, already account for high rainfall eragivThis, in fact,
means high to extreme rainfall erosivity to a headper cent for the Xiangxi catchment as the lowest
rainfall erosivity at the outlet i® = 1,986 MJ mm hah™ a® (Figure 13).

Annual R factors

¢ Xingshan climate station

7,547
5202
1,986

0 5 10 20 30
Kilometers

/ outlet

Figure 13 Spatial distribution of R factors in the Xiangxitciament based on mean annual R factors
according to MN ET AL (2008). R factors are in Sl unit (MJ mmi'tid a™). Note: Incorrect figure
published in Manuscript 3. The above figure shdvescorrect color ramp and labeling.

Finally, Manuscript 3shows that, considering the superimposed rolaettimate regime for

the rainfall erosivity, the approximation & factors using the regression byeMET AL. (2008) is
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adequate for the conditions in the Xiangxi catchim&he results are in agreement with findings from
other studies using higher temporal resolutionfadliiata under comparable climate conditionsi(S
ET AL., 2004; LW and o, 2005; WU ET AL., 2011b; 81 ET AL.; 2012). Due to the low spatial density
of rainfall data, common regionalization methodshsas regression kriging as used byU4BERGER

ET AL. (2012) for 71 gauging stations or inverses dianeighting based on 121 gauging stations as
reported by AIPOUR ET AL (2012), could not be applied. Yet, under the gisiuation of data
scarcity in terms of spatial resolution, the spatégionalization ofR factors also offers optimal
results. According to WILGUNI (2006),R factors from spatially sparse data can be regmedlusing

a spatial explicit feature as long as they intevdttt each other. Since the Xiangxi catchment caase
vertically zoned climate, the elevation can be uasdn additional feature. AlreadyEBER ET AL
(2012) used the altitudinal pattern in the Xiangatchment as benefit and sufficiently adjusted the
low annual precipitation and volume of dischargemtigh a regionalization using elevation bands.
Thus, the division method by WET AL. (2006) serves as superior advantage in spatidipnalizing

the R factors. The applied approach is able to overctimelimited data and to address the highly

mountainous topography in the Xiangxi catchment.

44 DEGRADATION OF CULTIVATED BENCH TERRACES IN THE THREE GORGES
AREA - FIELD MAPPING AND DATA MINING

(Manuscript 4, published in ECOLOGICAL INDICATORS Bp. 478-493, November 2013,
DOI: 10.1016/j.ecolind.2013.06.010)

Much is known about terrace degradation due tocaljural abandonment (c.f., Section
1.1.3). However, until now no attention was paidtéorace degradation in areas experiencing
agricultural intensification and rapid ecosystenarges. Since the widely terraced reservoir of the
TGA currently belongs to the most dynamic largdeseathropogenic influenced regions in the world
(c.f., Section 1.2.2), rapid land use changes apedaed to likewise impact terracing (Figure 9). In
order to minimize soil erosion, e.g., through walapted land management and conservation
practices, information on soil loss and its spadiadl temporal variability is required. This of ceeyr
also includes the effect of terraces on soil ergséspecially, since bench terraces are widelyiegpl
in the TGA (S ETAL., 2012).

Manuscript 4 broaches the above issue and undertakes an iiteahpt to account for the
degradation of cultivated terraces in the highlpalyic TGA.Manuscript 4aims at identifying the
relevant indicators affecting terraces charactdribg land use change in order to emphasize the
understanding of the processes triggering the dagjom and thus, influencing the terraced landscape

in the mountainous TGA.
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Since there has been no terrace inventory and rbefudata available, and access to the
mountainous terrain was limited, the model framéwafr TerraCE (Terrace Condition Erosion) was
developed to overcome these restrictidresraCE consists of a two-step approach (Figure 14) aiming

at

(i) collecting data on terrace degradation by congidedifferent conditions of terraces using
field surveys and

(i) explaining the terrace degradation by embeddingg@mwental and anthropogenic indicators
as well as surveyed terrace condition classesaisfmatial data mining framework.

Therefore, TerraCE is based on the following two fundamental assuomgtithat enable the
development of environmental and anthropogeniacatdrs as proxy-drivers for the effects of terrain

and human impact on terrace degradation:

(i) generally, bench terraces are the product of huacdivity driven by terrain settings (e.g.,
INBAR and LLERENA, 2000), and

(if) the spatial distribution of the degree of degramaaf bench terraces is driven by the distance
to settlements and to the reservoir as well as Hueiessibility (e.g., by roads).

The applied field survey scheme, introducedMmnuscript 4,was based on an initial survey
in the Backwater area and the findings achievedCbyioLLl (2005) and BzzorFi and G\RDIN
(2011). A detailed terrace survey=(158) for precise measurements of the terrace wlemigl for
categorizing the terrace maintenance conditiorsfitr hypothesized classes (i.e., ‘well maintdined
'fairly maintained', 'partially collapsed', andrggletely collapsed'), as well as cultivation andsén
pattern was conducted in the sub-catchments Xialngjand Quyuan. Terrace design was assessed by
measuring the height of the terrace wall, the wilhl slope angle of the terrace riser, and theeslop
angle of the terrain as these parameters are @edido determine the geometry of a terrace
(HubsoN, 1981). The terrace' state of maintenance wassedeby focusing on the frequency and
intensities of different types of structural walkakders (i.e., bulges, upsetting, wall failuresmplete
wall collapses) based on the work bgrABicuccl and RLIAGA (2006). The final step in the field
mapping approach was a less time-consuming ancctaaplex 'remote’ survey with major focus on
dominant terrace condition but for larger areagravide a bigger dataset for data mining. Thusy@lo
a strip of approximately 35 km length that is dike@djacent to the Xiangxi Bay in the Backwater
area and is easy to access, each terrace platimgfes a homogenous land use was mapped at a scale
of 1:10,000. The classification of the terrace plpt829) into the given, predefined classes was done

according to the detailed terrace survey.

Local, regional and combined geomorphometric terrigatures (e.g., elevation, slope,

projected distance to the stream, aspect, relgiredile curvature, topographic roughness, local
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elevation, mean and relative horizontal curvatarel waxing and waning slopes), were derived from
the DEM (c.f., Section 3.3). They served as envitental indicators on the condition of terraces. To
account for the influence of multiple scales, alrain attributes were averaged on the basis @fl loc
moving window filters with sizes of 7 x 7 as wel &7 x 17 pixels. This allows capturing more
general trends in terrain as additional indicatans terrace condition analysis §EBRENS ET AL,
2010a).

e

Terrace survey

™\ Spatial distance transforms mainly served

‘ Geodatabase ‘

as anthropogenic indicators on the terrace

Field Survey . . . .
el | I—— and conditions by quantifying relationships between
Terrain Distance Feature . . .
Features || Transforms |  Construction objects (i.e., road and river network, and

\

_/ settlements) according to Tobler's First Law of
4

‘ Data Mining ‘ Flocaseing Geography where "everything is related to

L everything, but near things are more related than
= N distant things" (OBLER, 1970). Thus, grids,

Feature Importance Partial Dependence

[ | distances of certain locations can be extractetl tha
Results

are assumed to indicate different human impacts on

‘ Driving Factors of Terrace Degradation ‘

\ 4

Figure 14 Model framework of TerraCE.

the terrace conditions. Those grids were calculated

for classified, combined road and river network
classes to account for the accessibility of the
terraces conditions classes via continuous changes
in traffic density and via navigable rivers as destoated and discussed iManuscript 4
Additionally, the Euclidean distance to the Xiangkioreline after the impoundment based on the
SPOT5 scene was used as a potential anthropogedicaior on human influence on terrace
condition. Further Euclidian distance transformgemealculated based on 4,420 grouped settlements
that were considered as local, regional, and demizgkets having high local and regional influease
economic trading areas. Settlement areas as weika®ad network are based on SPOT5 and Google
Earth (c.f., Section 3.3).

In total, 81 environmental and anthropogenic inicaon the terrace conditions were derived
as spatial grid datasets. Together with the mergads from the detailed and the remote terrace
inventory, they were embedded into a spatial daténg approach to assess the driving factors of the

spatial distribution of the terrace condition cesgFigure 14).

The basic data mining algorithm used is randomstsréBREIMAN ET AL., 1984; BREIMAN,
2001). The mean increase in accuracy (MDA) wasigeml’as a measures of the importance of each

indicator, respectively, feature. The partial defgmrce according toWLER ET AL. (2007) and law

55



Chapter 4 Overview on the Manuscripts

and WENER (2011) was applied inanuscript 4to allow for interpretations of the effects of an

indicator contributing to the model on the terrdegradation.

In total, 987 bench terraces were mapped coverihg km? of the Backwater area. The
terraces are spatially distributed all-over thdshipes adjacent to the Xiangxi Bay on almost the
whole range of altitudes from lowest 137 to 1,402.1. The general slope gradient of the terraced
hillslopes ranges from 0° to 40°. According to gertage of occurrence, the terrace condition classes
are 'fairly maintained' (44.3%=437), 'partially collapsed' (23.4%5231), ‘well maintained' (21.0%;
n=207), and 'completely collapsed' (11.3%s;112). Contrary to the common knowledge (e.g.,
HuDsON, 1981), the heights of the supporting dry-stondlimgaof the bench terraces do not increase
with higher slope angles of the terrain (Figure. Hwever, a heightening of the walls is required a
the slope angle is the most relevant limiting fadtw the construction of bench terraces, partidula
when slopes exceed an angle of 25-300sbN, 1981). This is especially true for ‘partially’ én
‘completely collapsed’ terraces with average slapgles of the original terrain of 27-28° showing th
lowest terrace walls (Figure 15). Generally, thersming of the terrace risers combined with the
increases of the terrain slope result in a slighdistinct over-steepening of the terraces asalate
condition classes predominantly exhibit outwardpslg terrace risers (Figures 15 and 16B). As
HuDsON (1981) described the terrace risers in steep rajppreas typically to be inward sloping or
level and also & ET AL. (2012) report of level terraces as only soil @wation measure in the
Wangjiiagiao watershed close to the Xiangxi catamméhe surveyed bench terraces’ design are

assumed to be not adequately adapted to the temrthie Backwater area.

As shown inManuscript 4 a distinct worsening of the supporting walls cltéerizes the
‘partially collapsed’ and ‘completely collapsediraces while ‘well maintained’ terraces show intact
and ‘fairly maintained’ terraces typically showatVely intact terrace structures (Figure 16A). The
bulges and upsetting observed for 'well' and ¥ainhintained' terraces are considered to presdyt on
slight disturbances and to be "precursors” of aenommplex destruction with numerous wall failures
and collapses. AlreadywBAR and LLERENA (2000) described the bulges and upsetting to dpvel
prior to more serious wall failures and completdl wallapses due to increasing pressure on the

terrace wall by saturated soil and their shearffece and lack of constant maintenance.

Based on the term of terrace degradationzg®FrFi and GRDIN, 2011) and following the
above findings, the bench terraces in the studg elearly show a sequence of degradation terraces
from ‘well maintained’ to ‘completely collapsed’'rtace conditions. The increase in soil erosion fits

the degradation of terraces (Table 8).

It is assumed that due to the intact structurethaccomparably lowest slope of terrace risers
no rills could be observed for ‘well maintainedtreces, whereas the worsening of the terrace walls

with an increasing average number of wall failusesl collapses and increasing steepness of terrace
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risers distinctly affect the removal of sediment tbe other terrace condition classes (Table 8).
However, even if the ‘completely collapsed’ termahow the worst structure that might induce a
higher concentrated runoff according toBWLOURI and GOURGA (2007), there is no increase in the
average frequency of rills compared to ‘partialll@psed’ terraces. In this case the worse terrace
condition is considered to not affect the frequewntyrills, but rather their magnitude. Thus, the
worsening from ‘partially’ to ‘completely collapseadrraces becomes obvious when looking at the
increases in average depth and width of rills, dreddistinct increase in average lengths of riils b

more than twice (Table 8).

Figure 15 Typical cross-section of the terrace design of hweintained’ (A), ‘fairly maintained’ (B),

‘partially collapsed’ (C), and ‘completely collapdeerraces (D). Shown are the (1) average terrace

slope (°), the (2) average terrain slope (°), thvermge height of the terrace wall (m), and the ager
width of the terrace riser (m). Results are baseao158.

Table 8 Average frequency and magnitude (depth, width,length) of soil erosion rills per surveyed
terrace plot (from the detailed terrace survey) aatace condition class.

Terrace condition class

Well maintained Fairly maintained Partially collags Completely collapsed
Frequency — 2.3 (SD 0.6) 5.0 (SD 3.6) 5.0 (SD 1.4)
Depth (cm) — 2.7 (SD 0.6) 2.8(Sb 1.3) 3.0 (SD 0.0)
Width (cm) — 3.0 (SD 0.0) 3.1(Sb 1.3) 3.5(SD 0.7)
Length (m) — 1.5(SD 0.5) 1.6 (SD 0.9) 3.8 (SD 0.4)

SD = standard deviation
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Figure 16 Average frequency of wall disorders in each terregadition class (A). Due to few
observations of bulges and upsetting these wabrdess are grouped into one category. Percentage
of different sloping terrace risers in each terrazmndition class (B).

In Manuscript 4 the influences on the terraced landscape in tindysarea are extensively
discussed to be highly complex and to result froraltiple decisions and various human-
environmental interactions. The multi-factoriallugnce is clearly indicated by the results from the
data mining approach. The data mining approachdoasea total of 81 features and using regression
reveals a high modeling accuracy of R2=79% allowiing subsequent analysis as well as

interpretations.

The 30 topmost indicators influencing the terraegrddation are given in Table 9. Generally,
the higher the MDA the more important the corresjiog indicator. The 10 topmost ranking positions
(MDA 0.091-0.036) are solely occupied with anthrggnic indicators (Table 9). The most important
indicators are those directly related to the majettlements and to the Xiangxi River (distance of
stream lines of 1st order) followed by distancesrtmller settlements and to the road network. Below
rank 10 (MDA 0.031-0.016) mainly terrain attribuf@&ble 9). The distance transforms of the major
centers have the highest importance on the predicti the terrace degradation (Table 9). In terfins o
the partial dependence, as showMenuscript 4 the worse terrace conditions were predictedosel
distance to the major centers Gufu and Gaoyang.didtance to settlements of 6-12 ha size show a
similar direction of influence, however the areargunding the settlements that shows worst terrace
conditions is smaller compared to the major setlas (about 7 km vs. 3.5 km). For the distance to
the Xiangxi River, the worst conditions of terracesre also predicted close to the river. However,
better conditions occur at much smaller distana#apared to the settlements (i.e., < 1 km). The
distance to the major roads shows a very non-lipagéern. The worst terrace conditions occur in
distances below 500 m to the road network. The te¥sace conditions occur around 1.5 km and

around 8 km. The range between 5 km and 7 km is afparacterized by worse terrace conditions.
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The terrace degradation is assumed to be a di@mwequence of complex cause-effect
relationship of the rapid land use changes in t68é Tfor instance, resulting from the massive dam-
induced forced, rural and urban resettlements guiZzand Xingshan counties associated with the

Xiangxi River impoundment by the TGD @MING ET AL., 2001; MCDONALD ET AL., 2008).

The steep sloping up-hill-sites close to the newnyki Bay are characterized by land use
changes on 26% of the Backwater areBeE6&R ET AL, 2010). As shown itManuscript 4 this is
exactly the area of the worst terrace conditiopargially’ and ‘completely collapsed’). Comparirtget
terraces of worse conditions close to larger satlgs, and the main road and river network to those
terraces of better conditions (‘well' and 'fairhaintained’) more distant to this dynamic areas, the
forced resettlement is supposed to play an impbrale in the mismanagement of bench terraces
leading to their degradation. Possibly, the resgttlieasants get confronted by challenges with faymi
steep sloping land after the impoundment. Farmimgsé uphill-sites requires first of all time-
consuming terracing generally necessitating highestments in material and labomghr and
LLERENA 2000; $il ET AL., 2012). According to EMING ET AL. (2001) and BNSETI and LOPEZ
PuJoL (2006), the loss of the traditional connectiontlie land after resettlement causes a lack of
familiarity with the new farming environment anadhaiques. For instance, 66% of the relocates in the
TGA were observed to refuse farming due to sevassipal settings (BMING ET AL., 2001). Also
aging of the rural population and governmental@higettling of younger rural migrants in industrial
jobs in the TGA as stated byEMING ET AL. (2001) and €IL and DUAN (2002) are considered to
hinder an adequate terrace construction and cdn$tanlabor-intense maintenance to sustain long-

term soil conservation.

The shift of agriculture in the Backwater area,eesglly toward the cash crop production of
oranges (c.f., Sections 1.2.2.1 and 3.2.5) areategdo further affect the terraced landscapehén t
Xiangxi catchment orange orchards distinctly preihate on terraces close to large settlements and
main transportation routes such as trafficable ma&als and rivers €&BER ET AL, 2010). According
to the findings from the partial dependence ans)yiis area adjacent to the river banks of the
Xiangxi refers to the location of terraces of higdegree of degradation (‘partially’ and ‘complgtel
collapsed’ terraces). A cause-effect relationstépveen the governmental-driven implementation of
orange orchards and the condition of terracessisudises itManuscript 4 The farmers' expenses for
orange production (e.g., fertilizers, pesticides) @ssumed to often exceed their income resultomy f
decreasing market prices, labor-intensive and wdsdkvesting, and a non-adequate governmental
financial support. In this context, the lack ofasttand time-consuming maintenance of terracesdvoul
be a logical consequence of a simple cost-benalfiititation. This is especially true for slope
gradients above 10% WBET AL., 2012), where the spacing between the terraceeages to such a
point that their construction and maintenance ipeesive and lack of investments limits their

adoption.
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Table 9 The 30 out of 81 most important indicators in po#idg the terrace condition classes.

Ranking position MDA Indicator

1 0.091( Distance to major cente

2 0.0646 Distance of stream lines dfdrder

3 0.060: Distance to settlements ¢-12 ha area si

4 0.0499 Distance to settlements of 12-18 ha area s
5 0.0386 Distance to major and side roads

6 0.036¢ Distance of stream lines 0™ ordel

7 0.0365 Distance to major and side roads, andspath
8 0.036! Distance of stream lines o™ orde

9 0.0360 Distance to major roads

10 0.0342 Distance to stream lines Bfotder

11 0.031: Aspect deviance to 90° (17x17 pixel averi
12 0.0308 Aspect deviance to 90° (7x7 pixel average
13 0.028t¢ Aspect deviance to 45° (7x7 pixel averz

14 0.0280 Aspect deviance to 45° (17x17 pixel ay&ra
15 0.024¢ Aspect deviance to 135° (17x17 pixel aver.
16 0.0230 Mean curvature (17x17 pixel average)

17 0.0226 Distance to the Xiangxi River after impdoment
18 0.022¢ Distance of settlements of a total of 4

19 0.0222 Aspect deviance to 90°

2C 0.021: Distance to settlements ¢-6 ha area si:

21 0.0207 Distance to stream lines Bfdéder

22 0.0205 Distance to stream lines Bfdsder

23 0.019: Aspect deviance to 0° (17x17 pixel aver:

24 0.0183 Aspect deviance to 45°

25 0.017" Aspect deviance to 0° (7x7 pixel avere

26 0.0176 Topographic roughness (17x17 pixel awyrag
27 0.017¢ Relative profile curvature (17x17 pixel avere
28 0.0174 Aspect deviance to 135° (7x7 pixel averag
29 0.0165 Relative richness (17x17 pixel average)

3C 0.016( Aspect deviance to (

MDA is the mean decrease accuracy. Due to a higlifarentiation of MDA, the numbers are given wihr
decimal places.

While the immediate reservoir area is considereprésent an area of fast access, the uphill-
sites in higher altitudes distinctly show less asdality. The newly constructed paved roads and
navigable rivers after impoundment are supposezkhabit important infrastructural connections and
to favor the governmental-driven production of @as Also larger settlements, acting as local and
regional markets are discussedMmanuscript 4to be more attractive for the high quality casbpcr
production (i.e., in terms of processing, marketiagd transport) than difficult to access small
settlements and markets without any trading paéniurthermore, big cars cannot drive along
unpaved and narrow side roads and paths, transipartay ship is impossible and larger settlements
do not develop. Thus, the steep sloping uphill-siteoncluded to be utterly not attractive for kg
scale orange production and to be, in some pas#gerbprotected as revealed by the partial
dependence to curvature. A more difficult acceskatger settlements via side roads and paths in a
region of higher altitudes would further imply thaphill-peasants depend more on their farming
products and thus properly maintained terracesildbla capital and efforts for maintaining terraces

seem to be better invested.
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Besides the effect of resettlements, cultivatiord accessibility, also the geomorphic settings
affect the terrace conditions, albeit with less amgance of the environmental indicators referring t
the terrain (Table 9). As shown Manuscript 4 terraces of worse condition are potentially ledabn
slopes inclining between ENE and ESE. This is sapgao be a typical proxy effect since those
slopes mostly occur on Jurassic strata, and tiglatlsl less extent on Silurian and the top formatod
the Triassic strata characterized by low resistanceeathering and prone to water saturation and
(EHRET ET AL, 2010). Terraces of better condition mostly ocoursouth, north, and west exposing
slopes referring to Precambrian to Cambrian andoBiew to Permian strata with more stable parent
material such as sandstones and limestonesHEET AL, 2010). It is assumed that the terraces built
on compact and permeable bedrock are less vulmetalthe destruction by mass movements than
terraces built on incoherent materials exhibitinghlr risk of deep seated and translational ladéesli
(EHRET ET AL, 2010). In the case of the Backwater area thigldvimply that water storage, high soil
erosion susceptibility, and the occurrence of lidds can induce the process of terrace destryction
and thus have an impact on terrace degradatidorrin destroyed terraces do not offer enough cbntro
to combat soil erosion as damage spots of theduireaces’ structure exhibit weak points vulnegabl

to concentrated runoff and sediment remova(KoURI and GOURGA, 2007).

As demonstrated itManuscript 4 the Backwater area where TGD-induced infrastmectu
construction, the resettlements, the agricultiaatlireclamation, and shifts in agriculture are aips
related to each other, is characterized by a hmhnptexity of interactions affecting the terraced
landscape. Thus, an interpretation of the influsrarad their strengths might not be sufficient emoug
when addressing an individual indicator, but ratheen considered in combination. The knowledge
on the process of terrace degradation showdanuscript 4is new, in that in not only agricultural
abandonment explains the terrace degradationnfbamce as observed by#LoURI and GOURGA
(2007), LESSCHEN ET AL (2008), and E ATTA and AREF (2010) for bench terraces in the
Mediterranean. As the surveyed bench terracesudtreated to almost a hundred per cent aBdEER
ET AL. (2010) could not detect abandoned farmland toeammgful extent in the Backwater area,
Manuscript 4proofs terrace degradation as an effect of lantivation, as well. Particularly against
the background of the bench terraces being repoatexkhibit a well-known technique with a long
tradition throughout the TGA (e.g.HBN ET AL., 2010; il ET AL., 2012),Manuscript 4gains high
relevance on addressing their adaption to the nitwati®n in the TGA in order to keep their

effectiveness in terms of soil conservation inhtghly-dynamic, terraced environment.
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5 CONCLUSIONS AND OUTLOOK

This thesis is part of the interdisciplinary joirgsearch project 'YANGTZE GEO' on the
sustainable management of the newly created eewsysit the Three Gorges Dam and the
environmental-related consequences resulting fréwa fand use changes, soil erosion, mass
movements, and diffuse matter inputs into the xeserWithin the subproject 'Soil Erosion’, the
present thesis aimed to substantially contributetite enhanced understanding of the trigger
mechanisms and processes of soil erosion by weater the effect of the Three Gorges Dam on the

soil erosion risk potential and its spatial varii@pin a highly dynamic, terraced environment.

For the purpose of hydropower generation, floodtrmbnand navigation, China constructed
the Three Gorges Dam at the outlet of the uppeshesaof the Yangtze River. After nine years of
construction and an enormous large-scale transtaymarocess in the Three Gorges Area, the river
impoundment started in 2003. The Xiangxi River dissh class tributary to the Yangtze River in the
eastern Three Gorges Area became inundated, toa.léngth of approximately 35 kilometers, the
Xiangxi River was impounded in a narrow valley bemetl by steep slopes with shallow and highly
erodible soils. The newly created Xiangxi Bay halknserged an estimated area of 9.4 knZE€&R
ET AL., 2010). Subsequently, the catchment of the XiaRixer is characterized by rapid land use
changes associated to the Three Gorges Dam pr@Qjeotparable to the entire Three Gorges Area,
this new land reclamation affected the steep stppin-hill sites adjacent to the new reservoir & th
Xiangxi River. Comparing the total Xiangxi catchrhesnd its immediate reservoir area - the
Backwater area - in terms of land use changes;nudbad rural resettlements, infrastructure
construction as well as land reclamation for calion and shifts in agriculture from arable land to
orange orchards are more pronounced in the Backvea&a. Beyond this area of high land use
dynamics, the dam-induced land use changes indttbern, largely forested headwater zone of the
Xiangxi catchment are much less pronounced. Heaimlynthe conversion of marginal farmlands into

woodland, driven by the governmental 'Grain foré&r@rogram’, controlled the land use change.

The resulting high land use dynamics in the Xiangaichment, and in particular in its
Backwater area, are concluded to meet unfavorabdeequisites in terms of a high physical

vulnerability that is expected to limit the catchitie environmental carrying capacity.

HIGH NATURAL SOIL EROSION RISK POTENTIAL IN THE XIANGXI CACTHMENT

The high physical vulnerability to soil erosionnmginly due to the steep to extremely steep
sloping mountainous topography, accounting for ntbaam 70% of the total catchment area, as well as
the Qinling mountain range, serving as a climatoder, and the impact of the subtropical monsoon

climate. In combination with the range of elevatafmmore than 3,000 m, the abundant precipitation,
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ranging from average annual 961 to 1,132 mm irctehment and its surrounding area, are typically
convective. This orographic pattern of the preaipin is closely linked to high and extreme high
rainfall erosivities ranging from 1,986 MJ mm™hh™ a* at the catchment's outlet in the Mid
subtropics to 7,547 MJ mm ha™ a* in the zone of the Northern temperate in the h@hling
mountain range. Additionally, the soil erodibility concluded to strongly contribute to the high
natural soil erosion risk potential in the Xiangétchment. In the Backwater area, the mountainous
topography and high rainfall erosivities coincidétmmoderate to extreme high soil erodibilitiesioé
shallow Limestone soils and predominantly shallowrpRe soils of more than 0.32

t ha h hd MJ* mm™. In the Xiangjiaba sub-catchment at the westererbiank of the Xiangxi Bay,
the Purple soils of the highly weatherable Jurassiata occasionally show extreme low topsoil's

resistance to particle detachment and transpontatgr of 0.64 t ha h HavJ* mm™.

Assuming the entire Xiangxi catchment as completédyested without any human
interventions (e.g., settlements, agriculture, aaill conservation measures) and resulting from the
above physical settings, the soil erosion modelingaled an average annual natural soil erosi@n ris
potential of 10.3 t Hathat is likely to exceed more than 100 t'ha places. Considering the multi-
scale approach, the natural disposition to soikieroin the Backwater area is estimated to be in
average 9.6 t aa™. With an average of 10.7 t P&, the potentiakoil loss in the Quyuan sub-
catchment in the eastern Backwater area is evdrehigiere, average annual soil losses are highest
under natural conditions on the catchment scalelwisi generally considered to result from the highe

terrain energy of the Triassic formation.

As RMENTEL (2006) reports of a natural average annual ssd tanging from 1 to 5 t Hao
be typical for mountainous regions completely cedewith vegetation, the natural disposition to soil
erosion in the Xiangxi catchment is concluded tcalveady very high. The human influence, and in
particular, the interferences into the environmeithe Xiangxi catchment associated to the Three
Gorges Dam result in a complex system of naturdl amthropogenic processes. Under the massive
human influences the effects of the controllingdes are concluded to subsume and to stronglyrfoste
the natural disposition to soil erosion to consahée higher levels resulting in a distinct spatial

distribution of the soil loss.

THE THREE GORGES DAM HAS AN AMBIGIOUS EFFECT ON THE SOIL EROSION RISK
POTENTIAL

Compared to the natural soil erosion risk potentied soil erosion risk potential under human
impact in 2007 was estimated to be higher by aofact about 18 accounting for an annual average
soil loss of approximately 188 t h@an the catchment scale. In contrast to the geyeraty few areas

exhibiting moderate to extreme (> 25 to > 89 t f&#) soil erosion risk potential under natural
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conditions, accounting for only approximately 6%tlo¢é Backwater area, the seriously affected area
under human impact is distinctly higher. Accordinghe Chinese Soil Erosion Rate Standard, almost
41% of the total Backwater area exhibited modetatextreme high soil erosion risk potential in
2007. This is mainly due to the crucial effect bk tvegetation cover. Whereas, under natural
conditions the high protection effectiveness of ¢hesed forest vegetation cover alleviates theceffe
of high rainfall erosivity, high soil erodibilityand the mountainous terrain, the vegetation cowver i

strongly altered under land use conditions.

Besides the distinct differences between potestdl erosion under natural conditions and
under land use, a shift between potential soilienogsk under former conditions in pre-constructio
times of the dam (1987) and under current landcoeselitions in post-construction times of the dam
(2007) are detectable. Before dam constructionrasettlements started, the annual average soil loss
in the Xiangxi catchment was estimated to be apprately 264 t hd and to vary by a factor of 1.4
between annually 344.9 t hand 245.5 t hain 1987. For post-construction times of the dane, t
empirical soil erosion modeling with the RUSLE relesl a distinct decrease of about 29% on the
catchment scale. For the sub-units considereddihéosses vary by a factor of 1.8 between average
229.3 t hdatand 128.2 t hda™ in 2007. Whereas in pre-construction times ofdhm almost 45%
of the Backwater area exhibited moderate to extreaileerosion risk potential, this area percentage
slightly decreased by 10% in 2007 accounting foaa of 227 km2. Though, the Three Gorges Dam
and associated land use changes were expectednhatitrally increase the soil erosion risk potential
this impact cannot be generally concluded for thanyxi catchment. Here, the 'Grain for Green
Program’, launched in 20021¢Land WU, 2010), is regarded to have had a mitigating éfieche soil
erosion risk potential. At least this is true foetarea exhibiting extreme soil erosion that cdgd
reduced by 36% from approximately 100 km? in 198@lmost 64 kmz2 in 2007. At the same time, the
area under moderate to high soil erosion risk piate(> 25 to 80 t ha a') increased by 7% from
152 to 163 km2.

Against the background of the mitigation of sod®on by the 'Grain for Green Program' that
ended in 2008 (v and WU, 2010), the observed time period from 1987 to 2@803onsidered to not
entirely account for the rapid land use changethefThree Gorges Dam. Looking at the temporal
variability of the predicted potential soil lossEem 2005 to 2007 based on the analysis of the
fractional vegetation cover and linked crop andetation cover during the months of September, a
distinct increase of about 24% from average 9.31& t hd a* on the catchment scale can be
observed. In the Backwater area the increasesdrage annual soil losses of about 29% during the
same period are even higher. Both are assumedlittate an accelerating effect of the Three Gorges
Dam on the soil erosion risk potential. As expegctkd increases are higher in the immediate reservo
area of the Xiangxi Bay where river impoundmentg dhus, loss of valuable land and land use

changes on the steep sloping uphill-sites are ttiiréioked to each other. A definite proof for the

64



Chapter 5 Conclusions and Outlook

effect of the Three Gorges Dam on the soil erosisk potential and its spatial and temporal
variability, however, would require continuous aisgls and monitoring with a much more 'narrow

time frame' of the observation period.

Although, a minimum of at least 1,090 ha of slogeectly adjacent to the Xiangxi Bay are
terraced and a distinct amount of arable land e lxonverted to orange orchards considered as
suitable land use on steep slopes, soil erosiarserious threat in the immediate reservoir ardaef
Xiangxi catchment. With approximately 128 t*ha' in 2007, the average annual soil loss in the
predominantly agriculturally used Xiangjiaba sulbebaent in the western highly dynamic Backwater
area is distinctly above the average annual ssil & 30 to 40 t aa® on cropland in Asian countries
(PIMENTEL, 2006).

Particularly, farmland sloping greater than 5° @ngidered to contribute to the high soil
erosion risk potential as it accounts for approxetya94% of the total cultivated area in the Xiangx
catchment and for about 98% in the Backwater ane2007. Approximately 35 to 36% of the
farmland in the Xiangxi catchment and Backwateraaegen occurs on slopes above the critical
threshold of 25° over which cultivation and landlagnation is actually prohibited according to the
Chinese Water Soil and Conservation Lawu(L2012). Thus, those slopes and their appropriate
management are of pivotal relevance for the agdticail productivity and the sustainability in the
Xiangxi catchment. Insofar, bench terraces as megopmmended type of soil conservation in
mountainous regions are of outstanding importanoe the alleviation of the high physical

vulnerability, and the cultivation of row crops.chuas maize.

TERRACE DEGRADATION AS A CONSEQUENCE OF THE THREE GORGES DAM

Terraces are typical soil erosion control measureshe Xiangxi catchment. Despite
environmental restoration programs, such as theuiRkng Terrace and Defarming Mode', in order to
break the vicious circle of 'sloping land reclamati environmental deterioration - farmer's poverty
reclaimed expansion' (XET AL., 2005), soil erosion on terraces is or is againigely detectable
phenomenon in the Xiangxi catchment. In places will disorders (i.e., wall failures, complete wall
collapses) and/or technically poor design of tersathat are not adapted to the local terrain situat
(i.e., over-steepening of the terrace risers)jrdiy higher soil losses by rill erosion were ohveel
than in places with well maintained terraces. Tigisnainly concluded to result from the process of
terrace degradation that leads to a distinct réalucif the terrace' capability to protect the sghinst
surface erosion by water ABzoFFI and RRDIN, 2011). In the Backwater area of the Xiangxi
catchment terrace degradation under cultivationbigious. The sequence of terrace conditions, as
indicators on the process of terrace degradatiangas from ‘well maintained’ (21.0%), ‘fairly

maintained’ (44.3%), and ‘partially collapsed’ (2%) to ‘completely collapsed’ terraces (11.3%).
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Influences on the systematically spatial distribatiof those terrace condition are multi-
factorial. The effect of the terrain, which can tegarded as the major natural driver for terrace
degradation by erosive action, is tributary buergtl and overlaid by the high land use dynamics
associated to the Three Gorges Dam. Thus, foremottiopogenic indicators such as the distances to
settlements and roads affect the spatial distabutif terrace conditions and thus, terrace deg@adat
With increasing distances to main settlements,ngctis local and regional markets for farming
products, and transportation routes via paved, maags and navigable rivers, the terraces exhibit
better conditions. This isnter alia supposed to be an effect of a higher farmer's vaitbtin to
constantly maintain terraces. The closer the tesdo new settlements, to the new Xiangxi River
shoreline, and to the new major roads, the worsettegir conditions. The newly developed larger
settlements and roads for a better infrastructtmahection serve as preferential routes for clagmin
new agricultural land and existing terraced farrdléor cash crop production as observed BgEER
ET AL. (2010) for the Xiangxi catchment. Hence, a fasteas to terraced farmland via main
transportation routes is furthermore assumed ta breason for the terrace degradation, whereas
remote terraces in higher elevations and more rista the new infrastructure are less attractive
farmland for cash crops because of the difficultess. Moreover, it is concluded that the tempdef t
land use dynamics hardly considers available dapit@ labor for the constant maintenance of
terraces. Thus, the motivation of maintaining teesais assumed to be also driven by economic
decisions. Moreover, a lack of familiarity with thew farming system hinders an adequate terracing

by former downhill peasant that were previouslydusefarm the now impounded valley bottoms.

Under the above considerations, the 'equilibriuatest(BRaANCuccl and RALIAGA, 2006) of
the terraces in the highly dynamic environmenthaf Xiangxi catchment is concluded to be strongly
disturbed by the complex interactions of forcectgsment (HEMING ET AL., 2001), accessibility, and
cultivation resulting from the dam-induced land u$@nges. This should be urgently addressed by
politics since the cultivated bench terraces havbe adapted to this new situation in order to keep

their effectiveness in terms of soil conservation.

Using a multi-scale approach, this thesis furttmarght to develop an integrative data-based
methodology for the assessment of soil erosionitarfdctors by means of GIS-based modeling using
relevant digital terrain data and environmentalaz@tes on soil erosion factors, field investigasio
and data mining approaches. As the studies wegellacconstrained by data scarcity and limited
access to the mountainous terrain, remote sensitagsgrved as a fast and available supplier for the
derivation of area-wide and spatially explicit dats input into the modeling approaches on the

landscape level.
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SOIL EROSION MODELING WITH THE RUSLE MODEL PROVED AS VALID AND RELIABLE

Against the background of the model constraints,(data scarcity, limited access to terrain)
and sheet and rill erosion detected as principahaweisms of water erosion in the Xiangxi catchment,
the RUSLE, as a predictive tool on the soil erosigrwater, was considered applicable for modeling

the soil erosion risk potentials on the catchmeates

The application of the RUSLE based on available datote sensing images, legacy data
(i.e., soil map), and literature data from compbeatudy sites in the Three Gorges Area is condude
to reflect the general situation and the spatistritiution of areas highly prone to soil erosiorttie
Xiangxi catchment and to give results comparabletter studies from the Upper Yangtze River
Basin (Ya0, 1993; QUINE ET AL., 1999; WU and HGGITT, 2000; GO ET AL., 2001; $il ET AL., 2004).

The RUSLE proved to be sufficient enough to idgntibtspots of soil erosion risk potential
and to highlight the dam-induced effects on thd eobsion risk potential in the entire Xiangxi
catchment and, in particular, in the highly dynamackwater area. However, the spatial validity of
the modeling results strongly depends on the ccgpagal resolution of the input data. For instance
due to the fact that the soils are classified atiogrto the Chinese Soil Taxonomy with a limited
number of soil types and representative soil pesfihat were analyzed, a small-scale variability in
erosion-relevant soil texture, soil organic carbang soil structure could not be extracted from the
available maps. Moreover, the rough estimates enctiucial soil erosion factors 'crop type and
management’, ‘rainfall erosivity', and 'soil conaéipn practice’, expressed @sR, and P factors in
the modeling approach, are concluded to limit petial validity of the modeling results. Particlyar
in mountainous regions these factors require dpagaplicit measurements in order to determine the
area-specific patterns of rainfall erosivity andgettion cover, and to avoid local over- or
underestimations resulting from not adequately ipatarized soil conservation measure, i.e., bench
terraces.

Strictly speaking, the modeling results of the RBSinly enable statements as to what extent
soil is potentially lost by erosive action on theale of the individual pixels. The integral erosive
processes of particle redistribution and depositipnvater are not considered in modeling. But as th
amount of sediment entering the reservoir is afsmterest, for instance for evaluating the ofesit
effects of soil erosion (e.g., reservoir siltatiamd for analyzing the water pollution by diffusatter
input of particle-bounded agro-chemicals into tlrean network, the results are only conditionally
satisfactory. The integration of the sediment dgijvration (SDR) as introduced by@u and WU
(2008) for different study sites in China would idégély improve the applicability of the resultsrfo

further analyses on the interactions of water,raedt, and contaminants in the Xiangxi catchment.

For a future soil erosion modeling, also calibratend validation data, for instance from

runoff plots studies, should be taken into consitien to enhance the spatial validity and thus, the

67



Chapter 5 Conclusions and Outlook

modeling accuracy. As both were neither conductitdinvthe project framework nor were available
from other soil erosion studies in the Three Gorye=a, additional research is needed to improve the
significance of the soil erosion modeling throughthe Three Gorges Area and in highly dynamic

environments in general.

C FACTORS TAKEN FROM LITERATURE PROVED AS ADEQUATE IN THE MODELING

As the normalized differenced vegetation index.ebasn the Landsat-TM scenes used, only reflect
the date of survey (date of scan flight) of eackhefmulti-spectral images, also the derived foaal
vegetation cover an@ factor values only present a snapshot. This imirdy sufficient for short-term
considerations, however, in the case of the RUSKkBressing the long-term average annual
conditions, this approach is concluded as not dapabpredict the soil erosion risk potential ireth
Xiangxi catchment. Here, values @nfactors taken from studies from comparable sulited@reas,
and fitting to the land use classes in the Xiangxichment (e.g., arable land, orange orchard,
woodland) are considered to offer optimal resuljsimst the background of data scarcity and
unfeasiblein situ precise measurement of vegetation properties. Ag thpresent the annual crop
cycle in the Three Gorges Area, they are concludecbntribute to reliable results of the potential

average annual soil loss in the Xiangxi catchment.

VALUABLE APPROXIMATION OF THE RAINFALL EROSIVITY BASED ON SPARSE DATA

In the present thesis, a further attempt on theceqpation of the rainfall erosivity and its spatia
regionalizing onto the large catchment scale foddgd analysis has been made. Various studies
indicate the crucial role of the climate regimetwer the characteristics of rainfall events tlaattmol
rainfall erosivity. By testing a large number ofression equations to approximate Bhkactor for the
Xiangxi catchment, the function byewW ET AL. (2008), incorporating the Modified Fournier Ingéx
concluded to perform best to calculate Refactor. Moreover, the barrier effect of the Qiglin
mountain range, the monsoon climate, and the mmmis terrain of the Xiangxi catchment exhibits
a vertically zoned climate, which allows for a m@walization of rainfall erosivity using elevation
bands. Thus, the spatial regionalizationFofactors using the equation byeM ET AL. (2008) is
assumed to be most adequate for the Xiangxi catchommsidering that a larger number of gauging
stations with less spacing would enhance the acgwhregionalization. The results of the applied
approach based on sparse data are within the samge of theR factors from other studies in the
Three Gorges Area. Thus, the approach fulfills kbguirements to overcome limited data, both in
space and time, and to address the mountainougreggoy in the subtropical Xiangxi catchment. The

resulting grid-basedrR factors allow for modeling a area-specific soibston risk potential in the
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Xiangxi catchment. Consequently, in a next step, dlfographic pattern of rainfall erosivity will be

considered in soil erosion modeling in order toaarde the spatial validity of the modeling accuracy.

THE MODEL FRAMEWORK TERRACE ENABLES FOR THE IDENTIFICATION AND SPATIAL
ANALYSIS OF DIFFERENT TERRACE CONDITIONS AND THEIR CAUSES

The developed model frameworkerraCE (Terrace Condition Erosion) enables for the
identification and spatial analysis of differentréee conditions and their causes. It considers the
sparse data availability and limited access toaterand thus, improves the knowledge on terrace
degradation by conducting the first inventory ofntle terraces in the Three Gorges Area and
throughout China. The classification of terrace ditons by combining their design and state of

maintenance proved as sufficient as the whole rahgeall disorders was assessed.

For the first time, it was proven that spatial daiaing tools in combination with specifically
derived descriptive data on the effect of humaiviigtand terrain can be used to derive the stitengt
and direction of the effect of the rapid agriculuchanges mainly due to forced resettlements on
terrace degradation. Applying random forests diasgion and regression models by embedding
environmental and anthropogenic indicators mairdgda on remote sensing data performed strongly
and proved as valid approach in modeling terracelitions. Strength and direction of the effecthad t
forced rapid agricultural changes and massive ttese¢nt on terrace degradation can be clearly

derived using analyses on the indicator importamzkpartial dependence.

With 79%, the modeling accuracy derraCE is high; however it is concluded that its
significance on the effect on the terrace degradatian be still enlarged by incorporating more
indicators affecting the development of terraceshsas land tenure, ownership, cropping cycle and
many more. Here, the model framework TdraCE offers an open structure and therefore, the

possibility to incorporate more indicators.

Since such an inventory on bench terraces was ctediihe first time in the Three Gorges
Area and was not based on any previous qualitsivé quantitative information; the approach,
however, is certainly capable of further improveisein terms of higher differentiation of terrace
conditions. Moreover, direct measurements of soflsl and runoff would help to gain precise
information on the effect of the terrace degradatio the soil erosion. An increase in sample sizes,
especially of those classes that are yet undesepted (e.g., ‘completely collapsed’), would improv
the statistical analysis and its explanatory posvethe spatial distribution of terrace conditioAs.no
information on the time of the construction of thench terraces was available, a specific terrace
condition cannot currently be assigned to the dga trrace in order to consider its influence on
terrace degradation independent from the maintendtere, the monitoring of bench terraces over a

longer period would eventually improve the undardiag of the process of terrace degradation.
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Further limitations of this approach unequivocdily in the low spatial coverage of the
mapping area. Especially, the hinterland of thekiBater area could not be covered. The mapping
approach was constrained by the limited acces$dohighly mountainous terrain and the time-
consuming detailed survey on bench terraces. Thenale of remote sensing data in a satisfactory
high spatial resolution exhibits another limitingcfor regarding the clear identification of the
condition of bench terraces and their area-widembtery in the study area. In this context, thedfiel
mapping approach within the framework TerraCE is considered to be the best affordable method.
The 'quasi-remote’ inventory on the terrace comtitiproved as a fast survey scheme covering a large

area compared to the detailed inventory and gaariadhe training data set.

Indeed, TerraCE does not serve as universal model in terms ofribsg global generalities
for terrace degradation. It rather improves theeusidnding of the phenomenon of terrace degradation
under forced resettlement in the Three Gorges AHEMING ET AL., 2001) since it is considered to
act as a driving factor for land use dynamics diffigcthe terrace conditions. The relation betwéden t
terraces’ state of maintenance and the cost arfl [grealid for a free-market economy, however, in
the Three Gorges Area also the motivation to mairterraces and the familiarity with the farming
system strongly affect the ‘treatment of terradesa region that accounts for a ‘socio-ecological
landscape’ characterized by various human-enviromahénteractions as described bg\B\N ET AL.
(2012).

In the present thesis, the applicationTefraCE aimed at a locally adapted model in order to
assess the terrace conditions and their drivintpfa@s well as to explain their effect on theaeer
degradation. In this context, the costs and benefithe mostly new installed cash crop oranges are
discussed as one reason for the lack of motivabbithe farmers to maintain their terraces. As
TerraCE has an open structure, it is readily transferédlether regions when the requirements on the
data are fulfilled. Thus, the model framework TdrraCE might be interesting for environmental
planning as the results are expected to be helfghulimproving the terrace planning in the

mountainous Three Gorges Area and its future devetmt.

Furthermore, the consideration of terraces is aergml precondition in soil erosion risk
evaluation. Thus, the incorporation of the locaafic variability of soil erosion due to terrace
degradation is an important next step in soil emshodeling incorporating th€erraCE approach.
Here, precise and spatial information on the chargtics of terrace degradation would help to dvoi
over- or underestimations of the soil erosion gekential. Moreover, further analyses intend tepst
the modeling approach toward areas beyond the Batekvarea, as the hinterland is expected to be

reclaimed in the future.

Concluding from the above considerations, the tgesof the present thesis allow for

statements on the status and dynamic of soil emosiod its processes in a highly dynamic
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environment. By focusing on the catchment scala ofajor tributary to the Yangtze River and thus,
covering by far a much larger scale than most efpitevious soil erosion studies in the Three Gorges
Area, the results can be helpful for further resegplanning. By choosing an application-based
approach and integrating spatially explicit, aradememote sensing data, typical field settingdaou
be addressed with best knowledge and available Batéicularly, against the background of a limited
environmental carrying capacity in the Three Gorgesa, the results emphasize the relevance of
balanced human-environmental interactions for aasumble land management. They provide a
scientific basis for decision making for a susthlrause of a terraced landscape, for instance by
identifying key prevention and key rehabilitatioreas. Without reducing soil erosion and particylarl
considering the terrace degradation, agriculturethen steep sloping hillsides in the mountainous

Xiangxi catchment and beyond is likely to becomeaiha sustain.

In a global comparison of large dam projects aradrtbffects on soil erosion, The Three
Gorges Dam certainly behaves as expected, as lsadchianges, triggering soil erosion, are an
unavoidable consequence of such large-scale etormats into the environment. However, in the
case of the Three Gorges Dam, the dimensions andiuhation of the project definitely make the
difference. The benefit of such a project of thetaey may be left open; in the medium and long-term
the main focus should be on how to arrange theiphlysettings and anthropogenic demands to keep

any potential geo-risk to a minimum.
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é SUMMARY

Worldwide, soil erosion is one of the most presgngironmental problems of present times.
Particularly, soil erosion triggered by overlandwland runoff seriously affects the productivitydan
stability of ecosystems. The loss of fertile topsmid soil's water storage capacity, and the drgeha
of sediments and associated contamination of wadiseb due to diffuse matter transport of particle-
bounded agrochemicals from cropland highly eliait a for action to combat soil erosion for a fetur
securing of food supply and high drinking water lguaGlobally, China belongs to one of those
countries most affected by soil erosion. Technicablems as well as high economic off-site damages
and costs resulting from reservoir siltation anasthreduced project's lifespan due to soil eroaren
typical for numerous large-scale dam projects iin&hin addition to the natural disposition to soil
erosion, especially, anthropogenic impacts assgtiat the dam construction distinctly affect thig so

erosion risk potential in the adjacent ecosystems.

This can be exemplarily seen at the currently woide largest dam project, the Three Gorges
Dam at the Yangtze River in Central China. This apggject has been controversially discussed since
its planning, and most recently since its constomcand full operation in 2007. It contains thegkest
installed hydropower capacity worldwide, and isfsged to distinctly improve the river navigation
and to secure the water supply to the northern tepum the long-term. The realization of the dam
project has already required massive resettlenwhtaral and urban population of more than one
million people long before its start of operatidwditionally, large-scale land use changes, eamd |
reclamation for the road and settlement constrocfior small scale subsistence farming and for cash
crop production as well as shifts in land usesthensteep sloping uphill-site above the impounded
area are expected to considerably foster the sodi@ in the short- to long-term. Due to their
partially direct connection to the stream netwodki@ulturally used land with high soil erosion
potential affects the water quality. Precise knagke on the quality and quantity of soil loss, atsd i
spatial and temporal variability can help to cohthe soil erosion by developing an adapted lared us
management and identifying conducive soil cons@mameasures, such as contour-aligned bench
terraces. Under optimum conditions, bench terrabatance the geomorphic settings and

anthropogenic use and can present a fair and dmsisd for economic growth in mountainous areas.

The focus of the present thesis lies on the rigkmi@l of soil erosion by water in the newly
created reservoir of the Three Gorges Dam. Theazefiie central research questions aimed at the
natural soil erosion risk potential and the effeftthe dam-induced land use dynamics on the
dimension and spatial and temporal distributiors@if losses. Due to the data scarcity and limited
access to the terrain, a further focus of the reke@onducted lied on the data-based regionalizatfo

soil erosion factors to use as input in soil enosimdeling.
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The research was conducted in the subtropical Xiangtchment (3,200 km?) that was
considered to adequately represent the Three Géwgssin terms of physical settings and human
interventions attributing to the dam project. Thangxi River joins the Yangtze River as a firstssla
tributary approximately 40 km upstream the Thregg8s Dam. Due to the dam construction, the
widely terraced landscape of the Xiangxi catchmengdso affected by rapid, high land use dynamics
with consequences on the slope stability. Partiyléhe backwater area in the southern catchment
area with the impounded lower reach of the Xiaigjxer is characterized by steep to extremely steep
sloping terrain and predominantly shallow soils hwitnoderate to very high soil erodibility.
Additionally, the very high rainfall erosivity ineases the high physical vulnerability of the entire
Xiangxi catchment. Between 1987 and 2007, a govemah-driven decrease of arable land and an
increase of woodland and shrubland affected théheor headwater zone of the catchment. In the
immediate reservoir area, the land use change @87 to 2007 was mainly controlled by a distinct

conversion of arable land to orange orchards.

Within the framework of this thesis, methods fotadsurvey and data processing were tested
and adapted in order to evaluate the risk poteofiaoil erosion. In addition, comprehensive field
investigations focusing on soil erosion processes @ pedological properties and further erosion-
relevant factors were conducted. Relevant parametgnived from remote sensing data and land use
classifications as well as the documented land amsege from 1987 to 2007 were used for the
parameterization of the empirical soil erosion Md&SLE. This model was applied to estimate and
evaluate the spatial distribution and dynamic ef ¢hil erosion risk potential, and to spatiallyalize
high-risk areas. The new conceptual motelraCE was developed and tested for the identification
and spatial analysis of different terrace condgiand their causes. By means of data mining
approaches, a prediction of the spatial distrilbutd the identified terrace conditions was computed
By integrating environmental and anthropogenicaatbrs on the impact of the terrain and the human
influence, the causes and the strength of distedsmmon the terrace conditions, and thus terrace

degradation were analyzed.

During the observation period from 1987 to 2007 fKiangxi catchment is generally
characterized by a decrease of average annualosgiés and their maxima due to implemented
environmental programs. However, a very high sait®n risk potential in the entire catchment must
be assumed. Frequency and intensity of soil erasiaimly concentrate in the backwater area at the
lower reaches of the Xiangxi River. Here, land wd®mnges, resettlements, and infrastructure
construction have the highest impact. An inadeqoatstruction of terraces that is not adapted ¢o th
local terrain conditions and an insufficient mairdece of the farming terraces can further strongly
affect the soil erosion dynamic. Moreover, rapiosstem changes and an associated intensification
and reclamation of terraces can lead to their diegi@n. The tempo of the land use dynamics hardly

considers available capital and labor for the emst time-consuming restoration and maintenance of
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terraces, mainly cultivated with oranges. The higtrease of the reclaimed area for the orange
production within very short term caused a sureduction and thus, a price decline on the local
and regional markets. Due to the not very proféaddle of oranges, a lack of farmers' motivaticth an
little or no capital are made responsible for thedgal worsening of the terrace conditions. As many
of the resettled peasants, that were formerly tséarm the flat valley bottoms, are often not fixani

with the new and difficult terrain settings andnfiamg techniques, there is also a lack of knowlenlge
adequate terrace cultivation. Subsequently, ingp@t® management of those terraces leads to an

increase in the soil erosion

The findings of the present thesis suggest designdhe terraces as important, sensitive
ecosystem service as they present - if properlyntagied - a very effective soil erosion control and
enable for a sustainable land use in the mountainGangxi catchment and throughout the entire
Three Gores Area. Considering the data scarcitgrins of spatial and temporal resolution, the tesul
further show that soil erosion factors can be sssfcdly regionalized and used for a valid soil @ns
modeling. Against the background of ongoing redearithin the 'Yangtze Project' as well as further
projected large dam projects at the Yangtze River worldwide, the research conducted offers an
important starting point for further research ore thoil erosion risk potential and associated

environmental threats, such as water pollution.
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6 ZUSAMMENFASSUNG

Bodenerosion zahlt weltweit zu den gréRten Umweltfgmen der Gegenwart. Insbesondere
die durch Oberflachenabfluss ausgeldste Bodenerosickt sich direkt auf die Produktivitat und
Stabilitat von Okosystemen aus. Der Verlust anHingrem Oberboden und an Bodenwasserspeicher
sowie die Erosionsprozesse selbst, gekennzeichmeth dSedimentaustrage verbunden mit dem
Austrag partikular im Boden gebundener Agrochenikalund Belastung angrenzender Gewasser,
stellen Politik und Okonomie vor enorme politisaired planerische Herausforderungen, angefangen
bei der Erndhrungssicherung bis hin zur Trinkwagpsaitat. Global betrachtet gehort China zu den
am starksten von Bodenerosion betroffen La&nderntciblBodenerosion ausgeldste technische
Probleme verbunden mit hohen Kosten treten vor nalldei den zahlreichen gro3en
Staudammprojekten in China auf, wo infolge hohedi@enteintrage in die Reservoirs mit der
Abnahme der Staukapazitat und somit auch mit Abmatier Energiegewinnung durch Wasserkraft
gerechnet werden muss. Neben der natirlichen Ersdigposition spielen vor allem die mit dem Bau
und Betrieb von Staudammen einhergehenden, antheopa Eingriffe in die angrenzenden

Okosysteme eine entscheidende Rolle fiir die Hohdddenabtrags.

Das aktuell weltweit gréRte Staudammprojekt, degifchluchten-Staudamm am Yangtze-
Fluss in Zentralchina, zeigt dies exemplarisch.sBseMegaprojekt wurde bereits seit seiner Planung,
spatestens jedoch seit seiner Umsetzung und Iabatthme im Jahr 2007 kontrovers diskutiert. Es
beinhaltet das grof3te Wasserkraftwerk der Welt, smitineben der Verbesserung der Schiffbarkeit
des Yangtze-Flusses und seiner Hauptzuflisse latigfauch die Wasserversorgung fur Gebiete im
Norden des Landes sichern. Die Umsetzung des Staupeojekts erforderte bereits lange vor seiner
Fertigstellung grol3raumige Umsiedelungsmafinahenstddtischen und landlichen Bevolkerung von
weitaus mehr als einer Million Menschen. Weiterkirhen grof3rAumige Landnutzungsanderungen,
verbunden mit der Neulandgewinnung fur den Strafierd Siedlungsbau, den kleinbauerlichen
Subsistenzanbau und den flachenintensiven, maekiigrten Anbau von Orangen auf stark geneigten
Flachen hangaufwarts der urspringlichen Uferlinie Verdacht, die Bodenerosion um den
Staubereich kurz- bis langfristig erheblich zu téneen. Aufgrund der teilweise direkten Anbindung
landwirtschaftlicher Flachen an das Gewassernetméw®d gerade diejenigen Flachen mit hohem
Erosionspotenzial einen groRen Einfluss auf die d&tagialitat ausiiben. Kenntnisse zur Qualitat und
Quantitdt des Bodenabtrags und dessen raumlichée soeitlich Variabilitdt kdnnen helfen, die
Ausmalle der Bodenerosion mit Hilfe eines angepasséehhaltigen Landmanagements und der
Identifizierung von SchutzmalRhahmen zu minimietdangparallel angelegte Bankterrassen stellen
eine solche SchutzmaflRnahme dar. Im Optimalfalch sie die Topographie aus und ermdglichen

eine 6konomisch profitable ackerbauliche Nutzung @birgsregionen.
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Das Risikopotenzial von Bodenerosion durch Wasseneu gebildeten Reservoir des Drei-
Schluchten-Staudamms bildet den inhaltlichen Scpwekt dieser Arbeit. Die zentralen
Forschungsfragen galten dem natirlichen Erosiokspstenzial sowie dem Einfluss der
Landnutzungsdynamik auf die Hohe der Bodenabtrage deren rdumlichen Verteilung und
Variabilitat. Infolge der generell geringen Daterfugbarkeit und unzureichenden Zuganglichkeit des
Gelandes lag ein weiterer Schwerpunkt der Arbe#igh der datenbasierten Regionalisierung von

Erosionsfaktoren fir eine anschlie3ende Bodenearssiodellierung.

Als exemplarisches Untersuchungsgebiet diente d&003 km? grol3e, subtropische
Einzugsgebiet des Xiangxi-Flusses, der dem Yanghzss 40 Kilometer oberhalb des Staudamms
direkt zuflie3t. Infolge des Staudammbaus ist adab Einzugsgebiet des Xiangxi in diesem hoch-
dynamischen Okosystem von der Flussaufstauung w@piden Landnutzungsanderungen mit
Auswirkungen auf die Hangstabilitdat in der grof¥fiifc terrassierten Landschaft betroffen.
Insbesondere das direkt von der Aufstauung betreffelidliche Einzugsgebiet ist durch steile bis
extrem steile Hange mit groftenteils flachgriindiggaden mittlerer bis sehr hoher Boden-
erodierbarkeit gekennzeichnet. Zusatzlich erhdohd dehr hohe Regenerosivitat die physische
Vulnerabilitdt des gesamten Einzugsgebiets. Zwisch@87 bis 2007 kennzeichnete ein deutlicher
Ruckgang von ackerbaulicher Nutzung und eine Zueabwn Wald und Buschland insbesondere den
Norden des Einzugsgebietes. In direkter N&he zurok®Ré&@ubereich im Siden auflerte sich die
Landnutzungsénderung von 1987 bis 2007 vor allenchdweine deutliche Umwandlung von

Ackerland zu Orangenanbau als Cash crop.

Im Rahmen der vorliegenden Arbeit wurden MethodenBereich der Datenerhebung und
Datenverarbeitung mit dem Ziel der Entwicklung ein8ystems zur Risikoabschéatzung von
Bodenerosion erarbeitet und angepasst. Neben unsiahgn bodenkundlichen Arbeiten im Gelande
wurden Fernerkundungsdaten sowie Landnutzungskarérmer dokumentierte Landnutzungswandel
im Zeitraum von 1987 bis 2007 zur Parametrisierdieg empirischen Erosionsmodells RUSLE
herangezogen. Dieses diente der Abschatzung underBewy der rdumlichen Verteilung und
Dynamik des Bodenerosionsrisikos und der raumlichekalisierung von Hochrisikogebieten.
Zusatzlich wurde das neue konzeptionelle ModeliraCE zur Ableitung des Terrassenzustands
entwickelt und erstmals getestet. Mittels Data MgV erfahren wurde eine flachenkonkrete Prognose
zur raumlichen Verteilung der identifizierten Texsanzustandsklassen berechnet. Durch die
Integration von umweltbezogenen sowie anthropogelmelikatoren, die Rickschlisse auf den
Einfluss des Reliefs und des menschlichen Wirkardiesem Gebiet zulassen, konnten weiterhin Art
sowie Umfang der Storungen auf die Terrassenzustamdl damit Terrassendegradation erfasst

werden.
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Generell ist das Xiangxi-Einzugsgebiet im Beobacbszeitraum von 1987 bis 2007 durch
eine Abnahme der mittleren jahrlichen Bodenabtraged der absoluten Maxima infolge
implementierter Umweltprogramme gekennzeichnet.rideh muss von einem gegenwartig immer
noch sehr hohen Erosionsrisikopotenzial ausgegangerden. Haufigkeit und Intensitat von
Bodenerosion konzentrieren sich dabei vor allem @em Rickstaubereich des Staudamms am
Unterlauf des Xiangxi. Landnutzungsanderungen, ddiang und InfrastrukturmafRnahmen wirken
hier am starksten. Eine an das lokale Relief unaaggte Konstruktion der Terrassen sowie deren
unzureichende Instandhaltung konnen dabei durchalidetzung der Erosionsschutzwirkung der
Terrassen die Erosionsdynamik stark beeintrachtiBapide dkosystemare Veranderungen und eine
einhergehende rasche Intensivierung und Inwertsgtaton Terrassenflachen kénnen zu deren
Degradation filhren. Das Tempo dieser dynamischeréanderungen bericksichtigt dabei selten
vorhandenes Kapital und verfligbare Arbeitskraft kosten- und zeitintensiven Instandhaltung der
Terrassenflachen. Auf den Terrassen werden halpitdfidOrangen angebauRie starke Zunahme
der erforderlichen Anbauflache fiir den Orangenimasehr kurzer Zeit fiihrt oft zur Uberproduktion
und damit zum Preisverfall auf den lokalen und amglen Markten. Durch den wenig
gewinnbringenden Absatz der Orangen werden vomadine fehlende Motivation und zu geringes
Kapital der Bauern fur die sukzessive Verschlechgr des Zustands vieler Terrassenflachen
verantwortlich gemacht. Da viele der umgesiedelBanern, die vormals in den flachen Talbereichen
wirtschafteten, oft nicht mit den fiir sie erschwarAnbaubedingungen auf den steilen Hangbereichen
vertraut sind, fehlt es oft auch an Wissen zur auffigen Terrassenbewirtschaftung. Die Folge ist

eine unangepasste Nutzung der Terrassen und Zurdgsrigodenabtrags.

Die Ergebnisse dieser Arbeit legen eine Ausweisteig Terrassenflachen als wichtige, zu
erhaltene Okosystemdienstleistung nahe, da sigutei Pflege eine sehr effektive Erosionskontrolle
im stark reliefierten Xiangxi-Einzugsgebiet und ilzer hinaus im Reservoir des Drei-Schluchten-
Staudamms darstellen und eine nachhaltige Bewatsahg der Region erlauben. Des Weiteren
zeigen die Ergebnisse der Arbeit, dass auch vor Hamergrund einer geringen zeitlichen und
raumlichen Datenauflésung, Erosionsfaktoren eréidr flachendeckend regionalisiert und zur
validen Bodenerosionsmodellierung herangezogen emeidnnen. Vor dem Hintergrund weiterer
Arbeiten im Rahmen des Yangtze-Projekts, sowieasgitgeplanter Staudammprojekte am Yangtze-
Fluss und weltweit, stellt der geleistete Forsclsieiirag somit einen wichtigen Ausgangspunkt fur
aufbauende Forschungen zum Erosionsrisikopotenzidl damit einhergehender Umweltgefahren,

wie der Gewasserverschmutzung, dar.
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China’s History of Human-Induced Soil Erosion

CHINA'S HISTORY OF HUMAN-
INDUCED SOIL EROSION

China has a long history of human-induced
soil erosion. Already in pre-modern China, climate
change, population increase, migration movements
and settling of ‘ecological fragile areas’ suchtlas
Yangtze and Yellow River Basins caused large-
scale deforestation and environmental degradation
(ZHANG, 2000; KoL, 2003; Lu and W, 2010).
According to AHANG (2000) significant defores-
tation in China started around 3000 BC at the origi
of Chinese civilization in the Loess Plateau and
Guangzhong region and moved towards the south,
east, and north as land deterioration progressed an
population increased. Massive deforestation caused
by agricultural expansion and logging strongly
reduced the vegetation cover around 1,000 to 500
BC and caused enormous sedimentation loading
into the Wei and Yellow (Huang He) Rivers. As
stated by BANG (2000) the origin of the rivers’
names probably first date back to this time. They
indicate those acute soil erosion and high siltiap
that steadily increased to recently 2 billion tqes
year transported downstream to the Yellow Sea
(ZHANG ET AL., 1997).

New land reclamation east of the Loess
region led to extensive logging and agricultural
expansion around 500 to 0 BC and also did not stop
in the mountain ranges in the southern and northern
regions (HANG, 2000). Resulting soil erosion, land
deterioration, and migration movements still
continued to modern times as population density
steadily increased. In the late 19th and early 20th
century, logging, forest land conversion to
agriculture, and ‘urban uses’ significantly attitiba
to the early stage of economic development with
railway construction and political development
such as the foundation of the People’s Republic of
China in 1949 (BANG, 2000). Forest land was
reduced by estimated more than 6 million hectares
(Liu and SN 1985 quoted in EANG, 2000). With
the start of the nationwide ‘Great Leap Forward’ in
1958 (L and YANG, 2005) a new dimension of
deforestation increase, due to rapid industriabrat
and the raise of agricultural productivity, exhéuit
a tipping point towards exacerbated soil erosion in
China (YANG ET AL., 2005).

Particularly, the Yangtze River Basin
(YRB) was affected (XNG ET AL, 2005).
According to their findings based on literature
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review, YANG ET AL. (2005) further differentiate
two phases of largely ‘pulsed’ increases in soil
erosion in the YRB, especially in the Upper
Yangtze River Basin (UYRB). These phases of
enhanced soil erosion during the early 1980s and
the begin of the 21th century (Table 10) referied t
full modernization and economic innovation in
China mainly associated with intensifications in
cropland cultivation, deforestation, mining, and
road construction (8, 1999; AHANG and ZAHu,
2001; YANG ET AL., 2005).

Table 10 Areas (in 103 km?) of soil erosion and soll
erosion control in the Upper Yangtze River Basin
(UYRB) and Yangtze River Basin (YRB) from the

1950s to 2002 (afterANG ET AL, 2005).

Soil erosiol Soil erosion contrt
Year UYRB YRB UYRB YRB
1951 — 35C — —
198t 35z 562 — —
1992 346 572 54 157
199: 347 577 52 16C
1994 347 572 66 177
1996 380 613 81 199
1997 36¢ 60C 74 197
1998 368 600 58 186
199¢ 37C 60z a0 24C
2000 370 603 97 243
2001 46C 707 10¢ 247
2002 472 711 110 251
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CHINA'S EFFORTS ON COMBATING
SOIL EROSION

First governmental efforts to combat soil
erosion in China include the&soil and Water
Provisional Outlines(1957) andMethods of Saoill
and Water Conservation for Small Watersheds
(1980) which finally led to theRegulations on
Water and Soil Conservatiom 1982 (L ET AL.,
1999; Ly, 2012). On 29th of June 1991, at the 20th
Standing Committee of the Seventh National
People’'s Congress, soil erosion was declared
nationwide a top priority (china.org.%r.iu, 2012).
The same day, the central government adopted the
Law of The People’s Republic of China on Water
and Soil ConservatiofWSCL) ensuring enforced
“[...] preventive and rehabilitative measures taken
against soil erosion which is caused by natural
factors or human activities.” (Chapter 1, Article 2
china.org.ch). More concretely, the law includes
central aspects at the prevention (Chapter ),
rehabilitation (Chapter IIl), supervision (Chapter
IV), and legal responsibility (Chapter V) such as i
extracts:

o Facilitation of afforestation, preservation of the
vegetation, and prohibition of logging and
burning for the purpose dénd reclamation
(Chapter I, Article 13)

o Prescription of ‘reclamation-forbidden’
slopes with inclinations greater than 25
degrees, prohibition of reclamation of those
slopes for the cultivation of crops, gradual stop
of already existing cultivation on ‘reclamation-
forbidden’ slopes, restoration of vegetation or
construction of farming terraces (Chapter I,
Article 14)

o Overall planning and  comprehensive
rehabilitation for the soil erosion prevention
and control inriver basins in water-eroded
regions (Chapter Ill, Article 22)

o Installation and management of cultivated
slopesbetween 5 to 25 degrees by means of
conducive water and soil conservation
measures and farming techniques as drainage
systems andiarming terraces (Chapter llI,
Article 24)

o Establishment of amonitoring network for
WSC and prediction of the nation-wide soll
erosion, publication of the results by the
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department of water administration under the
State Council (Chapter IV, Article 29)

o Cessation of the reclamatiorgdoption of
remedial measures and imposition of a
penalty in the case of any violation of the
provisions in Article 14 (Chapter V, Article
32).

In 2011, a revised version of the WCSL
entered the legislation in order to adequately
address the current issues of 'one of China’s Top 1
Environmental Problems' (WWF China, 2013 ) and
to strengthen the legislative tools on soil erosion
control and combat (L, 2012). Basically, the
revised law equals the WSCL from 1991, however
amendments have been made in terms of better
planning and rehabilitation measures (e.g.,
identification and designation dfey Preventions
Areas and Key Rehabilitation Aregs greater
involvement of responsibilities, and increased
penalties against violations of the WCSLiYL
2012).

The Relieving and De-farming(RD) and
Rebuilding Terrace and De-farmindRTD) modes
are part of the governmental action plan in the eco
environmental restoration in order to break the
vicious circle of “sloping land reclamation -
environmental deterioration - farmer’'s poverty -
reclaimed expansion” (X 2000; XU ET AL., 2005)
and have been implemented in the UYRB of the
Yangtze River and the Loess Plateau in the Yellow
River Basin as both regions are priority areadian t
nation-wide development (XET AL., 2005).

In 2002, China additionally launched one of the
largest conservation projects worldwide for the
protection and improvement of the ecological
environment in the major river basins and
ecological vulnerable regions (L and Wu, 2010;
WANG ET AL., 2007; XU ET AL., 2006). The ‘Grain
for Green Program’ (GFG) was in particular
designed to reduce processes exacerbating soil
erosion and to strengthen the framework conditions
of ecological protection including deforestation,
over-logging, over-cultivation, and rural poverty
alleviation (Lu and WU, 2010). As GFG is
especially based upon the slope steepness criterion
determining the cropland suitability, the program
also got known asSloped Land Conversion
Program (Xu ET AL., 2006; WANG ET AL., 2007).

By the end of GFG in 2008, 8.22 million hectares
of sloping land accounting for approximately 6.8%
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of China’s total arable land had been converted to
forestland (W and VW, 2010). By doing so, runoff
and soil erosion could considerably be reduced
about 18% and 45% with further ecological benefits
such as of reduction in siltation of reservoirs and
downstream flooding (BNG ET AL, 2012; XU ET

AL., 2006). The economic losses due to soil loss by
erosion were reduced to more than 50 billion Yuan
(NING and GIANG, 2002).

According to the People’s Republic of China's
national report on sustainable development from
2012, China has kept approximately 1.07 million
km2 of nationwide soil erosion under control by
2010. 150 million people directly benefit from this
soil erosion management and annual soil loss could
be reduced by 1.5 billion tons.
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The Yangtze River

THE YANGTLZE RIVER

With a length of 6,380 kilometer, the
Yangtze River (Changing, £-T.) ranks as third
longest river in the world, as fifth in terms of
annual water discharge (920 km3), and historically
as fourth in terms of annual sediment load (480 Mt;
Hu ET AL., 2009). The Yangtze as a ‘world class’
river (HU ET AL, 2009) originates at the
Jianggendiru glacier at Mount Geladandong (6,621
m a.s.l) in the Qinghai Tibetan Plateau
(china.org.ch) and flows into the East China Sea
near the million-strong metropolis Shanghai. The
river's enormous draining area of 1,810,000 km?2
accounts for 19% of China’s territory HEN ET AL.,
2001) and counts more than 700 major and minor
tributaries (china.org.éh

The Yangtze River mainly crosses the
provinces  Quinghai,  Sichuan, Chongging
Municipality, Hubei, Anhui, and Jiangsu (from
west to east) being amongst the most populous
provinces in China (Figure 17). In total, the
Yangtze River basin (YRB) is home to more than
400 million people (M ET AL, 2009; XU and
MILLIMAN , 2009) accounting for 35% of the
national total, and producing 40% of the gross
domestic product (B andTAN, 1996; PrTock and
Xu, 2011). The YRB is the main rice planting area
in China and approximately half of the national
total crop harvest originates from this region. It
further contributes about one third of the national
grain and gross domestic product(BOEKHORST
ET AL., 2010; HANG ET AL., 2013).
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The Yangtze River can be divided into
three sections according to their physical settings
and drainage area; the Upper Yangtze River (UYR)
from the source region to Yichang (Figure 17), the
middle Yangtze River from Yichang to Hukou
close to Poyang Lake, and Lower Yangtze River
from Hukou to the river estuary in the Yangtze
River delta in Shanghai Municipality #D and
TAN, 1996; YANG ET AL., 2006; XU and MLLIMAN ,
2009). According to its physical settings and spati
dimension, the UYR distinctly dominates the YRB.
The mountainous landscape of the UYR basin is
strongly characterized by the Parallel Ridges and
Valleys (2,000-4,000 m), the Yunan-Guizhou
Plateau (1,000-2,000 m) and the Sichuan Plain
(500-1,000 m) located at the geological contact
zone between the rising géosynclinal area to the
west and the stable plateau to the eastl (&d
TAN, 1996).

The UYR drains an area of approximately
100 x 10 km? (Dai and TaN, 1996; XU ET AL.,
2007; HuU ET AL., 2009) accounting for nearly 56%
of the total Yangtze River basin §MG ET AL.,
2002). The flow length is 4,500 km from the source
region through mainly narrow and steep valleys
with an average gradient of 1.1% ANG ET AL.,
2007; Hy ET AL., 2009) towards Yichang (Hubei
Province; Figure 17). Its average annual discharge
from 1950 to 2002, recorded at the gauging station
in Yichang, is 440 km3 (XNG ET AL., 2006). With
an average annual sediment load of approximately
500 million tons, the UYR basin accounts for the
principal area of sediment production in the entire
Yangtze River basin (B and TaN, 1996; YANG ET
AL., 2006).

Figure 17 Theriver course of the
Yangtze (blue line) and the Upper
Yangtze River Basin (framed by
dashed black ling). The red lines
show the borders of the provinces
where the Yangtze River mainly
passes through. The black squares
symbolize from west to east the cities
Chonggqing, Yichang, Wuhan,

¥ Nanjing, and Shanghai. The blue
colored area between Wuhan and
Nanjing shows Poyang Lake. Thered
square shows Beijing (after SUBKLEW
ETAL., 2012).
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ON LARGE DAM PROJECTS AND
THEIR EFFECT ON SOIL EROSION

The increasing need to supply the growing
world population and steadily expanding economy
with water, food, and energy particularly
determines political and economic decisions on
constructing dam projects and hydropower
engineering schemes not only in China but
worldwide. According to th&\Vorld Commission on
Dams (WCD, 2000) and NTERNATIONAL RIVERS
(2007) more than 800,000 dam projects (mostly
small dams) exist worldwide. They provide
approximately 19% of the global energy supply and
provide water to 30-40% of worldwide irrigated
land of 271 million hectares (WCD, 2000).

Estimated 12-16% of the global food
production is directly linked to reservoirs of larg
dams (WCD, 2000). The number of large and major
dams worldwide is estimated to range from more
than 45,000 to more than 50,000 (WCD, 2000;
LEHNER ET AL, 2011). According to the criteria of
the International Commission of Large Dams
(ICOLD), dams of a height of more than 15 m or a
height of 5-15 m and a storage volume of more than
3 million m3 constitute large dams, while major
dams are higher than 150 m (ICOLD). Both are
mainly located in major river networks in North and
South America and China (Figure 18). In China
alone, approximately 45% of the world's large dams
(~22,000) and more than 85,000 dams in total are
located (WCD, 2000; &NSeTI and LoPEZPuUJOL,
20086).

Large dam projects attract worldwide
scientific and media interest due to their serious
upstream and downstream environmental impacts
and socio-economic consequences in space, time,
and costs (e.g. WET AL., 2004; NLSSON ET AL,
2005; SoNE and Jda, 2006), inasmuch, as they
strongly fragment more than 50% of large river
systems worldwide (NSSON ET AL, 2005).

Within the framework of thénternational
Union for Conservation of Nature (IUCN), OuD
and MUIR (1997) reported on a myriad of key
potential environmental and social impacts caused
by large dam projects differentiated into upstream
and downstream effects mainly resulting from the
loss of settlements and infrastructure, biomass,
habitats of flora and fauna, mineral resources and
numerous more (@ and MUIR, 1997). The land

104

use changes mainly account for large-scale shifts i
agriculture, land reclamation, and construction of
new roads and settlements to compensate the
inundation of valuable land.

By looking at the globally 400,000 km? of
land that were lost by flooding and the estimated 4
to 80 million people that were resettled since 1958
(WCD, 2000; NTERNATIONAL RIVERS, 2007) it
seems logical to perceive soil erosion in the
surrounding of large dams and their reservoirs as a
serious environmental threat. Caused dredging costs
of annually US$100-150 billion NITERNATIONAL
RIVERS, 2007) due to reservoir siltation also
illustrate the relevance of soil erosion and sedime
production as economic threat to the lifespan of
reservoirs (e.g., BANETT and RHOTON, 2007).

One prominent European example is the
multipurpose (i.e., hydropower generation, water
storage and supply, tourist attraction) large Algue
dam at the Guadiana River in the semiarid south of
Portugal. Its reservoir presents the largest eidifi
lake (250 km?) in Europe. However, post-
construction shifts in land use and human activitie
in combination with erosion-prone soils, high
rainfall erosivity during periods of poor vegetatio
cover, and steep terrain enhanced the soil erosion
risk potential and sediment production in the
Algueva dam watershed and lead to distinct
decreases in storage capacity due to silting up
(SERAFIM  ET AL, 2006; [ERREIRA and
PANAGOPOULUS 2010; 2012). Applying empirical
soil erosion modeling using RUSLE combined with
Geographic Information SystemsEgRREIRA and
PANAGOPOULUS (2012) revealed an average annual
soil loss by water erosion of approximately 29t ha
which constitutes the threefold of what is
considered as severe soil loss in entire Europe
(JONES ET AL, 2012). Dam-induced rapid
intensification of agriculture and irrigated area,
biomass production, and development of tourism
promoted by regional development plans as well as
climate change are assumed to even raise the soil
erosion risk in the affected watershed and to boost
the reservoir siltation (RVELA ET AL., 2012;
FERREIRAANdPANAGOPOULOS 2012).

A second prominent example is the
binational Itaipt dam impounding Rio Parana at the
border of Brazil and Paraguay. The subtropical
reservoir of Itaipt Lake has an area of 1,350 kin2 a
the normal operation water level of 220 m a.s.l.
(MORMUL ET AL.,, 2010). The drainage area
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upstream the dam is 820,000 km?OfrON ET AL,
2001). The Itaipad dam construction was completed
in 1982 for the main purpose of hydropower
generation. After the Three Gorges Dam at the
Yangtze River in China, it is the second largest in
world in terms of installed capacity. The Itaipu
hydroelectric facility provides more than 24% of
Brazil's and 95% of Paraguay's electricity needs
(COCHRANE ET AL, 2004). Since the start of its
construction in 1975 and as a consequence of poor
environment-related planning and follow-up of the
aggressive policies of agricultural expansion in
Brazil since the 1950s, intense land use changes ar
attributed to the project @RTON ET AL, 2001;
ALIXANDRINI, 2010). By conducting land cover
change analysis from remote sensing images for the
period from 1973 to 2009, IAXANDRINI (2010)
reveals a progressive and drastic reduction of
woodland area by approximately 74% from 4,666
km2 to 1,206 km? in both, Brazil and Paraguay,
mainly for the benefit of agricultural land that
increased by approximately 76% from 3,062 km? to
5,393 km2. Urban area increased more than fivefold
from 30 km?2 to 152 km?2 within the same period.
Those shifts dramatically increased soil losses by
water erosion and enhanced sediment production
from the major tributaries of Rio Parana River by
draining these areas of high erosion risloRYoON

ET AL., 2001; @CHRANE ET AL, 2002).

Reservoir capacity

(in k)
<1
1-10
* 10-100 o
* >100 \ -

1-10

Mumber of reservoirs in GRanD database

1-50

High to extremely high rates of soil loss by
water erosion in the Itaipa reservoir basin of
annually more than 20, respectively, 50 t hafer
to areas under conventional tillage directly adjace
to the impounded backwater areaO(EBIRANE ET
AL., 2003). Initially, during the feasibility studyf o
the dam, no risk of sedimentation was expected and
the lifespan of the project was assumed to be more
than 300 years (DRTON ET AL, 2001). However,
the enhanced sedimentation loading into the

reservoir is expected to dramatically shorten the
dam's long-term safe operation by premature filling
and to affect the water ecology MMUL ET AL.,
2010).

51-100 101-500 501-1008 = 1000

Figure 18 Global spatial distribution of large dam projects by country (after LEHNERET AL., 2011).
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THE THREE GORGES DAM AND ITS
RESERVOIR

First proposals for the regulation of the
discharge and hydropower generation by damming
the Yangtze river in the area of the ‘Three Gorges’
date back to 1919 and to the 1930s. Various
political and financial reasons, however, caused a
postponement of the ambitious plarofREeTi and
LoPEzPuJOL, 2006). After a severe series of
floods, the original plans were re-examined in the
mid 1950s and further reviewed in the mid 1980s.
The plans were finally checked for their technical
and financial feasibility in 1988 by the Canadian
Yangtze Joint Venture (CYJV). In 1992, the CYJV
feasibility study was approved through the Chinese
National People’'s Congress EBTTIE, 2002; D
ET AL., 2006). The TGD project was then declared a
chief task and a key strategic component in the
development of the whole YRB ($ToN, 2004). In
1993, the comprehensive construction project
including the dam and the preparatory actions along
the future reservoir started.

After its closure in 2003, the TGD started
to impound the Yangtze River upstream of

Sandouping close to Yichang, the outlet of the
UYR (Figures 19 and 20). Geologically, the zone of
the 'Three Gorges' stretches fraQutang Gorge
(downstream of Fengdu towards Wushan), @hd
Gorge (from Wushan towards Badong) towards
Xiling Gorge (from Zigui towards Yichang; Figure
20).

Figure 19 The Three Gorges Dam in 2008 (above)
and the sediment-choked, impounded Yangtze River
right upstream the dam in 2010 (below). Pictures
were taken by S. Schonbrodt-Stitt.

Six years later in 2009, the dam itself, the
installation of the hydropower plan, and two ship-
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locks were completed. The design water level of
175 m a.s.l. at the dam was reached the first time
and full operation started. Additional construction
works at the dam, such as the ship-lift, still
continued to at least 2012 IQdUA, 2012).

With a surface area of 1.084 kmOsETI
and LloPezPujoL, 2006), the Three Gorges
Reservoir (TGR) is approximately the fourfold of
the largest dam reservoir in Europe (Alqueva lake)
and approximately 1.2-fold less of the largest dam
in South America, the ltaipu lake (c.f., Annex IV).
Due to the narrow valley bordered and steep sloped
topography, the newly created reservoir stretcimes o
a length of 660 km. At the scheduled water level of
175 dam (full operation level), the storage capacit
of the reservoir is 39.3 km3 accounting for 8.7% of
annual discharge at the dam site and 4.5% of the
Yangtze River's annual discharge ADET AL.,
2006; HJ ET AL., 2009; XU and MLLIMAN , 2009).

By realizing this project of the century, the
Chinese government aims at following multiple
purposes to strengthen the role of the YangtzerRive
as China’s ‘Golden Waterway’ (WET AL., 2010):

0 Flood control and reduction of peak
discharge downstream the TGDin order to
prevent nearly 80 million people from death
and 60,000 km2 of farmland as well as the
dense industrial network in the middle and
lower Yangtze River from monsoon flooding
(PoONSETI and LOPEzPuJoL, 2006, RrTock
and Xu, 2011).

o Energy generation by hydropowerin order to
cover the increasing demand of energy and
making the hydropower the first priority
amongst all types of electricity generation in
China (GHENG ET AL, 2012). The TGD is
currently the largest hydroelectric dam in the
world in terms of installed capacity with 26
hydro-turbines generating a total capacity of
18.2-22.5 gigawatts amounting to 11% of
China's total hydropower capacity HENG ET
AL., 2012; HUANG and YaN, 2009; BBC China,
05 July 2012).

Improvement of the Yangtze River's (and
tributaries’) navigation due to deepening and
widening of the river channel after river
impoundment that lead to a Dbetter
infrastructural connection of remote areas, an
increase of one-way shipping river's capacity,
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and boost of tourism in the region via a
navigable length of more than 70,000 km
(china.org.cA PONSETI and LOPEZPuJOL
2006);

o Securing and facilitation of water supply
and water transfer by realizing the ‘South-to-
North Water Diversion Project’ and bringing
water from the TGR toward the north to the
Huang-Huai-Hai Plain by linking the Yangtze
River with the rivers Huang He, Huaihe, and
Haihe (Water-Technology.Net, 29 May 2013).

The impoundment of the Yangtze River
and the associated backwater creation in the
tributaries currently lead to far-reaching and ticas

changes in the affected landscapes and ecosystems.

A central effect of the TGD is the required seasona
adoption of the water level of 30 m at the dam in
order to realize the above goal settings by
considering as far as possible the characterisfics
the natural watercourse flow SKLEW ET AL.,
2012).

Yunyang

Fengdu

Chongqing

design maximum water level of 175 m'

Until the start of the Southeast Asian
summer monsoon, the reservoir's water level is
lowered to 145 m a.s.l. at the dam in order to
provide a sufficient upstream compensating volume
for abundant precipitation and thus, flood retemtio
volume during the rainy season from May to
September. In October when the peak flow passed
through, the water level is raised to a maximum
scheduled water level of 175 m a.s.l. for peak load
energy production. From January to May, the water
level is again lowered to 145 m a.s.l. to compensat
the very low precipitation and thus, to increase th
water flow downstream the TGD. Furthermore,
existing sediment deposits shall partly be washed
away in order to keep the reservoir siltation on a
low level during rainy season when highest
precipitation is associated with an increased solid
matter transport (8KLEW ET AL., 2012).

Three Gorges
Project

Gezhouba Water
Control Project

Three Gorges Dam 200

145m W

Gezhouba Dam

200 100 0

Figure 20 Location of the Three Gorges Dam close to Yicletrthe outlet of the Upper Yangtze River Basin
and the newly created Three Gorges Reservoir after impoundment in 2007 upstream from Yichang
towards Chongging (above), and design of the sdedduater levels (below; after Three Gorges Pragject
modified by S. Schénbrodt-Stitt).
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ZUSAMMENFASSUNG

Mit der Entwicklung eines integrativen, datenbasieiModellierungsansatzes verfolgte diese
Studie die rdumliche hochaufgeldste Erfassung uach&fsage von Bodenerosion in das Reservoir
des Drei-Schluchten-Staudamnifee Gorges DamI'GD). Die zentralen Forschungsfragen galten
(a) der Art und dem Umfang der Auswirkungen verdtateRahmenbedingungen am TGD auf die
Bodenerosion durch Wasser, (b) den VeranderungeRetsource Boden durch die Bodenerosion, (c)
den durch die Bodenerosion ausgeldsten Geo-Risiken Risikopotenziale und (d) deren raumliche

und zeitliche Variabilitat.

Infolge des Baus des TGD ist auch das Einzugsgethst Xiangxi in diesem hoch-
dynamischen Okosystem von der Flussaufstauungorsdén Wasserstandsschwankungen und
rapiden Landnutzungsanderungen mit Auswirkungen @ief Hangstabilitdt und Bodenerosion
betroffen. Das Risikopotenzial von Bodenerosion das Reservoir bildete den inhaltlichen
Schwerpunkt dieser Studie. Das Einzugsgebiet dasgXi ist gekennzeichnet durch steile bis extrem
steile, gréf3tenteils terrassierte Hange und diestkithe Verlagerung von Oberbodenmaterial von den
gefluteten Uferbereichen hangaufwérts. Das Ziel detersuchungen bestand in der Entwicklung
einer integrativen und datenbasierten Methode ziasEung und Analyse von Bodenerosion mittels

eines mehrstufigen und multiskaligen Ansatzes. Knenbination von GIS-basierter empirischer und
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einzugsgebietsbezogener Erosionsmodellierung leasieauf Reliefanalysen mit Gelandearbeiten und

Fernerkundung bildete den konzeptionellen AufbauAdbeiten.

Die wesentlichsten Ergebnisse sind die Kartieruadelnerosionsrelevanter Prozesse in den
Intensivuntersuchungsgebieten, die erfolgreicheuatrisierung des Bodenerosionsmodells RUSLE
und die Entwicklung des konzeptionellen ModellsrraCE sowie die Regionalisierung erosions-
steuernder Faktoren auf Basis v@errraCE mittels Data Mining-Verfahren und Berechnung der

flachenkonkreten Bodenerosionsgefahrdungskarte.

1 EINLEITUNG

Bodenerosion zahlt nach wie vor zu den gro3ten Utprablemen weltweit. In den 1990er
Jahren sind allein in Europa 105 Millionen ha otlé% der gesamten Landflache (ohne Russland)
betroffen (EEA, 2003). Neuere BerechnungenJiest Research Centreéer EU (JRC,ONES ET AL,
2012) schatzen die Flache aktuell auf 1,3 Millioken? fiir die EU-27, wovon anndhernd 20% einen
Bodenabtrag von mehr als 10 t*ha' aufweisen. Im wissenschaftlichen Diskurs wird Werlust
fruchtbaren Bodens durch Erosion gar a#ent global crisis mit Auswirkungen auf die
Nahrungsmittelproduktion, Wasserverflugbarkeit undf alen Klimawandel verstanden (u.a.
MONTGOMERY, 2007). Eine Bodendegradation durch Bodenerosiarkt wsich direkt auf die
Produktivitat landwirtschaftlicher Okosysteme unargtokosysteme aus. Ebenso bedroht der
Bodenverlust die Stabilitat von Okosystemen undagdmnomischer Strukturen E®ENTEL, 2006).

Der Verlust an fruchtbaren Oberboden und an Bodes&rapeicher ebenso wie die Erosionsprozesse
selbst, gekennzeichnet durch Sedimentaustrage, réyest partikuldar im Boden gebundener
Agrochemikalien und Belastung angrenzender Gewassglien Politik und Okonomie damit vor
enorme politische und planerische Herausforderungegefangen bei der Erndhrungssicherung bis
hin zur Trinkwasserqgualitat. Global betrachtet getichina zu den Landern, die am starksten von
Bodenerosion betroffen sind @ANG, 1987; ADHOUS, 1993; VAN LYNDEN und OLDEMANN, 1997;
KoLB, 2003;Cal ET AL., 2005; Abbildung 1). Aktuelle fernerkundungsbasieStudien zeigen, dass
3,56 Millionen km2 Chinas ernste Bodenerosionssehdaufweisen (EoPLE DAILY, Marz 2010).

Dies sind ungefahr 37% der gesamten Landesflache.

Durch Bodenerosion ausgeldste technische Problemmirnden mit hohen Kosten treten u.a.
bei groRen Staudammprojekten auf, wo infolge hdbedimenteintrége in die Reservoirs mit der
Abnahme der Staukapazitdt und damit der Energiegemig durch Wasserkraft gerechnet werden
muss. Neben der nattrlichen Erosionsdispositioteraeniert durch die Topographie, die Erosivitat
der Niederschlage und Erodierbarkeit der Boderelspivor allem die mit dem Bau und Betrieb von

Staudammen einhergehenden, anthropogenen Eingriffee angrenzenden Okosysteme, z.B. durch
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StralRen- und Siedlungsbau sowie Bodenverdichtury Rlachenversiegelung, eine entscheidende
Rolle fir die Hohe des Bodenabtrags.

Die Errichtung und der Betrieb des weltweit gro3®mudammprojekts am Yangtze in
Zentralchina zeigt dies exemplarisch. Der Drei-8chten-StaudammTphree Gorges Damim
Folgenden TGD) am Oberlauf des Yangtze verursachtfikstige, massive Landschafts- und
Umweltveranderungen in einer Region, die die h@h&odenerosionsraten in ganz China aufweist
(ZHou, 2008). Ungefahr 33% (560.000 km?) des Yangtzeulitisgebietes (Yangtze-EZG), eine
Flache fast 1,5 Mal so gro3 wie Deutschland, iseite ernsthaft durch Bodenerosion, speziell am
Unter- und Mittellauf des Yangtze, betroffen. Diehsinfolge des TGDs rapide @ndernden und
hochdynamischen Okosystemeigenschaften kénnen alieri@rosion dabei noch verstarken. Durch
den Aufstau des Yangtze verlagert sich die lokaleosiénsbasis. Infolge kinstlicher
Wasserstandschwankungen im Jahresgang werden djenaanden Hange destabilisiert und

Massenbewegungen induziert.

Water Erosion in China J

W atar Erosion - shaet erosion
[extent fimpact)
= 10% none
= 10%:flight
= 10% f moderate
1= 10% [ streng
10-258% f none
| 10-25% i light = 50% ! none
10-25% § moderate = 80% ! light
I 10-25% f strong B - 50% /moderate
55-50%: ! none Bl - 50% / strong
25-60% ! light B - 50% ! extrerne
I 25-50% § moderate nens

I =5-50%: 1 strong B no data

Abbildung 1 Durch den Menschen verursachte Bodenerosion ing&lhimd deren Ausmalf3 (nach
LYNDENUNdOLDEMANN, 1997).
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GroRrdumige Landnutzungsanderungen, verbunden rait Meulandgewinnungen fir
Infrastruktur, Subsistenzanbau und den flachengnten Anbau von MarktfriichterCash cropy auf
stark geneigten Flachen hangaufwérts der urspichegii Uferlinie (@I ET AL., 2005; HIANG ET AL.,
2006) koénnen ebenfalls ein Zunahme der Bodenerdmairken. Es wird erwartet, dass der TGD und
die damit zusammenhangenden, sich rapide &anderndwh hochdynamischen Okosystem-
bedingungen, die Bodenerosion in einer unerwart@&enension forcieren. Infolge der Flussauf-
stauung wurden die Auen und mithin der Uberwiegehdit landwirtschaftlich genutzter Flachen
Uberflutet. Mehr als eine Million Menschen wurdengesiedelt (AN ET AL., 2005; MCDONALD ET
AL., 2008). Einige Studien weisen eine Umsiedlungever vier Millionen Menschen bis zum Jahr
2020 aus (u.a. &XER 2007). Die neuen Siedlungsgebiete befinden dighb@lb der neuen Uferlinie
des Aufstaubereichs auf stark geneigten Hangen,ddreh flachgriindige, erosionsempfindliche
Bdden gekennzeichnet sindEHT AL., 2008). Weitere erosionsrelevante Faktoren sind erhdhte
Hanginstabilitat infolge der kinstlichen, saisonal&asserspiegelschwankungen sowie die Entwal-
dung und nachfolgende Intensivierung der Landwhidfican den Hangen kombiniert mit unange-

passten Managementpraktikem(€T AL., 2005; HIANG ET AL., 2006).

Mittel- bis langfristig werden daher im Einzugsgebdes Yangtze und seiner Nebenfliisse
betrachtliche Okologische Folgen und soziotkonoh@skKonsequenzen der Bodenerosion erwartet
(MENG ET AL, 2001). Unter der Pramisse einer nachhaltigerziNigi der natirlichen Ressourcen
Wasser und Boden stellt sich damit die Frage naghdén Reaktionen der Landschaft auf die
veranderten Rahmenbedingungen und (b) der rdumliohd zeitlichen Dynamik der Reaktionen im
neu geschaffenen Okosystem Drei-Schluchten-Staudatenntnisse zur Qualitat und Quantitat des
Bodenabtrags und dessen rdumliche sowie zeitlichabféitat konnen helfen, die AusmalRe der
Bodenerosion mit Hilfe eines angepassten Managamentl Schutzmaflinahmen zu minimieren.
Hangparallel angelegte Ackerterrassen stellen giehe Schutzmaflinahme dar, die im Bereich des
TGD grofR¥flachig zur Anwendung kommt. Im Optimalfgleichen die Terrassen die Topographie aus
und ermdglichen eine ©6konomisch profitable ackdiblae@ Nutzung von Gebirgsregionen (z.B.
BRANcCuUCCIUNdPALIAGA , 2006; QO ET AL., 2007).

Bereits in der Antike und frihen Neuzeit erkanrdenKulturen im Mittelmeerraum, in China
und in Mittel- und Sudamerika die Bedeutung eingsinmal an die physio-geographischen
Bedingungen angepassten und konstruierten Terygtems flr den Erosionsschutz und die
Bodenfruchtbarkeit (AL, 1976; TOY ET AL., 2002; MONTGOMERY, 2007). Durch die quer zum Hang
gerichtete Terrassierung werden steil geneigte eldngmehrere kirzere Abschnitte mit relativ
flachen Oberflachen tberfuhrt. Dies bewirkt einattiehe Herabsenkung der erosiven Hanglénge und
des Oberflachenabflusspotenzials. Jedoch ermdgtiEhtverbleibende Hangneigung der einzelnen
Terrassenstufen in Abhangigkeit von der Topograpmd der Konstruktionsweise der Terrassen

immer noch Bodenabtrag (fdsoN, 1981; KOULOURI und GIOURGA, 2007). FAMMAD ET AL . (2004)
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haben fur Trockensteinterrassanystone walls unter mediterranen Bedingungen eine Verringerung
des Runoff-Koeffizienten (Menge des Oberflachenesies im Verhaltnis zur Niederschlagsmenge)
von 20% fir nicht terrassierte Plots auf 4% furédssierte Plots gemessen. Untersuchungen von
ZHANG ET AL. (2008) im montanen Sichuan-Becken in Westchingereeinen Anstieg des Runoff-

Koeffizienten um circa 22 bis 70% auf nicht-teriagen Flachen gegenlber terrassierten Plots. Die

Bodenerosion auf nicht-terrassierten Plots ist dafmecirca 35 bis 400% erhoht.

Eine inadaquate Konstruktion und Missmanagement Verrassen kdénnen die Erosions-
schutzwirkung stark beeintréchtigen. Verschiedenheli€n in Peru iBAR und LLERENA, 2000),
Italien (BRANcuUCCI und PALIAGA, 2006) und Thailand @IG-ARUN ET AL., 2006) zeigen einen
Zusammenhang zwischen der beobachteten Hohe de&8udags und des Zustands der Terrassen.
Insbesondere die Aufgabe bzw. Stilllegung von Teseaflachen kdnnen zu einem erneuten Anstieg
der Erosionsraten fuhren. Grinde fir eine AufgadreRtichen liegen haufig in der Extensivierung der
Landwirtschaft und/oder mangelnden Kapitals zur ddmltung der Flachen. Ebenso kann der
umgekehrte Fall eintreten. Rapide 6kosystemare nderangen und eine einhergehende rasche
Intensivierung und Inwertsetzung bzw. Reaktivieruran Terrassenflachen, wie es in der Drei-
Schluchten-Region grof3flachig zu beobachten ishnkd zur Degradation von Terrassenflachen
fuhren (£¥HONBRODT-STITT ET AL., 2011;under review. Im Xiangxi-Einzugsgebiet (Xiangxi-EZG)
zeigt sich eine Degradation der Terrassenlandsahmsiiesondere im Aufstaubereich (Abbildung 2).
Bislang ungenutzte Flachen werden im Zuge der Wthsgig rasch in Wert gesetzt und brachliegende
Flachen reaktiviert. Das Tempo dieser dynamischeridMlerungen beriicksichtigt dabei nur zu selten
vorhandenes Kapital zur Instandsetzung alter Teerdkichen. Auf den neuen Terrassen werden
hauptsachlich Orangen angebaut. Die starke Zunalendnbauflache in sehr kurzer Zeit fuhrt zur
Uberproduktion und zum Preisverfall auf den lokalexl regionalen Markten, der mangelnde Absatz
der Orangen ist wenig gewinnbringend. Dadurch feklie Motivation und das Kapital zur Pflege und
Instandhaltung der Terrassen und es kommt sukzegaieiner Verschlechterung des Zustands vieler

Terrassenflachen.

Quantitative Abschatzungen zum Bodenabtrag aufa$een mit starken Degradations-
erscheinungen fehlen in der Literatur bisher bzgziéhen sich nur auf vorsichtige Schatzungen ohne
Kalibrierung und Validierung durch direkte Abtragsssungen. Dies liegt unter anderem darin
begriindet, dass die Integration von Terrassen soigeBertcksichtigung ihres Zustands in der
Erosionsmodellierung bislang nur ansatzweise genngind. Fehlt einer prozessorientierten
Erosionsmodellierung auf Terrassen, wie sie z.B.dam TEST Modell auf West Java vorgenommen
wurde (/AN DIJK, 2002), die Parametrisierung auf Plotebene, lassen die Ergebnisse nicht auf
Einzugsgebietsebene Ubertragen. In der empirisEinesionsmodellierung auf Einzugsgebietsebene
wurde die Wirkung der Terrassen auf den Bodenabbitang in einem Mald fir Erosions-
schutzmalRnahmen widergegeben. Bei der Modelliemngler USLE bzw. RUSLE (VCHMEIER
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undSMITH, 1965; RENARD ET AL., 1997) ist dies ddP-Faktor. Die durch Terrassierung modifizierten,
erosiven Hangneigungen und Hangléngen als prozegante GroRen werden dabei nur indirekt
berticksichtigt. Ein Mal} fur den Terrassenzustandit.feEs gehen lediglich Angaben zum

Terrassendesign ein, abgeleitet aus TerrassenmgeiguhBreite der Terrassenstufe.

Abbildung 2 Diversitat terrassierten Farmlands im Einzugsgelbies Xiangxi. Fotos aufgenommen
von S. Schonbrodt (09/2008, 04/2009).

Angesichts der Beobachtungen im Bereich des TGDnwutan wir, dass der Zustand der
Terrassen einen prozessbestimmenden Faktor demBam#on darstellt. Die Kausalitat zwischen
Auftretenswahrscheinlichkeit sowie Intensitét desl@abtrags und dem Pflegezustand der Terrassen
war bereits zu Beginn der ersten Projektphase siffatich und scheint in dem stark reliefierten
Xiangxi-EZG eine der zentralen Steuergrof3en dereBetbsion zu sein. Es zeigte sich, dass dort wo
Stérungen der Trockensteinmauern, z.B. eingestuwrtd/oder verschlammte Terrassenwéande,
und/oder an die lokale Reliefsituation unangepassatgenieurtechnisches Terrassendesign auftreten,
ein deutlich héherer Bodenabtrag und Oberflachéasbhustritt als bei gut gepflegten Terrassen. Wir
nehmen daher an, dass die Hohe sowie die zeitlioderaumliche Verteilung der Bodenerosion im

Gebiet des TGD in erster Linie eine Funktion desrdssenzustands ist und weniger durch die
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naturliche Erosionsdisposition bestimmt wird. Wetiachten den Terrassenzustand dabei als eine
Funktion aus reliefbasiertem Terrassendesign uledi®fustand. Ursachlich stehen soziobkonomische
Faktoren und naturrdumliche Gegebenheiten nebemiznaund bedingen in Wechselwirkung den

jeweiligen Terrassenzustand.

2 ANSATZPUNKT DER ARBEITEN UND FORSCHUNGSFRAGEN

Ziel der Arbeiten war die Entwicklung eines intdgran, datenbasierten Modellierungs-
ansatzes zur hochaufgeldsten Erfassung und Vodersan Bodenerosion und diffusen
Stoffeintragen in das Reservoir des Drei-Schlucleudamms. Die zentralen Forschungsfragen
zielen auf (a) Art, Umfang und Auswirkungen veramele Rahmenbedingungen am TGD auf die
Bodenerosion durch Wasser, (b) Veranderungen dssdrece Boden durch die Bodenerosion, (c)
durch die Bodenerosion ausgeltste Geo-Risiken Bisikopotenziale und (d) deren raumliche und

zeitliche Variabilitat ab.

In einem schrittweise und rekursiv angelegten Ang#bbildung 3) wurden dabei im
Einzugsgebiet des Xiangxi und der Teileinzugsgebigiyuan und Xiangjiabané€sted approaghdie
bodenkundlichen und geomorphologischen Grundlagemesdie Bodenerosion und deren steuernden
Eigenschaften erfasst. Darauf aufbauend erfolgee Etistellung und Validierung einer hochauf-

I6senden, flichenkonkreten Gefahrenkarte zur Badsion. Die zentralen Forschungsfragen lauten:

0 Wie lassen sich die Erosionsgefahrdung und dasidasrssikopotenzial im Xiangxi-EZG
erfassen und bewerten?

0 Welches Erosionsmodell eignet sich zur VorhersageBbdenerosionsrisikos?
0 Wie lassen sich die Hotspots des Erosionsrisikoyzdds identifizieren und wo befinden sie
sich?

o Wie kann die Rolle der Terrassen als wirksamer iBngschutz im Untersuchungsgebiet
bertcksichtigt werden?

Die Arbeiten zur Beantwortung der Forschungsfraglesdern sich in Kartierungsarbeiten und
Bodenprobenahme im Gelénde, laboranalytischen febaind GIS-gestutzten Modellierungen der
Bodenerosion unter Berlcksichtigung des Terrasstazds. Basierend auf der Analyse von
Felddaten und der Regionalisierung erosionssteaeiffaktoren erfolgt zunachst die Parametrisierung
des Erosionsmodells RUSLE mit dem erste flacheniaak Bodenerosionsgefahrdungskarten
gerechnet werden. Weitere Gelandearbeiten dienten Pdrametrisierung des neu entwickelten
TerrassenzustandsmodellsrraCE Abschliel3end erfolgt die Integration der ErgebaigonTerraCE
in die Erosionsmodellierung und die Neuberechnueg &rosionsrisikopotenzials unter Berlck-

sichtigung des Terrassenzustands als erosionsstiemdfaktor.
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Abbildung 3 Ablauf und Koppelung der Arbeitsschritte fur diestelung und Validierung einer
hochauflésenden, flachenkonkreten Gefahrenkart®adenerosion.

3 MATERIAL UND METHODEN
3.1 Gel@ndearbeiten

Die erste mehrwochige Gelandephase im Xiangxi-EZG2008 diente der Erfassung
bodenkundlicher und geomorphologischer Charakiesistsowie der Klassifikation aktueller
Erosionserscheinungen und deren steuernden Fakfbabelle 1). Aufbauend auf den Erkenntnissen
der Ubersichtsbegehungen zur Abgrenzung der Teilgsgebiete Xiangjiaba und Quyuan wurden
Standorte mit reprasentativen LandnutzungstypenRediefformen als Typlokalitaten ausgewiesen.
Ein weiterer zentraler Arbeitsschritt in der erst&elandephase war die genaue Positions-
bestimmungen, die Lokalisierung der Typlokalitatemf der Topographischen Karte, die Relief-
korrektur sowie die Georeferenzierung der Kartendltage. Dieses war notwendig, da die zur
Verfligung stehenden Karten teils verzerrt sindteild keine absolute Positionsbestimmung erlauben.
Die topographischen Vermessungsarbeiten umfasatgichte Trackaufzeichnungen der Stral3en und
Wege sowie die wiederholte Lokalisierung von Stédtend Dorfern sowie markanten Platzen
(Brucken, Staumauern, Uferlinie, Mindungsbereicba Webenflissen in den Xiangxi, markante

Bauten, z.B. Tempel).

Die zweite mehrwochige Geldndephase im Xiangxi-BZ@009 diente der weiterfiihrenden
Erfassung bodenkundlicher und geomorphologischeardlteristika von Typlokalitdten. Diese

Typlokalitaten entsprechen in ihrer Funktionalittnen der ersten Gelandephase. Als eine weitere
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funktionale Landnutzungsgruppe wurden Waldflachartiért. Weiterhin wurden rezente Erosions-

erscheinungen klassifiziert und deren steuerndéFeak erfasst.

Aufbauend auf den Erkenntnissen der starken Kdésahvischen der Auftretenshaufigkeit
von Erosionserscheinungen und dem Zustand lanaWwatdich genutzter terrassierter Flachen, lag
ein zweiter inhaltlicher Schwerpunkt der Gelandeadn in 2009 und 2010 auf der Klassifizierung
und Kartierung von Terrassenzustdnden sowie delas&nhg rezenter Erosionsformen im
Aufstaubereich und in den Teileinzugsgebieten Xiabg und Quyuan. Von besonderer Bedeutung
waren Charakteristika des Terrassendesigns und)daitat des Pflegezustandes sowie Erosions-
formen und deren Auspragung. Des Weiteren wurdeng@phische Vermessungsarbeiten durch-
geftuhrt.

Rezente Erosionsformen wurden in ihrer Ausdehnuégde, Breite, Tiefe) vermessen und in
Anlehnung an die Richtlinien des DVWK-FachausschBedenerosion (1996) nac®heet erosign
Interrill erosion, Rill erosionundGully erosionklassifiziert. Die Schatzung des Bodenabtragdgdo
im Gelande nach bbsoN (1981, Tabelle 3). Wéahrend der ersten Gelandekgng§2008) wurden
insgesamt 27 Standorte (E_1 bis E_27), verteiltdad Xiangxi-EZG, den Aufstaubereich und die
Teileinzugsgebiete Xiangjiaba und Quyuan, auf dld¢ugerosionserscheinungen und bodenkundliche,
morphologische und landnutzungsbedingte Erosiotmfak untersucht. In 2009 und 2010 kamen
weitere 218 Standorte hinzu (Abbildungen 4 undF¥chen ohne Erosionserscheinungen wurde der
Erosionsklasse 1 zugeordnet. Ein allgemein malfgelust des Oberbodens und ein geringfiigiges
Einschneiden durch Abflussrinnen kennzeichnen dianddrte der Erosionsklasse 2, wahrend
Erosionsklasse 3 einen deutlich hoheren Oberbodesveund eine stéarkere Zergliederung durch
Abflussrinnen beinhaltet. In die Erosionsklasseirpestufte Standorte sind durch eine sehr starke
Abtragung des Oberbodens bis zur BloRlegung deserbotens bzw. selten auch des
Ausgangsgesteins und eine tiefe (20 bis vereidgettm Tiefe) und verhaltnismaRig breite (20-30 cm)

Zerschneidung durch Rinnen und Graben gekennzdichne

Die Erhebung des Pflegezustands von Terrassengtrfaiittels eines eigens entwickelten
standardisierten Aufnahmebogens in Anlehnung ama@@Ll (2005), $ONDRINI ET AL. (2005) und
BrRANcuccIundPALIAGA (2006). Die Bestimmung des Bodentyps (Abbildung®dlgte nach WRB
(2007) an Leitbodenprofilen und mittels Bohrstoakiemung (Plrckhauer-Bohrstock). Fir eine
Analyse bodenphysikalischer und bodenchemischemiger wurden von jeder Typlokalitat gestorte
Bodenproben aus dem Oberboden (0-20 cm) und anLéigprofilen horizontweise gestérte und
ungestorte Bodenproben entnommen. Alle bodenkumdind geomorphologisch untersuchten und im
Hinblick auf Erosionsformen kartierten Typlokalgét wurden mit taglich variierenden Genauigkeit
zwischen * 4-12 m GPS-lokalisiert (UTM WGS 1984n£ai9N).
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Abbildung 4 Standorte der Probenentnahmen und KartierungsflagsimeEinzugsgebiet des Xiangxi.
GIS und Layout von S. Schonbrodt.

3.2 Laboranalysen

Die Bestimmung der Lagerungsdichte erfolgte grawiseh in dreifacher Wiederholung an
Volumenproben nach Trocknung bei 105 °C bis zur iGetskonstanz im Labor ddfaculty of
Engineering (CUG) in Wuhan. Ebenfalls erfolgte hier die Prolmiehandlung (Lufttrocknung,
Siebung < 2 mm, Morsern, Ermittlung des Masseantdr Grobbodenkomponente > 2 mm). Im
Labor fur Bodenkunde und Geootkologie am Lehrstiinl Rhysische Geographie und Bodenkunde
(Universitat Tubingen) wurden Korngrol3enzusammezusef (7 Fraktionen, kombinierte Sieb-Pipett-
Methode nach Kohn, DIN 19683 1/2), Karbonatgehgdtsyolumetrisch an gemahlenen Teilproben,

Calcimeter, Eijkelkamp), pH-Wert (potentiometrisaideionisiertem Wasser und in 1 M KCI-Losung
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bei einem Boden:Ldsungs-Verhaltnis von 2,5:1 miteei Sentix 81-Glaselektrode im LOsungs-
tberstand, WTW pH 340) und C- und N-Gesamtgehatliegémahlenen Teilproben mittels flammen-

loser Verbrennung am CNS-Analyzer, Vario EL llleElentar GmbH, Hanau) bestimmt.

Teileinzugsgebiet
Xiangjiaba

Teileinzugsgebiet
Quyuan

Probenstandorte TP EROSION
¢ Proben vom TP HANGBEWEGUNGEN
= Stadte und Dorfer

|; Xiangxi Bay

/\/ Flussnetz

Abbildung 5 Standorte der Probenentnahmen und KartierungsflaehreAufstaubereich im sidlichen
Einzugsgebiet des Xiangxi. GIS und Layout von [&rfrodt.
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Tabelle 1 Parameter zur Erfassung der Faktoren der Bodenerosn Einzugsgebiet des Xiangxi
(KA5: Bodenkundliche Kartieranleitung, Ad-hoc-AGdBa der Geologischen Landesamter und der
Bundesanstalt fir Geowissenschaften und RohsteffBuhdesrepublik Deutschland; WRB 2006:
World Reference Base of Soil Resources, IUSS VWoBdoup WRB; RUSLE: Revised Universal Soil

Loss Equation, BNARD ET AL, 1997).

Faktor Parameter

Boden Textur des Feinbodens (Fingerprobe nach KA5)
Bodentyp (WRB 2006)
Steinanteil auf Bodenoberflache (Flachen-%)
Karbonat (Test mit HCI 10%)

Relief Hangneigung (Neigungsmesser)
Hangform (KA5)
Lage am Hang (KA5)

Landnutzung Dominierende Landnutzung und GroRédashelwirtschaftlich genutzten Flache
(Breite und Lage in m)

Zwischenfruchtanbau (Kartierung und Befragung daudsn)

Grad der Bodenbedeckung (Flachen-%), Mulchfaktd&fSRE)

Anbautechnik (Aufnahmebogen: terrassiert/nichiassiert)

Terrassen (Aufnahmebogen: Typ, Hohe, Breite, Najjun

Zustand der Terrassen (Aufnahmebogen: qualitativ)
Management ErosionsschutzmafRnahmen (RUSLE)

¥
|
i

Abbildung 6 Beschreibung pedologischer Eigenschaften im Eirgalyjet des Xiangxi mittels

Profilgrabungen (links) und Bohrstockkartierungghts). Fotos aufgenommen von S. Schénbrodt
(04/2009).
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3.3 Datenaufbereitung und Erstellung der Datensétze fir die

Erosionsmodellierung und fur TerraCE

Die Ableitung des hydrologischen Xiangxi-EZGs egfel mittels ArcGIS. Die dafur
erforderlichen digitalen Hoéhendaten basieren auf Daten deiShuttle Radar Topographic Mission
(SRTM 3, Version 4; ARVIS ET AL., 2008) in 90-m-Auflésung der CGIAR-CSI. Im Prepgssing
wurden die SRTM-Daten von Geographische KoordinatddTM WGS 84, Zone 49N umgerechnet.
AnschlieRend wurde der Datensatz mit dem Open-8dregramm 3DEM (Version 20errain
Visualization And Flyby AnimatiofRichard Horne) auf die Untersuchungsgebietsgriigeschnitten.
Die Berechnung der Einzugsgebietsgrenzen erfolgteAncGIS 9 (ArcMap Version 9.3) mittels
Spatial AnalystExtension ArcHydro Tool@/ersion 1.0).

Es wurde eine Korrektur des SRTM-DGMs durch maruBkarbeitung der Tiefenlinien zur
Vermeidung von Artefakten im Oberflachenabfluss watkchlielendes Resampling des SRTM-
DGMs von 90 m auf 45 m Auflésung vorgenommen. Dgitale Reliefanalyse erfolgte auf Basis des
korrigierten SRTM-DGMs und Berechnung der Hangneggnach BRBOTON (1997). Abschlie3end
wurden das hydrologische Xiangxi-EZGs und die hiatfischen Teileinzugsgebiete Xiangjiaba und
Quyuan auf Basis des korrigierten SRTM-DGMs neutiaret. Die Geologischen Karte und die
Topographischen Karte wurden digitalisiert (Grenzeéer Legendeneinheiten, Isohypsen) und
georeferenziert. Die Georeferenzierung der Punétddittze aus der Erosionskartierung, der
Bodenprofilaufnahme und Ubertragung der Kartiertandwirtschaftlichen Nutzflachen aus der

Fernaufnahme von Terrassen (Abbildung 7) erfolgfeBasis von SPOT-Bildern (5 m).

Die Berechnung der NiederschlagserosivigiEaktor) und Erstellung der Isoerodentenkarten
fur das Xiangxi-EZG erfolgte anhand von Stationedatin taglicher Auflosung von sechs
Klimastationen sowie einer héhendifferenzierten iBeglisierung mittelElevation bandsuf Basis
des SRTM-DGM.

Die Erstellung einer digitalen Bodenkarte als Gtagd zur flachenkonkreten Ableitung der
Bodenerodierbarkeit erfolgte auf der Grundlage tdigierter Bodenkarte de®nd National Soll
Survey of ChindSHI ET AL., 2010). Die Ergebnisse der Kartierung sind naahdkreisen Qountie3
gegliedert im Yellow Book veréffentlicht. Die entgghenden, analog vorliegenden Karten zur
Verteilung der Bodentypen in den Landkreisen Shegj®, Xingshan und Zigui wurden als
gescannte, georeferenzierte (UTM WGS 1984, Zone) 40htten entsprechend der Bodentypen-
zuordnung als Polygone digitalisiert und miteinanderschnitten. Basierend auf den ermittelten
Profildaten des2nd National Soil Surveywurden die bodentypenspezifischen Parameter den
jeweiligen Bodentypen der digitalen Bodenkarten dier Attributtabelle zugewiesen. Eine
Plausibilitatsprifung der Bodentypenverteilung lgti® wahrend des mehrtagigen Aufenthaltes am
Institute of Soil Scienadger CAS in Nanjing, China.
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Die flachendeckende Ermittlung der erosiven Hamggdrund erosiven Hangneigung
(Topographiefaktor) wurde mit dem korrigierten SRTMEMs in 45-m-Auflésung vorgenommen.
Die Erfassung der erosionswirksamen Oberflackeadgtional Vegetation Cover Normalized
Differenced Vegetation Index erfolgte mittels optischer, multitemporaler rélie und
atmospharenkorrigierter Fernerkundungsdaten. Hieraurde auch derC-Faktor der RUSLE

abgeleitet.

Die Erfassung von StralRen und SiedlungsflachenIgtefoauf Basis hochaufgeloster
GoogleEarth-Aufnahmen (Stand: Januar 2003). Insgesairden 4400 Siedlungspolygone mit dem
entsprechenden Vermerk zur Anzahl der in den aiezrel Polygonen enthaltenen Gebaude

digitalisiert.

Alle GIS-bezogenen Arbeiten und Digitalisierungefolgten mit ArcGIS 9. Alle Datensétze
wurden als ESRI Shapefilespdint shapefiles fir Punkdatenséatzepolygon shapefilesfir
flachenbezogene Datensatzaolyline shapefilesfur Liniendatensatze) georeferenziert oder als
Rasterdaten im ESRI-Format fir generierte Reliefpeter in 45-m-Auflésung entsprechend der
Auflésung des SRTM-DGMs abgelegt. Die Projektiom daitalisierten und generierten Daten ist
UTM WGS 1984, Zone 49N und entspricht der Projektater im Feld erhobenen Daten. Die
Datensatze wurden auf dem Server in Giel3en abgalaitso allen beteiligten Wissenschaftlern

zugénglich gemacht.

3.4 Parametrisierung der RUSLE

Auf der Landschafts- und Einzugsgebietsebene kamrnBddenabtrag durch Wassererosion
guantitativ mit der etablierten und weltweit angedi®n, empirischekniversal Soil Loss Equation
USLE (WISCHMEIER und SMITH, 1965; RENARD ET AL., 1997) bzw. mit der Uberarbeitet®evised
USLE (RUSLE) modelliert und abgeschatzt werden. D8_E wurde von WECHMEIER und SMITH
(1965) auf der Grundlage statistischer Analysebeeia konzipiert. Die Untersuchungen stitzen sich
auf langjahrige Messreihen von Bodenabtragen undli&t von ZNGG (1940) und MISGRAVE
(1947). Entwickelt wurde dieses empirische Modefl Bedingungen im Mittleren Westen der USA,
aufbauend auf Untersuchungen auf Standardparzeitesaatbettbereiter Schwarzbrache und 22,13 m
Hanglange und 9% Hangneigung. Infolge zahlreich@wéndungen und raumlich-spezifischer
Modifikationen (vgl. McCooL ET AL., 1987; E-SWAIFY, 1997) eignet sich die USLE bzw. RUSLE
auch und insbesondere fur Gebiete mit geringerridiathte und Datenauflésung wie es in China die
Regel ist (vgl. 81 ET AL., 2004; Lu undLuo, 2005; XU ET AL., 2008, 2009; LET AL., 2010).
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Abbildung 7 Kartierte (1: 5.000) terrassierte Farmlandflachesbén) und digitalisierte
Terrassenflachen (unten) im Aufstaubereich desugisgebiets des Xiangxi (oben). GIS und Layout
von S. Schonbrodt.

Unter Bericksichtigung der Erosivitdt des Niedelsgh R-Faktor), der Erodierbarkeit des
Bodens K-Faktor), der Topographie L& Faktor), der BodenbearbeitungC-Faktor) und des
Erosionsschutzfaktor® lasst sich der langjahrige, mittlere Bodenabttagro Jahr mit folgender
Gleichung errechnen:

A=RXLSxKxCxP 4.1)

= langjahriger, mittlerer Bodenabtrag (t F a
= Niederschlagserosivitat (MJ rifrha’ a)
=  Bodenerodierbarkeit (t ha h"h&J™* mmi?)

LS=  Topographiefaktor(= erosive Hanglange; dimensionsl8s; Hangneigungsfaktor;
dimensionslos)

C=  Erosionswirksame Bodenoberflaiche und Bodenlegarigsfaktor (dimensionslos)

P= Erosionsschutzfaktor (dimensionslos)

122



Manuscript 1 GlIS-basierte Erfassung und Analyse der Bodﬂenerosion
durch Wasser im Drei-Schluchten-Okosystem

Die RUSLE arbeitet parametrisch und rasterbezoged erlaubt somit die Integration
fernerkundungsbasierter, flachenkonkreter Datees@rmoglicht eine akzeptable Parametrisierung
auch von schwer zuganglichen Gebieten bei Verfigitahochaufgeltster Eingangsdatensatze. Die
RUSLE ermoglicht jedoch keine Aussagen zu den &bhmen Erosionsprozessen und betrachtet
infolge der statischen Parametrisierung keine dysemen Ablaufe. Diesen Umstand kann jedoch mit
der Integration einer zeitlichen Komponente, z.Bct eine Parametrisierung mit annuellen und/oder
interannuellen Anderungen der Landnutzung begegmeetlen. Fir die Ausweisung von Erosions-
risikogebieten bzw. der Identifizierung der Gefalrg durch Erosion unter Berlicksichtigung der
langjahrigen, mittleren Bodenabtrage erlaubt dieSRE insgesamt zufriedenstellende Aussagen.
Zudem ermdglicht die RUSLE eine Bewertung von Mamagntpraktiken und Dimensionierung von

Bodenschutzmal3inahmengfRD ET AL., 1997).

3.4.1 Niederschlagserosivitat (R-Faktor)

Die NiederschlagserosivitaR{Faktor) in der RUSLE ist als kinetische Erosioresgie des
Niederschlags definiert (WCHMEIER und SMITH, 1965) und berechnet sich als Produkt aus der
kinetischen Energie eines Niederschlagsereignigsgéseiner maximalen 30-minttigen Intensitat. Da
es fur das Untersuchungsgebiet keinen DatensatRRiktoren gab, wurde dieser neu erstellt.
Insgesamt lagen fur sechs Klimastationen Daten Migderschlag vor (Abbildung 8 und Tabelle 2).
Die Rohdaten wurden mittels Kolgomorov-Smirnov-Tes$tandard-Normal-Homogenity-Test
(ALEXANDERSON, 1986), Neumann-Ratio-Test, kumulativer Abweiclsamplyse und Bayesian
procedures (BISHAND, 1982) auf Homogenitat und Normalverteilung getesWlit Ausnahme der
Station Yichangxian (Abbildung 8) war die Qualitidr Daten fur alle Klimastationen ausreichend.
Allerdings ben6étigt eine prazise, gebietsspeziisBerechnung deR-Faktors unter Beriicksichtigung
der Topographie im stark reliefierten Xiangxi-EZGnen rdumlich hoch aufgeldsten ereignis-
bezogenen Datensatz. Beide Bedingungen sind fiXidagxi-EZG mit lediglich sechs bzw. nur flunf

Stationen mit aufgezeichneten Tageswerten der Meldiagshdhe nicht erfllt.

Tabelle 2 Geographische Position (Projektion UTM WGS 1984eZ49N), Hohenlage und Zeitraum
der taglichen Niederschlagsaufzeichungen fur dehs&limastationen (H: Hohe tUber NN).

Station Rechtswert Hochwert H (m) Aufzeichnungspeei
Badong 442491 3437891 295 01.07.1952 - 31.12.2007
Shennongjia 469423 3512773 950 01.01.1975 - 31002.2
Xingshan 477772 3455484 275 01.01.1958 - 31.12.200
Yichang 528850 3396689 134 01.08.1951 - 31.12.2007
Yichangxian 530978 3404291 116 01.01.2003 - 310072
Zigui 469765 3429644 151 01.04.1959 - 31.12.2007
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Abbildung 8 Lage der Klimastationen Xingshan, Shennongjia uigdiZGIS und Layout von A.
Bosch und S. Schonbrodt.

Alternativ kbnnen regressionsanalytische Anndhesueidahren zur Ermittlung dd&Faktor
verwendet werden, die auf Grund ihrer spezifisdiomalen oder mafistéblichen Ausrichtung in der
Lage sind, die von der RUSLE geforderte Korrelatinih dem Bodenabtrag abzubildenefflARD ET
AL., 1994). Hierzu wurden verschiedene Verfahrensgetewobei der Algorithmus nacheM ET AL.
(2008) fur das Xiangxi-EZG sowie die mit GIS abgtelie Isoerodenten die besten Ergebnisse zeigte
und angewendet wurde. Die flachendeckende Extrapolader Stationsdaten und die
Isoerodentenkarte fir das gesamte Xiangxi-EZG wumiteeiner h6henbasierten Regionalisierung
(BOLINNE ET AL., 1980; MKHAILOVA ET AL ., 1997; WANG ET AL., 2002) erreicht. Als geeignet erwies

sich eine vertikale Klimazonierung mittedkevations band@G00VAERTS 1999).
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3.4.2 Bodenerodierbarkeit (K-Faktor)

Die Berechnung der BodenerodierbarkBitHaktor der RUSLE) erfolgte anhand der digitalen
Bodenkarte, basieren auf d&md National Soil Surve§SHi ET AL., 2010) in China. Basierend auf der
digitalen Bodenkarte und den zugewiesenen Attributeurden die vorhandenen Daten zur
KorngroRenzusammensetzung mittels Transferfunktionach 8IRIZA (1984) in die spezifische
Bodenerodierbarkeit umgerechnet. Die Auflosung fdiehendeckenden Rasterdatensatzes betragt 45
m. Des Weiteren wurdenK-Faktoren aus den laboranalytisch ermittelten Datear
KorngroRenzusammensetzung der OberbodenprobenwiscHMEIER und SMITH (1965) berechnet.
Diese Daten wurden zur Validierung der Berechnungerh $1IRAZI andBOERSMA (1984) auf Basis

der Bodenkarte des Xiangxi-EZG verwendet.

3.4.3 Topographie (LS-Faktor)

Der Einfluss der Topographie auf den Bodenabtriag§Haktor) berechnet sich aus der
erosiven Hanglangé und der erosiven Hangneigur®) (WISCHMEIER und SMITH, 1965). Hohe
Hangneigungen und zunehmende Hanglange bewirkene hélieRgeschwindigkeiten des
Oberflachenabflusses und beglinstigen stark dessschAr- und Transportkapazitbtund S wurden
auf Basis der einzelnen Landnutzungsklassen, demglBiagenexponent, dem Verhéaltnis von
Rillenerosion zu flachenhafter Erosion sowie dendi&as des Sinus der Hangneigung basierend auf
dem SRTM-DGM in 45-m-Auflésung berechneteflRRD ET AL., 1997). DemS-Faktor liegt die
Berechnung nach®RIARD ET AL. (1997) und KONZ ET AL. (2009) fiir steil geneigte Gebiete zugrunde.
Die Hangneigung wurde nachARBOTON (1997) berechnet, der entgegen des in ArcGIS riretgn
Algorithmus zur Berechnung der mittleren Hangnegwom steilsten erosiven Wert ausgeht. Die
Berechnung dek-Faktors erfolgte unter Berticksichtigung von Larntdongsgrenzen schlagbezogen
fur jede einzelne Landnutzungsklasse auf Basis Hiieflange mittels Monte-Carlo-Aggregation
(BEHRENS ET AL, 2008). Durch Multiplikation der Rasterdatensé&mgibt sich der Topographiefaktor
(kombinierterLS-Faktor).

3.4.4 Erosionswirksame Bodenoberfldche und Bodenbearbeitung (C-Faktor)

Der C-Faktor beschreibt das Verhaltnis des Bodenabtrdmgesimmter Fruchtarten oder
Fruchtfolgen gegentuber dem Bodenabtrag unter Stdineldingungen. Die benétigten Informationen
wurden mittels Fernerkundungsdaten und Literatdrstu erhoben. Als Kovariaten der Vegetation
und damit der erosionswirksamen Bodenoberflachedevuter Normalized Differenced Vegetation
Index (NDVI) auf Basis von Landsat-TM-Daten (vglILLESAND ET AL., 2007; BOETTINGER ET AL,
2008; ®N ET AL., 2008) verwendet. Als Funktion aus dem NDVI ladist Fractional Vegetation

Cover (FVC) Aussagen zur prozentualen Vegetationsbedwrkzu und dient bei Verwendung
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raumlich-spezifischer Regressionsgleichungen alsm@age zur Ableitung des dimensionslogan
Faktors (BDETTINGER ET AL, 2008; AoU ET AL., 2008; $HONBRODT ET AL, 2010b). Basierend auf
drei Landsat-TM-Szenen von 2005, 2006, und 200 tevuier Bodenbearbeitungsfakirauf Basis
der FVC fir das gesamte Xiangxi-EZG abgeleitet. Réferenzwerte dienen d@&Faktoren aus der
Literatur fir das TGD-Gebiet ($#1ONBRODT ET AL, 2010b). Diese sind 0,13 fur Orangenhainel (S
ET AL., 2004), 0,18 fir Reisfelder ilL.undLuo, 2005), 0,46 fur Trockenflacheni(LundLuo, 2005),
0,1 fur Gartenland (U undLuo, 2005), 0,08 fur besiedelte Flachen mit kleinemt&#(LIU undLUo,
2005) und 0,2 fur Brache bzw. Gebiete mit geringegetationsbedeckung RENCIN, 2000).

3.4.5 FErosionsschutz (P-Faktor)

Da zu Beginn der Untersuchungen keine Gelandebefumadd Kartengrundlagen zur
Berlicksichtigung spezieller SchutzmalRnahmen, zeBra§sierung und Kontur- oder Streifennutzung,
vorlagen, wurde mit der generalisierten Annahme rlggtet, dass alle landwirtschaftlichen
Nutzflachen im Xiangxi-EZG flachendeckend mit flachTerrassenstufen auf Hangen von 20 bis 25°

Neigung terrassiert sind. DBrFaktor wurde auf einen Wert von 0,55 gesetat €3 AL., 2004).

3.5 Erosionsmodellierung

Neben den statischen Angaben zu Boden, Relief umdakim Xiangxi-EZG wurde eine
zeitliche Komponente in die Modellierung integriddiese Dynamisierung zielt auf die Analyse der
Folgen der geédnderten Landnutzung auf den potésziBbdenabtrag ab. Zur Modellparametrisierung
wurden die Landnutzungsklassifikationen von 1984 @907 verwendet ($HONBRODT ET AL,
2010b). Diese Zeitscheiben reprasentieren die lgmsdtruktive Phase des TGD (1987) und die Zeit

nach seiner Errichtung und des Aufstau des Yangtdeseiner Nebenfliisse (2007).

Eine vergleichende Betrachtung des naturlichen i&nspotenzials wurde fur das
nahegelegene Taipingxi-EZG vorgenommenRI (& AL., 2004). DeR-Faktor wurde hierzu auf 2880
MJ mm h& h* a* und der Erosionsschutzfaktd®sauf 0,55 gesetzt.

Die Modellierung der natirlichen Erosionsdispositierfolgte unter der Annahme einer
gleichmaRigen Bewaldung (Primarvegetation) sowiéndse anthropogenen Einflusses und im
Xiangxi-EZG. DerC-Faktor wurde auf 0,005 fiur Waldflachelglund Luo, 2005) und deP-Faktor

auf 1.

3.6 Konzeption und Parametrisierung von TerraCE
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Die Bedeutung der Terrassen als erosionssteuefaleor wurde bereits in der Einleitung
herausgestellt. Als prozessbestimmend hinsichtieb Bodenabtrags zeigte sich bereits zu Projekt-
beginn der Zustand der in landwirtschaftlichen getem Bereichen Uberwiegend anzutreffenden
Bankterrassen mit Trockensteinmauern. Die Kausaltsischen der Auftretenshaufigkeit und
Intensitat des Bodenabtrags und dem PflegezustandTdrrassen sowie dem reliefbeeinflussten
Terrassendesign war offensichtlich. Vor diesem étorund wurde das Terrassenzustandsmodel
TerraCE (Terrace Condition Erosion Modekntwickelt. Das Modell basiert auf einen emphisc
konzeptionellen Ansatz und integriert soziookonatmés und reliefbasierte Parameter zur raumlich
expliziten Vorhersage des Terrassenzustands (Abild9). Es dient der Identifizierung der
raumlichen Verteilung und Qualitdt von Bankterrasdasierend auf Felduntersuchungen und der
raumlichen Quantifizierung der Steuerfaktoren degdssenzustandserraCE soll weiterhin klaren,
wie und warum das Ausmal® der Bodenerosion vom #dsi@der Terrassen und mithin der
landwirtschaftlichen Nutzflachen abhéngt. Die Bareeigen zum Terrassenzustand wurden mit dem
Data-Mining-Verfahren Random ForestsrEBVAN, 2001) durchgefuhrt. Random Forests ist ein
Ensembleverfahren welches den CART-Entscheidungsélgorithmus (REIMAN ET AL., 1984)
verwendet. Zur Anwendung kam das ,Random ForeskePé@law und WIENER, 2011) fir 'R’ als
objektorientierte Statistiksprache DEVELOPMENT CORETEAM, 2011).

___________________________________________________________

A‘ immediate inundated area with high land-use dynamic
H ("moving-uphill” of settl and farmland,
expansion of the road network)

small village
= area of fast access

large village, town (local market)

. Erosion frequency and intensity depend on the condition and
design of the terrace
The condition of terraces is a function of accessibility and land-
use dynamic

The more distant the terraced farmland to large settlements and main
transportation routes, and thus local/regional markets, the better is
the condition of terraces due to a higher farmer’s motivation to well
maintain their terraces and the less attractive is the farmland for cash
crops (e.g. oranges) because of difficult access.

I large town, city (regional market) I

e,

Abbildung 9 Schematische Darstellung des konzeptionellen Tegramistandsmodells TerraCE fur
das Einzugsgebiet des Xiangxi. Layout von S. Schdnb
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3.6.1 Erfassung des Terrassenzustandes

Fur die Generierung eines ausreichenden groRem&apes fur die Anwendung von Random
Forest wurde zunachst ein Protokoll zur Dokumenmatund Beschreibung von Terrassen in
Anlehnung an BANcuccl und PALIAGA (2006), @MoLLI (2005) und BONDRINI ET AL. (2005)
entwickelt. Die Erfassung der Parameter zur Teeragpsometrie und zum Pflegezustand der Terrassen
sowie die Erfassung der rezenten Bodenerosion auof Terrassenflachen erfolgten anhand von
Vermessungen und qualitativen Einschatzung im @eldnmit einem standardisierten
Aufnahmebogens (Abbildung 10). Zunéchst wurde déerdsseneigenschaften im den Teileinzugs-
gebieten Xiangjiaba und Quyuan aufgenommen. FuKdréerung wurden 158 Terrassen zufallig auf
Grundlage der Landnutzungsklassifikation fir 2007 emer Aufldsung von 45 m E&BER ET AL,
2010) verwendet, wobei alle landwirtschaftlichent2flédchen bertcksichtigt wurden. In einem
zweiten Schritt wurde eine visuelle Fernaufnahme 829 Flachen mit homogener Landnutzung und
einer MindestgréRe von 45 x 45 m entlang des Xiangxn jeweils gegenuberliegenden Ufer
durchgefuhrt (Abbildung 11). Der Vorteil dieses ¥Atrens lag in der schnellen Erhebung eines
umfangreichen Datensatzes. Raumlich konzentriestedie Arbeit im Aufstaubereich ausgehend von

der Ortschaft Xiakou bis etwa 2 km ndrdlich der Miing des Xiangxi in den Yangtze.
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Data sheet for assessment of terrace condition for supported GlS-analysis

Qualitative and quantitative erosion inventory (45 m x 45 m)

o: Coordinates: X Y Sizer_ Photo 1D
Parameter |\ 1D A B c
Wall: Height m u m
Condition |CJwell maintainad [Jbadly maintained
Cpartially collapsad Oeollapsad
faaluras:
Disorders | [ bulga/upsatting

] wall failure
[ collapsad

Geometry: Land slope

Terrace Slope

Oirward  [Joutward

Cnward  Coutward  (Tinward  [Joutward

L] ] @
Width (slope length) m m m
Length m M m
Parallel Alignment [vEs [Ino
Landuse: Cpaddy field 1] [Oldry land (maize) [12)
[y land (sasama) [12] Cgardan land (14
[Clorchard (oranges ) [21:22) [ archardivagatable (23]
0
Grass cover . _h . m
Saoil: Texture
Stone cover |CJembaddad [(Jlosa |[CJembedded [Jkosa |[Jembaddad [Jioosa
Th a %
Erosion: Akkumulation |[LJYES [JNO
Sheet erosion |[Jwash down
[CJmicra rills {<2cm)
Rill ercsion [[Jshallow rills dusta:  [Jwall failura
Cdeap ritls . O inflow
Dgullias I O athear
avaraga sizal D _&m w __&m L _m
Run-off Disposal: Oves  [Ono Ostonaiconcrete  [Csoil Ograss

Comiment:

Abbildung 10 Protokoll zur Inventarisierung und Beschreibung Vatrassen im Einzugsgebiet des

Xiangxi.
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[ Not terraced

e
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Abbildung 11 Raumliche Ausdehnung des Kartiergebietes im si@ti@inzugsgebiet des Xiangxi fur
die Fernaufnahme von terrassierten Hangabschnittérhomogener Landnutzung und einer
MindestgroRe von 45 x 45 m entlang des Flussldinss(unten) und deren Einordnung in
verschiedene Zustandskategorien (links oben) sdigitalisierte Terrassengrenzen (rechts). GIS und
Layout von S. Schoénbrodt.

3.6.2 Parametrisierung von TerraCE

TerraCE integriert reliefbasierte und soziodkonomische aRwater, die aus digitalen
Hohenmodellen und Satellitenbildern abgeleitet warkionnen. Zur Beschreibung des Reliefs wurde
ebenso wie fir die RUSLE das SRTM-DGM in 45-m-Asfliig verwendet. Grundlage zur Ableitung
der soziodkonomischen Parameter bilden die Digitalingen der Stralen und Siedlungsflachen
anhand von GPS-Trackaufzeichnungen, SPOT-Bildem)(6nhd GoogleEarth-Daten.

Als Kovariablen fur das Relief zur Bestimmung dekinflusses auf die Terrassenzustande
und deren raumlicher Verteilung wurden lokale unthglexe morphometrische Reliefparameter u.a.
Gelandehohe, lokale Hohe (vgl.AdMILLAN ET AL., 2000; BEHRENS 2003) steilste Hangneigung
(TARBOTON, 1997), mittlere, minimale und maximale HangwolpuSHARY ET AL., 2001), relative
Profilkrimmung (BEHRENS 2003), relative horizontale Krimmung LE&EFISCHund KOTHE, 1993),
topographische Rauhigkeit, Abweichung von der Eijmrms(Aspect deviancaim 0°, um 45°, um 90°
und um 135°; BHRENS ET AL, 2003 basierend aufd®&N, 1981), projizierte Distanz zum Gewasser-
netz (vgl. BEHRENS 2003), relative hemispherische DispersioopdsoNundGAILE, 1999),Relative
RichnessowieWaxingundWaning Slop€HUBER, 1994) berechnet.
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Zur Ermittlung des gegenseitigen Einflusses siothiniiberlagernder raumlicher Objekte
wurde die Euklidische Distanz der relevanten, feamedungsbasierten anthropogenen bzw.
soziobkonomischen abgeleitet. Die somit ermitteltéstanztransformierten Indikatoren liefern eine
komplette raumliche Abdeckung und damit wesentliGrindlage fur eine weitere GIS-basierte
Prozessierung (Euklidische Distanz zu jedem releranraumbezogenen Objekt als Pixel im
Rasterdatensatz des Untersuchungsgebietes) undirkertdan Analyse und Visualisierung mit den
rasterbasierten Reliefdaten als Proxy fur den plggsigraphischen Einfluss auf die variierenden

Terrassenzustande.

Als soziobkonomische Kovariablen, die als Proxy Etmittlung des anthropogenen Einfluss
auf die Terrassenzustdnde und deren raumliche iMege herangezogen wurden, dienten das
StralBennetz, die Lage der Siedlungen, die Distanden Flissen und die Entfernung zur neuen

Uferlinie des Xiangxi im Bereich des Aufstau£E®NBRODTSTITT ET AL., 2011;under review.

Das StralRennetz wurde in drei Klassen eingeteithaltierte Hauptstraf3en, asphaltierte bzw.
fur Kraftfahrzeuge befahrbare Nebenstralen undt roelfiahrbare Pfade. Aufgrund der zeitlichen
Aktualitat der SPOT5-Szene vom September 2007 ued Tdackaufzeichungen wéhrend der
Gelandearbeiten bezieht sich das StralRennetz eagledenwartige Situation nach der Flussaufstauung
durch den Drei-Schluchten-Staudamm und die damisammenhé&ngende Ausweitung der
Infrastruktur. Zur Berechnung der distanztransfemein Kovariaten wurden nicht die einzelnen
Klassen des klassifizierten Stralennetzes sonderendKombination betrachtet: (i) asphaltierte
HauptstraRen, (i) asphaltierte Hauptstral3en unihbleare Nebenstrallen und (iii) asphaltierte
HauptstraRen und befahrbare Nebenstralen plus .Pididees Verfahren vermeidet Artefakte
aufgrund einzelner, isolierter (StrafRen-) Absclenithd erlaubt die Berticksichtigung kontinuierlicher

Veranderungen im Verkehrsfluss und der Verkehrsdich

Des Weiteren wurden insgesamt 4420 Siedlungspob/goderBackwater areauf Basis der
SPOT5-Szene undGoogleEarthBildern mit Raumbezug digitalisiert. Dabei entshti ein
Siedlungspolygon einer zusammenhangenden Anordmamg Gebauden und Hdéfen mit einem
jeweiligen Abstand von weniger als 100 m. EinzeBebaude bzw. Hofe mit einer Distanz von mehr
als 100 m zum néchsten Gebaude wurden einzeln chetta Die Siedlungspolygone wurden
entsprechend ihrer Flachengréf3e in (i) SiedlungemQrbis 6 ha, (ii) Siedlungen von 6 bis 12 ha), (i
Siedlungen von 12 bis 18 ha und (iv) Hauptzentt®aolyang mit 79 ha und Gufu mit 109 ha)
gruppiert und vom Vektor- ins Rasterformat zur eeih Generierung der distanztransformierten
Indikatoren Uberfuihrt. Die Siedlungen werden algle, regionale und zentrale Markte mit hohem

lokalen und regionalen Einfluss als Wirtschaftstesgkebiete verstanden.

Im konzeptionellenTerraCEAnsatz wird ebenfalls das Flussnetz berticksichbgibei wird

dem Gewassernetz als schiffbares Verkehrsnetz daelung als sozibkonomischer als auch als
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reliefbasierter Indikator mit einem indirekten Hu#s auf den variierenden Terrassenzustand
beigemessen. Das Flussnetz als Basis zur compstétgen Ableitung distanztransformierter
Indikatoren wurde basierend auf dem DGM mittelsmigRakkumulation-Algorithmus berechnet und
anschlieBend entsprechend der FlieRgewasserordwangRAHLER (1957) klassifiziert. Analog zum
StralBennetz wurde folgende Gruppierung zur Ablgituter distanztransformierten Indikatoren
gewahlt: (i) FlieRgewasser der 1. Ordnung, (ii)eBiewasser der 1. und 2. Ordnung, (iii)
FlieBgewasser der 1., 2. und 3. Ordnung, (iv) gs@sser der 1., 2., 3. und 4. Ordnung, (V)
FlieBgewasser der 1. bis 5. Ordnung, (vi) FlieRgsegider 1. bis 6. Ordnung und (vi) FlieRgewasser
der 1. bis 7. Ordnung. Zusatzlich wurde die Euktitie Distanz zur neuen Uferlinie des Xiangxi nach

dessen Aufstauung als potenzieller Indikator férierrassenzustande abgeleitet.

¢
S
Road type
—— major road
— side road
—— path
¥ Altitude (m a.s. .) g
High : 3078 - 1 . | Xiangxi river
— Road network ? X . gy & y Catchment border
Low : 15 L -
—— Majorroads.
|| Catchment border
[Iiﬂnﬂ (m) Distance (m)
0.3 [ 0-803
[ 741,688 ’ [ 893-1,949
[0 1.6889- 2,602 = g 1,050 - 3,004
[ 2603-3517 L [ 3,005 - 4,060
[ 3518- 4432 y : [ 4061 - 5,116
I 4432- 5346 i L B : [ 5117 - 6,080
[ 5,346 - 6,490 [ [ 6,091 - 7,065
[ 6,191 -7,034 4 o 4 = 7,066 - 8,039
W 70357870 N - 9,040 9,005
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I 8794 -9,708 [ 10152 - 11,207
I 0709 - 10622 / | I 1.209-12:101
X i f B 1218213156
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W 13157 -1413%0
I 11,467 - 12312
¢ B 14131-15,024
I 12312- 13,085 [ 1502515917
I 13,086 13,758 I 1591816591
I 13780 14,492 I 16.892-17,947
I 1449315265 M 17,948 19,084
[ 15:266 - 16,180 [ 19,085- 20,708

I 16,181 - 17,939

Abbildung 12 GIS-basierte Ableitung von Kovariaten zur Paranss#riung von TerraCE basierend
auf dem Digitalen Gelandemodell und SPOT-Bildebe(olinks: DGM des Xiangxi-Einzugsgebietes,
unten links: steilste Hangneigung, oben Mitte: SHEId (5 m) mit StraRennetzwerk, unten Mitte:
neue Uferlinie des Xiangxi nach Aufstau, untenéviguklidische Distanzkarte fur die Xiangxi-
Uferlinie, unten rechts: euklidische Distanzkares&tralRennetzes. GIS und Layout von S.

Schonbrodt.

3.6.3 Prognose des Terrassenzustands

Fur die Feature-Importance-Analyse (Mal3 zum Eisflemer Variable/Indikators) wurde die
Mean decrease in accura¢WiDA) herangezogen. Diese berechnet sich aus Qet-6f-Bag- (OOB)

Daten. OOB ist diejenige Teilmenge der Daten, diejader Bootstrap- (Ladung der Daten)
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Wiederholung in Random Forest herausgelassen gindErmittlung der MDA wurde jede Variable
an jedem Spalt eines Baumes in Random Forest igufdéirmutiert und die Anderungsrate des
Mittelquadratfehlers im Vergleich zur urspringliché/ariable als Maf} fir seine Bedeutung
herangezogen @:IMAN, 2001; RIMM ET AL., 2008). Da dieser Wert gegen die unabhangigen-OOB
Daten gepruft wird, Uberschatzt dieser Wert niéASAD ET AL., 2006). DieFeature Importance
Analyse gibt ein Ranking des Einflusses der untdman Variablen anstelle einer Auswahl der
Eigenschaften wieder. Aus diesem Grund wurden therden groRe Teilmengen getestet, um einen
minimalen Satz von Eigenschaften, der fur die Mibildung erforderlich ist, abzuleiten. Aus diesem
Grund wurden weiterhin die Rangfolgen der Einflisssultierend aus Regression und Klassifikation

verglichen.

Die Partial Dependencénalyse (Ermittlung der partiellen Abhéngigkeithitarsucht dabei
den marginalen Effekt einer Variable auf den Tex@agustand unter Berlcksichtigung des mittleren
Einfluss aller Variablen im Modell (@LER ET AL, 2007; LAw und WIENER, 2011). Eine
Beschrankung infolge der Mittelwertbildung bestdatin, dass di€®artial Dependencénalyse nur
relative Beziehungen und nicht exakte Werte wietder@ie Darstellung der partiellen Abhangigkeit
erfolgt als Graph. Die abgebildete Funktion bedsbihréen Effekt der Antworten als kontinuierliche

Funktion. Sie ist definiert als:

1 n
f'= ; Zl:f (.x,xic)
(4.2)

wobeix die Variable (Terrassenzustand) ist fur die Platial dependencgesucht wird und
Xic die weiteren Einflussvariablen im Datensatz siddr Summand ist die prognostizierte Funktion
der Regression (Aw undWIENER, 2011).

Folglich erlaubt diePartial dependenceine einfache und direkte Interpretation der H#ek
einer Variablen, die zum Modell beitragt. Im Veighke zur Korrelationsanalyse bei linearen
Regressionen erméglicht dieartial dependenceles Random Forests-Verfahrens die Beschreibung
nicht-linearer Einflusse auf den Terrassenzustadgk Partial dependencekann sowohl flr
Regressionen als auch fur Klassifikationen berechwerden. Untersucht wurden jedoch nur die
Ergebnisse der Regressionsanalyse, da bei derifildagsn jede Klasse einzeln betrachtet wird und

die Beschreibung so unnétig komplex macht.

4 ERGEBNISSE
4.1 Rezente Erosion

133



Manuscript 1 GlIS-basierte Erfassung und Analyse der Bodﬂenerosion
durch Wasser im Drei-Schluchten-Okosystem

Aktuelle On-site-Erosionserscheinungen konnten jéden der 27 in 2008 untersuchten
Standorte beobachtet werden (Abbildung 13). MieeiAusnahme zeichnen sich alle untersuchten
Standorte durch maRige Erosion (Erosionsklassez®) maRig bis starke (Erosionsklasse 3) und
starke bzw. starke bis sehr starke Erosion (Ersklesse 4) aus. Aktuelle On-site-Erosionsschaden
konnten auch in 2009 und 2010 fur nahezu jedenweéeren 218 untersuchten Standorte beobachtet
werden. Insbesondere Verschlammuh@ash dowhp und mehrheitlich Mikrorillen (< 2 mm) als
Initialstadium linearer Tiefenabtragsformen tratuf jeder der untersuchten Flachen dafillies
(Abbildung 14) stellen jedoch eine seltene Ausnhaklare Generell konnten bezlglich der kartierten,
rezenten lineareren Abtragsformen und deren Héeifiglieselben Beobachtungen wie in 2008
gemacht werden. Sehr haufig anzutreffen waren delmmash dowrund Mikrorinnen (< 2 cm Tiefe),

sowie Rillen- und Rinnenerosion (> 2 cm Tiefe b2wL0 cm Tiefe).

Die linearen Abtragsformen treten in der Regel ldkazentriert an steil geneigten Hangen in
Form parallel zueinander verlaufend Rillen auf. tD@o Hindernisse in Form von Gerdll, gréReren
Gesteinskomponenten auf der Bodenoberflache bzivui@ien im Mikrorelief auftreten, werden die
Parallelstrukturen durch Konvergenz-Divergenz-Stritdn und facherartige lineare Strukturen ersetzt.

Die erfassten On-site-Schaden lassen sich wie kalgigorisieren:

o sehr haufig Initialstadium der ErosioBflash Mikrorinnen < 2 cm Tiefe),
o sehr haufig Rillenerosion (> 2 cm Tiefe),

o sehr haufig Rinnenerosion (> 10 cm Tiefe),

0 selten Grabenerosio(llies, > 40 cm Tiefe),

o haufig Oberflachenspullung mit Profilverkiirzung bxwmplette BloRlegung des Unterbodens
stellenweise bis zum anstehenden Gestein und

o Vvereinzelt unter Orangen und Mais ausgespulte gigelegte Pflanzenwurzeln.

Als Akkumulationsformen waren aufgehaufte Erdhigaif der Luvseite kraftigerer
Orangenstamme zu beobachten, sowie mit Bodenmlatend Pflanzenresten zugespulte und
verschlammte Treppengange, Ableitungskandle auf tdemssierten Flachen und verschlammte
Trockensteinmauern. Grof3ere Akkumulationen von iBnssnaterial zeigten sich entlang der in die

steilen Hange eingeschnittenen StralRenlaufe imchigil Xiangxi-EZG.

4.2  Aktuelle Erosionsprozesse

Die Standorte mit in erster Linie reliefbedingterhtiag erstrecken sich vornehmlich entlang

von Unter- und Mittelhdngen in relativer Nahe zeuen Uferlinie nach Aufstauung des TGD. Die
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mittleren Hangneigungen der Flachen variieren Zwvgacl5 und 43° (Tabelle 3). Dort wo die Hange
sich durch ein starkes Mikrorelief auszeichnetenrden innerhalb der Standorte stark variierende
Neigungen zwischen 13° und 25° bzw. 25° und 36°itezin Dabei handelt es sich meist um alte

terrassierte Strukturen, die der jeweiligen Hangfangepasst wurden.

Abbildung 13 Lineare Formen der Tiefenerosion im EinzugsgehgstXiangxi: Mikrorinne auf
Flache E_10 (links), Erosionsgully auf Flache E_(RBitte) und sehr starke Rinnenerosion auf Flache
E_7 (rechts). Fotos aufgenommen von S. Schént®eMq08).

Abbildung 14 Grabenerosion auf schluffig-tonigen Untergrund eiiierenden Hangneigungen:
Gullies auf einem fiir den Anbau von Orangen geenizticht terrassierten Standorts ohne
Unterwuchs im sudlichen Teileinzugsgebiet Xiangjidimks) und Gullies auf einem ungenutzten
Standort im zentralen Teileinzugsgebiet QuyuarhigcFotos aufgenommen von S. Schdnbrodt

(03/2010, 04/2010).

Die in situ Ansprache der zumeist kalkfreien bik&emen Oberbdden ergab zu 70% schwach
tonige Lehme bzw. sandig-tonige Lehme. Seltenedamutehmige Tone und schwach sandige Lehme
und schwach sandige Tone angetroffen. Die stark/ewschlammung neigenden Oberbdden zeichnen
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sich oftmals durch einen sehr geringen Grad dereBbddeckung aus. Rund 30% bzw. 40% der
untersuchten Standorte wiesen einen Anteil des@tbilts auf der Bodenoberfliche in Form zumeist
lose als Streu aufliegender Grobkomponenten vo®9%-bzw. 15-40% auf. Selten Uberstieg die
Steinbedeckung 80%.

Ein weiterer zentraler erosionssteuernder Prozess Xiangxi-EZG ist die Art der
Landnutzung. Im Aufstauungsbereich um Gaoyang uiattot und im Teileinzugsgebiet Xiangjiaba
(vgl. Abbildungen 1 und 2) am westlichen Xiangxiedfdominiert groRflachig Orangenanbau,
zumeist terrassiert. GroR3flachiger Maisanbau kaofmisgh sich im Zentrum des Xiangxi-EZGs, z.B.
auf der Hochflache bei Huang Liang Ping, sowie @ntealen Beriech des Teileinzugsgebiet Quyuan.
Deutlich geringere Flachenanteile wurden von Tea@ Urabak bestanden, deren grof3flachige
Kultivierung auf die Regionen um Huang Liang Pigfgenzi, Shu Kong Ping und Jie im Norden und
Nordwesten des Xiangxi-EZG (Abbildung 15) begremat.

Auf Basis dieser Ergebnisse wurden funktionale \értdchaftliche Nutzungsgruppen
ausgewiesen, die sich im Hinblick auf ihre Eroswanssamkeit deutlich voneinander unterscheiden.
Die funktionalen Gruppen wurden unterteilt in s@lcldie typisch fir Plantagennutzung sind, und
solche, die Uberwiegend als Gartenland zur Seltsivgung und fiir lokale Markte dienen (Tabelle
4).

Tabelle 3 Merkmale (Art) funktionaler landwirtschaftliche Munhgsgruppen untergliedert in
Plantagen (P1 bis P6) und Gartenland (G1 bis G&)Seibstversorgung.

Art  Plantage Art Gartenland

P1  GroRflachiger Anbau mit einer G1 Anbau verschiedener Kulturen, selten nur
dominierenden Frucht eine dominierende Anbaufrucht

P2  Kultivierung Uberwiegend terrassiert G2 Kultivieg sowohl terrassiert als auch

nicht terrassiert

P3  marktorientierter Anbaudsh crop G3 kleinbauerlicher Anbau fur Selbstversorgung

P4 nicht unmittelbar an Siedlungsstruktur G4 Anbauflachen in Hof -oder Siedlungsnéhe
gebunden

P5  Zwischenfruchtanbau mdglich G5 meist Kultivierung von Zwischenfrucht

P6  Anbau von (a) immergriinen, mehrjahrigen G6 Anbau von Gemuse (Sesam, Chili, Kirbis,
Orangen (und Tee) sowie (b) einjahrigem Krautern, Soja etc.) im Wechsel auch mit

Eine bodennahe Vegetationsbhedeckung mit GraserfoderdKrautern wurde ausschlief3lich
an zwei Standorten beobachtet. Diese sind weitgkfren von Erosionserscheinungen. Es kann ein
enger Zusammenhang zwischen dem Grad der Boderkwgnpand der Auftretenshaufigkeit und

Intensitat des Bodenabtrags angenommen werdenHuosoN, 1981). Auf Standorten mit fehlender
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bzw. sehr geringer Bodenbedeckung (geringer Muktbfa geringer Steinfaktor) wurde
dementsprechend in der Regel starkerer Bodendlestgestellt (Erosionsklassen 3 und 4; Tabelle 4).

Ebenfalls prozessbestimmend ist der Terrassenzlust®ie Kausalitdt zwischen der
Auftretenshaufigkeit und Intensitat des Bodenalstragd dem Pflegezustand der Terrassen war
offensichtlich und scheint in dem stark reliefierdgiangxi-EZG einer der zentralen Steuergrof3en zu
sein. Entsprechend wurden in 2008 erste Daten zama3sendesign und dem Terrassenzustand
erhoben. Die Ergebnisse zeigen, dass dort wo Sjéruder Terrassen, z.B. eingestlrzte und/oder
verschlammte Terrassenwande, und/oder an die Ilok&eliefsituation unangepasstes
ingenieurtechnische Terrassendesigns auftretetljdtendherer Bodenabtrag und Oberflachenabfluss

anzutreffen sind, als bei gut gepflegten Terrag8ébildung 15).

o ey L.

Abbildung 15 Terrassendesign und Erosionsschaden im EinzugdgigseXiangxi. Parallel
verlaufende Level bed-Terrassen im guten Zustahtliang Liang Ping, Flache E_5 (links) und
durch Bodenerosion zerstorte Trockensteinmauerreizgh Terrasse im Teileinzugsgebiet
Xiangjiaba, Flache E_21 (rechts). Fotos aufgenomr@nS. Schdnbrodt (09/2008).

4.3 Bodenverbreitung

Acht Hauptbodentypen kdnnen im Xiangxi-EZG hindicht ihrer Relevanz fir die
Bodenerosion und die hydrologische Modellierungetsthieden werden (Abbildung 16). Die
Nomenklatur orientiert sich an dé&hinese Soil Taxonomic Classificati@STC, $il ET AL., 2010),
die vor allem auf die landwirtschaftliche Nutzungrddden zielt und sich auf die traditionelle
Namensgebung der Farmer stitzt. Subtypen werdeagruenaf von diagnostischen bodengenetischen

Merkmalen zugewiesen.
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In den hoher gelegenen Bereichen bilden sich thpiseeise unter Nadelwaldbedingungen
auf kalkfreien Ausgangsgestein saure Braunerdeyesgetlschaftet mit Podsolen (CSTEpwn Soils
Subtypen:Mountainous brown soil, Mountainous brown soil-#@l). Sie erstecken sich gurtelartig
oberhalb der humosen Braunerden (CSD@rk Brown Soil sowie im Osten des Xiangxi-EZGs und
zeigen eine stark saure Bodenreaktion bei geriBgsensattigung. Mit weniger als 7% gehotren die

Brown Soilsm Xiangxi-EZG zu den gering verbreiteten Bodewetyp

Tabelle 4 KenngroRen des Erosionsfaktors Landnutzung gegtiedeh funktionalen Land-
nutzungsgruppen fur die 27 in 2008 untersuchtendstde. Dargestellt ist die dominierende
Landnutzung. Dort wo keine Benennung des Terragstarals erfolgt, entspricht die Anbautechnik
einer entlang der Kontur verlaufenden Kultivieruangf nicht terrassierten Standorten (LNG:

Landnutzungsgruppe, HN: Hangneigung in °, LN: Lartdang, ZwiFr: Zwischenfrucht, BB:
Bodenbedeckung, TZ: Terrassenzustand, EK: Erodessk BB, TZ, EK: Klassen 1 bis 5 mit 1=sehr
gering, sehr schlecht, sehr hoch bis 5= sehr disbhr gut, sehr gering).

LNG Ort HN LN ZwiFr BB TZ EK
Plantag E 2 18 Orang Jée 2 2-3 2-3
E_: 24 Orang Je 3 2-3 3
E 4 13-25 Mais Je 34 3 2
E E 16-18 Mais Je 2-3 4 2
E_ ¢ 10-12 Orang Je 1-2 - 2-3
E ¢ 17-22 Mais Je 3 1 4
E_1C 28-31 Tabal Nein 3 1-2 2
E_ 11 15 Orangt Nein 2 4 2
E_ 12 43 Orangt Nein - 2 3
E_1: 26-32 Orang ¢ 34 1-2 4
E_1¢ 22-24 Tee Nein 2 3 34
E_1¢€ 33 Orang e 5 4 1
E 17 29-31 Orang Nein 4 2-3 2
E_2( 19 Orangt Nein 5 5 34
E_2¢ 27 Orangt Nein - 2-3 4
E_2¢ 23-25 Orangt Nein 1 - 4
Gartenanc E_1 34 Orang e 2-3 2 2
E € 10-12 Orang e 2 - 3
E 7 18-20 Mais ¢ 4 2 4
E_1t 23-25 Gem ¢ 5 4 2
E_1¢ 24 Mais ¢ 34 3 2-3
E_ 21 24-32 Keine ¢ 2 2 2
E 2 29 Keine c 2-3 4 4
E_2: 27 Mais ¢ 1 1-2 3
E_2°¢ 32 Mais ¢ 3 1-2 4
E_2i 33 Orange e 3 1-2 2-3
Brache E 1¢ 29-36 keine c 2-3 4 2-3
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B Towns

D Catchment border
D Backwater area

Soil Subgroups

- Mountainous brown soil

‘ Mountainous brown-soil-like soil
‘ Calcareous chaou soil
- Bleaching dark brown soil
- Dark brown soil

i Meadow dark brown soil
- Black limestone soil
- Brown limestone soil
D Boggy paddy soil

- Gleyed paddy soil

- Permeable paddy soil
- Submergic paddy soil
- Acidic purple soil

- Calcareous purple soil
- Normal purple soil

- Mountainous yellow brown soil

Ij Yellow brown soil

I: Yellow-brown-soil-like soil
I: Yellow soil

| Yellow-soilike soil
I: unknown

I: River

GIS and Layout: S. Schénbrodt (2009)

Data: Second National Soil Survey China

Abbildung 16 Verbreitung der Hauptbodentypen im Einzugsgebistdangxi (Bezeichnung der
Bodentypen nach Chinese Soil Taxonomic Classifichti

Humose Braunerden (CSTOark Brown Soil SubtypenBleaching dark brown sqiDark
brown soil Meadow dark brown sqibilden sich unter ganzjahrig humid-temperierteansunklima.
Sie sind durch eine hohe Solumsmaéchtigkeit, hoheeBs#ttigung und eine Bodenreaktion im
neutralen bis alkalischen Bereich gekennzeichmetChina sind sie typische Bdden der Gebirgs-
regionen und bilden ideale Standorte fur gut wigdh$Valdgebiete. Ihr Verbreitungsgebiet wird daher
auch aldDark brown forest soil bebbezeichnet. Mit einem Flachenanteil von fast 4%chginkt sich
ihre Verbreitung im Xiangxi-EZG ausschliel3lich aig hochgelegenen (2200-3000 m) Gebirgsregion
in Landkreis Shennongjia.

Die fersialitischen sauren Bdden der noérdlichen t@yen (CSTC:Yellow brown sojl
Subtypen:Mountainous yellow brown sogilYellow brown sojl Yellow brown soil-like-sajl sind
entlang des Yangtze-Mittellaufs typischer Weisedien Mittelgebirgen und higeligen Regionen
beidseitig des Yangtze anzutreffen. In Abhangigkein Ausgangsgestein und der Nutzung variieren
die Yellow Brown Soilén ihrer Solummachtigkeit stark. Bei Reis- und Y&gianbau sind zwei Ernten
pro Jahr moglich. Im Xiangxi-EZG gehéren sie miteen Flachenanteil von 40% neben Rendzinen,
Regosole und kalkreichen humosen Braunerden zu ddeninierenden Bodentypen. lhr Haupt-
verbreitungsgebiet liegt im Osten und Nordosten, Nordwesten sowie im zentralen Teil des
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Untersuchungsgebiets. Auf etwa zwei Dritteln deichke Giberwiegen digountainous yellow brown
soils insbesondere in hdheren Lagen. In der Regeltsaheiche fersialitische saure Boden (CSTC:
Yellow Soil Subtypen:Yellow soi] Yellow soil-like-so) kommen auf etwa 4% der Flachen des
Xiangxi-EZG vor. Sie haben ihr Hauptverbreitungsgebm Aufstaubereich sowie im zentralen und
Ostlichen Teil des Untersuchungsgebiets. In Chigléeg sie als typische Bdden der tropischen und

subtropischen Gebirgsregionenqiktz undCHEN, 1990).

Flachgriindigen Rendzinen, Regosole und kalkreichmodse Braunerden aus Kalkstein,
Dolomit und andere Karbonatgesteine (CSTithestone SailSubtypenBlack limestone sqiBrown
limestone saojlsind mit 38% der Flache charakteristisch flr edieile des Untersuchungsgebiets. Sie
reagieren im neutralen bis mittel alkalischen Bareim Aufstaubereich sind sie ausschlief3lich auf
der ostlichen Uferseite des Xiangxi anzutrefferprggt durch die steil einfallenden Schichten der
Trias. Zu fast 100% dominieren hier deown limestone soildeutlich. In héheren weniger geneigten

Bereichen wird u.a. Raps kultiviert.

Reisbdden (CSTCPaddy Soil Subtypen:Boggy paddy sqilGleyed paddy sqilPermeable
paddy soil Submergic paddy so¢ials einer der Hauptbodentypen der landwirtsdichih Nutzflachen
im subtropischen China sind im Untersuchungsgedhet untypisch und lediglich auf 2% der Flache
verbreitet. Durch kinstliche Landeinebnung und 8&sierung sowie saisonale Bewasserung weisen
sie charakteristische Veranderungen in ihren hiarotischen Regime und typische Oxidations- und
Reduktionsprozesse auf. Im Xiangxi-EZG Uberwiege iWerbreitung auf verstreuten Standorten im

gesamten Aufstaubereich, vornehmlich im stidosthcheil.

Die schluffreicherPurple Soils(CSTC:Purple Soil SubtypenAcidic purple soil Calcareous
purple soil Normal purple sojl sind im Untersuchungsgebiet typischerweise atpoRals ausgebildet,
die sich hauptsachlich in den niedrigeren Hohemagef hamatitreichen sandigen Schiefern und
Sandsteinfurple sandy shale, purpleusdstone) sowie schluffigen Jurakalken ausgebiidben. In
den Unterhangbereichen zeichnen sich die erosifidigaen Purple Soils durch eine gréRere
Entwicklungstiefe aus als auf den Mittel- und Olderden. Die Bodenfruchtbarkeit deurple Soildst
hoch, sie gelten neben den Reisbdden als fruct¢bBisden der Region. Mit etwa 5% Flachenanteil
ist ihre Verbreitung im Xiangxi-EZG auf das jurasti gepragte westliche Xiangxi-Ufer im Aufstau-
bereich, vor allem im Teileinzugsgebiet Xiangjiabaschrankt. Innerhalb der Gruppe Berple Soils

dominieren digAcidic purple soi(45%) und dieNormal purple soil$40%).

Die oben aufgeflihrten Erlauterungen zu den Haugthgaippen im Xiangxi-EZG orientieren
sich neben den gelandebefunden auch am bodenkuewlligtandardwerkSpils of Chindvon HONG
und CHEN (1990). Aufgrund der stark auf die agrarische Béaleg der Boden orientierten
Klassifizierung lassen sich die Boden nur unter émohnformationsverlust in den Standard des

internationalen KlassifikationssystenWorld Reference Base for Soil Resour@7 der FAO
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Uberfuhren (81 ET AL., 2010). Bezuglich ihrer geomorphologischen Paositind ihres Ausgangs-
gesteins lassen sich die Boden im Xiangxi-EZG gieb Luvisols, Alisols, Cambisols, Regosols,
Leptosols, Fluvisols und Gleysols (WRB, 2007) zuenml

4.4  FErosionsrisikopotenzial im Einzugsgebiet des Xiangxi
4.4.1 FErosivitat der Niederschldge

Unter Berlcksichtigung der hdhendifferenziertenméizonierung im Xiangxi-EZG wurden
die R-Faktoren nach EN ET AL. (2008) anhand von Tageswerten des Niederschiaghnet und
Isoerodenten (Linien gleicher Niederschlagseraiyitibgeleitet (Abbildung 17). Di&-Faktoren
variieren zwischen 1973,9 und 7258,2 MJ mrit ha a* und weisen eine sehr hohe Erosivitat aus.
Die raumliche Verteilung demR-Faktoren reflektiert deutlich die einzelnen Hoéhafen. Mit
zunehmender Hohe steigt die Niederschlagserosiwtétgleichbare Werte wurden auch fur die
ebenfalls in der TGD-Region gelegenen, klimatisolvie topographisch vergleichbaren Einzugs-
gebiete Taipingxi mit 4969 MJ mm ha* a' (Liu und Luo, 2005) und Wangjiagiao mit 2880
MJ mm h& h* @' (SHI ET AL., 2004) berichtet.

Rainfall erosivity
MJmm/ha/h/a
[]< 2,000
[1>2,000-2,500
[ > 2,500 - 3,000
[ > 3,000 - 3,500
I > 3,500 - 4,000
I > 4,000 - 4,500
I > 4,500 - 5,000
[ > 5,000 - 5,500 Isoerodent lines

I > 5,500 - 6,000 /\/ (1000 MU mm /ha/h/a)
I > 6,000 - 6,500
I > 6,500 - 7,000
[ > 7,000 - 7,500
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[] Sub-catchments

L~ | Backwater area

[ ] Xiangxi catchment

Abbildung 17 Niederschlagserosivitat und Isoerodenten im Aufstaeich des Xiangxi-
Einzugsgebiets (alle Angaben in MJ mrit hd a*). GIS und Layout von S. Schénbrodt.
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4.4.2 FErodierbarkeit der Boden

Die Erosionsanfalligkeit der Béden wird in stark&taf3e durch ihre Textur bestimmt. Die
KorngroRenzusammensetzung der Oberbodenproben Idéhbi 18) bewegt sich im Bereich der
Normallehme (Ls2, Ls3, Lt2), Tonschluffe (Lu, Utdnd Schlufftone (Lt3, Tu3, Tu4) sowie seltener
im Bereich der Lehmsande (SI3), Lehmtone (Tu2uflj Lehmschluffe (Ut2, Ut3, Uls) an. Insgesamt
dominieren schluffige Bdden. Deutliche Unterschiegdéschen terrassierten und nicht terrassierten

Standorten sind nicht feststellbar.
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Abbildung 18 Korngrof3enverteilung im Einzugsgebiet des Xiangxi.

Die Erodierbarkeit der Oberbdden wurde nach dreschéedenen Verfahren berechnet: (i) fur
das Gesamtgebiet auf Basis der Bodenkarte mit gersterfunktion nach8rizA (1984; Abbildung
19), die in China landesweit angewendet wird,f(if)die im Gelande entnommenen und analysierten
245 Oberbodenproben nach den Empfehlungen fur disLIE (RENARD ET AL., 1997) und (iii) wie
(i) jedoch unter zusatzlicher Berticksichtigung deganischen Substanz. Die Unterschiede zwischen
allen drei Verfahren sind gering. Wir kdbnnen annehpdass die Ableitung d&-Faktoren aus der
Bodenkarte fur die Erosionsmodellierung plausibleri liefert. Infolge der engen Bodenarten-
verteilung sind die Wertespannen insgesamt geri8ge betragen fur (i) 0,37 bis 0,40
t ha h hd MJ* mm, fur (i) 0,25 bis 0,37 t ha h HavlJ™ mm*, und fur (iii) 0,26 bis 0,42 t ha h ha
MJ* mm™. Dies entspricht nach KA5 (Ad-hoc-AG Boden, 20GShe mittleren (0,2 bis < 0,3
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t ha h hd MJ*mm™) bis hohen (0,3 bis < 0,5 t ha H'HslJ* mm™) Disposition der Béden gegeniiber
Wassererosion. Verfahrensbedingt ist die Erodiéddes Oberbodens sind eng an die Verbreitung
der Bodentypen im Xiangxi-EZG gekoppelt. Insbesoaden westlichen Teil des Aufstaubereichs
weisen diePurple Soilsaus Jurakalken hohe Erodierbarkeiten auf (Abbidddf). Die geringste

Suszeptibilitat der Oberboden gegeniiber Wasseoerasigen di€Yellow SoilsundLimestone Soils

|:| Xiangxi Bay
/\/ Flussnetz
Bodenerodierbarkeit
(t*h)I(ha*N)

[ ] o030-032

[ ]>032-036

[ ]>036-039

[ ]>039-041

[ > 041-044

Abbildung 19 K-Faktoren der Oberbdden fur das Einzugsgebietdasgxi, abgeleitet aus der
Bodenkarte (raumliche Auflésung: 45 m). GIS undouayon S. Schénbrodt.

4.4.3 Einfluss der Topographie

Entsprechend der hochgebirgsartigen Topographigritarsuchungsgebiet werden insgesamt
sehr hohe Hangneigungsfaktoren erreicht (AbbildR@g Flr extrem steil geneigte Hange mit einer
maximalen Hangneigung von 78° erreichen®&aktoren Werte bis 15,7. Typisch fir die Gegend um
Xiakou sind Hangabschnitte, die bei Nichtberlckisiging der Terrassierung sehr hohe erosive

Hanglangen bis zu 760 m aufweisen (Abbildung 21).
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Abbildung 20 Steilste erosive Hangneigung (links) und Hangneajgtaktor S (rechts) fir die
Umgebung von Xiakou im Aufstaubereich im sudlidiierugsgebiet des Xiangxi Hangneigung in
Grad (°) berechnet auf Basis des SRTM-DGM fir 4Bufiésung nach ARBOTON(1997). S-Faktor
(dimensionslos) berechnet nacBNRARD ET AL, (1997). GIS und Layout von S. Schdnbrodt.
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Abbildung 21 Hanglange (links) und Hanglangenfaktor L (rechts)die Umgebung von Xiakou im
Aufstaubereich im stidlichen Einzugsgebiet des Xiahtanglange in m berechnet auf Basis des
SRTM-DGM fir 45-m-Auflésung. L-Faktor (dimensiosskbgeleitet mittels Monte-Carlo-
Aggregation nach BHRENS ET AL(2008). GIS und Layout von S. Schénbrodt.

144



Manuscript 1 GlIS-basierte Erfassung und Analyse der Bodﬂenerosion
durch Wasser im Drei-Schluchten-Okosystem

4.4.4 Bodenbedeckung und Bodenbearbeitung
Die NDVIs der Landsat-TM-Daten jeweils fur September Jahre 2005, 2006 und 2007

zeigen insgesamt nur geringe Unterschiede (Abbgd2®, links). Hohe Werte charakterisieren das
nordliche, westliche und 6stliche Xiangxi-EZG, woo@flachig bewaldeten Gebiete vorherrschen.
Niedrige NDVIs charakterisieren vor allem die Flés$e, an denen zumeist StralRen und Wege
entlangfihren und Schotterflachen verbreitet sidenso weisen die Siedlungsflaichen um Gufu,
Gaoyang und Xiakou niedrige NDVIs auf. Der Aufstardich und die beiden Teileinzugsgebiete
zeigen ein sehr differenzierteres Bild hinsichtlidér Vegetationsbedeckung. Sehr geringe NDVIs
charakterisieren vor allem die landwirtschaftlidngtzten Flachen Ostlich des Xiangxi. NDVI-Werte

von annédhernd -1 sind typisch fiir die engen undhaddn Taler im Teileinzugsgebiet Quyuan.

Die Werte des FVC reichen im gesamten Xiangxi-EZ4@& 0 bis 100% und entsprechen der
raumlichen des NDVIs (Abbildung 22, links und MjttedHohe Werte zwischen 90 und 100% sind
typisch fur die bewaldeten Gebiete im Norden detetdnchungsgebietes. In der Néhe der Flusslaufe
nimmt die FVC um 10 bis 20% ab. FVC-Werte von 79 80% charakterisieren weite Bereiche des
Aufstaubereichs und der Teileinzugsgebieten Xiamgxiund Quyuan. Extrem geringe Werte des
FVC (< 10%) bis sehr geringe FVC-Werte (10-20%ydypisch fir das Reservoir und die groReren
Orte Gufu und Gaoyang. Moderate FVC (30-60%) sypuisth fur die Gebiete in der Nahe von

Siedlungen und entlang des Xiangxi im Aufstaubdreic

Die C-Faktoren der RUSLE (Abbildung 22, rechts) erreich®erte bis 0,87 flr September
2005, Uber 0,93 fiur September 2006 und bis 0,9&&ptember 2007. Diese hoh€f-aktoren, die
gleichbedeutend mit einer geringen Erosionsschutsaimkeit der Bodenoberflache sind, gelten vor
allem flr die moderate bis sehr geringe Vegetatiedesckung im Aufstaubereich. Im Mittel liegen die
C-Faktoren zwischen 0,04 und 0,05. Hier spiegeti simr allem der Einfluss der groRen Waldflachen

im Norden des Xiangxi-EZGs wider.
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Abbildung 22 Vergleichende multitemporale Darstellung des Noineal Differenced Vegetation

, Mitte) und des C-Faktors der RUSLE

der Fractional Vegetation CoyEVC

links),

Index (NDVI
(rechts) im Einzugsgebiet des Xiangxi basierend_anfisat

TM-Szenen fur (a) September 2005, (b)

September 2006 und (c) September 2007 (naeldBRODT ET AL, 2010b).
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4.4.5 Naturliche Erosionsdisposition und Erosionspotenzial unter BerGcksichtigung des

Landnutzungswandels

Im Mittel variieren die langjahrigen, potenziell®odenabtrédge im Xiangxi-EZG, berechnet
als natirliche Erosionsdisposition bei vollstandigedeckung mit Primarwald, zwischen 6 und 11
t ha' a'. Um ein Vielfaches hoher sind die potenziellen uabtrage unter Beriicksichtigung der
Landnutzung fur 1987 und 2007. Im Mittel werdenepaielle langjahrige Bodenabtrag in Hohe von
100 t ha a’ erreicht. Interessanterweise wirkt die Landnutzimg007 im Vergleich zu 1987
erosionsmindernd. Deutlich wird der erosionsredezide Einfluss der Landnutzung in 2007 vor
allem bei Betrachtung der Maxima (Tabelle 5). Im deeileinzugsgebieten Xiangjiaba und Quyuan
verringern sich die Maxima von 1987 auf 2007 umpmn&00 bis 400 t Waa®. Unabhéngig vom
betrachteten Zeitraum ist das Erosionsrisiko imleli@ugsgebiet Quyuan sehr hoch. Infolge der
hohen Reliefenergie liegen die potenziellen Bodaégke dort im Mittel liegen deutlich héher als im

gesamten Xiangxi-EZG sowie im Aufstaubereich.

Tabelle 5 Natirliche Erosionsdisposition (NED) und potenzelangjahriger Bodenabtrag
(t ha'a™) unter Beriicksichtigung der Landnutzung in 198@ B807 fiir das gesamte Einzugsgebiet
des Xiangxi, den Aufstaubereich und die Teileinziggs Quyuan und Xiangjiaba (SD:
Standardabweichung).

NED (t ha'a* Nutzung 1987 (t hba™) Nutzung 2007 (t hsa™)
Xiangxi-EZG
Maximum 146,4 5.264,6 5.057,9
Minimum 0,0 0,0 0,0
Mittelwert 10,3 263,8 188,3
SD 8,9 332,2 260,6
Aufstaubereich
Maximum 104,2 3.898,0 3.812,3
Minimum 0,0 0,0 0,0
Mittelwert 9,6 256,5 169,3
SD 9,0 306,9 227,2
Quyuan
Maximum 69,4 2.673,2 2.256,9
Minimum 0,0 0,0 0,0
Mittelwert 10,7 344,9 229,3
SD 9,0 376,2 283,2
Xiangjiaba
Maximum 247 1.232,9 945,1
Minimum 0,0 0,0 0,0
Mittelwert 5,9 245,5 128,2
SD 4,8 230,0 142,1
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Die modellierten potenziellen Bodenabtrage fiir Aidolge der Jahre 2005, 2006 und 2007
(Tabelle 6) zeigen fur das Xiangxi-EZG und den Aafibereich eine deutliche Zunahme von 23 bzw.
29%. In den Teileinzugsgebiete Quyuan und Xiangjiamd die Bodenabtrage in 2007 ebenfalls
deutlich héher als in 2005 (6 bzw. 25%), folgeremings keinem linearen Trend sondern zeigen
vielmehr deutliche Schwankungen zwischen den Jahrandnutzungsdnderungen auf einzelnen
Flachen oder Teilbereichen wirken sich hier offendlich aufgrund der geringen Gebietsgréen

starker aus als ein mehrjahriger Trend.

Tabelle 6 Potenzieller langjéhriger Bodenabtrag (tha™) im Einzugsgebiet des Xiangxi, im
Aufstaubereich und in den Teileinzugsgebieten Ximvg und Quyuan fir die Jahre 2005, 2006 und
2007 (nach SHONBRODT ET AL 2010b).

2005 2006 2007
Xiangxi-EZG
Minimum 0,0 0,0 0,0
Maximum 1.133,4 1.498,2 1.646,9
Mittelwert 9,3 11,0 115
Standardabweichung 21,9 26,0 28,8
Aufstaubereich
Minimum 0,0 0,0 0,0
Maximum 607,1 708,6 873,6
Mittelwert 11,0 13,6 14,2
Standardabweichung 23,5 24,5 28,3
Quyuan
Minimum 0,0 0,0 0,0
Maximum 385,7 180,3 285,6
Mittelwert 10,4 9,1 111
Standardabweichung 18,6 14,8 18,9
Xiangjiaba
Minimum 0,0 0,0 0,0
Maximum 66,7 99,3 109,6
Mittelwert 11,7 16,3 14,6
Standardabweichung 13,1 19,5 16,6

Gebiete mit hohem bis extrem hohem Erosionspotkela&iaen sich aus der Modellierung der
natlrlichen Erosionsdisposition identifizieren. §8eerstrecken sich im Xiangxi-EZG Kkleinflachig
entlang der steilen Hangbereiche der triassiscledsfdimationen westlich des Xiangxi. Eine geringe
bis moderate nattrliche Erosionsdisposition charaert den Aufstaubereich (Abbildung 23a). Unter
Hinzunahme der Landnutzung und der Annahme eidehdéndeckenden Terrassierung des Aufstau-
bereichs zeigt sich ein starker differenziertesl Biés langjahrigen mittleren Bodenabtrags (Abbitdun
23b und 23c). Sowohl in 1987 als auch in 2007 tasseh Hot Spotsder Bodenerosion deutlich

entlang des Unterlaufs des Xiangxi und vor allerhdassen westlicher Uferseite identifizieren. Vor

148



Manuscript 1 GlIS-basierte Erfassung und Analyse der Bodﬂenerosion
durch Wasser im Drei-Schluchten-Okosystem

der Errichtung des TGD (1987) lag der mittlere Buateirag bei 257 t Haa* (Tabelle 5) deutlich ber

dem in 2007 nach der Errichtung des TGD (169t &8. Dies geht einher mit dem Riickgang von
Ackerland zugunsten von Orangenhainen und klein®v@tdparzellen, ausgeldst durch staatlicher
Forderprogramme. Ein geringes Erosionsrisiko weigereinzelte Flachen auf den hochgelegenen
Mittelgebirgsriicken auf. Dieses kann zum einen digf staatlich gesteuerte Umwandlung von

Ackerland in Wald sowie dem vermehrten Brachfallen Flachen zurtickgefihrt werden.

4.5 Zustand und rGumliche Verteilung von Terrassen im Einzugsgebiet des

Xiangxi

Bei den untersuchten Terrassen handelt es sich ankt&rassen mit, angepasst an die
Reliefsituation, hangparallel angelegten Trockenstauern. Diese Art der Terrassierung ist typisch
fur den Yangtze-Mittellauf. Im Hinblick auf ihre &ionsschutzwirksamkeit wurden die Terrassen in
vier Kategorien gegliedert (Abbildung 24 und 28ell maintained fairly maintained partially
collapsedund completely collapsedEntsprechend der physischen Ausstattung gegebrsh dias
Terrassendesign und den Pflegezustand der Terrasselmnen sich die vier Klassen durch eine

abnehmende Schutzwirksamkeit gegentber Oberflablaaa und Wassererosion aus.

4.5.1 Terrassenzustand

Die im Hinblick auf den Erosionsschutz effektivsiBerrassenzustandskategorieell
maintainedmacht 21% der kartierten Terrassen aus. Die umgfidie kinstliche Zergliederung des
Hanges in Abschnitte geringerer erosiver Hangldisgenoch vollstandig erhalten (Abbildung 24).
Leichte Stérungen in den Trockensteinmauern keohmen die Terrassen der Zustandskategorie
fairly maintained angetroffen in 44% der kartierten Falle. An Malugchbriichen zeigen sich haufig
Anzeichen von Rillen- und seltener Rinnenerosiae. Erosionsschutzfunktion der Terrassen ist nhach
wie vor erhalten. Dieses éndert sich deutlich in Heasserpartially collapsed(23%) undcompletely
collapsed (11%), die zusammen etwa ein Drittel aller katéer Terrassen ausmachen. Wahrend
Terrassen der Klasgeartially collapsedstellenweise noch die urspringlichen Trockenstausm
aufweisen, sind diese bei den Terrassen der Kless®letely collapsederstort (Abbildung 24).
Damit stellt sich die urspriingliche erosive HangEmahezu wieder her und die Effektivitdt der

Terrassen als Erosionsschutz geht gegen NGH@SBRODT-STITT ET AL., 2011;under review.
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Abbildung 23 Potenzieller langjahriger Bodenabtrag (t'ha™) unter natiirlichen Bedingungen (A)
sowie unter Bertcksichtigung der Landnutzung va@v1®8) und 2007 (C) fir den Aufstaubereich im
sudlichen Einzugsgebiet des Xiangxi. Die Klasdifikedes modellierten mittleren Bodenabtrag
entspricht dem Technological Standard of Soil armdénConservation SD238-87 des Ministeriums
fur Wasserressourcen in China (vgu undHIGGITT, 2000; XU ET AL, 2008; XU ET AL, 2009). GIS

und Layout von S. Schénbrodt.
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Fiur die Erosionsschutzfunktion der Terrassen spielten dem Terrassenzustand, in erster
Linie angezeigt durch Schaden an den Natursteinmadas Terrassendesign eine wichtige Rolle. Es
lasst sich anhand der Parameter Neigung der Tenstsge, Hintergrundneigung bzw. urspriingliche
Hangneigung, Hohe der Trockensteinmauern und BdeiteT errassenstufe differenzieren (Tabelle 7).
Wahrend Terrassen der Klasseell maintainedrelative geringe Neigungen des Terrassenbettes
aufweisen und sich mehrheitlich auf Hangen mit 2fihtergrundneigung lokalisieren lassen
(Abbildung 25), treten die mit im Mittel 18° deufti steiler geneigten Terrassenbetten der Klasse

completely collapsedornehmlich an Hangen mit 30° Hintergrundneiguuofy a

Jmiy
—~¢
R HD

SIS

R =
S L

Abbildung 24 Terrassenzustandskategorien (1) well maintainedfajly maintained, (3) partially
collapsed und (4) completely collapsed im (a) Quafibsowie die Auspragung von Mauerstérungen
(b) Uber die Terrasseneinheit verteilt und im (€tail.
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Abbildung 25 Raumliche Verteilung der mittels Fernaufnahme katgin 829 Terrassenflachen im
Aufstaubereich des Einzugsgebiets des Xiangxereifziert nach Zustandskategorien (grin = well
maintained, gelb = fairly maintained, orange = paity collapsed, rot = completely collapsed). GIS
und Layout von S. Schénbrodt-Stitt.
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Tabelle 7 Parameter des Terrassendesigns fur die vier Teeraasstandskategorien basierend auf der
detaillierten Terrassenaufnahme von 158 Terraseaten Teileinzugsgebieten Xiangjiaba und
Quyuan (nach &HONBRODTSTITT ET AL, 2011; under review).

Zustandskategorie Neigung Hangneigung Ho6he Terrassenmauer Breite Terrasse
(n =158) Terrasse (°) ) (m) (m)

Well maintained 8 21 1,9 7,4
Fairly maintained 10 24 15 5,6
Partially collapsed 13 27 1,3 4.8
Completely collapsed 18 28 0,9 5,0

4.5.2 Rdaumliche Verteilung des Terrassenzustands

Mit einer Modellglte circa 92% konnen die Vorhemagles Terrassenzustandes fir den
Aufstaubereich des Xiangxi-EZG als sehr gut eingesterden. Insbesondere die Zustandskategorien

well maintainedundfairly maintainedzeigen eine hohe Klassifizierungsgute (Tabelle 8).

Tabelle 8 Konfusionsmatrix flr die Regionalisierungsergebmider mit Random Forests berechneten
Klassifikations- und Regressionsregeln der Termazsstandskategorien fur 829 Terrassen im
Aufstaubereich des Xiangxi (nacbH®NBRODTSTITT ET AL, 2011; under review).

Beobachtung Vorhersage Fehler
Well maint. Fairly maint. Part. coll. Compl. coll.

Well maintained 611 88 17 1 0.1478

Fairly maintained 53 2094 71 0 0.0559

Partially collapsed 13 97 1444 3 0.0726

Completely collapsed 8 12 8 21 0.5714

Well maint. well maintained, fairly maint. fairly aimtained, part. coll. partially collapsed, comptoll.
completely collapsed

Insbesondere die Entfernungen zu Siedlungsflactzm, alten Uferlinie und zu den
HauptstralR3en erklaren die vier Terrassenzustaridast@bbildung 26). Je naher die Terrassenflachen
am Xiangxi und an HauptstraBen liegen, desto shtdecist deren Zustand. Die schnelle
Erreichbarkeit dieser Terrassenflachen durch Heamportrouten kann als wesentliche Ursache fir

deren Degradation betrachtet werden.
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Abbildung 26 Partielle Abhangigkeiten fir die Distanzen (m) et éHauptsiedlungszentren (A), den
Siedlungsflachen mit einer Grél3e zwischen 6 bisal@), zur neuen Uferlinie des Xiangxi (C) und zu
den Hauptstral3en (D) im Aufstaubereich des Xiafrpeh $HONBRODTSTITT ET AL, 2011; under
review).

Der raumliche Schwerpunkt der algll maintainedund fairly maintainedprognostizierten
Terrassen liegt deutlich auf den hdher gelegenéchEh an Mittel- und Oberhéngen in gré3erer
Entfernung zur neuen Uferlinie des Xiangxi und zéfgrer Siedlungen. In unmittelbarer Nahe der
Siedlungsbereiche, entlang der StraRen und dernneélangxi-Uferlinie wurden Uberwiegend
Terrassen der Zustandskategorigartially collapsed und completely collapsedvorhergesagt
(Abbildung 27).
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Abbildung 27 Ergebnisse der Regionalisierung der Terrassenzdsttaofen mit TerraCE. GIS und
Layout von S. Schonbrodt-Stitt.

5 Diskussion und Schilussfolgerungen

Unter der Annahme einer vollstdndigen Bedeckung Pnitndrwald unterscheidet sich die
naturliche Erosionsdisposition im Xiangxi-EZG, begreet mit der RUSLE als langjahrige mittlere
Bodenabtrage fur die ehemalige (1987) sowie alkdu¢fO07) Landnutzung erwartungsgemaf
erheblich. Entsprechend der generell geringereiefeakrgie weist das Teileinzugsgebiet Xiangjiaba
im Vergleich zum gesamten Xiangxi-EZG, dem Aufstngich und dem Teileinzugsgebiet Quyuan
dabei die geringsten potenziellen Bodenabtrage @ffiensichtlich erweist sich der Unterschied

zwischen aktueller Bodenbedeckung und Wald, auigktlim C-Faktor, als wichtigste Regelgréf3e
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fur den potentiellen Bodenabtrag. Selbst die samie Wirkung der Terrassierung kann dies nur

eingeschrankt ausgleichen.

In Kontrast zu der mehr oder weniger gleichméaRigerteilung der naturlichen potenziellen
Bodenabtréage bewirkt die aktuelle Landnutzung despeechend eine deutliche rdumliche Differen-
zierung des Erosionsrisikos (vgl. Abbildung 22 @8&). Basierend auf Caesium-137-Messungen zum
Bodenabtrag ermittelte @NE ET AL. (1999) fur subtropische Bedingungen in der SichBeovince
aktuelle Bodenabtrage durch Wasserosion von 5hd & fiir landwirtschaftlich genutzte Flachen
auf Hangen mit 6,2° Neigung. Dies ist vergleichbar den Ergebnissen fir das Xiangxi-EZG, wo
mittlere Bodenabtrage auf Hangen mit 5-8° Neiguog 84,4 t ha a®in 1987 bis 50,7 t hha® in

2007 berechnet wurden.

Die radumliche Verteilung der Bodenabtrdge im XiargXG belegt das sehr hohe
Erosionsrisikopotenzial im Aufstaubereich des Xin@egenuber 6,3% (35,1 km2) der Flache, die
entsprechend der Klassifikation des Erosionsrisitash denChinese Technological Standard of Soil
and Water Conservation Rulé$D238-87) als Gebiete mit moderaten Bodenabtidagssifiziert
wurden, steigen die Werte unter Bertcksichtigungatieuellen Landnutzung auf 25,3% (141,17 km?)
in 1987 und 26,7% (149,1 km?) in 2007. Diese Erggdmverdeutlichen das hohe Erosionsrisiko-
potenzial welches mit der aktuellen Landnutzundgheigeht. Bemerkenswert ist der klare Trend zur
Zunahme des Bodenabtrags in den Jahren 2005 big 20Qleich die grof3flichige Neuanlage und

Wiederinbetriebnahme von Terrassen grundsatzliod @eutliche Erosionsminderung bewirken.

Obwohl die Eingangsparameter fur die RUSLE mit 45bezogen auf das eng gekammerte
Relief und den kleinrdumigen Nutzungswechsel saleie nach dem Aufstau Uberwiegenden Anbau
auf terrassieren Flachen, eine geringe raumlich86sung besitzen, liefert die Modellierung im
Vergleich mit anderen Studien aus dem Yangtze-EB@gible Ergebnisse (u.aA®, 1993; QUINE et
al., 1999; lu undHIGGITT, 2000; GO ET AL., 2001; $iIl ET AL., 2004). Die raumliche Auflésung der
Ergebnisse ist zunéchst vorgegeben durch die Zgtd&e des SRTM-DGM und den Mal3stab der
Bodenkarte. Weiterhin wird die Aussagekraft der RElbdrungsergebnisse durch die mittels
Hohenbandern extrapoliertdRFaktoren auf der Grundlage von lediglich funf Biaen flr einen
Flache von etwa 3200 km2 gepragt. Gerade in gegjgngsubtropischen Gebieten wére eine raumlich
und zeitlich hoch aufgeldste Bestimmung der Niedtdegyserosivitat von grofR3er Bedeutung fur die
Aussagekraft von Bodenerosionsmodellen. Ein waiteeatraler Qualitéatsaspekt betrifft die Bertick-
sichtigung der Terrassierung. Unter der Annahmss dlas gesamte Xiangxi-EZG terrassiert ist und
diese Terrassen in ihrem Design, ihrer Hintergrandineigung und ihrem Zustand nicht variieren,
werden Bodenabtrage zunachst zwar deutlich resistr abgebildet als ohne Berlcksichtigung der
Terrassierung, jedoch infolge der fehlenden réauralic Differenzierung stellenweise Uber- bzw.

unterschétzt. Dies gilt insbesondere in Gebietdreh&eliefenergie (& ET AL., 2007; LESSCHEN ET
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AL., 2008). Fur 31% der Flache des Xiangxi-EZGs, 288 Flache des Aufstaubereichs und 61%
bzw. 37% der Flache der Teileinzugsgebiete Xiabgjiand Quyuan mit Hangneigungen zwischen 20
und 25° ergibt die Modellannahme fir die erosiongszende Wirkung der Terrassierung @it 0,55

allerdings realistische Ergebnisse.

Im Xiangxi-EZG ist die Terrassierung der steilenngé als weitverbreitete MalRnahme zum
Schutz des Bodens vor Erosion durchaus wirksam necldiziert den potenziellen Bodenabtrag
deutlich. Allerdings zeigen die Terrassen sehrngotéedliche Pflegezustande von sehr gut erhaltenen
und gepflegten Terrassen bis hin zu komplett zdestdlerrassen. Obwohl bislang keine Zeitreihe der
Terrassenzustande vorliegt, kann angenommen wed#ess, eine sukzessive Verschlechterung des
Terrassenzustands nach deren Einrichtung den Tzendhmender potenzieller Bodenabtrage von
2005 nach 2007, zumindest teilweise, erklart. Das éntwickelte TerrassenzustandsmodeitraCE
koénnte zukUnftig ein zentrales Verfahren nicht aur Modellierung der raumlichen Verteilung von
Terrassenzustanden sein, sondern auch zur PrifesgsdZusammenhangs und weiterer Ursachen fur
den Zustand terrassierter Hange dienen. Unserdiigge zeigen, dass hoher gelegene Hangbereiche
fern des Aufstaubereichs sowie die flacheren Hamgtdee deutlich bessere Pflegezustande aufweisen
und sich gut fur die Anlage neuen terrassiertermbeards eignen. Die Errichtung von Terrassen auf
Flachen nahe der Uferlinie sowie auf sehr steilémd¢n, z.B. in der Trias auf der Ostseite des
Xiangxi, bietet dagegen nur unter sehr hohen Pélefyeand einen ausreichenden Erosionsschutz. Um
dies zu gewdhrleisten, misste das erwirtschafteleoBimen in diesen Bereichen entsprechend hoch

sein.

Eine weitergehende Interpretation der Zusammenhéngeder Ursachen, die den Zustand
einer Terrasse und dessen raumliche Anordnunguasin, hebt in erster Linie anthropogene Effekte
hervor (£$HONBRODT-STITT ET AL., 2011;under reviey. Neu gebaute Stral3e zur infrastrukturellen
Anbindung der im Zusammenhang mit dem Aufstau deB Tieu entstehenden und/oder wachsenden
Siedlungen in Nahe zur neuen Uferlinie des Xiamtihen als praferentielle Pfade der Inwertsetzung
neuer landwirtschaftlich genutzter Flachen fir HNiahrungsmittelproduktion und den Anbau von
Marktfriichten. Es konnte gezeigt werden, dass damragsenzustand mit zunehmender Nahe zu
Siedlungsbereichen, der neuen Xiangxi-Uferlinie tadiptstrafen hinsichtlich des Erosionsschutzes
schlechter wird. Rapide ablaufende sozio-6konongistimbriiche, wie sie fir die TGD-Region

typisch sind, begiinstigen somit die Bodenerosion.

Mit zunehmender Entfernung zu groRen Siedlungstieeei und Hauptverkehrswegen wie
HauptstraRen und Fliisse weisen die Terrassenfldobesere Zustédnde hinsichtlich des Terrassen-
designs sowie der Pflege und Erhaltung auf. Dies kauf eine hohere Motivation der hier siedelnden
Familien, ihre Flachen zu pflegen und zu erhaltanjickgefihrt werden. Des Weiteren sind die

Flachen in zunehmender Entfernung zum dynamischdst@ubereich mit seinen grol3eren Sielungen
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und Hauptstral3en unattraktiver fir den Anbau vorrkiifidichten, in erster Linie Orangen. Deren
Ertrag unterliegt regionalen Marktentwicklungen usight in direktem Zusammenhang mit dem
Pflegeaufwand zum Erhalt der erosionswirksamenaBsanfunktionen. Die abnehmende Attraktivitat
der Flachen fir den Marktfruchtanbau kann mit deniger ginstigen Erreichbarkeit der steilen
Mittel- und Oberhangbereiche und den ruralen Badiggn mit eingeschrankten Mdéglichkeiten zur
Weiterverarbeitung und zum Transport der Marktftaobrklart werden (SHONBRODT-STITT ET AL.,
2011;under revieWy. Eine weitere Ursache der schlechteren Terragstirzde in unmittelbarer Nahe
zum Reservoir ist das hier haufig festgestelltdtnémgepasste und nicht nachhaltige Management der
Flachen. Wahrend die Farmer vor der Aufstauungetlenen, fruchtbaren Talbdden bewirtschafteten,
fehlen ihnen Kenntnisse fir die zeitaufwendigen kasdtenintensiven Pflege und Unterhaltung der

Terrassen.

Es kann abschlieRend festgehalten werden, dassGdszhwindigkeit der ablaufenden
soziobkonomischen und 6kosystemaren Veranderungeieri TGD Region die Instandsetzung und
den Erhalt neuen ebenso wie vorhandener, altera3®gn bislang nicht oder nur untergeordnet
bertcksichtigen. Unsere Ergebnisse legen nahe,ediass/erbesserung dieser Situation geeignet ist,
den Erosionsschutz in Gebieten geringer Tragfaltigkled knapper werdender Bodenressourcen

effektiver und wirkungsvoller zu gestalten.

Die Anwendung der RUSLE zur Vorhersage des pot#emiemittleren langjahrigen
Bodenabtrags und dessen raumlicher Verteilung sov@eAnwendung und Weiterentwicklung von
TerraCE zur besseren Einbindung der fir gebirgigen Regiottearakteristischen Bewirtschaftung
terrassierter Hange in die Erosionsmodellierunquirén eine valide Vorhersage des raumlich
expliziten Erosionsrisikos und des Effekts von kmsschutzmal3namen fur den Bodenabtrag. Die
hier fur das Einzugsgebiet des Xiangxi erzieltengdbnisse sind beispielhaft fur groRRe
Staudammprojekte und kénnen helfen, den Erosionsschind insbesondere den Einsatz von

Terrassen als nachhaltige Erosionsschutzmafl3nahgabirgigen Landschaften zu optimieren.
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ABSTRACT

Due to the impoundment of the Yangtze River, thee€hGorges Dam in China fosters high
land-use dynamics. Soil erosion is expected toesse dramatically. One of the key factors in soll
erosion control is the vegetation cover and crqggetyHowever, determining these factors adequately
for the use in soil erosion modeling is very tinesuming especially for large mountainous areas,
such as the Xiangxif{i%) catchment in the Three Gorges area. In our sttidy, crop and
management factor C was calculated using the @raativegetation covelCg,c) based on Landsat-
TM images from 2005, 2006, and 2007 and on liteeagtudies €, ). In 2007, the values d@ryc
range between 0.001 and 0.98 in the Xiangxi catciinide mearCg,c value is 0.05C,;r values are
distinctly higher, ranging from 0.08 to 0.46 withmeean value of 0.32 in the Xiangxi catchment. The
mean potential soil loss amounts to 120.62t &&in the Xiangxi catchment when usii@yr for
modeling. Based ofq., the predicted mean soil loss in the Xiangxi cateht is 11.50 t haa’.

Therefore C,;r appears to be more reliable than @actor based on the fractional vegetation cover.

KEYWORDS

C factor, soil erosion modeling, Universal Soil Lé&guation, fractional vegetation cover,

Three Gorges Dam, Yangtze River.
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1 INTRODUCTION

Soil erosion is a severe problem worldwide, androding it will be a major challenge in the
future (BRADY and WEIL, 2007). Diminishing soil quality by soil erosionighly affects the
productivity of natural, agricultural, and forestosystems (RENTEL, 2006). At the same time, the
vegetative soil cover highly contributes to a pettan of topsoils against erosive processes. Otlief
whole of China, the Yangtze River catchment shdweshighest rates of soil erosion by watendy,
2008). Thirty-three percent (560 000 ¥rof the catchment area is severely affected blyesosion,
mainly alongside the upper and middle reachesefvidngtze River. The construction of the world’'s
largest dam project, the Three Gorges Project (T@RJ thus rapidly changing and highly dynamic
ecosystem conditions, is expected to foster sosgien by water in an unforeseeable dimension. Due
to the river impoundment, large areas became intedd&onsequently, more than one million people
had to resettle (MDONALD ET AL., 2008; AN ET AL., 2005) mostly to steep sloping uphill-sites with
fragile and shallow soils (HET AL., 2008). Further factors triggering soil erosi@naamajor geogene
threat lie in the enforced slope instability byifasial water-level fluctuations, deforestation, dan
increase in agricultural land use on extremely pstesdoping areas combined with improper
management practices YHWNG ET AL., 2006; Qi ET AL., 2005). Long-term effects of soil erosion in
the Yangtze River catchment and its major tribetagdre considered to have strong ecological impacts
and socio-economic consequenceEi ET AL, 2001). Information on the quality and quantify o
soil erosion is required in order to control soibsion through well-adapted management and

conservation practices.

On the landscape scale, quantities of soil eroséanbe modeled with the well-established and
worldwide-applied empirical (Revised) Universal ISboss Equation (R)(USLE) (BNARD ET AL.,
1997; WSCHMEIER and $MITH, 1965). Expressed as crop and management f&&tathe soil
vegetative cover is considered in the USLE. Thiactor refers to the ratio of soil loss under speci
crop conditions to the corresponding soil loss frdean-tilled continuous bare fallow (8¢HMEIER
and $/1TH, 1965). Its values range between 0 (very high cagr protecting the topsoil against soil
erosion) and 1 (no effect of the crop cover andh lEgil loss that is comparable to that of bare)soil
According to the resulting soil loss ratio, a semé subfactors need to be considereENARD ET AL.,
1997). These subfactors refer to the previous aod management practices (prior land-use
subfactor), the reduction of soil erosion by théd sover and soil surface roughness (surface cover

subfactor and surface roughness subfactor), tieetaff low soil moisture on reduction of runoff fino
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low intensity rainfall (soil moisture subfactor)nda protection of the soil by the vegetation cover

(canopy cover subfactor).

However, the assessment of each of those factasdar to calculate the given soil loss ratio
is very time-consuming especially in mountainowesaar such as the Xiangxi catchment, where access
to terrain is often limited. Thus, large effort Haeen made on calculating and mappingGifactors
for use in soil erosion modeling by means of Geplgi@ Information System, remote sensing data,
and spectral indices (BIYAPRASIT and $IRESTHA, 2008; AHou ET AL., 2008;DE AsSIS and QMASA,
2007; WANG ET AL., 2002;DE JONG, 1994). Remote sensing data are able to provideniation on
environmental covariates to predict tBdactor while covering a large scale. This avoidwetand cost
intensive field investigations and offers the pb#isy of a multitemporal observation. The normaliz
differenced vegetation index (NDVI) derived from ltiepectral images, such as Landsat, is currently
one of the most common environmental covariatesegfetation in order to monitor and analyze
vegetation, its properties, and spatial and tempranges (BETTINGER ET AL, 2008; &N ET AL.,
2008; LULLESAND ET AL., 2007). As a function of the NDVI, the fractionatgetation cover (FVC)
provides information on the percentage of vegetatiover (BDETTINGER ET AL, 2008). Thus, FVC
can also be used to predict t@efactor using regression functions considering toe Isss ratio

resulting from the specific conditions of the swibéas (4Hou ET AL., 2008).

In this study, we focus on the capability of theG-¥ased on Landsat-TM data in order to
derive C factor values for soil erosion modeling on a laggmle in the mountainous Xiangxi
catchment. As we have no sufficient databas€ éactor values from field investigations, we further
considerC factor values from literature assigned to the dme&nd use classes from a land use
classification based on Landsat-TM 2007 as referehbe effect o€ factors derived on potential soll

erosion will be modeled using USLE.

2 MATERIAL AND METHODS
2.1 STUDY AREA

The research area covers the Xiangxi catchmenD@3Kn2) located in western Hubei
Province, Central China. The Xiangxi River origestin the Shennongjia Forest Nature Reserve
region (elevation about 3 000 m) and reaches thngt¢a River almost 40 km westward of the TGP as
a first class tributary. Seventy-three percenthef ¢éatchment area has slopes with inclinations ebov
20° (mean slope angle 39°, standard deviation 22T8fe soils (e.g., brown soil, limestone soil, and
yellow soil) are closely linked to the subtropicabnsoon climate with an annual precipitation of
1,000 mm, of which 69% fall between May and Septmbnd an annual average temperature of
16.9 °C (1961-1990, Xingshan Climate Station in temtral Xiangxi catchment). Land use is

characterized by subsistence farming mixed witlh @asp production, typically on terraced farmland
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with contour cultivation. Typical crops are orangee, dry land crops (rape, wheat, and maize), and
garden fruits. Due to the TGP, the impoundmenth&f Xiangxi River reaches from the outlet,
approximately 30 km northward to the central catehin In this backwater area (560 Hm
resettlement, land use change, road constructonslide, and soil erosion are common features that
result in a highly dynamic ecosystem. More detaittddies are conducted with higher spatial
resolution in the backwater area of the Xiangxchatient and in the two subcatchments Xiangjiaba
(2.8 knf) and Quyuan (88 kfhin order to directly assess the effect of theriinundation on soil

erosion.

2.2 DATABASE AND COVARIATES

Data on NDVI and FVC are based on Landsat-TM imagésee Landsat-TM scenes from
September 2005, September 2006, and September sk@ving the lowest cloud and haze cover
throughout these years were chosen for this stligpically, remote sensing images of rugged and
steep sloping mountainous regions, such as thegXiaratchment, show interfering atmospheric and
topographic effects (RHARDS and Ja, 2006; &NSEN 2000). These internal and external effects were
reduced by means of image preprocessing (atmospinadiometric, and geometric corrections) using
ATCOR, according to BUBERT and MEINEL (2005) and RHTER (2010).

The NDVI was computed for each of the Landsat-TMges preprocessed based on bands 3
(red band; R) and 4 (near infrared; NIR) using ¢éigng1), according to BUSE ET AL (1974)

NDVI = (NIR—R)/(NIR+R) (1)

Based on the three NDVI images derived the FVC egdculated. Therefore, the NDVI values
were renormalized, providing an estimated valueegjetation cover (e.g.,d&TTINGER ET AL, 2008).
Taking into account the NDVI of uncovered, bareug@ (minNDVI) and of ground completely

covered by vegetation (maxNDVI), the percentaghefrVC was computed using equation (2)
FVC (%) =Nl —minNDVI)/(maxNDVI +minNDVI)x100 (2

In order to provide a correct percentage of vegetatover, dense clouds were masked
(EAsTMAN and RILK, 1993) before deriving the FVC. factor values were then calculated taking the
logarithm of the percentage of FVE) (using the regression function, according ko & AL. (2004)
and ZHou ET AL. (2008), using equation (3)

C =0.650 8-0.343 log 3)
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Thec values range between 0 and 78.3%. Thuispé1l refers to & of 0 andC of 0 equals to
a c of 78.3%. This function was established byN¢ and $il (1994) for a watershed in the Three
Gorges Project (TGP) area using more than 20dcsslratios measured from 30 runoff erosion plots

under natural as well as simulated rainfall events.

Serving as reference to thefactor values derived from the FVCH,¢), C factor values were
taken from literature@r) for the land use classes, which were derived fadiand use classification
based on Landsat-TM data of 200E&8ER ET AL, 2010). As USLE is considered for agricultural
used land only,C factor values were assigned accordingly. Th€séactors represent common
seasonal crop rotation within one year for subtalpagriculture in the TGP area. In detail, these
values are 0.13 for orange orchardsI (S AL., 2004), 0.18 for paddy field (L and Lo, 2005), 0.46
for dry land (LU and Luo, 2005), 0.1 for garden plotsi(Land Lo, 2005), 0.08 for residential area
with homegardens (LU and Lo, 2005), and 0.2 for fallow land, respectively, dawith lower

vegetation (RENCIN, 2000).

Soil erosion was modeled using the USLEIR@HMEIER and $3ITH, 1978). Data on the
topography factoLS were derived from a digital elevation model in 45r@solution, according to
RENARD ET AL. (1997). The calculation on the erosive slope tlelhgwas done individually for the
land use classes. This refers to agriculturallyduaad based on a Monte-Carlo-aggregation approach
according to BHRENS ET AL (2008). The steepest slope algorithrakBOTON, 1997) was applied to
calculate the erosive slope fact®rData on the soil erodibiliti are based on the Second National
Soil Survey in China (9 ET AL., 2010). The rainfall erosivitR of 2 880 MJ- mm-ha/h/a, according to
SHI ET AL. (2004), for the Wangjiagiao watershed in the T&&a was considered to be valuable for
the Xiangxi catchment. Assuming the Xiangxi catchimas totally terraced, a support conservation
practice factor oP 0.55 (Lu and Lo, 2005) was taken into the calculation of the ptiésoil lossA

(t ha' a%). The soil loss was modeled in a resolution ofrdGsing equation (4)
A=RLSXKxCxP (4)

Despite theC factor values derived from the remote sensing @(@ta: from 2005 to 2007)
and literature €.+ 2007), all of the abovementioned factors were kemistant. This ensures
assessing the impact of the differ€ntactors on soil loss. The spatial resolution of ¢hkulation of
C factor values and potential soil erosion in theng catchment and all subunits is 45 m, as this is

the resolution of the database.
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3 RESULTS AND DISCUSSION
The crop and management fac@ivas calculated for the years 2005, 2006, and 2@8@d

on the fractional vegetation cover (FVC) as a fiomcof the normalized differenced vegetation index
(NDVI). Derived soil loss was modeled in order t@yide information on the effect of th@ factor
values. Analyses were conducted on the macrosoalthé Xiangxi catchment (3 200 Rmon the
mesoscale for the backwater area (560°)krand on the microscale (2.8 and 882krfor the

Xiangjiaba and Quyuan subcatchments.

3.1  NORMALIZED DIFFERENCED VEGETATION INDEX

The NDVIs for 2005 (-1 to 0.979), 2006 (-1 to 0.98hd 2007 (-1 to 0.976) indicate areas
with almost no and very low vegetation cover (deokor) and high vegetation cover (light color) in
the total Xiangxi catchment and the subunits careid (Figs. 1a, 1b, and 1c). Throughout the time
period, slight changes in the NDVI values can bseobed. High vegetation cover characterizes the
northern, western, and eastern Xiangxi catchmehmis iE due to the largely forested headwater zone
with a few scattered plots of agriculture and settints, and the river network showing lower NDVI
values. The backwater area and the subcatchmemtsrebre diverse pattern of NDVI values. Lower
NDVI values characterize the agricultural land edighe Xiangxi River. NDVI values of nearly -1 are
observed on the very narrow and steep sloping sidgethe Quyuan subcatchment that show no
vegetation. The inundated Xiangxi River surfacaha backwater area shows NDVI values of -1.
Equally, dense clouds and haze occur as dark matodecating low NDVI values. This is the case
especially for 2005 (Fig. 1a). This effect was nemkfor computing the FVC.
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Figure 1 Comparative multitemporal analysis on normalizeffiedenced vegetation index (NDVI)
based on Landsat-TM images in the Xiangxi catchmedtthe subunits for (a) September 2005, for
(b) September 2006, and for (¢c) September 2007.
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3.2 FRACTIONAL VEGETATION COVER

The FVC ranges between 0 and 100% in the totalg&iacatchment. Its spatial distribution in
the Xiangxi catchment and all subunits considengasgmirrors the findings of the NDVI (Figs. 1 and
2). High fractional vegetation cover of 90% to 10@@bserved in the large headwater zone of the
Xiangxi catchment and slightly decreases by 1092086 toward the areas adjacent to the river
network. FVC of 70% to 80% largely characterizes thackwater area and the subcatchments
Xiangjiaba and Quyuan. Extremely low FVC (<10%)vtry low FVC (>10% to 20%) characterize
the inundation area of the Xiangxi River in the loaater area and in the area of the larger settl&snen
Gufu and Gaoyang alongside the river in the cemaathment. Moderate FVC (>30% to 60%) is
observed in close distance to the settlement amedsalongside the Xiangxi River in the backwater
area. Throughout the Xiangxi catchment, the gelyehadh FVC only changes slightly from 2005 to
2007, showing the highest mean FVC of 93.99% in52@@creasing to a mean FVC of 92.89% in
2006, and followed by small increase in 2007 withean FVC of 93.95% (Table 1). Changes in FVC
between 2005 and 2007 are more distinct in the vbaiek area and the subcatchments, generally
showing less mean FVC than in the total catchmgable 1). For all subunits, the lowest mean FVC
is observed for 2006 ranging between approximatéhb to almost 90%. Within the backwater area,
the Xiangjiaba subcatchment shows distinct loweam&VC (2005: 79.53%; 2006: 75.12%; and
2007: 83.27%) with higher variation compared to @ayuan catchment (2005: 91.11%; 2006:
89.89%; and 2007: 93.17%), see Table 1.

3.3 C FACTOR ESTIMATES

In the Xiangxi catchment, th€q,c values show similar spatial pattern from 2005 @®72
(Figs. 3a, 3b, and 3cLr,c values were predominantly derived for areas adfaicethe river network
in the headwater zone, for the larger settlemesdsaiand their close surroundings, almost for the
complete western backwater area, alongside thalation area of the Xiangxi River, and the western
Quyuan subcatchment. For areas with masked cloutiaze (Figs. 2a, 2b, and 2c), @& values
were derived. Mea@,¢ values range from 0.02 to 0.05 for all scales yeats and show hardly any
spatial and temporal change (Table 2). Howeveriatrans are more pronounced in the Xiangxi
catchment and in the backwater area. Regardingnthenum and maximunCg,c values, a spatial

and temporal change with increasing values fronb520@®007 is more obvious.
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Figure 2 Comparative multitemporal analysis on fractionatjgeation cover (FVC) in percent (%)
based on the NDVI from Landsat-TM images in thegdacatchment and the subunits for (a)
September 2005, for (b) September 2006, and f@dp)ember 2007. White patches in the northern
and eastern headwater zones of the catchmenttetae masked clouds and haze.
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Figure 3 Comparative multitemporal analysis on the crop amthagement factor (C factor) based on
the fractional vegetation cover (FVC) in the Xiangatchment and the subunits for (a) the September
2005, for (b) September 2006, and for (c) Septer2@@7. (-) in C factor (-) refers to the
dimensionless C factor.

Minimum (2005 and 2006: 0.001; 2007: 0.01) and mmaxn values (2005: 0.87; 2006: 0.93;
and 2007: 0.98) in the Xiangxi catchment and in blaekwater area are highly different. For the
Quyuan and Xiangjiaba subcatchments, the rangealues are distinctly less, except for the Quyuan
subcatchment in 2007 (Table 2). The lowest rangewvalues are observed for the Xiangjiaba
subcatchment (2005: 0.001 - 0.13; 2006: 0.001 8,Gakd 2007: 0.01 - 0.20). Compared to the mean
Cur values in 2007 (based on the land use classifitdtimm 2007) taken from literature, ti@g,c
values are very low (Table 2). Med,r values based on literature decrease from the Xiang
catchment (0.32) to the backwater area (0.27). Withe backwater area, the Quyuan subcatchment
shows a higher medd factor of 0.29 compared to the Xiangjiaba subcatttmwith a mean factdt
of 0.21. Whereas the range ©f;; starts with the lowest of 0.08 for residentialdaand the broad
majority of Cr,c values in the Xiangxi catchment are below thisugabf 0.08 (2005: 88.9%; 2006:
87.6%; and 2007: 85.5%). Slight agreements betwee6r,c values andC; are observed only for

C factor values of 0.08 in settlement areas (Gufu @adyang). Taking the area (pixel count) into
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account,C factor values based on the FVC were derived fdindisless area for all scales and years
(e.g., for Xiangxi catchment in 2005: 230.7 *krin 2006: 296.8 ki and in 2007: 209.2 kij) as
compared with those from literature for an aresecage of 506.6 ki(Table 2).

Table 1 Comparative multitemporal analysis on the fractibmegetation cover (FVC) in percent and
on C factor derived from FVC () from 2005 to 2007.

2005 2005 2006 2006 2007 2007 2007
FvC (%] CFVC (_) FVC (%) CFVC (_) FvC (%] CFVC (_) CLIT

Xiangxi catchment

Minimum 0.00 0.001 0.00 0.001 0.00 0.01 0.08
Maximum 100.00 0.87 100.00 0.93 100.00 0.98 0.46
Mean 93.99 0.04 92.89 0.04 93.95 0.05 0.32
Standard deviation 12.71 0.07 13.55 0.06 12.44 0.070.17

N — 113929 —— 146 564 —— 103287 250
Backwater Area

Minimum 0.00 0.001 0.00 0.001 0.00 0.01 0.08
Maximum 100.00 0.87 100.00 0.93 100.00 0.98 0.46
Mean 86.49 0.03 85.19 0.04 88.55 0.05 0.27
Standard deviation 17.71 0.06 19.76 0.06 18.35 0.070.17

N — 48 996 — 59 124 — 37 245 79
Quyuan sub-catchment

Minimum 0.00 0.001 0.00 0.001 0.00 0.01 0.10
Maximum 100.00 0.59 100.00 0.66 100.00 0.98 0.46
Mean 91.11 0.03 89.89 0.03 93.17 0.04 0.29
Standard deviation 11.93 0.04 11.51 0.04 10.50 0.040.17

N — 5494 — 5794 — 3515 9198
Xiangjiaba sub-catchment

Minimum 0.00 0.001 0.00 0.001 0.00 0.01 0.10
Maximum 100.00 0.13 100.00 0.58 100.00 0.20 0.46
Mean 79.53 0.02 75.12 0.03 83.27 0.03 0.21
Standard deviation 11.61 0.02 13.25 0.03 12.62 0.020.14

N — 582 — 764 — 370 921

Data are based from literature for the land usessification from 2007 (G;) for the Xiangxi catchment and the
subunits backwater area, Quyuan and Xiangjiaba atdlonents. The C factors from literature are 0.&8 f
orange orchards (9 ET AL, 2004), 0.18 for paddy field Il and o, 2005), 0.46 for dry land (L and Lo,
2005), 0.1 for garden plots (L and Luo, 2005), 0.08 for residential area with homegardéhs and Luo,
2005), and 0.2 for fallow land, respectively, lamith lower vegetation (EENCIN 2000). N is the count of pixels
on the estimated C factor values having a pixed sz 45x45 m. (-) in &c (-), and Gt (-) refers to the
dimensionless C factor.

3.4  SOIL LOSS POTENTIAL

The spatial and temporal pattern of soil loss p@eim the Xiangxi catchment clearly reflects
the pattern on th€r,c values (Figs. 3 and 4). Mean potential soil lodgethe Xiangxi catchment

range from 9.32 to 11.50 t ha’. They are slightly lower compared to mean potéstid losses in
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the backwater area that range from 10.99 to 1414 &" and show the same slight increase from
2005 to 2007 (Table 2). The subcatchment Xiangjsiimaws the highest mean potential soil loss in the
catchment area and backwater area for each ydamwitncrease from 2005 (11.66 t'tal) to 2006
(16.32 t hd &), and a decrease from 2006 to 2007 (14.62'tdf. However, maximum potential
soil losses in the Xiangjiaba subcatchment (fronY®@o 109.60 t Haa) range below those in the
other scales by a multiple (Table 2). Comparedé&orhean potential soil losses as well as the ranges
of values, taking into accouflr, the soil losses based @g,c values are considerably lower. While
mean potential soil loss in the Xiangxi catchmen007 is 2 662.10 t Hea' based orC,r, and the
mean potential soil loss based ©rc in 2007 is lower by the factor of 1.6 (Table 2hig difference

in mean potential soil loss still increases in ada}l a factor of 2.7 for the backwater area anthiey

factors of 5.9 and 8.7 for the Quyuan and Xiangjiabbcatchments respectively

Table 2 Annual average soil loss potential (tha') in the Xiangxi catchment and in the subunits for
the years 2005, 2006, and 2007 (all for September).

Soil loss in Soil loss in 2006 Soil loss in 2007 Soil loss in 2007

2005 based based orCryc in based orCqcin based orC,; for
onCgycin 2006 2007 land use
2005 classification 2007
Xiangxi catchment
Minimum 0.00 0.00 0.00 0.00
Maximum 1,133.44 1,498.19 1,646.93 2,662.10
Mean 9.32 10.98 11.50 120.62
Standard deviation 21.90 26.02 28.82 170.37
Backwater area
Minimum 0.00 0.00 0.00 0.00
Maximum 607.08 708.58 873.60 2,397.94
Mean 10.99 13.59 14.17 125.79
Standard deviation 23.46 24.48 28.31 174.55
Quyuan subcatchment
Minimum 0.00 0.00 0.00 0.00
Maximum 385.73 180.32 285.60 1,689.85
Mean 10.38 9.10 11.05 157.75
Standard deviation 18.64 14.76 18.85 228.92
Xiangjiaba subcatchment
Minimum 0.00 0.00 0.00 0.00
Maximum 66.70 99.27 109.60 957.09
Mean 11.66 16.32 14.62 129.96
Standard deviation 13.06 19.48 16.60 150.62

Modeled soil loss potential is based on C factoluga calculated from FVC (CFVC). For the year 2007
potential soil loss was further modeled using Gdawgalues from literature. These C factors arefdr orange
orchards ($il ET AL, 2004), 0.18 for paddy field (L and o, 2005), 0.46 for dry land (L and Luo, 2005),
0.1 for garden plots (U and Lo, 2005), 0.08 for residential area with homegardéns and Lwo, 2005), and
0.2 for fallow land, respectively, land with loweegetation (BENCIN 2000). Further, USLE factors are kept
constant.

174



Manuscript 2 Assessing the USLE Crop and Management Factor C for Soil Erosion
Modelling in a Large Mountainous Watershed in Central China

(a) o b) ~ (e)
Soil loss
tihala » “ g -
- b \ ol
-5 25 . L : ;i -
[ >25-50 L =nale) ) Q === 7"0 f~-a=ni
> 50- 80 - SR ' [ S S L i
? LR 2 d 2
- 50 Y S ! Y X o . ll
) ¥ ]
Catchment barder xlangpal}a? Xiangjiaba ? Xiangjiaba #
L 2 Backwater atea A T Quyuan ) Quyuan 1 Quyuan
— s s -
[ Sub-catchment border |

Figure 4 Map on potential soil loss (t Haa") with varying C factor values from the multitemglor
fractional vegetation cover analysis in the Xiangaxichment and the subunits for (a) September 2005,
for (b) September 2006, and for (c) September 2806il loss is graded into erosion categories
according to the Soil Erosion Rate Standard, Tetdgioal Standard of Soil and Water Conservation
SD238-87, issued by Ministry of Water Resourc&hafia (XU ET AL., 2009).

5 CONCLUSIONS

The C factor represents the vegetation cover and cropmaarthgement practices and thus is a
major and sensitive factor in the USLE in ordermtedict the long-term annual average soil loss
potential. Considering several subfactors, theutalion of C factor values from field investigations is
very time consuming. An adequate alternative fogdaresearch areas is the assignmeri t#ctor
values from literature, which correspond to land dssses, e.g., classified with Landsat-TM images.
Further, the NDVI based on Landsat-TM images seagan environmental covariate of vegetation.
The calculation of the FVC from the NDVI providedgdarmation on the percentage of the vegetation
cover on the large scale and enables the calcnlatidhe C factor considering the soil loss ratio

taking into account the specific conditions of sudbbrs (#ou ET AL., 2008).

Our results show that (1) the assignmen€dactor values from literatureC(;r) and (2) the
derivation ofC factor values from FVC based on NDMCH,c) correspond to the land use in the
Xiangxi catchment and are thus adequate methodssiess th€ factor on a macroscale. Taking into
account a multitemporal series of FVC from 20059)&0and 2007, we observe a comparably similar
spatial and temporal pattern on the degree of e#iget cover (Figs. 2a, 2b, and 2c; Table 1). In
general, very high (90% to 100%) FVC characteribesheadwater zone of the Xiangxi catchment.
Scattered plots of farmland within the headwaterezand regions alongside the river network show
lower FVC (60% to 80%). Considering the differetidy scales of the Xiangxi catchment, the
backwater area, and the Xiangjiaba and Quyuan sthroants, we observe a slight decrease of mean
FVC (Table 1). We conclude that this decrease mawgults from the high land use dynamics due to
the impoundment of the Xiangxi River and largenfand plots in the backwater area. Paved roads

and settlement area as well as the farmland argdaad farming, orange orchards, and garden land)

175



Manuscript 2 Assessing the USLE Crop and Management Factor C for Soil Erosion
Modelling in a Large Mountainous Watershed in Central China

are generally reflected lower in NDVI values (Flg. As the FVC was calculated based on the scaled

renormalized NDVI, the fraction of vegetation icaaingly lower.

Based on the FVC, the derived value£gjc distinctly reflect the spatial and temporal patter
of the vegetation cover (Figs. 2 and 3). Generdlilygh FVC values result in lo® factor values (close
to 0) and highC factor (close to 1) values result from low FVC \@duThe higher th€ factor values,
the less their effect from crop and managementtipecand the higher their contribution to a high
soil loss potential. For large areas in the northerestern and eastern headwater zones of the Xiang
catchment and scattered plots in the backwater ae@r,c values were derived (Figs. 3a, 3b, and
3c¢). In fact, these areas are corresponding tsasieawing FVC of 80% and more (Figs. 2a, 2b, and
2c¢). Applying the regression function establishgd'bNG and $il (1994) in order to predic@ factor
values from FVC, an FVC of 78.3% equal€ factor of 0.

The USLE is a prediction and assessment tool opahbential soil loss on agriculturally used
land. Different cropping and management systeme laawveffect on soil erosion ($¢HMEIER and
SMITH, 1965). Therefore, an FVC of 78.3% appears to headequate threshold to limit the
calculation ofC factor values if it is assumed that areas with FWgher than 78.3% represent forest
land. Taking only farmland into account and compgCr,c to C.r, a similar spatial pattern can be
observedC;r mainly appears on the scattered plots of farm&rtlalongside the river network in the
headwater zone of the Xiangxi catchment and trgelgiused agriculturally backwater area. However,
Crvc Is highly underestimated in terms of pixel coufftable 1). This is as the supervised land use
classification based on Landsat-TM images stillveh@reas with vegetation cover of more than
78.3% as farmland. Compared@gr, based on the land use classification of 2007 afemence to
Crvc 2007, the values diryc are distinctly underestimated as well (Table Ipproximately 85% to

89% of the totaCr,c values are below the lowest value of 0.0&gf.

Crvc Of 0.002 and below are typical for dense and nosdeavoodland (lu and Lo, 2005),
and therefore, it is not considereddnr because the USLE is only applied to agriculturaied land.
The reason of the high variability &-,c andC,;r values can be found in the temporal dimension.
Wherea<C,;r values represent common seasonal crop rotatidrinndne year, an@,c corresponds
to the given vegetation cover of the date of suridwys, the values dBr,c based on the Landsat-TM
images exclusively refer to the month Septembemvwhe harvest of most of the crops, such as maize,
begins. Only slight correlations betwe&ga,c and C,;; are observed for settlement areas that are

expected to show only small annual variations oCFV

Taking into account that th@  values represent the annual crop cycle, the mesenial
soil loss in the Xiangxi catchment of 120.62 t'ha' (Table 2) shows reliable estimates
(SCHONBRODT ET AL, 2010, sbmitted. The C,; values were obtained for several studies withe th

Three Gorges Reservoir area and are consideredi¢atrthe real situation in the Xiangxi catchment.
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Potential soil loss considerir@x,c values (Xiangxi catchment: 11.50 to 120.62 T ba for 2007) is
assumed to be strongly correlated to the time Bpeigetation cover based on the date of survey of
the Landsat-TM scenes.
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ABSTRACT

In densely populated countries like China, cleatewis one of the most challenging issues of
prospective politics and environmental planning.t®gollution and eutrophication by excessive
input of nitrogen and phosphorous from nonpointreesi is mostly linked to soil erosion from
agricultural land. In order to prevent such wateltytion by diffuse matter fluxes, knowledge about
the extent of soil loss and the spatial distributad hot spots of soil erosion is essential. In gt
areas such as the mountainous regions of the @mgemiddle reaches of the Yangtze River, rainfall
data are scarce. Since rainfall erosivity is onethef key factors in soil erosion modeling, e.g.,
expressed aR factor in the Revised Universal Soil Loss Equatieodel, a methodology is needed to
spatially determine rainfall erosivity. Our studyna at the approximation and spatial regionalizatio
of rainfall erosivity from sparse data in the la§e200 km?) and strongly mountainous catchment of

the Xiangxi River, a first order tributary to theiYgtze River close to the Three Gorges Dam. As data
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on rainfall were only obtainable in daily records bne climate station in the central part of the
catchment and five stations in its surrounding avea approximated rainfall erosivity & factors
using regression analysis combined with elevatiands derived from a digital elevation model. The
mean annuaR factor ;) amounts for approximately 5,222 MJ mm'Ha' a'. With increasing
altitudes,R, rises up to maximum 7,547 MJ mmt&’ a* at an altitude of 3,078 m a.s.|. At the outlet
of the Xiangxi catchment erosivity is at minimurnthvapproximatdR;=1,986 MJ mm hah*a*. The
comparison of our results witR factors from high-resolution measurements at coaipa study sites
close to the Xiangxi catchment shows good consisteand allows us to calculate grid-bastdas

input for a spatially high-resolution and area-sfieassessment of soil erosion risk.

KEYWORDS

Rainfall erosivity,R factor, Soil erosion modeling, Spatial regiondi@a, Elevation bands,

Three Gorges ecosystem, Yangtze River

1 INTRODUCTION

Soil erosion is one of the most pressing globairenmental problems of our times. In the 1990s, 105
million hectares or 16% of the total land area ofdpe (without Russia) were affected by soil enosio
(JONES ET AL, 2012). New calculations by the Joint Researchti@eof the EU estimate the current
area affected by soil erosion to be 1.3 million Ko the EU-27. Approximately 20% of the area
exhibits severe soil loss of more than 10 t &4 (JONES ET AL, 2012). Globally, China belongs to
those countries most affected by soil erosion (édgo ET AL., 2004; @I ET AL., 2005). The area
affected by soil erosion by water is estimated Itnoat 3.7x16 km2, accounting for about 38% of

China’s territory (FAO ET AL., 2004).

In the scientific discourse, the loss of soil bpson is recognized as a silent global crisis
affecting soil fertility, water storage and availa, food production, and climate change (e.g.,
MONTGOMERY, 2007). It also threatens the stability of ecomyst and socioeconomic structures
(PIMENTEL, 2006). Discharge of sediments and particle-boundgbchemicals, followed by a
contamination of adjacent water bodies, can affieat security and drinking water quality in many
parts of the world. In densely populated and fastetbping countries like China, clean water is ohe
the most challenging issues of prospective politind environmental planning EBGMANN ET AL.,
2012).

Approximately 560,000 km2 of the land area in thenyftze River catchment is affected by

soil erosion by water @ou, 2008). In particular, the reservoir area of theeE Gorges Dam (TGD)
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belongs to one of the most severely eroded aréaeiryangtze River catchment, which is due to the
rapid growth of population, coupled with the widessrd deforestation and expansion of agricultural
land during the last century @Land HGGITT, 2000). The TGD at the midstream of the YangtaeRi

causes massive environmental changes in a regaorexhibits the highest soil erosion rates in China
(ZHou, 2008). The average soil loss rate by erosioménreservoir area of the TGD is estimated to
32.8thda’ (WUETAL., 2011) and 120.62 t Ha™ in the Xiangxi catchment within the reservoir area
(SCHONBRODT ET AL, 2010). According to the Soil Erosion Rate Stadd@iechnological Standard of

Soil and Water Conservation SD238-87 (c.ti XT AL., 2009) almost 77% of the total soil loss occur

in areas of high to extreme erosion grades @WAL., 2011).

The rapidly changing and highly dynamic land usé amd management practices along the
TGD (SEEBER ET AL, 2010; $BKLEW ET AL., 2010) might still intensify soil erosion and the
contamination of water bodies in the medium to ldegn (MENG ET AL, 2001). This, in fact,
demonstrates the urgent need for reducing soili@rom order to maintain the ecological and
socioeconomic sustainability as well as the fumaliy of the TGD (81 ET AL., 2004). In order to
minimize soil erosion, e.g., through well-adapteshd management and conservation practices,
information on the quality and quantity of soil $oand its spatial and temporal variability is nekde
For large areas, predictive tools such as erosiodets are commonly applied. Such models can
provide a scientific base for decision making bgeasing current erosion processes and predicting

future trends of soil erosion MRGAN ET AL, 2011).

Since the detachment of soil particles by raindropact and their transport down slope by
overland flow are the two main driving processesaf erosion (BORLEY, 1978; GIAHRAMANI ET
AL., 2011), a good knowledge of the relevant proeertif rainfall at a certain place is one essential
precondition for sound soil erosion modeling. Teatde these properties of precipitation, the term
“rainfall erosivity” is used (WSCHMEIER 1962; SOCKING and EWELL, 1976; LaL, 1990; HIDSON,
1995). The main intrinsic factors controlling raitfferosivity are (1) total amount of rainfall, (2)
duration of rainfall, (3) kinetic energy of rainfaand (4) intensity of rainfall as well as its §phand
temporal variability within one rainfall event (e.§VisCHMEIER and $ITH, 1958; 2LAKO, 1995;
AUERSWALD, 1998; SUFFERT, 1998; NEARING ET AL., 2005).

Many rainfall simulation experiments showed thapexially the intensity and kinetic energy
of rainfall are even more relevant than the amaintainfall (e.g., WSCHMEIER and $AITH, 1978;
NEARING ET AL., 2005). In this context, WCHMEIER and $MITH (1958, 1978) developed the “energy-
time-intensity” €l index). Both the rainfall energy and intensityatatine the rainfall erosivity that is
directly proportional to the soil loss providedttla#l other erosive factors are held constamy(and

FOSTER 1998). For instance, the raindrops’ mass anditeimrelocity control the kinetic energy of a
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rainfall event and thus widely determine the deatasht of soil particles (MRGAN and NEARING
2011; $HOLTEN ET AL, 2011; GIRLER ET AL, 2012).

Besides the parameters directly linked to a rdirgfeént, the terrain also indirectly controls
rainfall erosivity by the feature elevationdBNNE ET AL., 1980; ®OVAERTS 1999; MKHAILOVA ET
AL.,1997; WANG ET AL., 2002). The formation of rainfall is connectecctimdensation processes that
depend on the elevation. Thus, the precipitatioch@racterized by a vertical profile of air mases
the different mountain ranges (elevation zones)appkars as vertically differentiated gMs ET AL.,
2009).

Recent studies also show that wind direction armthvepeed influence erosivity of rainfall by
wind-driven raindrops to a certain extento@NELIS ET AL, 2004; RPUL ET AL., 2005; [E LIMA ET
AL., 2009).

Following these findings, a simple physical ded@ip of rainfall erosivity is almost
impossible. Instead, most soil erosion models ag&all intensity, rainfall duration, and/or kineti
energy alone to describe the role of precipitat@rsoil erosion (e.g., MIRGAN and NEARING, 2011).
One of such models is the so-called (Revised) UsaleSoil Loss Equation (R)USLE (BCHMEIER
and $MITH, 1965; RENARD ET AL., 1997). The RUSLE is a well-established and weidé applied
empirical equation that uses the rainfall erosivéagtor R, calculated following Eq. 1 @@wN and

FOSTER 1987; FENARD ET AL., 1997):

J=1k=1 (Eq. 1)

whereR, is the average annual rainfall erosivity (MJ mm*had a*), n is the number of years of
records,m is the number of erosive storm events of a givear), andEly is the rainfall erosivity
index of a single storm evemt Els, is the product of the total storm kinetic ener@) énd the

maximum 30-min intensityl {;) and is defined as:

0
Elzg = (Z ETUT) Isg

=1

whereeg is the unit rainfall energy (MJAenmi?), andy, is the rainfall volume (mm) during a
time periodr. I3 is the maximum rainfall intensity during a periofd30 min in the event (mmh. e

is defined as:

e, = 0.29 [1 —0.72exp(—0.05i,)]
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wherei, is the rainfall intensity during the time interaim H?).

RENARD ET AL. (1997) further define the criteria for the idéoation of an erosive single
storm event, e.g., a threshold value of >12.7 mnsdparate erosive from nonerosive rainfall as

suggested by VBCHMEIER and MITH (1978).

Numerous studies from different regions worldwiadeirfd that theR factor correlates the
strongest with the soil loss (e.g.EM\RD and RREIMUND, 1994). Thus, it is the most commonly used
index for rainfall erosivity (WSCHMEIER, 1959; SOCKING and EWELL, 1976; WSCHMEIER and
SMITH, 1978; lO ET AL., 1985; ENARD and REIMUND, 1994; ERRO ET AL, 1999;DE SANTOS
LOUREIRO and DE AZEVEDO COUTINHO, 2001; WANG ET AL., 2002; $IAMSHAD ET AL., 2008;
DIODATO and BELLOCCHI, 2009).

According to the empirical nature of the RUSLE, Bhéactor is regionally variable and must
be determined for each region separately. Its geecalculation, however, necessitates consistent
long-term measurements of precipitation for a reoemded period of more than 22 years with a high
temporal resolution to assess single storm ev&MtsSQHMEIER and $ITH, 1978). For many regions
worldwide, including the Xiangxi catchment at thangtze River, rainfall data are not available in a
sufficient and adequate spatial and temporal résolARNOLDUS, 1977; RCHARDSONET AL., 1983;
BAGARELLO and D’ASARO, 1994; RENARD and FREIMUND, 1994; YU and ROSEWELL, 1998;
MIKHAILOVA ET AL., 1997;DE SANTOS LOUREIRO and DE AZEVEDO COUTINHO, 2001; Dx SILVA,
2004). To overcome these restrictions, many appembave been developed to calculate erosivity
indexes and th® factor for specific regions with sparse data (eYy and ROSEWELL, 1998; Dr
SILVA, 2004; SIAMSHAD ET AL., 2008; KAVIAN ET AL ., 2011; AIPOUR ET AL, 2012).

Those alternative approaches can be very effeatieerding to their correlation with the soll
loss due to their regional or scale-dependent ehit@tion approach (BNARD ET AL., 1997). They
further show that, for many regions worldwide, ntdyptand daily precipitation data already offer a
useful and valid approximation of rainfall erosvitthen used for the region of originT&KING and
ELWELL, 1976, ARNOLDUS, 1977; LO ET AL., 1985; RNARD and RREIMUND, 1994). The same is true
for the strength of correlation between such inglimed thdR factor of the RUSLE.

Due to the development of the RUSLE as empiricatiehdased on data in the moderate
climate zone in the Middle West of the USA, an adeq representation of rainfall erosivities of othe
climatic regions by theR factor calculated in its original way (Eq. 1) isegtionable. Therefore,
alternative erosivity indices were developed. Thesimcommon ones are th€E>25 index by
HUDSON (1995) and thé\l,, by LAL (1976). TheKE>25 index classifies tropical rainfall events with

<25 mmh' as non-relevant for soil erosion, since the iritgris too low to induce erosion processes
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like particle detachment and overland flowu@$oN, 1995). TheAly. IS based on a physical
weighting function and was developed in order teroeme the restrictions of climate-geographical
transferability of the empirical RUSLEI3, index (YKHANOVSKI ET AL., 2002).

In addition, several studies have aimed at thesassent of the rainfall erosivity using
regression functions. To meet the fact of scar¢a deaailability, they mostly incorporate the amount
of rainfall in temporal variation. Most regressidnsthe studies are based on annual precipitdipon
(e.g., VAN DER KNIJFF ET AL, 1999), precipitation per mon®, (FU ET AL., 2005), precipitation per
dayPq (YU and ROSEWELL, 1998; MEN ET AL., 2008), and on single rainfall events or preaiin per
hour P, (e.g., MANNAERTS and RBRIELS, 2000). WSCHMEIER (1962) and AESHIAN (1974) also use
the return period of high precipitation totals lthem the fact that the rainfall erosivity is strong
linked to extreme rainfall events (DVWK990).

All these studies suggest that tRdactor can be calculated satisfactorily with daigynfall
data instead of the highly data-requiriidg, index. Furthermore, most approaches account for a
region-specific modification and adaption of tRéactor for climatic conditions different from tres
the empiricalR factor was developed for originally. The majorif regression functions enable an
approximation of rainfall erosivity particularly fdumid climate conditions in the subtropics and
tropics (e.g., ROSE 1976; MEN ET AL., 2008; $IAMSHAD ET AL., 2008; YU and ROSEWELL, 1998).

In this study, we aim at finding the best approxiora for rainfall erosivity for subtropical
rainfall regimes, represented by the Xiangxi catehtrin Central China. The algorithm should allow
to (1) overcome limited data and (2) to calculaeR factor of the RUSLE.

An area-wide, spatially explicit determination Rffactors requires extrapolation, in our case
based on elevation bands. Thus, the algorithm ghmeilapplicable for the whole range of topographic

settings in such a highly mountainous region lhe Xiangxi catchment.

2 MATERIAL AND METHODS
2.1 STUDY SITE

Our study area is the Xiangxi catchment (3,209 Kfigure 1) largely covering the counties
Zigui, Xingshan, and Shennongjacated in western Hubei Province, Central Chined(8\BRODT ET
AL., 2010). After a passage of nearly 100 km, thengkad River joins the Yangtze River almost 40 km
westward of the Three Gorges Dam as a first clilsstary at 62 m a.s.l. The largest distance in the

west-east direction is approximately 72 km and frarth to south is approximately 73 km.
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Figure 1 Elevation range and location of climate stationgha Xiangxi catchment and its
surrounding area. The DEM is derived from SRTM datasion 4, ARVIS ET AL, 2008).

The Xiangxi catchment belongs to the humid subt®mf China and its climate is mainly
characterized by prevailing winds from the nortig ghe influence of the southwest monsoos &
AL., 2003). The mountainous terrain strongly impabes climate in the Xiangxi catchment. The
Qinling mountain range in the north of the catchtr&erves as climatic border between North and
Central China that hinders the cold air masses ftbe north advancing to the south. As a
consequence of the southwest monsoon and the afféet of the topography, the climate of the
Xiangxi catchment typically exhibits hot humid suems and moderate dry winter seasons Ef AL.,
2003). The study site shows a unimodal rainfallimeg with one rainy season. Mean annual
precipitation (MAP) at Xingshan climate station981 mm for the period 1971-2000 of which 78%
falls between May and October (Figure 2). The maanual temperature is 16.9 °C for the same

period.

Seventy-three percent of the catchment area shtwep 40 extremely steep slopes with
inclinations above 20° (mean slope angle, 39°;daethdeviation, 22.8°). The mountainous relief of

the Xiangxi catchment ranges from over 3,078 nh. dddount Shennongjia) in the Shennongjia Forest
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region to 62 m a.s.l. at the outlet (Figure 1). Medevation is 1,230 m a.s.l. The range of elewatio
causes a distinct vertical climate spectrum acaogribr an orographic precipitation patterng(HT
AL., 2003; WU ET AL., 2006). WU ET AL. (2006) differentiate five thermal zones accordingthe
elevation in the Xiangxi catchment. These are friih@ outlet to the highest elevation: the Mid
subtropics, the Northern subtropics, the Southemperate, the Mid temperate, and the Northern
temperate. Analogous to the thermal zones,BWAL. (2006) further define four elevation bands with
(1) <500 m a.s.l., (2) 500-800 m a.s.l., (3) 80200, m a.s.l., and (4) >1,200 m a.s.l., charactérize

a strong correlation between precipitation, respelgt temperature and elevation (/¢T AL., 2006).

In the different zones, the annual precipitatiocréases progressively with the elevation from 1,000
mm at the outlet, to 1,200 mm at 500 m a.s.l.,, @ ®0n at 800 m a.s.l., 2,000 mm at 1,200 m a.s.l.,
and 2,400 mm at elevations above 1,200 m a.sW.EWAL., 2006).
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Figure 2 Diagrams on mean monthly precipitation (mm) foy Badong station, (B) Shennongjia
station, (C) Xingshan station, (D) Yichang stati(), Yichangxian station, and (F) Zigui station.
Except for Shennongjia (1975-2000) and Yichanggtations (2003-2007) the data on precipitation

refer to the WMO 30-years climate normal periodrirta971 to 2000.
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2.2 GEODATABASE AND PROCESSING

For the derivation of rainfall erosivity from predation data and the regionalization Rf
factors in the Xiangxi catchment we used climatendeom the National Meteorological Information
Centre of China (NMIC) and a Digital Elevation MbdBEM). The DEM is generated from SRTM
data in a spatial resolution of 90x90 m (versiodaRvIs ET AL., 2008). We resampled it to 45x45 m

in order to spatially fit other grids on ecosystenalyses in the Xiangxi catchment.

As daily precipitation data were only available fone station (Xingshan station) in the
Xiangxi catchment, we decided to include preciptadata from five other available climate stations
lying closest to the border of the Xiangxi catchin@rigure 1, Table 1). According to the NMIC, these
stations are Badong, Shennongjia, Yichang, Yichamgand Zigui. Doing so enables us to enlarge
the spatial data density. All stations belong te libw to medium mountain range between 134 and
950 m a.s.l. (Table 1). The periods of availableadaary from nearly 30 to 50 years, except for
Yichangxian station for which only 5 years of datare available. The precipitation data were
preprocessed to meet homogeneity requirements hdhwgeneity of the precipitation records was
tested by calculating the von Neumann ratio, thewdative deviations, the Bayesian procedures
(BUISHAND, 1982), and by applying the standard normal homeigg test (AEXANDERSON, 1986).
Inhomogenities were only identified for Zigui statiwith 1998 being the first year after a detected
break. For the time period from 1998 to 2007 a hgeneity adjustment was conducted following the
recommendations for the case of sudden shifts&yiARrR ET AL. (2003). Mean annual precipitation
(MAP), erosivity indices, an® factors for the stations Badong, Xingshan, Yichamg Zigui refer to
the climate normal period of 30 years from 19720060, recommended by the World Meteorological
Organization (WMO) allowing comparison of obsergas and of climate trends. For Shennongjia
and Yichangxian stations, statistics refer to thaqals of available data from 1975 to 2000 and 2003
to 2007, respectively (Table 1).

Table 1 Geographical position (UTM WGS 1984, Zone 49 N; Xorthing, Y = Easting), elevation,
and length of daily rainfall records of the climattions in the Xiangxi catchment and its
surrounding area.

Altitude Start date of End date of Length of daily

Station X Y (m record (day- record (day- record '(\annI:)
a.s.l.) month-year) month-year) (year/month/day)
Badon 44249 343789: 29t 01-07-1952 31-12-2007  45/06/0( 1,074
Shennongji  46942: 351277: 95( 01-01-197¢ 31-12-2007  32/11/2¢ 961
Xingshan 477772 3455484 275 01-01-1958 31-12-20070/00800 991
Yichanc 52885( 339668! 134 01-08-1951 31-12-2007  56/07/0( 1,132
Yichangxian 530978 3396689 116 01-01-2003 31-12720005/00/00 —
Zigui 46976! 342964 151 01-04-195¢ 31-12-2007  48/09/0( 992

MAP mean annual precipitation
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The worldwide application of the RUSLE brings aloagdiversity of units used for the
assessment of soil loss and rainfall erosivitycémpare the results of different studies, we caeder
all units to the international standardized SI it mm h& h* a® following FOSTER ET AL (1981)
and DETTLING (1989).

Due to the lack of a sufficient spatial and tempdiata resolution for deriving factors for
the Xiangxi catchment, we made use of the findiingsh other studies (Table 4). In order to evaluate
the power of the regressions applied in this sfodyhe Xiangxi catchment, we compared our results
with those reported byHbET AL. (2004), Lu and lwo (2005), WU ET AL. (2011), and S ET AL.
(2012) for the reservoir area of the TGD.

Table 2 Indices to approximate the erosivity of rainfall.

Erosivity

index Region Equation Rainfall parameters Author(s)
Fournier West Africa . M F = Fournier index, Pmac FOURNIER
Index MAP mean prec. of the months with (1960)
the highest total rainfall (mm),
MAP = mean annual prec.
(mm)
Al Index West ! Yeai, a = amount of rainfall (cm),, LAL (1976)
Nigeria, Al = 2 o0 = maximum intensity of a
Africa ! rainfall event (cm ), k= 31,
=12
Modified Morocco, o 2. R2 Fmoa= Modified Fournier ARNOLDUS
Fournier Africa med T MAP Index, P, = monthly prec. (1977)
Index (mm), MAP = annual prec.
(mm)
Burst Factor  South — Pi st Prosizs BF = Burst factorP, = annual SMITHEN and
Africa, BF = ZT prec. (MM), Bnaxui = SCHULZE
Africa =t maximum daily prec. in month (1982)
i (Mm), Py ¢ 512.5= monthly
prec. from rainfall events
12.5 mm
Universal Ul = P, 05 2040 Ul = Universal index of one  ONCHEV
(Onchev’s) JDesiznin rainfall eventPe o5 i 018 = (1985)
Index amount of a rainfall event

9.5 mm and with an intensity i
>0.18 mm mlhl, De; i>0.18~—
duration of the rainfall event
with the intensity & 0.18 mm

min’t
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Table 2 (continued)

Erosivit . . .
inrdoes)l(w y Region Equation Rainfall parameters Author(s)
KE>25Index Tropical KE=>25=F KE > 25=KE > 25 indexE= HUDSON
Africa kinetic energy of all rainfall (1995)
events with an intensity of >
25 mm R, the determination
of E is analogous t&lzq by
Wischmeier and Smith (1958)
A Index A=10"2FAEb 1" A = Aindex of one rainfall SUKHANOVS

eventAE = kinetic energy of KIET AL.
n raindrops wittp = density of (2002)
AE = 05p82Ah water (kg rt), ¢ = mean fall
velocity of the raindrops (cm
1 . h"), Ah = amount of
a=1;b=— forl, =76 mmh1 o e
122 precipitation within time step
At (mm),At = time step (S)le
= mean intensity of one
rainfall event (m§)

with:

a=09;b=1 for I, <76 mmh~?

MAP mean annual precipitation, prec. precipitation

2.4 SPATIAL REGIONALIZATION OF R FACTORS USING ELEVATION BANDS

For the regionalization d® factors, we considered the assumption of a caakdion between
the amount of rainfall received and elevationy(#f AL., 2006) as crucial. Since the strong influence
of the elevation on precipitation is known, we et assumed that also tRdactors strongly depend
on the elevation based on the findings by ¥ AL. (2006).

We therefore calculated the increase of annuaigitaton per 100 meters using Eq. 2:

AP —( 27 51 )y
e EEevE—E‘Eev'l)

(E)

where AP, is the increase of annual precipitation (mm) pe® inetersP.2 is the annual
precipitation (mm) at the upper limit of the elégatband,P,1 is the annual precipitation (mm) at the
lower limit of the elevation band, ardlev2 is the elevation (m a.s.l.) at the upper limittbé

elevation band anBlev1lis the elevation (m a.s.l.) at the lower limitthé elevation band.

Analogous to Eq. 2, the increase of mean anRdattors per 100 meters was calculated using
Eq. 3:

AR —( ol = Fal |\ 4ng
* 7 \Elev2 - Elevl, = o)
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whereAR, is the increase of annuBlIfactors (MJ mm hah* a®) per 100 meter®R.2 is the
mean annuaR factor (MJ mm hah™ a') of the upper limit of the elevation barfg1 is the mean
annualR factor (MJ mm hah™a") of the lower limit of the elevation band, aBtév2is the elevation
(m a.s.l.) at the upper limit of the elevation bamdiElevlis the elevation (m a.s.l.) at the lower limit

of the elevation band.

Table 3 Regression functions to approximate the erosiviiraimfall based on the mean annual R

factor R.
Type of . . .
: Region Equation Rainfall parameters Author(s)
regression
Regression East Costand Ra= MAPP. ;3 Pyyppicy by R, = mean annud® factor WISCHMEIER
based on the Rocky (100 foot tons inch acré™), (1962)
return period Mountains, MAP = mean annual prec.
of high USA (mm) P*? = one-hour-prec.
precipitation with two-years return period
sums (mm), P**?= 24-hour-prec.
with two-years return period
(mm) ,ky; ko = regional
constants
USA Ry=F ™%k R, = mean annudk factor ~ ATESHIAN
(foot ton inch acréh™a™), (1974)
Ps/> = six-hour-prec. with
two-years return period
(mm), k = regional constant
Regression  West Africa R, = (0.5 £0.05)MAP R, = mean annudk factor ~ ROOSE(1976)
based on the (100 foot tons inch acré’
mean annual 'a%), MAP = mean annual
precipitation prec. (mm)
MAP
Belgium, Ry =159.56 + 0.27TMAF R.= mean annudR factor BOLINNE ET AL.
Europe (tmcmhah*10?), MAP = (1980)
mean annual prec. (mm)
Regression  Bavaria, R, =0.083MAP —1.77 R, = mean annudR factor ROGLER and
based on the Germany, (kJ mm n?h™), MAP = SCHWERTMANN
mean annual Europe mean annual prec. (mm) (1981)
precipitation
MAP
Hawaii, USA Ely, = 3.48MAP + 3816 El; = mean annudtls LOETAL.

index (LOONH), MAP = (1985)
mean annual prec. (cm)

191



Manuscript 3 Approximation and Spatial Regionalization of Rainfall Erosivity Based on Sparse
Data in a Mountainous Catchment of the Yangtze River in Central China

Table 3 (continued)
Type Of. Region Equation Rainfall parameters  Author(s)
regression
North Italy, R.= MAP R, = mean annud® VAN DERKNIJFF
Europe factor (MI mm ha  (1999)
h'a?), MAP, =
mean prec. in year
(mm)
Regression  Loess R,=8(3462E, ;.5""") R, = mean annud® FUETAL.
based on Plateau, factor (MJ kn“hta  (2005)
precipitation  China Y, Pme = mean prec.
per month per month for days
with prec. with> 9
Pm
mm (mm)
Regression New South ) . R. =R factor of the Yu and
based on Wales, By = ol + yecos(amfy - m)]kz_ip“i“'* mc]mthj (MJ mm ha Rosewdl
precipitation  Australia 'h?), Pgs1o7 = daily  (1998)
per day with: prec. of days witke
P, fo 1 12.7 mm (mm)n =
12 number of days with
o prec. with> 12.7
Y% mm, k = index of the
3. 26 number of days with
o= 0369 (1+0.098M47) prec. with>12.7
B =149 mm, a, f, 1=
regional constants,
H=0.29 MAP = mean annual
precipitation (mm),
@ = mean prec.
during summer
season (May-
October) (mm)
Cape Verde Elyp =0.0723P, ; ., ¢ Elgo = Elg Index of  MANNAERTS
a rainfall event (kJ andGABRIELS
mm m?h™), Pg.4-¢  (2000)
= daily prec. of days
with > 9 mm (mm)
Regression Portugal, Elzo,nen = 7-0570IN,,, — 88.92daYs; 4 Elzomonth= Elso Index of DE SANTOS
based on Europe a month (MJ mm hah"  Loureliroand
precipitation Y, rain;o = monthly DE AZEVEDO
per day prec. from days witk  COUTINHO
P, 10 mm (mm)dayso=  (2001)

number of days in one
month with prec. with>
10 mm
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Table 3 (continued)
Type Of. Region Equation Rainfall parameters Author(s)
regression
Malaysia (i): Elzg = Elsg Index of one  SHAMSHAD ET
month (MJmmhah™),  AL. (2008)

Regressions Rhodesia,

based on Africa

single

rainfall

events or

rainfall per

hour
West
Amazonia
Sicily,
Italy

Regressions Cape
basedon  Verde
single

rainfall

events or

rainfall per

hour

El;, = 6.97rain,, — 11.23days,,

(ii):

Elo = (0.2661ain3? ™) (daysy,

1
R, = EE;{I;{
k=1 4

with:

Reja = 03358, 14, 15

Reja= k1P
with:
k, = 0332

k; = 1548

R, = 0.06B, ,5*%'D, ~0%

rain,o = monthly prec.
from days with> 10
mm (mm),days, =
number of days in one
month with prec. with>
10 mm

R, = Rfactor of one
year (J mm mih?), E
= kinetic energy of a
rainfall event (J Mmm
Y, I, = rainfall intensity
(mm hY), k = index of
the number of rainfall
events within one year,
n = number of rainfall
events within one year
with > 12.5 mm (mm)

Re,q = Rfactor of a
rainfall event or of a
day respectively (MJ
mm ha' ), Pejg> 13 =
prec. of a rainfall event
or of a day witt> 13
mm respectively (mm)

Re/q = Rfactor of a
rainfall event or of a
day respectively (MJ
mm ha'h™), Pejg> 13 =
prec. of a rainfall event
or of a day witt> 13
mm respectively (mm),
ky, k> = regional
constants for Sicily

R. =R factor of a
rainfall event (kJ mm
m?h?), Pe <o = prec. of
a rainfall event with < 9
mm (mm),D, =
duration of this rainfall
event (h)

STOCKING and
ELWELL (1976)

ELSENBEER ET
AL. (1993)

BAGARELLO and
D’AsSARO (1994)

MANNAERTS and
GABRIELS (2000)
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Table 3 (continued)
Type Of. Region Equation Rainfall parameters Author(s)
regression
South Italy R, = 001174 ||pm Py it B ) R. = Rfactor of a DiobaTo and
N e month (MJ mm hah?), BELLOCCHI
P., = monthly prec. (2009)
(mm), Rimax; mi =
maximum daily prec. in
monthi (mm), Py, v =
maximum prec. per
hour in month (mm)
Regressions East Brazil R =42.307F +6%.763 R, =R factor of a DA SILVA (2004)
based on the month (MJ mm hah*
Fournier a%), F = Fournier Index
IndexF
Malaysia R, = 227F"s% R, = R factor of a SHAMSHAD ET
month (MJ mm hah®  AL. (2008)
a%), F = Fournier Index
Regressions Morocco, R, = 0.264F, %% R, = mean annud® ARNOLDUS
based on the Africa factor (tm cm hahta  (1977)
Modified Y, Fmoa= Modified
Fournier Fournier Index
IndexFoq
Belgium, R, =—16842 + 3.27F,4 R.= mean annua® BOLINNE ET AL.
Europe factor (tm cm hah™10  (1980)

%), Fmoa = Modified
Fournier Index

Bavaria Ry =15485 + 0.602F,, .4 R, = mean annud® DVWK (1990)
and Hesse, factor (kJ mm rith™),
Germany Fmod = Modified
Fournier Index
East China R,=af,_° R, = mean annud® MEN ET AL.
, factor (MJ mm h ifh™  (2008)
with: a%), Frmoa = Modified
o = 10%124-1495+000214Pg, ;. Fournier IndexPymax=

maximum daily prec. in
an average yeaPy-1, =
MAPs; mean daily prec. with >
12 mm (mm), MAR;»
= mean annual prec.
from days with > 12
mm prec. (mm)

16.144 24.455
f = 0.8363 + D—+
“dsig

prec. precipitation

The derivation of elevation bands was done usingG¥$ 10.0. Finally,R factors were
assigned to each pixel in the DEM according toitiseease oR factors within the elevation band in

order to spatially regionalize the erosivity ofraill in the Xiangxi catchment.
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Table 4 Mean annual R factors for different study areathim humid subtropics in China.

Autor(s)  Study site MAP Elevation m Slope (°) R factor Method
(mm)  (asl) (MJ mm ha' ha?)

WU ET Three Gorges 1,000- 19-2,964 range: 0-85° range: 3,576 - 6,717, cited in
AL. Reservoir Area 1,200 average: 17.9° average: 4,745 ZHANG and
(2011)*  (size = 57,600 Fu (2003)

km2)
SHIET Wangjiagiao 1,016 184 - 1,180 range: 2-58° average: 2,880 VECHMEIER
AL. watershed, cited in (311 average: 23° and $MITH
(2004) Hubei Province ETAL., (cited in $HIET (1978)

(size = 16.7 2012) AL., 2012)

km?)
Livand Taipingxi 1,300 80-1,321 not mentioned average: 4,969 ISOAMEIER
Luo watershed, and $ITH
(2005) Hubei Province (1978)

(size = 26.14

km2)
SHIET Wangjiagiao 1,016 184 -1,180 range: 2-58° range: 3,187.9 - WISCHMEIER
AL. watershed, average: 23° 8,029.9 and $ITH
(2012) Hubei Province average: 4,928 (1978)

(size = 16.7

km?)

MAP mean annual precipitation..5g Modified Fournier Index. *The study region by\&T AL (2011) does not
cover Shennongjia County with the Mount Shennor{gji@78 m a.s.l.) that is covered by the Xiangkticaent.

3 RESULTS AND DISCUSSION
3.1 MEAN ANNUAL PRECIPITATION AND EROSIVITY INDICES

With 1,132 mm Yichang station exhibits the high&&AP (Table 1). MAP at Badong,
Xingshan, and Zigui are 1,074, 991, and 992 mnpee$vely. Shennongjia shows the lowest MAP of

all stations with 961 mm.

Only three of the erosivity indices developed farriwide application are suitable for our
study area because they can be calculated usitygpatecipitation data only. These are (1) the Burst
factor, (2) the Fournier indexXr), and (3) the modified Fournier indek.{y. However, we only
calculatedr andF.q (Tables 3 and 4). Due to the fact thati$EN and £HULZE (1982) do not give
an erosivity classification of the Burst factor athal not explain its quantitative relation to the,

index, the Burst factor cannot be sufficiently exdéd here.

Both F andF,,4 can directly be used to approximate Biactor (Table 3).
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In terms of our data availability, the regressioh®A SiLvA (2004) and BAMSHAD (2008)
can be applied for calculating. For theF,., we tested the regressions oRMOLDUS (1977),
BOLINNE ET AL. (1980), DVWK (1990), and EN ET AL. (2008).

The erosivity indiced and F,q are highest for Yichang (Table 5j. for all stations lies
within class 2 of the classification of the Fourniadex (URO-AFRIYE, 1996) indicating low
erosivity risk except for Yichang station. Yichasigtion exceeds the values up to moderate erosivity
risk (class 3), which is due to a higher MAP.

Fmod for all stations show higher index values randirgn 131.8 (Shennongjia station) to
166.7 (Yichang station). Compared to MAP, thgq also shows a consistent distribution (Table 5)
with Yichang showing the highest and Shennongjal thvestoq.

Both indices vary not only with MAP but with annuainfall distribution as well (Table 1 and
5). F considers the precipitation of that month with thaximum precipitation and the MAP. Thus,
Shennongjia shows distinct lower MAP (961 mm) tiBadong station (1,074 mm) but a higtieof
28.7 compared to 26.9 for Badong because the maximonthly rainfall during July is slightly

higher than for Badong (Badong, 167 mm; Shennongi mm; Figure 2).

The Froq cOmbines the precipitation totals of all monthsl &mAP (Table 2). Typically, the
Frmoa Shows higher correlation with MAP thdn (RENARD ET AL., 1997). This is also true for the

Xiangxi catchment where th&,.4 Stronger correlates with MAP (Figure 3).

Consequently, we decided for tlig,q to approximate thér factor using the regressions
according to RNOLDUS (1977), BOLINNE ET AL. (1980), DVWK (1990), and EN ET AL. (2008).

3.2 R FACTORS

Along with theF,q we focused on regressions (Table 3) based onnfi)ah precipitation
sumsP, (ROOSE 1976; BOLINNE ET AL., 1980; ROGLER and $HWERTMANN, 1981; Lo ET AL., 1985;
VAN DER KNIJFF ET AL, 1999) and regressions based on (2) daily prtetipn Py (ELSENBEER ET AL,
1993; BAGARELLO and D’AsARO, 1994; YU and ROSEWELL, 1998; MANNAERTS and GABRIELS,
2000; DE SANTOS LOUREIRO andDE AZEVEDO COUTINHO, 2001; $IAMSHAD ET AL., 2008; MEN ET
AL., 2008).

Due to a lack of discussion of units, we did no¢ tise equation to calculate tRefactor
proposed by & ET AL. (2005). Regressions based on the return peridaighf precipitation totals
(WISCHMEIER, 1962; ATESHIAN, 1974) and those requiring rainfall data per haryper rainfall events
(STOCKING and EWELL, 1976; MANNAERTS and GABRIELS, 2000; DODATO and BELLOCCHI, 2009)
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were also excluded from further analysis due td lat rainfall records with the necessary time

resolution.

Table 5 Mean erosivity indices for the approximation of thanfall erosivity and mean annual R
factors R (MJ mm ha h*a™?) for the Xiangxi catchment calculated from 1972600 based on
erosivity indices and regression equations.

Type of approximation/Author(s)

Climate station

Badong Shennongjia Xingshan  Yichang Zigui
Erosivity indices
Fournier Index (BURNIER, 1960) 26.9 28.7 23.5 411 24.2
Modified Fournier Index (RNOLDUS, 152.9 131.8 138.4 166.7 138.5
1977)
R factors based on regression equations using tla exenual precipitation MAP
ROOSE(1976) 9,225.2 8,149.1 8,483.7 9,684.5 8,482.3
BOLINNE ET AL. (1980) 44.3 41.0 42.0 42.0 42.0
ROGLER and $HWERTMANN (1981) 882.0 777.1 809.7 809.7 809.6
LOET AL. (1985) 415,709.4 371,702.0 385,388.1  434,490.9 5,3249.8
VAN DER KNIJFF (1999) 1,409.2 1,244.8 1,296.0 1,479.4 1,295.7
R factors based on regression equations using paoim per dayPy
ELSENBEER ET AL (1993) 5,093.2 3,130.7 4,091.7 5,575.1 4,168.6
BAGARELLO and D'ASARO (1994) 1,853.0 1,231.6 1,546.9 2,001.4 1,562.3
Yu and ROSEWELL (1998) 4,895.2 3,285.0 4,121.2 5,400.6 4,142.0
MANNAERTS and GBRIELS (2000) 4,784.9 3,345.5 4,009.0 5,276.4 4,079.4
DE SANTOS LOUREIROandDE 2,977.5 1,972.9 2,505.2 3,179.7 2,520.6
SHAMSHAD ET AL. (2008) 5,417.9 4,266.3 4,908.6 5,791.3 4,838.4
R factors based on regression equations using thfidd Fournier Index g
ARNOLDUS (1977) 4,898.5 3,919.1 4,215.2 5,573.7 4,223.9
BOLINNE ET AL. (1980) 32.5 25.7 27.8 36.9 27.9
DVWK (1990) 1,075.7 948.5 988.0 1,158.5 989.1
MEN ET AL. (2008) 2,157.9 1,821.4 1,981.3 2,579.3 1,983.7

The resultingR factors of the tested regression equations vaongly (Table 5). They range

from lowest approximately 26 to highest 434,491rvd ha'h™a™.

In order to evaluate the power of the regressigmglied in this study for the Xiangxi
catchment, we compared our results with those tegdsy $il ET AL. (2004), Lu and Lo (2005),
WU ET AL. (2011), and & ET AL. (2012). TheR factors from these studies are based on high-

resolution rainfall measurements using the methoWItscHMEIER and $ITH (1978). The study sites
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are located close to our study site in the Threeg&oreservoir area, e.g., in Zigui county 50 km
northwest of the TDG (Wangjiagiao watershed) andichang county 5 km northwest of the TGD
(Taipingxi watershed). They exhibit a humid subitap monsoon climate regime and mountainous
topography. In terms of MAP and range of elevatimese study sites are directly comparable to the
Xiangxi catchment. Thus, based on this preconditiophysio-geographic comparability, we decided

to handle these study results as adequate evallgsta.
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Figure 3 Relation between long-term, mean annual precigtatind long-term, annual erosivity
indices Fournier Index F and Modified Fournier IndEoq

The MAP in the study sites from the evaluation datages from 1,016 to 1,300 mm and
accounts for humid subtropical climate with monsadaains (LU and Luo, 2005). With a total range
of elevation from 19 to 2,964 m a.s.l. the evahmatiata cover the low to high mountain range (Table
4) as we can observe it in the Xiangxi catchmehe Topography in the evaluation study sites is
characterized by a prevalence of steep sloping hild mountains of average 18-23MI(8T AL.,

2004, 2012; W ET AL., 2011). Exhibiting these climatic and topograpgettings, the evaluation sites
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are directly comparable to the Xiangxi catchmenteinms of precipitation characteristics, mountain

range, and morphology (c.f. “Study site”).

The results of our study show that tRefactors calculated according ta8sE (1976) are
distinctly higher (8,149-9,225 MJ mm ha™* a') than the evaluation data sets &fi 8T AL. (2004,
2012), Lu and Luo (2005), and W ET AL. (2011). This reflects the different climatic cdimhs in
Roose’s study region (tropical West Africa closdhe equator with two rainy seasons) for which the
regression function was developed. Thus, the oglatietween theéR factor and the total annual
precipitation is not valid for mountainous regiolilee the Three Gorges Project area and other

transition areas with unimodal annual rainfall pats (R0OOSE 1976).

Ranging from approximately 777-882 MJ mni'tét a*, theR factor values derived from the
regression by BGLER and £HWERTMANN (1981) are distinctly lower than the evaluatdata (Table
5). The regression proposed b9® ER and $SHWERTMANN (1981) is based on mean annual rainfall
data and was conducted from experiments in Bawaridermany. Due to distinct lower MAP in the
moderate climate zone, this regression stronglheraglimates the rainfall erosivity in the subtrapic
Xiangxi catchment. The same is true for Bifactor values derived from the regression by theAIKX
(1990) ranging approximately 949-1,159 MJ mnt hd a* that are lower compared to our “target”

values ofR..

Ranging from 1,231 and 1,245 MJ mmi'tiel a* for Shennongjia station to 2,001 and 1,479
MJ mm ha h' @' for Yichang station, theR factor values derived from the regressions by
BAGARELLO and D’AsSARO (1994) and ¥N DER KNIJFF ET AL (1999) are also distinctly less than our
evaluation data. These we due to semiarid to meeletanate regimes which are characterized by the
effect of the Mediterranean Sea for SicilyA\RELLO and D’ASARO, 1994) and the effect of the
Alps for North Italy (VAN DER KNIJFF ET AL, 1999). Both regression models incorporating Vak@l
single storm events (Table 3) do not account fertthmid monsoonal rainfall regime in the Xiangxi
catchment and provide an underestimation of thefathierosivity. Also theR factor values derived
from the regression byE SANTOS and DE AZEVEDO COUTINHO (2001) ranging from 1,973
MJ mm h& h''a* for Shennongijia station to 3,180 MJ mni'ié a* for Yichang station are in their
total range slightly less than our evaluation dbtere, the rainfall erosivity is based on a regogss
using theElsq index derived for Portugal with a dry summer seamad humid winter season, which is
completely opposite to the precipitation patterthia Xiangxi catchment with a rainfall maximum of
78% from May to October.

Compared to all otheR factors calculated for the Xiangxi catchment, théssed on the

regressions by @LINNE ET AL. (1980) and b ET AL. (1985) can be interpreted as outliers (Table 5).
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BOLINNE ET AL. (1980) incorporated MAP and tli&g,.q resulting inR factors ranging from
approximately 41 to 44 MJ mm ha™ a' and approximately 26 to 37 MJ mm™hia* a'. Both
regression functions are based on three statioBelgium only. Due to the small data base and the

different climatic conditions, the regression i applicable to the Xiangxi catchment.

ThoseR factors calculated according to the regressiorLOYET AL. (1985) developed for
conditions in Hawaii show extreme high values raggfrom approximately 371,702 to 434,491
MJ mm h& h™* a'. However, it must be considered that Hawaii exbileixtreme rainfall events in

terms of amount and intensity and thus extremegi Indinfall erosivity (lo ET AL., 1985).

Concluding, a transfer of the regression functibpdr00SE (1976), BOLINNE ET AL. (1980),
ROGLER and £HWERTMANN (1981), Lo ET AL. (1985), DVWK (1990), BGARELLO and D’ASARO
(1994), \AN DER KNIJFF ET AL (1999), andE SANTOS andDE AZEVEDO COUTINHO (2001) to the

conditions in the Xiangxi catchment is not recomdezhdue to different climatic settings.

The results based on the regressions accordingrRioKDUS (1977), ESENBEER ET AL
(1993), YU and ROSEWELL (1998), MANNAERTS and RBRIELS (2000), MEN ET AL. (2008), and
SHAMSHAD ET AL. (2008) correspond with the results using thewetadn data (Tables 4 and 5).

However, due to the bimodal rainfall regime for ifsolar Malaysia (MAP of 2,500 mm) and
Western Amazonia (MAP of 3,300 mm) showing tropieadsive events, for which the regression by
SHAMSHAD ET AL. (2008) and ESENBEER ET AL (1993) were derived, we assume that this equation
not transferrable to the climatic settings in tharXxi catchment. The same can be concluded for the
regressions by RNOLDUS (1977) and MNNAERTS and (\BRIELS (2000). The regressions were
conducted for Morocco characterized by Saharanioemial to Mediterranean climate and for the
Cape Verde with annual rainfalls ranging from 16800 mm in an area with a maximum elevation of
1,000 mm. We assume that the orographic effectrecigitation that W ET AL. (2006) described for

the Xiangxi catchment and thus rainfall erosivigynot be revealed adequately using both equations.

The regression derived byuYand ROSEWELL (1998) rely on data from New South Wales in
South Australia exhibiting an arid to humid subtoap and oceanic climate. &l ET AL. (2008)
conducted the regression from data from the Notim&Plain (MAP of 350-818 mm) characterized

by semi-arid conditions. The regressions are basathily precipitation data af€.

The resultingR factor values lie within the range of our evaloatidata (Table 4). The
regression by MN ET AL. (2008) integratef,q accounting for the maximum daily precipitation of
days with more than 12 mm and the average, anonaingd precipitation from days with more than
12 mm precipitation. The threshold value of 12 nsnsimilar to the threshold value of 12.7 mm as

suggested by VCHMEIER and $MITH (1978) and was reported as a practical threslovlddparating
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erosive and nonerosive storms for the Yellow Rivasin in China (3¢ ET AL., 2002). ThusFoq
combines the precipitation totals of all singleseve storm events within 1 year and correlates with
MAP (c.f. “Mean annual precipitation and erosivitgices”). The regression byurand ROSEWELL
(1998) also accounts for single erosive storm eveamging the threshold value of 12.7 mm
precipitation (Table 3). However, the regressionYhy and ROSEWELL (1998) considers regional
relations derived from 79 stations in New South &daknd the tropics. We assume that the regional
constants accounting for the broad range of rdirdgimes in the study region ofuvand ROSEWELL

(1998) cannot be adequately transferred to thepibal Xiangxi catchment.

Consequently, we decided to continue our analygfstive R factors according to EN ET AL.
(2008). This method fits best to our objectivesarding sparse data considering the precipitation

characteristics in the Xiangxi catchment.

3.3  SPATIAL DISTRIBUTION OF R FACTORS

Given the causal relation between precipitation atebation in the Xiangxi catchment as
stated by W ET AL. (2006) (c.f. “Study site”), we also assume arrease ofR, depending on the
increase of precipitation with the elevation. Thug, spatially regionalized th factors based on
elevation bands taking into account R,)in each elevation band and (2) the increadr, @fithin each

elevation band.

Based on the linear, high correlation between MAR R, (Figure 4), mean annuB factors
for each elevation band in the Xiangxi catchmentld¢de derived according to the division method
by WU ET AL. (2006) using Eq. 4:

R. = 3.9723MAP-1,986.8(with r2 = 0.94) (4)

with R,= mean annuaR factor (MJ mm hah™a") calculated according to & ET AL. (2008)

for the according elevation band adéP = mean annual precipitation (mm).

Analogous to the increase Bf in the different elevation bands as stated hyaWv AL. (2006),
R. increases progressively from about 1,986 MJ mithia™ at the outlet to 7,547 MJ mmha* a*
at the highest elevation in the Xiangxi catchmdiatb{e 6).

The increase P, per 100 m using Eqg. 2 and the increas®dimper 100 m using Eq. 3 are
given in Table7. Below 500 m a.s.l. the increas®jris almost 46 mm per 100 m (Table 7). This
accounts for an increase Rf of approximately 181 MJ mm Ha™a® per 100 m. With approximately
530 MJ mm hah™a* per 100 m the highest increaseRircan be observed within the elevation band
from 500 to 800 m a.s.l. (Table 7). This is du¢h® high increase d¢®afrom 1,200 to 1,600 mm in
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the humid northern subtropics in the Xiangxi catehinwith intensive convective precipitationg[HT
AL., 2003). The lowest increase B, of 21 mm per 100 m accounts for an increaseRpff
approximately 85 MJ mm Heh™ a* per 100 m for altitudes above 1,200 m a.s.l. i thid- and

northern temperate zone of the Xiangxi catchmeabld 7).
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Figure 4 Relation between long-term, mean annual precimtatind long-term, mean annual rainfall
R factors derived according toBW ET AL (2008) in the Xiangxi catchment.

Table 6 Limits of the elevation bands and the annual prigatifon at the limit of each elevation band
according to W ET AL (2006) and mean annual R factorg)(Balculated according to N ET AL

(2008).
Elevation band (m a.s.l.) Annual prec. (mm) MeanR, (MJ mm h& h*a?)
62 1000 1,985.5
500 1200 2,779.9
800 1600 4,368.9
1200 2000 5,957.8
3078 2400 7,546.7

prec. precipitation

Moreover, a close link between MAP and elevatiortyjsical for climates with intensive
convective precipitation (HET AL., 2003) such as in the Xiangxi catchment. Hereait be assumed

that precipitation is mainly erosive with high rilh intensities. Comparable rangesPfactors from
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elevation-based regionalization were given lYOBAERTS (1999) for a study area in Portugal with a
R factor range of 600 MJ mm ha™a’ per 100 m increase in elevationgq@vAERTS 1999), which is
comparable with our increase B of approximately 530 MJ mm Heh* &' per 100 m for the

elevation band from 500 to 800 m a.s.l. in the ¥rcatchment.

Table 7 Increase of the annual precipitation and mean ahiuactors (R) for the different elevation
bands in the Xiangxi catchment calculated accordinlylEN ET AL (2008).

Elevation band (m a.s.l.) Increase of annual prec. per 100 Increase of the medR,

(mm) (MJ mm ha h*a?)
<500 45.7 181.4
500-800 133.3 529.7
800-1200 100.0 397.2
> 1200 21.3 84.6

prec. precipitation

If we take into account the superimposed role efdlimate regime for the characteristics of
rainfall events with regard to rainfall erosivitguch as intensity, kinetic energy, and duration
(BOLINNE ET AL., 1980; MKHAILOVA ET AL ., 1997; ®OVAERTS 1999; WANG ET AL., 2002), we
conclude that the spatial regionalizationRofactors using the regression equations given I T

AL. (2008) is adequate for the conditions in the ¥idmcatchment.

The results show that our elevation-dependent apagjionalization oR factors is in good
accordance with findings of other studies underpanmable climate conditions and the evaluation data
sets we used (BET AL., 2004; LU and Lwo, 2005; WU ET AL., 2011; ®II ET AL., 2012).

We further conclude that, under the given situatidrsparse data availability, our spatial
regionalization offers optimal results. Due to kv spatial density of rainfall data from five aladile
gauging stations for the Xiangxi catchment, we dedinot to use common regionalization methods
such as regression kriging as used IBUSBERGER ET AL (2012) for 71 gauging stations or inverses
distance weighting and further geostatistical apphes using 121 gauging stations as reported by
ALIPOUR ET AL (2012). The number of our available gauging stetiis too low and the spacing is too
large. Thus, we expected that the small-scale wéitiaof precipitation due to the orographic effec
will not be captured adequately in the grid reglmadion. According to VEILGUNI (2006),R factors
from spatially sparse data can also be regional@&elogous to the regionalization of precipitation
using a spatial explicit feature as long as thistuiee interacts with th&® factor, which can be
described by a mathematical function. Since thengly mountainous topography of the Xiangxi

catchment causes a vertically zoned climate, wel ke elevation as an additional feature and,
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therefore, elevation bands to regionalize Bhéactor based on the findings byOAeT AL. (2006).
Considering this dependency, the division methohyET AL. (2006) serves as superior advantage

in our research to regionalize tRdactors based on sparse data.

Due to the fact, that data from only five climatat®ns were available, the precipitation
pattern in the macroscale and strongly mountaingisgxi catchment cannot be adequately
represented by the MAP (Tablel). The MAP recordethb stations on higher altitudes is expected to
be higher than on lower altitudes as stated by &V AL. (2006). However, we observe a high
correlation of MAP andr, (Figure 4). Therefore, we consider the findingsviy ET AL. (2006) as a
relevant and valuable basis for drifactor regionalization based elevation bands ko account
that not only rainfall but also rainfall erosivitycreases with elevation. AlreadyE®ER ET AL (2012)
used the altitudinal pattern in the Xiangxi catchinas benefit and sufficiently adjusted the low
annual precipitation and volume of discharge thhoagregionalization using elevation bands. Also
GASSMAN ET AL. (2007) reported of the elevation being a usedigitional proxy for eco-hydrological

modelling using SWAT by simulating elevation bamtalsiccount for orographic precipitation.

For the Xiangxi catchment, the long-term (1971-200ean R, amounts 5,222
MJ mm h& h' a’, generally showing enormous rainfall erosivitygliie 5 reveals the spatial
distribution of the rainfall erosivity in the Xiargcatchment. The rainfall erosivity pattern clgarl
reflects the altitudinal layers in the Xiangxi datwent due to the regionalization based on elevation
bands. We observe a narrow strip of relatively lamfall erosivity in the steep topography of the
lower reaches of the Xiangxi River belonging to Migl Subtropics below 500 m a.s.l. (WET AL.,
2006). However, according to the global assesswielaind vulnerability to water erosion byaBIES
(1996), R factors >1,250 MJ mm Heh™ a* already account for high rainfall erosivity. This, fact,
would mean high to extreme rainfall erosivity tohandred per cent for the Xiangxi catchment.
Against the background of an expected increaserefigitation greatly across China during the
second half of the twenty-first century)’6eT AL. (2002) especially expect in the Yangtze Riveirbas

a significant boost of rainfall erosivity.

4 CONCLUSION

Rainfall erosivity crucially influences soil erosioThe results of various studies indicate the
determining role of the climate regime to cover ttraracteristics of rainfall events that control

rainfall erosivity.

For the assessment of rainfall erosivity in soilsion models primarily the kinetic energy and

the intensity of rainfall are considered, e.g., whmlculating the rainfall erosivity factd® of the
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RUSLE soil erosion model. Its determination reguaé least hourly precipitation data. Data at such
high temporal resolution are scarce in most coesitand regions of the world, like in our study area
the Xiangxi catchment in Central China. Severaldigs have aimed at alternative indices and

functions in order to quantify rainfall erosivitging sparse data sets for different regions wodéwi

Annual R factors
1,986

5,222

7,547

0 Xingshan climate station

0 5 10 20
Kilometers

(outlet

Figure5 Spatial distribution of R factors in the Xiangxitciament based on mean annual R factors
according to MN ET AL (2008). R factors are in Sl unit (MJ mni'tre a™).

To overcome the restriction of limited data, wetddsa large number of approaches and
equations, which can be run with daily data or egearser temporal resolution. Furthermore, we

accounted for the role of topography and climatghlly mountainous and subtropical monsoon in our
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case) as covariables to spatially regionalize adlirérosivity. The barrier effect of the Qinling
mountain range, the monsoon climate, and the mmmis terrain of the Xiangxi catchment exhibits
a vertically zoned climate, which allows for a m@walization of rainfall erosivity using elevation

bands.

The results of various studies indicate the cruoidg of the climate regime to cover the
characteristics of rainfall events that controlnfall erosivity. We conclude that the regression
function by MEN ET AL. (2008) performs best to calculate tRefactor of the RUSLE soil erosion
model according to our evaluation data. It canlewith limited data and is accounts for the whole
range of elevation in such a highly mountainousoredike the Xiangxi catchment. Thus, for us, the
spatial regionalization oR factors using the equation byEM ET AL. (2008) incorporating the
Modified Fournier index is most adequate for than{jxi catchment considering that a larger number
of gauging stations with less spacing would enhdheeaccuracy of regionalization. Our approach of
approximation and spatial regionalizationRofactors based on sparse data is within the sangge raf
the R factors from other studies in the reserva@aaf the TGD used for evaluation. It further ifldf
our requirements to overcome limited data, botkpace and time, and to address the mountainous
topography in the Xiangxi catchment. The grid-baRe@ctors allow for modeling a spatially high-

resolution and area-specific soil erosion risk ppé& in the Xiangxi catchment.
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HIGHLIGHTS

(i) We assess the degradation of farming terracesiftihee Gorges ecosystem.

(i) We combine field mapping and Random Forests suitdlyss

(i) Indicators for anthropogenic effects and naturaeits were combined.

(iv) Terrace degradation distinctly ranges from wellntained to completely collapsed.

(v) Distances to roads, settlements, and rivers exghaiwarying terrace conditions

ABSTRACT

Due to resettlements, construction of new infrastne, and new land reclamation the rapid
agricultural changes in the Three Georges Area (T®BACentral China are expected to force the
degradation of the cultivated terraced landscapas€quently, increased soil erosion can hamper a
sustainable land management in the mountainous TI#s paper presents the model framework
TerraCE (Terrace Condition Erosion) for determining theiszss for different terrace conditions and
terrace degradation based on field surveys andakgita mining. For a total of 987 bench terrace
plots in the Xiangxi catchment we collected datatlugir state of maintenance and terrace design to
account for terrace stability and thus capabilitys@il conservation. Assessing the driving factofs
terrace degradation was done by embedding teremieb predictors and distance-transforms of
remote-sensing data as indicators of environmeamadl anthropogenic influences. Random forests
classification and regression models were applediata mining. Terrace degradation in the Xiangxi
catchment is obvious. The sequence of degradatiages from ‘well maintained’ (21%), ‘fairly
maintained’ (44%), and ‘partially collapsed’ (23%) ‘completely collapsed’ (11%) terraces. The
cross-validation error of the supervisédrraCE model is below 8%, allowing for reasonable and
valid interpretations of the causes of terrace aggfion. Data mining reveals indicators for
anthropogenic effects such as the distance teesedtits or to roads as major drivers for the spatial
distribution of terrace conditions. The effect efief, which can be regarded as the major natural
driver for terrace degradation by erosive actiortrigutary but altered and overlaid by land use
dynamics associated with the Three Gorges Dam.mpoitant indicator representing a combined
effect of terrain and human activity is the disenc stream channels of different orders. Applying
TerraCE we reveal mechanisms of terrace degradation iturhsd environments and present a
framework for standardized mapping and analysideoface degradation under cultivation. The
approach might also be used to develop guidelioestdrrace planning in mountainous terraced
landscapes of limited carrying capacity, with retp® socio-economic as well as environmental

conditions.
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KEYWORDS
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1 RESEARCH BACKGROUND
1.1 FARMING TERRACES AND TERRACE DEGRADATION

Worldwide, estimated 75 billion tons of soil areded each year (M¢HS and THIBAULT,
2009). Especially in mountain areas, soil erosfoorie of the most pressing environmental problems
affecting soil fertility, water availability, andaifmland productivity (BSTHUMUS and SROOSNIJDER
2010; MONTGOMERY, 2007). Here, the erosive effect of extreme clemand terrain triggering soll
erosion processes by water can be most effectizidywiated by farming terraces (e.g.UbEON,
1981; NBAR and LLERENA, 2000; $il ET AL., 2004). Consequently, terracing serves as kéyntdogy
for soil and water conservation and for a suitddhel management HRESTRA ET AL, 2004; QO ET
AL., 2007).

Due to the terracing, steep slopes are convertedain artificial sequence of relatively flat
surfaces (MINTGOMERY, 2007). The erosive slope length and angle, and the runoff potential
distinctly decrease resulting in a reduction ofagr-induced soil erosion and sediment yiel®R{AEZ
ET AL., 2010; E ATTA and AREF, 2010; &Il ET AL., 2012). Bench terraces (synonym for slope or
stone terraces) are the major recommended typarate for steep sloping areass@$on, 1981; $ii
ET AL., 2012). In order to stabilize the vertical tegaiser, dry-stone walling along the contour lires
largely applied (WWDSON, 1981; BELLIN ET AL., 2009; $Il ET AL., 2012).

Under optimum conditions, these engineering strestdiorm a ‘hydraulic equilibrium’ state
between the geomorphic settings and anthropogessic(BRANCUCCI and RALIAGA, 2006; GIEMIN
and VAROTTO, 2008). From the Mediterranean, for instanceMMAD ET AL . (2004) report a decrease
of average soil loss on bench terraces comparadrderraced plots by factors up to 20. In the Kigh
vulnerable Chinese Loess region, decreases oflassl of average 49% were observed énd
NGUYEN, 2008). Applying the WATEM/SEDEM erosion and sedith transportation model for a
small watershed sloping in average with 23° in @dr€hina, &Il ET AL. (2012) report a reduction of
soil loss and sediment yield by approximately 17% 32% for bench terraces combined with furrow-
ridge tillage. Terraces are further likely to fatbe interception of overland flow and to enhartee t
infiltration in the long-term (e.g.,BLIN ET AL., 2009; E ATTA and AREF, 2010; $Il ET AL., 2012),
to reduce the erosion-induced nutrient lossaMBENE ET AL., 2012), to promote agricultural
productivity (RoSTHUMUS and SROOSNIIDER 2010), and to expand available land for cultwati
(ZHANG, 2008).
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In contrast to the above benefits, numerous stugliel as from Saudi Arabial(ATTA and
AREF, 2010), the Andes in Perw@AR and LLERENA, 2000), from the Chinese Loess region (e.g., L
and LUNDSTROM, 2001), from ltaly (e.g., BzzOFFI and GA\RDIN, 2011), from Greece (e.g.KLOURI
and GOURGA, 2007), from Spain (e.g.,HBLIN ET AL., 2009), Indonesia A\ DiJk, 2002), Thailand
(SANG-ARUN ET AL., 2006), and the Yemen HighlandsgscH and MaBIT, 2012) have proven that

despite terracing, soil erosion can be a serioolsi@m.

Particularly, inadequate terrace design and misg@mant strongly affect the stability of
bench terraces and favor soil erosion (e gNGSARUN ET AL., 2006; KOULOURI and GOURGA, 2007;
LESSCHEN ET AL, 2008; BELLIN ET AL., 2009). Causes for this phenomenon are seelaitkaf local
knowledge of adequate terracing (e.gSTEVE ET AL, 2004), in a lack of individual farmers’
motivation and uncertainty regarding tenureildims, 1990; EININGER and N, 2006), in a
shortage of labor and investmentsgAR and LLERENA, 2000), a shift of production €BLIN ET AL.,
2009; BEvAN ET AL., 2012), and land shortage and fragmentatiabREEELS ET AL, 2000). Mostly,
these causes interact with each other and aresdisduo result from an agricultural abandonment
(e.g., KOULOURI and GOURGA, 2007; LESSCHEN ET AL, 2008; E ATTA and AREF, 2010) due to
social, economic and/or political upheavals suchuaal-urban migration (e.g.,WwHASSAN ET AL,
2000; NBAR and LLERENA, 2000; KOULOURI and GOURGA, 2007).

According to NBAR and LLERENA (2000) who studied erosional processes on bemcices
in Peru, the supporting terrace wall mainly deteesithe terrace stability. Typically, walls of benc
terraces left to degrade exhibit bulges and upsgtiiy erosive action followed by more intense wall
disorders such as breaches that further lead topletencollapses BAR and LLERENA, 2000;
LASANTA ET AL., 2001; BRaANcuccCl and RALIAGA, 2006; LESSCHEN ET AL, 2008; EELLIN ET AL.,
2009). The natural geomorphic system will progredgi annul the former balanced terraced system
(BrRANCUCCI and RLIAGA , 2006; B\zzoFFI and GARDIN, 2011). This will increase the slope length
and slope gradient, followed by an acceleratioruabff (e.g., E ATTA and AREF, 2010; KOULOURI
and GOURGA, 2007). Consequently, the capability of a terrexgorotect the soil against surface

erosion by water is reduced, defined as terraceadatjon by BzzoFri and G\RDIN (2011).

By evaluating the potential of the terrace desigmreduce soil erosion and applying flow
traces, BLLIN ET AL. (2009) proved that terraces that were not lomg&ntained do not longer retain
water and promote an increased contribution of ffuinom cropland to the drainage network. Within
50 years, the portion of runoff was observed todase from 9% to 31%. According t@&= ET AL.
(2006) and Bzzorrl and RRDIN (2011) poorly designed and maintained terracesesept

significant sediment sources.

As an answer on the increasing interest on terrdamedscapes, several studies within the

European Cross Compliance Framework and the Igfierral ALPTER project focused on varying
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conditions of terraces and their degradation (e€CgmoLLI, 2005; £ARAMELLINI and VAROTTO,
2008; BazzorFl and GARDIN, 2011). All studies have in common to especialtgoant for the
condition of the supporting walls of bench terraeesl the terraced sloped instability, since the
terrace’ 'state of maintenance’ €BLIN ET AL., 2009) strongly controls the soil erosion. Howevsy
now, no standard on the assessment and evaluatioerrace degradation and its effects exists.
Whereas BLLIN ET AL. (2009) differentiate between intact or leakingaee walls, ©MoLLI (2005),
BrRANcuccCI and RLIAGA (2006), and Bzzorrl and GARDIN (2011) apply a higher grade of
differentiation for terraces in North Italy. By n@pg different percentages of abandonment or
degradation of terraces from 'conserved' to 'remio{i@rzzOFFI and RRDIN, 2011), respectively
‘well maintained' to ‘completely collapsedof@oLLi, 2005), they classified terraces in terms of their

condition.

While much is known about terrace degradation dusgticultural abandonment, until now no
attention was paid to terrace degradation in aes@griencing agricultural intensification and rapid
ecosystem changes. Since the reservoir of the Thoeges Area (TGA) in China currently belongs to
the most dynamic large-scale anthropogenic infladrregions in the world (e.g.AXG ET AL., 2002;
CuUl ET AL., 2011), rapid land use changes in this widelyatszd landscape BBET AL., 2012) are

expected to likewise impact terracing.

1.2 THE THREE GORGES AREA
Due to the river impoundment by the Three GorgesnD@GD), the TGA is largely

characterized by resettlements, construction of iwastructure, and new land reclamation for
agricultural cultivation (OI ET AL., 2011). Combined with the mountainous topogragbgounting

for 90% of the TGA, abundant precipitation, higkelpodible soils (O1 ET AL., 2011), and population
pressure (BANG, 2008), the land use changes occur in a regiornbigixiy a low environmental
carrying capacity (HBGGELUND, 2006; AHANG, 2008) and the highest soil erosion rates in China
(ZHou, 2008). Estimations on annual soil loss based rapirecal modeling, remote sensing, and
radionuclides inventory account for an average Issi from 32.8 to 45 t Haand a total amount of
annual soil loss of 1.891 x 46 mainly caused by water (Land HGGITT, 2000; HANG, 2008; W

ET AL., 2011). According to the Chinese Soil ErosioneRatandard almost 77% of the total soil loss

occurs in areas of high to extreme erosion gradesgT AL., 2011).

Along with the soil erosion, manifold environmengald socio-economic threats occur such as
reservoir siltation with threat to the long-ternfesaperation of the TGD (8 ET AL., 2004; ZANG,
2008) and deterioration of the aquatic systentn@2TI and LOPEZPuJOL, 2006). For instance, the
farmland supply of suspended material is estimtidze 90% (©1 ET AL., 2011). Thus, discharge of

sediment and associated contamination of adjacatdrbodies (e.g.,IU ET AL., 2003; @I ET AL.,
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2011), are expected to further boost the ecologiegradation in this strongly manufactured
landscape (HANG, 2008).

The reclamation of steep slopes, their destabitimatiue to artificial fluctuations of the
reservoir's water level, and the increasing numifelandslides (BRET ET AL, 2010; @i ET AL.,
2011) still might accelerate the soil erosion pognZHANG (2008) concerns an already serious soil
erosion problem causing a latent crisis of the cadfiral environment which can likely been

aggravated by the conflict potential between reksfrom the resettlements and agricultural land.

This is especially true against the background aif erosion being strongly related to
cultivated slopes (UL and HGGITT, 2000; @I ET AL., 2011). Sloping farmland accounts for 74% of
the total farmland in the TGA and for approximatéy% of the farmland with slopes above the
critical threshold of 25° over which cultivation grohibited according to the Water and Soil
Conservation Law (ZANG, 2008; @I ET AL., 2011). According to @ ET AL. (2011) average soil loss
rates on sloping farmland range from almost 45 %ot ®ia" a* and are likely to annually exceed
10 x 16 t km? in some places. Thus, cultivation on sloigebe largest contributor to soil erosion and
sediment delivery in the TGA (e.g.UCET AL., 2011; WU ET AL., 2011).

This demonstrates the urgent need for reducing embkion in order to maintain the
sustainability of the TGA. In order to minimize karosion, e.g., through well-adapted land
management and conservation practices, informationsoil loss and its spatial and temporal
variability is required. This of course, also inbhs the effect of terraces on soil erosion, esfhgcia

since bench terraces are widely applied in the T&#4\., $IEN ET AL., 2010; Sl ET AL., 2012).

Based on these considerations and restrictionsolifectives of the present study are as
follows:

(i) to undertake an initial attempt to account foraee degradation of solely cultivated terraces
in the highly dynamic TGA and

(i) to aim at the causes of the terrace degradationdier to emphasize the understanding of the
processes triggering terrace degradation and thilsencing the terraced landscape in the
mountainous TGA.

Since there has been no terrace inventory and ribefudata available, we developed a
framework that integrates field surveys and dataimgi Within this framework remote sensing data
serve as a fast and available supplier for thevdeon of area-wide and spatial indicators on the

assessment of terrace degradation on the landknzgle
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2 TERRACE - MODELING AND ANALYZING TERRACE CONDITIONS

In order to invest the above study objectives weeltsed TerraCE (Terrace Condition
Erosion) - a framework for modeling and analyziagdce conditions. Due to sparse data availability

and limited access to the mountainous terrainrdmadwork consists of a two-step approach aiming at

(i) collecting data on terrace degradation by comisigadifferent conditions of terraces using
field surveys and

(i) explaining the terrace degradation by implementanyironmental and anthropogenic
indicators and using data mining techniques.

As we are interested in determining the relevauficetors affecting terrace degradation

characterized by land use changes we made us®afSsumptions:

() generally, bench terraces are the product of huatdivity driven by terrain settings (e.g.,
INBAR and LLERENA, 2000), and

(i) the spatial distribution of the degree of degramhatf bench terraces is driven by the distance
to settlements and to the reservoir as well as Hueiessibility (e.g., by roads).

These assumptions enable us to develop environmiewliaators as proxy-drivers for the

effects of terrain and human impact on terraceatfagion.

Since terracing is generally linked to specificraér conditions, digital terrain analysis can
provide indicators, which show effects on terraoadition. Based on the resolution of the available
digital elevation model (DEM), terrain analysis da@t aim at providing indicators describing the
local terrace design such as terrace slope, wahher width of the terrace risers. Instead terrai
analysis in our study provides information on theckmround - or natural - landscape surface
characteristics without terraces. This allows deieing effects relevant for differentiating terrace
conditions, since the general flow paths and va&stiof surface water still follows the naturalieél
above the plot scale. For instance, if the contiilguarea increases, we assume that the waterupeess
by infiltration and interflow on the terrace unénd thereby the risk of wall failures, increases. to
Additionally, terrain can be used as a proxy fdneotenvironmental covariates such as climate or
parent material (BHRENS ET AL, 2010a, b). Typical examples are aspect and slapgether they can
be used as a proxy for solar insolation, and thaw iadicate the distribution of various soil projpes
(e.g., BEAUDETTE and O'GEEN, 2009).

Since no precise information nor spatial data an libman activities in the TGA such as
market prices, technological development, and &iratchanges - as described as main drivers bf soi
erosion by BTEVE ET AL (2004) - are available, we derived proxy indicatfom remote sensing
data. According toNBAR and LLERENA (2000) the distance from a village is an importorhponent

in the process of terrace degradation. Hence, vesl patial Euclidean distance transforms as
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indicators on the human influence. The datasetd teselerive the distance transforms were the road
network and the settlements (c.f., Section 3.4\&).further assumed the distance to the river ndétwor
to be an indicator for anthropogenic influencegamace conditions. Due to the river impoundment,
the tributaries of the Yangtze River became nav@abonsequently, comparable to the road network,
we applied distance transforms to different ordafrdhe river network system as proxies on the

accessibility of terraces and thus human activity.

By embedding environmental and anthropogenic inidisaas well as terrace condition classes
from field surveys into a spatial data mining framek, we aim at a better understanding of the
causes of terrace degradation and the strengthdamdtion of the driving factors. The general

workflow of this study is presented in Figure 1.

/Terrace survey Geodatabase \
Field Survey
; - and

Terrace Multi-scale Euclidian Feat

Condition Terrain Distance SEL re_

Classes Features Transforms Construction
4 N\

Data Mining Processing

7 >
Feature Importance Partial Dependence

|

Results

¥

Driving Factors of Terrace Degradation

A 4

Figure 1 Model framework of TerraCE.

3 MATERIALS AND METHODS
3.1 STUDY AREA

The study area is the backwater area (560 km?2) thightest sites Xiangjiaba (2.8 km?) and
Quyuan (88 km2) and is located in the southern gfanatchment (SHONBRODT-STITT ET AL., 2013)
largely covered by the counties Zigui and Xingskfigure 2). It serves exemplarily for the situation
within the TGA within the BMBF funded Yangtze Gemject (3UBKLEW ET AL., 2010).
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As a main tributary to the Yangtze River, the Xigindriver became inundated. The
impoundment stretches from the outlet approximaB&ykm toward the central Xiangxi catchment
close to the district town of Xingshan, Gaoyangy(fé 2). The study area belongs to the humid
subtropics showing a distinct unimodal rainfall ineg from May to October with 78% or rainfall
during these months ¢CBONBRODT-STITT ET AL., 2013). The mean annual precipitation at Xingshan
station close to Gaoyang is 991 mm for the periothf1971 to 2000. Mean annual temperature is

16.9 °C for the same perioddSONBRODT-STITT ET AL., 2013).

The morphology ranging from 62 m a.s.l. at theaduth 1994 m a.s.l. in the south-east of the
backwater area is closely linked to the lithologytremely steep slopes with a maximum slope angle
of 78° and narrow valleys characterize the predantiy Triassic formation of the eastern bank of the
Xiangxi River (EHRET ET AL, 2010). The western bank is characterized by @ nmtense weathering
of the predominantly Jurassic formatiorHEET ET AL., 2010). It typically exhibits a slightly less ste
sloping morphology (Figure 2). Mean slope inclinatin the study area is 24° (standard deviation is
10°).
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Figure 2 Location of the study area and range of altitude alope inclination. The DEM was derived
from SRTM data (version 4ARVIS ET AL 2008).

The land use is strongly linked to the terrain witle Xiangxi River acting as a kind of
dividing line between mainly agricultural cultivati on the western riverside and mainly forests and
shrubs with scattered plots of cultivation on thastern riverside &BER ET AL, 2010). Management
cash crop farming mixed with lower productive sstmice farming located on higher altitudes
strongly characterize the agricultural use in thestwboth typically on terraced farmland with camto
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cultivation (SEEBER ET AL, 2010). Typical crops in the backwater area asages as cash crop, rice,

dry land crops (rape, wheat, soybean, and maird)garden fruits (such as legumes, chili).

3.2 TERRACE SURVEY AND MAPPING

Since there has been no terrace inventory or fuatlequate data on terrace distribution and

condition available for the TGA, we developed ddfisurvey scheme.

In a first step, based on an initial survey andfthéings achieved by @voLLl (2005) and
BAzzoFFI and G\RDIN (2011) we hypothesized four classes of terracaliton and applied the
terminology based on the classification of varyiegace conditions by@voLLl (2005). The mapped

terraces were classified into:

(i) well maintained,
(i) fairly maintained,
(iif) partially collapsed, and

(iv) completely collapsed.

In a second step, a detailed terrace survey waslucted in selected areas for precise
measurements and for categorizing terrace condiiosite. The final step was a survey with major

focus on dominant terrace condition but for largeras to provide a bigger dataset for data mining.

The surveys were conducted in 2009 and 2010. @nigdes that were cultivated at the time

of survey were mapped.

3.2.1 DETAILED TERRACE SURVEY

We mapped the terrace degradation by consideriagdbr classes of terrace condition as
described in the previous section. Moreover, weettged a standardized field mapping scheme for
terrace design, terrace maintenance conditionfivatibn as well as erosion pattern. Terrace design
we assessed by measuring the height of the tewaltécm), the width of the terrace riser (cm), the
slope angle of the terrace riser (°) and the shopge (°) of the terrain itself on which the teragas
located as these parameters are considered tonileéethe geometry of a terraceuison, 1981). To
account for the state of maintenance of a terraee,focused on structural wall disorders, the
frequency of different types of wall disorders, dhdir intensities. These were bulges, upsettirajl w
failures that occur on approximately the half o€ tterrace wall, and complete wall collapses.
Identification and classification of wall disordessbased on the work ofRANCUCCI and RALIAGA

(2006). A schematically draft of the surveyed vaidlorders is given in Figure 3.
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We considered the partially small-scale heteroderddithe terrace design by dividing each
terrace plot into three homogeneous segments alyzad them separately. For further data analysis,
the average value of the numerical data was caémilaConcerning the state of maintenance the

dominant terrace condition was assigned to the evplait.

The detailed terrace inventory was conducted within test areas Xiangjiaba and Quyuan
(c.f., Section 3.1, Figure 2). In order to avoithjsativity and to assure that the whole range whte
conditions is covered the terrace plots were ramg@elected from agricultural land based on a land
use classification dataset for the Xiangxi catchi{@EBER ET AL, 2010). Initially, 308 points (88
points for Xiangjiaba and 220 points for Quyuan)reveselected to provide enough samples for

potential reduction due to restrictions in acceskland use changes.

Figure 3 Surveyed wall disorders (i and ii) bulges, (iipsetting, (iv), wall failures, and (v) complete

wall collapses. (after BaNcucciand RALIAGA 2006; modified).

Since the land use classification dataset was baseal Landsat5-TM scene from 2007 the
classification was not very precise and did nowskarrent land use pattern in all cases. Hence, 29%
of the randomly selected points had to be exclddad the survey. Additional 21% of the samples
could not have been surveyed due to restrictedsaceeg., extremely steep terrain, missing roaus, a
other logistic reasons. Finally, 158 points in the small test areas were accessible bench terraces
and mapped in detalil.
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3.2.2 REMOTE TERRACE INVENTORY

Due to the fact, that a detailed inventory on #reaice conditions is very time consuming, a
‘guasi-remote’ inventory exclusively on the tersad®minant state of maintenance was conducted for
a larger area. The advantages of this quasi-remegatory lie in a faster survey process and thus,
generating a larger data set to be implemented thdodata mining approach. For this survey no
sampling points were previously selected. Instedmhg a strip of approximately 35 km length from
the outlet of the Xiangxi catchment to Gaoyang (Fég?), each terrace plot referring to a homogenous
land use was mapped based on a topographic magcateaof 1:10,000. This strip is directly adjacent
to the impounded Xiangxi River. Due to newly consted roads this area is easy to access in a
generally steep sloped and rugged terrain. The mgppas conducted from each opposite bank of the
Xiangxi River in order to assess the complete rasfgerraces on the slopes on both riversides. The
classification of the terrace plots into the givpredefined classes was done according to theletktai

terrace survey.

Data from the terrace inventory refers to a spatablution of 45 m. This provides exact
support of field data and computed data for modeinavoid negative, random influences from finer
scale on the final description of terrace condgi@s well as the data mining process (c.f., Section
3.4).

3.3 GEODATABASE

Our basic data sources available for analysis, fmafeand interpretation were a digital
elevation model (DEM) and remote sensing imagesedpreprocessed Landsat5-TM images
(atmospheric, radiometric, and geometric correstiosing ATCOR for ERDAS IMAGINE®) each
with 6 bands from 2005 (2005-09-09), 2006 (2006L29-and 2007 (2007-09-15) were also available
as input for data mining analysis. They were usedrder to assess a possible influence of the land

cover on the terrace conditions possibly over time.

Due to the processing of the multiple datasetsapious cell sizes we met the need of same
cell sizes by re-sampling the SRTM-DEM (versiodaRVvIS ET AL., 2008) and Landsat data to a joint
resolution of 45 m. Since the SRTM-DEM is our mdata basis and the terrain parameters derived
from the DEM exhibit the key indicators (e.g., eléon, slope, curvature, aspect; c.f., Sectionl}.4.
in analyzing the terrace conditions, we decidedaféiner resolution than in the original data. Thigs
required due to the steep slopes resulting in f@mypixels along a slope which produced artifacts o
several terrain attributes such as flow accumulatimrthermore, the loss of accuracy in analyzieg t
impact of terrain on the terrace conditions dua te-sampling of the SRTM data to the same cedl siz

of Landsat is not supportable. In contrast, by amyging the Landsat data to 45 m we do not

224



Manuscript 4 Degradation of Cultivated Bench Terraces in the Three Gorges Area -
Field Mapping and Data Mining

incorporate a higher false accuracy compared ssampling of the SRTM data from 90 to 30 m. In

this case, the loss of information is affordable.

An ortho-rectified panchromatic and geo-referen&@OT5 image (2007-09-21) with a
resolution of 5 m and Google Earth data were usedhta basis for deriving anthropogenic indicators
by digitizing (c.f., Section 3.4.2).

The different maps of terrace conditions producgdhe detailed and the remote inventory

were merged for data mining and analysis.

3.4 FEATURE CONSTRUCTION FOR DATA MINING
3.4.1 TERRAIN FEATURES AS ENVIRONMENTAL INDICATORS FOR TERRACE
DEGRADATION

We derived local, regional, and combined geomorgtdm terrain attributes as
environmental indicators on the condition of teesicThe terrain attributes derived are: elevation,
slope (TARBOTON, 1997), projected distance to the stream, aspmdanices (to 0°, to 45°, to 90°, and
to 135°), relative profile curvature, relative ndss, topographic roughness, local elevation
(BEHRENS 2003), mean, maximum and minimum curvatuneag® ET AL., 2002), relative horizontal
curvature (KeEerFiscHand KOTHE, 1993), hemispherical dispersiondblcsoNand GQuLE, 1999), and
waxing and waning slopes (BER, 1994). To account for the influence of multipleales, which
proved to be important in digital soil mapping apglions in several studies (e.gEHRRENS ET AL,
2010a, b; 8ITH ET AL., 2006; AHu, 2008), all terrain attributes derived on the iorad) resolution of
45 m were averaged on the basis of local movinglainfilters with sizes of 7 x 7 as well as 17 x 17
pixels. This allows capturing more general trendstarrain as additional indicators for terrace

condition analysis (BHRENS ET AL, 2010a).

3.4.2 DISTANCE TRANSFORMS AS ANTHROPOGENIC INDICATORS FOR TERRACE
DEGRADATION

Spatial distance transforms provide informationdistant objects. This will help to quantify
relationships between objects according to Toblei'st Law of Geography where "everything is
related to everything, but near things are moratedl than distant things" BLER, 1970). Based on
those grids of spatial distance transforms we séiraet distances of certain locations and can agsum
different human impacts on terrace conditions fritvmse locations of varying distances. However,
careful processing and generation of the primana desed to apply the distance transforms on is

required.

Based on the SPOT5 scene and GPS tracks, the epadrk in the Xiangxi catchment was

digitized. The road network was classified intoethiclasses: major roads, side roads, and paths. In
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order to calculate Euclidian distance transforrhe, road network classes were not treated separately
but combined in (i) major roads, (ii) major roadel side roads, and (iii) major roads, side roadd, a
paths. This approach avoids artifacts which wotddansfrom isolated segments and accounts for the

fact of continuous changes in traffic density.

A total of 4420 settlements were digitized basedtlom SPOT5 scene and Google Earth
images. They were further grouped according ta tige in (i) settlements 0-6 ha, (ii) settlemebis
12 ha, (iii) settlements 12-18 ha, and (iv) majenters, and derived as binary layer inputs for the
Euclidian distance transforms. Due to their prapoglly very large area the two largest towns i@ th
Xiangxi catchment (Gaoyang 79 ha; Gufu 109 haargained within the group of major centers. We
considered the settlements as local, regional, camdral markets having high local and regional

influence as economic trading areas.

The river network used for the Euclidian distanmesms$forms is derived from the DEM using
the D8 flow accumulation algorithm ARBOTON, 1997) and was classified according to the stream
ordering method proposed byriRHLER (1957). Comparable to the road network a sequentia
grouping of orders was used to derive the trangoasfollowing: (i) stream lines of 1st order, (ii)
stream lines of 1st and 2nd order, (iii) streanedif 1st to 3rd order, (iv) stream lines of 1sttio
order, (v) stream lines of 1st to 5th order, (¥ieam lines of 1st to 6th order, and (vi) streamedi of
1st to 7th order.

Additionally, the Euclidean distance to the Xiangkbreline after the impoundment based on
the SPOT5 scene was also used as a potential pagaeic indicator on human influence on terrace

condition.

3.5 DATA MINING ALGORITHM

In total 81 indicators were derived as spatial giatasets for data mining analysis and
modeling. The data of the surveyed areas was égtrdor further processing. The basic data mining
algorithm used in this study is random forests -easemble of randomized CART decision trees
(BREIMAN ET AL., 1984; BREIMAN, 2001) which proved to be a powerful predictiord analysis
technique in digital soil mapping @M ET AL., 2008; BEHRENS ET AL, 2010b). We used the
‘Random Forest’ package byAw and WENER (2011) for the R Project for Statistical Computiiiy
DEVELOPMENT CORE TEAM, 2011). Since the terrace conditions mapped @dction 3.2) follow an

ordinal scale, we applied both regression and ificesson analysis.
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3.6  FEATURE IMPORTANCE AND PARTIAL DEPENDENCE ANALYSIS

Random forest provides measures of the importaheaah feature - or indicator - in a model
in terms of a ranking. The higher the value theariorportant the corresponding indicator. We used
the mean increase in accuracy as the importanceureawhich is calculated by comparing the
difference in the influence on model accuracy betwan indicator and a randomly permuted version
of it at each splitin a tree when it is selectBHEIMAN, 2001; GRIMM ET AL., 2008).

Since feature importance analysis provides a rgn&imd not a selection of the indicators, we
tested different sizes of subsets to derive a mimnset of indicators required for building accurate
models. Therefore, we also compared the importaacking resulting from regression analysis as

well as from supervised classification.

We analyzed the partial dependence between theattadiand terrace condition according to
CUTLER ET AL. (2007) and law and WENER (2011) in order to describe the marginal effecanf
indicator on the terrace condition, after accougfior the average effect of all other indicatoreeT

function being plotted describes the effect ont#inget as a continuous function using Eq. (1):

f'= %Zf(x,xic)
=1 (Eq. 1)

wherex is the indicator for which partial dependenceasght, andkc are the other indicators
in the data. The summand is the predicted regmedsioction (LAW and WENER, 2011). Hence,
partial dependence allows easy and direct inteaposis of the effects of an indicator contributing
the model. Compared to correlation analysis pravidg linear regression approaches, the partial
dependence as provided by random forests allowsldecribing non-linear influences on the target
variable. However, the partial dependency analgsily provides relative relations to the target

variable. Partial dependence is provided as a plot.

4 RESULTS
4.1 TERRACE CONDITIONS IN THE BACKWATER AREA

In total, 987 bench terraces were mapped in th&vster area of the Xiangxi catchment
(Table 1). They cover an area of 10.6 km2 whictoaats for 1.9% of the area of the study site. The
mapped terraces are spatially distributed all-dher hillslopes adjacent to the impounded Xiangxi
River (Figure 4) on almost the whole range of adtés in the backwater area from lowest 137 to 1402
m a.s.l. 6 = 987). In average, the mapped terraces are bbaatean altitude of 337 m a.s.l. The
general slope gradient of the terraced hillslopegyes from 0° to 40° with an average slope gradient

of 23°. With approximately 97%, the distinct mafprof the bench terraces were mapped as cultivated
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(Table 1). Mainly the terraces were associated witinges (77%), followed by cultivation with dry
land crops such as rape, wheat, and maize (15%)garen land typically cropped with vegetables
and fruits (7%). According to their total frequeranyd percentage of occurrence shown in Table 1, the
mapped terrace condition classes are ‘'fairly maiath (44.3%), 'partially collapsed' (23.4%), 'well

maintained' (21.0%), and ‘completely collapsed'3%d).
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Figure 4 Overview (A) and detailed views (B.i to B.vi) ba spatial distribution of the different types
of terraces mapped including ‘well maintained’ &ees, ‘fairly maintained’ terraces, ‘partially
collapsed’ terraces, and ‘completely collapsedraees in the Xiangxi catchment.
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A subset of 158 terrace plots were analyzed irdttailed terrace survey (c.f., Section 3.2.1).
Figure 5 schematically illustrates the resultshig survey in terms of the averaged parameterbeof t
terrace design for each terrace condition classerééls 'well maintained' terraces typically occur on
hillslope sites inclining with 20° in average, tekpe where '‘completely collapsed' terraces were
found increases to average 30° (Figure 5). DEMthas®lyses also shows a slight increase in the
average terrain slope (Table 1) between the clasgths0-36° for 'well maintained' to 5-40° for
‘completely collapsed' terraces. Analogous to ticeeiase in terrain slopes, there is also an inerieas
the average inclinations of the terrace risers.lI'Wiaintained' terraces typically exhibit level and
mostly (75%) slightly outward sloping terrace risdnclining with in average 8°. For terraces
classified as 'fairly maintained' as well as '@disti and ‘completely collapsed’, not only the petege
of occurrence of outward sloping terrace risersatgd its inclinations drastically increase up 60%,

respectively, 18° for '‘completely collapsed' teesa@Figure 5).

Figure 5 Typical cross-section of the terrace design of hweintained’ (A), ‘fairly maintained’ (B),

‘partially collapsed’ (C), and ‘completely collapdeerraces (D). Shown are the (1) average terrace

slope (°), the (2) average terrain slope (°), thvermge height of the terrace wall (m), and the ager
width of the terrace riser (m).

The average heights of the terrace walls even giddecrease from highest 1.9 m for ‘well
maintained' terraces to lowest 0.9 m for '‘compyetellapsed' terraces (Figure 5). Thus, the average
widths of terrace risers decrease from highesteqpmpately 7.4 m again for ‘well maintained' termce

to lowest 4.8 m for terraces classified as 'payt@bllapsed'.
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The four surveyed classes of terrace condition atoonly show clear evidence in terms of
varying terrace design, but also their state ofnteaiance indicates a distinct sequence of degoedati
from well to collapsed. A relation to the backgrdusiope is obvious; jet might be problematic to
derive from the DEM.

Table 1 Characteristics of the surveyed terrace condititasses in the backwater area of the Xiangxi
catchment given in total number and percentageis3iandard deviation.

Feature Terrace condition class Total
Well Fairly Partially Completely

maintained maintained collapsed collapsed
Total mapped 207 (21%) 437 (44.3%) 231 (23.4%) 112 (11.3%) I006)
terrace
Remote terraces 139 (16.8%) 376 (45.4%) 209 (25.2%).05 (12.7%) 829 (100%)
Detailed terraces 68 (43.0%) 61 (38.6%) 22 (13.9%) 7 (4.4%) 158 (100%)
Average size (ha) 0.8(SD1.2) 1.1(SD 1.9) 1.4 23D 0.9(sD29) 1.08(SD3.8)
Terrain®

(Averagle atitude 406 (SD 176) 348 (SD157) 289 (SD 132) 260 (SD 174337 (SD 165)
m a.s.l.

E%ange Iof altitudes 144-1108 137-1402 143-974 146-1382 137-1402
m a.s.l.

Average slope 22 (SD 7) 24 (SD 6) 24 (SD 6) 23 (SD7) 23(SD7)
gradient (°

Range of slope 0-36 2-37 5-39 5-40 0-40
gradient (°

Land use

Telr_races mapped as 206 (99.5%) 432 (98.9%) 216 (93.5%) 99 (88.4%)  @HEB6%)
cultivatec

Garden land 19 (30.2%) 16 (25.4%) 12 (19.0%) 164@H 63 (6.6%)
Dry land 27 (19.0%) 59 (41.5%) 38 (26.8%) 18 (127% 142 (14.9%)
Orange orchard 156 (21.2%) 356 (48.4%) 164 (22.3%) 59 (8.0%) 735 (77.1%)
Paddy 3 (100.0%) 0 (0%) 0 (0%) 0 (0%) 3 (0.3%)
Others (tea and 1 (10.0%) 1 (10%) 2 (20%) 6 (60%) 10 (1.0%)
chestnul

#The parameter values on the terrain are based oNRBalyses.

While terraces classified as ‘well maintained'¢ghliy show an intact terrace structure in terms
of supporting wall with in average only one bulgespectively upsetting per terrace plot, the stmect
of 'fairly maintained' terraces already slightlyteféorates toward a less intact structure. Forlyfai
maintained' terraces in average one bulge, respégtione upsetting and in average four wall faitur
were detected. Frequent wall failures and wall agses were mapped for terraces classified as
‘partially collapsed' (Figure 6). Only at few painthese bench terraces exhibit a continuous ateict
of the supporting wall (Figure 7). For 'completalgllapsed’ terraces the structure is not longer
existent (Figure 7). The number of wall failurestsas breaches decrease in favor of serious celaps

of the dry-stone walling (Figure 6A).
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Figure 6 Average frequency of wall disorders in each terregedition class (A). Due to few
observations of bulges and upsetting these wabrdess are grouped into one category. Percentage
of different sloping terrace risers in each terrazmndition class (B).

4.2  MODELING ACCURACY AND INDICATOR IMPORTANCE

Initial modeling accuracy for the data mining apprio based on a total of 81 features and
using regression returns a root-mean-square-efr@.325 indicating low differences between the
predicted and the actually observed values, respécterrace condition classes. The corresponding
explained variance of the regression is R2=79% #ied OOB estimate of the error rate using
classification is 8.3%. Both support the high meuglaccuracy. However, the class ‘completely
collapsed’ shows a comparable high error rate &6 &dllowed by the class ‘well maintained’ with an
error rate of 17%. This might be a result of therdo spatial coverage (Table 1). Consequently, the

classes ‘fairly maintained’ and ‘partially collapéexhibit distinct lower class error rates (TaB)e

Table 2 Model confusion matrix of the observed and preditégrace condition classes and the class
error including a total of 81 features. The numbexter to pixels having a cell size of 45 m x 45 m.

Observed terrace Predicted terrace condition class Class

condition clas errot
Well maint Fairly maint  Partially collaj.  Completely collp.

Well maintaine: 59¢ 10¢& 13 0 0.16¢

Fairly maintained 36 2111 71 0 0.048

Partially collapse 14 104 1437 2 0.07:

Completely collapsed 7 13 10 19 0.612

maint. maintained, collap. collapsed

The generally high accuracy of the models, allows $ubsequent analysis as well as
interpretations. For both random forests approacties features were ranked according to their
importance. The topmost 30 features were observbé the same using classification and regression.

Table 3 shows the ranking of those topmost 30 aidis according to their importance based on the
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random forests classification model. It returneth@an decrease in accuracy ranging from highest
0.091 (ranking position 1) to lowest 0.016 (rankugition 30). Higher values of mean decrease in
accuracy indicate features that have higher impoeaon the classification (GLER ET AL., 2007).
The 10 topmost ranking positions are solely ocalipith anthropogenic indicators (Table 3). The
most important indicators are those directly reldatethe resettlements (distance to major cengard)

to the Xiangxi River (distance of stream lines dft brder) followed by distances to smaller
settlements and to the road network. Below ranknaihly terrain attributes emerge as environmental

indicators on the terrace degradation and its @pdistribution (Table 3).

Table 3 The 30 out of 81 most important indicators in poidg the terrace condition classes. MDA is
the mean decrease accuracy. Due to a higher diftergon of MDA, the numbers are given with four
decimal places.

Ranking position MDA Indicator

1 0.091( Distance to major cente

2 0.0646 Distance of stream lines &fdrder

3 0.0602 Distance to settlements of 6-12 ha amsa si
4 0.049¢ Distance to settlements of-18 ha area si:

5 0.0386 Distance to major and side roads

6 0.036¢ Distance of stream lines o™ orde

7 0.0365 Distance to major and side roads, andspath
8 0.0365 Distance of stream lines 8f @rder

9 0.036( Distance to major roa

10 0.0342 Distance to stream lines Bfotder

11 0.031: Aspect deviance to 90° (17x17 pixel averi
12 0.0308 Aspect deviance to 90° (7x7 pixel average
13 0.028t¢ Aspect deviance to 45° (7x7 pixel aver:

14 0.0280 Aspect deviance to 45° (17x17 pixel ay&ra
15 0.0249 Aspect deviance to 135° (17x17 pixel ayey
1€ 0.023( Mean curvature (1x17 pixel average

17 0.0226 Distance to the Xiangxi River after impdonent
18 0.022¢ Distance of settlements of a total of 4

19 0.0222 Aspect deviance to 90°

20 0.0213 Distance to settlements of 0-6 ha amsa si
21 0.020° Distance to stream lines o™ ordel

22 0.0205 Distance to stream lines Bfdsder

23 0.019: Aspect deviance to 0° (17x17 pixel aver:

24 0.0183 Aspect deviance to 45°

25 0.017: Aspect deviance to 0° (7x7 pixel avere

26 0.0176 Topographic roughness (17x17 pixel awrag
27 0.0176 Relative profile curvature (17x17 pixeti@age)
28 0.017- Aspect deviance to 135° (7x7 pixel aver:

29 0.0165 Relative richness (17x17 pixel average)

3C 0.016( Aspect deviance to (

While the ranking of the indicators gives us infatian on the explanatory strength and thus
importance of an indicator on the terrace degradatithe partial dependence allows for an
interpretation of the direction of influence. Figu8 illustrates the partial dependence plots fer th

most important indicators of each category (antbgemic and environmental indicators).
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Figure 7 Examples of the different terrace condition classem the backwater area of the Xiangxi
catchment; (A) ‘well maintained’ (A), ‘fairly maiined’ (B), ‘partially collapsed’ (C), and
‘completely collapsed’ (D). Photos by S. SchénbiStitt.

The distance transforms of the major centers ha@énighest importance on the prediction of
the terrace degradation (Table 3). In terms ofpdntial dependence, the worse terrace conditioms we
predicted in close distance to the major centerfu@und Gaoyang (Figure 8). The distance to
settlements of 6-12 ha size show a similar directib influence, however the area surrounding the
settlements that shows worst terrace conditiossnialler compared to the major settlements (about 7
km vs. 3.5 km).

For the distance to the Xiangxi River the worstditans of terraces were also predicted close
to the river. However, better conditions occur aichnsmaller distances compared to the settlements
(i.e., <1 km).
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The distance to the major roads shows a very maatipattern (Figure 8D). The worst terrace
conditions occur in distances below 500 m to thedraetwork. The best terrace conditions occur
around 1.5 km and around 8 km. The range betwdan &nd 7 km is again characterized by worse

terrace conditions.

Concerning the terrain attributes used as enviromahéndicators on the terrace conditions,
negative mean curvatures at coarser scales, iimdicsthaller concave areas with limited access, show
better conditions compared to flat or convex af€égure 8E). Aspect deviance to 90° indicates that

the worst terrace conditions occur in the ENE-ES&@ (Figure 8F).

5 DISCUSSION
5.1 TERRACE DEGRADATION IN THE BACKWATER AREA

Contrary to the common knowledge, for instanceeg®nted by KDSON (1981), the heights
of the supporting dry-stone walling of the surveyehch terraces do not increase with higher slope
angles of the terrain from ‘well maintained’ to fapletely collapsed’ terraces (Figure 5). However,
according to KDSON (1981) a heightening of the walls is required las slope angle is the most
relevant limiting factor for the construction ofrwh terraces, particularly when slopes exceeds an
angle of 25-30° (HDsoON, 1981). This is true for ‘partially’ and ‘compléyecollapsed’ terraces with
average slope angles of the original terrain o287 showing the lowest terrace walls with 1.3 artl O
m (Figure 5). Although there is no increase inhk@ght of terrace walls, the decrease of the wadth
terrace risers from 7.4 for ‘well maintained’ terea to 5.0 m for ‘partially’ and ‘completely coltsgn’
terraces follows the findings achieved byd$onN (1981) and BLLIN ET AL. (2009) according to
which the width of terrace risers strongly dependsslope gradient. Typically, we would have
expected the lowest average width of terrace fmeicompletely collapsed' terraces. Contrary ® th
above mentioned parameters of the terrace designassume the width of the terrace risers not
adequately being represented by the low sampleddizrartially' and ‘completely collapsed' terraces

of n = 22, respectivelyn = 7 from the detailed inventory of terraces (Table

Generally, the shortening of the terrace risershinad with the increases of the terrain slope
result in an increasing over-steepening of theaters as all terrace condition classes exhibit autwa
sloping terrace risers (Figure 6B) to a hundredgesit. Even ‘well maintained’ terraces exhibit with
75% mostly outward sloping terrace risers, yet likiihe lowest slope angle with 8°. AUBiSON
(1981) described the terrace risers of bench tesrac steep sloping areas typically to be inward
sloping or level and alsoHBET AL. (2004, 2012) report of level terraces as only sonservation
measure in the Wangjiiagiao watershed close tostudy area, we assume the surveyed bench

terraces’ design to be not adequately adapteceteetiain in the study area. Though, bench terrisces
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throughout the TGA are reported to exhibit a welblwn technique with a long tradition (e.gHES!
ET AL., 2010; $Il ET AL., 2012).

Additionally to the terrace design, the type aneqfrency of wall disorders provide us
information on the state of maintenance of a terrand consequently on its capability of solil
conservation (BLLIN ET AL., 2009). Whereas ‘well maintained’ and ‘fairly migined’ terraces
typically show intact terrace structures (Figurevé® observed a distinct worsening of the suppgrtin
walls and thus condition for ‘partially collapseatid ‘completely collapsed’ terraces. We consider th
bulges and upsetting observed as only slight disnoes of the supporting walls that do not even
occur on those terraces, to be "precursors" of aenmemplex destruction with numerous wall
breaches and collapses. We therefore agree matkrl and LLERENA (2000) who described the bulges
and upsetting to develop prior to more serious Malures and complete wall collapses due to
increasing pressure on the terrace wall by satlisdé and their shearing effect and lack of camista

maintenance.

Based on the term of terrace degradation as defigeBazzoFFI and G\RDIN (2011) and
following the above findings, we consider the bemetraces in the backwater area of the Xiangxi
catchment to clearly show a sequence of degradsgivaces from ‘well maintained’ to ‘completely

collapsed’ terrace conditions.

5.2 TERRACE DEGRADATION AND SOIL EROSION IN THE BACKWATER AREA

The increase in soil erosion fits the degradatibmecraces and thus, their reduction of the
capability to protect the soil against surface ierogTable 4). Our results indicate that benchaiees
cannot prevent soil erosion per se. Indicated by@sults the frequency and magnitude of the mapped
soil erosion is assumed to be related to the tercaadition classes (Table 4). This is in line vifie
findings by KOULOURI and GOURGA (2007) who studied the evolution of soil and vaget on
terraced land following land abandonment in Ledstend, Greece, using experimental runoff plots.
According to them, soil erosion on terrace landncaibe eliminated and strongly relates to the slope
steepness, respectively steepness of the terrsee Furthermore, ®ULOURI and GOURGA (2007)
outline the importance of the terraces’ structunetlte concentrated runoff and sediment removal.
Thus, we conclude, that due to the intact structmethe comparably lowest slope of terrace risers
‘well maintained’ terraces no rills could be obstywhereas the slight worsening of the terracé wal
and higher steepness of terrace risers of ‘fairgintained’ terraces already affect the removal of
sediment (Table 4). The increasing average numbarapped rills from 2.3 for ‘fairly maintained’
terraces to 5.0 for ‘partially’ and ‘completely tagsed’ terraces (Table 4), we generally due to the
increasing average number of wall failures andapsiés and the terrace design exhibiting outward

sloping terraced beds up to 18° located on extrseep uphill sites up to 30° (Figures 5 and 6).rEve
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if the ‘completely collapsed’ terraces show a wasBecture that might induce a higher concentrated
runoff according to KWULOURI and GOURGA (2007), there is no increase in the average frecyuef

rills compared to ‘partially collapsed’ terracesithV3.6 even the standard deviation of the numlber o
rills mapped on ‘partially collapsed’ terraces igher than on ‘completely collapsed’ terraces
(standard deviation of 1.4). We assume the worsade condition not to affect the frequency oftill
but rather their magnitude that we addressed whi¢hspatial extent of the rill (Table 4). Thus, the
worsening of condition of terraces classified asmpletely collapsed’ compared to ‘partially
collapsed’ terraces becomes obvious when lookinbeativerage increases in depth and width of rills
ranging from 2.8 to 3.0 cm, respectively from 213t5 cm, and the distinct increase in length It ri

from 1.6 to 3.8 cm.

Table 4 Average frequency and magnitude (depth, width,lamgith) of soil erosion rills per surveyed
terrace plot (from the detailed terrace survey) aadace condition class. SD is standard deviation.

Terrace condition class

Well maintained Fairly maintained Partially collags Completely collapsed
Frequency — 2.3 (SD 0.6) 5.0 (SD 3.6) 5.0 (SD 1.4)
Depth (cm) — 2.7 (SD 0.6) 2.8(SD 1.3) 3.0 (SD 0.0)
Width (cm) — 3.0 (SD 0.0) 3.1(SD 1.3) 3.5(SD0.7)
Length (m) — 1.5(SD 0.5) 1.6 (SD 0.9) 3.8(SD 0.4)

We are aware that the above mentioned sample @iZpartially’ and ‘completely collapsed’
terraces (Table 1) and the fact that there is meali trend in the increase of the frequency ofatiete
rills and their magnitude, only allow for a generahclusion of an increase of soil erosion follogvian
worsening of the terrace conditions. We also suppogher factors to control the soil loss on bench
terraces. According to ARDNER and GERRARD (2003) who monitored cultivated terrace plotsha t
Kathmandu valley in Nepal using erosion plots arehsuring natural rainfall also rainfall duration
and intensity have a high level of explanationrioroff up to approximately 80%. As for our study on
a first inventory on terrace degradation in the T@#onitoring was considered not practical and
feasible, and for instance rainfall intensity andadion are expected to be distinctly less compé&ved
the study site of &RDNER and GERRARD (2003) with mean annual rainfalls higher than 2668, the

effect of rainfall on the terrace degradation wasinvestigated.

Also the vegetation cover and its variability, e@opping cycle are revealed to impact the
runoff and soil losses on terracesaA@®NER and GRRARD, 2003). Our mapping results however
show a relatively balanced distribution of the larsbs (Table 1). The integration of three Landsat5-
TM images for the assessment of the influence efléimd cover within the data mining approach
revealed no distinct effect on the terrace condititasses (Table 3). Only for paddy terraces under

rice cropping, a distinct association with ‘wellimained' terraces was observed based on the gesult
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of the field mapping (Table 1). According taHEN ET AL. (2012) paddy terraces constantly require
high maintenance and mechanical cultivation in otdeneet the major preconditions of intact walls
and level terrace risers. Under flooded conditithmes topsoil is also less susceptible to rainfatl an
thus, sediment removal than under dry land cultivaor fallow (GHEN ET AL., 2012). Thus, for the
backwater area of the Xiangxi catchment with itsiquically flooded rice fields and cultivation
during summer season HSBER ET AL, 2010), we assume a generally higher effect af so
conservation of the paddy terraces with simultasddgh maintenance. In contrast, perennial tea and
chestnuts seem to be closely linked to ‘completelNapsed’ terraces as they affect them up to 60%
(Table 1). Each of this six surveyed plots is ledaih remote areas of the Quyuan test site. Weckxpe
the farmers of those plots to not constantly maintaese terraces as both crops are perennialrend a

expected to not require high labor input such aklpaice.

5.3  CAUSES OF TERRACE DEGRADATION IN THE BACKWATER AREA

Our results clearly show that the causes of diffeterrace conditions, and thus terrace
degradation in the TGA are multi-factorial (Tabde 3

This general finding is in accordance with the lssachieved by BvAN ET AL. (2012) who
studied the social and ecological context of texsacelated to cycles of population growths on
Antikythera Island, Greece. According to them, thfluences on a terraced landscape and its
modification, e.g., terrace degradation are dismtisas highly complex resulting from multiple
decisions and various human-environmental intesastithat form a socio-ecological landscape
(BEVAN and NOLLY, 2011; BevAN ET AL., 2012). We also generally agree withBAR and
LLERENA (2000) who stated terrace degradation to be atibmof physical, economic, and socio-
economic factors such as land use, distance froitfage, etc. and transfer this statement to th&TG
As revealed by the data mining approach, foremasithropogenic indicators such as the distance to
settlements and roads do explain the terrace datjpadin the backwater area of the Xiangxi
catchment (Table 3).

New about the knowledge on the process of terraagradation in our study is that not
agricultural abandonment explains the terrace disgian, for instance as observed bgu{ouRI and
GIOURGA (2007), LESSCHEN ET AL (2008), and EATTA and AREF (2010) for bench terraces in the
Mediterranean. As we surveyed cultivated benclates to almost a hundred per cent (Table 1) and
SEEBER ET AL (2010) could not detect abandoned farmland tceanimgful extent in the backwater
area of the Xiangxi catchment, we prove terraceatigion as an effect of land cultivation, too. We
assume this to be a direct consequence of complgseeeffect relationship of rapid land use changes

(PoNsETIand LOPEZPuJOL, 2006), and massive dam-induced forced, ruralusbdn resettlements in
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Zigui and Xingshan counties associated with thenia river impoundment by the TGD BMING ET
AL., 2001; McCDONALD ET AL., 2008).

5.3.1 ANTHROPOGENIC EFFECTS ON TERRACE DEGRADATION
5.3.1.1 EFFECTS OF RESETTLEMENTS

According to their study on land use change inXtangxi catchment using satellite imagery,
SEEBER ET AL (2010) estimated the area lost to the river inmpiment to be approximately 9 kmz.
This land previously used for agriculture and set#nt had to be compensated causing land use
changes on approximately 26% of area of the steping backwater area in close distance to the new
Xiangxi reservoir (8EBER ET AL, 2010). As the analysis of the partial dependepiots reveals
(Figure 8) this is exactly the area of the worstaee conditions of ‘partially’ and ‘completely
collapsed’ terraces. Comparing the terraces of evanditions close to larger settlements and the
main road and river network to those of better domas (well and fairly maintained) more distant to
this dynamic areas (Figure 8), we suppose the doresettlement (EMING ET AL., 2001) to play an
important role in the mismanagement of bench tegdeading to their degradation. Thus, we infer the
resettled peasants to get confronted by challengéls farming steep sloping land after the
impoundment. Farming those uphill-sites requirest fof all time-consuming terracing generally

necessitating high investments in material andrléid®@Ar and LLERENA 2000; $iI ET AL., 2012).

According to HEMING ET AL. (2001) and BNSETI and LOPEZPuJOL (2006) the loss of the
traditional connection to the land after resettletm@auses a lack of familiarity with the new fargnin
environment and techniques. It can be made redperfsir the mismanagement, even if the peasants
were resettled to uphill-sites within close dis&ne their former home (NSETI and LOPEZPUJOL,
2006). For instance, 66% of the relocates in theATiat were moved to steep infertile slopes at
higher elevations were observed to refuse farming td a reduced amount of land characterized by
severe physical settings EMING ET AL., 2001). PNSETI and LOPEZPUJOL (2006) explain this fact
with the discrepancy between the long-time terigu@rperience of the ‘uphill-peasants’ and the lack
of experience of the former ‘downhill-peasants’ttheeviously farmed the flat valley bottoms. This
effect can be seen in the non-linear behavior efptial dependence plot of the major roads (Eigur
8D).

In the context of rural and urban resettlementdhim TGA, also the aging of the rural
population and governmental-driven settling of ygemrural migrants in industrial jobs as stated by
HEMING ET AL. (2001) and €IL and DJAN (2002) are considered to hinder an adequate &rrac
construction and constant maintenance by repaialjdamages. A similar process was observed by

INBAR and LLERENA (2000) for bench terraces in the Peruvian Andeasurithins where young
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people are gravitating toward better job opportasitin the coastal cities causing an irreversible

process of shortage of labor for long-term soilssmation.

5.3.1.2 EFFECTS OF CULTIVATION

Besides these resettlement-related effects, ablsdatid reclamation for cultivation and the
shift of agriculture, especially toward the casbpcproduction of oranges as detected BgEER ET
AL. (2010), are expected to affect the terraced lams in the study area. With the river
impoundment, the implementation of orange orchachime highly recommended in the TGA as it is
supposed to reduce soil and nutrient loss and fawgritable use on uphill-sites exceeding slopes of
25°, and to boost the farmer’s income after the T@3Bociated resettlement MG ET AL, 2001; $iI
ET AL., 2012). For instance, investigations iy 8T AL. (2012) in Wangjiiagiao watershed in Zigui
county close to the Xiangxi catchment revealed raareiase of orange orchards by the 2.8-fold
accounting for approximately the same increaserafige orchards in the western backwater area of
the Xiangxi catchment €&BER ET AL, 2010). In the Xiangxi catchment orange orchafidsinctly
predominate on terraces close to large settlensrdsmain transportation routes such as trafficable
main roads and rivers E8BER ET AL, 2010). This area also refers to the mid-trominez below an
elevation of 500 m a.s.l. that is climatically sibfe for citrus growth (W ET AL., 2009). According to
our findings from the partial dependence analyhis, area adjacent to the river banks of the Xiangx
refers to the location of terraces of higher degreelegradation (e.g., ‘partially’ and ‘completely

collapsed’ terraces), too (Figure 8C).

As in Hubei province the area under orange cultivaincreased by thousands of hectares
with the support of governmental subsidies and stments (BREIGN AGRICULTURAL
SERVICE/USDA, 2007), we assume a cause-effect relationslgppveen the governmental-driven
implementation of orange orchards and the conditibierraces in our study area. As reported by
several farmers during our survey the expensesréorge production (e.g., fertilizers, pesticidegto
exceed their income, which we suppose to resuth fdecreasing market prices, labor-intensive and
costly harvesting, and a non-adequate governméntaicial support. In this context, the lack of a
cost and time-consuming maintenance of terraceddnmel a logical consequence of a simple cost-
benefit-calculation. This is especially true agathe background that for slope gradients above 10%
(c.f., HI ET AL., 2012) the spacing between the terraces decrdasssich a point that their
construction and maintenance is expensive anddaakvestments limits their adoption. We support
our assumption with observations done 8 ET AL. (2006) for bench terraces in Thailand where
farmers refused the maintenance terraces due tailedsle compensation of costs. A similar effect
was observed by WLIAMS (1990) for terrace hillside farming in Venezudigither the knowledge

nor the ability, but rather the farmers’ motivatidepending on economic-driven decisions is reported
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to control the terrace development. According taW¥ms (1990), farmer’s participation in terrace
construction could be secured by support from eslesources such as subsidy payment based on the

cubic meter of dry-stone walling built.

5.3.1.3 EFFECTS OF ACCESSIBILITY

While the immediate reservoir area with high lasg-ulynamics is considered to present an
area of fast access, the uphill-sites in highetudkis distinctly show less accessibility. We siggpo
the newly constructed paved roads and navigablergiafter impoundment to exhibit important
infrastructural connections and to favor the gowsgntal-driven production of oranges as cash crop.
We expect a fast accessible area with settlementitsgaas local and regional markets to be more
attractive for the cash crop production (i.e., énms of processing, marketing, and transport) than
difficult to access farmland and small settlemeantsl markets without any trading potential. For
instance, focusing on high production and quath, increase in orange cultivated area is associate
with the construction of industry for post-harvesiatments and infrastructural connectiopKEIGN
AGRICULTURAL SERVICE/USDA, 2007).

In contrast, the bench terraces more distant tordservoir are considered to be primarily
cultivated by experienced farmers for subsistendiivation. Those terraces are difficult to accasd
the high terrain energy requires higher labor itivating. Furthermore, big cars cannot drive along
unpaved and narrow side roads and paths, transipartay ship is impossible and larger settlements
do not develop. Thus, we assume the steep sloghij-sites to be utterly not attractive for large-
scale orange production and to be in some parteri@btected as revealed by the partial dependence

to curvature (Figure 8F).

A more difficult access to larger settlements \desoads and paths in a region of higher
altitudes would further imply that uphill-peasaspend more on their farming products and thus
properly maintained terraces. Available capital affdrts for maintaining terraces seem to be better

invested.

However, considering the range of altitudes fordtterent terraces condition classes (Table
1) there is no clear trend in the distribution ajrae terrace conditions (‘partially’ and ‘complgtel
collapsed’ terraces) in this ‘citrus belt’ alongethiver banks of the Xiangxi (WET AL., 2009). Also
the average altitudinal locations ranging from #0@.s.l. for ‘well maintained’ terraces to 260 m.&a.
for ‘completely collapsed’ terraces and the rekdiivbalanced distribution of land use within the
terrace condition classes (Table 1) enable for amgugh conclusion on the dependency between the
accessibility of terraces and orange plantationsineffect on terrace degradation. Due to a lafck
discussion in literature, our assumption on the aflorange production on terrace degradation danno

be conclusively settled here.
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However, due to the complexity of interactionseémnraced landscapesHBAN ET AL., 2012)
we consider an interpretation of the influences thedr strength to be not sufficient when addressin
an individual indicator, but rather consider the@mbination. Even if the distance transforms of the
major centers exhibit by far the highest impactt@maces degradation (MDA = 0.091) compared to
the further top 10 ranking anthropogenic indica(M®A 0.065-0.034). This is especially true for the
backwater area of the Xiangxi catchment where tbadrand infrastructure construction, the
resettlements, and land reclamation for agricultusgs as well as shifts in agriculture associabed
the TGD are closely related to each oth&ef&R ET AL, 2010).

5.3.2 TERRAIN EFFECT ON THE TERRACE DEGRADATION

Besides these anthropogenic effects, also the ggtiicosettings affect the terrace conditions,
albeit with less importance of the environmentdidators referring to the terrain (MDA 0.031-0.016)
For instance, as derived by the partial dependelate terraces of worse condition are potentially
located on slopes inclining between ENE and ESgufiei 8F). This is supposed to be a typical proxy
effect since slopes exposing northeast and southetiee Xiangxi catchment mostly occur on Jurassic
strata and to a slightly less extent on Siluriad @niassic strata (BRET ET AL, 2010). Terraces of
better condition mostly occur on south, north, st exposing slopes referring to Precambrian to
Cambrian and Devonian to Permian strataRiEr ET AL, 2010). Here, two facts can serve as possible
explanation for the different terrace conditions tBe one hand, the resistance to weathering on the
Jurassic and Silurian strata, and the top formatmmthe Triassic is distinctly less compared te th
weathering on the stable parent material such rrdstanes and limestones of the other stratRE
ET AL., 2010). On the other hand, the Jurassic claysidghe Silurian marls, and the clayey formations
of the middle and upper Triassic are prone to wsdéuration and exhibit deep seated and transétion
landslides (BRET ET AL, 2010). This is in line with BzzoFFl and GRDIN (2011) according to
which dry-stone walling terraces built on compautd @ermeable bedrock are less vulnerable to the
destruction by mass movements than terraces huilh@oherent materials exhibiting higher risk of
landsliding. In the case of our study area this ldamply that water storage, high soil erosion
susceptibility, and the occurrence of landslidekige the process of terrace destruction, and taws h
an impact on terrace degradation. In turn, desttégeraces are supposed do not offer enough control
to combat soil erosion (Table 1) as damage spoatiseofuined terraces’ structure exhibit weak points

vulnerable to concentrated runoff and sediment x&in@ouLOURI and GOURGA, 2007).

Besides the consideration of the aspect servirgm@exy for lithology, it can also refer to the
solar radiation (EANS and WINTERHALDER, 2000) as the exposure to the sun is described kaey
component in the agricultural productivity of texes. In this case, the aspect would not purely

represent the terrain, but rather indicate farmedesisions on the effort to maintain terraces ghhr
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or lower productivity related to the solar exposudader this consideration, the aspect serves as
anthropogenic indicator.

We also considered the aspect to have a highercimpa the terrace conditions in the
mountainous study site than the terrain slope eddahture importance does not rank the slope angle
among those indicators of high importance (TableT8lis is contrary to the findings byussonN
(1981) according to which the terrain slope is ofidhe main determinants of the terrace design.
However, in terms of the terrace condition we agstine terrain slope to be strongly altered by the

above proxy effects of the aspect

5.4 APPLICABILITY AND CONSTRAINTS OF THE MODEL FRAMEWORK

Our model frameworK erraCE enables for the identification and spatial analydi different
terrace conditions and their causes under cultmatlt considers the sparse data availability and
limited access to terrain and thus, improves owvwkadge on terrace degradation by conducting the

first inventory of bench terraces in the TGA an@tighout China.

According to our results, the classification ofraee conditions by combining their design and
state of maintenance proved as sufficient as wesaed the whole range of wall disorders. However,
due to the fact, that such an inventory on benagladed was conducted the first time in the TGA and
was not based on any previous qualitative and datine information; our approach is certainly
capable of improvements in terms of higher diff¢ision of terrace conditions. Moreover, direct
measurements of soil loss and runoff would helao precise information on the effect of the
terrace degradation on the soil erosion. An in@dassample sizes (Table 1), especially of those
classes that are yet underrepresented, would iraghay statistical analysis and its explanatory powe
on the spatial distribution of terrace conditioAs. we do not have any information on the time the
terraces were constructed, we are currently n@ @bhssign a specific terrace condition to theadge
a terrace in order to consider its influence onatgx degradation independent from the maintenance.
Here, the monitoring of bench terraces over a longeriod would eventually improve the

understanding of the process of terrace degradation

Further limitations of this approach unequivocdily in the low spatial coverage of the
mapping area. Especially, the hinterland of thekvater area could not have been covered (Figure 4).
Our mapping approach was constrained by the limgigzbss to the highly mountainous terrain and
the time-consuming detailed survey on bench testaGbe absence of remote sensing data in a
satisfactory high spatial resolution exhibits amothimiting factor regarding a clear identification
the condition of bench terraces and their area-widentory in the study area. In this context, we

consider our approach using field mapping as Héstdable method. The 'quasi-remote’ inventory on
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the terrace conditions proved as a fast surveynsehemvering a large area compared to the detailed

inventory and gained a large training data set.

Applying random forests classification and regmssnodels by embedding environmental
and anthropogenic indicators mainly based on remeising data performed strongly (Table 2) and
proved as valid approach in modeling terrace candit Strength and direction of the effect of the
forced rapid agricultural changes and massive ttes&nt on terrace degradation can be clearly

derived using indicator importance and partial deleece analyses.

Indeed, TerraCE does not serve as universal model in terms ofribisg global generalities
for terrace degradation. It rather improves theeusidnding of the phenomenon of terrace degradation
under forced resettlement in the TGAEWNG ET AL., 2001) since we consider it to be a driving
factor for land use dynamics affecting the terregeditions. The relation between the terracesestat
of maintenance and the cost and profit is validadree-market economy, however, in the TGA also
the motivation to maintain terraces and the familiawith the farming system strongly affect the
‘treatment of terraces’ in a region that accouwntsd ‘socio-ecological landscape’ characterized by
various human-environmental interactions as desdriby BEVAN ET AL. (2012). Foremost, by
applyingTerraCEwe aim at a locally adapted model in order to ss#iee terrace conditions and their
driving factors as well as to explain their effectthe terrace degradation. In this context, weusis
the costs and benefits of the mostly new instatkesh crop oranges as being one reason for thefack

motivation of the farmers to maintain their tersce

The modeling accuracy dferraCEis high; however we assume that its significancete
effect on the terrace degradation can be stillrgeth by incorporating more indicators affecting the
development of terraces such as land tenure, ohipersropping cycle and many more. Here, our
model framework offers an open structuferraCEis readily transferable to other regions when the

requirements on the data are fulfilled.

6 CONCLUSIONS AND OUTLOOK

Terrace degradation under cultivation in the badckwarea of the Xiangxi catchment is
obvious. The sequence of terrace degradation radnges'well maintained’, ‘fairly maintained’, and
‘partially collapsed’ to ‘completely collapsed’ taces. These different terrace conditions serve as

indicators on the process of terrace degradatidreas spatially distributed systematically.

For the first time, it was proven that spatial daiaing tools in combination with specifically
derived descriptive data on the effect of humaiviigtand terrain can be used to derive the stitengt
and direction of the effect of the rapid agriculuchanges mainly due to forced resettlements on

terrace degradation.
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The effect of relief, which can be regarded asntiagor natural driver for terrace degradation
by erosive action is tributary but altered and @idrby land use dynamics associated with the Three
Gorges Dam. Thus, foremost, anthropogenic indisagach as the distance transforms to settlements
and roads affect the spatial distribution of teeramnditions and thus, terrace degradation. With
increasing distances to main settlements and toarajmn routes (main roads and navigable rivers)
and thus local and regional markets, the terragbibi¢ better condition. We conclude this to be an
effect of a higher farmer's motivation to constamtiaintain terraces. The closer the terraces to new
settlements, to the new Xiangxi River shorelined ao the new major roads, the worse is their
condition. The newly developed larger settlememid wads for a better infrastructural connection
serve as preferential routes for claiming new adjucal land and existing terraced farmland forlhcas
crop production as observed bgeBER ET AL (2010) for the Xiangxi catchment. Hence, a faskeas
to terraced farmland via main transportation rousesupposed to be a one reason for the terrace
degradation whereas remote terraces in highert@egaand more distant to the new infrastructuee ar
less attractive farmland for cash crops becaughendlifficult access. We conclude that the tempo of
the land use dynamics hardly considers availabetadafor the restoration of terraces. Thus the
motivation of maintaining is assumed to be drivgn dzonomic decisions. Moreover, a lack of
familiarity with the new farming system hinders adequate terracing by former downhill peasant

previously farming the now impounded valley bottoms

Under the above consideration we mainly assumeethlibrium state (BANcuccl and
PALIAGA, 2006) of the terraces in our study area to bedied by the land use changes associated to
the TGD. This should be urgently addressed byipslgince the cultivated bench terraces have to be

adapted to this new situation in order to keeprtbiectiveness in terms of soil conservation.

The results can help to improve the terrace plapiminthe mountainous TGA and its future
development. Especially against the background lahied environmental carrying capacity in the
TGA the results emphasize the relevance of balarfa@gdan-environmental interactions for a
sustainable land management. Furthermore, thedemasion of terraces is an essential precondition i
soil erosion risk evaluation. Thus, the incorpanatof the local-specific variability of soil erosia@ue
to terrace degradation is an important next stegoiherosion modeling incorporating tierraCE
approach. Here, precise and spatial informatiorthencharacteristics of terrace degradation would
help to avoid over- or underestimations of the sodsion risk potential. Moreover, we intend to
extend the modeling approach toward areas beyandabkwater area directly affected as we expect

the hinterland to be reclaimed in the future.
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