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Abstract 9 

Water use efficiency (WUE, the ratio of gross primary productivity (GPP) to 10 

evapotranspiration (ET)) reflects the coupled relationship between water loss and 11 

carbon gain in the process of plant photosynthetic carbon assimilation. As a dominant 12 

tree species in arid area, Populus euphratica plays an important ecological role in 13 

slowing desertification. Here, continuous observations of carbon, water and energy 14 

fluxes were carried out in Populus euphratica forest with eddy covariance (EC) 15 

technique in 2018. We systematically explained the variation characteristics of energy 16 

fluxes and WUE at different time scales, and explored the main controlling factors of 17 

WUE in drought-stressed environment based on the synchronous meteorological data. 18 

Results showed that the carbon exchange of the Populus euphratica forest ecosystem 19 

occurred mainly during the growing seasons (April–October). During this period, the 20 

entire ecosystem appeared as a carbon sink with the potential to sequester atmospheric 21 

carbon dioxide. The average daily WUE was 2.2 g C/kg H2O, which was lower than 22 

other temperate forests (2.57–6.07 g C/kg H2O) but higher than grassland, wetland 23 

and cropland. We also concluded that an increase in carbon dioxide concentration 24 

(CCO2) and air relative humidity (RH) could promote the increase of WUE. 25 

Nevertheless, WUE was negatively correlated with air temperature (Ta), 26 



 

 

photosynthetically active radiation (PAR), and normalized difference vegetation index 27 

(NDVI). Additionally, WUE increased under moderate soil water content (SWC), but 28 

decreased due to the continuously rising SWC. WUE was more strongly affected by 29 

factors affecting water consumption than carbon uptake. Under the conditions of high 30 

temperature, strong radiation and low humidity in the summer, the growth rate of ET 31 

was much larger than that of GPP. This study not only contributes to our 32 

understanding of the carbon, water and energy dynamics of the Populus euphratica 33 

forest ecosystem but also provides an important reference for ecological conservation 34 

and ecological restoration in arid regions. 35 

Keywords 36 

Populus euphratica forest ecosystem; Eddy covariance; Water use efficiency; Gross 37 
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1. Introduction 39 

As global warming intensifies, climate change and its impact on terrestrial 40 

ecosystems is receiving increasing attention. Carbon and water cycles are key 41 

processes for maintaining nutritional state and energy balance of ecosystems, which 42 

are more deeply affected by climate change (Seddon et al., 2016). The development 43 

and maturity of eddy covariance (EC) technique enables long-term and continuous 44 

measurement of carbon, water and energy exchanges between land and atmosphere 45 

(Amiro et al., 2006; Yu et al., 2006). The global FLUXNET is conducting continuous 46 

observations of the carbon, water and energy exchange processes of terrestrial 47 

ecosystems. But there are fewer EC sites for arid area than the southern wet area (Kim 48 

et al., 2013). While water is the principal limiting factor in arid area, controlling plant 49 

growth and vegetation succession. Better insight into the relationship between limited 50 

water resources and ecosystem water use efficiency (WUE) would enhance our 51 

understanding of plantation-ecosystem processes, services and feedbacks to the 52 

regional climate system (Tong et al., 2014). 53 



 

 

In the terrestrial ecosystem, carbon and water cycles closely couple because they 54 

both exchange between biosphere and atmosphere via the same pathway, namely the 55 

stomata (Yu et al., 2008). Plant photosynthesis absorbs CO2 along with water loss to 56 

regulate the carbon-water balance between ecosystems and the atmosphere 57 

(Mammarella et al., 2015). In the same sense, WUE reflects the magnitude of fixed 58 

CO2 when plants consume unit mass of water, and reveals the exchange law of CO2 59 

and water vapor fluxes in ecosystems and their coupling cyclic relationship (Hui et al., 60 

2001). WUE refers to the ratio of ecosystem carbon flux to water vapor flux. This 61 

concept has been extensively used in agronomy, plant physiology and ecology since 62 

its introduction (Jin et al., 2017). Initially, studies of WUE were confined to the leaf 63 

physiological or individual levels, with the aim of breeding good crops or directing 64 

field management (Keenan et al., 2013). Later, ecologists explored the mechanism of 65 

biological invasion and plant adaptation strategies to the environment by studying the 66 

WUE (Xu et al., 2004). In recent years, as global climate change issues become more 67 

prominent, more perspectives have been directed to native ecosystems such as 68 

grasslands and forests. Research scales have also risen to canopy, ecosystems and 69 

landscape levels (Zhao et al., 2007). Many scholars have carried out a large number of 70 

WUE researches, involving different spatial scales such as tissues, populations, 71 

communities, and regions (Jassal et al., 2009; Skubel et al., 2015; Oquist et al., 2017; 72 

Stephens et al., 2018). These studies serve to reveal the interactions of water-carbon 73 

cycles, to predict impacts of global change on ecosystem functions (Jin et al., 2017). 74 

In the context of climate change, the response of the carbon cycle and water cycle in 75 

the arid region of China has attracted special attention (Ma et al., 2019). Some studies 76 

have found that drought can reduce WUE (Brümmer et al., 2012; Zhang et al., 2014), 77 

while others have found that it can increase WUE (Ponton et al., 2006; Linderson et 78 

al., 2012). However, these studies still lack a scientific understanding of the 79 

physiological mechanism of the seasonal change of ecosystem WUE during drought 80 

period. Studies have shown that the duration of drought also has different effects on 81 



 

 

WUE (Hui et al., 2001). This is because the impact of drought on ET is long-term, 82 

including vegetation growth season and subsequent non-growth season (Yu et al., 83 

2008; Govind et al., 2011). Obviously, the ecosystem WUE in arid areas needs more 84 

in-depth research. 85 

In arid region, Populus euphratica plays an important role in the ecological 86 

protection of arid regions, which can prevent wind and immobilize sand effectively 87 

(Chen et al., 2017). In the world, 54% of Populus euphratica is distributed in China. 88 

While in China, more than 90% of Populus euphratica resources are concentrated in 89 

Xinjiang. Currently, the research of carbon and water cycles on Populus euphratica 90 

forest ecosystem mainly focuses on biomass or a certain component of Populus 91 

euphratica, such as forest soil, plant body or leaf. In addition, the observation time is 92 

short and discontinuous. Therefore, the process and mechanism of carbon, water and 93 

energy exchanges cannot be seriously studied. Based on the aforementioned scholars' 94 

research, we used the CO2 flux (Fc) to directly estimate the respiration, and solved the 95 

problem that the respiration is difficult to be measured. In addition, we compared 96 

WUE in the major types of ecosystems around the world. This is an important 97 

reference for analyzing whether a Populus euphratica ecosystem is carbon source or a 98 

carbon sink, and predicting the impact of global changes and human disturbances on 99 

forest carbon budgets. 100 

This study took the Populus euphratica community in the lower reaches of the 101 

Tarim River as the research object. Continuous observation of CO2, water and energy 102 

exchanges was carried out using EC technique. The main objectives were (1) to 103 

clarify the daily and seasonal variations of carbon, water and energy fluxes caused by 104 

diurnal cycles and seasonal changes, (2) to study the carbon exchange process and 105 

carbon source/sink changes, (3) to determine the change law of ecosystem WUE, and 106 

analyze the influence mechanism of environmental factors on WUE by combining 107 

hydrometeorological elements. 108 



 

 

2. Methodology 109 

2.1. Study site 110 

The study site is located in Ruoqiang County (40°27′10.2′′N, 87°54′02.9′′E, 842m 111 

above mean sea level, AMSL), Xinjiang, China. The EC station is located in the 112 

Populus euphratica forest on the bank of the Tarim River (Fig. 1). The climate in this 113 

region is temperate continental climate with annual precipitation between 27–58mm. 114 

The annual potential evaporation amounts to 2671–2902mm. The temperature in 115 

January and July is –14.9°C and 33.6°C, respectively. Annual sunshine hours are 116 

3082.7–3121.3h (Wang and Guo, 2018). The water table is roughly between 2.8 and 117 

4.5m. The soil is dominated by sand (0–100cm depth) and sandy loam soil 118 

(100–200cm depth). The zonal vegetation in this area is temperate semi-arbor desert. 119 

Due to the accumulation of river water and groundwater, the floodplain develops a 120 

certain area of non-zonal meadow vegetation, forming arid riparian forest composed 121 

of trees, shrubs and herbaceous plants. Trees and shrubs are distributed along the river, 122 

and herbaceous plants are aggregated in the shrub community. Main dominant plants 123 

are Populus euphratica (the only group of trees), Tamarix, Karelinia caspica, 124 

Halimodendron halodendron and other shrubs. Average height of Populus euphratica 125 

is 6–14m, and the average forest age is about 50a. 126 



 

 

 127 

Fig. 1. Location of the study area and images of the observation instruments. (a) Geographical location of the 128 

study site (red triangle), (b) remote sensing image of the study site and (c) erection of experimental instruments. 129 

2.2. Data collection and processing 130 

Water vapor and CO2 fluxes were measured at a height of 15 m above the ground 131 

surface by an eddy covariance (EC) system consisting of an open-path infrared gas 132 

analyzer (EC150) and a three-dimensional sonic anemometer (CSAT3). The EC 133 

system performed real-time monitoring for 24 h and automatically acquired raw data 134 

at a frequency of 10 Hz. It was further equipped with meteorological element 135 

monitoring sensors, including air temperature and humidity sensor (HMP155A), 136 

four-component radiometer (NR01), rain gauge (TE525MM), soil heat flux sensor 137 

(HFP01), photosynthetically active radiation sensor (LI190R) and soil moisture meter 138 

(SDI-12). The soil moisture meter (SDI-12) monitored the soil water content (SWC) 139 

at 20cm, 40cm and 60cm below the surface. We used SWC data at 20cm for 140 

calculation in this paper.  141 

(c) 



 

 

The datalogger (CR3000) collected horizontal wind speed (u, v), vertical wind 142 

speed (w), Supersonic temperature (Ts), H2O concentration (q) and CO2 concentration 143 

(CCO2) at the sensor height. The final flux data, including CO2 flux (Fc), net radiation 144 

(RN), latent heat flux (LE), sensible heat flux (H) and soil heat flux(G) were 145 

calculated and recorded by CR3000 at a frequency of 30 min. In the flux calculation 146 

process, double rotation, humidity correction and WPL density adjustment were 147 

performed (Foken et al., 2004). The stationary, integral turbulence characteristics of 148 

each 30 min flux data were calculated to filter out the periods of poor turbulent 149 

development (Zhao and Liu, 2018). 150 

Due to the adverse weather, the flux data inevitably had outliers and missing values. 151 

Two methods were used to interpolate the missing and culled fluxes data: (1) Mean 152 

diurnal variation method for gaps less than 7 days: missing values can be replaced by 153 

the average of adjacent days in the same time. (2) Nonlinear regression method for 154 

gaps more than 7 days: the principle of this method is to establish a regression 155 

relationship between environmental factors and fluxes using observation data, and 156 

then use the regression function to estimate the missing data. 157 

2.3. Energy balance closure 158 

Energy balance closure is an indicator of flux data quality assessment (Meyers and 159 

Hollinger, 2004). Conventional methods for evaluating energy closure are: ordinary 160 

least squares (OLS) linear regression, reduced major axis (RMA) linear regression, 161 

energy balance ratio (EBR), and energy balance relative residual (Yang et al., 2018). 162 

Among them, the EBR is the most widely used method for analyzing the energy 163 

closure. 164 

According to the first law of thermodynamics, the surface energy balance equation 165 

can be described by the following formula: 166 

LE H RN G S Q                                                  (1) 167 

where LE is the latent heat flux, H is the sensible heat flux, RN is the net radiation, 168 

G is the soil heat flux, S is the heat stored in the canopy, and Q is the sum of 169 



 

 

additional energy source/sink. For bare land or ecosystems with low vegetation, the 170 

values of S and Q are usually small (Helbig et al., 2018). So, the energy balance 171 

equation can be simplified to: 172 

LE H RN G                                                       (2) 173 

In the above formula, left side of the equal sign is turbulent energy, and the right is 174 

available energy. When turbulent energy (LE+H) is equal to available energy (RN–G), 175 

it is called energy closure. This shows that the EC system can accurately observe the 176 

turbulent energy. Otherwise, the EC system overestimates or underestimates the 177 

turbulent energy. In this study, EBR was used to evaluate the energy closure condition, 178 

defined as: 179 

( )

( )

LE H
EBR

RN G








                                                  (3) 180 

2.4. Calculation of WUE 181 

WUE (g C/kg H2O) is the ratio of carbon flux to water vapor flux. That is, the ratio 182 

of the CO2 fixation to the evapotranspiration (ET) in a certain period of time. We used 183 

the ratio of gross primary productivity (GPP) to ET to define ecosystem WUE, 184 

expressed as: 185 

GPP
WUE

ET
                                                        (4) 186 

GPP was calculated with the following formulas: 187 

=-e e eGPP NEP R NEE R Fc R                                        (5) 188 

where NEP is net ecosystem productivity, which is equal to the negative value of 189 

the net ecosystem CO2 exchange (NEE). CO2 flux (Fc) measured by EC system is the 190 

net ecosystem CO2 exchange; Re is total respiration of the ecosystem. 191 

Re was calculated with the following formulas: 192 

e n dR R R                                                          (6) 193 

= ( )n cR F night                                                        (7) 194 

, exp( ( )
e e ref a ref

R R B T T                                                (8) 195 



 

 

where Rn is respiration at night. The net CO2 exchange (Fc(night)) can be 196 

considered as Rn of the ecosystem (Fei et al., 2018); Rd is respiration in daytime 197 

calculated by Vant’s Hoff breathing equation (Eq. 9). Usually, fit the Vant’s Hoff 198 

breathing equation by relationship between Fc(night) and air temperature (Ta). Then 199 

calculate Rd; Re,ref is the respiration at the reference temperature, Tref is the reference 200 

temperature and B is a constant. In this paper, Re,ref =0.73umol/(m2*s), Tref =2.2°C, 201 

B=0.044.  We found that the turbulence at night was weak, and the Fc data at 30min 202 

frequency was noisy. Therefore, we used the average value of Fc and Ta data at night 203 

to study the relationship between the two. As shown in Fig. 2, the correlation 204 

coefficient R2=0.61. 205 
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Fig. 2. The relationship between CO2 flux at night (Fc(night)) and air temperature (Ta). The downward shortwave 207 

radiation (DR) is used as an indicator to distinguish daytime and nighttime. It is generally considered that when 208 

DR<1W/m2, the corresponding period is nighttime.  209 

ET was calculated with the following formulas: 210 

LE
ET




                                                          (9) 211 

where LE is latent heat flux measured by EC system; λ is latent heat of vaporization 212 

with a fixed value of 2.454×106W·m–2·mm–1. 213 



 

 

3. Results 214 

3.1. Dynamics of environmental factors 215 

We used auxiliary sensors in EC system to measure the environmental factors. The 216 

changes of these environmental factors during the study period (2018.1.1–2018.12.31) 217 

were shown in Fig. 3. The seasonal variation characteristics of Ta (Fig. 3a), PAR (Fig. 218 

3b) and SWC (Fig. 3c) were basically same, with the lowest in winter at –14.6°C, 219 

95umol/(m2 *s) and 6.7%, and the highest in summer at 34°C, 651umol/(m2 *s) and 220 

10.6%. PAR showed low values for a few days in July due to the effects of rainy days. 221 

The amount of soil water replenished by rainfall was expected to be very limited since 222 

precipitation in the study site was scarce. There were two reasons for the high SWC in 223 

summer. One was the incremental water from the upper reaches of the Tarim River. 224 

The second was ecological water supply (Xue et al., 2019). 225 

Seasonal variation characteristics of CO2 concentration (Fig. 3d) and RH (Fig. 3e) 226 

were similar, with the highest values of 326ppmv and 79% in winter and the lowest 227 

values of 271ppmv and 10% in summer. Photosynthesis was concentrated in summer, 228 

so the CO2 concentration in the air was relatively low. Due to the high temperature in 229 

summer, the air in the study site was dry, which was contrary to the conclusion that 230 

RH was superior in the south of China. In general, the water resource in the arid 231 

region is limited and the actual evapotranspiration is small (Zhu et al., 2018). 232 
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Fig. 3. Seasonal variations in the daily mean environmental factors in 2018. (a) daily mean air temperature (Ta), (b) 234 

daily mean photosynthetically active radiation (PAR), (c) daily mean soil water content (SWC) at 20 cm, (d) daily 235 

mean CO2 concentration, (e) daily mean air relative humidity (RH), (f) daily precipitation (P). 236 

3.2. Evaluation results of EBR 237 

The turbulent energy (LE+H) observed by the EC system usually cannot balance 238 

the available energy (RN–G). Wilson et al. (2002) analyzed the observation data from 239 

22 stations in the Global Flux Network, indicating that 10%–30% fluxes unclosed in 240 

all stations. The energy fluxes obtained by the EC system were lower than that from 241 

the radiometer. Some scholars (Stoy et al., 2013) have therefore started to suspect CO2 242 

flux measurement result. The phenomenon of non-closing and its mechanism have 243 

also become a hot spot in the study of turbulent flux. 244 

The half-hourly fluxes had mean EBR of 0.74 in this study (Fig. 4a), within the 245 

scope of international similar observations (0.55–0.99) (Wilson et al., 2002). Fig. 4b 246 

was an ordinary linear regression of turbulent energy and available energy. The 247 



 

 

regression coefficient was 0.74, which was equal to the mean EBR. The EBR pattern 248 

presented a general decrease from 9:30 to 20:00 in every season (Fig. 4c). During the 249 

period of sufficient radiation (13:00–18:00), the EBR was very stable, close to 1. 250 

However, compared with the available energy measured by the radiation system 251 

and the soil heat flux measuring instrument, LE and H were underestimated. This was 252 

primarily due to the weak turbulence at night. Moreover, the canopy heat storage term 253 

was not considered, and the source region of the EC system was different from the 254 

radiation observation system (Ding et al., 2010). 255 

0.0

0.6

1.2

1.8

0 100 200
0

100

200

09:00 12:00 15:00 18:00

0.6

1.2

1.8

JulMayMarJan Nov

E
B

R

E
B

R

Date
Sep

(a)

(b)

H
+

L
E

 (
W

/m
2 )

RN-G (W/m2)

y=0.74x

R2=0.78

 Spr.
 Sum.
 Fal.
 Win.

(c)

Time  256 

Fig. 4. (a) Daily mean EBR in 2018, (b) relationship between the turbulent flux (H+LE) and available energy 257 

(RN–G), (c) diurnal changes of EBR in different seasons. The EBR was not meaningful during the morning and 258 

evening transition periods when the mean value of RN–G is close to zero. 259 

3.3. Seasonal and diurnal variations of energy fluxes 260 

Fig. 5a showed the monthly variation of energy fluxes. RN, as the outward driving 261 

force of the soil-vegetation-atmosphere system, heats the atmospheric boundary layer 262 

mainly in the form of H and LE, and some energy in the form of G enters soil 263 

(Sánchez et al., 2009). The seasonal variation of LE, H and G was basically the same as 264 



 

 

RN. After October, the air temperature decreased with RN. However, due to the 265 

coverage of fallen leaves, the soil temperature did not decrease as rapidly as the air 266 

temperature. The soil temperature was higher than the air temperature, indicating that 267 

more heat stored in the soil, and the soil gradually released heat to the air. Since April, 268 

with the rapid increase of RN, the heat stored in the soil became lower than that of air. 269 

So, the atmosphere started to transmit heat to the soil. There were considerable 270 

differences in seasonal variations of LE and H. LE was greater than H in 271 

June–September and lower than H in other months. LE varied between 10–113 W/m2, 272 

reaching its maximum in July and close to 10 W/m2 in December, January and 273 

February. LE characterizes the amount of surface ET, whose energy exchange is 274 

linked to the phase transition of water. In summer, the temperature was high and the 275 

ET was concentrated in the study area (Yan et al., 2006). There was a significant 276 

seasonal variation in the ratio of every energy flux to RN, indicating that the 277 

proportion of energy consumed by vegetation life activities increased during the 278 

growing season, while the proportion of energy consumed in the physical 279 

environment decreased (Chan et al., 2018). 280 

From the perspective of diurnal variation in energy fluxes (Figs. 4b–e), each energy 281 

flux showed a unimodal curve and peaked around 14:00. The positive and negative 282 

changes in energy fluxes were linked to the sunrise and sunset. From January to 283 

March, RN was positive within one day for 10.5h, with an average of 255W/m2. From 284 

April to June, RN was positive for 12.5h, with an average of 357W/m2. From July to 285 

September, RN was positive for 10h, with an average of 184W/m2. From October to 286 

December, RN was positive for 8h, with an average of 121W/m2. LE and H had 287 

similar daily trends with RN. The peak time was basically the same as RN. 1 h after 288 

sunrise, the soil-vegetation system began to assimilate energy. LE was on the brink of 289 

zero from October to March. This explained by the fact that the ground was mostly 290 

frozen, and the water vapor transmission was very weak during this time. The peak 291 

value of LE in July was 215W/m2. From the perspective of H, it reached a peak 292 



 

 

(254W/m2) in April. The positive and negative changes in G were not only affected by 293 

the sunrise time, but also by the soil. Owing to different soil physical and chemical 294 

properties in different seasons, soil thermal conductivity was different. Therefore, the 295 

delay time of soil heat absorption and heat dissipation was also altered. Negative 296 

value of G indicated that heat radiated from the soil to the atmosphere and the soil 297 

was the heat source. Conversely, the soil was heat sink (Sun et al., 2010).  298 
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Fig. 5. Variations of net radiation (RN), soil heat flux (G), latent heat flux (LE), and sensible heat flux (H) in 2018. 300 

(a) Monthly variations in energy fluxes, (b) –(m) diurnal variations in energy fluxes in different seasons.  301 



 

 

3.4. Seasonal and diurnal variations of GPP、NEP and Re 302 

Carbon flux data was used to calculate the gross primary productivity (GPP), net 303 

ecosystem productivity (NEP) and respiration (Re) of the Populus euphratica in 2018. 304 

The seasonal variation characteristics were shown in Fig. 6a. GPP was generally 305 

larger during the growing season (from April to October). During this period, the 306 

photosynthesis and respiration of the ecosystem were relatively active. During the 307 

non-growth season from November to March of the following year, the temperature 308 

drop caused the vegetation to dry up, and the respiration of the entire ecosystem was 309 

much greater than photosynthesis. GPP of the Populus euphratica ecosystem was 310 

877g C/m2/yr and the maximum rate was 3.40 umol/(m2*s), which appeared in June. 311 

The minimum production rate of GPP was 0.192 umol/(m2*s), which appeared in 312 

December.  313 

NEP was positive from May to September, indicating that photosynthesis in the 314 

ecosystem was greater than respiration during this period, and the entire ecosystem 315 

behaved as a carbon sink. NEP of the Populus euphratica ecosystem was 345g 316 

C/m2/yr. The maximum production rate of NEP was 1.28umol/(m2*s), which appeared 317 

in June. The minimum production rate of NEP was –0.68umol/(m2*s), which 318 

appeared in March. The average production rate of NEP is 0.086umol/(m2*s). 319 

The respiration intensity of Populus euphratica ecosystem was 532 g C/m2/yr, 320 

accounting for 61% of GPP. The respiration intensity of ecosystem was greater than 321 

NEP. The seasonal change of respiration showed a single peak curve, which increased 322 

from February to August. The maximum rate of respiration rate was 2.51umol/(m2*s), 323 

which occurred in August, and the minimum value was 0.04 umol/(m2*s), which 324 

occurred in February. The average respiration rate of Populus euphratica ecosystem 325 

was 0.97umol/(m2*s). 326 

The diurnal variation characteristics of GPP, NEP and Re were shown in Figs. 327 

6b–m. Similar to the diurnal variation of energy flux (Figs. 5b–m), their variations 328 

also showed a single-peak curve. During January–March, April–June, July–September 329 



 

 

and October–December, GPP and NEP from 12:00 to 19:00, 9:30 to 20:30, 10:30 to 330 

21:00 and 10: 30 to 18:30 was a positive value. It indicated that the ecosystems 331 

absorbed carbon and the duration was 7, 11, 10.5 and 8.5h, respectively. However, the 332 

peak time (15:00) was about an hour later than the energy flux (14:00).  333 
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Figure 6. Variations of gross primary productivity (GPP), net ecosystem productivity (NEP), and total respiration 335 

(Re) in 2018. (a) Monthly variations, (b) –(m) diurnal variations. 336 

3.5. Seasonal and diurnal variations of WUE 337 

In the Populus euphratica ecosystem, ET was close to zero in winter (Fig. 7), so 338 



 

 

only the WUE of the growing seasons was calculated. During this period, the mean 339 

WUE was 2.2g C/kg H2O and the maximum WUE was 5.5g C/kg H2O. Due to the 340 

combined effects of photosynthesis and evapotranspiration, WUE didn’t peak when 341 

GPP and ET reached their highest values. WUE was opposite to the trend of 342 

photosynthetic and evapotranspiration. This showed that WUE of the Populus 343 

euphratica ecosystem was not necessarily high when GPP and ET were high. Under 344 

the conditions of high temperature, strong radiation and low humidity in summer, the 345 

growth rate of ET was much larger than that of GPP. 346 
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Figure 7. Daily  gross primary productivity (GPP), evapotranspiration (ET) and water use efficiency (WUE) 348 

during the growing seasons (April–October) in 2018. 349 

The instantaneous WUE in daytime (8:30–20:00) was calculated using fluxes data 350 

at a frequency of 30 min (Fig. 8). We eliminated the data from 20:30 to 8:00 because 351 

WUE in night was of little significance, and the change rate of WUE was larger when 352 

the illumination was low. The daily variation of WUE in each month of the growing 353 

season was basically the same. WUE gradually increased with the enhancement of 354 

radiation (Fig. 5), reached a maximum at 14:00, and then gradually decreased. 355 
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Figure 8. Diurnal water use efficiency (WUE) during the growing seasons (April–October) in 2018. 357 

3.6. Effects of climatic variables on WUE 358 

Various environmental factors influenced WUE by controlling vegetation 359 

photosynthetic and transpiration (Kuglitsch et al., 2008). Both photosynthesis and 360 

evapotranspiration will increase with temperature. However, the growth rate is 361 

different, and the value of the ecosystem WUE determined by the two is also different 362 

(Wolf et al., 2013; Wu et al., 2017). In Populus euphratica forest, WUE became 363 

smaller as Ta increased (Fig. 9a). This is because ET increased greater than 364 

photosynthesis with increasing temperature. 365 

It can be seen from Fig. 9b that WUE decreased as PAR increased. Solar radiation 366 

first affects the stomatal conductance of vegetation leaves, and then photosynthesis 367 

and transpiration change accordingly. Although PAR is the source of photosynthesis, 368 

the impact on transpiration is different. Plant photosynthesis only takes place within a 369 

certain range of radiation. Photosynthesis is limited with the increase of PAR, and 370 

there will be light saturation phenomenon. However, there is no upper limit for 371 

transpiration. Under sufficient water conditions, light will cause the temperature to 372 



 

 

rise, and transpiration will continue to strengthen. 373 

The water for vegetation growth in Populus euphratica forest ecosystem mainly 374 

comes from soil water. Therefore, soil water is an important factor influencing WUE. 375 

Fig. 9c showed that WUE increased as SWC decreased. The study area is in an arid 376 

area, so the vegetation often closes the leaf stomata due to lacking water. As a result, 377 

evapotranspiration decreased, and WUE increased accordingly. Moderate drought is 378 

beneficial to improve WUE (Krishnan et al., 2006; Yang et al., 2016), but if the 379 

drought continues to increase, the intensity of photosynthesis will decrease (Zhao et 380 

al., 2007). It is another matter to reduce or continue to maintain WUE under this 381 

result. 382 

The increase of CO2 concentration promoted the increase of WUE (Fig. 9d). There 383 

are two reasons. For one thing, increased CO2 concentration will directly promote 384 

vegetation photosynthesis. For another, increased CO2 concentration will cause the 385 

vegetation leaf stomata to close, and the water consumption will decrease. Thus 386 

vegetation can convert more water into productivity (Forner et al., 2018). 387 

RH was the main environmental factor affecting WUE (Figure 9e). Most studies 388 

have found a linear positive correlation between RH and WUE, but some studies have 389 

reached the opposite conclusion (Li et al., 2008). The reasons for the two 390 

diametrically opposite research results may be related to the soil water content. 391 

Fig. 9f showed that WUE decreased sharply with the increase of P and then slowly 392 

decreased. Although the increase in precipitation could improve the GPP of the 393 

ecosystem, ET increased faster. 394 
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Figure 9. Relationship between water use efficiency (WUE) and (a) air temperature (Ta), (b) photosynthetically 396 

active radiation (PAR), (c) soil water content (SWC), (d) carbon dioxide concentration (CO2), (e) air relative 397 

humidity (RH), (f) precipitation (P) during the growing seasons (April–October). 398 

3.7 Evapotranspiration characteristics at different time scales 399 

The main form of LE is water phase change, so the variation of ET is similar to the 400 

LE (Fig. 5a). The annual ET of the Populus euphratica ecosystem was about 345mm. 401 



 

 

The evapotranspiration process mainly occurred from May to October at 286mm, 402 

accounting for 93% of the annual evapotranspiration, indicating that the ET in this 403 

area was relatively concentrated. Vegetation of the Populus euphratica ecosystem has 404 

grown rapidly since April. As the temperature rises, the melting snow at the source of 405 

the Tarim River supplements the amount of water in the channel. In addition, summer 406 

rainfall is relatively high. River water and groundwater are abundant. These 407 

conditions are conducive to the growth of vegetation while also accelerating the 408 

evaporation and transpiration of the ecosystem. 409 

The daily evapotranspiration of the Populus euphratica ecosystem was basically 410 

close to zero from November to March (Figs. 10b–m). At the same time as the 411 

temperature decreased, it became difficult for vegetation to grow, and the water 412 

consumption of the ecosystem also decreased sharply. The maximum value of daily 413 

evapotranspiration occurred in July at 3.82mm. The daily changes of 414 

evapotranspiration in July and August were basically similar, and both reached their 415 

maximum around 14:30 pm. Evapotranspiration lasts from 11:30 to 19:30 at a high 416 

value. 417 
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Figure 10. Variations of evapotranspiration (ET) in 2018. (a) Monthly variations, (b) –(m) diurnal variations. 419 

4. Discussion 420 

4.1 Comparison of WUE with other ecosystems 421 

The daily average WUE (2.2g C/kg H2O) of the Populus euphratica ecosystem was 422 

lower than other temperate forest ecosystems (2.57–6.07g C/kg H2O) (Tan et al., 423 

2015). When compared with forests of the same latitude, WUE of Populus euphratica 424 

forest was not as high as other forests in non-arid regions, but higher than grassland, 425 

wetland and crop land (Fig. 11), because long-term drought enhanced the ecosystem's 426 



 

 

resistance and resilience to water scarcity in order to mitigate the effects of water loss 427 

(Gang et al., 2016). 428 

In addition, we found that the WUE of Populus euphratica was relatively low, 429 

which was closely related to the local climatic conditions. During the growing season, 430 

although the ecosystem had the highest GPP, intense ET led to more water 431 

consumption while absorbing the same amount of carbon. 432 

4.2 Latitudinal trends of WUE in different vegetation types 433 

It is widely known that the vegetation types, stand structure, soil type, stand age, 434 

and geological evolution of terrestrial ecosystems vary widely. WUE had a clear zonal 435 

change trend (Fig. 10). As the latitude increased from tropical to high latitudes in the 436 

north, the average WUE of different ecosystems for many years has shown an upward 437 

trend, peaking at about 51 ° N, and then tending to decline at high latitudes. Although 438 

the WUE of different plant type ecosystems was different, all the peaks occurred 439 

within approximately the same latitude range (45 ° N–55 ° N). This indicated that 440 

there was a key zone of differentiation driven by radiation and moisture. In fact, 441 

latitude itself is not a driving variable, but a complex proxy factor under the combined 442 

action of abiotic and biological factors, which determines the main ecological zone 443 

(Tang et al., 2014). 444 

However, in the case of the same latitude range, there were also differences in the 445 

size of WUE among different vegetation groups (Fig. 10). The WUE of evergreen 446 

forests was higher than that of deciduous vegetation at the same latitude. 447 

Broad-leaved forests had higher WUE than coniferous forests. The overall WUE of 448 

the forest ecosystem was higher than that of grasslands, wetlands and crop land. 449 

Except for the wetland ecosystem, WUE of crop land was the lowest, which might be 450 

affected by the unproductive stage, and the soil evaporation was higher than that of 451 

permanent vegetation. 452 
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Figure 11. Latitudinal trends in multiyear mean annual WUE for different plant functional types. ENF, EBF, DBF, 454 

MF, GRA, WET and CRO represent evergreen needleleaf forest, evergreen broadleaved forest, deciduous 455 

broadleaved forest, mixed forest, grassland, wetland and cropland, respectively. References: Beer et al. [2009], 456 

Tang et al. [2014], Tan et al. [2014], Kwon et al. [2018], Quansah et al. [2015], Gang et al. [2016], Chatterjee et al. 457 

[2018], Zanotelli et al. [2013]. 458 

5. Conclusions 459 

Patterns in ecosystem carbon, water, energy fluxes and WUE of Populus euphratica 460 

forest in northwest China were studied in light of combined influences of 461 

environmental variables and plant biological processes. The main conclusions are as 462 

follows: 463 

(1) The energy fluxes of the Populus euphratica ecosystem were not closed. The 464 

average EBR was 0.74, which was within the range of international comparable 465 

observations (0.55–0.99). 466 

(2) Seasonal variations of RN, G, LE and H all showed a unimodal curve. With the 467 

exception of H, each energy flux reached its maximum in summer. From the 468 

perspective of the diurnal variations, each energy flux also showed a unimodal curve 469 

based on RN, reaching a peak around 14:00. 470 

 (3) The carbon exchange in the Populus euphratica ecosystem mainly occurred 471 



 

 

from April to October, and the whole ecosystem showed a strong carbon sink. From 472 

December to February, the ecosystem became a carbon source. Annual GPP, NPP and 473 

Re were 877, 345, 532g C/m2, respectively. The daily maximum ET appeared in July 474 

(3.82 mm) and the annual evaporation was about 345 mm. 475 

(4) During the growing seasons, the mean and maximum daily WUE was 2.2 and 476 

5.5g C/kg H2O. WUE decreased with increasing Ta, PAR, and NDVI. CCO2 and RH 477 

could promote the growth of WUE. WUE increased under moderate SWC condition. 478 

Under the conditions of high temperature, strong radiation and low humidity in 479 

summer, the growth rate of ET was much larger than that of GPP, causing WUE to 480 

drop to the lowest point. 481 

(5) WUE of the Populus euphratica ecosystem was lower than other temperate 482 

forest ecosystems, but higher than grassland, wetland and crop land. By comparing 483 

WUE of various types of terrestrial ecosystems, we found that WUE exhibited 484 

significant spatial variability with geographical location and climate, but the peaks of 485 

different plant functional types occurred within approximately the same latitude range 486 

( 45°N–55°N). 487 
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Figures

Figure 1

Location of the study area and images of the observation instruments. (a) Geographical location of the
study site (red triangle), (b) remote sensing image of the study site and (c) erection of experimental
instruments. Note: The designations employed and the presentation of the material on this map do not
imply the expression of any opinion whatsoever on the part of Research Square concerning the legal
status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.



Figure 2

The relationship between CO2 �ux at night (Fc(night)) and air temperature (Ta). The downward
shortwave radiation (DR) is used as an indicator to distinguish daytime and nighttime. It is generally
considered that when DR<1W/m2, the corresponding period is nighttime.



Figure 3

Seasonal variations in the daily mean environmental factors in 2018. (a) daily mean air temperature (Ta),
(b) daily mean photosynthetically active radiation (PAR), (c) daily mean soil water content (SWC) at 20
cm, (d) daily mean CO2 concentration, (e) daily mean air relative humidity (RH), (f) daily precipitation (P).



Figure 4

(a) Daily mean EBR in 2018, (b) relationship between the turbulent �ux (H+LE) and available energy (RN-
G), (c) diurnal changes of EBR in different seasons. The EBR was not meaningful during the morning and
evening transition periods when the mean value of RN-G is close to zero.



Figure 5

Variations of net radiation (RN), soil heat �ux (G), latent heat �ux (LE), and sensible heat �ux (H) in 2018.
(a) Monthly variations in energy �uxes, (b)-(m) diurnal variations in energy �uxes in different seasons.



Figure 6

Variations of gross primary productivity (GPP), net ecosystem productivity (NEP), and total respiration
(Re) in 2018. (a) Monthly variations, (b)-(m) diurnal variations.



Figure 7

Daily mean gross primary productivity (GPP), evapotranspiration (ET) and water use e�ciency (WUE)
during the growing seasons (April-October) in 2018.



Figure 8

Diurnal water use e�ciency (WUE) during the growing seasons (April-October) in 2018.



Figure 9

Relationship between water use e�ciency (WUE) and (a) air temperature (Ta), (b) photosynthetically
active radiation (PAR), (c) soil water content (SWC), (d) carbon dioxide concentration (CO2), (e) air relative
humidity (RH), (f) precipitation (P) during the growing seasons (April–October).



Figure 10

Variations of evapotranspiration (ET) in 2018. (a) Monthly variations, (b)-(m) diurnal variations.



Figure 11

Latitudinal trends in multiyear mean annual WUE for different plant functional types. ENF, EBF, DBF, MF,
GRA, WET and CRO represent evergreen needleleaf forest, evergreen broadleaved forest, deciduous
broadleaved forest, mixed forest, grassland, wetland and cropland ,respectively. References: Beer et al.
[2009], Tang et al. [2014], Tan et al. [2014], Kwon et al. [2018], Quansah et al. [2015], Gang et al. [2016],
Chatterjee et al. [2018] , Zanotelli et al. [2013].


