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Abstract

:

Quantifying the water balance within areas with sparse vegetation requires frequent measurement of transpiration in water-limited, arid, desert ecosystems. Field experiments were conducted in Shapotou, northwestern China, to examine the feasibility of up-scaling the transpiration of C3 and C4 xerophytic shrubs (Reaumuria soongorica and Salsola passerina, respectively) from the leaf to the canopy level throughout the growing season in 2015. The large weighing lysimeter method and LI-6400XT portable photosynthesis system were used to make relatively long-term measurements of transpiration. The results indicated that meteorological factors coupled with stomatal conductance affected the transpiration rate of the two shrubs at the leaf level, and that the vapor pressure deficit other than net radiation and the air temperature affected the transpiration rate of S. passerina at the canopy level. Precipitation and vegetation characteristics determined the transpiration amount of the C3 and C4 xerophytic shrubs. The leaf gas exchange measurements were arithmetically scaled up to the canopy level based on the leaf area. The validity of the extrapolation was evaluated by comparing the upscale values of transpiration with the calculated values obtained from lysimeter measurement. The up-scaling approach accurately (±0.005 mm h−1, RMSE = 35%) obtained canopy transpiration from the leaf measurements. Our study suggests that the up-scaling method based on leaf area can be adopted to determine the canopy transpiration of C3 and C4 xerophytic shrubs in arid desert environments.
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1. Introduction


Transpiration (T) is the process whereby water is transported from the soil to the plant, via the roots, and to the atmosphere through the plant. It serves as an important component of evapotranspiration (ET) and is a dominant force in the global water cycle, as it accounts for 61% (±15% s.d.) of ET at the ecosystem scale and accounts for more than two-thirds of total surface water ET for 85% of the catchments examined [1,2]. Partitioning T from ET is essential to understanding the links between hydrological and ecological systems, because biological water use is inexorably coupled with ecosystem productivity, yet it is difficult and problematic to use a single method to determine their partitioning [3]. Remarkably, the ratio of T to ET ranged from 6% to 60% due to seasonal patterns of precipitation, the differential water use of different plant types and varying ET contributions in a Chihuahua Desert shrub-dominated community [4]. The ability to independently measure soil evaporation (E) and canopy T is important for the detection of sparse vegetation water balance [5]. However, areas covered by sparse vegetation, such as the Shapotou area of Tengger Desert in northwestern Chinaare, which is normally dominated by xerophytic shrubs with fascicular branches without a visible trunk and with a small leaf area. It is difficult to determine the T of these shrubs using the existing mathematical techniques on either the temporal or spatial scale, such as the Penman–Monteith equation, which was not developed for such situations and thus has very poor estimation accuracy. Despite this, the view toward replacing the mathematical paradigm with more direct estimation of vegetation ET based on an understanding of the vegetation- and growth-stage-specific canopy resistance is still a work in progress [6]. The possible mechanisms affecting the magnitude of T were determined by the interaction of external and physiological factors and was controlled by stomata at the landscape scale [7].



A variety of techniques are available to directly or indirectly measure T at different scales under field conditions, such as leaf gas exchange systems at the leaf scale [8,9], sap flow gauges at the individual scale [10], isotopic tracers, weighing lysimeters, the Bowen ratio technique, the FAO-56 (Food and Agriculture Organization) dual crop coefficient method, and the Shuttleworth–Wallace dual model at the canopy scale [2,11]. In general, weighing lysimeters are usually regarded as the standard device and the most accurate method for determining ET, especially in arid environments. The lysimeter data can be used to test, evaluate and further develop hydrological and other models, such as the soil and water assessment tool (SWAT), root zone water quality model II (RZWQM), and the energy and water balance (ENWATBAL) model [6]. Leaf gas exchange systems can simultaneously measure the net carbon assimilation, leaf transpiration, stomatal conductance and some other parameters [12,13]. Particularly, leaf gas exchange systems can make up for the deficiencies of the lysimeter, which usually determines seasonal water use efficiency (WUE) based on a single biomass and water use measurement at the end of season [14]. Nevertheless, leaf gas exchange measurements are complicated due to the temporal variation of environmental factors and of plant physiological processes, e.g., the temporal variation of stomatal conductance [15,16]. Diurnally-varied meteorological conditions exhibit considerable additional variability on the order of minutes, such as scattered cloud cover [17]. Changes in plant water status through the day result in differences in the stomatal limitation of transpiration [18].



Although extensive studies have been carried out on scaling up leaf-level stomatal resistance and photosynthesis to canopy-level resistance and photosynthesis [19,20], few studies paid attention to problems and strategies for up-scaling the transpiration from the leaf to the individual or canopy level in ecosystems dominated by xerophytic shrubs [8,13,17,21,22]. In this study, leaf gas exchange measurements from a LI-6400XT portable photosynthesis system and the lysimeter-measured ET minus calculated soil evaporation (E) method were used to obtain the T at the leaf and canopy scale. Furthermore, the reliability of up-scaling transpiration from the leaf to the canopy level of C3 and C4 xerophytic shrubs was evaluated. The specific objectives of the study were: (1) quantifying the daily and seasonal T patterns of R. soongorica and S. passerina at the leaf level; (2) quantifying the variation of T of R. soongorica and S. passerina in relation to physiological (e.g., carbon assimilation, stomatal conductance, stomatal limitation) and other meteorological variables; and (3) up-scaling T from the leaf to the canopy level based on leaf area and evaluating the reliability of the extrapolation. Leaf area was expected to be a standard factor for up-scaling T from the leaf to the canopy level of xerophytic shrubs in arid desert areas.




2. Materials and Methods


2.1. Study Area and Plant Description


Our field experiments were conducted at the Shapotou Desert Research and Experiment Station (SDERS) of the Chinese Academy of Sciences, at an elevation of 1340 m above mean sea level, located at the southeastern margin of the Tengger Desert in northwestern China (37°32’ N, 105°02’ E). This region is a typical transitional zone of desert and desert oasis. The natural vegetation is Hedysarum scoparium and Agriophyllum squarrosum, with a cover of approximately 1% [23]. The groundwater is unavailable for plant roots since it is at a depth of 80 m. Precipitation is dominated by small events (e.g., <5 mm), and few infrequent and highly unpredictable large rainfall events, as in some other arid regions [24]. According to meteorological records from 1956 to 2009, the annual mean precipitation was 188 mm, with 80% of rainfall events occurring between May and September, and large inter-annual variability. The minimum and maximum average monthly relative humidity is 33% (April) and 54.9% (August), respectively. The long-term soil moisture content varies between 3% and 4%, with a field capacity of 6.70% and a wilting coefficient of 0.61% [25,26]. The mean maximum air temperature is 24.3 °C in July and the mean minimum is −6.9 °C in January. The annual mean wind velocity at 2 m height is approximately 2.9–3.5 m s−1. The potential evapotranspiration is approximately 2800 mm during the growing season, resulting in a large annual moisture deficit [27,28].



Reaumuria soongorica (Pall.) Maxim and Salsola passerina Bunge are the zonal vegetation of the southeastern margin of the Tengger Desert, and their nearest natural distribution area is located in Mengjiawanwith about 10 km away from SDERS. Thus, the two shrubs used in this study were transplanted from natural vegetation areas. Both were chosen because they are constructive and dominant species of steppes and typical deserts and play a vital role in sustaining the ecological stability of the deserts due to their drought-resistant nature. Furthermore, they are considered to be climax communities in the southeast of the Tengger Desert and are widely distributed across the desert regions of China. R. soongorica and S. passerina may exist either in individuals or in associated communities, and they survive under severe environmental stresses, including low water availability, extreme temperature fluctuations, high radiation and nutrient deprivation [29]. Water availability is one of the main limiting factors determining their growth [30]. R. soongorica can be found in the foothill zones, river terraces and in the Gobi, providing grazing forage for abundant foliar levels of proteins, fats, and micronutrients. R. soongorica has many branches, with a height between 10 and 70 cm, characterized by short and cylindrical leaves with a length of 1~5 mm and a width of 0.5~1 mm, with normally 4–6 clusters on shortened branches. In addition, R. soongorica leaves have a unique adaptive strategy, entering a state of dormancy during dehydration but reviving when rewetted [31]. S. passerina also has many branches, with a height ranging between 15 and 50 cm, with cone- or triangle-shaped leaves 2~3 mm in length and 2 mm in width, and roots that are normally distributed at depths between 0 and 50 cm. S. passerina is mainly present in hilly mountain basins and foothill areas with an annual precipitation of 100–200 mm, and they may also be found in the vast foothill zone and the vast Gobi desert, with an annual precipitation <100 mm [32,33].




2.2. Methods


2.2.1. Experimental Design


In this study, the in situ field experiments lasted from May to October in 2015 at SDERS, which is considered as the peak growth season for plants in this region. Four individuals of R. soongorica were transplanted into one high-precision weighing lysimeter with a cross-section area of 4 m2. Four individuals of S. passerina were transplanted into another lysimeter with the same size and accuracy. The two large weighing lysimeters were located at SDERS. The shrubs’ morphological traits are quantified in Table 1. Shrub height and new shoot length were measured with a ruler. The canopy projection area (approximated as an ellipse) was determined by measuring the longer and shorter sides of the plant canopy. The leaf area index (LAI) was measured directly by a LAI-2000 plant canopy analyzer (Li-Cor, Inc., Lincoln, NE, USA). The measurements were carried out at the end of each month during the growing season in 2015. Each lysimeter has two heat flux plates with an 80-mm diameter (HFP01SC, Hukseflux Thermal Sensors, Delft, the Netherlands) at 5 cm and 7 cm below the soil surface, respectively. Stevens pF Sensors (for measuring soil matric potential and soil temperature) and TDR (Time Domain Reflectometry) probes (for measuring soil water content) were installed at soil depths of 10, 20, 40, 60, 80, 100, 160, 180, 200, and 220 cm within each lysimeter. The mass, a full suite of micrometeorological variables, soil heat flux, soil matric potential and soil temperature data at each lysimeter were recorded every 30 min. The accuracy of the lysimeter is ±0.1000 kg (equivalent to 0.025 mm water of the 4 m2 lysimeter). The difference between lysimeter mass losses (from T and E) and gains (precipitation) divided by the lysimeter cross-section area was used to determine hourly and daily ET values of R. soongorica and S. passerina.




2.2.2. Gas Exchange Measurements


Leaf gas exchange measurements were taken on two consecutive days at the end of each month during the growing season in 2015 using the LI-6400XT portable photosynthesis system equipped with a 6400-05 Conifer Chamber (Li-Cor Inc., Lincoln, NE, USA). One leaf gas exchange measurement was completed each 2 h from 7:00 to 19:00 h, that is to say, measurements were taken six times a day. The measurements were repetitively conducted on three mature, healthy and expanded leaves of R. soongorica and S. passerina per individual under uniform conditions. The parameters recorded included the leaf net carbon assimilation rate (A, μmol CO2 m−2 s−1), transpiration rate (Tr, mmol H2O m−2 s−1), stomatal conductance (gs, mol H2O m−2 s−1), air temperature (T1, °C), leaf temperature (Tleaf, °C), relative humidity (RH1, %), leaf-to-air vapor pressure deficit (VPD1, kPa), intercellular CO2 concentration (Ci, μmol CO2 mol−1), ambient CO2 concentration (Ca, μmol CO2 mol−1), and photosynthetically active radiation (PAR, μmol m−2 s−1). The instantaneous water use efficiency (WUE, μmol CO2 mmol−1 H2O) was calculated by A and Tr using Equation (1). Stomatal limitation (Ls) was calculated by Ci and Ca as Equation (2) [34,35].


  WUE   =   A /  T r   



(1)






   L s    =   1 −  C i  /  C a   



(2)








2.2.3. Transpiration Calculation Procedures


T was calculated as the difference between ET and E using the lysimeter-recorded data. Based on a study finding that the E rates under the canopy are significantly lower (e.g., 0.53 times) than those measured at the exposed habit [36], we assumed that the E under the vegetation canopy was negligible. Although the canopy-intercepted evaporative loss is an indispensable part of evapotranspiration, it was neglected in this study due to the small amount. For example, interception loss accounts for 3.2% of the total water consumption during the growing period [37]. The calculation of the T by the lysimeter is shown in Equations (3) and (4).


   T L  = E T −  k i  E  



(3)






   k i    =     A −  C i   A  × 100 %  



(4)




where ET is evapotranspiration (mm), ki is the coefficient of the soil evaporation (i = 5, 6, 7, 8, 9, 10 represent different months), E is the soil evaporation (mm), A is the cross-section area of the lysimeter (m2), and Ci is the canopy projection area (m2).



Assuming that the leaf transpiration rate of each sample branch did not change obviously during the measurement period, the average transpiration rate of the three standard samples was taken as the canopy transpiration rate of the individual. The hourly average transpiration rate per unit leaf area (Tc, kg m−2 h−1) was Tc = 0.0648 Tr after the unit conversion. Based on these conditions, the total transpiration amount of the four individuals within 2 h (Ts, mm) and during the experimental period (7:00–19:00) Tl (mm) were obtained as Equations (5) and (6):


   T s    =     ∑   i   =   1  n   T  c i    A i  t  



(5)




where Tci is individual transpiration rate (kg m−2 h−1), Ai is individual total leaf area (m2), t is the required measurement time, and n is the number of individuals.


   T l    =     ∑   i   =   1  n     T  s i     ρ A    



(6)




where Tsi is canopy transpiration (kg), ρ is water density (103 kg m−3), A is the cross-section area of lysimeter (m2), and n is the number of measurements.



To evaluate the quality of the up-scaling of the transpiration, linear regression graphs of the Lysimeter measurements and the LI-6400XT extrapolation were drawn together with the 1:1 line. The root mean squared error (RMSE) was used as a criterion to judge the accuracy and reliability of the simulated values for the leaf levels. As RMSE is an indication of both bias and variance from the 1:1 line, it provides an effective measure of how well the values of two methods compare. Low RMSE values indicate better agreement [38]. The slope and correlation coefficient of the linear regression should be close to one. Points of good quality extrapolation should lie close to the 1:1 line, and assuming there is no model error, the measured and simulated values should be identical and all points should lie on the 1:1 line [8].




2.2.4. Precipitation and Meteorological Variables


The details of the measurement of event-based precipitation and meteorological variables were demonstrated by Wang et al. [39] and Zhang et al. [28]. In order to understand the depth and distribution of precipitation based on the daily time scale in the given year of 2015, we assigned an individual day of recorded precipitation to a rain event.




2.2.5. Statistical Analysis


All the descriptive statistics were performed with SAS version 9.2 (SAS Institute Inc., Cary, NC, USA). Paired sample t-tests were performed to identify whether the soil matric potential, soil temperature, Ls, WUE and T rates of R. soongorica were significantly different from that of S. passerina at the 5% significance level. Correlation between transpiration and meteorological factors was determined using Pearson correlation analysis (p < 0.05). We used Origin version 8.1 (OriginLab Corp., Northampton, MA, USA) to fit all curves.






3. Results


3.1. Precipitation and Soil Environment


The year 2015 was a relatively dry year with a total precipitation amount of 140.2 mm, which is lower than the long-term average of 188.2 mm, and 59% of its annual precipitation was mainly concentrated during May and September. The highest precipitation occurred in May with 47.3 mm, while the lowest occurred in June with only 6.7 mm. The precipitation was fairly heterogeneous, apparently, in all months during the growing season. The precipitation events between 0–5 mm accounted for 88.7% of the annual precipitation events (53), followed by events between 5–10 mm, 10–15 mm, 15–20 mm, >20 mm, accounting for 7.5%, 1.9%, 0%, 1.9%, respectively. Therefore, May was relatively distinctly moist, with the highest rainfall, and July was a relatively distinct dry period, with higher temperature and lower rainfall input during the growing season (Figure 1).



The soil matric potential (ψm) and soil temperature (Tsoil) at the soil depth 0–40 cm (topsoil) were observed for R. soongorica and S. passerina during the growing season. As can be seen from Figure 2A,B, the ψm and Tsoil in the topsoil soil layer of R. soongorica and S. passerina showed significant seasonal fluctuation (p < 0.05) and a similar trend. The ψm of R. soongorica and S. passerina gradually increased from the lowest value in June to the highest value in August. Simultaneously, the Tsoil gradually increased from the lowest value in May to the highest value in August. Subsequently, due to the high precipitation that occurred in September, the ψm and Tsoil decreased significantly until October. However, there was no significant difference between the ψm of R. soongorica and the ψm of S. passerina, or between the Tsoil of R. soongorica and the Tsoil of S. passerina.




3.2. Daily and Seasonal Patterns of Tr


The observed daily leaf Tr in R. soongorica and S. passerina exhibited distinct seasonal patterns, with the highest mean values occurring in September and July, respectively. Both generally exhibited an increasing pattern at the beginning of the day and then showed a declining change after reaching the peak at different times (Figure 3). The Tr of R. soongorica was higher than that of S. passerina, since it began to increase, but with the passage of time the Tr of S. passerina was gradually higher than that of R. soongorica during the later months of the growing season, although the changes were statistically insignificant between R. soongorica and S. passerina. In contrast, R. soongorica maintained a higher Tr than S. passerina in September. Overall, the Tr for both plants changed with the time of day, with a single-peak curve with various peak appearance times during different stages of growth, which indicates that there was no obvious ‘noon break’ phenomenon or midday depression for R. soongorica and S. passerina. The Tr of R. soongorica increased gradually before 12:00 a.m. and then decreased with the same diurnal variation, except in September. The peak of Tr of R. soongorica occurred at 2:00 p.m. in September. However, Tr of S. passerina was increased gradually before 2:00 p.m. and then decreased during the growing season, although it showed a statistically indistinguishable peak of Tr at 12:00 a.m. in July. The maximum daily mean Tr of R. soongorica and S. passerina appeared in September and July, with a value of 7.76 and 9.33 mmol H2O m−2 s−1, respectively (Figure 3C,E).



The seasonal Tr of R. soongorica was significantly (p < 0.05) lower than that of S. passerina (Figure 4). R. soongorica had its maximum value of Tr in September; for S. passerina the maximum value was recorded in July. The maximum average transpiration rates of R. soongorica and S. passerina were 0.015 mm h−1 and 0.034 mm h−1 based on LI-6400XT extrapolation, and they were 0.013 mm h−1 and 0.024 mm h−1 according to lysimeter measurements, respectively.




3.3. Ls and WUE Seasonal Changes


With respect to seasonal changes, there was an apparent trend in Ls and the instantaneous WUE of R. soongorica and S. passerina (Figure 5). S. passerina had higher Ls and instantaneous WUE compared to R. soongorica. The Ls value of R. soongorica was significantly high in July and August. Although the Ls value of S. passerina was also relatively high in July and August, it was not statistically significant compared to May and September. The instantaneous WUE of R. soongorica and S. passerina were the lowest in July, with values of 0.78 and 1.68 umol CO2 mmol−1 H2O, respectively. R. soongorica and S. passerina showed different strategies in adapting to the environment, as C3 and C4 desert xerophytic shrubs [32]. The C3 shrub R. soongorica was drought resistant type, and the C4 shrub S. passerina was the high water use efficiency type.




3.4. Analysis of the Factors Influencing Transpiration at the Leaf and Canopy Scale


Correlation coefficients between the Tr of the two shrubs and the influencing factors are provided in Table 2 and Table 3, respectively.



At the leaf level, we found that the factors influencing Tr changed with the changing seasons, especially for R. soongorica, under the stress of high temperatures and drought, and the factors influencing Tr were obviously different. The relationship between Tr and environmental factors was obviously different from the other months in June and July, which had higher average temperatures, ψm, and a lower precipitation input. For example, there was a negative correlation between Tr and T1 and Tleaf, a significant positive correlation between Tr and RH (p < 0.05) and a negative correlation between Tr and VPD1 (p < 0.01) in June.



At the canopy level, the Tr of R. soongorica was significantly (p < 0.05) lower than that of S. passerina (Figure 4). As can be seen from Table 4, both the Tr of R. soongorica and S. passerina were mainly affected by Rn and Tair, and the Tr of S. passerina was also sensitive to changes in vapor pressure deficit (VPD). In addition, the accumulated transpiration of R. soongorica showed a significant positive correlation with accumulated rainfall (p < 0.01) and canopy height (p < 0.05), respectively, whereas the cumulative transpiration of S. passerina was positively correlated with cumulative rainfall, canopy height, canopy projection area, and new shoot length (Table 5). The transpiration of R. soongorica was negatively correlated with ψm, whereas the transpiration of S. passerina was positively correlated with ψm, and the transpiration of S. passerina was significantly positively correlated with Tsoil (Table 6).




3.5. Scaling Up Transpiration from Leaf to Canopy Level


The seasonal changes in the hourly T rate of R. soongorica and S. passerina, as measured by lysimeters and found using Equations (3) and (4), and as approximated by up-scaling the LI-6400XT measurements with Equations (5) and (6), exhibited remarkable agreement. The RMSE was 0.003 and 0.008 mm h−1 for R. soongorica and S. passerina, respectively (Figure 6). Moreover, the observed versus simulated transpiration values fell around the 1:1 line, which means that the LI-6400XT extrapolation was accurate and reasonable (R2 = 0.7314 for R. soongorica and R2 = 0.5892 for S. passerina, p < 0.001). The results of both methods indicated that the average hourly transpiration rate of S. passerina throughout the growing season was greater than that of R. soongorica (Figure 4).





4. Discussion


At the leaf level, our findings indicated how the magnitude of the Tr of the C3 shrub R. soongorica and the C4 shrub S. passerina changed within a day (Figure 3). This does not agree well with Su et al. [32], whose study suggested that the C4 shrub S. passerina had advantages over the C3 shrub R. soongorica through lower Tr, especially when moisture is limited. The potential causes of this are the differences in plant growth status and environmental factors (e.g., meteorological and edaphic factors). Moreover, transpiration was lower in the C4 than in the C3 plants for a given photosynthetic capacity [40]. Nevertheless, the results were in line with previous finding by Su et al. [32], that the C4 shrub S. passerina has a higher WUE (Figure 5B), since the C4 pathway results in a higher WUE, with a higher efficiency utilization of low intercellular CO2 concentrations at the leaf level [39]. Stomata control determines the WUE of a plant by optimizing the water lost against the carbon gained [41]. Su et al. [32] also showed that the associated growth of the C3 shrub R. soongorica and the C4 shrub S. passerina decreased the Tr of the whole community, whereas both R. soongorica and S. passerina existed as individuals in our study. C3 and C4 plants have different environmental adaptation strategies, responding differently to environmental factors [42]. C4 plants had an advantage compared to C3 plants due to a decrease in transpiration under the same drought conditions [43]. Furthermore, the C4 photosynthetic mechanism equips plants with a valuable competitive advantage under conditions of high-light intensity, high temperatures and low water availability, exerting a tighter control over water balance [44]. The ‘short-term’ stomata control responses of plants include stomata aperture changes in response to the availability of water, light, temperature, wind speed, and carbon dioxide [40]. According to the correlations between Tr and gs and environmental factors, we can easily find that the Tr of the C3 shrub R. soongorica and C4 shrub S. passerina was mainly affected by nonstomatal factors in May and September, respectively. It can be concluded that under the conditions of relatively adequate soil available water, the main influencing factors on the Tr of the C3 shrub R. soongorica and the C4 shrub S. passerina are nonstomatal factors, i.e., environmental factors. The high temperature response observed in the Tr of the C4 shrub S. passerina was clearly advantageous for the maintenance of high productivity in the desert, whereas the negative or slightly positive high temperature response observed in the Tr of the C3 shrub R. soongorica was essential for its survival under harsh conditions (Table 2 and Table 3). When the air temperatures were below 35 °C, the average leaf temperatures were above the air temperature by an amount dependent on wind velocity, and the increasing wind diminished transpiration. When air temperatures were above 35 °C, the leaf temperatures were below the air temperatures, and increasing wind markedly increased transpiration [45]. The negative response of the Tr of the C3 shrub R. soongorica to the leaf-to-air vapor pressure deficit in June and July could be explained as an adaptation of the C3 shrub R. soongorica to long dry periods, during which the shrub was forced to maintain a minimum gs to continue functioning [21]. The negative response of the Tr of the C3 shrub R. soongorica to the net carbon assimilation rate (A) was due to the high evaporative demand as well as the limitation of A by the intercellular CO2 increases with temperature (Table 3).



At the canopy level, both the Tr of the C3 shrub R. soongorica and the C4 shrub S. passerina were well associated with the Rn and Tair, and the Tr of the C4 shrub S. passerina is also sensitive to changes in VPD (Table 4). Transpiration is controlled by radiation as the rate of production of water vapor inside the leaf is driven by absorbed radiation [46]. Furthermore, rainfall was the main factor influencing the transpiration amount of the C3 shrub R. soongorica and the C4 shrub S. passerina during the growing season. Canopy height had a significant effect on the transpiration of the C3 shrub R. soongorica, and the transpiration of the C3 shrub R. soongorica was influenced by canopy height, canopy projection area and new shoot length (Table 5). As for edaphic influences on the transpiration of the C3 shrub R. soongorica and the C4 shrub S. passerina during the growing season, our study observed the soil matric potential and soil temperature impact on transpiration. The results indicated that the transpiration responses of the C3 shrub R. soongorica and the C4 shrub S. passerina to soil matric potential were opposite, since the C3 shrub R. soongorica had less plant-available soil water compared to the C4 shrub S. passerina (Figure 2).Transpiration was not affected by soil moisture under well-watered conditions [47]. When the soil matric potential exceeds the field capacity (e.g., pF > 2.5), plants start reducing transpiration by closing their stomata to prevent internal water loss [48]. In summary, how the transpiration of xerophytic shrubs responds to soil moisture depends on the available soil water content. The transpiration of the C3 shrub R. soongorica and the C4 shrub S. passerina responded positively to soil temperature, and this response was statistically significant for S. passerina (Table 6). A possible explanation for this may be that the soil water content was negatively correlated with soil temperature at moderate-to-high water contents [49]. Transpiration increases with high soil temperature due to the fact that higher temperature promotes the absorption of soil water by the roots of the plant [50].



The purpose of our study was to demonstrate whether it is feasible to approximately estimate the transpiration of xerophytic shrubs using the scaling approach in the absence of a lysimeter. The results proved successful for up-scaling the transpiration of C3 and C4 xerophytic shrubs from the leaf to the canopy level using the unified scaling factor (e.g., leaf area).The results are comparable to Huang et al. [25], Zhao and Zhao [13], and Gitz III et al. [13], whose research involved up-scaling from the leaf to the individual or canopy level. Although long-term transpiration continuously determined by a LI-6400XT portable photosynthesis system is difficult due to the influence of micrometeorological factors and artificial operation, there is no doubt that transpiration can be effectively and accurately measured using the LI-6400XT method within a short time. This may be explained by the high coefficient of determination between the canopy transpiration rate found using the LI-6400XT and that found by lysimeter measurement (R2 = 0.7314 for R. soongorica and R2 = 0.5892 for S. passerina) (Figure 6), between the daily transpiration rate using the LI-6400XT and that found by using stem heat balance measurement (R2 = 0.67 for C. korshinskii and R2 = 0.77 for A. ordosica) [8], between canopy transpiration found using LI-6400XT and that found using the FAO-56 dual crop coefficient method (R2 = 0.66 for maize) [13], as well as between the canopy transpiration found using the LI-6400XT and that found using the canopy evapo-transpiration and assimilation (CETA) chamber system (R2 = 0.94 for cotton) [17]. Transpiration up-scaling from leaf-level measurements was much higher than lysimeter measurement due to many errors. For example, a certain error was due to the selected leaves where the leaf transpiration was measured. The leaf area obtained from photograph processing and integration also led to some error. Moreover, the monitored leaf transpiration values often fluctuate during measurement, which also leads to some errors. This discrepancy may also be due to the error caused by the fact that scaling up leaf-level measurements assumes that all leaves within the canopy receive equal ambient radiation [51].




5. Conclusions


At the leaf level, the transpiration rates of the C3 shrub R. soongorica and the C4 shrub S. passerina showed unimodal trends throughout the growing season. The dependence of the transpiration rates on stomatal conductance and meteorological factors varied seasonally. At the canopy level, the transpiration rates dependent on net radiation and air temperature and the transpiration rates of the C4 shrub S. passerina were also dependent on the vapor pressure deficit. The transpiration amount depended on rainfall, the morphological traits of the shrubs (e.g., canopy height for C3 shrub R. soongorica, canopy height, canopy projection area and new shoot length for C4 shrub S. passerina), and soil temperature (particularly for the C4 shrub S. passerina). The linearly-fitted regression between the actual measurement and the normalized leaf-area-based extrapolation showed that the leaf area is a reliable up-scaling factor for the transpiration of xerophytic shrubs from the leaf level to the canopy level in desert regions (with low a RMSE value of ±0.005 mm h−1). The reliability of the extrapolated values is evidenced by the significant regression relationship between the measured and the up-scaling values. Our study suggests that canopy transpiration rates can be estimated by up-scaling leaf-level transpiration rates, which is useful for the estimation of whole-plant transpiration for crops and for xerophytic shrubs. Our study not only provides an experimental basis for the transpiration water consumption of potential C3 and C4 xerophytic shrubs in the study area, but also provides important data support and methodological references for research into the water balance and ecological water requirements at regional scales.
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Figure 1. Precipitation and precipitation distribution in 2015. 
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Figure 2. Seasonal changes in soil matric potential (A) and soil temperature (B) at a soil depth of 0–40 cm for R. soongorica and S. passerina. Error bars are standard errors of the mean (n = 30 or 31). Different lowercase letters indicate significant differences among the months at p < 0.05. pF = log(-hPa); pF > 4.2, no plant-available water; pF = 4.2, permanent wilting point; pF = 1.8–2.5, field capacity. 
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Figure 3. Diurnal changes in the average transpiration rate for R. soongorica and S. passerina during the experimental period. 
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Figure 4. Seasonal changes of the hourly transpiration rate of R. soongorica and S. passerina by Lysimeter measurement (A) and LI-6400XT extrapolation (B) during the experimental period. Asterisks indicate significant differences between R. soongorica and S. passerina during the experimental period: * p < 0.05; ** p < 0.01; and *** p < 0.001. 
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Figure 5. Seasonal changes in stomatal limitation (A) and instantaneous water use efficiency (B) of R. soongorica and S. passerina. Different lowercase letters indicate significant differences among the months (p < 0.05). Asterisks indicate significant differences between R. soongorica and S. passerina in stomatal limitation and instantaneous water use efficiency during the experimental period: * p < 0.05; ** p < 0.01; and *** p < 0.001. 
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Figure 6. Relationships between Lysimeter measurements (A) and LI-6400XT extrapolation (B). 
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Table 1. The values (means ± standard errors) of the canopy height, canopy projection area, new shoot length, and leaf area index (LAI) of R. soongorica and S. passerine.
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Month

	
Shrubs

	
Height (cm)

	
Canopy Projection Area (×100 cm)

	
New Shoot Height (cm)

	
LAI (m2 m−2)






	
May

	
S.passerina

	
20.13 ± 1.13

	
6.91 ± 0.76

	
1.84 ± 0.16

	
1.51 ± 0.36




	
R.soongorica

	
17.80 ± 3.03

	
7.92 ± 0.84

	
2.65 ± 0.37

	
1.00 ± 0.19




	
Jun.

	
S.passerina

	
22.68 ± 1.21

	
8.77 ± 0.83

	
5.91 ± 1.07

	
1.71 ± 0.42




	
R.soongorica

	
21.68 ± 2.35

	
10.70 ± 1.04

	
6.88 ± 1.19

	
1.33 ± 0.19




	
Jul.

	
S.passerina

	
26.15 ± 1.50

	
10.80 ± 1.47

	
7.20 ± 0.86

	
1.85 ± 0.46




	
R.soongorica

	
23.30 ± 3.51

	
11.87 ± 1.13

	
7.74 ± 1.39

	
1.51 ± 0.20




	
Aug.

	
S.passerina

	
29.78 ± 2.23

	
13.56 ± 2.24

	
10.67 ± 1.23

	
1.81 ± 0.35




	
R.soongorica

	
24.08 ± 2.99

	
12.92 ± 1.25

	
7.86 ± 1.44

	
1.56 ± 0.26




	
Sep.

	
S.passerina

	
28.48 ± 2.75

	
14.71 ± 1.18

	
11.13 ± 1.10

	
1.72 ± 0.33




	
R.soongorica

	
23.65 ± 3.51

	
12.12 ± 1.91

	
7.51 ± 1.42

	
1.33 ± 0.20




	
Qct.

	
S.passerina

	
28.88 ± 2.42

	
14.44 ± 1.14

	
10.95 ± 0.69

	
1.56 ± 0.37




	
R.soongorica

	
23.75 ± 3.30

	
10.86 ± 0.70

	
7.23 ± 1.27

	
1.26 ± 0.22
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Table 2. Summary of correlations (Pearson) between the transpiration rates (Tr, mmol H2O m−2 s−1) of R. soongorica and other gas exchange parameters.
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	Month
	gs
	T1
	Tleaf
	RH1
	PAR
	VPD1
	A





	May
	0.2077
	0.7857 ***
	0.7952 ***
	−0.2137
	0.7104 ***
	0.6960 ***
	−0.1373



	Jun.
	0.7149 ***
	−0.2673
	−0.2874
	0.5154 *
	0.1098
	−0.5996 **
	0.8189 ***



	Jul.
	0.5572 **
	0.0441
	0.0737
	0.4360 *
	0.5456 **
	−0.0287
	0.5101 *



	Aug.
	0.4580 *
	0.5642 **
	0.5631 **
	−0.3076
	0.6200 **
	0.4411 *
	0.7516 ***



	Sep.
	0.3530
	0.7056 ***
	0.7205 ***
	−0.5480 **
	0.5785 **
	0.6820 ***
	0.7556 ***



	Qct.
	0.7081 ***
	0.8440 ***
	0.8629 ***
	−0.7627 ***
	0.8169 ***
	0.8539 ***
	0.8845 ***







Asterisks indicate a significant correlation between measurements at: * p < 0.05; ** p < 0.01; and *** p < 0.001.
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Table 3. Summary of correlations (Pearson) between transpiration rates (Tr, mmol H2O m−2 s−1) of S. passerina and other gas exchange parameters.
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	Month
	gs
	T1
	Tleaf
	RH1
	PAR
	VPD1
	A





	May
	0.7807 ***
	0.8234 ***
	0.8264 ***
	−0.3549
	0.8397 ***
	0.8381 ***
	0.7071 ***



	Jun.
	0.6717 ***
	0.6453 ***
	0.6654 ***
	−0.3065
	0.4962 *
	0.5554 **
	0.7154 ***



	Jul.
	0.7225 ***
	0.5963 **
	0.6242 **
	−0.0541
	0.7028 ***
	0.4980 *
	0.5786 **



	Aug.
	0.6735 ***
	0.7353 ***
	0.7447 ***
	−0.4890 *
	0.7152 ***
	0.6142 **
	0.7395 ***



	Sep.
	0.2939
	0.7605 ***
	0.7685 ***
	−0.5593 **
	0.7855 ***
	0.6872 ***
	0.7084 ***



	Qct.
	0.6213 **
	0.8892 ***
	0.8920 ***
	−0.6171 **
	0.6077 **
	0.8639 ***
	0.8969 ***







Asterisks indicate a significant correlation between measurements at: * p < 0.05; ** p < 0.01; and *** p < 0.001.
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Table 4. Summary of correlations (Pearson) between the transpiration rates (Tr, mm h−1) and meteorological factors at the canopy level.
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Shrubs

	
Measurement Methods

	
Rn (W m−2)

	
Wind Speed (m s−1)

	
Tair (°C)

	
RH (%)

	
VPD (kPa)






	
R. soongorica

	
Lysimeter

	
0.6549 ***

	
−0.0297

	
0.4058 *

	
−0.0762

	
0.2026




	
LI-6400XT

	
0.5430 ***

	
−0.2128

	
0.4177 *

	
−0.0347

	
0.2182




	
S. passerina

	
Lysimeter

	
0.7106 ***

	
0.4763 **

	
0.6000 ***

	
−0.5324

	
0.6923 ***




	
LI-6400XT

	
0.7514 ***

	
0.1864

	
0.6220 ***

	
−0.5623

	
0.6972 ***








Rn, net radiation; RH, relative humidity; Tair, air temperature; VPD, vapor pressure deficit. Asterisks indicate a significant correlation between measurements at: * p < 0.05; ** p < 0.01; and *** p < 0.001.
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Table 5. Summary of correlations (Pearson) between the accumulated transpiration (mm) by Lysimeter measurement and the accumulated rainfall and shrubs morphological traits during the experimental period.
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	Shrubs
	Accumulated Rainfall (mm)
	Canopy Height (cm)
	Canopy Projection Area (×100 cm2)
	New Shoot Length (cm)
	LAI (m2 m−2)





	R. soongorica
	0.9226 **
	0.9042 *
	0.7423
	0.7935
	0.5070



	S. passerina
	0.9558 **
	0.9275 **
	0.9842 ***
	0.9585 **
	0.1482







Asterisks indicate a significant correlation between measurements at: * p < 0.05; ** p < 0.01; and *** p < 0.001.
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Table 6. Summary of correlations (Pearson) between the transpiration (mm d−1) by Lysimeter measurement and the soil matric potential (ψm) and the soil temperature (Tsoil) at a depth of 0–40 cm during the experimental period.
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	Shrubs
	Soil Matric Potential (pF)
	Soil Temperature (°C)





	R. soongorica
	−0.6948
	0.3171



	S. passerina
	0.5977
	0.9171 **







Asterisks indicate a significant correlation between measurements at: ** p < 0.01.
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