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SUMMARY

The Tarim Riverlocatedalong the northern and eastern bosddrthe Taklamakan Desert in

Xinjiang, NorthwestChing is about 1320 km long and thus one of the longest continental

inland waterways in the world. In an undisturbed state, it is accompanied on both sides by
floodplain forests of Euphrates Popld&opulus euphratica2Ol i v . ) , al so known
Vegetatiom or fiTugai Foresso . These forests form typ-i cal d
cal |l ed A Gr arprevébthertwodleserts, the Taklamakan and theik<Tiagh,

from merging together.

At present, large arsahat were originallyP. euphraticariparian forests have disappeared
with the remainingareasin critical condition.Specifically, the greatest threats over the past
few decades have bedine rising water consumption in the upper and middle reaches and
massive hydrdechnical interventions (comsttion of embankments and dams) in the
development of uncultivated landn€luding the direct clearance of forests) for cotton
production Thesehave led to widespread destruction of the natural ecosystems, particularly
in the lower reaches of thever where about 320 km of the floodplain forests are either
highly degraded or dead te resulf nearly 30 years afver desiccation. Aaconsequence

of these deteriorations, land desertificatioss beeraggravated andhas expanded in the
region.

Becawse ofthe challenges facinthis ecosystem, restoration measures with the diversion of
AEmergency Ecol ogi cal Watheaffettedraassgimce 20@0eTis | mp | e
new process ofecoverymeasures needs efficient and extensive-tengn monitaing. In this
thesis, current restoration measuassimplemented to datre presented and hydrological
dynamics as a function of water diversimreanalysed. The structure, distribution and health
statues (referredo as fvitalityd) of the dominant spdes Populus euphraticehave been
monitored by measuring egnorphological parameters of more than 5000 trees in two
sampling sites (400-ha permanent plot and five random sampling ptdt&0-m radi) at
Arghan village in the lower reachestbe Tarim River in the Xinjiang Uyghur Autonomous
Region of China. The effects of restoration measuretherevitalization of degraded trees
have beemnalysed and assessed by usnjvidualbased repeated measurensenitthetree
data. From dongterm point of vew, and taking labour intensity arttie high cost of tree
height measurements into account, a suitable hdighteter model for obtaininthe tree
height (TH) of P. euphraticabased on the diameter bteastheight data (DBHhas been
developed andvaluated.

The averagannual groundwater depth within 300afthe river channedt different transects
(Yingsu, Karday, Arghanmjecovered significantlgftera second water diversion in 200he
samerising trend in groundwater levelas retained unti2004 started to declinentil 2009,
and then rose agaimtil the end othe water diversion in 201IThe MannKendall statistical



trend testvasappliedto themean monthly and annual groundwater depth of six groundwater
wells at different distansdrom the river onthe Arghan transecfThe trendest forthe whole

time seriesperiod from 2003 to 2011 indicated that there vaastatistically significant
decreasingrend forall wells, butthatfrom January 2010 to December 2ah#& groundwater
level in all wells had a statistically significant increasé/ith the exception o# relatively
favourablegroundwater depth for floodplain forests witldri50 m distanceof the riverbed,

the groundwater depth at larger distances remained far belowcausingmost forest plants
(with theexcepton of the Tamarix sp). to suffer from water scarcity.

Analyses of forest structure, distribution and health status suggesteniaaimum THof

19 m was found within20 m and 10200 m of the river.By contrasta maximum DBH of

126 cm was found within 56600 mof the river. Treesvith a TH of overl5 m anda DBH of

over 60 cm appeared sporadicallfhe maximumCD (crown diameter) 0l6.58 cm(one
tree)was found next to the river bed. There veagelativelygreatvariation in DBHwhen
compared to TH and other eawrphological parameters. On average, stand structure tended
to be simpler as distance from the rivacreased Trees classified as healthy and good
accounted for approximately 40 of all sample treesyith slightly and highly degraded trees
representingnearly 60%.

Someof the ecomorphological parameters of the treesy differently with respect tthe
ecological water diversiomeasuresin particular in the verticalnorth-south)direction, the

farther the trees are from the river, the weaker the response of ecological indicators. These
parameters includdree vitality classes (VS), crown diameter (CBgightto crown (HC),
frequency of root suckernumber of young seedlings, and shoot growagwell as newly
developed crown types &f. euphraticatrees. Generally, the floodplain forests within 200 m

of the riverbed recovered remarkably, and those between 200 and 800 m from the river
showed a medium response to the water transfer, while foregterfthan 800 nawayfrom

the riverbed showed lemssigrs of recovery.

Following the evaluatiomnd comparison othe results from ten commoniysedmodels by

means ofmultiplemodel performance criterigsuch as asymptotit-statistics of model
parameters, standardized residuals against predicted heightodhmeansquare error

( RMSE) , Akai keds informati on criterion ( Al
absolute error (MAB, Model (1): 4 ( p®& Afrp A A and Modd (6):

4( p& $" (FA A $" ( A $" ( are recommended as suitabdboices for
approximatingthe heightdiameter relationship d®. euphratica The limitations ofthe other

models resulting inpoor performance for predicting TH accuratelsealsodiscussed



ZUSAMMENFASSUNG

Regeneration degradierter Tugaiwdder im Auendkosystem entlang des Tarim,
Nordwest-China: Monitoring, Bewertung und Modellierung

Der Tarim verlaft entlang des ndadlichen und @tlichen Randes der Taklamakanwiste in
Xinjiang, NordwestChina. Er ist mit ca. 1320 km einer der lagsten Inlandsflissen der Welt.
Im ungestdten Zustand ist er beiderseits von Auwdder aus Euphratpappeim, de
Tugaiwddern, gesamt. Diese Wadder sind die typische Vegetation der WisAenvdder

und bilden den so@Grinen Korridore, der verhindert, dass die beidem Wisten Taklamakan
und Kuruk Tagh zusammenwachsen.

Heute sind weite Teile der Euphratpappelwddarschwunden, die verbleibenden Fla&hen

sind gefdrdet. Konkrete Bedrohung ist der steigende Verbrauch an Wasserressourcen am
Ober und Mittellauf sowie massive wasserbauliche Eingriffe wie die Eindeichung des
Flusses. Ursache hierfir ist die Erschliefurgn Brachland fir den Anbau von Baumwolle
(inklusive der Rodung von Waédern). Diese Eingriffe haben zu einer weitgehenden
ZerstGung der natiilichen Okosysteme insbesondere am Unterlauf gefinrt, wo auf ca. 320
km die Auwdder stark degradiert oder beredisgestorben sindein Ergebnis von beinahe 30
Jahren fehlenden Abflusses. Folge hiervon ist die Ausbreitung der Desertifikation in der
Region.

Aufgrund der Probleme, die sich fir dieses Okosystem ergeben, wurde 2000 mit der
Renaturierung auf Basis eindr® k ol ogi schen Wasserumleitungif
bendigt ein ausfihrliches und gleichzeitig effizientes Langzeitmonitoring. In der
vorliegenden Arbeit werden die rezenten Renaturierungsmalhahmen vorgestellt und die
hydrologische Dynamik als Folgder Wasserumleitungen analysiert. Die Struktur, die
raumlichen Charakteristika s o wRopuludeaphratidau st a n c
waren Gegenstand eines Monitoring. Hierzu wurden &omorphologische Parameter von mehr
als 5000 Baimen in zwei Sthprobenfl&éhen aufgenommen. Diese befinden sich nahe dem
Arghan am Unterlauf des Tarim in Autonomen Uighurischen Provinz Xinjiang, NW China
und setzen sich aus einer 100 ha grofen Dauerbeobachtungsfl&he und finf zufdligen Plots
mit 50 m Radius zusammemer Effekt der Renaturierung auf die Revitalisierung der
degradierten Bame wurde auf Basis von wiederholten Messungen an Einzelbaimen
analysiert. Um langfristig den hohen Arbeitsaufwand und die hohen Kosten fir die Messung
der Baumhtien zu reduzieren, vde ein Modell fir den Zusammenhang von
Brusthdhendurchmesser und Baumhdne fir Populus euphratica entwickelt und evaluiert.

Der mittlere Grundwasserspiegel in drei Transekten (Yingsu, Karday, Arghan) innerhalb 300
m Abstand zum Fluss erhdite sich in silgkant seit der zweiten Wasserumleitung 2001.
Derselbe positive Trend bestand bis 2004. Danach sank er bis 2009 ab und stieg bis Ende der
Wasserumleitung 2009 wieder an. Die Grundwasserdaten des Arghrasekts wurden

\Y,



mithilfe des ManrKendall Trendtest untersucht. Fir den Zeitraum von 2003 bis 2011 zeigte
sich, dass der Grundwasserspiegel fir alle Pegel signifikant abnahm. Fir den Zeitraum von
Januar 2010 bis Dezember 2011 ergab sich jedoch ein signifikanter Anstieg. Mit Ausnahme
eines Korridors von ata 150 m um das Flussbett, wo das Grundwasser ausreichend hoch fir
Auwdder ansteht, ist der Grundwasserflurabstand deutlich grder als 5 m, was bei den
meisten Pflanzen (mit Ausnahme Tamarix spec.) zu Wasserstress fihrt.

Die Analyse der Waldstruktur, réalichen Verteilung und Zustand ergab eine maximale
Baumhde von 19 m in einer Zone vor20 m und 10200 m um das Gerinne. Der grdie
Brusthdhendurchmesser von 126 cm wurde jedoch in einer Zone vow@Don gefunden.

Baime mit einer Hthe von mehr als 1, und einem Durchmesser von mehr als 60 cm treten

nur sporadisch auf. Der grdte Kronendurchmesser (16,58 m, ein Baum) wurde direkt am
Fluss gefunden. Der Brusthéhendurchmesser war im Vergleich zur Baumhde und dem
Kronendurchmesser variabler. Im Mittel rdi die Bestandsstruktur mit zunehmender
Entfernung zum Fluss einfacher. Ca. 49 der B2ume wurden als Ag
wénrend 60% leicht oder stark degradiert sind.

Einige der &omorphologischen Parameter der Baime verhalten sich in Bezug auf die
Wasseriberleitung unterschiedlich. Besonders in NSidrichtung ist die Reaktion der
&ologischen Indikatoren mit zunehmendem Gerinneabstand schwé&her. Diese Parameter
umfassen die Vitalitdsstufe, den Kronendurchmesser, den Bodenabstand der Krone, die
Hauf igkeit von Klonen, die Anzahl an Jungpflanzen und Keimlingen sowie Sekundékronen
von Populus euphratica. Insgesamt erholte sich der Auwald in einer 2Zathenum das
Flussbett sichtbar, zwischen 200 m und 800 m zeigte sich ein mittlerer Effekt wérend in
mehr als 800 m Entfernung zum Gerinne die Anzeichen einer Erholung weniger deutlich sind.

Auf Basis von verschiedenen Kriterien wie dem Akaikes Information Criterion (AIC), Mean
Prediction Error (ME) und dem Mean Absolute Prediction Error (MAE) wurdem zeh
gemeinhin benutzte Modelle evaluiert und verglichen. Als Ergebnis zeigt sich, dass Modell 1
(TH= 1,3+a/(1+bx € * B"P)) und Modell 6 (H=1,3+BHDRa+b x BHD + c x BHDp
ad&@uate die Beziehung von Brusthdhendurchmesser (BHD) und Baumhde (H) sind. Die
Einschraakungen der weiteren Modelle, die zu einer schlechten Performance in der
Vorhersage der Baumhdhen fihrt, werden ebenfalls diskutiert.
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1 INTRODUCTION

1.1 GENERAL OVERVIEW

Rivers all over the world support natural environments, provide habotatlora and fauna,
contribute tothe preservation of biodiversity and offer space for human activities Hekig
and Rood, 2003; Rood et al. 2003, 2005; Kasahara 20@9). In arid and senrarid regions,
sociceconomic activities are highly dependent on water resources provided by rivegs (Fe
and Endo, 2001; @ and Shao, 2005; Jiang et al. 2005; Shafroth eRGl0), and these
watercourses play a significant role in sustaining normal cycles of-sooimmic systems as
well as fragile floodplain ecosystems. Over the past decades, hoWevdplain ecosystems
have often been disconnected from their 8\e&s a result of population increase, economic
growth, largescale agricultural development, and mismanagement of river oases. Hence,
natural vegetation along both sides of the river ha lswerely degraded (Woolsey et al.
2007; Wang et al. 2008; Chen et2011; Thev011; TuckFatt and Doell, 2012).

The Tarim River is one of the largest inland rivers in the world, along with the Volga, Syr
Darya, Amu Darya, and the Urdl&i et al.2006). It is mainly supplied by glacial and snow
meltwater andby precipitation fromthe Tianshanmountains Over the past 50 years, due to
climate change and rapid so@oonomic development, many tributariémve been
disconnected from the Tarim River. fptesent, only the Aksu River, Yarkand River and
Hotan River remain connected to the Tarfig(1.1).
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Fig. 1-1 Location of the Tarim River Basin.



The Aksu River is the primary water sourcejtasunoff makes up 736 of the main steam

of the Tarim (Halik et al. 2006; Chen et aD11). Floodplain forests distributed along the
river are extremely important natural barriers supporting the ecological stability of these areas.
Populus euphratic®liv., found in the extremely dry areas of Central Aai@the dominant
speciesMore than 9®% of existing floodplain forests along the Tamwonsistof this species
(Songet al2000; Huang2002). These forests, as a safeguard for the cycle of albeto
activities, provide a wide range of ecosystem services (ESS) and functions $eE8F)as
protecting biodiversity, reducing the impact of sandstorms, moderating desertification,
regulating oasis climate, fertilizing forest soils and maintaining etesybalance (Huargt

al. 2010). Therefore, the protection of the floodplain forests is of crucial importartbe
long-term social and economic development of the Tarim River Basin (&oalg2000; Ye,
2005; Wu and Tang, 2009).

Due to these unique natural conditions, all human activities and natural floodplain ecosystems
directly or indirectly depend on the Tarim River as their key water supplier. Irrigation for crop
production (mainly cotton) is the largest water consumer in ehiire basin. Climate
conditions in this regiorhave beerlikely to be more conducive to increased river runoff
during the recent years, bait the same time the numberagfricultural areas with high water
demandhasbeen increasing rapidgs well(Songet al.2000; Xuet al.2008; Suret al.2011;
Thevs2011). Consequently, water scarcity in the downstream of the Tarim River has been
exacerbated due to growing water demand for irrigation along the upper and middle reaches.
Thus, the natural flood regineg the main stream has been completely altered, resulting in
uneven distribution of river runoff, desiccation of rivers and lakes, groundwater level decline,
vegetation deterioration and ecosystem degradatiore{’8li2008; Cheret al.2010; Haliket

al. 2011). The ectydrological processes in the lower reaches have been affected to a high
degree as a consequence of the human changes in spatial and temporal patterns of natural
water resources at the upper and middle reaches. The last 320 km of thévenashannel

and lakes have dried up, groundwater leVesgedeclined, riparian vegetatidmsdecayed,

and desertificatiorhasincreased (Haliket al. 2009; Zhuanget al. 2010; Cheret al. 2011;
Zhanget al.2012). The mainproblemof land and water management in the Tarim Basin is
depictedn Fig. 1.2.

Since 2000, in order to restore and reconstruct these highly degraded floodplain e®system
the Chinese governmertasinvested 10.7 billion RMB (approx. 1.8 billion US dollars) to
implement the Ecological Water Diversion Program (EWDP) for the lower reaches of the
Tarim River. The implementation of this project has produced positive effects on the eco
environment. It waaccompanied by extensive research conducted from different perspectives
(Chenet al. 2004, 2006, 2008, 2010, 2011; X¥ual.2007, 2008, 2009; Zhoet al.2008a,b;
Halik et al. 2009, 2011; Duaret al. 2010; Liu et al. 2012) in order to evaluate the
effectiveness of this project. Thesesearch efforts haveainly focused on the restoration of
hydrological process integrity (Wu and Tang, 2009; Chaeml. 2010), groundwater level
recharge (Howet al.2007a,b; Yeet al. 2009a,b,¢ Keilholz 2014 andthe ecophysiological
response of floodplain forests (Chetnal.2004, 2006, 2008; Xat al.2008, 2009; Halilet al.
2009, 2011)This researcthasalso revealed controversial issues regarding ecological water
diversion practices. For examplbgere is the gestion ofhow to achieve maximum positive
recovery ofadegraded floodplain ecosystem by using the limited water resources rationally
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The main goal of this Phl@hesisis to contribute tothe sustainable management thfe
endangered Tarim riparian forestosystem. The specific objectives are to addhessurrent
ecological problems and forest degradation along the lower reaches of the Tarim River
(particularly in Arghan)and thegovernmernts effort to tackle these problems adestore

the highly degraded riparian ecosysteMore specifically, we examine the stand structure,
distribution and status quo conditions Bf euphraticariparian forests alongvaterlimited
gradients in our permanent sampling plats Arghan analyze the spatial and temalor
dynamics of groundwater depth arftbodplainforest recovery associated with water
diversion and evaluate the restoration effects #alr limitations and challenge#n thefinal

part of the thesjsthe modeling of forest structure carried outfor the further purpose of
long-term monitoringof this species. The results provide 1) holistic information about this
species in the region; 2) scientific basis f
the optimization of future water diversiechemes; 3) last but not leatste research results

also offer guidance to decision makers and forest managers for sustainable management of
these existing endangered species.
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Fig. 1-2 The majorproblens of land and water management in the Tarim BaSou(ce: Cyffkaet al.
2013)

1.2 POPULUS EUPHRATIC/AS THE DOMINANT SPEGESIN THE TARIM RIPARIAN FORESTS

Populus euphratic®liv., found in the extremely dry areas of Central Asia, is the dominant
tree species considered in this work (Fig. 1B8)euphraticais the world's most important
gene pool , and is also known as the Al eaf p
new species of the genus Populus, family Salicaceae, a perennial deciduous forest tree (Wang
et al.1996). It is a remnant of the original Tertiary species (Watreg.1996). Qin R., (1959)
has estimated that this species has existed for about 300 to 600 million years, and it has been
3



hail ed as "living fossil o0 of199%)nThdéP.eemphratisape ci e s
was first described in 1801 by Oliviercanamed after the river Euphrates (Wang €1296).

Pt -

e A
e

B VSRR L S

Fig. 1-3 P. euphraticapopulations and individual treega) relatively healthy population; (b)
degenerated population ¢f. euphraticancluding Tamarixsp; (c) individualP. euphraticaree with
good vitality; (d) degradeB. euphraticaree.(Photos: Halik, 2004, 2011)

It is also on the Tentative List of the United Nations Educational ®fteeand Cultural
Organization(UNESCO). (For more informationhttp://whc.unesco.org/en/tentativelists/5532/
The distribution range d?. euphraticastretches across the three continents of Europe, Asia
and Africa and is present twenty countries surrounding the Mediterranean Sea (Hj A

large proportion of this species is distributed in the arid and seidi desert areas of
Northwestern China and Inner Mongol{@ables 1.1 and 1.2) P. euphraticais mainly
distributed in economically poor are@&/anget al. 1996) 61 % of them are distributed in
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Chinese territory (Table.1). In addition thelargest remaining stocks Bf euphraticacan be
found in Central Asian Countries, particularly in Kazakhsin China, gproximately 91%
of the stands are distributadainly in the Xinjiang Uyghur Autonomous Region (Takle?).
Among them, nearly 906 of the existing Euphraticaforess in the Tarimriparian forest
ecosystenareof this species (Songt al.2000; Huang 2002).

Fig. 1-4 Geographical distribution d®. euphraticain the world Source: Chaet al.2008)

Table 1-1 Distribution and area d®. euphraticaforessin different countries in the world (ha)

Count Central

fies China | Asian Iraq Iran | Syria | Turkey | Pakistar] Afghanistan | Spain| other | total
countries

’?;Z? 395200 200000 | 20000 | 20000 | 5818 | 4900 2800 n.d. <1.0 [ n.d. 64371

Percental 61.0 30.8 31 | 31 | o9 | o8 0.4 n.d. nd. | 100

ge (%)

*Estimated figur€SourceWanget al.1996).

Table 1-2 The distribution siteand areaof P. euphraticaforessin China (ha)*

Xinjiang Uyghur Autonomies Region |
Location area (ha) M nnerl. Gansu|Qinghai Ningxia| total
Tarim Basin Junggar Basin ongofia
Area (ha) 352200 8000 20000 5000 sparse 395200
Percentage (%) 89.1 2.0 5.1 3.8 100

* According to the statisticprovidedby the Forest Bureau &jina, Inner Mongolia Presently the total area of
P. euphraticastands in Inner Mongolia (including sparse stramounts to 22700a (Source: Wanget al.

1996).




1.3 CONSERVATION OFTHE RIPARIAN FOREST ECOSSTEM IS THE KEYTASK

Like anyother inland rivers in the world, the Tarim River is the key water source for all kinds
of human activities (drinking, irrigation, industrgtc.) and for the natural riparian forest
ecosystems in the TariRiver Basin(Fig. 1.5).

Glacie meth'ecipitaion in the mountain

River runoff

Agricultural Industry Grassland utilization Riparianforest

irrigation Oil exploitation Biodiversity conservation Carbon sequestration

(mainly cotton, wheat) Industrial water consumption Raw material for Regulate climate

Crop yields construction Wind protection

Yields of by-products(Oil Settlements Grazing Sand fixation

& fodder from cotton House hold water, Consumption Biodiversity

seeds) & samll-scale livestock Water conservation
consumption Fodder ,fuel ,wood

Recreation

Fig. 1-5 Water supply and the water use of different sectors along the river (slightly mou
Source: Thes2011).

P. euphraticariparian ecosystems along the Tarim River proadeide range of ecosystem
serviceswhich have crucial impacts on the wbking of humans anithe ecological security
of the region. In addition tahe impact of climate change, it is alreadglear that
anthropogenic disturbangesuch as populatiogrowth, massive land reclamatipand the
overutilization of water for agriculture and industrias well as rapid urbanizatipare all
responsible fothe degradation ofhe natural riparian ecosystem. Over the past decdles,
natural flow regimes of the Tarim River have been sigaiftly altered and their harmonious
relationships withthe riparian ecosystem have beafiected and damageds a resultthe
original ecosystem service and ecosystanction (ESS/ESF) othe natural riparian forests
could not be delivered sustainabfAs mentioned abovehe Euphrates poplas the dominant
species otthe Tugai forests in the Central Asian desetsl plays an irreplaceable role in
maintainingthe sustainable development of these regions. One of the major ESS&HEF is
shelterbelt function anthe prevention of desertification. Particularly in the lower reaches of



the Tarim River, the protective function of these species cannot be replaced with any other
artificial measures.

From Fig.16, it is not difficult to seetita( 1) t hey form the so call
prevent the two deserts, the Taklamakan and threk<Tiag from mergingtogether;(2) they

are a natural effective shelter belt for tilstrategically importanNational Highway No218

which connects Xingng to inner Chinaln this context,the Chinese governmenhas

therefore declared the conservationPofeuphraticaforests along the Tarim Rivessone of

the eighteen key projects in their implementation of the UN Convention to Combat
Desertification (CCICCD, 1996).

X 7/ Fecuphraficutiparan fosdsl s

T

Fig. 1-6 P. euphraticariparian forests distributed betwe#re two main desertsf the Taklamakan
and KurukTag Theresearch area in Arghan ércled onthe map. The location of Arghan in tl
Tarim River Basin can be seenFig. 1.1



The present thesis consists of seven chapters. Chapter 1 has presented the research
background and motiian. Chapter 2 introduces the study area in the lower reaches of Tarim
and the plots of land under investigation, as well as the methods and data processing
employed. Chapter 3 presents an overview of the restoration measures, their background and
the graundwater dynamics that have resulted from the-made ecological water diversion.
Chapter 4 highlights the stand structure, distribution and vitality of the existing P. euphratica
riparian forests at different hydrological conditions. Chapter 5 focus#dseorhange patterns

in the ecemorphological parameters of the regenerakedeuphraticatrees. Chapter 6
attempts to model forest structure for the purpose of-terrg monitoring plans. A general
discussion and conclusions with regard to each resytirasented in Chapter 7.



2 MATERIAL SAND METHODS

2.1 NATURAL OVERVIEW OF THE STUDY AREA

2.1.1 GEOGRAPHY

The Tarim River is located irthe Xinjiang Uyghur Autonomous Region (XUARIn
northwest China. Th41lAa3/N4g 0 NgNBESiArB GMIBIVAPHENING Nl
for its rich natural resources and vulnerable ecosystems (se.BEigTher i v enaird s

stream, measured from the confluence of the Aksu, Yarkand, and Hotadowen tothe
terminalLake Tetima (syn. Taitema Hu) is about 1321 km long (Ri@) (Chenet al.2010;
Lametal2011). Our research area is | ocated at
between the DaxihaiReservoirand Teitma Lake (syn. Taitema Hu)in the lower reaches of

the Tarim River(see Fig2.2).
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Fig. 2-1 Sketch map of the Tarim River and its three main rea¢B8esirce Kurban2013

The riverbed is divided into two branches at a distance o0 &«#2 from the Daxihaizi
reservoir. The western branch is the old Tarim River; the eastern branch is the
Qiwinkol/Chiwinkol River. The two branches are roughly parallel to one another, and
converge at Arghan where vegetation coverage is relatively high landeftects of
anthropogenic impacts, such as of grazing and fuelwood hisuyemte not significant ahe
sampling sitesBecause othis, Arghanwasselected aan ideal location for the evaluation of
water diversion practices antheir influence on therehabilitation of riparian forest

ecosysters



LOWER REACHES OF TARIM RIVER

Project Area
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Fig. 2-2 Location ofthestudy areat Arghan along the lower reaches of the Tarim River

2.1.2 CLIMATE

The Tarim River Basin area is locatedan extremely arid climatic zonbgingvery hot in

the summerand very cold inthe winter. Thae are manyhermalresourcs, there is a large
temperature difference betweéay and nightandsunnyand dry at timessandy (sandstorm)
weather is frequenfThe annual precipitation is aboisi 20 mm andthe potential annual
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evaporation is about 2,508,000 mm (Song et a200Q Xu et al.2007 Wu and Tan@009
Aishan et al2013. Fig 2.3 showssome ofthe climate characteristics of orgsearch areat
Arghan- themean monthlynaximum precipitation iseen to béess than 6 mm.

80 18
s mean monthly precipitation (mm)
—m—mean maximum daily temperature
—&—mean minimum daily temperature )
—#—absolute monthly minimum temperatuse)(

e

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

60

N
o
[E
N

Temperaturgs )
N
o

Precipitation (mm)

o

Fig. 2-3 Climate characteristics of the research atesrghan

2.1.3 TOPOGRAPHY AND GEOMORHOLOGY

The downstream ahe Tarim River is locatedn the eastern fringe of the Tarim Basirhe
averageabove sea level (m.a.s.l.) is between 886860 m(Songet al.2000) Generallythe
overallterrain is high irthewest low in the east, and slightly tiéd from north to south. Thus,

the river flows southeasfrom the Daxihaizi Reservoir to Arghamand then turrs south
towardsTetima Lake.The slope of the terrain&s b o u t(Sor®yet al.2000) There are three

types of landformgFig. 2.4) a) Alluvial plains: these are located along both sides of river
channel. Fluvial dowatutting is generally about-83 m (Zhao and Chen, 2008). Terrain is
mostly flat; vegetation coverage is relatively high so that wind erosion and desertification is
not so remarkableéh) Aeolian landforms: because of the intermittent water formed by rains,
large barren patches are found in the certain areas, where vegetation is highly degraded,
leading to strong wind erosion, with resulting erosion trenches and Yardang mounds. Aeolian
landforms include sand and dunes with grass and shrubsfisethdunes, seminobile and
moving sand dunes. c¢) Lacustrine plains (or lake plains): the terrain is very flat and dominated
by sand and load sediments. In the dry lakebed, the surface oftéstcohs soft salt crust
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Fig. 2-4 Typical landscapes fahe different types of landforms in the lower reaches of the Te
River (Photosfrom top to bottom represent alluviaeolianandlacustrinelandforms, respectively
Photos Betz, September 2033

2.1.4 HYDROLOGY

Due to the unique geographical locationtle¢ Tarim River Basin (i.e.far away from the
oceanandsurrounded by high mountainsie waterof the Tarim River is mainly supplied by
the melting water from glacigrand snowin the mountainsThere is almost no branch runoff
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from the waterflowing from the mountainsandinto the main stream of the Tarim River. Over
the pastfew decades, the waterofiving into the Tarim River snain stream hadecreased
from 14.8 x 10 m® in the 1960s to 2.38 x 1®m® in the 1990s as the result of significant
reduction inthe original water into the Tarim Rivdrecause ofinreasonable exploitation and
fast increase in water consumption on the upper and middle reacheswatérsupplying
rivers After the construction ofhe Daxihaizi Reservoir irthe 1970s, the Arghan area has
becomedried up until the start dhewaterdiversion project in 2000. The amount of water in
the terminal lakéleima inthe 1950s(4x10°b 5 Pnf)@vas reduced to 0.23xEan® in the
1960s. Since then, Tieta Lake has never been supplied with river water until the
implementionof thewater diversion project (Tab21).

Table 2-1 Changes in water volume at each section in the lower reachies Tdrim River before
water diversion (x18m?).

Qara
Period Tikenlik Arghan Tf“kma
Runoff from | Runoff diverted | The total G
Tarim River from Kongi River | runoff
19571960 14.8 0.00 14.8 8.9 longterm 1 /4 16500
flooding
19611970 10.39 0.00 1039 | 2.88 SRR | 6 o
flooding
19711980 6.45 1.00 7.45 0.47 desccated desiccated
19811990 3.77 2.01 5.78 0.36 desiccated | desiccated
19911995 2.38 2.26 4.64 0.06 desiccated | desiccated
Average drying for 25 | drying for
(19571995) v LA it A5 years 27 years

*Note: Kongi River is also known as Kongque River or Kaidu Ri{@ource:Song et al. 200D

There are two main reasofe the reduction inthe amount of water delivereth the lower
reaches ofthe Tarim River. One reason is th#te diversion of waterfor nonecological
purposs in the headstream has increased. awerage annual runoff from three main water
suppliers the Aksu, Yarkand and HotaRiver§ was 194.00 x 1&m® from 1957 to 2009
while the annual average water deliveredn®main stream of the Tarim River was 44.20 x
16® m®. Whenthetotal amount of \ater in the headstreams was 178% m® over theperiod

of 19571959, the amount of water into the Tarim Riveasw9.40x 10° m®. By the yeas
20002009, despitethe amount of water ithe headstreambeingincreased (207.60 x fam®),
thewater supplyto the Tarim River decreased to 36.50 £16° (Table 4). Another reason is
that water consumption in the upper and middle reachesipasicantly increasegas has
alreadybeenmentioned.
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Table 2-2 Total runoff in the three main water suppliers (Aksu/Yarkand/Hotan Rivemd the
amount of water flowing into the Tarim River (x36°).

Period Total runoff ?n Aksu, Yarkand The amount_ of water flowing into
and HotarRivers the Tarim River
19571959 178.00 49.40
19601969 188.90 50.60
19701979 192.50 45.20
19801989 185.90 44.80
19901999 204.70 42.50
20002009 207.60 36.50
Average (19571959) 194.00 44.20

Source:Song et al. 2000

As the result ofmultiple disturbances tdhe spatiotemporal distribution pattern of water
resourceslong theentire Tarim RiverBasin the lower reaches afe Tarim Riverpast the
Daxihaizi Reservoir had be@ompletelydisconnected from water supply foearly30 years.

This led to widepread andevere degradation dffie riparian forest ecosystendue to the
negative effedof a sustained decline of groundwater levels. For example, the groundwater
depth near Arghan dropped from 7.0 m in 1973 to 1#156 2000;the decline was 5.56 m
(Table2.3).

Table 2-3 Changen groundwater depth at different traots in the lower reaches tife Tarim River
for differenttime periods before water diversion

Gr o u n ddweapfrghr

Locat.i Longitud Latitud
1973 1989 1997
Yings| ES87AS5B8 BAp| NA40A2E4 QA2 6.00 8.00d 944
Karda| ES8AGB8®AL| NA4OA2F 4 0 A2 5.8 10. 0 1113
Arghal E88A2D8B8AR| N40AGB4 6 A 7.04q 10. 4/ 1256
Yi ganb| E8S88A2R8&AR| N39A4E32ANi4 6.20 135 129 2
Korghi{ E88A2E82AR| N39A3E343A3 2.39 3.14d 5609

Source Xu et al 2008
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2.1.5 VEGETATION

Zonal vegetation in the Tarim River Basin belongsh® class otypical desert vegetation
characterizedy temperate senshruts and shrubs. However, naaonal grassland vegetation
can also be found ithe lowlands on both sides dfieriver floodplairs. This results irsparse
vegetation comprisedf riparian trees, lwubs andhe herbaceous plants this region (Table

2.4).

Table 2-4 Main plantspeciesn Arghan

Plant groups

Family name

Botanical name

Annual herbaceous

Chenopodiaceae

Salsola collinaPall

Perenniaherbaceous

Gramineae

Phragmites australigCav.)Trin

Typhaea

Typha angustifolid..

Leguminosae

Alhagi sparsifolia B.Keller et Shap.phap.

Leguminosae

Glycyrrhiza glabraFisch.

Asteraceagompositae Karelinia caspicaPall) Less.
Asteraceagompositae Inula salsolodidegTurcz.) Ostenf.
Apocynaceae Poacynum hendersor{iHook. f.) Woodson
Subshrubs Chenopodiaceae Halostachys caspicéM.Bieb.) C.A.Mey

Tamaricaceae Tamarix ramosissimaed.
Tamaricaceae Tamarix hispidawilld.
Tamaricaceae Tamarix hohenackeBunge.

Shrubs
Tamaricaceae Tamarix elongatd.db.
Solanaceae Lycium ruthenicumMurr.
Leguminosae Halimodendron halodendrofiPall.) Vass
Salicaceae/willow Populus euphratic®liv.

Trees

Elaeagnaceae

Elaeagnus angustifolia

Source: Ashan2011.

This vegetation is also known &Bugai vegetation Vegetation degradatias apparentwith
desertificationbeing very serious irthe Arghan transectThe grasslandregetation between
theYingsu and Arghartransect had beemearly dried upwith theexcepton of some ares
close to the river flooding zonéarge aresof dead vegetation such agcium ruthenicum
Murr. and Halimodendron halodendro(Pall.) Vass could be seen on the surfadee main
vegetaton types arghe desert poplaiand the Tamarix but most of them areither over
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matured or deadn most caseghe Tamarixis distributed as thgroupof several tamarisks
The distribution width ofthe vegetation is gradually becoming narrower frésmghan to
Yiganbujimag with a width ofless than 2 kn{Songet al.2000) Many vegetation types are
highly degenerated, and most of the poplar trees areamest anchavealreadylost their top
green branche$n addition,the Tamarixgrowing onthe sanddunesappeaito be deadTable
2.4 showsthe main vegetation typesncounteredn our study area e.g.,the main trees are
Populus euphraticaOliv. and Elaeagnus angustifolid_.; the main shrubs arelamarix
ramosissima_.edeb., Tamarix hispidaWilld., Tamarix elonga Ledeb.,Lycium ruthenicum
Murr., Halimodendron halodendro(Pall.) Voss. Halostachys CaspicéM. B.) C. A. Mey.,
Poacynum hendersonfjHook. F.) Woodson.Alhagi sparsifolia(B. Keller et Shap.) Shap.,
Glycyrrhiza inflata Bat., Karelinia caspica(Pall.) Less. Inula salsoloidegTurcs.) Ostrnf.,
andHexinia polydichotom#&Osten.) H. L. YangZhanget al.2005; Haliket al.2006; Aishan
et al.2013 and 2015).

Herbal plats, such asSalsola collina Pall. and Inula salsolodides(Turcz.) Ostenf.,
predominantly growcloseto both sides of riverbedit distance of greater thaltD0 mfrom
the river, apocynum, caspica, sparse leaves sparsifolia, licorice and other dserlsll as
dead roots of reed can be fourd.distances greatehan600 m,one mainly encounterB.
euphraticaand Tamarix More than 6% of the P. euphraticatreesact asthe key species in
our study aredFig. 2.5 andarethe main target othe restoration project being implemented
at thismoment.

0,38%

® P.euphratica
m Tamarix and other shrubs

Herbaceous plants including Phragmites

Fig. 2-5 Proportiors of different vegetation types ime study area athe Arghan sectionSource:
Wang2008.
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2.2 SOCIO-ECONOMIC CONDITIONS

Sincemany human activities anthe development of naturacosystemslepend highlyon

both surface water and groundwater water availatalgprovided by the Tarim River, any
form of unsustainable water usan easily lead to severe water conflicts and ecological
consequences:ig.2.6 showsthe changes in annu#&btal population, irrigation area in the
Tarim Basin, and the cotton production area in Aksu. The annual total population had
increased from about 4.873 xih 1953 to 22.328 x 10in 2012,rising by about 4.58 times
when comparedo the total populatio in 1953.The irrigationarea in the Tarim Basin also
expandedfrom approximately0.7x10° hain 1949 toabout1.80 x 1(° ha in 1998, with an
average annuarowtharea of 22x18ha Feike et al. (2015) found thtite cottonarea inthe

Aksu region experienceal largeincrease over the periaxf 19892011 (from 50 x 18 ha to

350 x10* ha).
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2000 { —=— Irrigation area in the Tarim Basin (x 10%
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Fig. 2-6 Change irthe annual total populatioriheirrigation area in the Tarim basin atite cotton
production area in AksuData source: total population data for the years 1953 and

(http://en.wikipedia.org/wiki/Demographics_of Chjntherest of the totapopulation datgTuergong
2014); data fothe irrigation area in the Tarim Basin (Zhet al. 2000); data forthe cotton area in

Aksu (Feikeet al.2015)

Such a rapid enlargement populationgrowth and reclamation of irrigation land (mainly
cotton fields) had negative effed on the river hydrological systenwith the continued
reduction of flows to the Tarim River) anldlad consequentlychangedthe sustainable
coexisting balance between natuthk riparian forest ecosystem and the Tarim River.
Particularly the dependence dliie lower-Tarim riparian forest ecosystem, dominated Ry
euphratica on the river flows, river channel movement, the size of flooding area and
favorable groundwater deptlas well ason the soil water contentwas highly disturbed.
Accordingly, the total area d¢f. euphatica riparian forests decreased from 45.98 £ b@ in
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1958 to 24.59 x 106 ha in the early 1990s (Fig. 3.7More seriously, large areas Bf
euphraticain the lower reaches of the Tarim Ri\dgcreased in siZieom about 5.4 x10ha
in 1958 to 0.67 0" hain the early 1990s; almost 87% of P. euphraticaforest area had
been lost.

50
45
40
35
30
25
20 —

m1958 m=m1978 199 s

Area (I 10* ha)

. - -

Upper reaches Middle reaches Lower reaches Total

Fig. 2-7 Area ofthe P. euphraticaforess along the upper, middle and lower reaches of the Tarim
River (Datasource Gieseet al.2005)

The irrigationarea in the lower reaches of the Tarim Rivare mainly found in Lopnur
county andDivision 2 (stateownedfarm), with irrigated ares of Division 2 beingthe main

part oftheii Gr e e n  QOaichrinclubes thestateownedfarms 31, 32, 33, 34, 35 and 36.

At the same time, thegre as the main agricultural producer, an important pateifegional
economy. Owing to the high wateeedsarising fromagricultural irrigation, the water in the
Tarim Riveris always sufect to medhg thesedemands. In addition to the degradatiorihaf
natural riparian ecosysterthe sociecultural system with which it is closely connected has
also been disturbedFor instance, the abandoningtbé Loplik village due to water shortage

in old Yingsu in the lower reaches of the Tarim River is a typical examipleultural
degradationAccording to Hoppe (2006), the village had been given up in the early 1960s and
is currently in ruins. After nearly 50 years of decay, the village and its architecture still offer
clear evidence afe Loplik culturethatused to thrive along the loweeaches of the Tarim
River (Fig. 2.8) As Halik (2006) explained, this situation might changéhe comingyears

since the lower reaches aseheduledto receive water supplies frotme ongoing water
diversion practices. s worth notingthat as the wateliversion project to the lower reaches

of the Tarim River haprogressedthe degraded ecological environment &asn significant
improvementsand there has been an increasing trenliv@stock activities along the river.
However, in the current hydiagical regime, no resettlement the old Yingsuhas taken
placedespitel 5 years of nAecol ogical restorationo
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Fig. 2-8 Parts of the abandoned Loplik village in Yingsa the lower reaches of the TariRiver
(Phota Halik, May 2015.

2.3 PLOT DESIGN AND DATA COLLECTION

2.3.1 DESIGN OFLONG-TERM INVESTIGATION PLOTS

To monitor riparian forest conditions fémngterm purposg and to assess the response of
ecomorphological parameters &f. euphraticatrees under current forest management, two
long-term ecological investigation plots were set upthe Arghan transect (188 km to
Daxihaizi reservoirjn July 20Q! by cooperativeesearch groups of the Xinjiang University
and the Berlin Technical Universi(iig. 2.9). Taking into account the distance from the river
channel, tree density and surface conditions, one permanent sampling sit2 $bigvith
total area of 100 ha (10fjuare plotseach 100 x 100 mn size) and one random sampling
site (Fig2.9%), with five 50-m radius circle plots at different distances from the river channel
were establishedRlots P1, P2, P3, P4 and RBre set up at different distances from therriv
channel
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Fig. 2-9 Locatiors of the two study areas at Arghata) permanent sampling plots, and (b) random
sampling plots. Map based on QuickBird imagleenin 05. July 2006, grid size: 100 mx100 m.

2.3.2 MEASUREMENT OF TREE RRAMETERS

Field measuremesfor almost 5,09P. euphraticarees within these plots were conducted in

the growing season of vegetation from 2004 to 2011 by extensive terrestrial investigations in
combination with higkresolutiom  (60-cm) QuickBird satellite image Before the
establishment of this monitoring base, mdkw-resolutior) satellite images (TM/ETM+,
SPOT and CBERS) had been used for monitoring the dynamics of riparian vegetation (Zhou
et al. 2008a, b; Liu et al. 2013). Due to the heavy workload of field investigation and harsh
growth conditios, sampled treeat Site A(Fig. 2.9a) had beemrmeasured once every 5 years
(detailed forest inventory data foine yeas 2004 and 201were available for this plot),
whereas treeat Site B(Fig.2.%) had beermeasurd once every 3 years (detailed forest
inventory data forthe yeas 2004, 2007 and 201ivere available for this plot). Major
parameters such as vegetation coverage, canopy density, tree height (TH), diameter at breast
height (DBH), crown diameter (CD), crown loss (CL), number of new shoots, root suckers,
andgeographical cadlinatesas well agligital photoswere observetbr each treeluring the
vegetation seasatthe permanent observation plots.

2.3.3 COLLECTION OF HYDROLOGICAL DATA

Data for volume and time of 12 water diversion events and groundwater dyrsantieshe
initiation of the project inthe year 2000 have been supplied the Tarim River Basin
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Administration Bureau (TRAB). Thewere collected atlong-term groundwater monitoring
wells at 10 transectsat 90 to the main water flowing channel betwe@axihaizi Reservoir
and Tetma Lake Table 2.5.

Table 2-5 Layoutof groundwater monitoring wells along thanler reaches of the Tarim Riv®R
stands for Adi 3tance from the rivero

Code G218
From of the DR National
Daxihaizi | Transect mgnit m) Layoutof the monitoring wells H?ghway
(km) oring distance
wells (km)
Cc2 50
C3 150
ca 300 ? C2 C3 c4 C5 C6 c7
60 Yingsu (C) PH—FH—FH—F ., b 929
C5 500
C6 750
Cc7 1050
El 50
E2 150
E£3 300 2 E1l E2 E3 E4 E5 E6
110 Karday (E) @ @ @ @ @ @ 951
E4 500
E5 | 750 ’
E6 1050
G2 50
G3 150
Ga 300 ? G2 G3 G4 G5 G6 G7
190 | Arghan (G) PHFH—FH—F ., o, 984
G5 500
G6 750
G7 | 1050
11 50
12 150
I3 300 11 12 13 14 15 16
328 | Korghan() | | [ ? HF—F—F ™, o, 1048
15 750
16 1050
J1
346 Tetima (J) J1 100 ?

Source data from TRAB

' TRAB has established these 9 monitoring transects at Akdun (A), Yakupmahan (B), Yingsu (C), Abdal (D),
Karday (E), Tugmalla (F), Arghan (G), ¥igana (H), Korghan (l) and Trefd Lake (J). In this thesige only

refer to data from Yingsu (C), Karday (E), Arghan (G), Korghan (I) &md Teke (J). These transects are
shown in Fig. 2.
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Specifically, the groundwater depth data used for Yingsu, Karday and Arghan befstarthe

of the water diversion were taken from Song et al. (2000). This work considers data from the
five transects of Yingsu/C (60 km to the Daxihaizi Reservoir), Karday/E (110 km) and
Arghan/G (190 km), Korghan/I (328 km) and Tetima Lake/J (346 km). Fetr @fethese three
transects, groundwater data from different wells ail6@56m, 300m, 508m, 75Gm, and
1050m distances from the main river channel were provided. Due to unavailability of the
latest groundwater data, only data from 2003 to 2011 weesl dor this thesis. The
groundwater monitoring wells at the Tetima Lake were established in 2009. Therefore, we
used the available data from 2009 to 2011 for the terminal laked.eti

2.3.4 COLLECTION OFMICROCLIMATE DATA

Consideringthe distribution d vegetation andhe differences of wind factors in space and
time, four automatic weather statiorted WatchDogSpectrum 200Gerie$ were set up in
Arghan in November 201las part of theSuMaRiO project(Fig. 2.10) The climatic
parametersof wind speed, wind direction, soil surface temperature, solar radiation,
precipitation and humidityamong othersyvere collected automaticalign an hourly basis
The climatedata used in this thesis were obtaifienin thefour climate stations ithe study
areaused inthe SuMaRIiO Project.

Fig. 2-10 Location of theinstalled weather stations ithe study areaat Arghan Map based on
QuickBird image taken i05. July 20(%; Photo: Betz2013
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24 DATA PROCESSING

Hydrological data, meteorological data, terrestrial forest inventory data and QuickBird high
resolution satellite data are used in this thesis. Data for volume and divertinggimell as

the duration of water releasing events and groundwater dynasimice theinitiation of the
project have been supplied lilge Tarim River Administration Bureau (TRAB). Groundwater
variation before and after water diversias, well aggroundwater dynamicat the monitoring

wells at different distances from the riyevere processed with the Microsoft Excel 2010
software. Monthly and annual trend test groundwater depth variation were performed with
the combination of p a ¢ khe & gregrammirtg danguageihd i Ke n (
ArcGIS 10.0 software was used for buffer analyaml the structure and distribution patterns

of themain tree parametersuch as TH, DBH, CD, CH and Clwere plotted using R artte

Origin Pro 8.5 software. Distribution maps trees of different vitalities, young seedlingsf
different DBH,and ofnewly developed shoots and root suckers were obtained using ArcGIS
in conjunction witha GIS database established by integrating QuickBird data with terrestrial
field survey data. Fitstatistics and model parameters for modellthg heightdiameter
relationship ofP. euphraticatrees were estimated usinthe R programming language (R
Development Core Tea@013).The statisticallifferences of CD and CH datacross thdive
random samjohg plots and of temporal changes within these plots were tested ushwagne
ANOVA followed by Tukey's post hoc test. Results were presented as mean values
plus/minus thestandard deviation. Bewhisker plots wereconstructedwith the SPSS
Statistics19.0software(IBM, Armonk, NY, USA) and R.
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3 MONITORING THE HYDROL OGICAL RESPONSE TO
RESTORATION MEASURES

As mentionedn the previous chapters, groundwater plays an important role in water supply
for degraded riparian vegetation and the sustainable development of arid regions. The lower
reaches of the Tarim River are extremely susceptible to watdtiatenNot only is
groundwatetthe main source dtoodplain agriculture, but also maintains the regeneration

of natural vegetatiorfCui and Shao, 2005; Chet al. 2010; Caoet al. 2012) Like other
inland rivers worldwide, the lower reach of the Tarim Rigea typical example ad highly
degraded riparian ecosystem resigjtfrom along-term disconnection between hydrology and
ecology. To counter thewidespread ecenvironmental consequences in the region, -man
made restoration measures (i.e., water relaageshe affected arephave beemmplemented

in recent yearsstartingin May 2000. One of the mamoalsof these attempts is to reconnect
theriparian vegetation to its flood regime by replenishing and purifihegroundwater with

the river runoff. In this chapteran overview ofthe restoration measures implemented from
2000 to 2011is given andthe corresponding spatial temporal groundwatesponses as
induced by these measures at the representative traargecltiscussed. Additionally, the
contribution of these measurés the groundwater deptfat our targeted research araa
Arghan is examineth detail

3.1 OVERVIEW OF WATER RELEASES

Water diversion to thel a r i lowérs reaches is one of severargescale ecological
engineering projects inorthwestChi nadés (e. g. , I ntegrated Man:
Basin and the Heihe River Basin). The main olpjecbf this project is to rechargthe
groundwater tables up to certain levels where natural vegetean revitalize and severely
damaged floodplain ecosystems unhbergterm water stress can be rehabilitated @fwal.
2008; Cheret al.2011). Water is mainly diverted frothe upper reaches dhe Tarim River
or from the Bagrash Lakeand to the Daxihazi reservoir, and continually delivered into
Tetima Lake. The entire water flowing course is about B8R0 long Fig. 2.9. Unitil
November 2011, watelnad beendiverted twelve timest irregular intervals and over the
course 0f1289 days in elevenegrs with a total volume of 28.18 x fom? diverted(Table
3.1). On seven occasions, water diversions reached Tetima Aalkgich nearly30 years of
T e t i aesicdagionwhich had started ih973 finally cameto an end (Halilet al.2006).
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Table 3-1 Ecological water diversions to the lower reacheshefTarim River (data in this table

provided bythe TRAB).

Delivery Starting time | Ending time | Duration _Watering Water g/ol3ume Section
(d/mly) (d/mly) (day) | distancgkm) (XL0° m°) reached
1% 14/05/2000 | 13/07/2000 |61 106 0.99 Karday
2 03/11/2000 | 14/02/2001 | 104 216 2.27 Arghan
3¢ (1 period) | 01/04/2001 | 06/07/2001 |97 310 1.84 Korghan
39 (2" period) | 12/09/2001 | 17/11/2001 | 67 357 1.98 Tetima
4" 20/07/2002 | 10/11/2002 | 114 357 3.31 Tetima
5" (1% period) | 03/03/2003 | 11/07/2003 | 131 357 3.40 Tetima
5" (2" period) | 04/08/2003 | 03/11/2003 | 90 357 2.85 Tetima
6" 23/04/2004 | 22/06/2004 | 64 357 1.02 Tetima
7" (1% period) | 18/04/2005 | 07/06/2005 | 49 230 0.52 Arghan
7" (2" period) | 30/08/2005 | 02/11/2005 | 65 350 2.30 Tetima
g" 25/09/2006 | 26/11/2006 | 62 227 1.96 Korghan
9" 10/10/2007 | 20/11/2007 | 41 60 0.14 Yingsu
10" 25/11/2009 | 31/12/2009 | 37 105 0.11 Karday
11" 20/06/2010 | 15/11/2010 | 145 357 3.76 Tetima
12" (1% period) | 07/01/2011 | 25/01/2011 | 19 357 0.37 Tetima
12" (2" period) | 25/06/2011 | 23/11/2011 | 151 357 1.36 Tetima

3.2 DYNAMICS OF THE GROUNDWATER DEPTH BEFORE ANDAFTER WATERDIVERSION

The water course downstream dfe Daxihaizi Reservoir was desiccated before the
implementation of the water diversion project in 2000, smthe groundwatemn this region
had not received any recharge frameriver surface water for nearly 30 years. As a resiudt,
groundwater table dpped and natural vegetation degra@edordingly The groundwater
depth atthe Yingsu, Karday and Arghan transects declined to a minimum deptHL®fr8,
thus inhibiting any normal developmenttbg floodplain forests. Since the water diversion in
2000, the groundwater deptloseto the riverbedhasstarted to rise agairFig. 3.1). After a
second water diversion in 200the groundwater deptht Yingsuhas recovered sigincantly
from 9.4 m in 1997 ta1.28 m in 2001. Karday and Arghan haaiso shown remarkable
responses to water diversion practigesg. 3.1).
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Fig. 3-1 Groundwater depth before and after water diversion (annual average groundwater depth
within a 300m distanceof theriver channel). Source: data for the years 1973, 1989 and 1997 obtained
from (Songet al.2000), data fothe periodafter water diversioffrom May 200Q provided by TRAB.

3.3 SPATIAL AND TEMPORAL CHANGES IN GROUNDWATER DEPTH

Since 2000, when thierst water diversion fofloodplain restoration had been implemented,
groundwater levels have responded with different degrees of rec(ieuwyet al. 2007b).
Groundwater variation analyses from 2003 to 2011 at the transét¥tngsu, Karday and
Arghan, Korghan and therminallake Tetimashowed that there were si§jcantspatial and
temporal differences betweethe impact intensity of water dersion onthe groundwater
recharge. Groundwater variation for Yingsu showedtti@éverage groundwater depth at the
monitoring well at 50 m from the river reached 0.58 m durindfititie water diversionKig.
3.2). Groundwater changes at different dist@s from the river showed various responses.
Groundwater depth d@he monitoring well at 150 m from the rivéradrisen 3.30 m aftethe
sixth (irst period;Table 3.1) water diversion had been completed. During the sixth (water
volume: 3.32x 10° m*; flooding time: 110 days) water diversidghe groundwater depthat

all wells at50-m, 150-m, 300-m, 500-m, 750-m and1050m distance from the riverflow
channel had risen tieir highest leved. This might be a result of extended releasing duration
and waer volume.

At the Karday transectHig. 3.3), the groundwater table also experien@dincreaseto
various degrees during each water diversion peliatihe changevas less sigficantwhen
compared tdhe Yingsu transect. This might be related to the distance of each transect from
the Daxihaizi Reservoir, because transects closbeaeservoireceive longer river runoff

and a higher water volum&he groundwatedepth atWell E1, at 50 m from the river
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fluctuatedbetween3.5 mand5 m until the seventh water diversion. After the seventh water
diversion, there was a declining trendtive groundwater table at all wells at 50 m, 150 m,
300 m, 500 m, 750 pand 1050 m from the river.

At the Arghan transedfFig. 3.4), the groundwater response to the water diversion was almost
identicalto that at theKarday transect. Frorkig 3.4, the groundwater depth at the#osest

well to the river is below 5 m, a depth considered as a threshold for ratieneof the
floodplain forestgSonget al.2000). At the same timethere was a rise of theater tableat

the nearest well (50 m) from river chanet each transect. Alonthe Yingsu transectthe
groundwater depth at Karday and Arghan is well below 5 m. These are levels unlikely to
support normal growth ofloodplain forests. Floodplain forests growing farthest from the
river course might stilbe suffering from water stress.

Clear variation ptterrs in groundwater depth at all wells the Korghan trasect were also
observed (Fig. 3)5 During thethird ecological floodingthe groundwaterdepth at thevells
at 50 m (11) and 150 m (I2) increased significantly comparetthéogroundwater depth at
other wells.The groundwatedepths of all welldhhadbeen under 5 m antadnever reached
the 5m markuntil thetenthwater diversionwith the exception ahe groundwater depth at
50-m distancdrom the river during thehird water diversion.A rise ingroundwateican still
be observediuring thetime of thewater diversionin this transecgtbut is not veryclear.
During thetenth ecological water diversiorthe groundwater depth at wells B0-m and
12/150-m reached 3.00 m.

For the terminal lake Teha, hydrological data for the periddom 2009 to 2011 was
available. Fig. 3.&howsthat the groundwater depth was above 4.00 m until the statthef
water diversion in 2010. With the implementation tbe water diversion in 201, the

groundwater depth increasstkadily and reached its highest lev@bovethe surface level)
before the completion afvelfth water diversion in 2011.

Based on thelataabove the high variability inthedynamics of groundwater depdippears to

be highly correlated withthe ecological diversion event#\part from some time lagthe
groundwater depthat all wellshad fairly clear reaction® the water diversion practicesith

higher or lower variatiogin the groundwater deptilseeminglyassociated withthe volume

and duration othediverted water. Therefore, achieving an advisable water diversion scheme
thatis able tostabilizegroundwater depth is urgently needed.
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Fig. 3-6 Variatiors in groundwater depth @00 mdistance taheriver channel athe terminal lake
Tetima The groundwatedepth has been measured since January 2009data from 2003 to 2009
not available $ource: TRAB)

3.4MONTHLY AND ANNUAL TREND TESTS OF GROUNDWATER DEPTHVARIATION

The MannKendall test is a neparametric approacthat has been widely used fdhe
detection of trensl in different fields of researchincluding hydrology and climatology
(Ampitiyawatta andsuo, 2009. It is used for identifying trends in time series datdh each
data value compared to all subsequent data values. The initial Saisi@ssumed to be 0 (no
trend). If a data value from a later time periothigerthan a data value frormaearlier time
period,Sis incremented by 1. If the data value frartater time period is lower than a data
value from an earlier time perio8,s decremented by 1. The net result of all such increments
and decrements yield the final valueof

The Mam-Kendall statistic §) is given by

Y i Q@ w h
where
ph  — m
i Qe T[@ — T
ph — 18

The variance statistic is given as
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wheret is the extent of any givermntie Then the test statisticZ, is given below:

p ,‘
v —— Y
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The presence of a statisticabygnificanttrend is evaluated using tt#® value. A positive
(resp.,negative) value oZ indicates an upwarddsp.,downward) trend. Th& statistic has a
normal distribution to test for either upward or downward tseténU | e v e | of
(usually 5% with Zy025=1.96), The null hypothesidly, is rejecedif the absolute value & is

sign

greater tharZy.y, @rejected H: [Z|>Z1.o/) whereZ;.y; b s t he standard nor mal

the significancelevel for the testThe probabilityvalue p-value) fromatwo-tailed test using
theZ value also can be used to test significance of therend. If thep-value is greater than
U, t he n u lH themeyismo ttehdenstia series)s notrejeced

Table 3.1 shows that the annual average diverted water volume was 2.3%x8. The
maximum watervolume of 6.2510% m® was diverted during thdifth ecological water
diversion(the first and secondiversionperiods of 2003),with a durationof 221 days.The
minimumwasobserved duringhe tenthwaterdiversion,with a total volume of 0.10 x1om®,
with adurationof only 37 daysThe differences betweehe total volume and theduratiors
of the water diversionsfrom 2000 to 201lare very obvious.Fig. 3.4 indicates that the
responses of all groundwater wells at different distafroen the river during thdifth water
diversion (2003) were very significantat Arghan By contrast, during theéenth water
diversionin 2009,the groundwater depths of all the wells at Arghan declinetthédr lowest
levels (ranging from 8 m to 9 mt is interesting to notéhatthe magnitudeof the decreasef
the groundwater deptht theG2 well @t a 56m distance from the river) was higher than
any other well. Clearly, variatiarin the groundwater deptharestrongly correlated witthe
volume andthe duration ofthe water diersions There werealso many ups and downs in
fluctuation pattern. Therefore, to determine the trenth@available time series data tife
groundwater depth for Arghathe MannKendall statistical trend testasapplied to explore
thetendency of grondwater depth changesthe longterm monitoring plots ithe study area
at Arghan overthe course 09 years from 20030 2011. Table 3.3howsthat value ofZ for
the different wellsrangesfrom -2.07 to 5.99with thefluctuation of groundwater depth at all
wells exhibiting a statistically significardedining trend for theentire period of 20032011.
In accordance witthe data distributiorthe entiredata setvassplit into two categoriesone
for the period oR003-2009,andanotherfor 20162011.The Mann-Kendall test analyses for
the first period20032009 revealed that thereag asignificant detining trend(dropping of
groundwater tableZ) in mean monthly and annually groundwater depithich might be
associated with insufficient volume and duratiorthed water diversiotetweenthe 5th and
10th diversios. This follows from the fact thaturing this time (from 2004 to 2009, 6 years),
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only 6.02x1¢ m® of water was diverted into the lower reastof Tarim Riveraccountingfor
about 20% of the total volume over the 9 years (Tables 8 and BY. contrast the
groundwater depths at all wells for the periczin January 2010 to December 20dliowed a
significantly increasing trendrising of grounevater table,y). This is likely because the
amount of water (5.48 10° m®) diverted to the lower reaches of the Tarim Rifrem 2010

to 2011was the same as the total diverted in ylears 2004009, thus suggesting that
groundwater fluctuationis highly dependent on water volume atfie duration of the
diversion Therefore,the minimal amount ofecological watersufficient to guarantee
favorable groundwater lewefor the normal growth of vegetation should be allocated and
diverted into the affecttregion.

Table 3-2 MannKendall statistical trend tesésultsfor the mean monthly and annual groundwater
deptts at different distancefrom the river athe Arghan transect

Data set from January 20030 December 2011
Well ID/Distance

S Var(9S) VA P value Trend significance
G2/50 m -1691 96735.66 -5.434 0.0000006 | declining significant
G3A50 m -1865 9672634 -5.993 0.00000002| declining significant
G4/300m -1854 96728.00 -5.957 | 0.00000002| declining significant
G5500m -1746 96730.66 -5.611 0.0000002 | declining significant
G6/750m -1440 96720.00 -4.627 0.0000371 | declining significant
G7A050m -647 96715.00 -2.077 0.037778 | declining significant

Data set from January 20030 December 2009
Well ID/Distance

S Var(S) Z P value Trend significance

G2/50 m -2011 42311.00 -9,772 2.22e16 declining significant

G3/150 m -1976 42305.33 -9,602 2.22e16 declining significant
G4/300 m -963 42304.33 -4,677 2.22e16 declining significant
G5/500 m -1721 42305.00 -8,362 2.22e16 declining significant
G6/750 m -1295 42294.33 -6,292 3.1327e10 | declining significant
G7/1050 m -521 42293.00 -2,529 0.011454 | declining significant

Data set from January 201Go December 2011

Well ID/Distance

S Var(S) z P value Trend significance

G2/50 m 179 1433.667 0,149 0.0000026 rising significant

G3/50 m 187 1433.667 0,155 0.00000095  rising significant
G4/300 m 187 1433.667 0,155 0.0000095 rising significant
G5/500 m 199 1433.667 0,165 0.0000012 rising significant
G6/750 m 193 1433.667 0,160 0.0000003¢g  rising significant
G7/1050 m 183 1433.667 0,152 0.0000015 rising significant

*Note: declining: a dropping trend gfoundwater tablerising: a rising trend of groundwater table

34



4 STRUCTURE, DISTRIBUTION AND CUR RENT STATUS
OF P.EUPHRATICA RIPARIAN FOREST S

Quantifyingthe status quo of forest ecosysteand estimatingheir future development are
primarily needed for sustainabferest management and forest policy decisions at different
scales i.e,, at thenational, regional and local levels. For the severely degraded Tugai riparian
forest ecosystem in the lower reacheshaf Tarim River, conservatiocand revitalizatiorof

the existing forest is a top priority and should be systematically monitored to provide a
scientific support for forest managers and decision makass well as to improve
environmental awareness the importance of this ecosystewith regard tothe long-term
sustainability of the region. As mentioned the previous chapters, the rising water
consumption in the upper and middle reachiegether with massive hydrdechnical
interventions in the developent of uncultivated land for cotton farming, especially during the
last decades, have led to widespread destruction of the natural ecosystems. This is the case
particularly in the lower reaches of the river, where 320 km of the floodplain forests are eith
highly degraded or dead. Since the year 2000, the Chinese government has made efforts to
restore these ecosystems aadconducted mamade water diversion projedh the affected

area. Thenitialization of theserecoverymeasures triggered scientiinterestamongscholars

and highlighted the neddr an efficient and extensive lorigrm monitoring nevork for the
affected ecosystenin order to evaluate the effectiveness of the project scientifjcaiig
permanent sampling site withtotal area of 100 ha and one random sampling site fivigh

50-m radius circle plots at different hydrological conditions were establishatdquurpose

of long-term monitoring (detailed information regarding both of the sampling sites and work
being caried outis availablein Chapter2). In the presenthapter, stand structure, size,
vitality and spatial distribution oP. euphraticatrees are analyzed using extensive ground
truth forest inventory data obtained frahe permanent sampling plots fhe study area.

The investigation plots weteufferedinto 11 subtransects (20 m, 2650 m, 56100 m, 100
200 m, 206300 m, 308400 m, 408500 m, 508600 m,600-800 m, 8061000 m, >1000 m
based ortheir distance from the river(Fig. 4.1). All transectsextendtowardsboth sides of
the river up until the border ofthe investigated plots wherthe P. euphraticatrees were
sampled Thefurthesttree was found & 10839-m distance frm the river.
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Fig. 4-1 Map showinghedifferent buffers from the river itheinvestigation plots at Arghan

4.1 TREE PARAMETERS

4.1.1TREE HEIGHT(TH)

Tree height (TH) is defined as the distarimtweenthe top andthe base of the tree. In
forestry sciencethe measurement of tree height providas important parameter for
calculating biomass production and for asses#ivegproductivity capacity of theite. For
example, based on the tree height distribution it is possible to estimate how tapitges

will grow at a certain site. Due to the severe water shortage in our study area, there is a
dieback phenomenon within standdie topsof the majority ofthe treeshavedied. To
describethe individual differencs in detail, two tree height parameters were soeed- one

being the totatree height (TH1)defined aghe vertical distance from the base of tree to the
(dead treetop, and onebeing thegreen tree heighfTH2), defined aghe vertical distance
betweerthebase of the tree aridegreen point othe tregFig. 4.2.

Both TH1 and TH2 were analyzed for different distances from the riveP{R}), with the
results given in Figs. 4-8.6. The overall tree height ranged from 0.60 m to 19.00 m in the
study area. A maximum TH1 value of 19.00 m was €ban the P1 transect (within a20-m
distance from the river) and the P4 transect (within 16@00 m distance from the river). A
maximum TH2 value of 19.00 m was found on the P4 transect (within-2AM& distance

from the river). On average, the mmum and maximum values of both tree height
parameters (TH1 and TH2) decreased with increasing distance from the river (from P1 to
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P11). Within a © 300m distance from the river, the minimum TH1 and TH2 values ranged
from 0.60 m to 0.90 m, while the maximuTH1 and TH2 values ranged from 13.50 m to

19.00 m, suggesting that the trees distributed in this area are under development. There were
many young trees distributed in these transects. At distances of 300 m or greater, the

minimum values of TH1 and TH2hewed an increase (ranging from 0.80 m to 1.80 m), while
the maximum values of TH1 and TH2 showed a decreasgifrg from 7.50 m to 13.80 m).

R e =

S LA e Al o =y

S e -

Fig. 4-2 TH1 and TH2 parameteds aP. euphraticatree.
The green tree heighparamete(TH2) wasanalyzed by grouping the data into seven classes
(Om,031.5m, 1.53.0 m, 3.66.0 m, 6.0 /9.0 m, 9.012.0 m and greater than 12 rithe
numberof trees decreased as distance from the ma@eased, butreesbelongng to different
height classes displayed different spatial distribution characteriatitise P1ltransect, a total

of 170 trees witha green height of 0 m were observed. Most of them d&ezhdylost their
green branches tvadbecome dead treeBhe numbenf trees belonigg to the height clas®f
0-1.5 m decreaseas one went fronP1 to P11with the main concentration beingn the P1
transect (59reey. Trees withthe heightclasseof 3.0-6.0 m and 6.9.0 m were distributed
relatively uniforny all along the transectyhen comparedwith the other height classes. A
total number of 1607 trees belongto this class were monitored, which accounted for nearly
60 % of total trees investigated in the study area, indicating that médple treesvere
dominantly distributed in all transect§he numberof trees in theheight classof 9-12 m
decreasedharplyafter the P5 transect The majorityof the tallesttrees(above 12 mwere
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found onthe Pltransect, and exhibitegiclear decreasing trend tee distance from the river
increasedA total of 61 treesvith a height greater that? m werefoundin the study area,
accountingfor only 1.2% of all investigated trees. All in althe distributiors of the height
classes showed th#te height in theP1, P2, P3 and P4 transeetiere close to normiy
distributed Trees in the other transef*monstrated irredar distribution pattersi(Fig. 4.7).
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Fig. 4-3 Boxplotshowingthe TH1 value®f P. euphraticaalongthewater gradient. Bold liredepict
median valug the black boxes denotethe 25 75 % quantile rangg blue squares denote theean
value, circles represent outliers, gahdwhiskers areghe maximum and minimum values.
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Fig. 4-4 Spatial distribution pattern of TH1 at different distances from the river course

38



[
™ o
8
w | =]
2o - T 7T
— ! ' I 1 !
E | i ! !
{'\ID— : : : : I_:_O_I_O
T N T T ! —_
1 T
= : 1 | |_'_: : :_'_
e | R IO L =
- — — pa—
o - — L | T AT
. . : ! ! e S . : .
1 1 1 1 1
| ! ! S N (e S
T I R -
C:_

PI P2 P3 P4 P5 P6 P7 P8 P9 P10 P11

Distance from the river {(m)

Fig. 45 Boxplot showingthe TH 2 valuesof P. euphraticaalong the water gradient. Bold lirse
depict median valige the black boxs denote the25i 75 % quantile rangg blue squares denote th
mean valus, circles represent outliers, atite whiskers areghe maximum and minimum values

187 *
16_ o
14+
TH2(m
124 2% )
S0 P 15
I o:o:. - 1 - 10
~ 8 N\ =, : 5
AL W - . ., * %
6- L e
R S 0
4 b T '! * .. *
f:, % a—te :
2- .o : :
01

0 100 200 300 400 500 600 700 800 900 1000 1100
Distances of trees from the river(m)

Fig. 4-6 Spatial distribution pattern of TH2 at different distances from the river course

39



—_ (=3
o | 0DR<20 — g - 20<DR<50 & 7] 50<DR<100
3 ] -
i ] g
g/l m_H L
o — _ o - _
2 ] 100<DR<200 7 S 7] 200<DR<300 = | 300<>R<400
(=3 =4
w2 8 ] 8 ] (=)
8 & i 7
¢ e mllm_ - _BEEE_ -
o o - |:||=| il = o - | — = g - I — [ | e
B — =
2 &1 g7 . | 600<DR<800
§ < 7 400<DR<500 > | 500<DR<600 v
2 - o
“ e 8 =7
e OUE__ clo_@ 1@ e
O R | S PR (R Py
2 - - 7 =0 0-15153 3-6 69 9-12 >12
| 800<DR<1000 © - 1000<DR
ol <
- . HH
S T T T T T T T S T/ I:l T T T T T
=0 0-151.53 3-6 69 9-12 >12 =0 0-1.51.53 3-6 69 9-12 >I12
TH 2 classes (m)
600
| DR (m)
—=—0-20
500 ——20-50 H
| —4—50-100
—v— 100-200
» 400 —6—200-300 H
9 —<—300-400
B 1 —»—400-500
S 300 —e—500-600 |
5 —*— 600-800
] 1 —e— 800-1000
§ 200 —a—>1000 ||
Z -
100
0 —
= > 12
TH 2 classes (m)
Fig. 4-7 Number of treebelonging to the differentH2 classes at different distarsdeom the river

40




4.1.2 DIAMETER AT BREAST HEGHT (DBH)

Diameter at breast height / DBH is measuread aeight ofl.3 mfrom the ground. As the
result ofthe restoration project, mamngf the young trees observed near to the river or around
thewaterwerelogged lowland. Most of those trees have not grown enough to ttealofeast
height Therefore, onlythe stem diameter were recorded forthese treesDBH is a key
parameterthat, like TH, correlates with many othedorest attributes. For example it is
difficult to measure some attributdgke timber volume orthe biomasss of the individual
trees or stands. However, we can estimate those attributes by using DBtdge#tarwith
algometric functions.

Figs 4.8and4.9 show theDBH values ofP. euphraticafor different distance zomsdrom the

river. The overalDBH ranged between 0.50 cm and 126.00 The maximunmDBH valueof
126.00 cmwasrecordedon the P8transect (withina 500-600-m distance from the riverp
minimum DBHvalue of0.50 cm wa®bserved oithe P1, P2, P5, and R@nsecs. Relatively

large minimum valueef 6.00 cm, 8.00 cm and 8.30 ameredetected omhe P10, P11 and P7
transectsrespectively. These transects are mainly located whegroundwater depth is not
favorable forthe normal development of riparian forests in the study area. There was no clear
trend of DBH along the water gradiemtut the median and mean DBH valsiaid tend to
increase withncreasingdistance from the river (F&g4.8 4.9. Treeswith diametes of above

30 cmweremainly concentrated withia300-m distanceof the river.

The numbepf trees in each DBH clasa (otal of19 classesfor different distancefrom the
river was analyzedFig. 4.10. DBH classes were divided into 18 grougs4-cm intervas
covering a range of2 cm(0-4 cm, 48 ¢ m, -72 ¢m) Beeswith DBH valuesabove 72
cm werelumped into a singlgroup. Thelargest number of young seedling treath DBH
values 0of0-4 cm were foundn the P1 transect®0 m from he river). Thisaccounted for
13.24% of the total trees investigated in the study area. In recent years, as the reshi of
ongoing restoration projearoundwatetevels close to the river havisensignificantly, thus
creatingfavorable conditionsdr the establishmendf newly generated young seedlings. On
average, the proportion of youriy euphraticatreesdecreased accordingly with increasing
distance from the riveand therange of DBH distributiosbecame simplefshowing smaller
variance) The proportion of treesvith DBH values 0of16-36 cm was higher than the
proportion of trees in any other DBH class. In additibie,majority of mature and aging trees
with DBH values of48 cmor greatelincreasedas one wentrom the P1 to the Pliransect.

In general, treesvith a DBH of less thar86 cmappeared more frequentls the distance
from the riverincreased Longterm forest monitoring in recent yeanssindicated that
newly grown young trees (DBH < 4.00 ctrgvemainly been spottedithin a400-m distance
from the river. This resuldemonstrateshat the P. euphraticapopulationnear the rivelis
basically under steady development.
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4.1.3 CROWN DIAMETER (CD)

The crowndiameter is defined abe average value of the maximum and minimum wadih

t he treeos, and istorerof tlweakayoepological parameters of floodplain forests
(Newton 2007; Halik et al. 2011; Aisha al.2015).Because ofhe long-term water stress,
the majority of P. euphraticatrees had lost their crowror these, therown diameterwas
recaded as 0 and excluded frahefollowing analysis.

Figs. 4.11and 4.12 show theCD values ofP. euphraticafor the different distance zose
(ranging fromP1 to P11).The overallCD ranged between 0.50 m and 16.58 The
maximumCD value of 16.58 cmvas bund onthe Pltransect (2 m from the river)and was
located ai 1-m distance from the riveMinimum CD values of 0.50 mwere observed otine
P1 and P4ransecs, with the minimum CDvalues onthe P6, P7, P8, P9, P10 and P11
transectdargerthanon the othersWith the exception of the P2 and Bansecs, there was
clear increasingresp.,decreasingtrend ofthe minimum (resp.,maximunj CD values along
the water gradient.

The distributionof CD classegor different distancefrom the river refletsthe CD response
to the restoration measures to a certain exfér@.numbenf trees inthe6 CD classes (0,-2,
2-4, 46, 68, >8) at different distansefrom the river was analyzedFig. 4.13. A
considerable number of young trees i8-th classwere foundcloseto the river (e.g.1470on
the P1ltransect),with the numberdecreasingsignificantly asthe distance from the river
increasedthere was a significant negative correlation betwienCD distribution andthe
distance), suggesting thide restoration measurdésvehad a positive impact diherecovery
of thetree crowss. Within a 408m distance from the river, a total number of 3841 tred¢isan
2-4-m and 46-m classesvere foundaccountingfor 76 % of thetotal trees in the study area.
The numbenf relatively vital and aging trees the6-8-m and >8m classesnade up 384 of
the total trees being investigated, indicating that thees aconsiderable number of aging
trees in the study aremany havingalmost lost the ability to regerage. Generally speaking,
the CD valuesof healthy trees are positively correlated with their age, but it was found that
the CDvaluesof aging trees were generally less thiaeCD valuesof theyoung trees.
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4.1.4 HEIGHT TO CROWN(HC)

Height to crown (HC) is defined as the vertical distafaeng the axis of theree stefrom

the ground level taitherthe lowest living branch of the crown or to the point where the
branches supporting the foliage are attached to the tiakg et al. 2008k). It is also
known ag h ©&nddt Branch Heiglat(BH). For the degradel. euphraticarees in the lower
reaches ofhe Tarim River, it is one ofhe more meaningfuécologicalparameters$or linking

the effects of restoration measutesree regrowth.

As seerin Figs. 4.14and4.15 the HC valuesin the study area ranged between 0.15 m and
7.80 m.A maximumHC value of7.80 m wasobservedon the Pltransect. MinimumHC
values 0f0.15 m were found othe P1 and P#ansect. On averagethe maximumHC value
appeared taecrease witlincreasing distancom the river- this was mainly because many
tall trees were distributedloseto the river where water availabilityvasrelatively sufficient.
TheminimumHC values tended tancrease together with thiestance from the river.

In order to discuss thdistribution of HCvaluesin the study area in more detdihe HC
valueswere grouped into 6 classef.0 m, corresponding tyoung seedlings or dead trees,
0.01.5, 1.52.0, 2.63.0, 3.05.0, >5.0 m). From Fig4.16,it is seenthat large numberof

trees in all HC classes wepeedominantly distributedn theP1, P2, P3 and PansectsAs

one wentfarther away fromthe river,the groundwater deptBaw agradual increasdue to
weakereffectsof the restoration measures. A considerable numberoohg treeswith HC
values of0 or of less thafl.5 m were detected othe Pltransect (n=371 and n=198
respectively. However, theyappeared taecreassignificantlyas one progresse¢dwards the
P11transect. Thisuggestdhat the restoration measaread a significant effeabn young
seedling. In turn, this also reflects the importance and necessity of restoration measures on
the regeneration othe degradedP. euphraticatrees. The number of trees grouped itite
1.53.0-m HC classes was 228@&presenting0.8% of the total number of trees in the study
area. Additionally, they were distributed uniformly among the all transects, indicatirthehat
fluctuation of groundwater deptfue torestoration measures tended to meet the demands of
tree egeneration. Treewith HC values greater th&m could only be foundloseto the
river. Most of them were aging awderedistributed sporadically.
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4.1.5 CROWNLoOss(CL)

Longterm drought stress in the study area caused widespreas tdsieaves inthe tree
crowrs. Crown loss is regarded as an important indicator to evaluate the vitatthe Bt
euphraticatrees. Usually, tree crowmvith smallerleaf densityareconsideredo below-vigor
trees. In general, the crown losstioéideal trees witta full crown is recorded as %, and the
crown loss of trees withowny leaves(completelywitheredor dead) is recorded as 106.

Due to thesubjective naturef the crown loss assessment method, a group of two or more
peopleshould benvolvedin the fieldwork evaluation processo aso ensureaccuracy.

The spatialdistribution pattera of CL valuesfor different distance from the river were
analyzed (Fig4.17). The CL valuescovered the fulllangeof 0-100 %. Within a 300-m

corridor of the river course, there was great variation in CL valuath the full range of
values observablé\t distancesof more tharn300 m, the number of treegth CL values of
30 % or moretended todecrease. The majority of tigL valuesrangel between 30% and
90 %, althoughtrees without leaves (138) also accounted faconsiderable number.
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Fig. 4-17 Spatial distribution pattern die CL valuesat different distances from the river course

The CL values were divided into 6 classesl(0%, 1025 %, 2550 %, 5075 %, 75100 %

and =100 %). On the P1 and P2 tratséwithin a 50m distance from the river), one mostly
observed trees with CL values of 10 % or less. The number of these trees reached 264
(accounting for 69 % of the total vital trees in the study area), suggesting that the response to
restoration measeas of the trees close to the river was plausible. Within an2@0rridor (P1,

P2, P3 and P4), the number of trees went up to 2725 (89 % of the total number of trees
investigated). Among them, the CL values of the majority of the trees were less tham50 %
1856, 60.9 % of total trees). For distances greater than 200 m, the number and the vitality of
the trees started to gradually reduce and deteriorate. At distances40@@@ only 22 high

vitality trees with CL values of 10 % or less were observedoreover, the number of
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senesced and dying trees in the CL range e1@D % went up to 41, indicating that the
number of lowvitality mature or aging trees had increased. In addition, the number of dead
trees in these transects comprised 21.2 % of théttees investigated within these transects.

At distances of 400 m or greater, the density of the trees decreased sharply and the proportion
of trees with regard to the total tree number went down to nearly 3 %, most of which was
aging and dead trees (f4.18).
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4.2 TREE VITALITY

Tree vitality is an integrated concept associated with forest physiology, ecology and
morphology, and refers to the growth status and trends of forests and shrubs (including crown,
leaves, stems, and branches), as well as to the extension of canopy éAiaha@15). It can

be a key indicator in assessing the overall situations of forests, their health conditions,
integrity and resilience.

4.2.1 TREE VITALITY AND CLA SSIFICATION

Based on the visual classification criteria fioe vitality of P. euphraticatrees (Tablel.1 and

Fig. 4.19, tree vitality wasgroupedinto seven classes (Table ¥.Healthy tree (V0), Good

(V1), Medium (V2), Senesced tree (V3), Dying tree (V4), Dead tree (V5) and Fallen tree (V6).
Detailed ecological parameterstbk fallen treeswere not recordedsave for arexplanation

of their overall status during the field work. Therefore, further analysis for fallen trees has not
been presented in thiisesis

Table4-1 Classification criteria fothevitality of P. euphraticatrees

Code | Vitality class | Leaf loss (%) Overall status and crown features oP. euphratica

High-vitality tree that is (almost) without signs of damag

Vo Healthy tree =<10 healthy full primarycrown leaves usuallgark green

Crown slightly damaged, but still in good condition, less t

Vi Goodtree 11-25 55 0% 10SS Of CrOWn

Crown moderately damagedijth some primary and seconda

V2 Mediumtree 26-50 crown presentcrown lossof 50 %

Crown heavily damagedendency twards deterioration (e.g

Y| sl it e extant dried leavesgrown loss under 7%

Primary crown severely damagedissing or secondary crow
V4 Dying tree 76-99 also damagecevidence of residual vitality (faexample, single
green leavestree almost strays

V5 Dead tree 100 Standing dead wogdo evidence of (residual) vitality

V6 Fallen tree 100 Lying dead wood, stumps
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Fig. 4-19 P. euphraticatreeswith different vitality classes. \i(healthy tree; Vigood tree; V2
medium tree; V3senesced tree; Vdying tree; V5dead tree.

4.2.2 DISTRIBUTION OF TREEVITALITY

During the nearly 30 years (1972000) of desiccation of the lower reaches of the Tarim
River, the vitality of the P. euphraticatrees declined sharplwith the majority of trees
showing clear physical signs of deterioration. In order to assess thenc#loé the water
diversion project on the revitalization of variously degrad®edeuphraticatrees, 5,097
(including trees irbitesa and b, seBig. 2.9) individual tree in the study areat Arghan were
investigated according to the vitality classéiion criteriagivenin Tables 4.1 and 4.2 Fig.

4.20 shows the relationship between the distributiontbé P. euphraticatrees in different

vitality classes and tlredistance to the river. Large proporti@of the P. euphraticatrees

(1,943 trees) in vital, good and medium classes were found near the riverbed. There were 459
vital (9.01 % of all trees in the study area), 650 good (12@band 834 medium trees
(16.36%) within a 50m distanceof the riverbed. Within th€00-m range from the riverbed,

large numbers of trees (2,396 trees%4 of the total) were estimated as of good and medium
vitality class. As depicted in F$g8.1 and 3.4n Chapter3, the positive effect of the man

made water diversion otine replenishment of groundwater depth within t&0-m distance

of the riverbeds obvious.The diversion hagnabledP. euphraticatrees to maintain contact

with the groundwater antias allowed for th&reesto maintaintheir normal growth. However,

with increasing distance to the river, the number of trees in the senesced, dying and dead
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vitality classed increaseas well Many of these trees were missitigir tops or most of the
branches. They accounted for approximately/®0f all the trees in th#00-m x 100-m plots
in the 600 800-m range .Groundwater deptlat thesalistancs is still at about 7 mwhich is

likely to lead toinsufficient growth otheriparian vegetation (Song et a000.
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Fig. 4-20 Spatial distribution othe P. euphraticareesfor different vitality classes in the study arei

Table 4-2  Distributions of the number oP. euphraticareesfor thedifferent vitality classes and the
distancsto the river

Distance to the river (m)
Vitality - - - - - -
X0O5|50 XO2(§20Q XO4 (400 XO6 (600 XO8(8Q XO10|1000 X
VO 459 262 25 5 0 1 0
V1 650 467 59 13 0 15 0
V2 834 445 204 66 11 24 4
V3 311 223 132 35 7 11 5
V4 132 62 57 22 1 0 0
V5 281 110 42 6 9 6 2
V6 33 28 8 6 15 5 3
Total | 2700 1597 527 153 44 62 14
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4.3 RELATIONSHIPS BETWEEN THE TREE PARAMETERS ALONs THE TREE
DEGRADATION GRADIENTS

4.3.1 CORRELATION ANALYSESBETWEEN THE MAIN TREEPARAMETERS

Understandinghe relationshipsbetween theifferent ecemorphological parameters .
euphraticaprovides very useful informatidior establising appropriate countermeasuiasd
for the sustainable management of endangered fordsider suitable site conditions, there is
a strong lological relationshifbetween thalifferent ecological parameters of vegetatiBn.
euphratica the dominanttree species in the study ardeve experienced severe drought
stress anthavedegraded enormously over the past 50 years. In turdptiggerm effectmay
have changed the internal growth mechanismtha trees, potentially destroyingthe
relationships betweethe ecomorphological parameters.

In order tounderstand thanagnitude ofthe degradation effects on these relationships,
Pearson coelations betweeithe main parameters dP. euphraticawere analyzed for all
investigated treef~ig. 4.2 and tree®f different vitalities(Fig. 4.224.27). The correlation
coefficient between TH2 and DBH for all investigated trees was P62 (0.001). The
correlation coefficientbetween TH2 and DBHbr the different tree vitalities from VO to V5
were 0.84, 0.75, 0.64, 0.46, 0.47 and Qr@&spectively From this resujtwe can see hothe
degree ofdegradation affects thstrengths of the treparameterrelationships. Correlation
analyseshetween othetree parameterdor different vitalities produced similar resudt For
example the correlation between DBH and CD bigh-vitality treeswasstronger R = 0.77,

P < 0.001) than thafor other vitlity classeswhile the correlation between these two
parameters in V5 wa€).21, whichshowsthat the relationship between DBH and CD was
damagedOf course most ofthetrees in V5 do not hold any leavesid have a near absence
of tree cravns. All in all, the correlation coefficientbor healthy trees were higher than those
for trees of other vitality classeAdditionally, the correlatiorcoefficientdecreased with the
declinein tree vitality. Our resustsuggest that it might h@ossibleto dfferentiate degradeB.
euphratica trees from healthy trees by determining tbarelation strength ofthe tree
parameterghus makinghese coefficiergtinto a new parameter for detecting degradation and
assessing forest conditions in arid regions.
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4.3.2 HEIGHT-DIAMETER RELATIONSHIPS OF TREES FOR DIFFERET
DEGRADATION GRADIENTS

Special focus was given texploring theheightdiameter relationshipsone of the most
important relationships between tree parameters in forestry scafreeeuphraticatreesin
detail. The heightdiameter distribution anthe quality oflinear regresion between these two
parameters for different vitality classes were reexamined. Té&lleshows thata large
proportion of P. euphraticatrees (1,761 trees) ihigh-vitality classes are found in our
research area. Slightly degraded and highly degraded {e.g.medium, senesced, dying,
dead and fallen tree classexmprisenearly 60% of the total trees (2556 trees)t is
interesting to notehat the meanDBH and THvalues increasewith the decrease inree
vitality, dead treedeing the only exceptiorThis indicatesthat there are moreelatively
youngertreesamong thehealthytrees tharthere are among theegradednes It is clear that
most ofthedead trees are distributed farther away from the river, wheranbghavefailed
to receive sufficient water support for a long tiniderefore the regrowth of dead trees
highly limited in that environment.

The TH and DBH parameters are closely associated with the forest environmental factors and
other maAmade and naturalisturbances. The distribution of TH values demonstrates the
vertical structure of forests and, most importantly, the growth conditions of riparian forests.
The distribution of the number of trees in each DBH class directly reflects the regeneration
pattens and morphological characteristics of the individual trees. It is not only an important
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indicator of stand structure, but also displays the successional trend of forest stands (Wang
and Rennolls, 2005). As such, it has been the focus of research ieldhef forest ecology.

The distribution patterns of the TH and DBH valuesPofeuphraticatrees of different
vitalities were analyzed (Fig. 4.28 and Fig. 4.29, respectively). The overall TH values ranged
from 0 to 19 m, and the values of DBH were witkhimange of 0125 cm. Trees with TH
values of 15 m or greater and DBH values of 60 cm or greater appeared sporadically. There
were irregular distribution patterns of TH values among all vitality classes (Fig. 4.28). The
mean TH values ranged from 0.04 (M56)6.97 m (V2). The maximum observed TH value
was 19 m (V1). There were no significant differences of TH values between the V2 and V3
vitality classes (18.0@.8.40 m). The distributions of TH values in the V4 and V5 classes
were flatter, with a smaller nuwer of particularly large values.

Table 4-3 Summary statistics dhe measuredH and DBHparameters afhe P. euphraticatrees of
different vitality classes.

Vitality Number of DS e, TH (m)
EEEE IS Min. | Mean Max. SD Min. Mean Max. SD
VO 692 3.80 [ 1590 85.00 | 14.67 1.20 5.32 15.70 | 2.79
V1 1069 420 | 25.31( 80.00 | 14.67 1.20 6.97 19.00 | 2.79
V2 1342 9.22 | 26.83 110.50| 12.31 1.00 6.69 18.40 | 2.63
V3 617 14.20( 30.22 119.00| 13.66 0.80 6.12 18.00 | 2.51
V4 229 20.00| 33.06| 126.00| 17.89 0.60 | 4.87 11.00 | 2.35
V5 368 34.00| 17.43| 92.00 | 15.58 0.00 0.04 3.90 | 0.36

* Min. = minimum, Max. = maximum, SD = standard deviation, DBH = diameter at breast, HEifjht tree
height

The DBH distributions oP. euphraticatrees were characterized by an irregular shagkean
different vitality classes (Figd.29. The mean DBHalues of P. euphraticatrees increased
from 15.90 to 33.06 cnas one went from the VO to the V4 classit exceptional values
(17.43 cm) were notefbr trees classified as V5Téble 4.3. All treeswith the excepton of
V5 were characterized by a greater variation in DBH. The largest treethéathximum
DBH values of 119 cmand 126 cmn the V3 and V4 classes, respectivelysingthe method
developed by Lu and Yan (1989) for determining the ade. eliphraticabased ortheir TH
and DBH values it was found that a very large proportion of trees classifiechaging
fihealthy and figood vitalities werelargely composed of relativgl young trees. The DBH
valuesin the VO, V1 and V2classeswere smaller (DBHO 5 cm). In particular the trees
classifiedas VO exhibited more young individuals, indicating that the regeneration process of
the P. euphraticaforests under current restorati@ractices in our study area tends to be
ongoing This shows that the P. euphraticatrees have responded to water diversion
significantly. Itis alsoworth mentiomg that there were great variations in DBidlues for
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different vitality classes, but th#tis was not the cager the TH values suggesting that DBH
(horizontal)growth ofthe P. euphraticatrees in the lower reaches of the Tarim River seems

to be faster than the T@tertical) growth.
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4.3.3 INFLUENCE OF TREE VIRLITY ON THE HEIGHT-DIAMETER RELATIONSHIP

The TH and DBHparametersrethe most important variablesith regard tdforest structure,
and are also essential variables in assessing forest conditiom rmodelling stand dynamics
(Huanget al.1992; Zhang, 1997; Maryamget al.2013).Note, however, that the diametsr
atree ismuch easier to measure than its height] that eitheone of these two parameters
can be estimated by the heighameter relationship model (Shavet al. 2008). Under
suitable site conditions, there is a strong biological relationship athewulifferent ecological
parameters of vegetation.h& relationships betweethe TH and DBH parametersof P.
euphraticatreesof different vitality classes are shown in Fg30

Fig. 4-30 Correlations between TH and DBH for tReeuphraticarees of different vitalities.

In this relationshipthe TH and DBH were taken as the independent and dependent variables,
respectively. We estimatelle R2 coefficient asobtained fronthelinear regression model for

the TH and DBHvaluesof the P. euphraticatrees ata P < 0.001 significance level. The
relationship between TH and DBH the VO classappears to bstronger R2 = 0.6942,P <

0.001) than inthe other vitality classes. Sindke majority ofthe highvitality trees growclose

to the iiver watercoursethe P. euphraticatreeshavesufferedlessfrom limited watersupply,

given thefavorable groundwater table (Aishat al. 2013). Thestrength of theheight
diameter relationship decreased significantith decreasing tree vitalitps one wenfrom

V2 to V5. The heightdiameter relationships in medium, senesced, dying and dead trees were
0.4247, 0.3489, 0.2352 and 0.1653, respectively. The main reason for this result could be that
the normal growth of trees in these vitality clasiseighly limited by groundwater and soll
moisture availability (Aishaet al.2013; GrasheyJanseret al.2014).
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