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Abstract  
 

Current, how to use limited water resources efficiently and improve agricultural water use 
efficiency, has become one of the greatest challenges for global food security. In this study, 
multiple site-years of carbon and water flux data across the major crops including maize, 
winter wheat and soybean, were used to quantify the variability in canopy-scale transpiration 
(T), ecosystem-scale evapotranspiration (ET) as well as the associated water use 
efficiencies (WUET and WUEET). On the basis of ET partitioning, the results indicated that 
the transpiration ratio–T/ET as well as T and ET exhibited an obvious single-peak seasonal 
pattern across the typical croplands. However, at the early and late growing stages, there 
existed large discrepancies in T and ET owing to low vegetation coverage, while T and 
ET were very close during the peak period. Among them, maize exhibited the largest 
T/ET by 0.50 ± 0.12, followed by soybean of 0.43 ± 0.08 and winter wheat of 0.38 ± 0.09, 
respectively. Furthermore, the coupling relationships between gross primary productivity 
(GPP) and water fluxes including T and ET changed from linear to nonlinear. The study 
also found that the variability in WUET and WUEET were not consistent. Specifically, 
WUEET showed distinct seasonal characteristic whereas WUET kept constant as a plateau 
almost throughout the growth period, which reflected the inherent physiological property 
controlled by plant stomata at the canopy scale. Among these crops, maize exhibited the 

largest WUET and WUEET (5.30 ± 0.89 and 2.48 ± 1.14 g C kg-1  H2O), followed by winter 

wheat (4.97 ± 1.52 and 2.35 ±  0.64 g C kg-1  H2O) and soybean (4.88 ± 1.59 and 1.89 ± 

0.99 g C kg-1 H2O), respectively.   
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1. Introduction 
Detection of impacts on agriculture caused by global climate change has increased 

substantially in the past decades, which is critical for designing and evaluating climate 
mitigation and adaptation measures (Song et al., 2021). With increasing global surface 
temperature, terrestrial ET generally increased and soil moisture reduced, resulting in the 
available water resource more stressed in agricultural ecosystems and decreasing grain 
reserves seriously (Jiang, 2009; Liu et al., 2016; Ullah et al., 2019). Therefore, the widespread, 
rapid and intensifying climate change has threatened global food security. As a result of global 
population increase and changing demand, how to use limited water re- sources more 
efficiently and improve agricultural water use efficiency has become the focus of grain 
production (Wallace, 2000; Dietzel et al., 2016; Wang et al., 2018). 

Water use efficiency (WUE) reflects the capacity of croplands to produce biomass through 
vegetation photosynthesis per unit of water consumption by plant T or ecosystem-level ET 
(Tang et al., 2014). Depending on different research scales, cropland WUE can be divided 
into three levels: leaf, canopy and ecosystem (Blum, 2005; Niu et al., 2011). As an especially 
important determinant of crop productivity, the variability in WUE describes the tradeoff 
process between water loss and carbon sequestration (Lan et al., 2021). Specifically, carbon 
uptake by plant photosynthesis was accompanied by water dissipation to regulate the water-
carbon balance between the terrestrial biosphere and atmosphere (Berry et al., 2010; Mu et 
al., 2011; Ito and Inatomi, 2012). All these carbon and water cycling processes are essentially 
vulnerable to the effect of environmental changes, especially for the semi-artificial cropland 
ecosystems (Scanlon and Albertson, 2004; Xu et al., 2018). In the field, some farmers have 
to reduce water use and select drought-resistant crops, achieving water-saving agriculture 
(Zhao et al., 2017). 

The eddy covariance-based flux towers can directly and continuously measure terrestrial 
carbon and water fluxes at site scale, which provides a feasible way to monitor the key 
processes of ET and  WUEET  (WUEET =GPP/ET) of farmland ecosystems (Yu et al., 2014; 
Tang et al., 2015). Currently, a few flux sites have been established at the main croplands 
including corn, soybean, and wheat. Such observations can be further processed to 
standardized GPP and ET products (Zhou et al., 2015; Tang et al., 2017). Essentially, water 
loss through ET in agroecosystem was mainly comprised of plant T and soil evaporation (E) 
(Fisher et al., 2008; Maxwell and Condon, 2016). Moreover, T is recognized as the dominant 
component of ET, which is more related to vegetation growth and biomass accumulation 
(Schlesinger and Jasechko, 2014; Cheng et al., 2017; Ren et al., 2019). Therefore, it is 
especially important to improve the inherent WUET (WUET =GPP/T) at the canopy scale to 
alleviate the current water crisis for food security. 

Nevertheless, direct measurement of the canopy T from cropland remained difficult and 
complicated (Scott et al., 2017). Effectively separating the components of ET is a challenge 
in the field of hydro- meteorology, which even constrained the deep understanding of 
interactions between carbon and water cycles (Scanlon, 2008; Scanlon and Kustas, 2010). 
Currently, several methods including micro lysimeter, sap flow, stable isotope and eddy 
covariance techniques have been developed to measure soil evaporation (E), vegetation 
transpiration (T) and ET (Wang et al., 2010; Xiao et al., 2018; Paul-Limoges et al., 2020). 
However, the micro-lysimeter method neglected canopy interception evaporation, leading to 
larger estimation of transpiration (Liu et al., 2002). Large uncertainty existed in the isotope 
method for ET partitioning owing to a series of assumptions. Especially when soil evaporation 
was small, this technique was not suitable for agricultural and forest ecosystems (Griffis, 2013; 
Good et al., 2014). Sap flow can continuously record stand-level transpiration, but it is difficult 
to scale up to large scales (Rafi et al., 2019). Nowadays the eddy covariance-based flux data 
has been used for partitioning ET with relatively accurate results, but this method was not 
widely adopted since it required high frequency (10–20 Hz) data that is only available to 
tower owners (Baldocchi and Ryu, 2011; Wagle et al., 2020). A simple method using the 
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widely available half-hourly flux data would contribute to ET partitioning for different 
ecosystems. Based on the concept of underlying water use efficiency (uWUE), Zhou et al. 
(2018) developed a novel partitioning method which can estimate T/ET at various 
spatiotemporal scales and is simple to apply in practice (Jiang et al., 2020; Nelson et al., 
2020). 

Since the beginning of the COVID-19 pandemic globally, jointly with the effects of natural 
disasters such as locust plague, drought and flood worldwide, the agricultural production is 
disturbed seriously which  even endangers human survival (Monfreda et al., 2008). As the 
world’s major food crops, maize is one of the most widely produced and consumed cereal 
crops, followed by wheat, and soybean is a high protein plant that people can prepare and eat 
in a variety of ways. To deeply reveal the underlying processes and mechanisms of water and 
carbon cycles during grain production for improving agricultural water use efficiency, we 
partitioned ecosystem-level ET based on the concept of underlying water use efficiency and 
continuous flux observations across the major crop sites. The overall aims of this study were: 
1) to characterize the seasonal dynamics of T/ET for the maize, wheat and soybean croplands 
as well as their differences during the growing period; 2) to analyze the variability in site-level 
GPP and water loss from the canopy (T) to ecosystem scale (ET) as well as the carbon-water 
coupling relationship; 3) to have a better understanding of the carbon-water interactions by 
means of WUET and WUEET over crop species; and 4) to reveal the underlying influencing 
factors controlling the transpiration ratio (T/ET), WUET and WUEET among the three typical 
cropland eco- systems. All these analyses are of great significance for understanding the 
processes of cropland evapotranspiration, and sustainable use of water resources for global 
food security. 

2. Methods and materials 
 

2.1 Description of the flux sites 

 

A total of 9 flux sites across three typical croplands (soybean, maize, winter wheat) were 
used for analysis in the study (Table 1), which can be accessed from the AmeriFlux, 
ChinaFlux and European flux network. The geographical locations of all sites were also 
showed in Fig. S1. The soybean flux sites are comprised of US-Br3, US-Ne3 and US-Bo1. The 
US- Br3 site is located in central Iowa, USA, with hot and humid climate in summer and 
soybean was planted in the odd years (John and Tim, 2016). The US-Bo1 site lies in the 
Midwestern part of the USA, Illinois. The field cultivated soybean in the even years with 
temperate continental climate (Tilden, 2016). The US-Ne3 flux site is placed in the University 
of Nebraska Agricultural Research and Development Center near Mead, Nebraska, USA. 
This area has similar cropping management as US-Bo1 where soybean was planted in the 
even years. Besides, both US-Ne3 and US-Bo1 sites rely on natural rainfall for irrigation 
(Suyker, 2021). 
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Table 1 

Description of the tower-based flux sites of croplands used in this study. 

Crop 
type 

Site 
ID 

Latitud

e (◦) 

Longitud

e (◦) 

MAP 
(mm) 

MAT 

(◦C) 

Available 
years 

References 

Soybea
n 

US-
Br3 

41.974
7 

-93.6936 846.6 8.90 2005/200
7/2009 

(Chu et al., 2018) 

 US-
Ne3 

41.179
7 

-96.4397 783.7 10.11 2008/201
0/2012 

(Novick et al., 2016) 

 US-
Bo1 

40.006
2 

-88.2904 991.0 11.00 2002/200
4/2006 

(Meyers and 
Hollinger, 2004) 

Maize US-
Ne1 

41.165
1 

-96.4766 790.4 10.07 2009–2011 (Barr et al., 2013) 

 CN-
Yuc 

36.829
0 

116.570
2 

582.0 13.10 2007–2009 (Yu et al., 2006) 

 CN-
Dam
an 

38.855
6 

100.372
2 

126.7 7.20 2013–2015 Song et al. (2016) 

Winter 
wheat 

CN-
Yuc 

36.829
0 

116.570
2 

582.0 13.10 2007–2009 (Ailin et al., 2016) 

 DE-
Seh 

50.870
6 

6.4497 693.0 9.90 2007/2008
, 
2008/2009 

(Schmidt et al., 
2012) 

 US-
ARM 

36.605
8 

-97.4888 843.0 14.76 2006/2007
, 
2009/2010 

(Lu et al., 2017) 

Note: MAP and MAT represent multi-year mean precipitation and temperature, 
respectively. 

 

Three flux sites of maize were used for analysis including CN-Daman, US-Ne1 and CN-Yuc. 
The CN-Daman site lies in the farmland of Daman Irrigation District in Zhangye City, Gansu 
Province, China, where has been observed since June 2012. The climate of the region can 
be characterized as temperate continental arid with abundant heat and light, dry and little 
rain (Liu et al., 2013). The US-Ne1 is an irrigated continuous maize site, one of three 
experimental fields (US-Ne1, US-Ne2 and US-Ne3) located within 1.6 km of each other 
(Suyker, 2021). The last corn site is CN-Yuc, which is situated in the southwest of Yucheng 
City, Shandong Province, China. The area belongs to warm temperate semi-humid monsoon 
climate, with abundant supply of light, heat and rainfall occurring in the same period. 
Generally, winter wheat and summer corn are planted in Yucheng station. 

Three winter wheat sites were comprised of CN-Yuc, DE-Seh and US- ARM. Detailed 
information about the CN-Yuc site has been described above. The Selhausen test site (De-
Seh) belongs to the southern part of the Lower Rhine Embayment and near the Belgium 
boundary with temperate maritime climate (Schmidt et al., 2012; Wang et al., 2018). This area 
is a rotation field, and winter wheat was planted from October 2007 to October 2009. The US-
ARM site with humid subtropical climate is situated in northern Oklahoma, USA. In the field, 
winter wheat, corn, soy and alfalfa have been planted in different years, and we only used the 
winter wheat years for analysis (Lu et al., 2017; Wang et al., 2018). 
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2.2 Flux data preprocessing 

 

For each flux site, the eddy-covariance system continuously records net ecosystem carbon 
exchange (NEE) and latent heat (LE) at a frequency of 10 Hz. Meanwhile, the 
meteorological data including solar radiation, air temperature (Ta), soil 
temperature/moisture, wind speed/ direction, relative humidity (RH) and precipitation are 
measured at these cropland sites. In addition to careful instrument maintenance and 
periodic calibration, the standardized procedures require spike detection, lag correction for 
H2O/CO2 relative to the vertical wind component, density fluctuation correction (WPL 
correction), sonic virtual temperature correction, and frequency response correction (Song et 
al., 2016; Liu and Xu, 2018). These 10 Hz data were then processed into half-hour 
products by the Edire post-processing software (University of Edinburgh, Edinburgh, UK). 
Gap-filling and flux partitioning by the nighttime-based method were carried out with the R 
package by the Max Planck Institute for Biogeochemistry (https://www.bgc-jena.mpg. 
de/bgi /index.php/Services/ REddyProcWeb) (Reichstein et al., 2014; Wang et al., 2018). 

The half-hourly GPP, ET and VPD data were used for ET partitioning. Therefore, the flux 
partition method proposed by Reichstein et al. (2005) was used to separate NEE into the GPP 
and ecosystem respiration (Re). GPP was calculated as the sum of observed daytime NEE 
and modeled Re inferred from night-time NEE. The partitioning algorithm extrapolates night-
time values of Re into the daytime based on short-term temperature sensitivity of Re. The flow 
chart of data preprocessing can be seen in Fig. S2. Then, the measured latent heat (LE, 
W/m2) fluxes were derived to obtain water consumption (ET, mm/day) by multiplying a factor 
of 0.035 which was converted by the formula ET=LE/λ (λ represents amount of energy to 
evaporate per unit weight of water; 2,454,000 J kg−1) (Tang et al., 2014, Wang et al., 2018). 
At canopy or ecosystem scales, vapor pressure deficit (VPD) is almost the same within a 
uniform environment, and it can be calculated by Ta and RH data from the flux site (Romero-
Aranda et al., 2006). In addition, in order to partition ET into E and T, data screening and 
quality control were performed to select half-hourly observations in accordance to the 
following criteria: 1) the daylight GPP, ET, and VPD data were used while defective entries 
were excluded; 2) data from rainy days were excluded; 3) sensible heat flux larger than 
5 W m−2 and incoming shortwave radiation larger than 50 W m−2 were used to avoid stable 
boundary layer conditions; 4) data were selected for each site during the growing season; 5) 
8-day T/ET values were estimated at least 80 effective entries (Zhou et al., 2016, Li et al., 
2019). 

 

2.3 MODIS data preparation 

The normalized vegetation index (NDVI) has been widely used to describe the 
vegetation growth at different spatial and temporal scales (Pettorelli et al., 2005; Wardlow 
and Egber, 2008). In this study, we used the MOD09A1 product (V6) over an 8-day interval 
to calculate time-series NDVI (https://e4ftl01.cr.usgs.gov/MOLT/MOD09A1.006/), and then 
derive crop phenological information. MOD09A1 provides an estimate of the surface spectral 
reflectance of bands 1–7 at 500 m resolution corrected for atmospheric conditions such as 
gases, aerosols, and Rayleigh scattering. The near-infrared band and red band were used to 
calculate NDVI (Gillies et al., 1997; Zhang et al., 2006). 

The TIMESAT program developed by Department of Earth and Eco- systems Sciences, 
Lund University was used to extract the phenological parameters including start of growing 
season (SOS), end of growing season (EOS) and length of the crop growing season. Due to 
noise of the clouds and atmosphere, it is important to fit and reconstruct the time- series NDVI 
data (Gu et al., 2009). In this study, we used the asymmetric Gaussian function and a sliding 
window to obtain the valley and peak values of the NDVI curves (Cai et al., 2017). 
Furthermore, SOS and EOS were defined as 20% of which multiplied by the amplitude of the 

https://www.bgc-jena.mpg.de/bgi
https://www.bgc-jena.mpg.de/bgi
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/evapotranspiration
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/vapour-pressure
https://www.sciencedirect.com/science/article/pii/S0378377421007046#bib55
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/ecosystem-respiration
https://www.sciencedirect.com/science/article/pii/S0378377421007046#sec0085
https://www.sciencedirect.com/science/article/pii/S0378377421007046#bib69
https://www.sciencedirect.com/science/article/pii/S0378377421007046#bib77
https://www.sciencedirect.com/science/article/pii/S0378377421007046#bib58
https://www.sciencedirect.com/science/article/pii/S0378377421007046#bib58
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/sensible-heat-flux
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/short-wave-radiation
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/stable-boundary-layer
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/stable-boundary-layer
https://www.sciencedirect.com/science/article/pii/S0378377421007046#bib91
https://www.sciencedirect.com/science/article/pii/S0378377421007046#bib34
https://www.sciencedirect.com/science/article/pii/S0378377421007046#bib34
https://e4ftl01.cr.usgs.gov/MOLT/MOD09A1.006/
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left and right halves, respectively using the dynamic threshold method. Fig. 1 showed the 
process of extraction at the CN-Daman site in 2013, and the other sites were analyzed using 
the same method. Noteworthy, SOS of winter wheat was defined at the date when the wheat 
turned green after winter dormancy (Zhou et al., 2013; Guo et al., 2016). 

Leaf area index (LAI) quantifies the amount of leaf area in an ecosystem and is a critical 
variable in processes such as photosynthesis, evapotranspiration, and precipitation 
interception (Alton, 2016). The study used the MOD15A2H LAI (V6) dataset at 8-day intervals 
to analyze the effect of vegetation status on the variability in T/ET at all cropland sites. 
MOD15A2H algorithm exploited the spectral information including MODIS red and near-
infrared surface retrieved reflectance, and a radiative transfer equation generated based a 
look-up table (Knyazikhin et al., 1998), which has experienced substantial improve- ments till 
now (Fang et al., 2019). 

 

 

Fig. 1. Deriving the crop phenological information from time-series MODIS NDVI data. Two 
blue marked points represent SOS and EOS, respectively. The black line was LOS (length 
of growing season) and DOY meant day of year. 

 

2.4 Process for partitioning ET 

Water consumptions from E, T, and ET are essentially associated with non-stomatal, 
stomatal, and stomatal/non-stomatal mixing behaviors, respectively (Zhu et al., 2015; Drake 
et al., 2017). T is controlled by stomatal regulation, whereas E is only related to soil and 
environmental conditions. The concept of WUE includes ecosystem-level WUE (WUEET) and 
canopy-scale transpiration efficiency (WUET). WUEET is defined as carbon uptake (GPP) per 
unit of water loss by ET, and WUET is defined as GPP per unit of water loss through T. Thus, 
the ratio of WUEET to WUET can be determined by T/ET. WUEET can be calculated directly 
from tower-based flux observations, which made T/ET crucial to derive WUET. Referring to 
the novel partitioning method developed by Zhou et al. (2018), this study also defined the 
uWUEp and uWUEa to represent the potential water use efficiency and apparent water use 
efficiency, respectively. Here, T/ET can be calculated by dividing uWUEa to uWUEp as 
follows. 

The uWUEp and uWUEa were estimated with all and 8-day period half-hourly GPP, VPD 
and ET data at the cropland sites using the quantile regression and linear regression 
method, respectively. In addition, the intercepts of both quantile and linear regressions were 
set to zero. Taking the site US-Ne3 as an example (Fig. 2a), the long-term mean uWUEp 
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was estimated as the regression slope of the 95th quan- tile regression using all half-hourly 

data from the site. Therefore, the uWUEp was 12.28 g C hPa0.5/kg H2O. Then, the 
regression slope using half-hourly data for a particular 8 day period was estimated to 
represent a typical 8 day uWUEa value for the site. As shown in Fig. 2b, the value was 6.67 

g C hPa0.5/kg H2O for DOY 193–200 in 2008. So, the ratio of T/ET was 0.54 for the 8 day 
period. 

 

 

Fig. 2. The 95th quantile regression using all the half-hourly data for the US-Ne3 site (a) and 
the linear regression using half-hourly data from DOY 193–200 in 2008 (b). The intercept 
was set to zero for both quantile and linear regressions. 

 

2.5 Statistical analysis 

 

Two models including quantile regression and linear regression were used to derive the 
values of uWUEp and uWUEa by SPSS 26.0 (Chicago, IL, USA), respectively. Then we can 
acquire the seasonal variations in T/ ET for each flux site. To test the relationship between 
T/ET and LAI across these typical croplands, the regression model jointly with rele- vant  

coefficient  of  determination  (R2)  were  used  for  evaluation. R2 indicated the overall 
explanatory ability of regression model in explaining the variability of T/ET data. 
Subsequently, to reveal the differences in response mechanism of WUET and WUEET to GPP, 
T and ET among different crops, the Pearson correlation coefficient (r) was performed. 
Generally, a value of r close to 1 indicated a strong positive linear relationship as it passed 
the significance test. 

 

3. Results 

3.1 T/ET of typical croplands over 8 day period 

Fig. 3 illustrated the seasonal variations in T/ET across the typical cropland sites including 
soybean, maize and winter wheat, respectively. As a proxy for the transpiration ratio, T/ET 
exhibited a single-peak curve over all these crops, which was also well captured by the time-
series MODIS LAI data. At the soybean and maize sites, T/ET nearly co- varied with LAI over 
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an 8-day interval. As the crops grew, both T/ET and LAI increased rapidly from the end of 
April, reached the peaks in July of the year, and then gradually decreased with leaf withering 
in autumn (Fig. S3). Owing to different agricultural planting systems, the main growing period 
of winter wheat is the first half of next year after winter dormancy. Similar to the other crops, 
the variability in T/ET also exhibited an obvious single-peak pattern and climbed to the 
maximum around mid-April. Therefore, this study confirmed that T/ET varied consistently with 
LAI across all cropland sites. 

 

 

Fig. 3. Seasonal variations in T/ET at the typical cropland flux sites during the growing season. 
WOY meant week of year at 8-day period. 

 

Nevertheless, the magnitudes of T/ET have contrasting heterogeneity because of 
differences in crop species, climate zones and  irrigation regimes. Especially for the CN-Yuc 
site, winter wheat–maize double cropping is an important rotation system in the North China 
Plain, which resulted in larger T/ET for both maize and winter wheat compared to other sites 
(Fig. 4). Despite of the same environment conditions between the US-Ne3 and US-Ne1 sites, 
multi-year mean T/ET of soybean was obviously lower than that of maize by 21.9%, which 
proved that C4 crop has relatively higher T/ET value in comparison with C3 crop. The low T/ 
ET at the CN-Daman maize site can be ascribed to the effect of arid climate characteristic in 
this region. Overall, multiple site-years of flux data inferred that maize has the largest T/ET 
by 0.50, followed by  soybean of 0.43 and winter wheat of 0.38, respectively. 
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Fig. 4. Differences in multi-year mean T/ET across the typical cropland sites including 
soybean, maize, and winter wheat. Error bars represented ± 1 standard error. 

 

3.2 Seasonal variations in GPP, ET and T of typical croplands 

Dynamics of GPP, ET and T over an 8-day period for soybean, maize and winter wheat 
croplands exhibited distinct seasonal trends (Fig. 5). On the onset time when seeds of 
soybean and maize are sown in spring, the photosynthetic activity of vegetation was weak. 
Subsequently, GPP gradually increased with crop growth, reached peak in summer 
(approximately WOY27) and decreased again as the crop matured in autumn. However, 
the seasonality of winter wheat was entirely different. The GPP values were close to 
0 g C m−2 d−1 during winter dormancy, increased rapidly as the temperature rose in spring, 
peaked in early May, and then gradually decreased till the start of June (US-ARM and CN-
Yuc) or July (DE-Seh). Despite of different magnitudes, the variabilities in T and ET at the 
three crops also showed similar seasonal patterns to GPP. Both ET and T changed jointly 
with GPP. Meanwhile, this study found that the maximum GPP of maize (C4 crop) was 
apparently larger than that of the other C3 crops (26.1 g C m−2 d−1 against 17.4 g C m−2 d−1), 
due to stronger carbon sequestration capacity. In addition, the results showed the largest 
GPP, ET and T values in maize crops for all sites with 8.96 ± 2.17 g C m−2 d−1, 3.03 ± 0.35 and 
1.70 ± 0.27 mm d−1, followed by winter wheat (7.62 ± 2.60 g C m−2 d−1, 2.67 ± 0.72 and 
1.34 ± 0.32 mm d−1), with the lowest values in soybean of 5.78 ± 1.95 g C m−2 d−1, 2.4 ± 0.28 
and 1.30 ± 0.27 mm d−1. During the early and late stages of growing period, owing to low 
vegetation coverage, the water consumed by soil evaporation occupied a large proportion of 
ET. However, as vegetation grew, the water consumed by vegetation T gradually exceeded 
soil evaporation, and became the main component of ET. Then, T and ET were very close at 
the peak period with the relative difference of 15.6 ± 11.8%. 

https://www.sciencedirect.com/science/article/pii/S0378377421007046#fig0025
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/seasonality
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/carbon-sequestration
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Fig. 5. Seasonal variations of tower-based GPP, ET and T at the typical cropland sites. 

 

The study also examined the pattern of the water-carbon relationship at these cropland sites 
in Fig. 6. During the whole growing season for all sites, 8-day GPP and T presented a strong 
positive linear correlation, while 8-day GPP and ET showed significant nonlinear relationship, 

with R2 of 0.81 and 0.54, respectively. Generally, the almost synchronous variation between 
GPP and ET and between GPP and T, as well as the primary control of canopy development 
and senescence, induced a close water-carbon coupling. However, GPP and T indicated a 
significant positive correlation than the nonlinear relationship of GPP and ET due to the high 
ET during early and late growing seasons (Fig. 5). Specially, the C4 cropland–maize had a 

maximum R2 with 0.84, followed by the C3 cropland including winter wheat (0.83) and soybean 
(0.80).  
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Fig. 6. Regression relationships between 8-day GPP and ET or T during the whole growing 
season at soybean, maize and winter wheat sites, respectively. 

 

3.3 Comparison between WUET and WUEET 

The variability in WUET and WUEET at three typical croplands were shown in Fig. 7, which 
illustrated the water-carbon relationships and variations from the canopy to ecosystem scale. 
Overall, WUEET at the soybean, maize and winter wheat sites had significant seasonal 
dynamics over an 8-day interval during the growing period. Contrastingly, WUET kept 
constant as a plateau in the middle stage of crop growing season, which reflected the 
inherently coupling relations to GPP through plant stomata at the canopy scale. The 
extremely low GPP or T at the beginning and ending of crop growing season can explain 
large fluctuations or anomalous values in WUET over such period. 



12 
 

 

Fig. 7. The variability of ecosystem water use efficiency (WUEET), and canopy water use 
efficiency (WUET) at 8-day time scale for soybean, maize and winter wheat flux sites. 

 

The study also compared the magnitudes of multi-year mean WUET and WUEET for three 
typical croplands (Fig. 8). Since WUEET represented water use efficiency of the entire 
ecosystem including water consumption by soil evaporation, whereas WUET was only 
contributed by vegetation transpiration component, WUET was apparently larger than WUEET 
for all crops. Overall, without distinguishing crop types, the mean WUEET was approximately 

half of WUET (2.2 g C kg-1 H2O vs 5.0 g C kg-1 H2O). Additionally, it seems that both WUET 
and WUEET of the  C4 cropland  (maize)  were  slightly  bigger than  the  C3 croplands 
including soybean and winter wheat ranging from 2.8% to 22.2%. 

 

 



13 
 

Fig. 8. Multi-year average ecosystem water use efficiency (WUEET), and canopy water use 
efficiency (WUET) for three typical croplands. 

 

4. Discussion 
 

4.1 Effect of the biotic and abiotic factors on T/ET 

The ratio of transpiration to total terrestrial evapotranspiration (T/ ET) plays an important 
role in the hydrological cycle and in the energy budgets between the biosphere and the 
atmosphere (Zhou et al., 2014; Niu et al., 2019). As the primary factor controlling variations 
in T/ET, an increase in LAI by increasing the vegetation coverage area promotes canopy T 
and interception evaporation, thereby leading to the rise in ET (Piao et al., 2007; Fatichi and 
Pappas, 2017; Li et al., 2018). However, increasing LAI lowered the amount of energy (net 
radiation) reaching the soil surface, soil evaporation usually reduced, which partly offset the 
increase in ET associated with high LAI (Hu et al., 2009; Huang et al., 2015; Gu et al., 2018). 
Therefore, T and ET may have different sensitivities to the changes in LAI (Niu et al., 2019). 
Jiang et al. (2020) revealed the significantly positive correlations (p < 0.01) between daily 
T/ET and MODIS LAI at four representative winter wheat, paddy rice, soybean and summer 

maize sites, which were consistent to our results. As illustrated in Fig. 9, the highest R2 

between T/ET and LAI of maize reached up to 0.68 at 8-day time scale, followed by soybean 
with 0.63, and the lowest for winter wheat was 0.37. All analyses again indicated that LAI 
dominated the water-related ET and T cycles. 
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Fig. 9. The linear relationship between MODIS LAI and T/ET for each 8 day period at 
soybean, maize, winter wheat, and all sites. 

 

Previous studies found that when LAI is relatively low at the early growing stage, an 
increase in LAI caused by crop growth will obviously enhance vegetation photosynthesis 
(Jiang et al., 2020), and subsequently lead to an increase in WUE; once LAI exceeds the 
threshold, the change in crop T/ET is limited, resulting in the insensitive response of WUE to 
LAI (Zhang et al., 2013a, 2013b). Thus, LAI can influence water use efficiency from canopy 
to ecosystem scales by adjusting the variability in T/ET (Zhang et al., 2014; Zhu et al., 2014; 
Hu et al., 2008; Kato et al., 2004). Besides, the abiotic factors including ambient atmospheric 
conditions, soil moisture, and solar radiation affected the dynamics of T/ET at daily or 
seasonal scales (Good et al., 2014; Scott and Biederman, 2017; Gao et al., 2021). 
Meanwhile, Niu et al. (2019) suggested that temperature change is the most important 
factor in driving interannual T/ET trend both nationally and regionally. 
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4.2 Contrasting controls on WUET and WUEET 

 

A deep understanding of the water-carbon relationship is critical for model development, 
water and carbon management, and decision- making for precision agriculture. Previous 
studies mostly focused on ecosystem-level water consumption and the associated water use 
efficiency (Gao et al., 2014; Wang et al., 2018). In this study, we investigated the difference in 
WUET and WUEET from the canopy to ecosystem scales across the typical croplands (Figs. 7 
and 8). Cheng et al. (2017) indicated that the increase in carbon uptake was not accompanied 
by a proportional increase in ET, which was largely driven by increased WUE in terrestrial 
ecosystem (about 90%). By comparison with  ET, Wang  et al. (2018) revealed that GPP 
determined the variability in WUEET for croplands throughout the growing season. Li et al. 
(2019) also indicated that seasonal dynamics in WUE was mainly controlled by the carbon flux 
rather than water flux in shrubland of the northeastern Qinghai-Tibetan Plateau, China. 
Nevertheless, other studies suggested that GPP dominated the changes in WUEET mainly 
during the high water-carbon coupling strength stage (Gao et al., 2021). 

Our findings are consistent with previous studies at the ecosystem level. As illustrated in 
Fig. 10, both GPP and ET showed significant positive correlation with WUEET (p < 0.01) 
across the typical croplands. However, compared with water flux, carbon flux played a more 
important role in dominating the variability in WUEET. The correlations between WUEET and 
GPP ranged from 0.52 at the winter wheat site to 0.91 at the maize site. Contrastingly, the 
correlations between WUEET and ET were apparently lower. Without distinguishing crop 
types, the correlations between WUEET and GPP or ET were 0.85 and 0.45, respectively. 
During the early and late growing seasons, water and carbon fluxes were primarily 
determined by the biotic factor such as LAI and varied towards a concurrent trend. But the 
amplitude of variation of the carbon flux was slightly larger than that of the water flux, mainly 
due to soil evaporation (Fig. 5). 
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Fig. 10. The linear relationship between GPP, ET and WUEET for each 8 day period at 
soybean, maize, winter wheat, and all cropland sites. 

 

In addition, our finding further evidenced that the canopy-scale WUET had no significant 
linear correlations with GPP or T in Fig. 11. As GPP and T varied, WUET approached a 
constant value, which indicated that both GPP and T changed in the same proportion. The 
coordinated relationship between GPP and T proved that the seasonal variation of WUET 
was not related to these two parameters, and recognized as the intrinsic characteristic of the 
plant functional types (Broeckx et al., 2014). As important components of water and carbon 
fluxes, both T and GPP are regulated and closely related through gas diffusion via plant 
stomata (Gao et al., 2021; Mathias and Thomas, 2021). Therefore, water and carbon fluxes 
are inherently coupled at the canopy scale. 

 



17 
 

 

Fig. 11. The linear relationship between GPP, T and WUET for each 8 day period at 
soybean, maize, winter wheat, and all cropland sites. 

 

5. Conclusions 
 

In this study, we applied the uWUE method for ET partitioning to three typical cropland 
ecosystems, and quantified the variability in water fluxes from the canopy scale to ecosystem 
scale as well as their associated water use efficiency. As a proxy for the transpiration ratio, T/ 
ET exhibited a single-peak curve over all three crops. Time-series MODIS LAI data performed 
great potential for remotely retrieving large-scale T/ ET pattern. Meanwhile, multiple site-years 
of flux data inferred that maize has the largest T/ET by 0.50, followed by soybean of 0.43 and 
winter wheat of 0.38, respectively. The study also indicated that both ET and T covaried with 
the dynamics in GPP, yet large discrepancies be- tween T and ET became narrow as crops 
grew. Furthermore, the relationship between GPP and T showed a linear correlation at canopy 
scale, whereas a nonlinear relationship existed between GPP and ET at the ecosystem scale. 
In addition, WUEET of croplands exhibited distinct seasonal patterns during the growing 
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season. Contrastingly, WUET kept constant as a plateau nearly throughout crop growth period, 
which reflected the inherently coupling relations to GPP through plant stomata at the canopy 
scale. Despite that the uWUE method can be used as an effective tool to estimate T/ET of 
croplands, further study could evaluate  the performance of other methods such as isotope or 
lysimeter techniques for ET partitioning. 

As one of the largest terrestrial biomes on the planet, the role of cropland in food security 
is facing serious threats from global climate change, especially for water scarcity problems. 
A deep understanding of the processes of cropland ET, and sustainable use of water 
resources is significant for global food security. Essentially, the water consumed by 
vegetation T is directly associated to grain production. Several management practices have 
been implemented to reduce the useless water consumption by bare soil in recent years. For 
example, planting green manure crops before spring ploughing (Sorkheh et al., 2020) and 
returning crop stalks to the field after harvest can largely decrease soil evaporation (Li et al., 
2020). Therefore, this study is helpful for a more profound recognition of the water-carbon 
coupling and provides a new framework for developing water-saving agriculture. 
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