
1 

 

The revision of JPE-2020-0112 1 

 2 

Species-specific responses to drought, salinity and their interactions 3 

in Populus euphratica and P. pruinosa seedlings 4 

 5 

Lei Yu 1, Haojie Dong 1, Zhijun Li 2, Zhanjiang Han 2, 6 

Helena Korpelainen 3, Chunyang Li 1, * 7 

 8 

1 College of Life and Environmental Sciences, Hangzhou Normal University, 9 

Hangzhou 311121, China 10 

2 College of Life Sciences, Tarim University, Alar 843300, China 11 

3 Department of Agricultural Sciences, Viikki Plant Science Centre, P.O. Box 27, FI-12 

00014 University of Helsinki, Finland 13 

* Corresponding author: Chunyang Li, E-mail: licy@hznu.edu.cn 14 

 15 

 16 

 17 

 18 

 19 

 20 

Running Head: Species-specific variations in two desert poplars 21 

 22 



2 

 

Abstract 23 

Aims Drought and salinity are severe abiotic stress factors, which limit plant growth 24 

and productivity, particularly in desert regions. In this study, we employed two desert 25 

poplars, Populus euphratica Oliver and P. pruinosa Schrenk seedlings, to compare their 26 

tolerance to drought, salinity and combined stress. 27 

Methods We investigated species-specific responses of P. euphratica and P. pruinosa 28 

in growth, photosynthetic capacity and pigment contents, nonstructural carbohydrate 29 

concentrations, Cl– allocation, osmotic regulation and the accumulation of reactive 30 

oxygen species under drought, salinity and the combined stress. 31 

Important Findings P. pruinosa exhibited greater growth inhibitory effects, 32 

photosynthesis decline, stomatal closure and reactive oxygen species accumulation, and 33 

lower antioxidant enzyme activities and osmotic regulation compared with P. 34 

euphratica under drought, salinity and especially under their combined stress. On the 35 

other hand, salt-stressed P. euphratica plants restricted salt transportation from roots to 36 

leaves, and allocated more Cl– to coarse roots and less to leaves, whereas salt-stressed 37 

P. pruinosa allocated more Cl– to leaves. It was shown that there is species-specific 38 

variation in these two desert poplars, and P. pruinosa suffers greater negative effects 39 

compared with P. euphratica under drought, salinity and especially under the combined 40 

stress. Therefore, in ecological restoration and afforestation efforts, species-specific 41 

responses and tolerances of these two poplar species to drought and salinity should be 42 

considered under climate change with increasing drought and soil salinity developing. 43 

Keywords: desert poplars, drought and salinity, Cl– allocation and transportation, coarse 44 
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and fine roots, tolerance 45 
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 67 

Drought will become more frequent and severe in the future along with global climate 68 

change (Trenberth et al. 2014; Cook et al. 2015; Choat et al. 2018). Salinity is another 69 

severe abiotic stress factor, which limits plant growth and production worldwide. In dry 70 

areas, evapotranspiration transports salt to the surface, which causes salt accumulation 71 

to toxic concentrations. Additionally, irrigation water may dissolve salt from mineral 72 

stocks, and it may be transported back to the surface by water evaporation and plant 73 

uptake (Rengasamy 2006). Therefore, increasing water irrigation taking place under 74 

climate change may potentially result in further salinization (Polle and Chen 2015). In 75 

natural ecosystems, plants are commonly exposed to different abiotic stresses and their 76 

interactions, such as the interaction between drought and salinity. Although many 77 

experiments have been conducted on plant responses to drought or salinity stress alone, 78 

only a few studies have investigated the combination of drought and salinity, which can 79 

induce unique physiological and biochemical responses (Brown et al. 2006; Mittler 80 

2006; Chen et al. 2010). 81 

 82 

Salinity, like drought, represents osmotic stress, and plants may have similar responses 83 

to salinity and drought (Hu et al. 2006; Chen et al. 2010; Polle and Chen 2015). To 84 

mitigate the damage caused by salinity and drought stress, tree species have different 85 

developmental and defense responses, visible in morphological and physiological traits, 86 

to cope with osmotic stress. For instance, it is known that trees can shift biomass 87 

allocation and change the root to shoot ratio under stress (Brunner et al. 2015; Song et 88 
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al. 2017; Yu et al. 2019). Additionally, stomatal closure minimizes water loss by 89 

transpiration, which decreases photosynthetic carbon assimilation (Chen et al. 2010; 90 

Adams et al. 2013; Choat et al. 2018), and affects osmotic regulation (Hartmann and 91 

Trumbore 2016; Karst et al. 2017) and reactive oxygen species (ROS) accumulation 92 

(Xu et al. 2008; Chen et al. 2010; Cao et al. 2014). 93 

 94 

Nonstructural carbohydrates (NSC), such as soluble sugars and starch, have received 95 

an increasing attention in plants as means to resist stress (Martínez-Vilalta et al. 2016; 96 

Choat et al. 2018; Tomasella et al. 2019). In fact, stored NSC can provide a buffer to 97 

enhance plant survival under periods of stress conditions (e.g. drought, salinity, shade 98 

and disturbances) (Chen et al. 2010; McDowell et al. 2011; Martínez-Vilalta et al. 2016). 99 

Soluble sugars play critical roles in osmoregulation, signaling and xylem repair (Sala 100 

et al. 2010; Secchi and Zwieniecki 2011; Martínez-Vilalta et al. 2016), while starch is 101 

regarded as an important energy supply to enhance plant survival (Niinemets 2010; 102 

Dietze et al. 2014; Hesse et al. 2019). 103 

 104 

Previous studies have revealed that the Cl– exclusion mechanism plays a key role in salt 105 

tolerance in Populus, which is able to restrict salt transportation from roots to leaves 106 

(Chen et al. 2001, 2002, 2010; Polle and Chen 2015; Li et al. 2016). Consequently, a 107 

large proportion of Cl– may accumulate in roots, when Populus is exposed to salinity 108 

stress. However, to our knowledge, few studies have investigated and compared Cl– 109 

allocation into coarse and fine roots. It is well known that coarse and fine roots have 110 
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distinct structures and functions. Coarse roots are longer-lived and involved in NSC 111 

storage, while fine roots are analogous to leaves, more ephemeral and critical for 112 

physiological functions, such as osmoregulation, and water and nutrient uptake (Kong 113 

et al. 2014; Iversen et al. 2017; Kannenberg et al. 2017). Yet, improved understanding 114 

of how Populus excludes Cl– and allocates Cl– into coarse and fine roots under salinity 115 

stress is desirable. 116 

 117 

P. euphratica Oliver and P. pruinosa Schrenk are two desert poplars, which can grow 118 

in barren or semi-barren desert regions worldwide. The natural P. euphratica forest in 119 

the Tarim River watershed accounts for about 90% of its total area in China and 55% 120 

of the species’ distribution worldwide (Wang et al. 1995). In China, P. pruinosa mainly 121 

occurs along rivers (e.g. Tarim, Yarkand, Kashgar and Hotan rivers) in the Xinjiang 122 

province. P. pruinosa grows usually as a pure forest or as a mixed forest with P. 123 

euphratica. It is one of the dominant species in the riparian zone of the arid desert in 124 

Xinjiang (Zheng et al. 2016). There are morphological differences between P. 125 

euphratica and P. pruinosa. For instance, young individuals and twigs of P. euphratica 126 

have stripped leaves, while the leaves are lanceolate and ovate in mature trees (Zhai et 127 

al. 2020). In contrast, P. pruinosa has ovate leaves with thick hair. Furthermore, P. 128 

euphratica has been used as an important model species for studying abiotic responses 129 

to drought or salinity stress (Wang et al. 2008; Ding et al. 2010; Zhang et al. 2013; Polle 130 

and Chen 2015; Ye et al. 2019). In arid and semi-arid regions of NW China, both P. 131 

euphratica and P. pruinosa play crucial roles in ecological conservation, stabilizing the 132 
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ecosystem balance and sand dunes, and in shelterbelts for agriculture. 133 

 134 

In this study, we investigate the species-specific responses of P. euphratica and P. 135 

pruinosa in growth, photosynthetic capacity and pigments, NSC concentration, Cl– 136 

allocation, osmotic regulation, and the accumulation of reactive oxygen species (ROS) 137 

under drought, salinity and the combined stress. We hypothesized that: (1) P. euphratica 138 

and P. pruinosa show different adaptive responses (e.g. in growth and physiological 139 

traits) to drought, salinity and combined stress; (2) Cl– allocation and accumulation are 140 

different in coarse and fine roots; (3) P. euphratica exhibits stronger resistance to 141 

drought, salinity and especially to the combined stress. 142 

 143 

 144 

 145 

 146 

 147 

 148 

 149 

 150 

 151 

Materials and methods 152 

 153 

Plant material and experimental design 154 
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 155 

This study was conducted at the gardening station of the Tarim University, located on 156 

the north edge of the Taklimakan desert, upriver of the Tarim River (elevation 1009 m 157 

above sea level, 40°54′N, 81°30′E). The conditions at the station represent warm 158 

temperate, continental dry climate. The annual sunshine duration, mean annual total 159 

solar radiation, mean annual rainfall and mean annual evaporation are 2750-3029 h, 160 

5.89×105 J cm-2, <50 mm and > 2500 mm, respectively. 161 

 162 

In summer 2015, P. euphratica and P. pruinosa seeds were sown and germinated in a 163 

nursery near the gardening station. After more than two years of growth with normal 164 

management, 120 uniform-size seedlings (60 seedlings of P. euphratica and 60 165 

seedlings of P. pruinosa) with a height of approximately 120 cm were used for the study 166 

in a common garden experiment. In early April 2018, healthy P. euphratica and P. 167 

pruinosa seedlings were planted in 30-L plastic pots (one seedling per pot) filled with 168 

homogenized soil. The planting soil, was obtained from a mixed forest dominated by P. 169 

euphratica and P. pruinosa near the experimental site, had a pH of 8.75 ± 0.04, soil 170 

organic matter content of 26.42 ± 0.74 mg g-1, total N content of 0.88 ± 0.07 mg g-1 and 171 

total P content of 1.12 ± 0.01 mg g-1. After one-month adaptation to the environment, 172 

all seedlings were subjected to drought and salinity treatments in early May 2018, and 173 

the plants were harvested at the end of August 2018. 174 

 175 

The experiment was a completely randomized design with the following factors: two 176 
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species (P. euphratica and P. pruinosa), two watering regimes (well-watered and 177 

drought), and two levels of salinity (no salt and added salt). Both P. euphratica and P. 178 

pruinosa were divided into two batches. The first batch was irrigated with 100-mM 179 

NaCl solution (Janz et al. 2012) every other day, five times in total, while the second 180 

batch was irrigated with water. Then, these two batches of seedlings were divided into 181 

two further batches exposed to drought stress or to well-watered conditions. A time-182 

domain reflectometer (Robinson et al. 2003; Yu et al. 2018) was employed for the 183 

determination of the soil water content (SWC) to demonstrate that SWC in the well-184 

watered treatments ranged between 28-32% and SWC in the drought treatments ranged 185 

between 8-12% (Fig. S1). There were four treatments in total as follows: well-watered 186 

(W), drought (D), salinity (S) and drought and salinity (DS). All seedlings were watered 187 

with varying amounts of water every day. Fifteen replicates per treatment were included 188 

in the experiment. 189 

 190 

Growth and relative water content of leaves 191 

 192 

At the end of the experiment, five seedlings were selected randomly from each 193 

treatment to measure biomass. All harvested plants were divided into leaves, stems, fine 194 

roots (< 2 mm) and coarse roots (> 2 mm), then dried at 70 °C for 72 h to a constant 195 

weight and weighed. The root/shoot ratio (R/S ratio) was calculated as total root 196 

biomass / (leaf biomass + stem biomass). 197 

 198 
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A fully expanded leaf from each of the five randomly chosen seedlings in each 199 

treatment was used to determine the relative water content (RWC). We measured fresh 200 

mass (FM), turgid mass (TM) and dry mass (DM) of 10 leaf discs (0.8 cm in diameter) 201 

collected from the middle part of each leaf. Then, RWC was calculated as follows: RWC 202 

= 100(FM – DM) / (TM – DM). 203 

 204 

Determination of gas exchange and pigment contents 205 

 206 

A LI-COR 6400 portable photosynthesis measuring system with the standard leaf 207 

chamber (2×3 cm2 window area; LI-COR, Lincoln, NE, USA) was used to determine 208 

the net photosynthetic rate (Pn), stomatal conductance (gs) and transpiration (E) of the 209 

fourth fully expanded and intact leaf from five randomly chosen seedlings in each 210 

treatment between 08:00 a.m. and 11:30 a.m. in early August 2018. Additional details 211 

concerning the measurement procedures are described by Song et al. (2017). The leaves 212 

used for the gas exchange determination were sampled for the measurement of leaf 213 

pigment concentrations. We used a UV-330 spectrophotometer (Unicam, Cambridge, 214 

UK) to determine chlorophyll concentrations according to the protocol of Lichtenthaler 215 

(1987). The total chlorophyll content (TChl ab) was the sum of chlorophyll a and b. 216 

 217 

Determination of carbon isotope composition 218 

 219 

Neighboring leaves used for the Pn determination were randomly sampled and analyzed 220 
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for the C isotopic composition, expressed as δ13C values (relative to Pee Dee Belemnite). 221 

The 13C/12C ratios of the leaf samples were measured using a DELTA V Advantage 222 

Isotope Ratio Mass Spectrometer (Thermo Fisher Scientific, Inc., Waltham, MA, USA) 223 

according to the method of Chen et al. (2014). 224 

 225 

Determination of NSCs 226 

 227 

At the end of the experiment, five randomly chosen plant samples (leaf, stem, fine root 228 

and coarse root) were sampled from each treatment for the NSC analysis. In brief, about 229 

50 mg of powdered plant samples were placed into 10-ml centrifuge tubes, and then 230 

extracted in 80% (v/v) ethanol at 80 °C for 30 min. The extract was used to determine 231 

soluble sugars, and the residue was used for starch measurements (Yemm and Willis 232 

1954). Additional details are described by Song et al. (2017). 233 

 234 

Determination of Cl– concentration 235 

 236 

Five randomly chosen dry powdered plant samples (leaf, stem, fine root and coarse root) 237 

were sampled from each treatment for Cl– analyses according to the modified silver 238 

titration method (Chen et al. 2001). 239 

 240 

Determination of lipid peroxidation and antioxidant enzyme activities 241 

 242 
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For the determination of lipid peroxidation and antioxidant enzyme activities, fully 243 

expanded and intact leaves were selected from five randomly chosen individuals from 244 

each treatment. The concentrations of superoxide radicals (O2
−) and malondialdehyde 245 

(MDA) were measured according to the methods of Lei et al. (2006) and Kramer et al. 246 

(1991), respectively. For the analysis of peroxidase (POD) and superoxide dismutase 247 

(SOD) activities, about 0.5 g fresh leaves were ground in liquid nitrogen and extracted 248 

with 100 mM potassium phosphate buffer (pH 7.8) containing 0.1 mM EDTA, 1% (w/v) 249 

PVP, 0.1 mM PMSF and 0.1% (v/v) Triton X100. Additional methodological details are 250 

described in Li et al. (2013) and Liu et al. (2020). 251 

 252 

Statistical analyses 253 

 254 

Statistical analyses were performed using the Statistical Package for the Social Sciences 255 

(SPSS, Chicago, IL, USA) version 18.0. All data were checked for normality and the 256 

homogeneity of variances and log-transformed to correct deviations from these 257 

assumptions when necessary. Tukey’s HSD tests were conducted to detect significant 258 

differences among treatments. Three-way analyses of variance (ANOVA) were 259 

performed to analyze the effects of species, salinity, drought and their interactions. All 260 

statistical effects were considered significant at P<0.05. Principal component analysis 261 

(PCA) was carried out with Canoco 5.0 (Microcomputer Power, USA). 262 

 263 

 264 
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 265 

 266 

 267 

 268 

 269 

 270 

 271 

 272 

 273 

 274 

 275 

 276 

 277 

 278 

 279 

 280 

 281 

Results 282 

 283 

Differences in growth traits 284 

 285 

Drought, salinity and combined stress significantly decreased leaf, stem, total root, fine 286 
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root and total biomass of both poplar species, whereas they increased their R/S ratio 287 

(Fig. 1a-f). P. euphratica possessed a higher leaf, total root and total biomass than P. 288 

pruinosa under drought, salinity and combined stress. In addition, the interactions 289 

between species, drought and salinity for leaf, total root and total biomass were 290 

significant. Thus, the results indicate that under drought stress, salinity caused greater 291 

decreases in the studied traits in P. pruinosa (Table S1). 292 

 293 

Differences in gas exchange and pigments 294 

 295 

Drought, salinity and combined stress significantly decreased Pn, TChl ab, gs, E and 296 

RWC of both poplar species, whereas they increased δ13C (Fig. 2a-f). In addition, P. 297 

euphratica had higher Pn, TChl ab, gs, E and δ13C under salinity, and higher Pn, TChl 298 

ab, gs, E and RWC under combined stress. Furthermore, Pn, TChl ab, gs and δ13C were 299 

significantly affected by species × salinity and drought × salinity interactions. Thus, 300 

those traits decreased more under salinity and combined stress in P. pruinosa (Table 301 

S1). These findings implied that P. pruinosa may suffer greater inhibitory effects under 302 

salinity and combined stress. 303 

 304 

Differences in soluble sugar and starch concentrations 305 

 306 

P. euphratica showed higher concentrations of leaf soluble sugars compared to P. 307 

pruinosa both in control and stress conditions (Table 1). Soluble sugar concentrations 308 
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of all organs in P. euphratica showed increasing trends under stress, especially under 309 

combined stress, whereas they decreased (except for leaves) in P. pruinosa under stress. 310 

In addition, starch concentrations of all organs in both poplar species decreased under 311 

drought, salinity and combined stress. Furthermore, starch concentrations of stems, fine 312 

roots and coarse roots were significantly affected by species × drought and species × 313 

salinity interactions (Table 1). 314 

 315 

Differences in Cl– concentration 316 

 317 

Under salinity, Cl– concentrations of P. euphratica leaves, stems and coarse roots 318 

increased approximately 36.8, 43.0 and 81.4%, respectively, but 44.3, 60.9 and 104.9% 319 

under combined stress, respectively (Fig. 3). In addition, Cl– concentrations of leaves, 320 

stems and coarse roots increased 72.7, 28.2 and 32.4% under salinity in P. pruinosa, 321 

respectively, while 78.2, 40.9 and 54.0% under combined stress, respectively. Under 322 

salinity and the combination of drought and salinity, P. euphratica showed significantly 323 

higher Cl– concentrations in stems and coarse roots, whereas P. pruinosa allocated more 324 

Cl– into leaves. Furthermore, the Cl– concentrations of all organs were significantly 325 

affected by the interaction of species × salinity (except for fine roots), which indicated 326 

that salinity caused greater increases in leaf Cl– concentrations, and greater decreases 327 

in stem and coarse root Cl– concentrations of P. pruinosa (Table S2). 328 

 329 

Differences in oxidative stress and antioxidants 330 
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 331 

Concentrations of O2
−, MDA, POD and SOD significantly increased in both poplar 332 

species under all stress conditions (Fig. 4). Compared with P. pruinosa, P. euphratica 333 

had lower O2
− and higher POD under combined stress, and lower MDA and higher SOD 334 

under all stress conditions. In addition, these four parameters were all significantly 335 

affected by the species × salinity interaction (Table S2). 336 

 337 

Relationships among studied traits under drought and salinity 338 

 339 

The two main components of the principal component analysis (PCA) explained 86.1% 340 

of the total variation in the studied traits in P. euphratica and P. pruinosa, as affected 341 

by drought, salinity and combined stress (Fig. 5). Control, drought and salinity 342 

treatments, especially the combined stress, were well separated from each other. In 343 

addition, P. euphratica and P. pruinosa were separated along the second PCA axis (Fig. 344 

5). PC1 was strongly influenced by leaf, stem, fine root, total root and total biomass, 345 

Pn, TChl ab, gs, E, stem starch, RWC, leaf, stem, fine root and coarse root Cl–, POD, 346 

SOD, O2
−and MDA, R/S ratio, and leaf, fine root and coarse root soluble sugars. PC2 347 

was strongly influenced by stem soluble sugars, and fine root and coarse root starch. 348 

 349 

 350 

 351 

 352 
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 353 

 354 

 355 

 356 

 357 

 358 

 359 

 360 

 361 

 362 

 363 

 364 

 365 

 366 

 367 

 368 

Discussion 369 

 370 

Drought and salinity affect plant growth 371 

 372 

Our results revealed that drought and salinity decreased the growth of both poplar 373 

species, but they also showed the presence of species-specific responses to stress 374 
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conditions, particularly the significant interactions of drought and salinity on the growth 375 

traits of P. euphratica and P. pruinosa (Fig. 1, Table S1). Compared with P. pruinosa, 376 

P. euphratica possessed a higher biomass under drought, salinity and combined stress. 377 

These results demonstrated that P. euphratica had a better tolerance under drought and 378 

salinity. Our results are consistent with previous studies suggesting that drought and 379 

salinity tolerance in poplars varies considerably among species (Yang et al. 2010; Polle 380 

and Chen 2015; Rancourt et al. 2015). In addition, the significant interactive effects of 381 

species × drought × salinity on the total biomass (Table S1) indicated that under drought, 382 

salinity caused greater decreases in the total biomass of P. pruinosa (Fig. 1d). These 383 

interactions showed that the two poplar species possess different growth strategies 384 

under changing conditions. Our findings also allow predictions of the potential 385 

responses of these two desert poplar species to increasing drought and soil salinity 386 

under global climate change. 387 

 388 

Previous studies have reported that plants can shift biomass allocation and change 389 

root/shoot ratios to cope with varied environmental conditions, such as drought 390 

(Brunner et al. 2015; Phillips et al. 2016; Zhou et al. 2018). Our results are in line with 391 

previous studies suggesting that both poplar species possess a higher R/S ratio under 392 

drought, salinity and combined stress (Fig. 1f), thus optimizing water uptake. A greater 393 

root system is usually associated with a greater capacity of nutrient and water uptake, 394 

as confirmed in many studies (Shipley and Meziane 2002; Brunner and Godbold 2007; 395 

Portmuth and Niinemets 2007). In our study, P. euphratica had a higher total root 396 
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biomass compared with P. pruinosa under drought, salinity and combined stress (Fig. 397 

1c), which indicated that P. euphratica may have a greater root nutrient and water 398 

uptake capacity under stress conditions. 399 

 400 

Drought and salinity affect photosynthesis and nonstructural carbohydrates 401 

 402 

Many studies have revealed that drought and salinity have inhibitory effects on 403 

photosynthesis and growth (Xu et al. 2008; McDowell et al. 2011, 2013; Chen et al. 404 

2014; Polle and Chen 2015). Our results were consistent with these observations 405 

indicating that drought, salinity and combined stress significantly decrease Pn, TChl ab, 406 

gs, E and RWC of P. euphratica and P. pruinosa (Fig. 2a-e). However, we also found 407 

species-specific differences under stressful conditions. For example, P. euphratica had 408 

higher Pn, TChl ab, gs, E and δ13C under salinity stress. This result is probably due to 409 

the greater tolerance of P. euphratica when exposed to salinity stress (Chen et al. 2001, 410 

2002; Chen and Polle 2010). There were positive associations among leaf, stem, root 411 

and total biomass, Pn, TChl ab, gs, E, RWC, and leaf, stem and coarse root starch 412 

concentrations according to PCA analysis. Moreover, P. euphratica and P. pruinosa 413 

were separated along the second PCA axis (Fig. 5).  414 

 415 

Our results indicate that the growth and physiological trait responses to drought, salinity 416 

and combined stress were species-specific, and further supported by significant species 417 

× drought × salinity interactions on many studied parameters (leaf, total root and total 418 
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biomass, gs, δ13C, leaf Cl– concentration, leaf and stem starch concentrations). In 419 

addition, the carbon isotope composition (δ13C) of leaves normally acts as an indicator 420 

of the long-term water use efficiency (WUE) of plants (Dawson et al. 2004; Li et al. 421 

2007). Greater δ13C caused by drought and salinity may result in decreased E and 422 

stomatal closure, and increased 13C fixation(Zhang et al. 2005; Chen et al. 2010). In the 423 

present study, drought and salinity increased WUE (e.g. δ13C) of both poplar species, 424 

which corroborated previous findings in Populus (Xu et al. 2008; Chen et al. 2010, 425 

2014; Li et al. 2016). 426 

 427 

It has been suggested that plants with higher soluble sugar and starch contents have a 428 

better tolerance and survival under stressful environments (Dietze et al. 2014; Martínez-429 

Vilalta et al. 2016; Kannenberg et al. 2017). In this study, drought, salinity and 430 

combined stress decreased starch concentrations of all organs in both poplar species 431 

(Table 1). This result was similar to other studies suggesting that stress decreases the 432 

content of starch (Hartmann et al. 2013; Mitchell et al. 2013; Dai et al. 2017), which 433 

may convert into soluble sugars (McDowell et al. 2011; García-Forner et al. 2016). 434 

Previous studies have demonstrated that soluble sugars contribute to osmotic 435 

adjustment and play crucial roles in maintaining the soil-to-plant water potential 436 

gradient during drought and osmotic stress, and in later embolism repair (Dietze et al. 437 

2014; Martínez-Vilalta et al. 2016; De Baerdemaeker et al. 2017).  438 

 439 

In our study, there were species- and organ- specific responses to drought and salinity. 440 
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P. euphratica showed significantly higher soluble sugar concentration in leaves than P. 441 

pruinosa in both control and stress conditions (Table 1). The high soluble sugar 442 

concentration in the leaves of P. euphratica indicates that the protective effect and 443 

osmoregulation may be already in place before the stress conditions begins (Chen et al. 444 

2001; Janz et al. 2010), whereas P. pruinosa may lag too much behind to prevent 445 

effectively drought and salinity imposed problems. Previously, Karst et al. (2017) have 446 

reported that soluble sugars in fine roots, analogous to leaves, can also serve as 447 

osmoregulatory compounds. Therefore, the higher soluble sugar concentration in the 448 

fine roots of P. euphratica relative to P. pruinosa under stress (Table 1) indicates that P. 449 

euphratica may have a greater capacity of osmotic regulation in fine roots when 450 

exposed to stress. 451 

 452 

Drought and salinity affect Cl–allocation and accumulation 453 

 454 

Previous studies have revealed that Cl– is mainly allocated into the leaf tissue of poplars 455 

(Chen et al. 2002, 2010; Zalesny et al. 2007; Chen and Polle 2010). Comparably, our 456 

results suggested that both poplar species show highest Cl– concentrations in leaves 457 

exposed to salinity and combined salinity and drought stress (Fig. 3). Moreover, the Cl– 458 

concentration of P. pruinosa leaves increased approximately 72.7% and 78.2% under 459 

salinity and combined drought and salinity stress, respectively. In comparison to P. 460 

pruinosa, P. euphratica accumulated less Cl– in leaves and allocated more Cl– into 461 

coarse roots, where Cl– concentration increased 81.4% and 104.9% under salinity and 462 
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combined drought and salinity stress, respectively (Fig. 3). Therefore, the higher 463 

resistance to salinity of P. euphratica appears to be linked to the restriction of salt 464 

transport from roots to leaves. These results are consistent with previous studies 465 

suggesting that the exclusion of Cl– is the most important mechanism of salt tolerance 466 

in P. euphratica (Chen et al. 2001, 2002; Polle and Chen 2015). Leaves and fine roots 467 

are sensitive plant organs and indicate the carbon assimilation capacity, and the 468 

absorption of nutrients and water (Brunner et al. 2015; McCormack et al. 2015). In the 469 

present study, although salinity caused P. euphratica to allocate more Cl– into coarse 470 

roots, the Cl– allocation into fine roots increased only little, approximately 11.1% and 471 

25.3% under salinity and combined salinity and drought stress, respectively (Fig. 3). 472 

Thus, our results demonstrated that P. euphratica possesses a Cl– exclusion mechanism 473 

that allocates more Cl– into coarse roots and less into leaves and fine roots, which may 474 

minimize ion toxicity to these more sensitive organs under salinity stress. 475 

 476 

Drought and salinity affect oxidative stress and antioxidants 477 

 478 

MDA is a product of lipid peroxidation and a key indicator of membrane damage caused 479 

by oxidative stress. Previous studies have reported that a lower MDA level reflects a 480 

higher anti-oxidative capacity, which represents higher resistance to stress (Xu et al. 481 

2008; Li et al. 2011; Liu et al. 2020). In the present study, MDA significantly increased 482 

in both poplar species, but P. pruinosa showed a higher MDA concentration than P. 483 

euphratica under drought, salinity and especially under combined stress (Fig. 4b). 484 
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Furthermore, under stressful conditions, O2
– significantly increased in both species, but 485 

P. euphratica had a lower O2
– level than P. pruinosa under combined stress (Fig. 4a). 486 

These results demonstrated that drought, salinity and especially the combined stress 487 

induced damage to membrane lipid peroxidation that could be lower in P. euphratica 488 

than in P. pruinosa. 489 

 490 

Foliar antioxidant enzyme activities (e.g. POD and SOD) play crucial roles in oxygen-491 

scavenging activities and, thereby, represent an important tolerance mechanism to deal 492 

with abiotic stress (Petrov et al. 2015; Li et al. 2016). In our study, there were 493 

significantly higher activities of SOD and POD isoenzymes in P. euphratica than P. 494 

pruinosa under drought, salinity and especially under combined stress (Fig. 4). Our 495 

result is consistent with previous studies suggesting that P. euphratica could maintain 496 

the activities of POD and SOD isoenzymes under stress (Wang et al. 2007, 2008; Chen 497 

and Polle 2010). Thus, P. euphratica possesses a more effective antioxidant defense 498 

system to cope with stressful conditions. 499 

 500 

Conclusions 501 

 502 

In the present study, we discovered that P. euphratica and P. pruinosa have different 503 

morphological, physiological and biochemical responses to drought, salinity and 504 

combined stress. In addition, P. euphratica exhibited stronger resistance to drought, 505 

salinity and especially to combined stress, visible as a higher biomass, photosynthetic 506 



24 

 

capacity and long-term water use efficiency (δ13C) under stress conditions. It is possible 507 

that the stronger resistance of P. euphratica is mainly associated with higher antioxidant 508 

enzyme activities, better ROS scavenging and osmotic regulation, as well as with Cl– 509 

being allocated less into leaves and more into coarse roots.  Significant species × 510 

drought × salinity interactions in many studied parameters (biomass, gs, δ13C, leaf Cl– 511 

concentration, etc.) suggest that species-related differences in these traits would 512 

increase along environmental gradients, implying different life history strategies.  513 

Considering increasing drought and soil salinity developing under climate change, 514 

knowledge of species-specific stress responses and tolerances in these two poplar 515 

species is crucial for ecological restoration and afforestation efforts in arid areas. 516 

 517 

 518 

Acknowledgements This work was supported by the Natural Science Foundation of 519 

China (U1803231) and the Talent Program of the Hangzhou Normal University 520 

(2016QDL020). 521 

 522 

Author contributions Lei Yu had the main responsibility for data collection, analysis 523 

and writing, Haojie Dong, Zhijun Li and Zhanjiang Han contributed to data analysis, 524 

Helena Korpelainen contributed to the interpretation of data and manuscript preparation, 525 

and Chunyang Li (the corresponding author) had the overall responsibility for 526 

experimental design and project management. 527 

 528 



25 

 

Conflict of interest The authors declare that they have no conflict of interest. 529 

 530 

 531 

 532 

 533 

 534 

 535 

 536 

 537 

 538 

 539 

 540 

References 541 

Adams HD, Germino MJ, Breshears DD, et al. (2013) Nonstructural leaf carbohydrate 542 

dynamics of Pinus edulis during drought-induced tree mortality reveal role for 543 

carbon metabolism in mortality mechanism. New Phytol 197:1142-1151. 544 

De Baerdemaeker NJF, Salomon RL, De Roo L, et al. (2017) Sugars from woody tissue 545 

photosynthesis reduce xylem vulnerability to cavitation. New Phytol 216:720-727. 546 

Brown CE, Pezeshki SR, DeLaune RD (2006) The effects of salinity and soil drying on 547 

nutrient uptake and growth of Spartina alterniflora in a simulated tidal system. 548 

Environ Exp Bot 58:140-148. 549 

Brunner I, Herzog C, Dawes MA, et al. (2015) How tree roots respond to drought. Front 550 



26 

 

Plant Sci 6:1-16. 551 

Brunner I, Godbold DL (2007) Tree roots in a changing world. J For Res 12:78-82. 552 

Cao X, Jia JB, Zhang C, et al. (2014) Anatomical, physiological and transcriptional 553 

responses of two contrasting poplar genotypes to drought and re-watering. Physiol 554 

Plant 151:480-494. 555 

Chen J, Duan BL, Wang ML, et al. (2014) Intra- and inter-sexual competition of 556 

Populus cathayana under different watering regimes. Funct Ecol 28:124-136. 557 

Chen LH, Zhang S, Zhao HX, et al. (2010) Sex-related adaptive responses to interaction 558 

of drought and salinity in Populus yunnanensis. Plant Cell Environ 33:1767-1778. 559 

Chen SL, Li JK, Fritz E, et al. (2002) Sodium and chloride distribution in roots and 560 

transport in three poplar genotypes under increasing NaCl stress. For Ecol Manage 561 

168:217-230. 562 

Chen SL, Li JK, Wang SS, et al. (2001) Salt, nutrient uptake and transport, and ABA of 563 

Populus euphratica; a hybrid in response to increasing soil NaCl. Trees 15:186-194. 564 

Chen SL, Polle A (2010) Salinity tolerance of Populus. Plant Biol 12:317-333. 565 

Choat B, Brodribb TJ, Brodersen CR, et al. (2018) Triggers of tree mortality under 566 

drought. Nature 558:531-539. 567 

Cook BI, Ault TR, Smerdon JE (2015) Unprecedented 21st century drought risk in the 568 

American Southwest and Central Plains. Sci Adv 1:e1400082. 569 

Dai Y, Wang L, Wan X (2017) Relative contributions of hydraulic dysfunction and 570 

carbohydrate depletion during tree mortality caused by drought. AoB 571 

Plants 10:plx069. 572 



27 

 

Dawson TE, Ward JK, Ehleringer JR (2004) Temporal scaling of physiological 573 

responses from gas exchange to tree rings: a gender-specific study of Acer negundo 574 

(Boxelder) growing under different conditions. Funct Ecol 18:212-222. 575 

Ding MQ, Hou PC, Shen X, et al. (2010) Salt-induced expression of genes related to 576 

Na+/K+ and ROS homeostasis in leaves of salt-resistant and salt-sensitive poplar 577 

species. Plant Mol Biol 73:251-269. 578 

Dietze MC, Sala A, Carbone MS, et al. (2014) Nonstructural carbon in woody plants. 579 

Annu Rev Plant Biol 65:667-687. 580 

García-Forner N, Sala A, Biel C, et al. (2016) Individual traits as determinants of time 581 

to death under extreme drought in Pinus sylvestris L. Tree Physiol 36:1196-1209. 582 

Hartmann H, Trumbore S (2016) Understanding the roles of nonstructural 583 

carbohydrates in forest trees - from what we can measure to what we want to know. 584 

New Phytol 211:386-403. 585 

Hartmann H, Ziegler W, Kolle O, et al. (2013) Thirst beats hunger declining hydration 586 

during drought prevents carbon starvation in Norway spruce saplings. New Phytol 587 

200:340-349. 588 

Hesse BD, Goisser M, Hartmann H, et al. (2019) Repeated summer drought delays 589 

sugar export from the leaf and impairs phloem transport in mature beech. Tree 590 

Physiol 39:192-200. 591 

Hu H, Dai M, Yao J, et al. (2006) Overexpressing a NAM, ATAF, and CUC (NAC) 592 

transcription factor enhances drought resistance and salt tolerance in rice. Proc Natl 593 

Acad Sci 103:12987-12992. 594 



28 

 

Iversen CM, McCormack ML, Powell AS, et al. (2017) A global fine-root ecology 595 

database to address below-ground challenges in plant ecology. New Phytol 215:15-596 

26. 597 

Janz D, Behnke K, Schnitzler J, et al. (2010) Pathway analysis of the transcriptome and 598 

metabolome of salt sensitive and tolerant poplar species reveals evolutionary 599 

adaption of stress tolerance mechanisms. BMC Plant Biol 10:150. 600 

Janz D, Lautner S, Wildhagen H, et al. (2012) Salt stress induces the formation of a 601 

novel type of ‘pressure wood’ in two Populus species. New Phytol 194:129-141. 602 

Kannenberg SA, Novick KA, Phillips RP (2017) Coarse roots prevent declines in 603 

whole-tree non-structural carbohydrate pools during drought in an isohydric and an 604 

anisohydric species. Tree Physiol 38:582-590. 605 

Karst J, Gaster J, Wiley E, et al. (2017) Stress differentially causes roots of tree 606 

seedlings to exude carbon. Tree Physiol 37:154-164. 607 

Kong DL, Ma CG, Zhang Q, et al. (2014) Leading dimensions in absorptive root trait 608 

variation across 96 subtropical forest species. New Phytol 203:863-872. 609 

Kramer GF, Norman HA, Krizek DT, et al. (1991) Influence of UV-B radiation on 610 

polyamines, lipid peroxidation and membrane lipid in cucumber. Phytochemistry 611 

30:2101-2108. 612 

Lei YB, Yin CY, Li CY (2006) Differences in some morphological, physiological, and 613 

biochemical responses to drought stress in two contrasting populations of Populus 614 

przewalskii. Physiol Plant 127:182-191. 615 

Li CY, Xu G, Zang RG, et al. (2007) Sex-related differences in leaf morphological and 616 



29 

 

physiological responses in Hippophae rhamnoides along an altitudinal gradient. Tree 617 

Physiol 27:399-406. 618 

Lichtenthaler HK (1987) Chorophyll and carotenoids: pigments of photosynthetic 619 

biomembranes. Method Enzymol 148:350-382. 620 

Li L, Zhang YB, Luo JX, et al. (2013) Sex-specific responses of Populus yunnanensis 621 

exposed to elevated CO2 and salinity. Physiol Plant 147:477-488. 622 

Li Y, Zhao HX, Duan BL, et al. (2011) Effect of drought and ABA on growth, 623 

photosynthesis and antioxidant system of Cotinus coggygria seedlings under two 624 

different light conditions. Environ Exp Bot 71:107-113. 625 

Li Y, Duan BL, Chen J, et al. (2016) Males exhibit competitive advantages over females 626 

of Populus deltoides under salinity stress. Tree Physiol 36:1573-1584. 627 

Liu M, Bi JW, Liu XC, et al. (2020) Microstructural and physiological responses to 628 

cadmium stress under different nitrogen levels in Populus cathayana females and 629 

males. Tree Physiol 40:30-45. 630 

Martínez-Vilalta J, Sala A, Asensio MD, et al. (2016) Dynamics of nonstructural 631 

carbohydrates in terrestrial plants: a global synthesis. Ecol Monogr 86:495-516. 632 

McCormack ML, Dickie IA, Eissenstar DM, et al. (2015) Redefining fine roots 633 

improves understanding of below-ground contributions to terrestrial biosphere 634 

processes. New Phytol 207:505-518. 635 

McDowell NG, Beerling DJ, Breshears DD, et al. (2011) The interdependence of 636 

mechanisms underlying climate-driven vegetation mortality. Trends Ecol Evol 637 

26:523-532. 638 



30 

 

McDowell NG, Fisher RA, Xu C, et al. (2013) Evaluating theories of drought induced 639 

vegetation mortality using a multimodel-experiment framework. New Phytol 640 

200:304-321. 641 

Mittler R (2006) Abiotic stress, the field environment and stress combination. Trends 642 

Plant Sci 11:15-19. 643 

Mitchell PJ, O’Grady AP, Tissue DT, et al. (2013) Drought response strategies define 644 

the relative contributions of hydraulic dysfunction and carbohydrate depletion during 645 

tree mortality. New Phytol 197:862-872. 646 

Niinemets Ü (2010) Responses of forest trees to single and multiple environmental 647 

stresses from seedlings to mature plants: past stress history, stress interactions, 648 

tolerance and acclimation. For Ecol Manage 260:1623-1639. 649 

Petrov V, Hille J, Mueller-Roeber B, et al. (2015) ROS-mediated abiotic stress-induced 650 

programmed cell death in plants. Front Plant Sci 6:69. 651 

Phillips RP, Ibáñez I, D’Orangeville L, et al. (2016) A belowground perspective on the 652 

drought sensitivity of forests: towards improved understanding and simulation. For 653 

Ecol Manage 380:309-320. 654 

Polle A, Chen SL (2015) On the salty side of life: molecular, physiological and 655 

anatomical adaptation and acclimation of trees to extreme habitats. Plant Cell 656 

Environ 38:1794-1816. 657 

Portsmuth A, Niinemets Ü (2007) Structural and physiological plasticity to light and 658 

nutrients in five temperate deciduous woody species of contrasting shade tolerance. 659 

Funct Ecol 21:61-77. 660 



31 

 

Rancourt GT, Éthier G, Pepin S (2015) Greater efficiency of water use in poplar clones 661 

having a delayed response of mesophyll conductance to drought. Tree Physiol 662 

35:172-184. 663 

Rengasamy P (2006) World salinization with emphasis on Australia. J Exp Bot 57:1017-664 

1023. 665 

Robinson D, Jones S, Wraith J, et al. (2003) A review of advances in dielectric and 666 

electrical conductivity measurement in soils using time domain reflectometry. 667 

Vadose Zone J 2:444-475. 668 

Sala A, Piper F, Hoch G (2010) Physiological mechanisms of drought-induced tree 669 

mortality are far from being resolved. New Phytol 186:274-281. 670 

Secchi F, Zwieniecki MA (2011) Sensing embolism in xylem vessels: the role of 671 

sucrose as a trigger for refilling. Plant Cell Environ 34:514-524. 672 

Shipley B, Meziane D (2002) The balanced-growth hypothesis and the allometry of leaf 673 

and root biomass allocation. Funct Ecol 16:326-331. 674 

Song MY, Yu L, Jiang YL, et al. (2017) Nitrogen-controlled intra- and interspecific 675 

competition between Populus purdomii and Salix rehderiana drive primary 676 

succession in the Gongga Mountain glacier retreat area. Tree Physiol 37:799-814. 677 

Tomasella M, Nardini A, Hesse BD, et al. (2019) Close to the edge: effects of repeated 678 

severe drought on stem hydraulics and non-structural carbohydrates in European 679 

beech saplings. Tree Physiol 39:717-728. 680 

Trenberth KE, Dai AG, van der Schrier G, et al. (2014) Global warming and changes 681 

in drought. Nat Clim Change 4:17-22. 682 



32 

 

Wang R, Chen S, Deng L, et al. (2007) Leaf photosynthesis, fluorescence response to 683 

salinity and the relevance to chloroplast salt compartmentation and anti-oxidative 684 

stress in two poplars. Trees 21:581-591. 685 

Wang R, Chen S, Zhou X, et al. (2008) Ionic homeostasis and reactive oxygen species 686 

control in leaves and xylem sap of two poplars subjected to NaCl stress. Tree Physiol 687 

28:947-957. 688 

Wang S, Chen B, Li H (1995) Euphrates poplar forest. China Environmental Science 689 

Press, Beijing, China. 690 

Xu X, Yang F, Xiao X, et al. (2008) Sex-specific responses of Populus cathayana to 691 

drought and elevated temperatures. Plant Cell Environ 31:850-60. 692 

Yang F, Wang Y, Miao L (2010) Comparative physiological and proteomic responses to 693 

drought stress in two poplar species originating from different altitudes. Physiol Plant 694 

139:388-400. 695 

Ye ZQ, Wang JM, Wang WJ, et al. (2019) Effects of root phenotypic changes on the 696 

deep rooting of Populus euphratica seedlings under drought stresses. Peer J 7:e6513 697 

Yemm EW, Willis AJ (1954) The estimation of carbohydrates in plant extracts by 698 

anthrone. Biochem J 57:508-514. 699 

Yu L, Han Y, Jiang YL, et al. (2018) Sex-specific responses of bud burst and early 700 

development to non-growing season warming and drought in Populus cathayana. 701 

Can J For Res 48:68-76. 702 

Yu L, Song MY, Xia ZC, et al. (2019) Elevated temperature differently affects growth, 703 

photosynthetic capacity, nutrient absorption and leaf ultrastructure of Abies 704 



33 

 

faxoniana and Picea purpurea under intra- and interspecific competition. Tree 705 

Physiol 39:1342-1357. 706 

Zalesny JA, Zalesny RS, Wiese AH, et al. (2007) Sodium and chloride accumulation in 707 

leaf, woody, and root tissue of Populus after irrigation with landfill leachate. Environ 708 

Pollut 155:72-80. 709 

Zhai JT, Li Y, Han ZJ, et al. (2020) Morphological, structural and physiological 710 

differences in heteromorphic leaves of Euphrates poplar during development stages 711 

and at crown scales. Plant Biol. doi:10.1111/plb.13078. 712 

Zhang J, Xie PH, Lascaux M, et al. (2013) Rapidly evolving genes and stress adaptation 713 

of two desert Poplars, Populus euphratica and P. pruinosa. PLoS ONE 8(6):e66370. 714 

Zhang X, Wu N, Li C. (2005). Physiological and growth responses of Populus 715 

davidiana ecotypes to different soil water contents. J Arid Environ 60:567-579. 716 

Zheng YQ, Jiao PP, Zhao ZS, et al. (2016) Clonal growth of Populus Pruinosa Schrenk 717 

and its role in the regeneration of riparian forests. Ecol Eng 94:380-392. 718 

Zhou G, Zhou X, Nie Y, et al. (2018) Drought-induced changes in root biomass largely 719 

result from altered root morphological traits: Evidence from a synthesis of global 720 

field trials. Plant Cell Environ 41:2589-2599.721 



34 

 

Table 1. Soluble sugar and starch concentrations of different organs (mean ± SE) in P. euphratica and P. pruinosa, as affected by drought, salinity 
and combined stress. 

Species  Treatment 

Leaf soluble 

sugar (mg g-1) 

Stem soluble 

sugar (mg g-1) 

Fine root soluble 

sugar (mg g-1) 

Coarse root soluble 

sugar (mg g-1) 

Leaf starch 

 (mg g-1) 

Stem starch 

(mg g-1) 

Fine root starch 

(mg g-1) 

Coarse root starch 

 (mg g-1) 

P. euphratica W 116.98±3.43c 79.15±1.47b 56.53±1.87e 65.58±1.72c 31.19±0.81a 13.98±0.43a 20.28±0.47a 48.49±1.62a 

 D 123.56±2.14bc 70.44±1.60c 82.59±1.43b 86.89±1.73b 22.03±0.97b 9.85±0.45c 16.95±0.63b 35.73±1.17b 

 S 126.39±3.75bc 73.40±1.71bc 80.45±0.78bc 87.29±1.07b 24.38±0.89b 12.22±0.50b 17.84±0.57b 33.98±1.40b 

 DS 161.25±3.04a 89.85±2.69a 95.40±1.36a 106.04±1.92a 17.30±0.58c 6.73±0.33d 16.71±0.33b 26.56±1.37c 

          

P. pruinosa W 80.38±1.57e 72.59±1.51bc 75.33±1.97c 105.81±4.42a 25.54±1.40b 14.44±0.55a 20.59±0.71a 44.23±1.61a 

 D 96.39±1.37d 59.12±1.81d 63.51±1.18d 86.03±2.55b 14.44±0.26c 9.33±0.39c 17.24±0.56b 35.13±1.10b 

 S 88.76±1.45de 55.05±2.08d 68.20±1.48d 84.64±2.38b 13.70±0.83cd 8.64±0.39c 17.66±0.46b 34.76±1.17b 

 DS 130.99±2.99b 53.02±2.06d 63.64±2.06d 86.53±2.13b 10.36±0.62d 6.41±0.30d 17.08±0.48b 26.98±0.75c 

 P:FSp 0.000 0.000 0.000 0.017 0.000 0.002 0.605 0.329 

 P:FD 0.000 0.161 0.000 0.003 0.000 0.000 0.000 0.000 

 P:FS 0.000 0.074 0.000 0.006 0.000 0.000 0.001 0.000 

 P:FSp×D 0.030 0.000 0.000 0.000 0.461 0.067 0.726 0.376 

 P:FSp×S 0.584 0.000 0.000 0.000 0.080 0.003 0.785 0.110 

 P:FD×S 0.000 0.000 0.390 0.009 0.000 0.207 0.003 0.079 

 P:FSp×D×S 0.782 0.016 0.000 0.001 0.025 0.001 0.715 0.282 

Different letters denote significant differences among treatments according to Tukey’s HSD test at a significance level of P < 0.05. W, well-watered; D, drought; S, 

salinity; DS, drought and salinity. 

Three-way analyses of variance (ANOVA) were applied to evaluate the effects of different factors and their interactions. FSp, species effect; FD, drought effect; FS, 

salinity effect; FSp×D, species × drought interaction effect; FSp×S, species × salinity interaction effect; FD×S, drought × salinity interaction effect; FSp×D×S, species × 

drought × salinity interaction effect. 
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Figure legends 1 

 2 

Figure 1. (a) Leaf biomass, (b) stem biomass, (c) total root biomass, (d) total biomass, 3 

(e) fine root biomass, and (f) root to shoot (R/S) ratio in P. euphratica and P. pruinosa, 4 

as affected by drought, salinity and combined stress. Each value is the mean ± SE (n = 5 

5). Different letters above bars denote significant differences according to Tukey’s HSD 6 

test at a significance level of P < 0.05. W, well-watered; D, drought, S, salinity; DS, 7 

drought and salinity. 8 

 9 

Figure 2. (a) Net photosynthetic rate (Pn), (b) total chlorophyll content (TChl ab), (c) 10 

stomatal conductance (gs), (d) transpiration (E), (e) relative water content (RWC) and 11 

(f) carbon isotope composition (δ13C) in P. euphratica and P. pruinosa, as affected by 12 

drought, salinity and combined stress. Each value is the mean ± SE (n = 5). Treatment 13 

codes and statistical analyses as in Figure 1. 14 

 15 

Figure 3. (a) Leaf Cl– concentration, (b) stem Cl– concentration, (c) fine root Cl–16 

concentration and (d) coarse root Cl– concentration in P. euphratica and P. pruinosa, as 17 

affected by drought, salinity and combined stress. Each value is the mean ± SE (n = 5). 18 

Treatment codes and statistical analyses as in Figure 1. 19 

 20 

Figure 4. (a) Superoxide radicals (O2
−), (b) malondialdehyde (MDA) (c) peroxidase 21 

(POD) and (d) superoxide dismutase (SOD) in P. euphratica and P. pruinosa, as 22 
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affected by drought, salinity and combined stress. Each value is the mean ± SE (n = 5). 23 

Treatment codes and statistical analyses as in Figure 1. 24 

 25 

Figure 5. Principal component analysis (PCA) based on eco-physiological traits in P. 26 

euphratica and P. pruinosa, as affected by drought, salinity and combined stress. Open 27 

symbols: P. euphratica, filled symbols: P. pruinosa. Circles, up triangle arrows, down 28 

triangle arrows and squares indicate W, D, S and DS treatments, respectively. Pn, net 29 

photosynthetic rate; gs, stomatal conductance; E, transpiration; LM, leaf biomass; SM, 30 

stem biomass; FRM, fine root biomass; TRM, total root biomass; TM, total biomass; 31 

leaf ST, leaf starch; stem ST, stem starch; FR ST, fine root starch; CR ST, coarse root 32 

starch; leaf SS, leaf soluble sugar; stem SS, stem soluble sugar; FR SS, fine root soluble 33 

sugar; CR SS, coarse root soluble sugar; FR Cl–, fine root Cl–; CR Cl–, coarse root Cl–. 34 

Treatment codes as in Figure 1. 35 
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