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Abstract

:

The efficient use of limited water resources and improving the water use efficiency (WUE) of arid agricultural systems is becoming one of the greatest challenges in agriculture production and global food security because of the shortage of water resources and increasing demand for food in the world. In this study, we attempted to investigate the interannual trends of evapotranspiration and WUE and the responses of biophysical factors and water utilization strategies over a main cropland ecosystem (i.e., seeded maize, Zea mays L.) in arid regions of North-Western China based on continuous eddy-covariance measurements. This paper showed that ecosystem WUE and canopy WUE of the maize ecosystem were 1.90 ± 0.17 g C kg−1 H2O and 2.44 ± 0.21 g C kg−1 H2O over the observation period, respectively, with a clear variation due to a change of irrigation practice. Traditional flood irrigation generally results in over-irrigation, providing more water than actual crop requirements. Unlike flood irrigation, which can infiltrate into deep soil layers, drip irrigation can only influence the shallow soil moisture, which can lead to decreases of soil moisture of approximately 27–32% and 36–42% compared with flood irrigation for shallow and deep layers, respectively. Additionally, drip irrigation decreases evapotranspiration by 13% and transpiration by 11–14%, leading to increases in ecosystem and canopy WUE of 9–14% and 11%, respectively, compared to the traditional irrigation practice. Therefore, the drip irrigation strategy is an effective method to reduce irrigation water use and increase crop WUE in arid regions. Our study provides guidance to water-saving cultivation systems and has implications for sustainable water resources management and agriculture development in water-limited regions.
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1. Introduction


Water shortages are threatening the survival of human beings. Water resources per capita are decreasing in the world, while the population is increasing [1]. There are wide concerns about whether current available water resources will meet food demands in the future with the growth of the population. Water is a fundamental natural resource to agriculture production in arid regions and therefore affects global food security. Water availability dominantly controls the spatial variability of the carbon cycle in arid and semiarid regions [2]. Irrigated agriculture accounts for approximately 40% of the world crop production [3], which is crucial for global food security [4]. Since precipitation is less than potential evapotranspiration (ET) in arid and semiarid regions, surface water supply is extremely limited. Irrigation from groundwater is therefore an important source of water availability for croplands and other vegetation in water-limited regions [5]. This limited groundwater resource has resulted in the overexploitation of groundwater and the degradation of vegetation in arid regions [6]. Therefore, the efficient use of water resources by rational irrigation practice is of great significance to water-saving agriculture production and the sustainable development of water resources in regions of water scarcity.



Water use efficiency (WUE), the ratio of carbon gain to water consumption [7,8,9,10], is usually recognized as an important characteristic of ecosystem function that refers to the connections between carbon assimilation and water cycles [8,11]. WUE is also regarded as an important index in assessing the reasonable utilization of water resources for agricultural production. ET comprises vegetation transpiration (T) and soil evaporation (E), and is identified as an important component of the terrestrial ecosystem’s water and energy cycle [12]. The transpiration fraction of the ET (T/ET) is vital to examine the hydrological responses of vegetation dynamics and climate changes [13]. Realizing water-saving techniques to reduce the E loss from soil and increasing the WUE of croplands is highly important to the implementation of precision agriculture and to realize sustainable agriculture management under conditions of water scarcity in arid regions [14,15]. Therefore, quantifying the temporal variations and the effects of irrigation practices on ET and WUE in the main cropland ecosystems in arid regions is fundamentally important to accurate prediction of grain production and the sustainable development of water resources in water-limited regions [16]. However, this issue is not yet well understood in arid regions globally, especially those of western China, which lack advanced experience in agricultural management. Previous studies recognized no significant differences in WUE in different years over rain-fed crop systems [17,18,19], while water management strategies differ for irrigated and rain-fed crops [20]. How different climatic regimes and agricultural water use practices in arid regions potentially affect the seasonal and inter-annual variations in ecosystem ET components and WUE, and hence the terrestrial water and energy balances of crop systems, is not well understood [21]. ET partitioning approaches including in situ measurements, such as the use of a lysimeter, sap flow and stable isotopes, and the eddy covariance (EC) technique [22], each have limitations, and no consensus has been reached regarding the best method [23]. Additionally, models, which are also an important tool for partitioning ET components, can simulate the ET and its components with multiple temporal and spatial scales [12,24,25]. Among these, two source models (e.g., the improved Penman–Monteith methods) have been proven to be effective and have been widely developed in estimating ET and its components at different scales [26,27,28,29,30].



Optimizing irrigation practices is an important way of utilizing the limited irrigation water efficiently. Higher WUE with appropriate irrigation strategies can be achieved by producing higher grain yield or consuming less water [31]. Some studies indicated that deficit irrigation or reduced irrigation frequency could result in higher WUE [31,32] and increase 10–50% of water productivity [33]. Traditional irrigation methods (e.g., flood irrigation) cannot easily control the amount of irrigation, inducing over-irrigation and a waste of water used [34]. It has been reported that several water-saving management practices, such as plastic film mulching [35,36] and drip irrigation [33], could reduce irrigation water and promote crop production, has and have been widely used in orchards, vegetables, and wide-row crops. However, some studies also found an increased crop transpiration (T) in mulching fields due to an increase of leaf area index (LAI), thus resulting in increased ET [37,38]. Therefore, further study of the impacts of irrigation technology, such as drip irrigation, on ET and WUE of croplands in arid regions is needed.



The study area located in the middle reaches of the Heihe River Basin (HRB), which constitutes a unique oasis-desert system in an arid region [2]. The oasis agriculture system is widely distributed in the oasis-desert transition regions of North-Western China, which is characterized by water scarcity, higher ET potential, and lower precipitation. Because of the significant water shortages and dry periods, the agricultural and domestic water supplied in this region mainly comes from river irrigation and groundwater exchanges [2]. Our study area (i.e., Zhangye) has adequate radiation resources and appropriate climate conditions suitable to plant seed corn. In recent years, seed corn production acts as the cornerstone industry in Zhangye [6,22]. Zhangye has become the largest base of seed corn production in China, producing 450 million kilograms of corn seeds annually, representing more than 50% of country’s production. This region suffers from water shortages, with precipitation typically less than 150 mm per year [39]. The water supply for farmland is mainly from irrigation, which constitutes more than 80% of the total available water resource in HRB [40,41]. Farmland close to the river is irrigated by surface water, while others depending on extracting groundwater. Previous study has revealed that the conflicts between water scarcity and available water resources are increasing due to the expansion of farmland and the increasing demand of water [42]. The over-exploitation of groundwater and excessive water diversion has resulted in lots of eco-environmental problems, such as the degradation of wetlands in certain places in the middle oasis of the HRB in recent decades [6]. Consequently, it is crucial to adopt water-saving techniques in agriculture to achieve an increase of WUE with limited water. To resolve the tension between the shortage of water resources and the development of modern agriculture, the government of Zhangye has recently promoted efficient water-saving techniques for agricultural production, including drip irrigation under film mulch. Previous studies in the oasis regions of HRB concentrated on ET and water productivity at the field scale, with the soil water balance method and other models [41]. However, few studies have assessed the impact of irrigation strategies on interaunnal variations of ET and agriculture WUE of cropland ecosystems using the continuous measurements of flux towers in oasis regions.



In this study, we established continuous measurements of carbon and water fluxes over the cropland ecosystem in the HRB with the EC technique, and calculated the WUE of the cropland ecosystem during the period from 2012 to 2018 with different irrigation practices in different years. We intended to investigate the interannual trends of evapotranspiration and WUE and their responses of biophysical factors and water utilization strategies in arid regions of North-Western China. Here, we had the following objectives: (1) to explore the magnitude and interannual variations of ET components and WUE of a cropland ecosystem in different years, and (2) to investigate the determinants of temporal variability of ET components and WUE under different water use strategies, and their implications for agriculture management in arid regions.




2. Materials and Methods


2.1. Site Description


The study site was located in a typical desert–oasis region in an arid endorheic basin—the Heihe River Basin (HRB)—which is located in the Hexi Corridor of China (37.7–42.7° N, 97.1–102.0° E) [43,44]. As one of the most arid regions in the world, the desert-oasis system of HRB is widespread in North-Western China [45,46]. The flux tower at the Daman (DMZ) site is operated in an artificial oasis-desert compound in the middle reaches of the HRB (Figure 1), located in an arid environment with cold winters and hot summers. The vegetation type of DMZ is seed corn (Zea mays L.), a common crop type in this area. The 57-year (1960–2016) mean precipitation in this region is 128.50 mm per year [2]. The average mean temperature is 7.55 °C and solar radiation in the growing season is more than 200 W/m2, which is highly suitable for the growth of seed corn. The growing season typically starts around 1 May and ends around 31 September. Since the average air temperature of the study area is below zero °C during winter, the soil is frozen in the most periods in the non-growing seasons.




2.2. Field Management Practices


The growth of crop at this site is mainly dependent on irrigation due to low precipitation. To reduce soil evaporation, the site was planted with plastic mulching film more than 10 years ago. In winter, there is typically one period of irrigation for soil water conservation. The spring irrigation occurs typically before sowing (mid-to-end of March), which can leach the surface salt to groundwater in the deep layers. Meanwhile, our study region located in the middle area of the river basin, excessive irrigation from the Heihe River dissolves carbonate in soil and transport the surface water into the downstream of the river basin. These techniques make the salinization in our study area is not a serious problem. Prior to 2017, DMZ was flood-irrigated four to five times during the growing season, with more than 100 mm irrigation each time. Since the beginning of the growing season in 2017, the irrigation technique of DMZ was changed to drip irrigation, which has been the main form of irrigation. However, the intensity and frequency of the drip irrigation in certain periods in 2017 were higher than that in 2018. In our study, we used the data of both 2018 and 2017–2018 for the periods of drip irrigation.




2.3. Flux Measurements and Data Processing


Time series of water and carbon dioxide fluxes were obtained from the open-path EC (OPEC) system since May of 2012. The eddy covariance system includes an infrared gas analyzer (Li-7500A, Li-Cor Inc., USA) and a 3D sonic anemometer (CSAT-3 Campbell Scientific Instruments Inc., USA), which can continuously measure the carbon and water vapor fluxes. The raw flux data were recorded with a sampling frequency of 10 Hz, which were carefully processed using the Eddypro software [48]. The flux data processing and quality checks information were conducted as described in the literature [2,47,48]. The energy balance closure ratio of the DMZ site was 0.90 [49]. Gross primary productivity (GPP) and ecosystem respiration (Reco) were derived from net ecosystem exchange (NEE) measurements by a flux partitioning method based on the REddyProc processing procedure [50]. The meteorological variables were measured simultaneously, including air temperature (Ta, °C), soil temperature (Ts, °C), precipitation (P, mm), solar radiation (Rg, W m−2), and soil moisture (SM, %).




2.4. Satellites Data and Processing


The satellite-derived vegetation index (e.g., enhanced vegetation index (EVI) derived from the moderate resolution imaging spectroradiometer (MODIS)) is empirically related to the growth of vegetation. We therefore also used the MODIS reflectance products (V006 MCD43A4) to obtain the vegetation greenness (i.e., EVI), and examine the seasonal similarities and correlations between carbon fluxes and vegetation greenness. In order to correct the inferior values due to the clouds and aerosols, the Savitzky–Golay (SG) filter algorithm was used to reconstruct the original time series vegetation index data [51]. In addition, we also extracted the MODIS leaf area index (LAI) products (V006 MOD15A2H) to examine the seasonal variations of plant growth.




2.5. Ecosystem Water Use Efficiency (WUE), Canopy WUE and Water Availability Index


Both ecosystem WUE (g C kg−1 H2O) and canopy WUE were used in this study. The ecosystem WUE (WUEe) was defined as WUEe = GPP/ET, where GPP (g C m−2 day−1) is gross primary productivity and ET (kg H2O m−2 day−1) is evapotranspiration. ET were obtained from the eddy covariance measured latent heat flux (LE, W m−2). The canopy WUE was defined as WUEc = GPP/T [52], where T is transpiration. The T was partitioned from the ET measurements, which are introduced in detail in Section 2.6. WUE was analyzed for daily, monthly, and annual time-steps. The monthly and annual WUE were derived from the summation of GPP and ET components with corresponding time scales.



The relative extractable water content (REW) was used to define water scarcity. In general, we assumed occurring the soil water stress when REW decreased below 0.4 [53,54]. However, dripped irrigation will affect the temporal variations of soil moisture (SM). In this study, we used the REW to describe the effects of irrigation techniques. Daily REW was calculated as [54]: REW = (SM − SMmin)/ (SMmax − SMmin), where SMmin and SMmax are the minimum and maximum soil moisture during the study periods, respectively. Additionally, we also used the water availability index (WAI), the ratio of actual to potential ET, to examine the available water conditions [55]. The WAI, ranging from 0 to 1, represents the range from a well-watered condition to a water-stressed condition. The actual ET and potential ET were derived from the EC measurements and by the Penman–Monteith equation without resistance [56], respectively.



Similar with the reference [57], we established the multiple relationships between ET, GPP, and WUE and biophysical variables, and analysis the related statistics results to explain their relationships between carbon-water fluxes and climatic parameters (i.e., Ta, P, SM, WAI, EVI). To remove the confounding effects between these climatic parameters, we used the partial correlations analysis in our study, which could remove the effects of the third climate parameter on the carbon-water fluxes (e.g., GPP, ET, and WUE) when we considered the correlations between the carbon-water fluxes and the other variables. The partial correlation coefficients reflect the direct effects of the individual independent variables (i.e., climatic parameters) on dependent variables (ET, GPP, and WUE) respectively, which could remove the indirect influences of the other variables.




2.6. Evapotranspiration Partitioning Methods Using a Remote Sensing-Based Model


Three partitioning methods were used to partition ET components. The isotope method uses the theory of different isotopic composition of foliage transpiration (δT) and soil evaporation (δE). T/ET is derived from the difference between the isotopic compositions of ET (δET), soil evaporation (δE) and foliage transpiration (δT). The isotopic composition of surface air water vapor was measured with a water vapor isotope analyzer (Model L1102-i, Picarro Inc.), which was calibrated in every three hours [22]. The lysimeter measured the daily E from soil during the growing season in 2012. T/ET can be determined by combining the lysimeter measured E with the EC measured from ET fluxes. The detailed measurements and process of the isotope and lysimeter measurements at the DMZ site were described in the previous study [22]. Since the above two measurements were only measured during the growing season of maize in 2012, here, we mainly used these data to validation a remote sensing-based ET partitioning model. In this study, we used an improved Penman–Monteith (PM) method [29,30] to partition the ET components (called the PM–Leuning model hereafter). The model used a simple physical-based model to parameterize the surface conductance of the PM model. Similar with the previous studies [27,29], the total λET is the sum of λTc [27] and λEs [28]. This provided reliable estimates of ET and its components over different ecosystems and regions in the world [30]. Detailed descriptions of the PM–Leuning model can be found in [27,29,30]. The model was validated by the EC measured water fluxes and the lysimeter and isotope observed ET components (Figure 2). Good performance was found according to the validation results. All of the water fluxes be consistent well with high R2 (0.87–0.90) for ET and T components validated with different methods.





3. Results


3.1. Seasonal and Interannual Dynamics of Biophysical Factors


Clear seasonal characteristics of biophysical factors are shown in Figure 3. Seasonal dynamic patterns of Rg, Ta, and vapor pressure deficit (VPD) were very similar with high values during the growing seasons, and low values during the non-growing seasons across the study periods. Daily mean Rg peaked in mid-summer, ranging from 169.32 W m−2 in 2018 to 183.52 W m−2 in 2013, with an average of 176.22 W m−2 during the period (Table 1). Daily mean Rg ranged from 217.29 to 235.58 during the growing seasons (i.e, May–September) in 2018 and 2013, respectively. The daily mean Ta ranged from −22.77 to 27.68 °C annually during the study period. In different seasons of the study period, the daily mean Ta ranged from approximately 17.04 °C (2014) to 18.67 °C (2016) in growing seasons, and −0.31 °C to −1.84 °C in non-growing seasons. The mean annual temperature (MAT) ranged from 6.44 °C (2018) to 7.21 °C (2017) during the period of 2012–2018, with an average of 6.90 °C, which is slightly lower than the 57-year (1960–2016 period) average of 7.55 °C. Annual mean VPD ranged from 6.55 to 7.26 hPa in 2018 and 2013. The daily mean VPD is relatively high (10.61 hPa) in the growing seasons, while it is only 4.14 hPa in the non-growing seasons.



Daily precipitation (P) showed clear seasonal patterns (Figure 3c), and was mainly distributed in the growing seasons (approximately 84% of annual precipitation), with little precipitation in winter and spring during the non-growing seasons. There were large variations in annual precipitation in the study period, ranging from 102 mm (2016) to 187 mm (2018), with an average value of 140 mm, for 2013–2018; this was higher than the mean precipitation (128.50 mm) in the period of 1960–2016. The seasonal patterns of EVI represented the growth phases of the cropland (Figure 3d). There are also clear seasonal dynamics in EVI. EVI increased rapidly in early summer, reached its maximum in the mid-growing seasons, and then decreased in autumn. The pattern of EVI is consistent with the precipitation and radiation during the six-year period.



Soil moisture (SM) patterns varied with the seasonal patterns of precipitation and irrigation (Figure 3f). There were significant different patterns for SM in different layers under different irrigation strategies. For the period before 2017, since flood irrigation was conducted, the soil moisture at different layers was sufficient for the growth of the cropland during the growing seasons, and the REW in both surface and bottom layers were greater than 0.4. However, after the implementation of drip irrigation in 2017, the REW in the deep layer (SM at 160 cm) was less than 0.4 during the whole year except the winter irrigation period. The magnitude of the drip irrigation is high in the periods of 2017, which had some impacts on the surface soil moisture for some periods in 2017 (REW > 0.4), however, the REW during most of the periods in 2018 was less than 0.4. The relatively low soil moisture in the non-growing seasons of the study area is caused by the freezing processes in the soil with soil temperature typically below zero degree in winters.




3.2. Seasonal and Interannual Dynamics of Carbon and Water Fluxes and Water Use Efficiency


Seasonal dynamics characteristics of GPP varied with the air temperature and radiation (Figure 3 and Figure 4), and were generally consistent with the EVI seasonal patterns. GPP reached its peak values (approximately 19.7 g C m−2 day−1 on average) in July during the growing seasons. Daily GPP peak values varied from 17.97 to 22.45 g C m−2 day−1 for 2012–2018. The overall seasonal dynamics of GPP were similar across different years although there were some variations in the amplitude of GPP.



Compared with the similarity of GPP seasonal patterns, the ET seasonal patterns varied over different years following the seasonal dynamics of irrigation and precipitation (Figure 4). During the growing seasons, ET reached its peak values as the crop growth peak values ranged from 6.73 to 9.10 kg H2O m−2 day−1, with an average of 7.7 kg H2O m−2 day−1. As there was no film mulching in the field in the non-growing seasons, the spring irrigation before planting increases the evaporation (E) component, and thus increases the ET greatly. This phenomenon generally occurred in the period of 2012−2016 prior to the use of the drip irrigation technique, while it did not occur after 2017.



Following the precipitation and irrigation patterns, soil moisture for the study periods was generally low in spring and high in the growing seasons. During every irrigation period before 2017, when flood irrigation was performed, the soil moisture increased sharply both in shallow and deep layers. After 2017, with the use of drip irrigation under film mulch, the soil moisture decreased significantly, especially in the deep layer of the soil. With the exception of the winter irrigation in 2018, the soil moisture in the deep layer were less than 20% in the entire period.



To further analyze the impacts of irrigation on ET components and WUE of the cropland, we also analyzed the ET components and WUE seasonal variations as irrigation events occurred during the growing seasons (Figure 5). During the early stage of the growing seasons, the canopy cover of the cropland is low, and soil evaporation dominates the ET. As the plant grows, transpiration becomes the main part of ET. At the end of the growing seasons, when the maize withers and falls, ET drops in line with transpiration and evaporation. T ranged from 386.0 (2017) to 484.7 kg H2O m−2 (2015) during the growing seasons over the six-year period, with an average of 442.4 kg H2O m−2, which accounted for 85.1% of ET on average for the growing seasons in 2013–2018. The seasonal variations of ecosystem and canopy WUE are consistent with the seasonal patterns of the ET components. During 2012–2016, soil moisture in the shallow layers generally increased sharply following irrigation events (Figure 5c), which increased E and therefore also increased ET. The irrigation events can also increase the soil moisture in the middle and deep layers. However, since the drip irrigation was applied after 2017, the soil moisture in both surface and deep layers decreased abruptly. Drip irrigation with deficient water irrigation had little effect on the soil moisture of the deep layer.



Taking 2012 as an example, according to the measurements of the lysimeter and isotope method, and the model result during the growing season in the study period (Figure 2), the relative contribution of T to ET was approximately 0.85, 0.88, and 0.90 (average 0.88), respectively. Such a high T/ET is mainly because of the application of film mulching (which covered approximately 60% of the soil surface) and the vegetation covering of maize during the growing season. We observed the irrigation according to the channel flow measurements in the growing season of 2012. There were four irrigation events during the growing seasons with irrigation amounts of 111.6 (day of year [DOY] 158), 141.9 (DOY 184), 149.7 (DOY 210), and 149.7 mm (DOY 238), respectively. The total irrigation amount (552.9 mm) and precipitation (114.5 mm) were far more than the actual water demand of the growth of maize, which was 447.4 mm during the entire growing season (DOY 147–274) of 2012.



Monthly GPP, ET, and WUE peaked in July over the six-year period (Figure 6). Unlike GPP, there are clear inter-annual variations of monthly ET, WUE, and soil moisture. There were significantly decreased trends for soil moisture in 2017 and 2018 after the change of irrigation practice, especially for the deep layers. Also shown in Figure 4 and Figure 5, the monthly average soil moisture of both surface and middle layers in the growing seasons was still occasionally affected by a relatively large amount of irrigation in 2017. However, this had no significant effects on the soil moisture in 2018.



There were no obvious variations of annual GPP across the study period (Figure 7). Annual GPP only changed by 0.16–3.96% when the drip irrigation was applied (Table 2). Unlike for the annual GPP dynamics, there was a clear abrupt change of ET from 2013 to 2018 (Figure 7). Annual ET ranged from 636 to 789 kg H2O m−2 for 2013–2018, with averages of 733 and 640 kg H2O m−2 before and after the implementation of drip irrigation, respectively. The annual trends of GPP and ET contributed to an increased trend of WUE during the period, which increased by 9.3–13.59% and 10.46–10.98% for the ecosystem and canopy ecosystems, respectively, as a result of using a drip irrigation strategy (Table 2). We also found a higher decreasing rate of E compared with T after using the drip irrigation practice (using the data of 2018), which indicates that drip irrigation can decrease evaporation greatly. Soil moisture also decreased remarkably in both shallow and deep layers. Additionally, daily GPP and ET were linearly correlated over the period of 2013–2018 (Figure 8), and the slope of the relationship also represented values close to the annual WUE values. From the slope of the GPP-ET relationship, we also found an increasing trend after implementing the drip irrigation strategy.




3.3. Biophysical Regulations of the Temporal Variations of Gross Primary Production, Evapotranspiration and Water Use Efficiency


The carbon and water fluxes (i.e., GPP, ET, T), and WUE had different relationships with the climatic variables with monthly time scale (Figure 9). For the seasonal timescale, monthly GPP, ET, and WUE increased linearly with the rising of Ta, P, SM, and EVI (p values all less than 0.05 except for the relationship between the canopy WUE (WUEc) and soil moisture in the growing seasons). Unlike the GPP and ET components, WUE (both WUEe and WUEc) showed a strong and positive relationship with EVI and the water available index (WAI), which can better explain (>50%) the temporal variability in GPP, ET components, and WUE than other climatic variables during the growing season periods. Soil moisture cannot effectively explain the temporal variations of the WUE because of its rapid variations after irrigation and precipitation.



According to the results of multiple linear regression and the partial correlation analysis between the carbon-water fluxes and climatic factors (Table 3), the simulation performance was generally good with a relatively high multiple R2. However, the importance of climatic variables was different in controlling the temporal variability of carbon and water fluxes. Generally, the air temperature and EVI were the dominant factors in explaining the temporal variability of GPP, ET and WUE. There was little effect of SM on carbon-water fluxes. For GPP, Ta, P, and EVI were the primary controlling parameters, while for ET, Ta and WAI were the primary factors. For the T, only Ta was the dominant factor, while for the WUE, EVI played an important role.





4. Discussion


4.1. Wate Use Efficiency Variations of Cropland Ecosystems and their Biophysical Influencing Factors


Annual ranges of ecosystem WUE (1.72–2.09 g C kg−1 H2O) in our study were within the annual range of 0.92–4.02 reported for other cropland ecosystems [8,58,59]. The mean WUE during the growing season was 2.38 ± 0.21 g C kg−1 H2O, which was generally lower than for similar cropland at AmeriFlux sites [8,60]. This phenomenon also occurred in the analysis of underlying WUE at this site [61], which is probably attributed to the climate differences in these places. The species in the HRB is adapted to the local climate and location in an oasis-desert system in arid regions, where a large amount of ET can be observed in the oasis (i.e., oasis–desert effects) during the growing season [62]. Our study also showed strong positive linear correlations between carbon and water fluxes for different years. The slope of the linear relationship can be used to estimate ecosystem WUE [9]. The response in GPP and ET to biophysical variables determined the time variations in WUE. We found the seasonal dynamic patterns in ecosystem WUE was mainly determined by biological factors, such as vegetation dynamics (i.e., vegetation index) and climatic factors (e.g., air temperature), which is consistent with other reported results [10,53,62]. Additionally, this study also found that water variability (e.g., soil moisture and the water availability index) greatly influenced the temporal variations of ET and GPP.




4.2. Effects of Irrigation Practice on soil Moisture Dynamics, Evapotranspiration Components, and Water Use Efficiency in Arid Agricultural Systems


Our results revealed that traditional flood irrigation had the problem of excessive irrigation, which irrigated using a larger amount of water with limited irrigation frequency. The over-irrigation percolated into deep soil layers and was lost to drainage below the root zone since the maize was a shallow-rooted cropland and typically utilized the surface layer soil water [63]. The excessively irrigated water depth may lead to nutrient loss and soil salinization [64], and the over-exploitation of groundwater and river water resources. This would result in a decrease of the groundwater level and the water allocation into downstream regions of the river basin, thus leading to degradation of the environment [6]. However, drip irrigation with a deficient amount and higher frequency decreased the wetting depth and deep percolation process (the deep soil moisture level decreased by 42% compared with the flood irrigation in our study). This study confirmed that drip irrigation can significantly save water in oasis irrigation agriculture.



Our study also highlighted that water use strategies play a significant role in regulating ET and WUE in cropland ecosystems. Drip irrigation under plastic film mulching can significantly reduce the transpiration of the cropland, thus reducing the ET into the atmosphere and increasing the agriculture WUE. Plant transpiration can be a better indicator of actual plant water requirements during the growing season compared with the conventional uses of ET in water use management [61]. Through ET partitioning, we can obtain the plant water requirements at different stages to guide the optimization of irrigation practice. According to our study, traditional flood irrigation exceeded the actual water requirements of the plant during the growing season, leading to a large loss of soil evaporation and deep layer drainage, especially for irrigation at the early stage of growing seasons and the non-growing seasons. However, drip irrigation with deficient water use can reduce the loss due to soil evaporation, and therefore reduce the ET and increase the WUE of plants.




4.3. Potential Implications for Agricultural Water Resource Managements in Arid Regions


With limited precipitation in arid and semiarid climate systems, the high water demand of agricultural vegetation growth during the growing seasons is mainly fed by irrigation and ground water supply. For example, agricultural water consumes more than 80% of the available water resource in the oasis regions of the HRB [40]. Therefore, previous study has suggested that the groundwater level has decreased significantly in some agricultural regions of the river basin that largely depend on exploiting groundwater [6]. As a result, the degradation of above-ground vegetation has accelerated due to the serious over-exploitation of groundwater, resulting in the desertification and the degradation of wetlands [6]. Consequently, the exploitation of groundwater needs to be strictly limited or prohibited and the use of water-saving irrigation approaches encouraged to manage oasis agriculture sustainably.



This study highlighted that drip irrigation technique is an effective way of water-saving in oasis agriculture compared with traditional irrigation, which over-irrigates and wastes large amounts of water. Drip irrigation under film mulch reduced ET and increased WUE in the arid cropping systems, thus providing the scientific basis for extending the water-saving technique in arid regions. Arid and semiarid regions account for more than one-third of the terrestrial surface in the world [65]. Because of the scarcity of precipitation, agriculture mainly relies on irrigation in arid and semiarid regions. Therefore, promoting water-saving techniques is of great importance for the food safety and sustainability of water resources in these regions. Our study area, Zhangye, is the country’s largest seed maize production base, with approximately 0.21 million ha of cropping land. Although the government has vigorously promoted efficient water-saving techniques in recent years, until 2018, approximately half of irrigated farmland utilized water-saving technology (e.g., drip irrigation under film, sprinkler irrigation, and seepage irrigation), which greatly improves the efficiency of irrigation water in oasis agriculture. However, considering the scarcity of water resources and the large potential of promoting agricultural water-saving techniques in arid regions, water-saving irrigation techniques should be extended into additional regions.





5. Conclusions


Based on a continuous flux observation tower, we investigated the interannual dynamic patterns of ET components and WUE under different irrigation management practices in an oasis cropland in the arid region of North-Western China. In the seven-year observation period, the ecosystem WUE and canopy WUE of the maize ecosystem were 1.90 ± 0.17 g C kg−1 H2O and 2.44 ± 0.21 g C kg−1 H2O, respectively. Flooding irrigation can infiltrate into the deep soil layer, thereby influencing both shallow and deep soil moisture, while higher-frequency drip irrigation results in a lower irrigation amount and wetting depth, and a shallower percolation process, which only influences the shallow soil moisture. Drip irrigation can lead to decreases of soil moisture of approximately 27–32% and 36–42% compared with flood irrigation for shallow and deep layers, respectively. Additionally, drip irrigation decreases ET by 13% and T by 11–14%, which thus increases ecosystem and canopy WUE by 9–14% and 11%, respectively, compared to traditional irrigation practice. In this study, WUE decreased significantly with increases in water availability and precipitation during the growing seasons. Our results provide direct field evidence that drip irrigation technique is an effective method of water-saving and increasing WUE of arid agricultural systems. Given the large potential of promoting water-saving techniques in oasis agriculture, our results have implications for agricultural water resource management in water-limited regions.
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Figure 1. Location of the study site (Daman) in the Heihe River Basin (HRB) and in the North-Western China. The right figure shows the flux tower measurement in the Daman (a). The below figures show drip irrigation under mulch film (b,c). 
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Figure 2. Comparisons of different evapotranspiration partitioning methods with the Penman-Monteith-Leuning model and measurements of lysimeter and isotope methods. The performance of the model was validated by using the flux tower measured Evapotranspiration (ET) (a,c), and the lysimeter and isotope observed transpiration (T) (b,d). (a,b) showed the time series results of the validation, while (c,d) showed the scatter plot of the validated results. 
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Figure 3. Temporal variations in daily mean solar radiation (Rg, W m−2) (a), air temperature (Ta, °C) (b), vapor pressure deficit (VPD, hpa) (c), daily integrated precipitation (P, mm) (d), enhanced vegetation index (EVI) (e), and relative extractable water (REW) (f) at different depths. 
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Figure 4. Temporal variations in daily gross primary production (GPP) (a), evapotranspiration (ET) (b), and soil moisture (SM) (c) at different depths. Before 2017, flood-irrigation were used in the study site, while the drip irrigation were performed since the beginning of growing season in 2017. 
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Figure 5. Evaluation of irrigation events on (a) ET components and (b) water use efficiency (WUE) during the growing seasons before (2012–2016) and after (2017–2018) the use of a drip irrigation strategy. The black arrows represent irrigation events during the growing seasons. WUEe and WUEc represent ecosystem and canopy WUE, respectively. The tick labels of the time axis represented the time series of every year during the growing seasons (i.e., numbers that labeled in the middle of the time axis without brackets), while the numbers that labeled with brackets showed the beginning and ending of the growing seasons in each year. 
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Figure 6. Monthly variations of gross primary production (GPP) (a), evapotranspiration (ET) (b), ecosystem water use efficiency (WUEe) (c), and soil moisture (SM) at different layers during the growing seasons (i.e., periods from May to September) (d–f). 
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Figure 7. Annual variations of gross primary production (GPP) (a), evapotranspiration (ET) components (i.e., vegetation transpiration (T) and soil evaporation (E)), T fraction of the ET (T/ET) and accumulated annual precipitation (AAP) (b), water use efficiency (WUE) at both ecosystem and canopy levels (i.e., WUEe and WUEc) (c), and soil moisture (SM) at different layers (d). 
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Figure 8. Relationship between daily gross primary production (GPP) and evapotranspiration (ET) during the periods of 2013–2018. The symbol ** indicates the statistical significance level of 0.01. 
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Figure 9. Relationship of monthly gross primary production (GPP) (a–e), evapotranspiration (ET) (f–j), transpiration (T) (k–o), water use efficiency at ecosystem level (WUEe) (p–t) and canopy level (WUEc) (u–y) with environment variables that including monthly mean air temperature (Ta), precipitation (P), soil moisture at 4 cm layer (SM), water availability index, and EVI during the growing seasons (i.e., periods from May to September). 
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Table 1. Statistics of annual climatic variables in Daman site during 2013–2018.
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	Variables
	2013
	2014
	2015
	2016
	2017
	2018
	Average





	Solar radiation (Rg, W m−2)
	183.52
	178.57
	179.53
	174.32
	172.06
	169.32
	176.22 ± 4.45



	Air temperature (Ta, °C)
	7.05
	6.45
	7.08
	7.14
	7.21
	6.44
	6.90 ± 0.3



	Precipitation (P, mm)
	136
	145
	161
	102
	187
	112
	140 ± 27



	Vapor pressure deficit (VPD, hpa)
	7.26
	6.66
	6.80
	6.92
	6.82
	6.55
	6.84 ± 0.21



	4 cm soil moisture (SM_4cm, %)
	17.88
	18.49
	20.27
	20.50
	15.16
	13.19
	17.58 ± 2.44



	40 cm soil moisture (SM_40cm, %)
	26.26
	25.87
	27.76
	25.43
	19.17
	18.60
	23.85 ± 3.32



	160 cm soil moisture (SM_160cm, %)
	29.04
	28.42
	29.40
	26.62
	14.70
	18.11
	24.38 ± 5.37



	Enhanced vegetation index (EVI)
	0.24
	0.27
	0.26
	0.23
	0.26
	0.27
	0.26 ± 0.01
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Table 2. Statistics of annual gross primary production (GPP), evapotranspiration (ET) components (i.e., vegetation transpiration (T) and soil evaporation (E)), and water use efficiency (WUE) before and after using the drip irrigation strategy. The symbols “+” and “−” represent increased and decreased, respectively. Since the different intensity and frequency of drip irrigation practice in different years (the data had a relatively large amount of irrigation in 2017), we used both the data of 2018 and the average data of 2017–2018 (the bold number in brackets) to represent the effects of the drip irrigation strategy. Soil moisture (SM) at different layers were used.
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	Variables
	Flood Irrigation
	Drip Irrigation
	Change Values
	Change Ratios (%)





	GPP (g C m−2)
	1339.72
	1337.62 (1286.71)
	−2.09 (−53.01)
	−0.16 (−3.96)



	ET (kg H2O m−2)
	733.15
	640.48 (640.39)
	−92.67 (−92.76)
	−12.64 (−12.65)



	T (kg H2O m−2)
	572.01
	511.45 (494.22)
	−60.57 (−77.80)
	−10.59 (−13.60)



	E (kg H2O m−2)
	161.14
	129.03 (146.17)
	−32.11 (−14.96)
	−19.92 (−9.29)



	WUEe (g C kg−1 H2O)
	1.84
	2.09 (2.01)
	+0.25 (+0.17)
	+13.59 (+9.28)



	WUEc (g C kg−1 H2O)
	2.36
	2.62 (2.60)
	+0.26 (+0.25)
	+10.98 (+10.46)



	SM_4cm (%)
	19.28
	13.19 (14.17)
	−6.10 (−5.11)
	−31.62 (−26.49)



	SM_40cm (%)
	26.33
	18.60 (18.88)
	−7.73 (−7.45)
	−29.37 (−28.28)



	SM_160cm (%)
	28.37
	18.11 (16.40)
	−10.26 (−11.97)
	−36.18 (−42.19)
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Table 3. Statistics of partial correlation analysis and the multiple regression models. The symbol ** indicates the statistical significance level of 0.01 for each variable. The climatic parameters included monthly mean air temperature (Ta), precipitation (P), soil moisture at 4 cm layer (SM), water availability index (WAI), and enhanced vegetation index (EVI) during the growing seasons (i.e., periods from May to September). GPP, ET and T represent gross primary production, evapotranspiration and transpiration, respectively. WUEe and WUEc represent ecosystem and canopy water use efficiency (WUE), respectively. The best model represented the multiple models that removing the redundant variables.






Table 3. Statistics of partial correlation analysis and the multiple regression models. The symbol ** indicates the statistical significance level of 0.01 for each variable. The climatic parameters included monthly mean air temperature (Ta), precipitation (P), soil moisture at 4 cm layer (SM), water availability index (WAI), and enhanced vegetation index (EVI) during the growing seasons (i.e., periods from May to September). GPP, ET and T represent gross primary production, evapotranspiration and transpiration, respectively. WUEe and WUEc represent ecosystem and canopy water use efficiency (WUE), respectively. The best model represented the multiple models that removing the redundant variables.





	Dependent Variable
	Multiple R2
	Ta
	P
	SM
	WAI
	EVI
	Best Model





	GPP
	0.96
	0.86 **
	0.48 **
	0.29
	0.14
	0.86 **
	GPP = f (Ta, P, EVI)



	ET
	0.87
	0.76 **
	0.17
	0.21
	0.54 **
	0.02
	ET = f (Ta, WAI)



	T
	0.89
	0.80 **
	0.15
	0.23
	0.33
	0.29
	T= f (Ta)



	WUEe
	0.92
	0.49 **
	0.25
	−0.02
	0.10
	0.80 **
	WUEe = f (Ta, EVI)



	WUEc
	0.89
	0.05
	0.21
	−0.09
	0.35
	0.72 **
	WUEc = f (EVI)
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