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Abstract 6 

Studies of the water use strategies of the desert riparian forest in arid regions to drought 7 

stress have a great significance to the formulation of effective ecological conservation and 8 

restoration strategies. Taking two inland rivers in the extreme arid regions of northwestern 9 

China, downstream of the Tarim River and Heihe River as the target regions, this paper 10 

explored the water potential, sap flow, hydraulic conductivity, hydraulic lift, and water sources 11 

of the major constructive species in the desert riparian forest, Populus euphratica and 12 

Tamarix ramosissima by combining the monitoring of field physiological and ecological 13 

indicators, and the analysis of laboratory tests, and compared the water use strategies 14 

differences of the desert riparian forest in long-term different drought stresses. The results 15 

indicated that: 1) Populus euphratica and Tamarix ramosissima mainly used deep subsoil 16 

water and groundwater, but the water absorption of plants in the downstream of the Tarim 17 

River was more diversified than that in the downstream of the Heihe River; 2) Populus 18 

euphratica root possessed hydraulic lift capacity, but Populus euphratica in the downstream 19 

of the Tarim River presented stronger hydraulic lift capacity and more significant ecological 20 
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effect of water redistribution; 3) the plants in the downstream of the Heihe River can adapt to 21 

the environment through the current limiting of branch xylem, while plants in the downstream 22 

of the Tarim River substantially increased the survival probability of the whole plant by 23 

sacrificing weak branches and improving the water acquisition capacity of dominant branches; 24 

and 4) the sap flow of Populus euphratica at night exhibited no significant difference, but it 25 

was significantly higher in the downstream of the Tarim River in the day than that in the 26 

downstream of the Heihe River. The essential reason for these differences is the different 27 

groundwater depth. The groundwater depth in the downstream of the Heihe River has been 28 

suitable for plants growth and development, while desert riparian forest plants in the 29 

downstream of the Tarim River are still in severe drought stress. 30 

Key words: desert riparian forest; water potential; sap flow; hydraulic lift; water sources; 31 

water transport 32 

1 Introduction 33 

Water is the most important limiting factor of plant distribution and growth; thus, plant water 34 

sources and use strategies are one of the major concerns of ecologists (Pausas and Austin, 35 

2001; Cheng et al., 2006; Zhou et al., 2011), especially for the arid and semiarid ecosystems 36 

due to the rare rainfall. In the global terrestrial ecosystem, arid and semiarid ecosystems cover 37 

about 50% of the earth's surface (Bailey, 1996). In China’s terrestrial ecosystem, arid and 38 

semiarid ecosystems, mainly located in northwestern China, account for 52% of the national 39 

land surface (Wang, 2007). Typical studies on plant water sources and use strategies have 40 

been conducted of tropical forest ecosystems (Meinzer et al., 1999), temperate forest 41 
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ecosystems (White, 1985), riparian ecosystems (Snyder et al., 2000), coastal ecosystems 42 

(Dawson, 1998), desert ecosystems (Ohte et al., 2003), and semiarid areas (Willams and 43 

Ehleringer, 2000), but few was carried on the extreme arid regions. Therefore, the exploration 44 

of plants’ water use strategies in extreme arid regions is important to the conservation and 45 

restoration of the fragile ecosystems in the arid systems.   46 

The Tarim River and Heihe River, respectively, are the largest and the second largest 47 

inland rivers, located in northwestern China. Both of them belong to typical extreme arid desert 48 

regions. The common points between the Tarim River and Heihe River are as follows: 1) 49 

Water resources form from the ice-snow melting water and rainfall. In the middle stream oasis 50 

region, the surface water is exploited in large quantity for agricultural irrigation (Chen et al., 51 

2004; Bai et al., 2008). 2) The geological environment, soil-forming process (Liu et al., 2005; ; 52 

Zhao et al., 2010), precipitation and evaporation (Fu et al., 2006; Yao et al., 2006) in the river 53 

downstream region are basically similar. The river downstream dried up for a long time and the 54 

underground water level falls, the desert riparian forest declines and even dies off in a large 55 

area, presenting desert landscape. 3) Both sides of the downstream of rivers also distribute 56 

similar desert riparian forest, in which Populus euphratica is the only arbor, Tamarix 57 

ramosissima is the dominate shrub, and Alhagi sparsifolia and Karelinia caspia is the main 58 

herb species (Fu et al., 2014). All of the plant communities in both of the areas have the same 59 

constructive species- Populus euphratica and Tamarix ramosissima. 4) Since 2000, ecologic 60 

water transport has been applied in the downstream dried-off riverway, aiming at lifting the 61 

underground water level and saving increasingly declining desert riparian forest. The 62 

differences between the Tarim River and Heihe River lie in that: 1) In the past 13 years of the 63 
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ecological water transport process, linear water transport occur following the artificial levees in 64 

the downstream of the Tarim River channel for. Therefore, only the underground water level 65 

near both sides of the riverway is lifted (Chen et al., 2003). However, almost every year the 66 

waterhead reaches the tail Lake-Dongjuyanhai Lake (Tang and Jiang, 2009), and when the 67 

water transfer quantity is huge, many overflows occur in the downstream. 2) The mean 68 

underground water level of both sides of the downstream of the Tarim River is 6-8 m, and 69 

some sections reach over 10 m (Chen et al., 2004). However, the mean underground water 70 

level of the downstream of the Heihe River is 3-4 m (Jiang and and Liu, 2009). In summary, the 71 

lower reaches of the Tarim River and Heihe River could be favorable experimental sites for 72 

testing response of plants to long-term different drought stresses (different groundwater 73 

depths).      74 

Most studies indicated that plant water sources and use strategies varied in different 75 

ecological environments. For example, in Utah’s southern desert in the U.S., its annual and 76 

perennial succulent plants completely depend on summer rains, while herbaceous plants and 77 

perennial xylophyta simultaneously use summer rains and winter rains (Ehleringer et al., 78 

1991). In the Mu Us Desert in Northern China, it is easy for alien species, Saliz matsudana, to 79 

use underground water; whereas, native species, Sabina vulgaris and Artemisia ordosica, 80 

tend to store water (Ohte et al., 2003). Moreover, in southern Florida in the U.S., the tropical 81 

and sub-tropical hardwood species (e.g., Coccoloba) of coastal plants mainly use fresh water 82 

(rainfall and runoff), while salt-tolerance species (e.g., Slicornia) almost all use seawater. On 83 

the other hand, Redwood forest can use both of these kinds of water sources (Sternberg et 84 

al., 1987).However, they still are not clear about the water sources of dominant species of 85 
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desert riparian forest, water use strategies of plants resisting different long-term drought 86 

stresses in the extreme arid areas. Combined with stable isotope technology (Drake et al., 87 

2003; Duan et al., 2007; Zhou et al., 2011), trunk sap flow technology (Ma et al., 2013), water 88 

potential (Fu et al., 2012), root water redistribution (Hao et al., 2013), etc., this paper 89 

comprehensively compared and analyzed the water use efficiency, source, distribution, and 90 

strategy of dominant species of desert riparian forest-Populus euphratica and Tamarix 91 

ramosissima  in two typical extreme arid regions, the downstream of the Tarim River and the 92 

Heihe River Basin, and explored the relation between the long-term drought stress and plant 93 

water use strategy. The ultimate aim of our research is to perfect studies on plants’ water 94 

physiological ecology and provide a scientific basis for the restoration and reestablishment of 95 

desert riparian forests of inland river basins in arid regions. 96 

2 Study Area 97 

The Tarim River and Heihe River, respectively, are the largest and the second largest inland 98 

rivers, located in arid regions of northwestern China, and they are, respectively, 2,179 km and 99 

821 km. The former goes through the Taklimakan Desert and Kuluke Desert in the Tarim Basin, 100 

and the latter is located in the transformation zone between the Alxa Plateau and Beishan 101 

Desert, both belonging to arid desert regions (Table 1). These two regions are both part of the 102 

Meso Cenozoic sedimentary basin, in which the earth’s surface is deposited with 103 

alluvial-proluvial unconsolidated sediment hundreds of meters thick. The basically similar 104 

sedimentary texture and lithofacies determine similar aquifer distribution and groundwater 105 

runoff movement characteristics. Their soils are both composed of alleviation and lacustrine 106 

deposits, and their structures are relatively simple. Moreover, their soil-forming processes, 107 
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structural compositions, and physicochemical properties are similar. The salinization and wind 108 

desertion are severe (Liu et al., 2005; Zhao et al., 2010). Their climatic characteristics are 109 

similar, both belonging to typical warm temperate zone continental arid climate, with little 110 

rainfall and strong evaporation (Fu et al., 2012, 2014). They also both belong to a desert zone, 111 

and the underground water relies on river feeding. Due to the moistening of the draining water 112 

of the upper and middle stream, zonality and non-zonality vegetation is distributed. Among 113 

constructive species in the plant communities, arbor is Populus euphratica, shrub is Tamarix 114 

ramosissima, and herb is Alhagi sparsifolia and Karelinia caspia. Moreover, Lycium 115 

ruthenicum, Phragmites communis, and glycyrrhiza are distributed in blade. In the downstream 116 

of the Tarim River, there is Apocynum venetum and Hexinia polydichotoma, and the low-lying 117 

of the downstream of the Heihe River is also distributed sporadically with Sacsaoul, Sophora 118 

alopecuroide, and Achnatherum splendens.     119 

3 Materials and methods 120 

3.1 Layout of sections 121 

This paper selected the Yingsu section of the downstream of the Tarim River and Ulan Tug 122 

section of the downstream of the Heihe River as the test site due to the similar climate, 123 

geology and soil condition, and established 7 groundwater monitoring wells of different 124 

distances perpendicular to the riverway. Among them, the mean groundwater depth of the 125 

downstream of the Tarim River (Yingsu section) was 5.05 m, with the minimum buried depth of 126 

3.59 m and the maximum buried depth of 8.68 m. The mean groundwater depth of the 127 

downstream of the Heihe River (Ulan Tug section) was 2.75 m, with the minimum buried depth 128 

of 3.96 m and the maximum buried depth of 1.05 m. Near each monitoring well, a 50 m × 50 m 129 
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plant sample plot and soil moisture monitoring section were set. From 2010 to 2012, the plant 130 

physiological and ecological characteristics,  groundwater depth and soil sampling were 131 

monitored in the Yingsu section of the downstream of the Tarim River during July and Ulan 132 

Tug section of the downstream of the Heihe River during August every year. 133 

3.2 Measurement of plant water potential 134 

A portable water potential pressure chamber (3115, SEC Inc, USA) was adopted to measure 135 

the daily variation of stem water potential of the constructive species on the selected section, 136 

Populus euphratica and Tamarix ramosissima. For better comparability and scientificity, three 137 

plants similar in DBH (diameter at breast height) and plant height in each section were 138 

selected, and each plant selected 3-5 normally growing twigs to measure water potential at 139 

the direct solar radiation point. The monitoring time was from predawn (5:00-5:40 LT) to 140 

afternoon (18:00 LT). Monitoring was performed every three hours, and the measurements all 141 

were selected in sunny days. 142 

3.3 Measure of plant water use and consumption 143 

Three plants of Populus euphratica with similar stand structures and DBH were, respectively, 144 

selected in the Yingsu section and Ulan Tug section as sample trees. Sap flow meter (SFM1 145 

Sap Flow Meter, ICT International Pty, Ltd., Australia) was adopted to monitor the daily 146 

variation of sap flow rate. Digital automatic meteorological station (ICT International Pty., Ltd., 147 

Australia) was adopted to simultaneously monitor environmental parameters, such as air 148 

temperature, relative air humidity, wind speed, and vapour pressure deficit (VPD). Monitoring 149 

time was 7-10 continuous days (day and night) in each site every year. 150 

3.4 Measurement of plant hydraulic conductivity 151 
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Three plants of mature, and disease and insect pest-free Populus euphratica and Tamarix 152 

ramosissima with similar DBH/crown breadth and height were, respectively, selected in the 153 

Yingsu section and Ulan Tug section as sample trees. A xylem conductivity and embolization 154 

measuring system (Xylem embolization meter, Bronkhorst, Montigny-les-cormeilles, France) 155 

was used to measure the root and branch xylem conductivity and embolization, with a 156 

diameter of 2 mm ≤ d < 5 mm. 3-5 root and branch segments from each tree were measured. 157 

The determination method was used as shown in the literature (Zhou et al., 2013).  158 

3.5 Measurement of plant root hydraulic lift 159 

Three plants of mature and healthy Populus euphratica with 10 m distance, 15-20 cm DBH, 160 

and 10-15 m height were, respectively, selected in the Yingsu section and Ulan Tug section 161 

as sample trees. HRM (Heat Ratio Method) and stem flow meter (ICT International, Australia) 162 

was used to measure the plant root stem flow. The determination method was used as shown 163 

in the literature (Hao et al., 2013). A CNC 100 neutron probe was used to real-time monitor 164 

the soil moisture in layer. The night increment of soil moisture in the study was viewed as 165 

night lifting water of plant root. Monitoring time was 7-10 continuous days (day and night) in 166 

each site every year. The difference between the maximum and minimum soil moisture 167 

content within 24 hours was viewed as plant transpiration water consumption (Warren et al., 168 

2011). 169 

3.6 Measurement of plant water sources 170 

Samples were taken from the plant xylem. 3-5 disease and insect pest-free Populus 171 

euphratica and Tamarix ramosissima with proper crown breadth were selected. Branch xylem 172 

with 0.3-0.5 mm diameter and 3-5 cm were cut from stems of over two years old. The soil 173 



 

samples were collected from underground 0-10 cm, 10-20 cm, 20-30 cm, 30-40 cm, 40-50 cm, 174 

50-75 cm and 75-100 cm, until the soil saturated zone. Samples in each layer were collected 175 

twice, once for measuring water isotope and once for measuring soil moisture content. 176 

Regarding groundwater sampling, underground water was collected from the monitoring well. 177 

    δ18O in different water bodies were measured with LGR (America LGR Company 178 

LWIA-V2 [LDT-100]) liquid water isotope analyzer. 179 

4 Results 180 

4.1 Plant root water use 181 

4.1.1 Plant water sources 182 

In the downstream of the Heihe River, 18O at 0-50 cm soil surface fell between 9.8‰ and 183 

3.5‰. With increasing soil depth, 18O decreased rapidly. Below the 200 cm soil layer, 18O 184 

basically maintained at -7.0‰ (Fig. 1 a). In the downstream of the Tarim River, 18O at the soil 185 

surface was 14.9‰. With the further increase of soil depth, 18O presented a trend of 186 

fluctuating decrease. 18O of soil close to groundwater was -8.6‰ (Fig. 1b). 18O in the 187 

groundwater of the downstream of the Heihe River and Tarim River, respectively, were -6.9‰ 188 

and -7.7‰, which were similar to 18O at 200-250cm and 375cm-550 cm soil layer (Fig. 1a 189 

and 1b). 18O of Populus euphratica in the downstream of the Heihe River and Tarim River, 190 

respectively, were -5.8‰ and -5.6‰, and there was no significant difference between them 191 

(P>0.05). 18O of Tamarix ramosissima between both regions also exhibited no significant 192 

difference (P>0.05). 193 

    IsoSource software was utilized to estimate plant water sources, and results showed that 194 

in the downstream of the Heihe River, the mean water use of Populus euphratica at 0-20 cm 195 
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and 0-75 cm, respectively, were 4.3% and 1% (Fig. 2a). In the downstream of the Tarim River, 196 

the mean water use of Populus euphratica at 0-20 cm and 0-75 cm, respectively, were 3.9% 197 

and 4.3% (Fig. 2b). These indicated whether or not Populus euphratica in the downstream of 198 

the Heihe River (with groundwater depth of 3.25 m) or Populus euphratica in the downstream 199 

of the Tarim River (with groundwater depth of 7.0 m) was partial to the use of the surface soil 200 

water. In the downstream of the Heihe River, the mean water use of Populus euphratica at 201 

75-175 cm was 14.2%, while the mean use proportion of soil water at 175-325 cm was 40.8%, 202 

with a maximum of 94%, and the mean use proportion of groundwater water was 39.8%, with 203 

a maximum of 92% (Fig. 2a). These indicated that Populus euphratica in the downstream of 204 

the Heihe River mainly absorbed soil water and groundwater at 175-325 cm for transpiration. 205 

In the downstream of the Tarim River, the mean contribution rate of soil water at 75-175 cm to 206 

Populus euphratica was 9.3%. The contribution rates at 175-375 cm and 375-700 cm, 207 

respectively, were 23.3% and 30.4%, exhibiting a significant increase. Moreover, the mean 208 

use proportion of groundwater of Populus euphratica was 28.8%, with a maximum of 86% 209 

(Fig. 2b), indicating that Populus euphratica mainly absorbed soil water at 375-700 cm and 210 

groundwater . 211 

    In the downstream of the Heihe River, 18O of Tamarix ramosissima was similar to that in 212 

soil water at 125 cm. In the downstream of the Tarim River, 18O of Tamarix ramosissima was 213 

similar to that in soil water at 250-400 cm. In the downstream of the Heihe River, the mean 214 

use rate of soil water of Tamarix ramosissima at 20 cm surface was 5.5%, and the mean use 215 

rate of soil water at 20-80 cm was only 11.0%. It mainly used soil water (with a mean of 216 

41.2%) and groundwater (with a mean of 42.4%) below 80 cm. In the downstream of the 217 
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Tarim River, the mean use rate of soil water of Tamarix ramosissima at 0-175 cm was no 218 

more than 6.7%. It mainly used deep subsoil water (with a mean of 45.0%) at 375-700 cm 219 

and groundwater (with a mean of 34.0%) . 220 

4.1.2 Plant root hydraulic lift 221 

Populus euphratica root at the Tarim River and Heihe River Basin generally exhibited the 222 

function of hydraulic lift (Fig. 3). However, root sap flow rate changes in different regions 223 

demonstrated a significant difference. In the downstream of the Tarim River, sap flow rates of 224 

the main root and lateral root differed substantially (Fig. 3a), and after the sap flow rate at 225 

12:00 reached the peak, the sap flow rate could remain high for a long time. In contrast, in the 226 

downstream of the Heihe River, the sap flow rates of the main root and lateral root differed 227 

substantially (Fig. 3b), and after the flow rate at 12:00 reached the peak, the sap flow rate 228 

could not remain high for a long time. In the downstream of the Tarim River, the daily mean 229 

sap flow rate, minimum sap flow rate and night mean negative sap flow of Populus euphratica 230 

lateral root were 0.30 cm/hr, -2.65 cm/hr, and -2.34 cm/hr, respectively. In the downstream of 231 

the Heihe River, the daily mean sap flow rate, minimum sap flow rate and night mean 232 

negative sap flow of Populus euphratica lateral root, were 3.82 cm/hr, -1.05 cm/hr, and -0.80 233 

cm/hr, respectively. These indicated that, the hydraulic redistribution of Populus euphratica 234 

root in the downstream of the Tarim River was more significant. 235 

    The hydraulic lift of Populus euphratica root inevitably led to the obvious lift of soil 236 

moisture content in the corresponding soil layer. The hydraulic lift of Populus euphratica root 237 

in the downstream of the Tarim River mainly occurred at the 10-110 cm soil layer, and the 238 

daily mean lift water at the whole soil layer of 0-110 cm was 0.41 mm. The root lift water in 239 
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each soil layer from large to small, successively, were 10 cm > 30 cm > 110 cm > 70 cm > 90 240 

cm > 50 cm (Fig. 4a). In the downstream of the Heihe River, the hydraulic lift of Populus 241 

euphratica root mainly occurred at the soil layer of 10- 70 cm, and the daily mean lift water at 242 

the whole soil layer of 10-70 cm was 0.36 mm. The root lift water in each soil layer from large 243 

to small, successively, were 50 cm > 10 cm > 30 cm >70 cm (Fig. 4b). Comparing the 244 

downstream of the Tarim River and Heihe River, the most differences of hydraulic lift of 245 

Populus euphratica root were amount of root lift water and depth of hydraulic lift happened. In 246 

the downstream of the Tarim River, the daily mean water consumption of transpiration was 247 

1.30 mm, which was far smaller than that in the downstream of the Heihe River, i.e., 3.37 mm. 248 

The improvement of hydraulic lift of Populus euphratica root to the improvement soil moisture 249 

conditions in the downstream of the Tarim River (the lift water accounting for 32% of the water 250 

consumption) should be significantly larger than that in the downstream of the Heihe River 251 

(the lift water accounting for 10% of the water consumption). In other words, the ecological 252 

effect of the hydraulic lift of Populus euphratica root in the downstream of the Tarim River 253 

should be more significant. 254 

4.2 Plant xylem hydraulic conductivity 255 

In the downstream of the Tarim River, the initial hydraulic conductivity (Ks0) and maximum 256 

hydraulic conductivity (Ksmax) of plant root and branch xylem were significantly lower than 257 

those of the downstream of the Heihe River (P<0.05). Among them, the hydraulic 258 

conductivity of Tamarix ramosissima root xylem was the largest (Fig. 5), followed by Tamarix 259 

ramosissima branch. Ks0 and Ksmax of Tamarix ramosissima root in the downstream of Tarim 260 

River were 1.59 and 17.65, respectively; Ks0 and Ksmax of Tamarix ramosissima root in the 261 
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downstream of Heihe River were 20.63 and 35.03, respectively, increasing by 11.97 times 262 

and 0.98 times, respectively. Ks0 and Ksmax of Populus euphratica increased 6.74 times and 263 

0.97 times, respectively. Ks0 and Ksmax of Tamarix ramosissima branch xylem in the 264 

downstream of the Heihe River increased by 9.48 times and 1.59 times, respectively, 265 

followed by those of Populus euphratica, increasing by 3.65 times and 1.18 times, 266 

respectively. The maximum hydraulic conductivity (Ksmax) of root and branch xylem indicated 267 

that both in the downstream of the Tarim River and Heihe River, the potential hydraulic 268 

conductivity of Tamarix ramosissima xylem was stronger than that of Populus euphratica 269 

xylem. 270 

    Natural embolization of xylem at the same part of the same plant exhibited a significant 271 

difference at different drought stress levels (Fig. 6). Percentage loss of hydraulic conductivity 272 

(PLC) of plant root and branch xylem in the downstream of the Tarim River were significantly 273 

higher than those in the downstream of the Heihe River (P<0.05). These indicated that with 274 

increasing drought stress, the embolization of plant root and branch xylem increased 275 

significantly, i.e., drought stress can significantly influence the water conductivity of the plant 276 

xylem. Plant branch xylem in the downstream of Heihe River was easier to be embolized. 277 

However, with increasing drought stress, the embolization of plant root xylem in the 278 

downstream of the Tarim River would be significantly higher than that of branch xylem. 279 

4.3 Plant transpiration 280 

Sap flow can intuitively reflect the transpiration of plants. The daily variation of the main trunk 281 

sap flow rate of Populus euphratica in the downstream of the Tarim River presented a wide 282 

front curve, and after 12:00 LT it showed a slight decrease. In contrast, the daily variation of 283 
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the main trunk sap flow rate of Populus euphratica in the downstream of the Heihe River 284 

presented a unimodal distribution, and after 12:00 LT it reached the peak. The start of both 285 

sap flows basically was synchronous with sunrise and began to decrease quickly with sunset. 286 

At night, it maintained a relatively low speed (Fig. 7). Variance analysis demonstrated that the 287 

flow rates of Populus euphratica in both regions demonstrated a significant difference 288 

(P<0.01). 289 

    Sap flow rates of Populus euphratica in the downstream of the Tarim River and Heihe 290 

River were correlated significantly with meteorological factor (P<0.01), but it varied in 291 

different habitats (Fig. 8). The analysis of extremum showed that the sap flow rates of 292 

Populus euphratica in the downstream of the Tarim River and Heihe River decreased with the 293 

increase of RH. When RH were 43 % and 58 %, respectively, the sap flow rates of Populus 294 

euphratica tended to flatly decrease with the increase of RH. When the wind speeds were 295 

lower than 7.7 km/h and 4.2 km/h, respectively, the flow rates of Populus euphratica in the 296 

downstream of the Tarim River and Heihe River increased with the increase of wind speed. In 297 

contrast, when the wind speeds were respectively larger than those two values, the sap flow 298 

rates of Populus euphratica tended to decrease with the increase of wind speed. When vapor 299 

pressure deficits (VPD) were lower than 6.1 kPa and 5kPa, respectively, the sap flow rates of 300 

Populus euphratica in the downstream of the Tarim River and Heihe River increased with the 301 

increase of VPD. When VPDs were larger than 6.1 kPa and 5.0 kPa, respectively, the flow 302 

rates of Populus euphratica tended to decrease with the increase of VPD. The analysis 303 

revealed that, due to the differences of environmental factors in the downstream of the Tarim 304 

River and Heihe River, the response of transpiration of Populus euphratica in both regions to 305 
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meteorological factors differed, reflecting the adaptation of the same plant to different 306 

long-term habitats. 307 

4.4 Variation of plant water potential  308 

Daily variation of stem water potential of Populus euphratica and Tamarix ramosissima (Fig. 9) 309 

showed that from predawn to 18:00 LT, the daily variation of stem water potential of Populus 310 

euphratica and Tamarix ramosissima in the downstream of the Heihe River presented a 311 

unimodal distribution. At predawn, the water potential was the maximum -0.44 and -0.67MPa, 312 

respectively. With the increase of temperature, the water potential began to decrease. At 313 

12:00 LT, the water potential was the minimum -2.19 and -2.63MPa, respectively. After 12:00 314 

LT, with the decrease of temperature, the water potential began to increase slowly. The daily 315 

variation of stem water potential of Populus euphratica and Tamarix ramosissima in the 316 

downstream of the Tarim River presented a slowly decreasing unimodal distribution. At 317 

predawn, the water potential was the maximum -4.53 and -2.50MPa, respectively. Later, with 318 

the increase of temperature, the stem water potential of Populus euphratica decreased 319 

quickly to -6.69MPa at 9:00 LT. At 12:00 LT, the stem water potential of Tamarix ramosissima 320 

decreased to -4.00MPa. After 12:00 LT, with the decrease of temperature, the water potential 321 

increased shortly, but later the water potential decreased, and at 18:00 the stem water 322 

potential decreased to -8.08 and -5.23MPa, respectively. 323 

   The stem water potential variation characteristics of Populus euphratica and Tamarix 324 

ramosissima at predawn and 12:00 LT at different groundwater depths showed that (Fig.10) 325 

in the downstream of the Tarim River, with the increase of groundwater depth, the water 326 

potential of Populus euphratica and Tamarix ramosissima at predawn both decreased firstly 327 
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and then increased. However, the stem water potential of Populus euphratica at 12:00 LT 328 

gradually decreased, while stem water potential of Tamarix ramosissima at 12:00 LT 329 

gradually increased. In the downstream of the Heihe River, with the increase of groundwater 330 

depth, the water potential of Populus euphratica at predawn exhibited no significant increase 331 

or decrease; whereas, the water potential of Tamarix ramosissima at predawn increased 332 

instead of decreased. The possible reason for this may lie in measuring error and requires 333 

further analysis. However, the water potential of Populus euphratica at 12:00 LT increased, 334 

while the water potential of Tamarix ramosissima at 12:00 LT decreased. 335 

5 Discussion and conclusions 336 

Both natural and artificial ecosystems, such as terrestrial, ocean, forest, grassland, lake and 337 

pond, are important objects in biogeoscience studies, for which the biogeochemical effects 338 

play a key role in their evolution processes, for example, the formation and depletion of 339 

atmosphere, formation and degradation of soil, changes and deterioration of water resources 340 

and water quality, and climate change (Geng et al., 2001). Therefore, biogeoscience studies 341 

are very important for providing scientific basis for sustainable development of the biosphere, 342 

environmental protection, and global change prediction. 343 

    The desert riparian forest in arid area is an essential component of of the terrestrial 344 

ecosystem in the world. It is a very complex system because of human activities and climate 345 

change, and is an important object of the biogeoscience study. Heihe River Basin and Tarim 346 

River Basin are two important river system in arid Northwestern China. Both river basins are 347 

rich in natural resources, but the ecological environment are extremely vulnerable because of 348 

limited water resources (Chen et al., 2007). Over the past several decades, both natural 349 

ecological processes and hydrological cycle in the two basins have been deeply modified by 350 
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human activities and climate change (Xu et al., 2010). As a result, the downstream of the 351 

Heihe River and Tarim River had dried up one after another in 1960s and 1970s, respectively. 352 

Consequently, the groundwater table dropped significantly leding to a serious decline in the 353 

desert riparian forest. Large patches of herbaceous plants, such as Phragmites communis 354 

Trirn, Apocynum venetum L., and Alhagi sparsifolia, died. The Populus euphratica and 355 

Tamarix ramosissima plant communities also degenerated in the region (Li et al., 2010). The 356 

lower reaches of the Tarim River and Heihe River have been experiencing the most serious 357 

ecological problems from over exploitation and utilization of water resources in western 358 

China.  359 

    To save the desert riparian forest, China implemented ecological emergency water 360 

transfer projects in the downstream of the Heihe River and Tarim River in 1999 and 2000, 361 

respectively. Each year, water was transferred from upstream of the river in order to lift the 362 

downstream groundwater level, and to provide water for the growth and development of 363 

riparian vegetation. From 2000 to 2009, the downstream of the Heihe River received 100.03 364 

× 108m3 water from upstream. In the growing season of each year, a fixed amount of surface 365 

water was supplied to groundwater, and the downstream groundwater level of the Heihe 366 

River was lifted constantly. The groundwater depth of the Ejin Oasis basically maintained 367 

around 3 m, with a small inter-annual fluctuation (Jiang and Liu, 2009). However, the 368 

downstream of the Tarim River received only 22.3 ×108m3 water from 2000 to 2009, while the 369 

transferring time and quantity were not fixed. The groundwater depth of the Yahepumahan 370 

section was around 5-6 m after water supply, with a large inter-annual fluctuation (Chen et al., 371 

2011). After the implementation of ecological water transfer project, the monitoring results of 372 
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groundwater depth in both regions indicated that the mean groundwater depth in the 373 

downstream of the Heihe River had recovered to around 3 m, and the maximum water 374 

content in the shallow soil layer (within 1 m) reached 29% (Fu et al., 2014). However, the 375 

mean groundwater depth in the downstream of the Tarim River still maintained around 6-8 m, 376 

and the maximum water content in the shallow soil layer within 2 m was only 15% (Halik et al., 377 

2008). A number of research results (Fu et al, 2006; Chen et al., 2006; Hao et al., 2010; Zhou 378 

et al, 2010; Li et al., 2013) have shown that rational groundwater depth of Populus euphratica 379 

is 2-4 m, and the critical groundwater depth is 4 m. If the groundwater depth is over 4 m, 380 

Populus euphratica will face water stress. the rational groundwater depth of Tamarix 381 

ramosissima is 4-6 m, and the critical groundwater depth is 6 m. If it is over 6 m, Tamarix 382 

ramosissima will face water stress. Therefore, the downstream of the Heihe River has 383 

satisfied the rational survival water level of desert riparian forest, whereas the downstream of 384 

the Tarim River is still at the stress water level for the desert riparian forest. Correspondingly, 385 

the desert riparian forest, mainly include Populus euphratica and Tamarix ramosissima, in the 386 

Heihe River and Tarim River developed different survival and adaptive strategies due to the 387 

long-term and particular evolution of water resources.   388 

Different drought stresses caused the differences of water absorption pattern of plant 389 

root (Fig. 1). In an environment with limited water, plants may absorb deep soil water or 390 

groundwater by deep roots (Nie et al., 2011). According to stable 18O composition in the 391 

water of the xylem, both Populus euphratica and Tamarix ramosissima in the downstream of 392 

the Heihe River and Tarim River took deep subsoil water and groundwater as the main water 393 

source, and did not mainly rely on the surface soil water (Figs. 1 and 2). It could give a stable 394 
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water source for Populus euphratica and Tamarix ramosissima in the downstream of the 395 

Tarim River and Heihe River by their deep roots to adapt drought stress. Combining 18O 396 

contents in soil and groundwater, 18O content in the soil below 175 cm of the downstream of 397 

the Heihe River is similar to that in the groundwater, and 18O content in the soil below 375 398 

cm of the downstream of Tarim River layer is similar to that in the groundwater (Fig. 1). These 399 

indicate that deep soil water mainly came from the supply of groundwater. Therefore, 400 

Populus euphratica and Tamarix ramosissima, the major plant community of desert riparian 401 

forests in the downstream of the Heihe River and Tarim River, actually use groundwater. This 402 

may be relevant to the deep root distribution of Populus euphratica and Tamarix ramosissima 403 

(Fu et al., 2014). However, the water use patterns of plants still are different in the two areas. 404 

The use ratio of groundwater of Populus euphratica and Tamarix ramosissima in the 405 

downstream of the Tarim River is smaller than that in the downstream of the Heihe River, and 406 

its use of soil water is relatively larger than that in the downstream of the Heihe River. 407 

Moreover, the use of soil water of the soil depth layer in the downstream of the Tarim River is 408 

also deeper than that in the downstream of the Heihe River. In other words, under long-term 409 

water stress, the water absorption of Populus euphratica and Tamarix ramosissima’s roots 410 

becomes diversified.  411 

    Different drought stresses caused the differences of water redistribution pattern of plant 412 

root (Figs. 5 and 6). As the active adaptation strategy to drought stress, the hydraulic lift of 413 

plants plays a key role in the riparian forest in the inland river basins of arid regions (Hao et 414 

al., 2012). Research results ( Warren et al., 2005; Brooks et al., 2006; Muñoz et al., 2008) 415 

indicate that hydraulic lift can extend the available period of water, which is beneficial to the 416 
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maintenance of physiological activity and hydraulic conductivity of plant tissue, and 417 

postpones the time of critical water potential of root embolization caused by the decrease of 418 

soil water potential. The hydraulic lift capacity of plant roots depends on plant species and 419 

meteorological factors (McMichael and Lascano, 2010; Warren et al., 2011). In the 420 

downstream of the Heihe River, the hydraulic lift of the root of Populus euphratica occurs at 421 

the 10-50 cm soil layer, and its capacity is usually small (0.36 mm/d), accounting for about 422 

10% of water consumption. In contrast, in the downstream of the Tarim River, Populus 423 

euphratica root at night tends to release the soil water at mid-depth (10-110 cm) to the 424 

shallow layer, and the content is large (0.41 mm/d), accounting for about 32% of water 425 

consumption. 426 

    Different drought stresses also caused the differences of xylem water transport patterns 427 

of plants . Xylem hydraulic conductivity of Populus euphratica and Tamarix ramosissima in 428 

the downstream of the Heihe River is significantly higher than that in the downstream of the 429 

Tarim River. Moreover, the branch xylem in the downstream of the Heihe River is easier to 430 

embolize, indicating that the root water absorbing capacity of Populus euphratica and 431 

Tamarix ramosissima under mild drought stress is strong. In this way, the strong flow 432 

resistance in the branch xylem not only can effectively reduce the water absorption of branch, 433 

but can also be beneficial to the uniform distribution of water from root in branch, which is 434 

important for maintaining adequate water in the plant to coordinate the normal growth and 435 

development. In other words, desert riparian forest plants in the downstream of the Heihe 436 

River adapt to mild drought stress by the hydraulic conductivity limiting in the branch xylem. 437 

However, in the downstream of the Tarim River, the embolization of root xylem of Populus 438 
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euphratica and Tamarix ramosissima is obviously larger than that of branch, indicating that 439 

the water transport resistance of desert plants mainly lies in root, which means the root water 440 

absorbing capacity is substantially limited. To maintain survival, the water absorption 441 

resistance must be actively reduced to compete for the extremely limited water supply and 442 

enable the water to rapidly transmit to blades. Therefore, some branches with weak 443 

competition are doomed to wither due to the water shortage. It is common to see a small part 444 

of branches of Populus euphratica and Tamarix ramosissima growing well, while the 445 

remaining branches wither to death in the downstream of the Tarim River (Fig. 11). In this 446 

way, desert riparian forest plants in the downstream of the Tarim River mainly guarantee the 447 

survival of the whole plant by sacrificing weak branches and improving dominant branches 448 

with a strong ability to compete. This is consistent with the conclusions in the study of Zhou et 449 

al. (2013)..  450 

    Furthermore, different drought stresses caused the differences of plant 451 

evapotranspiration characteristics. Root and stem sap flow of Populus euphratica in the 452 

downstream of the Heihe River and Tarim River at night are similar, with a non-significant 453 

difference (P>0.05); whereas, the sap flow of Populus euphratica in the downstream of the 454 

Heihe River in the daytime is significantly smaller than that in the downstream of the Tarim 455 

River (P<0.05). In the downstream of the Heihe River, the sap flow of the main root and 456 

lateral root of Populus euphratica in the daytime is fairly large, and both main root and lateral 457 

root bear the transport of evapotranspiration of Populus euphratica. In the downstream of the 458 

Tarim River, the shallow soil water is not adequate, and Populus euphratica in the daytime 459 

mainly transports water, depending on developed deep main root. At night, plant 460 
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evapotranspiration reduces, and to make up for the huge loss of shallow soil water in the 461 

daytime, the lateral sap flow begins to flow negatively. Water in the plant xylem releases in 462 

the shallow soil to supply the soil water and improve the water environment of shallow-rooted 463 

plants, which is beneficial to the succession development of the plant community. 464 

   Sap flow is an intuitive reflection of plant evapotranspiration (Wullschleger et al.,, 1998). 465 

For the same plant, its evapotranspiration rate in water stress will be lower than that in 466 

adequate water (Ma et al., 2013). In the downstream of the Tarim River and Heihe River, the 467 

sap flow rate of Populus euphratica exhibits a significant difference (P<0.01). In drought 468 

stress, especially during the strongest evapotranspiration period at 12:00 LT, the leaf stomata 469 

reduces its opening to decrease water consumption and further reduce the 470 

evapotranspiration rate. Thus, there is a break at 12:00 LT, which is an adaption mechanism 471 

of plants to water shortage. Daily variation of sap flow rate of Populus euphratica in the Tarim 472 

River will have a slight decrease, which is a presentation of this mechanism. This indicates 473 

that in the downstream of the Tarim River, Populus euphratica is in water stress. In contrast, 474 

the sap flow rate of Populus euphratica in the downstream of the Heihe River presents a 475 

unimodal curve, indicating that its water status is good. The data of branch water potential 476 

also confirm this point. Both in the downstream of the Tarim River and Heihe River, the water 477 

potentials of Populus euphratica and Tamarix ramosissima obviously increase after 12:00 LT.   478 

Furthermore, when the groundwater depth varies within 3 m, the water potentials of Populus 479 

euphratica and Tamarix ramosissima at predawn have no significant difference, and neither 480 

does the soil water. Thus, it can be proven that Populus euphratica and Tamarix ramosissima 481 

do not suffer serious water stress in the downstream of the Heihe River. In the downstream of 482 
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the Tarim River, the water potentials of Populus euphratica and Tamarix ramosissima at 483 

18:00 LT are low and have no sign of lift, indicating that with the decrease of temperature, the 484 

weakening of evapotranspiration, and untimely water supply of soil to blade, the water 485 

potential of blade manifests as low. In addition, with the increase of groundwater depth, the 486 

water potentials of Populus euphratica and Tamarix ramosissima at predawn decrease 487 

obviously. Thus, these indicate that Populus euphratica and Tamarix ramosissima are 488 

suffering serious water stress in the downstream of the Tarim River. This is consistent with 489 

the conclusions in the study of Fu et al. (2006, 2014). The geological environment, climate 490 

and soil-forming process in the downstream of the Heihe River and Tarim River are basically 491 

similar. In the downstream of the Tarim River and Heihe River, groundwater is the main 492 

supply source of soil water. Populus euphratica and Tamarix ramosissima both take 493 

groundwater as the main water source. Therefore, different groundwater depth is the 494 

essential reason for the water use difference of Populus euphratica in both regions. 495 

    Plant physiological and ecological changes are the results of long-term adaptation to 496 

survive in a particular environment. Through changes of water use indexes of the major plant 497 

community in the desert riparian forests in the downstream of the Heihe River and Tarim 498 

River, including water source, water distribution, water transport, water transpiration and 499 

water potential, we found that there were significant differences in plants’ water use 500 

strategies and survival modes under different drought stresses in arid areas. These findings 501 

are helpful for study on the succession and evolution of desert vegetation in arid area, and to 502 

provide scientific basis for restoring and reconstructing desert riparian forest in Northwestern 503 

China. 504 
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Table 1. Elevation and climatic variables in the lower reaches of the Tarim River and Heihe 

River 

Area Elevation Average 

annual 

precipitation

Average 

annual 

potential 

evaporation 

rate 

Average 

annual 

temperature

Relative 

humidity 

(in 

summer) 

Lower reaches of the 

Tarim River 

800-940 m 33.6 mm 2671.4 mm 10.7℃ 24.2% 

Lower reaches of the 

Heihe River 

900-1127 m 39.8 mm 3537.0 mm 8.2℃ 50.16% 

Note: data of the Tarim River come from Fu et al., 2006；data of the Heihe River come from Yao 

et al., 2006； data of relative humidity come from Zhou et al., 2013. 

 

 

 

 

 

 

 

 

 



 

Figure captions 

Figure 1. Changes of soil, plant, and underground δ18O at the downstream of the Heihe 

River (a) and the Tarim River (b) 

Figure 2. Use proportion of Populus euphratica in the downstream of the Heihe River (a) 

and Tarim River (b) to potential water 

Figure 3. Daily change of sap flow rate of Populus euphratica root (a. the downstream of 

the Tarim River; b. the downstream of the Heihe River) 

Figure 4. Comparisons of mean volumetric soil water content (VWC), hydraulic 

redistributed water (HRW) and soil water depletion by transpiration (WD) between 

different soil layers (a. the downstream of the Tarim River; b. the downstream of Heihe 

River) 

Figure 5. Conductivity characteristics of plant root (a) and stem (b) in the study sites 

Figure 6. Comparison of xylem embolization between plant stem (a) and root (b) PLC: 

percentage loss of hydraulic conductivity. 

Figure 7. Daily variation of sap flow rate of Populus euphratica in the downstream of 

Tarim River and Heihe River 

Figure 8. Response of sap flow velocity of P.euphratica in the downstream of the Tarim 

River（◇） and Heihe River（×） to meteorological factors 

Figure 9. Stem water potential of Populus euphratica and Tamarix ramosissima in the 

downstream of the Heihe River and Tarim River 

Figure 10. Stem water potential proportion of Populus euphratica and Tamarix 

ramosissima at  

predawn and 12:00 in the downstream of the Tarim River (a and c) and Heihe River (b and 

d) 

Figure 11. Survival state of Populus euphratica in the downstream of the Heihe River (left) 

and the downstream of Tarim River (right) 

 

 

 

带格式的: 上标

带格式的: 字体: 加粗

带格式的: 字体: 加粗

带格式的: 字体: 倾斜

带格式的: 字体: 加粗

带格式的: 字体: 加粗

带格式的: 字体: 倾斜

带格式的: 字体: 加粗

带格式的: 字体: 加粗

带格式的: 字体: 加粗

带格式的: 字体: 加粗

带格式的: 字体: 加粗

带格式的: 字体: 加粗

带格式的: 字体: 加粗

带格式的: 字体: 加粗

带格式的: 字体: 倾斜

带格式的: 字体: 倾斜

带格式的: 字体: 倾斜

删除的内容: 

删除的内容: A

删除的内容: B

删除的内容: A

删除的内容: B

删除的内容: desert riparian 

forest

删除的内容: A

删除的内容: B

删除的内容:  euphratica 

删除的内容: A 

删除的内容: C

删除的内容: B 

删除的内容: D



页 5:  [1] 删除的内容 Zhou, Honghua 2015/1/13 13:15:00 

In addition, the water use efficiency, sources, and means of plants also are closely 

correlated to the plant functional forms (Xu et al., 2005), plant growth stages (Sun et al., 2006), 

types of species (Duan et al., 2008), and seasonal variation (Ewe et al., 2002). Therefore, 

identifying plant water sources and use strategies are challenges and subjects of great interest 

in the ecological hydrology field, and of great significance to the comprehension of plants’ 

drought-resistant mechanisms and survival strategies. 

In the global terrestrial ecosystem, arid and semiarid ecosystems cover about 50% of the 

earth's surface (Bailey, 1996). In China’s terrestrial ecosystem, arid and semiarid ecosystems 

account for 52% of the national land surface (Wang, 2007). Arid desert regions have rare 

rainfall; thus, water factor is a key limiting factor of plant growth and development. The 

exploration of plants’ water use strategies in arid regions is extremely important to the 

conservation and restoration of the fragile ecosystems in the arid systems. At present, studies 

in China and globally have determined that the major means of water use methods and 

strategies in different habitat conditions include: stable isotope technology of 2H, 18 O and 13C 

(Drake et al., 2003; Duan et al., 2007; Zhou et al., 2011); trunk sap flow technology (Ma et al., 

2013); water potential (Fu et al., 2012), etc. Typical studies have been conducted of tropical 

forest ecosystems (Meinzer et al., 1999), temperate forest ecosystems (White, 1985), riparian 

ecosystems (Snyder et al., 2000), coastal ecosystems (Dawson, 1998), desert ecosystems 

(Ohte et al., 2003), and semiarid areas (Willams and Ehleringer, 2000), and have successfully 

analyzed plants’ water use efficiency and means in different environments. Furthermore, these 

studies provide important references for the studies of plant water use strategies in inland river 



basins.  
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The common points between the Tarim River and Heihe River are as follows: 1) Water 

resources form from the ice-snow melting water and rainfall. In the middle stream oasis region, 

the surface water is exploited in large quantity for agricultural irrigation. 2) The geological 

environment, soil-forming process, and rain conditions in the river downstream region are 

basically similar. Because the river downstream dried up for a long time and the underground 

water level falls, the desert riparian forest declines and even dies off in a large area, presenting 

desert landscape. 3) Since 2000, ecologic water transport has been applied in the downstream 

dried-off riverway, aiming at lifting the underground water level and saving increasingly 

declining desert riparian forest. The differences lie in that the mean underground water level of 

both sides of the downstream of the Tarim River is 6-8 m, and some sections reach over 10 m. 

In the past 13 years of the ecological water transport process, it mainly follows the 

downstream river channel for linear water transport. Therefore, only the underground water 

level near both sides of the riverway is lifted (Chen et al., 2003). The mean underground water 

level of the Heihe River is 3-4 m. During this same time period, almost every year the 

waterhead reaches tail Lake-Dongjuyanhai Lake (Tang and Jiang, 2009), and when the water 

transfer quantity is huge, many overflows occur in the downstream. 
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This use of the deep soil layer and permanent water (e.g., underground water) can allow 

the plants to survive in the long-time rainless period and ever grow further (Zencich et al., 

2002).  
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may obtain a stable water source by developing their deep roots to adapt to, or avoid, 

drought.  

 

页 19:  [3] 删除的内容 zhouhh 2015/1/15 15:42:00 

under 

 

页 19:  [3] 删除的内容 zhouhh 2015/1/15 15:42:00 

  

 

页 19:  [3] 删除的内容 zhouhh 2015/1/15 15:42:00 

it can be known that  
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it can be seen that  
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, which is consistent with the research conclusion regarding plant water used in the 

downstream of the Tarim River and Heihe River in the study of Chen et al. (2006) and Zhao et 

al. (2008).  
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both differed in the use patterns of soil water and underground water.  
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 with adequate water 
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wider 
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In addition, the water redistributions of plant roots are different 
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 On the individual plant scale, t 
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he hydraulic lift is equal to the improvement of water absorption efficiency of deep roots, 

carbon yield of plants, availability of nutrient substance in the shallow soil, etc. (Horton and 

Hart 1998; Querejeta et al. 2007).  
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From the daily variation of water potential, the daily variation of stem water potential of 

Populus euphratica and Tamarix ramosissima in the downstream of the Heihe River conforms 

to water potential characteristics in adequate water. In contrast, the daily variation of the stem 

water potential of Populus euphratica and Tamarix ramosissima in the downstream of the 

Tarim River conforms to water potential characteristics in water stress (Song et al., 2005).  
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 that in the downstream of the Heihe River, neither Populus euphratica nor Tamarix 

ramosissima suffered from serious arid stress 
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, and annual average rainfall is below 40 mm and annual average evaporation capacity is 

above 2,500 mm, with little rainfall and strong evaporation (Zhou et al., 2013) 
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Regarding the downstream of the Heihe and Tarim River with serious vegetation degradation, 

the influences of surface runoff, precipitation, and condensation water on desert plants are 

insignificant (Bai et al., 2008). When the plant root depth can reach the lifting height of capillary 



water, the plant can grow normally by absorbing the continuous supply of capillary water; 

otherwise, the plant root will wither and even die without enough water (Gong et al., 2006). In 

the downstream of the Tarim River and Heihe River, underground water is the main supply 

source of soil water in the aeration zone. Populus euphratica and Tamarix ramosissima both 

take underground water as the main water source. Therefore, this is the essential reason for 

the water use difference of Populus euphratica in both regions. 
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