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Abstract: Understanding stand structure and height-diameter relationship of trees provides very useful informa-
tion to establish appropriate countermeasures for sustainable management of endangered forests. Populus eu-
phratica, a dominant tree species along the Tarim River watershed, plays an irreplaceable role in the sustainable
development of regional ecology, economy and society. However, as the result of climate changes and human ac-
tivities, the natural riparian ecosystems within the whole river basin were degraded enormously, particularly in the
lower reaches of the river where about 320 km of the riparian forests were either highly degraded or dead. In this
study, we presented one of the main criteria for the assessment of vitality of P. euphratica forests by estimating the
defoliation level, and analyzed forest structure and determined the height-diameter (height means the height of a
tree and diameter means the diameter at breast height (DBH) of a tree) relationship of trees in different vitality
classes (i.e. healthy, good, medium, senesced, dying, dead and fallen). Trees classified as healthy and good ac-
counted for approximately 40% of all sample trees, while slightly and highly degraded trees took up nearly 60% of
total sample trees. The values of TH (tree height) and DBH ranged from 0—19 m and 0-125 cm, respectively. Trees
more than 15 m in TH and 60 cm in DBH appeared sporadically. Trees in different vitality classes had different dis-
tribution patterns. Healthy trees were mainly composed more of relatively younger trees than of degraded tress. The
height-diameter relationships differed greatly among tress in different vitality classes, with the coefficients ranging
from 0.1653 to 0.6942. Correlation coefficients of TH and DBH in healthy and good trees were higher than those in
trees of other vitality classes. The correlation between TH and DBH decreased with the decline of tree vitality. Our
results suggested that it might be able to differentiate degraded P. euphratica trees from healthy trees by deter-
mining the height-diameter correlation coefficient, and the coefficient would be a new parameter for detecting deg-
radation and assessing sustainable management of floodplain forests in arid regions. In addition, tree vitality should
be taken into account to make an accurate height-diameter model for tree height prediction.
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Populus euphratica Oliv. is the dominant tree species In the easternmost part of the Tarim River, P eu-
in the riparian forest ecosystems along the arid inland phratica forests form so called “Green Corridor” to
rivers of China. More than 90% of this existing tree prevent the Taklimakan Desert and Kumtag Desert
species in China are distributed in the Tarim River from merging together (Song et al., 2000). Meantime,
Basin of Xinjiang (Wang et al., 1996; Huang, 2002). as the natural barrier for all economic activities, they
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also provide a wide range of ecosystem services such
as resisting sandstorms, moderating desertification,
regulating oasis climate, fertilizing forest soil, pro-
tecting biodiversity and maintaining ecosystem bal-
ance (Aishan et al., 2013; Cyftka et al., 2013). Most
importantly, the forests act as an effective shelterbelt
that protects the National Highway No. 218 running
through the “Green Corridor” from sand drift (Kuba
et al., 2013). For these reasons, P. euphratica has
been regarded as one of the key target species to be
protected.

However, due to climate change and excessive
utilization of water resources over the past 50 years, P
euphratica forests along the lower reaches of the
Tarim River have been severely damaged which, at
the same time, exacerbated desertification process and
led to massive degradation of ecological environment
in this region (Aishan et al., 2013; Ling et al., 2014;
Yang and Yi, 2014; Ye et al., 2014). In order to restore
the watershed ecosystem in the lower reaches of the
Tarim River, Chinese government has invested more
than 10 billion RMB to implement the Ecological
Water Conveyance Program (EWCP) since 2000. As
the increasing of water amount and frequency,
groundwater level is rising and riparian forests are
showing different degrees of recovery (Halik et al.,
2006, 2009; Aishan et al., 2013; Chen et al., 2013; Hao
and Li, 2014; Peng et al., 2014). To quantitatively and
qualitatively assess the effectiveness of EWCP, many
scholars have conducted great deal of researches from
different prospectives (Song et al., 2000; Chen et al.,
2006; Halik et al., 2006; Xu et al., 2007; Thevs et al.,
2008; Chen et al., 2014; Liu et al., 2014; Aishan et al.,
2015). Studies related to the stand structure of P. eu-
phratica and relationships between ecological pa-
rameters of this tree species were carried out at home
and abroad (Wang et al., 2006; Westermann et al.,
2008; Yukako et al., 2008; Thevs et al., 2012).

Until recently, however, the research regarding
stand structure and relationship between tree height
(TH) and diameter at breast height (DBH) of degraded
P euphratica forests in the lower reaches of the Tarim
River has not been reported. The growth of tree is not
only determined by the physiological and ecological
processes of tree, but also by site quality (Wang et al.,
2006). Height-diameter relationship of tree is closely
associated with habitat conditions and quality of tree

itself. Under normal situation, there is a strong bio-
logical height-diameter relationship of tree (Li and Fa,
2011). Height-diameter correlation of tree more or less
reflects the ecological conditions of forest tree and can
be a major indicator for evaluating the quality of ri-
parian forest ecosystem. In order to understand the
stand structure and the effects of forests with different
degradation degrees on the relationships between
ecological indicators of P. euphratica forests under
current restoration practices, we estimated tree vitality
of P. euphratica forests at Arghan section along the
lower reaches of the Tarim River, and analyzed the
distributions of TH and DBH and the height-diameter
relationships of P. euphratica forests in different vi-
talities. Our results can be used to further assess the
effectivenesses of ecological water conveyance, and
conservation and sustainable management of remain-
ing riparian forests in future practices.

1 Study area

The study area is located at Arghan transect
(40°08'S0"N, 88°2128"E) between Daxihaizi Reser-
voir and Taitema Lake in the lower reaches of the
Tarim River, Xinjiang Uygur autonomous region,
Northwest China (Fig. 1). This area is characterized
by an extremely arid climate, with an average annual
precipitation of <50 mm (Song et al., 2000) and a
potential annual evaporation of 2,500-3,000 mm
(Chen et al., 2006; Aishan et al., 2013). Vegetation is
mainly distributed along the two sides of the Tarim
River and composes the typical riparian ecosystem,
which comprises trees, shrubs and herbs. The main
trees are Populus euphratica Oliv. and Elaeagnus
angustifolia L.; and main shrubs are Tamarix ramo-
sissima Ledeb., Tamarix hispida Willd., Tamarix
elongate Ledeb., Lycium ruthenicum Murr., Hali-
modendron halodendron (Pall.) Voss., Halostachys
caspica (M. B.) C. A. Mey., Poacynum hendersonii
(Hook. F.) Woodson., Alhagi sparsifolia (B. Keller et
Shap.) Shap., Glyzrrhiza inflate Bat., Karelinia cas-
pica (Pall.) Less., Inula salsoloides (Turcs.) Ostrnf.
and Hexinia polydichotoma (Osten.) H. L. Yang
(Halik et al., 2006; Thevs et al., 2012). Annual aver-
age groundwater depth varies from 1 to 11 m (Aishan
et al., 2015). Vegetation is highly dependent on the
favorable groundwater depth recharged by water di-
version project.
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Fig. 1 Geographical location of the study area (Arghan transect) in the lower reaches of the Tarim River, Xinjiang of China

2 Materials and methods

2.1 Monitoring plots and measurements

By using groundwater data from six timely ground-
water monitoring wells established by the Tarim River
Basin Water Administration Bureau, we explored the
effects of ecological water conveyance on recoveries
of degraded trees and fluctuations of groundwater lev-
els. We designed 100 long-term sample plots with

each area of 100 mx100 m at Arghan transect. These
long-term sample plots had a total area of 100 hm” in
which more than 4,500 P. euphratica trees were la-
beled. From May to September 2011, we measured
plant species, coverage and canopy density, individual
tree parameters (TH, DBH, crown diameter and under
branch height) and visual assessment indicators (vital-
ity class, crown type, leaf loss and shoot branches)
within these plots. Extensive terrestrial investigation
will be continuously conducted at an interval of 5-year
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(changes in ecological parameters of trees are small
because of extremely harsh environment).

2.2 Tree vitality and classification

Tree vitality, an integrated concept associated with the
physiology, ecology and morphology of forests, refers
to the growth status and variations of forests (includ-
ing crown, leaves, stems and branches) as well as ex-
tension of canopy (Aishan et al., 2015). It can be a key
indicator to assess the overall situations of forests, e.g.
health conditions, integrity and resilience. Based on
the visual classification criteria (Lam et al., 2010;
Aishan et al., 2015) for vitality of P. euphratica trees
(Table 1; Fig. 2), we divided trees in the study area

into seven classes: healthy tree (V0), good tree (V1),
medium tree (V2), senesced tree (V3), dying tree (V4),
dead tree (V5) and fallen tree (V6). We did not record
detailed ecological parameters of fallen trees except
for the explanation of overall status during the field
work. Therefore, further analysis for fallen trees was
not presented in this study. The distribution of P. eu-
phratica trees in different vitalities in this study is
shown in Fig. 3.

A large proportion of P. euphratica trees in healthy

and good classes (1,761 trees) were found in our study
area (Table 2). Slightly and highly degraded trees (e.g.

medium, senesced, dying and dead trees; 2,556 trees)

Table 1 Classification criteria for the vitality of Populus euphratica trees

Code  Vitality class ~ Leafloss (%)  Overall status and crown features
Vo Healthy <10 Vital tree (almost) without signs of damage, healthy full primary crown, usually holds dark green leaves
V1 Good 11-25 Crown slightly damaged, but still in good condition, less than 25% loss of crown
V2 Medium 26-50 Crown moderately damaged, some primary and secondary crown present, crown loss in half
V3 Senesced 51-75 Crown heavily damaged, tendency to deterioration (e.g. extant dried leaves), crown loss under 75%
V4 Dying 76-99 Primary crown very sgverely damaged, missing or secondary crown is also damaged, evidence of
residual vitality ( e.g. single green leaves), tree almost strays
V5 Dead 100 Standing dead wood, no evidence of (residual) vitality
V6 Fallen 100 Lying dead wood, stumps

Fig. 2 Photos of Populus euphratica in different vitality classes. VO, healthy tree; V1, good tree; V2, medium tree; V3, senesced tree; V4,

dying tree; V5, dead tree.
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Fig. 3 Distribution of P. euphratica trees in different vitality classes in the study area

occupied nearly 60% of the total sample trees. An in-
teresting point was that mean values of DBH and TH
increased as the decreasing of tree vitality except dead
trees. This indicated that healthy trees are mainly
composed by the relatively young trees. It should also
be clarified that most of the dead trees are distributed
far away from the river, where they could not be sup-
ported by sufficient water for a long time. Therefore,
regrowth of dead trees are highly limited in this harsh
environment.

2.3 Data processing

Both terrestrial vegetation data and QuickBird high
resolution satellite image were used in this study. A
total of 4,500 P. euphratica trees within 100 long-term
sample plots were monitored individually by extensive
terrestrial investigations in combination with high
resolution QuickBird satellite image. Before the es-
tablishment of these long-term sample plots, mean or
low resolution satellite images (TM/ETM+, SPOT and

Table 2 Summary statistics of measured parameters (DBH and TH) of P. euphratica trees in different vitalities

DBH (cm) TH (m)
Vitality class Number of trees
Min. Mean Max. SD Min. Mean Max. SD
Vo 692 3.80 15.90 85.00 14.67 1.20 5.32 15.70 2.79
\2! 1,069 4.20 2531 80.00 14.67 1.20 6.97 19.00 2.79
V2 1,342 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

Note: DBH, diameter at breast height; TH, tree height; Min., minimum; Max., maximum; SD, standard deviation.
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CBERS) had been used for monitoring the dynamics
of riparian vegetation. Summary statistics of measured
DBH and TH of P. euphratica trees were carried out
with SPSS 19.0. The distribution map of trees in dif-
ferent vitalities in the study area was done by ArcGIS
10.0 software based on a GIS database which was es-
tablished by integrating QuickBird data with terres-
trial field survey data. All figures were processed with
R (R Development Core Team, 2013).

3 Results

3.1 Structures of TH and DBH of trees in different
vitalities
The structures of TH and DBH of trees are closely
associated with the forest environmental factors and
other man-made and natural disturbances. Distribution
of TH demonstrates the vertical structure of forests,
most importantly, the growth conditions of riparian
forests. Distribution of tree number in each DBH class
directly reflects the regeneration pattern and morpho-
logical characteristics of individual tree. It is not only
an important indicator of stand structure, but also dis-
plays successional trend of forest stands (Wang and
Rennolls, 2005). Therefore, it has been the focus of
research in the field of forest ecology. We analyzed the
distribution patterns of TH and DBH of P. euphratica
trees in different vitalities (Fig. 4 and Fig. 5, respec-
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tively). The overall values of TH ranged from 0 to 19
m, and the values of DBH were within a range of
0-125 cm. Trees more than 15 m in TH and 60 cm in
DBH appeared sporadically. There were irregular dis-
tribution patterns of TH among all vitality classes (Fig.
4). The mean THs of trees ranged from 0.04 (V5) to
6.97 m (V2). The maximum value of TH in V1 was 19
m. There were no significant differences of THs be-
tween V2 and V3 (18.00-18.40 m). The distributions
of TH in V4 and V5 were more flat with smaller
number of large TH classes.

The DBH distributions of P. euphratica trees were
characterized by an irregular shape in different vitality
classes (Fig. 5). The mean DBHs of P. euphratica
trees from VO to V4 increased from 15.90 to 33.06 cm,
but that of trees classified as V5 (17.43 cm) were ex-
ceptional (Table 2). All trees except for V5 were
characterized by a greater variation in DBH. The larg-
est trees had a maximum DBH value of 119 cm in V3
and 126 cm in V4. According to the method developed
by Lu and Yan (1989) for determining the age of P.
euphratic based on its TH and DBH variables, we
found that a very large proportion of trees classified
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Fig. 4 Structure of tree height (TH) of P. euphratica trees in different vitality classes
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Fig. 5 Structure of diameter at breast height (DBH) of P. euphratica trees in different vitality classes

of P. euphratica forests under current restoration
practices in our study area tends to be still continu-
ing. This showed that P. euphratica trees responded
to water diversion significantly. It was worth to
mention that there were great variations in DBH but
not in TH among trees in different vitality classes,
suggesting that the DBH growth of P. euphratica
trees (horizontally) in the lower reaches of the
Tarim River seems to be faster than the TH growth
(vertically).

3.2 Influence of tree vitality on height-diameter
relationship

The TH and DBH of tree are most important variables
of forest structure, and are also essential variables in
assessing forest condition and modelling stand dynam-
ics (Huang et al., 1992; Zhang, 1997; Maryamgul et al.,
2013). Diameter of tree is easily measured compared to
height measurement. Either one of these two parame-
ters can be estimated by the height-diameter relation-
ship model (Shawn et al., 2008). Under suitable site
conditions, there is a strong biological relationship
among different ecological parameters of vegetation.
The relationships between TH and DBH of P eu-
phratica trees in different vitality classes are shown in
Fig. 6. In this relationship, TH and DBH were taken as
the independent and dependent variables, respectively.

We estimated R” obtained from linear regression model
for TH and DBH of P. euphratica trees at P<0.001 sig-
nificance level. The relationship between TH and DBH
in VO is stronger (R*=0.6942, P<0.001) than that in
other vitality classes. Since majority of vital trees
growing at near distance to the river watercourse, P.
euphratcia has less suffered from water limitation be-
cause of favorable groundwater table (Aishan et al.,
2013). The height-diameter relationship decreased sig-
nificantly as the decreasing of tree vitality from V2 to
V5. Height-diameter relationships in medium, se-
nesced, 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 classes is highly limited by groundwater
and soil moisture availability (Aishan et al., 2013;
Grashey- Jansen et al., 2014).

4 Discussions

The structures of TH and DBH of P. euphratica trees
showed different distribution patterns. The relation-
ship of height-diameter in P. euphratica trees varied
remarkably among different vitality classes. Water
supply is generally suggested to be responsible for
these results. Due to long-term desiccation of river
watercourse and continued falling of groundwater
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Fig. 6 Correlation between TH and DBH of P. euphratica trees in different vitality classes

depth (not to meet the needs of riverside vegetation), a
majority of riparian forests with weak vitality have
lost the ability to renew and regenerate (Westermann
et al., 2008; Chen et al., 2010, Aishan et al., 2013; Si
et al., 2014). Values of DBH of trees in different vi-
talities ranged significant, while the distribution pat-
tern of TH was simple. This result indicated that the
growth of TH was highly limited compared to the
growth of DBH in the lower reaches of the Tarim
River. As the implementation of ecological water
diversion in the lower reaches of the Tarim River in
recent years, the groundwater has obtained a certain
degree of supply both quantitatively and qualitatively,
and played a positive role in the recovery of P. eu-
phratica and other natural plant species (Chen et al.,
2006; Xu et al., 2007; Halik et al., 2009). Due to the
conflicts between the agricultural irrigation and eco-
logical water demand have become more remarkable,
the man-made ecological water conveyance could not
be ensured in terms of its flooding time and amount.
Therefore, in the vertical direction of watercourses,
the river conveyance has been influenced by space
constraint to some extent. With increasing distance
from the river course, the influencing degree of water
conveyance on groundwater recharge decreases cor-
respondingly, namely, the more far away from the

river course the deeper the groundwater depth (Chen
et al., 2000).

At the same time, the vitality of P. euphratica forest
enervates gradually along the two sides of the river
course. The average TH and DBH of P euphratica
trees decreased gradually in the lateral direction to the
river course (Fig. 7 and Fig. 8, respectively), since
groundwater depth was closely related to the distance
from the river course. As P. euphratica tree near to the
river course supplied by relatively sufficient water
(groundwater and soil moisture), its TH and DBH
were higher than other P. euphratica tree which was
far away from the river course. A largest number of
degraded and stump stand of P. euphratica trees can
be found at 750 and 1,050 m away from the river
course (near to the desert margin), respectively, indi-
cating that the growth of P. euphratica trees is se-
verely limited by water availability. Within 300-m
distance to the river course, both structures of TH and
DBH were relatively diverse. A large variation of TH
and DBH occurred within this corridor. It means that
the effects of water diversion on vegetation recovery
were significant within this area. Over 300-m distance
to the river course, the variations of TH and DBH be-
came simpler. This result indicated that the factors like
tree vitality, distance to the river course and ground-
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water should be taken into account for designing
height-diameter model of degraded riparian forest.

By analyzing the relationships between TH and
DBH of P. euphratica in different vitality classes with
the distance of trees to the river course, we found that
THs of trees in senesced and dying vitality classes
were significantly positively correlated with the dis-
tance of trees to the river course (Table 3). However,
the correlations between THs of trees belonging to
other vitality classes and distance of trees to the river

course were not significant. In addition to TH of P,
euphratica in dead vitality class, the correlation be-
tween TH and distance of trees to the river course in-
creased correspondingly with the decreasing of tree
vitality. This showed that the distance of trees to the
river course was a major factor determining the vital-
ity of P. euphratica trees. A majority of healthy trees
were located within the near river course where mois-
ture conditions were sufficient. Therefore, the distance
of trees to the river course does play a key role in
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Table 3 Relationships between TH and DBH of P. euphratica trees in different vitality classes with distance of trees from the river course

Vitality class
Parameter Statistic
VO \al V2 V3 V4 V5
H r 0.014 0.027 0.025 0.730" 0.209" 0.024
P 0.692 0.346 0.317 0.048 0.001 0.609
r 0.046 1.000™ 0.091" 0.141" 0.539" 0.049
DBH
P 0.240 0.000 0.000 0.000 0.000 0.318

Note: r is correlation coefficient; P is significance level. " and * mean significance at P<0.05 and P<0.01 (two-tailed), respectively.

determining the tree vitality. Identically, there were
significant positive correlations between DBHs of P,
euphratica in V1, V2, V3 and V4 with distance of
trees to the river course, while DBHs of healthy and
dead trees were not correlated with distance of trees
to the river course. Possible explanation for this
phenomenon is that most of healthy trees are domi-
nantly distributed in the near river course (Aishan et
al., 2015). Majority of highly degraded trees may
have already lost contact with groundwater so that
they cannot be revitalized under current restoration
measures.

5 Conclusion

The results of this study can be summarized as follows.
The TH and DBH structures of P. euphratica forests in
different vitality classes had irregular distribution pat-
terns. Values of DBH of trees in different vitalities had
great variations while the distribution pattern of TH
was simple, indicating that the DBH growth of P. eu-
phratica (horizontally) in the lower reaches of the
Tarim River seemed to be faster than the TH growth
(vertically). Trees classified as healthy, good and me-
dium classes were consisted of large numbers of juve-
nile trees (DBH<5 cm). Especially, healthy trees were
composed of relatively young individuals, which sug-
gested that the regeneration process of degraded P
euphratica forests by current water diversion projects
tends to be still ongoing. Height-diameter relationships
of P. euphratica trees showed significant variations in
different vitality classes. There was a clear trend that
the coefficients of height-diameter correlation de-
creased as the decreasing of tree vitality. All in all, dif-
ferentiating the degraded P. euphratica trees from the
healthy trees might be possible by determining the
height-diameter correlation coefficient and this coeffi-
cient would be a new parameter for detecting the deg-
radation level of riparian forests in arid region.
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