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During the past twelve years, the assessment of hydro-ecological response of degraded floodplain eco-
systems to the emergent water diversion practices in the lower reaches of the Tarim River has become a
key research topic. This paper presents the current ecological conditions and analyzes what the water
diversion has achieved. The limitations of this floodplain restoration program are discussed, based on the
review of literature and long term field work data (groundwater data, eco-morphological parameters of
riparian forests, Quick Bird remote sensing data) collected from three transects (Yingsu, Karday, Arghan).
The results show that annual average groundwater depth responded to a certain degree after water
diversion since May 2000. After a second water diversion, groundwater depth within 300 m distance
from the river channel recovered significantly from 9.4 m in 1997 to 4.28 m in 2001 at Yingsu. With the
exception of relatively favorable groundwater depth for floodplain forests within 150 m distance from
the riverbed, groundwater depth at larger distances remained far below 5 m, and most forest plants
excluding Tamarix sp. will suffer from water scarcity. The average crown loss (CL) and crown diameter
(CD) of Populus euphratica trees in different distances from the riverbed have shown various degrees of
responses. The effects of recovery were notable within 200 m distance to the riverbed. Distribution
patterns of young seedlings, new shoots and root suckers of P. euphratica generated by water diversion
also demonstrated that most were distributed close to the riverbed and reduced sharply with increasing
distance. Twelve water diverting actions in the lower reaches of the Tarim River have made significant
achievements in forest recovery near the riverbed, but had limited positive effects on more distant
floodplain sites.

� 2013 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Rivers all over the world support natural environments, provide
habitat for flora and fauna, contribute to preservation of biodiver-
sity and offer space for human activities (Hughes and Rood, 2003;
Rood et al., 2003, 2005; Kasahara et al., 2009). In arid and semi-
arid regions, socio-economic activities are highly dependent on
water resources provided by rivers (Feng and Endo, 2001; Cui and
Shao, 2005; Jiang et al., 2005; Shafroth et al., 2010), and these
watercourses play a significant role in sustaining normal cycles of
socio-economic systems as well as fragile floodplain ecosystems.
Over the past decades, however, floodplain ecosystems have often
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been disconnected from their river as a result of population in-
crease, economic growth, large-scale agricultural development,
andmismanagement of river oases. Hence, natural vegetation along
both sides of the river has been severely degraded (Woolsey et al.,
2007; Wang et al., 2008; Chen et al., 2011; Thevs, 2011; Tuck-Fatt
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 Ural (Hai
et al., 2006). It is mainly supplied by glacial and snow melt-
water, and precipitation from Tianshan Mountains. Over the past
50 years, due to climate change and rapid socio-economic devel-
opment, many tributaries had been disconnected from the Tarim
River. At present, only the Aksu River, Yarkand River and Hotan
River remain connected to the Tarim. The Aksu River is the pri-
mary water source, as it conveys 73% of total runoff of its main
stream of the Tarim (Halik et al., 2006; Chen et al., 2011).
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Fig. 1. Location of the Tarim River in Northwest China and its three main reaches
(R. ¼ River).
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Floodplain forests distributed along the river are extremely
important natural barriers supporting the ecological stability of
these areas. Populus euphratica Oliv., found in the extremely dry
areas of Central Asia, is the dominant tree. More than 90% of
existing floodplain forests along the Tarim is this species (Song
et al., 2000; Huang, 2002). These forests, as a safeguard for the
cycle of all economic activities, provide a wide range of ecosystem
services (ESS) and functions (ESF) such as protecting biodiversity,
reducing the impact of sandstorms, moderating desertification,
regulating oasis climate, fertilizing forest soils and maintaining
ecosystem balance (Huang et al., 2010). Therefore, the protection
of the floodplain forests is of crucial importance for the long term
social and economic development of the Tarim River Basin (Song
et al., 2000; 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 pro-
duction (mainly cotton) is the largest water consumer in the entire
basin. Climate conditions in this region are likely to be more
conducive to increased river runoff during the recent years, but
simultaneously agricultural areas with high water demand have
been increasing rapidly (Song et al., 2000; Xu et al., 2008; Sun et al.,
2011; Thevs, 2011). Consequently, water scarcity in the down-
stream of the Tarim River has been exacerbated due to growing
water demand for irrigation along the upper and middle reaches.
Thus, the natural flood regime at the main stream has been
completely altered, resulting in uneven distribution of river runoff,
desiccation of rivers and lakes, groundwater level decline, vegeta-
tion deterioration and ecosystemdegradation (Xu et al., 2008; Chen
et al., 2010; Halik et al., 2011). The eco-hydrological 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 the main river channel and lakes have dried up, groundwater
levels declined, riparian vegetation decayed, and desertification
increased (Halik et al., 2009; Zhuang et al., 2010; Chen et al., 2011;
Zhang et al., 2012).

Since 2000, in order to restore and reconstruct these highly
degraded floodplain ecosystem, Chinese government invested
10.7 billion RMB (approx. 1.8 billion US dollars) to implement the
Ecological Water Diversion Program (EWDP) for the lower rea-
ches of the Tarim River. The implementation of this project has
produced positive effects on the eco-environment. It was
accompanied by extensive research conducted from different
perspectives (Chen et al., 2004, 2006, 2008, 2010, 2011; Xu et al.,
2007, 2008, 2009; Zhou et al., 2008a,b; Halik et al., 2009, 2011;
Duan et al., 2010; Liu et al., 2012) in order to evaluate the
effectiveness of this project. These researches mainly focused on
the restoration of hydrological process integrity (Wu and Tang,
2009; Chen et al., 2010), groundwater level recharge (Hou
et al., 2007a,b; Ye et al., 2009a,b,c) and eco-physiological
response of floodplain forests (Chen et al., 2004, 2006, 2008;
Xu et al., 2008, 2009; Halik et al., 2009, 2011). Theses re-
searches also revealed controversial issues regarding ecological
water diversion practices. For example, how to achieve maximum
positive recovery of degraded floodplain ecosystem by using the
limited water resources rationally?

The aim of this paper is to address current ecological problems
along the lower Tarim River related to water diversion, to analyze
the spatial and temporal dynamics of groundwater depth and
floodplain forests recovery associated with water diversion and
evaluate the possibilities and limitations of twelve water transfers.
The results provide a scientific basis for the potential recovery of
the “Green Corridor” and for the optimization of future water
diversion schemes.
2. Material and methods

2.1. Study area description

The Tarim River is located in Xinjiang Uyghur Autonomous Re-
gion (XUAR), northwest China. The river basin (39�2400800-
41�0304000N; 86�370230 0-88�300000 0E) is known for its rich natural
resources and vulnerable ecosystems. This area is characterized by
an extremely arid continental climate, with an annual precipitation
of about 20e50 mm; and a potential annual evaporation of about
2500e3000 mm (Song et al., 2000; Chen et al., 2004; Halik et al.,
2006; Xu et al., 2007). The main stream of the river, measured
from the confluence of the Aksu, Yarkand, and Hotan rivers to
terminal Lake Tetima (syn. Taitema Hu) is about 1321 km (Fig. 1)
(Chen et al., 2010; Lam et al., 2011).

The Tarim (Figs. 1 and 2) is fringed with floodplain forest of
Euphrates poplar. Along the lower reaches these forests form a so-
called “Green Corridor” between the two deserts of Taklimakan and
Kuruk Tag (Fig. 2). As a natural barrier protecting communication
lines and road traffic, it is of critical importance to prevent the two
deserts from merging (Chen et al., 2011).

The structure of the riparian communities here is relatively
simple. Main trees are P. euphratica Oliv., Elaeagnus angustifolia L.,
main shrubs are Tamarix ramosissima Ledeb., Tamarix hispidaWilld.,
Tamarix elongata Ledeb., Lycium ruthenicum Murr., Halimodendron
halodendron (Pall.) Voss., Halostachys caspica (M.B.) C.A. Mey.,
Poacynum hendersonii (Hook. F.) Woodson., Alhagi sparsifolia (B.
Keller et Shap.) Shap., Glycyrrhiza inflate Bat., Karelinia caspica (Pall.)
Less., Inula salsoloides (Turcz.) Ostrnf., Hexinia polydichotoma
(Ostent.) H.L. Yang (Zhang et al., 2005; Halik et al., 2009; Thevs,
2011). This natural vegetation had been heavily degraded and
natural river flows had been extremely reduced due to the massive
water extraction for irrigated agriculture along the river course
since 1950, which resulted in the desiccation of the lower reaches
and the terminal lakes, salinization of soils and waters, degradation



Table 1
Twelve events of ecological water diversion to the lower reaches of the Tarim River
(2000e2011)

Diversion Starting time
(day/month/
year)

Ending time
(day/month/
year)

Duration
(day)

Water
volume
(�108 m3)

Reached
transect

1st 14/05/2000 13/07/2000 61 0.99 Karday
2nd 03/11/2000 14/02/2001 104 2.27 Arghan
3rd (1st period) 01/04/2001 06/07/2001 97 1.84 Arghan
3rd (2nd period) 12/09/2001 17/11/2001 67 1.98 Tetima
4th 20/07/2002 10/11/2002 114 2.93 Tetima
5th (1st period) 03/03/2003 11/07/2003 131 2.50 Tetima
5th (2nd period) 12/09/2003 07/11/2003 56 0.90 Tetima
6th (1st period) 22/04/2004 25/06/2004 64 1.02 Tetima
6th (2nd period) 01/08/2004 15/09/2004 46 2.30 Tetima
7th (1st period) 18/04/2005 07/06/2005 32 0.52 Arghan
7th (2nd period) 30/08/2005 02/11/2005 65 2.30 Tetima
8th 25/09/2006 30/11/2006 66 2.33 Korghan
9th 15/10/2007 21/11/2007 38 0.50 Karday
10th 12/05/2009 20/06/2009 39 0.60 Karday
11th 25/06/2010 11/11/2011 139 3.64 Tetima
12th (1st period) 07/01/2011 25/01/2011 19 NA Tetima
12th (2nd period) 25/06/2011 23/11/2011 151 1.36 Tetima

Source: Tarim River Basin Administration Bureau (TRAB).

Fig. 2. The lower reaches of the Tarim River with water diversion route from the
Bagrash Lake to the Daxihaizi Reservoir and to the Tetima Lake (Map based on Landsat
TM/ETM þ data 2011).
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of floodplain vegetation, and intensification of wind erosion. To a
large extent, these effects can be attributed to the fast change of
land use pattern along the entire river basin, mismanagement of
limited water resources, and changes of the natural river flow
pattern (Feng and Endo, 2001; Hughes and Rood, 2003; Rood et al.,
2003, 2005; Cui and Shao, 2005; Tuck-Fatt and Doell, 2012).

2.2. Data acquisition and processing

Hydrological data, terrestrial vegetation data and Quick Bird
high resolution satellite image are used in this paper. Data for
volume and time of 12 water diversion events and groundwater
dynamics after initiation of the project have been supplied by Tarim
River Basin Administration Bureau (TRAB). They are collected at
long term groundwater monitoring wells at 9 transects, at 90� to
the main water flowing channel between Daxihaizi Reservoir and
Tetima Lake (Fig. 2). TRAB has established these 9 monitoring
transects at Akdun (A), Yakupmahan (B), Yingsu (C), Abdal (D),
Karday (E), Tugmalla (F), Arghan (G), Yiganbujima (H) and Korghan
(I). Specifically, groundwater depth data used for Yingsu, Karday
and Arghan before the start of the water diversionwere taken from
Song et al. (2000).

This paper considers data from the three transects of Yingsu/C
(60 km to the Daxihaizi Reservoir), Karday/E (110 km) and Arghan/G
(190 km). For each of these three transects, groundwater data from
differentwells at 50m,150m, 300m, 500m, 750m,1050mdistance
to themain river channelwere provided. Due to unavailability of the
latest groundwaterdata, only those from2003 to2009wereused for
this paper. Groundwater variation analysis before and after water
diversion eventswas done using Origin pro 8.5 software. Vegetation
datawere collected froma total area of 100hm2 long termecological
monitoring plots (100 square plots with 100 � 100 m size) estab-
lished in Arghan transect, where coverage of natural vegetation is
relatively high because of its location at the confluence of the two
major water ways of Qiwenkol River and old Tarim River (Fig. 2). A
total of 4500 Populus euphratica trees within these plots are moni-
tored individually by extensive terrestrial investigations in combi-
nation with high resolution (60 cm) Quick Bird satellite image.
Before the establishment of this monitoring base, mean or low
resolution satellite images (TM/ETMþ, SPOT and CBERS) had been
used for monitoring the dynamics of riparian vegetation.

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,
geographical coordinates, and digital photos of each tree were
observed during the vegetation season within the permanent
observation plots. Average CD and CL data were taken from Halik
et al. (2006, 2009, 2011). Number of young seedlings, new shoots
and root suckers of P. euphratica trees at different distances from
the river channel were collected during the field work fromMay to
October annually from 2004 to 2010 along the Arghan transect.
Microsoft Excel 2010 software was used for analyzing the distri-
bution of these trees. Analysis of spatial distribution pattern for
young seedlings in different DBH was done by using ArcGIS 10.0
software based on a GIS database which was established by inte-
grating Quick Bird data with terrestrial field survey data.

2.3. Overview of the water diversion project

Water diversion to the lower reaches is one of several large scale
ecological engineeringprojects in China’s Northwest (e.g., Integrated
Managementof theTarimRiver Basin and theHeiheRiver Basin). The
main object of this project is to recharge groundwater tables up to
certain levels where natural vegetation can revitalize, and severely
damaged floodplain ecosystems under long termwater stress can be
rehabilitated (Xu et al., 2008; Chen et al., 2011). Water is mainly
diverted from Bagrash Lake to Daxihazi reservoir, and continually
delivered intoTetima Lake. The entirewaterflowing course is 320km
long (Fig. 2). Until November 2011, water was diverted twelve times
in irregular frequencies throughout 1289 days in eleven years with a
total volume of 27.98 � 108 m3 (Table 1). On seven occasions, water
diversions reached Tetima Lake. Thus, almost 30 years of its desic-
cation since 1973 finally came to an end (Halik et al., 2006).



Fig. 3. Groundwater depth before and after water diversion (annual average ground-
water depth within 300 m distance to river channel). Source: 1973e1997 data (Song
et al., 2000), after water diversion on May 2000 (TRAB).
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3. Groundwater variation and the response of floodplain
forests

3.1. Groundwater variation before and after water diversion

Groundwater plays an important role in water supply for
natural vegetation and the sustainable development of arid re-
gions. The lower reaches of the Tarim are extremely susceptible to
water conflicts. Groundwater is not only the main source of
floodplain agriculture, but also maintains the regeneration of
natural vegetation (Cui and Shao, 2005; Chen et al., 2010; Cao
et al., 2012). The water course downstream of Daxihaizi Reser-
voir was desiccated before the implementation of the water
diversion project in 2000, and correspondingly, the groundwater
of this region had not received any recharge from river surface
water for nearly 30 years. As a result, groundwater table dropped
and natural vegetation degraded correspondingly. Groundwater
water depth at Yingsu, Karday and Arghan declined to a minimum
depth of 9e12 m, thus inhibiting any normal development of
floodplain forests. Since the water diversion in 2000, the
groundwater depth near to the riverbed started to rise again
(Fig. 3). After a second water diversion in 2001, groundwater
depth has recovered significantly from 9.4 m in 1997 to 4.28 m in
2001 at Yingsu. Karday and Arghan also have shown remarkable
responses to water diversion practices (Fig. 3).
Fig. 4. Dynamics of average crown loss (CL) of P. euphratica at Arghan.
3.2. Effects of water diversion on floodplain forests

With the continuation of water diversion, the floodplain
ecosystem has positively responded to different degrees and
recovered significantly (Chen et al., 2006, 2010; Xu et al., 2007;
Halik et al., 2009). Extensive research has been conducted from
different perspectives on the effects of water diversion. It confirms
the great potential to restore highly degraded floodplain forests and
to sustain the “Green Corridor”. The existing research has mainly
focused on the response of groundwater and eco-physiological
parameters of floodplain forests to the man-made water flow. Ye
et al. (2009a,b,c) have analyzed groundwater fluctuations induced
by ecological water diversions in the lower reaches. They studied
the relation between the transmission loss per unit river length, the
change in groundwater depth and the distance from the main river
course by using data from 40 monitoring wells across the nine
transects mentioned above. They concluded that the volume for
recharging the groundwater was 7.82 � 108 m3 after eight water
diversions and the area affected by water diversion had certain
differences in the scope of each transect. Hou et al. (2007a,b) have
studied the response of groundwater to water diversion and
interpreted water table dynamics. They have concluded that this
water diversion had great impact on raising water table levels.
However, the highest impacts of the restoration strategy were
restricted to the area within a certain distance from the riverbed.
Chen et al. (2004, 2006), Xu et al. (2007, 2009) and Wang et al.
(2007), in their extensive studies on eco-physiological response of
floodplain forests to the change of groundwater level, studied the
relationship between groundwater table, salt concentration in
groundwater and the contents of proline, soluble sugars, plant
endogenous hormone (abscisic acid, ABA and cytokinin, CTK), and
anatomy in P. euphratica leaves before and after water diversion.
They found that following water diversion, a rising groundwater
table reduced physiological stress of P. euphratica. They also
examined the relationship between plant species diversity and
groundwater level and concluded that species diversity indices
(ShannoneWeiner Index and Simpson Index) were closely related
to groundwater level. Thus, the response of groundwater and
floodplain forests to water diversion is conspicuous. However, close
to the desert margin, groundwater quantity and quality showed
almost no sign of response, which means that forest stands close to
desert margins are still suffering water stress and have a tendency
to further deterioration.

The results of these research projects mainly applying methods
of physiology concluded that the given diversion water was not
sufficient in volume to assure a full restoration of the floodplain
Fig. 5. Dynamics of average crown diameter (CD) of P. euphratica at Arghan.



Fig. 7. Variation of groundwater depth at different distance to river channel at Karday
(Source: TRAB).
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forest. Forest morphological research, as developed in connection
with the evaluation of acid rain and similar environmental impacts
on forest ecosystems in Europe, may provide further insight into
the reproductive capacity of individual trees as well as their pop-
ulation dynamics. The annual forest condition survey (Waldzus-
tandserhebung) was developed in Germany since the 1980s in
order to evaluate the environmental impact on different forest
stands on local, regional and national levels. This method basically
consists of the combined use of remote sensing information and
on-site data collection.

Focus considered other important ecological indicators of
P. euphratica, such as the changes of crown diameter (CD) and
crown loss (CL). They can reflect the overall response of floodplain
forests to water diversion (Halik et al., 2009, 2011). Generally,
higher frequencies of water diversion and water volume have
positive effects on forest growth. Fig. 4 and Fig. 5 show the average
CL had decreased significantly after water diversion. Average CD
within the range of 100 m near the river had increased from 2.25 m
(in 2000) to 4.50 m (in 2004) and 4.99 m (in 2007). At 800 m
distance from the river, the average CD still responded (from 1.6 m
in 2000 increased to 3 m in 2007). Thus, the CD of P. euphratica has
increased significantly during the restoration process. Comparative
analyses of CD changes in relation to water diversion indicate that
significant changes of CD mainly took place close to the river,
whereas with increasing distance, the variation of CD declined
correspondingly. This result fully illustrated the response of
floodplain forests to water diversions in the transverse direction
from the main river course.

4. Limitations of water diversion practices

4.1. Unfavorable groundwater depths for normal growth of
floodplain forests

Since 2000, when the first water diversion for floodplain
restoration had been implemented, groundwater levels have
responded with different degrees of recovery (Hou et al., 2007b).
Groundwater variation analyses from 2003 to 2009 at the transect
Yingsu, Karday and Arghan showed that there were significant
differences between impact intensity of water diversion on
groundwater recharge. Groundwater variation for Yingsu showed
that average groundwater depth at the monitoring well at 50 m
from the river reached 0.58 m during the fifth water diversion
(Fig. 6). Groundwater changes at different distances from the river
showed various responses. Groundwater depth at monitoring well
150 m from the river has risen 3.3 m after six (first period;
Fig. 6. Variation of groundwater depth at different distance to river channel at Yingsu
(source: TRAB).
Table 1) water diversions had been completed. During the sixth
(water volume: 3.32 � 108 m3; flooding time: 110 days) water
diversion, groundwater depth at all wells at 50 m, 150 m, 300 m,
500 m, 750 m and 1050 m distance from the river-flow channel
had risen to its highest level. This might be a result of extended
releasing duration and water volume. At Karday transect (Fig. 7),
although the groundwater table also experienced increase at
various degrees during each water diversion period, it was less
significant compared to Yingsu transect. This might be related to
the distance of each transect from the Daxihaizi Reservoir,
because transects close to Daxihaizi Reservoir receive longer river
runoff and a higher water volume. Groundwater depth at well
(E1) at 50 m from the river fluctuated from 3.5 m to 5 m until the
seventh water diversion. After the seventh water diversion, there
was a declining trend in groundwater table at all wells at 50 m,
150 m, 300 m, 500 m, 750 m, and 1050 m from the river. At
Arghan transect (Fig. 8), groundwater response to the water
diversion was almost identical with Karday transect. From Fig. 8,
groundwater depth at the nearest well to the river is below 5 m, a
depth considered as a threshold for regeneration of floodplain
forests (Table 2). Although there was a rise of the water-table at
the nearest well (50 m) from river channel of each transect. Along
Yingsu transect, the groundwater depth at Karday and Arghan is
well below 5 m. These are levels unlikely to support normal
growth of floodplain forests (Table 2). Floodplain forests growing
farthest from the river course might be still suffering from water
stress.
Fig. 8. Variation of groundwater depth at different distance to river channel at Arghan
(Source: TRAB).



Table 2
Plant species with their corresponding groundwater depth measured at the lower
reaches of the Tarim River.

Plant species Depth
of main
root (m)

Groundwater
depth favorable
to growth (m)

Groundwater
depth causing
insufficient
growth (m)

Groundwater
depth resulting
in partial or total
desiccation (m)

Populus
euphratica

<7.0 1.0e4.0 5.0e6.0 Generally > 8.0

Tamarix sp. <5.0 1.0e6.0 >7.0 >10.0
Phragmites

australis
0.5e1.0 1.0e3.0 >3.0 >3.5

Glycyrrhiza inflate 1.0e2.0 1.0e3.0 >3.0 >4.0
Alhagi sparsifolia >4.0 1.0e4.0 >4.0 >5.0
Halostachys

caspica
<1.6 1.0e2.5 >3.0 >3.5

Halimodendron
halodendron

1.0e3.0 2.0e4.0 >4.0 >5.0

Apocynum
venetum

2.0e3.0 1.5e4.0 >4.0 >5.0

Karelinia caspica >3.0 1.0e3.0 >4.0 >5.0
Elaegnus

angustifolia
0.5e2.5 1.0e4.0 >5.0 >6.0

Halocnemum
strobilaceum

1.02e2.0 1.0e2.5 >3.0 >4.0

Source: Song et al. (2000).
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4.2. Limitations of water diversion on floodplain forest regeneration

As explained by Takenaka (1997), vegetation shoots have
several functions, including exploiting available space, capturing
light for photosynthesis, bearing flowers and fruit for reproduc-
tion and supporting other shoots. In addition, developments of
shoots contribute to the overall structure of tree crowns. Thus,
crown size and crown diameter (CD) of trees are closely related to
extension of new shoots. Therefore, the number of frequency of
trees with new shoots is a major indicator that exhibits the
contribution of water diversion to the morphological develop-
ment of P. euphratica. From Fig. 9, a large number of trees
(n ¼ 596) with various numbers of new shoots are mainly
distributed within 20 m distance from the river. With the
increased distance, new shoots of P. euphratica showed declining
frequency. Above 500 m distance from the river channel, trees
with new shoots become extremely rare due to unfavorable
groundwater supply. P. euphratica is the dominant tree species in
the floodplain ecosystems of arid Central Asia (Thevs, 2011), and
large scale recruitment of new seedlings of floodplain forests is
Fig. 9. Effect of water diversion on root suckers and shoots development of
P. euphratica at Arghan.
essential to their long term sustainable development (Hughes and
Rood, 2003; Rood et al., 2003, 2005). It also as a key parameter to
assess the output and success of water diversion in the lower
reaches of the Tarim River.

Previous studies found that P. euphratica has the ability to
regenerate by both seeds/seedlings and root suckers (Hukin et al.,
2005; Wiehle et al., 2009). An attempt was made to examine the
contribution of water diversion to the development of root
suckering of P. euphratica trees (Fig. 9). Numbers of root suckers
were significantly decreasing with increasing distance from the
river course. Young and middle age trees which have shorter
roots than adult trees, and have very strong tendency to produce
root suckers if habitat conditions are suitable (mainly soil mois-
ture). Extensive surveys of the permanent monitoring plots in
Arghan forestry station has been conducted since 2005, in order
to interpret the response of seedlings (0 � DBH � 2) and saplings
(2 < DBH � 4) of P. euphratica more accurately to the environ-
mental alternations. Frequency of young seedlings is a sensitive
ecological parameter as it is closely related to soil water content,
soil salt content, and groundwater depth, mainly influenced by
water diversion (Ma et al., 2011). Figs. 10 and 11 show the number
of young P. euphratica seedlings of different DBH and their spatial
distribution at different distances to river channel. Within 20 m
distance from the river course, the frequency of young tree
seedlings in DBH � 4 cmwas relatively high. As the distance from
the main river course increased, the number of young tree
seedlings decreased dramatically. Large numbers of young
seedlings are mainly distributed within 200 m of the main river
channel. Farther than 200 m from the river, distribution of
seedlings of different diameters is simpler and sparser. More than
400 m from the river, no seedlings formed. As soil moisture is a
key factor for the establishment of P. euphratica seedlings and
their survival (Cao et al., 2012), high density of P. euphratica
seedlings along the Arghan transect can only occur in the vicinity
of flooding zone affected by water diversion. However, the zone
far away from the river is unable to provide favorable habitat
requirements for seedling recruitment, and subsequently the
remaining few successful seedlings also would not be able to
maintain contact with adequate soil moisture due to their
shallow root system.

P. euphratica stands have limitations to renew their forest
structure by seeds in large areas under current conditions. All on-
site investigations confirmed that high densities of seedlings
occur near the riverbank every year, and they are likely to
germinate rapidly if they land on suitable moist site conditions.
Fig. 10. Effect of water diversion on seedlings and young saplings of P. euphratica at
Arghan.



Fig. 11. Spatial distribution patterns of P. euphratica trees with different diameters (DBH) at Arghan.
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However, many will not survive due to drought stress. Therefore,
additional research should be conducted to determine the flow
regime that affects soil moisture content and seedling success,
and to develop a model identifying suitable site conditions for the
establishment of P. euphratica seedlings successfully, and for
further evaluating the contribution of water diversion to forest
recovery and maintenance.

5. Conclusions

Research findings indicate that the 12 water diversion events in
the lower reaches of the Tarim River have played a significant role
in raising groundwater tables near the main river course and in
recovering floodplain forests to a certain degree. However, the
impact of groundwater table rise shrinks with increasing distance
from the river. The responses of ecological indices (average crown
diameter, average crown loss) of trees within short distance from
the river were striking. The contributions of water diversions to the
recovery of vegetation growing relatively far from the main
riverbed were not obvious. Young seedlings, new shoots, and root
suckers of P. euphratica mainly appeared close to the river. The
distribution of floodplain forests is also influenced by topographic
conditions, soil moisture and soil salinity. All these factors need to
be further investigated. Current water diversion practices have
preliminarily made site conditions favorable for forest recovery
restricted within 200 m distance of the main river. To date, such
expensive efforts fall short of fully restoring the hundreds of kilo-
meters of highly degraded floodplain ecosystem in the near future.
Intensified and excessive upstream exploitation of water resources
should be effectively controlled to allocate regular and sufficient
water for the successful restoration of the degraded floodplain
ecosystem in the lower reaches. The volume and time of water
diversion practices should be closely coordinated with physical and
biological processes as well as the phenological characteristics for
the purpose of generating juvenile floodplain forests.
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