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Abstract: The processes coupled with carbon and water exchange are linked to crop assimilation,
water consumption, controlling crop growth and development, and ultimately determining crop
yield. Therefore, studying the characteristics of crop water constraints and their controlling factors
at multiple scales is of great significance for regional and global food production stability and food
security. Employing field observations and a comprehensive literature review, this study investigates
the maximum water-use efficiency of wheat and its governing factors at both leaf and canopy
(ecosystem) scales. The results demonstrate remarkable consistency and well-defined boundaries
in maximum water-use efficiency across diverse climate regions and wheat varieties, both at the
leaf and agricultural ecosystem scales. At the leaf scale, the maximum water-use efficiency of wheat
was 4.5 µg C mg−1 H2O, while for wheat agricultural ecosystems, on a daily scale, the maximum
water-use efficiency was 4.5 g C kg−1 H2O. Meanwhile, the maximum water-use efficiency of wheat
agricultural ecosystems decreased continuously with increasing time scales, with values of 6.5, 4.5, 3.5,
and 2 g C kg−1 H2O for instantaneous, daily, weekly, and monthly scales, respectively. Environmental
factors, primarily vapor pressure deficit, light, and soil water content, exert significant control
over leaf-level water-use efficiency. Similarly, the maximum water-use efficiency of agricultural
ecosystems fluctuates in response to daily variations in meteorological elements. C3 crops like wheat
exhibit remarkable resilience in their carbon–water exchange patterns across diverse environmental
conditions. The findings in the current research can serve as a reference for improving crop water-use
efficiency.

Keywords: water; leaf scale; canopy scale; maximum water-use efficiency; wheat

1. Introduction

Agricultural production is influenced by various environmental factors such as light,
temperature, water, fertility, and other management practices [1]. Globally, water deficit
is the most significant environmental limiting factor for agricultural production [2,3].
Therefore, optimizing agricultural output under water scarcity has become a pressing
imperative in ensuring global food security.

Water-use efficiency, which reflects the balance between crop output (generally refer-
ring to biomass accumulation or economic yield at the yield level, and carbon assimilation
at the leaf and ecosystem scales) and water consumption, is often used to evaluate crop–
water relationships at different spatial and temporal scales [4]. Due to its simple and easily
understandable concept, water-use efficiency has been the focus of many researchers since
the last century [5–7]. At the yield level, there has been a significant amount of research
on crop water-use efficiency, and researchers have found that there is a benchmarking
for water-use efficiency at the yield level [8], which means that, for the same crop, there
should be an upper boundary, i.e., a maximum, for water-use efficiency at the yield level,
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and this maximum converges globally. This indicates that the maximum water-use effi-
ciency for the same crop tends to be similar worldwide. Moreover, some researchers have
found that there is a similar maximum precipitation use efficiency under water-limited
conditions for different ecosystems globally [9,10]. Crop yield and vegetation biomass
formation are ultimately determined by carbon–water exchange at the leaf or ecosystem
scales [11]. Therefore, the carbon–water coupling relationships at the leaf and ecosystem
scales are crucial for analyzing crop or vegetation water relationships. However, there is
currently insufficient research on the upper boundaries of water-use efficiency at the leaf
or ecosystem scales for the same crop and it is still unclear whether there is a maximum
water-use efficiency at both leaf and ecosystem scales for the same crop on a global scale.

At the leaf scale, the carbon–water exchange process is controlled by the opening and
closing of stomata on the leaf surface [12], and there is a coupling relationship between
the two processes. Therefore, changes in carbon–water exchange should be in a certain
proportion and should not exceed a certain range. Limited water consumption can only fix
a relative amount of carbon and cannot exceed a maximum value. Therefore, we infer that,
at the leaf scale, the same crop should have an upper boundary for water-use efficiency. At
the ecosystem scale, some studies have found that the carbon–water exchange of plants also
follows a fixed proportion, with a linear relationship between transpiration and CO2 flux
(or net carbon exchange), similar to the relationship at the yield level [13,14]. Therefore, we
have reason to believe that, at the ecosystem scale, the same crop may also have a similar
maximum water-use efficiency.

However, at both leaf and ecosystem scales, changes in crop water-use efficiency occur
at different time scales, and environmental factors vary at different time scales [15]. This
raises the intriguing possibility of scale-specific convergence in crop maximum water-use
efficiency, suggesting a unique optimal value for each temporal scale. However, considering
the different environmental factors, biological and non-biological factors can cause changes
in water-use efficiency, as water-use efficiency may vary with different time scales, such
as daily or seasonal scales [16]. Therefore, it is necessary to understand the rules of
water-use efficiency changes with time scales and their environmental controlling factors
and further analyze the environmental background in which crop maximum water-use
efficiency occurs.

Based on the initial product structure of the CO2 fixation reaction, plants can be
categorized into two main groups: C3 plants, which produce a three-carbon compound
called 3-phosphoglycerate, and C4 plants, which synthesize a four-carbon product known
as oxaloacetate [17]. In warmer climates with high yield potential, C4 photosynthesis
is more efficient compared to C3 photosynthesis. Wheat is a typical C3 crop, and it is
grown in different climatic regions worldwide due to its unique growth and development
characteristics. Because C3 crops have typical photosynthetic physiology and are influenced
by stomatal optimization [18], we speculate that crops like wheat should have similar
maximum water-use efficiency at both leaf and ecosystem scales, and, with increasing time
scale, the maximum water-use efficiency of wheat should decrease (other heterotrophic
respiration processes will increase carbon assimilation consumption, leading to a decrease
in water-use efficiency) [4].

This study aims to empirically validate the previously proposed hypothesis, elucidat-
ing the carbon–water coupling dynamics at various scales in wheat and the environmental
factors regulating them. The objectives of this study are as follows: (1) to analyze and
compare the maximum water-use efficiency of wheat at different spatial scales (leaf and
ecosystem) and time scales (instantaneous, daily, weekly, and monthly); and (2) to deter-
mine the environmental factors that cause changes in water-use efficiency at different scales
for wheat and analyze the environmental background in which the maximum water-use
efficiency of wheat occurs. To address these objectives, we employed comprehensive
data collection and analysis encompassing wheat leaves and field ecosystems across di-
verse climatic regions and observation areas, providing robust evidence to validate the
hypothesized relationships.
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2. Materials and Methods
2.1. Overview of Research Area and Experimental Design

This study analyzes the maximum water-use efficiency of wheat and its environmental
influencing factors at two scales: leaf-level and farmland ecosystem scale. Field and pot
experiments at the leaf level were conducted in the Dingxi Arid Meteorology and Ecolog-
ical Environment Experimental Station affiliated with the Institute of Arid Meteorology
(35◦33′ N, 104◦35′ E) (Figure 1). The station is located at an altitude of 1896.7 m with an
annual average temperature of 7.1 ◦C, more than 2400 h of annual sunshine, an average
annual precipitation of 386 mm, mostly concentrated in June to September accounting
for 55.4% of the annual precipitation, and an average annual evaporation of 1500 mm.
The frost-free period lasts for 140 days. This region falls within the category of a typical
semi-arid climate zone.
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The experimental crop for the trials was spring wheat, specifically the variety known
as Dingxi New No. 24. Pot experiments were conducted in the years 2014, 2015, and 2017.
The soil used for the experiments was loessial soil, collected from the 0–30 cm soil layer of
the field, air-dried, sieved, and then placed in pots (with a diameter of 29 cm and a depth
of 45 cm, with each pot containing 14 kg of soil). The average bulk density of the soil in
the pots was 1.15 g cm−3, with a field capacity of 26.8% and a wilting coefficient of 5.5%.
Both field capacity and wilting coefficient represent weight-based soil moisture. For the
3-year experiment, 20 pots of wheat were planted each year. Out of these, 10 pots received
ample water supply throughout the entire growth period (continuous watering), while
the remaining 10 pots were subjected to drought conditions (given sufficient water from
sowing until a specific growth stage, after which no further watering was provided, and
natural rainfall was blocked). In the years 2014 and 2015, different experimental treatments
commenced at the wheat jointing stage, while, in 2017, different treatments were applied
during the flowering stage.

Field experiments were conducted in 2014 and 2017, with a wheat seeding density of
225 kg per hectare. In 2014, a randomized block design with four replicates per treatment
was implemented. Two contrasting water regimes were established: (1) well-watered,
ensuring ample water supply throughout the growing season, and (2) water-stressed, where
irrigation was withheld from the wheat jointing stage until wilting symptoms appeared.
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The plot size for each treatment in the 2014 experiment was 3.0 m2 (2 m × 1.5 m). In 2017,
5 treatments were implemented, including no pre-sowing irrigation, irrigation of 10 mm,
irrigation of 30 mm, irrigation of 60 mm, and irrigation of 90 mm (these treatments involved
supplemental watering at different growth stages to maintain soil moisture content in the
100 cm soil layer above 75% of field capacity; when soil moisture fell below 75% of field
capacity, additional watering was applied to reach 100% of field capacity). Each treatment
had 4 replicates, and the plot size for the 2017 experiment was 3.0 m2 (2 m × 1.5 m).

Some of the winter wheat leaf-level gas exchange experimental data were collected
from observations at the Yucheng Experimental Station of the Chinese Academy of Sciences,
located in the North China Plain (36◦57′ N, 116◦36′ E, at an elevation of 28 m) (Figure 1).
The experiments at this station had only one treatment, which involved providing sufficient
water throughout the entire winter wheat growth period. The wheat fields were well
fertilized and irrigated routinely according to soil water content. Irrigation water of about
70–100 mm was applied 3 times after the turning-green stage. The detailed experimental
management and environmental conditions at this station are referenced in [19].

Flux sites were selected from various climate zones to analyze the relationship between
wheat yield and water availability in different climatic regions (Figure 1). The three selected
sites were Kingenberg station (DE-Kli) in Europe, Germany (13◦31′ N, 50◦54′ E, at an
elevation of 480 m) [20]; Yucheng station (YCS) in Asia, China (36◦57′ N, 116◦36′ E, at
an elevation of 480 m) [21]; and Coleambally Wheat station in Oceania, Australia (34◦8′,
146◦01′, at an elevation of 120 m) [22]. Data from these three sites were obtained from
the European Fluxes Database, ChinaFlux, and OzFlux, respectively. The climate types
represented by these three sites are humid, semi-humid, and semi-arid, respectively. Typical
years were chosen for wheat flux variation analysis. In the humid zone of Germany, data
from 2005–2006 were selected for analysis, with wheat sown on 25 September 2005, and
harvested on 26 September 2006. In the semi-humid zone of China, data from 2003–2004
were chosen for analysis, with wheat sown on 23 October 2003. In the semi-arid zone of
Australia, data from 2011 were selected for analysis, with wheat sown on 6 May 2011, and
harvested on 3 December 2011. The characteristic meteorological elements (temperature
and saturation vapor pressure deficit) for these three sites in typical years are shown in
Figure 2.
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Figure 2. The seasonal variation of meteorological factors in three different observational sites. AUS
represents the Coleambally Wheat station in New South Wales, Australia (2011). CHI represents
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2.2. The Experimental Observation Items and Methods
2.2.1. Leaf-Level Data Observation

1. Growth stages: detailed recording of the periods of crop growth and development.
From seeding, emergence, three-leaf stage, seven-leaf stage, jointing, booting, heading
(anthesis), flowering (silking), milk maturity, and maturity, observations were made when
approximately 50% of the plants in each plot reached these developmental stages.

2. Soil moisture content (relative soil moisture throughout this paper): in potted
experiments, the mass of 12 pots for each treatment was measured daily (with the smallest
sensitivity of the used balance being 1 g). The soil moisture content in the pots was
calculated by subtracting the dry soil weight from the measured weight and then dividing
it by the dry soil weight (ignoring changes in wheat biomass). In field experiments, before
water control, soil moisture content at depths of 0–100 cm in each experimental plot was
measured every 20 cm at each growth stage. After the start of the controlled experiments,
soil moisture content at depths of 0–100 cm in each experimental plot was measured every
5 days (every 10 cm) using soil augers, and the measurements were determined using the
oven-drying method.

3. Diurnal variation in photosynthetic physiology: conducted during the wheat
growth stages from jointing to flowering under clear weather conditions. Observations
were made using a Li-6400 portable photosynthesis system with natural light as the source.
During each observation, the first fully expanded leaf on the wheat canopy was selected for
physiological parameter measurements. Observations were made every 2 h from 8:00 AM
to 6:00 PM.

4. Light response curves and CO2 response curves for photosynthesis. utilized a Li-6400
portable photosynthesis system produced in the United States. During the spring wheat
growth stage from jointing onward and after implementing different experimental treatments,
photosynthesis vs. quantum photosynthetic flux density (Pn/Qp, light response) and photo-
synthesis vs. intercellular CO2 concentration (Pn/Ci, CO2 response) curves were measured
daily from 9:00 AM to 11:30 AM (Pn/Qp curves were primarily measured in 2014 and 2015,
while Pn/Ci curves were primarily measured in 2017). For Pn/Qp curve measurements, the
controlled CO2 concentration was 380 µmol·mol-1, leaf chamber temperature was maintained
at 25 ◦C, and vapor pressure deficit was controlled between 1.5 and 2.5 kPa. Measurements
were taken using a red–blue light source, and photosynthetically active radiation (PAR) was
automatically measured at different gradients: 0, 15, 30, 60, 120, 200, 300, 600, 900, 1200,
1500, 1800, and 2100 µmol m−2 s−1. Each measurement included a 30–40-min adaptation
period at 1500 µmol m−2 s−1 PAR, and once the instrument readings stabilized, automatic
measurements were initiated. For Pn/Ci curve measurements, the initial CO2 concentration
was controlled at 380 µmol mol−1, leaf chamber temperature at 25 ◦C, and vapor pressure
deficit between 1.5 and 2.5 kPa. Light intensity was controlled at 1500 µmol m−2 s−1, and,
before starting measurements, an initial adaptation period of 30–40 min was applied un-
der initial conditions. CO2 gradients were set at 400, 200, 100, 50, 400, 600, 800, 1000, and
1200 µmol mol−1, and measurements were made automatically. While observing leaf gas
exchange, the Li-6400 also recorded meteorological parameters such as leaf chamber air tem-
perature, relative humidity, leaf–air temperature difference, leaf–air saturation vapor pressure
difference, and air CO2 concentration.

2.2.2. Leaf Exchange Data from Literature

The literature data were sourced from the global plant stomatal behavior database
collected and compiled by Lin et al. (2015) [23]. This study selected datasets of C3 crops in
humid and semi-arid regions, mainly including crop stomatal conductance, net photosyn-
thesis rate, leaf temperature, air CO2 concentration, and vapor pressure deficit.

2.2.3. Flux Data Observation and Processing

The flux data primarily include ecosystem net exchange (NEE), latent heat flux (LE),
air temperature (Ta), photosynthetically active radiation (PAR), precipitation (P), and satu-
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ration vapor pressure deficit (etc.). NEE and LE are both obtained through flux observations
using the eddy covariance system, with a sampling frequency of 10 Hz at all three stations
and an observation time interval of 30 min. Other meteorological data were also observed
at 30 min intervals. Missing values and outliers in the flux observations were supplemented
using linear interpolation based on data before and after the observation, and daily, weekly,
monthly, and growing season values were obtained through accumulation. The wheat field
ecosystem’s water consumption (ET) was calculated from latent heat as ET = LE/γ, where
γ represents the latent heat of water with a value of 2.26 MJ kg−1.

2.3. The Calculation Method for Water-Use Efficiency (WUE)

This study involves two different scales of wheat carbon exchange. At the leaf scale,
water-use efficiency (WUEi) is defined as the ratio of net photosynthesis rate (Pn) to
transpiration rate (Tr):

WUEi =
Pn
Tr

(1)

At the ecosystem scale, water-use efficiency (WUE) is calculated using net ecosystem
productivity (NEP, also known as −NEE), defined as

WUE =
NEP
ET

=
−NEE

ET
(2)

At the leaf scale, the unit of WUEi is µg C mg−1 H2O, calculated from leaf-scale
observational data by multiplying Pn by 12, the molecular weight of carbon, and Tr by 18,
the molecular weight of water, as per Equation (1).

At the agroecosystem scale, instantaneous WUE is expressed in units of µg C mg−1

H2O, while daily, weekly, and monthly WUE are measured in units of g C kg−1 H2O. Daily,
weekly, and monthly NEE and ET (evapotranspiration) data are cumulatively derived from
half-hourly instantaneous observations.

3. Results
3.1. The Consistency of Leaf-Scale Observations across Different Observation Times, Water Stress
Levels, and Climate Zones

Analyzing wheat water-use efficiency under different temperatures, varying moisture
supply conditions, different observation periods, and various climate zones (Figure 3),
we observed that, despite differences in meteorological conditions, moisture availability,
observation times, and climatic backgrounds, the maximum leaf-scale water-use efficiency
of wheat under different environmental conditions approached consistency, with values
converging around 4.5 µg C mg−1 H2O.

In Figure 3a, it is shown that under moderate to cool temperature conditions, wheat
leaf-scale water-use efficiency is more likely to reach its maximum value, while light
intensity appears to have no significant impact on the occurrence of maximum water-use
efficiency. In comparison to regions with higher moisture levels, semi-arid areas show that
crops like wheat tend to achieve maximum water-use efficiency more readily (Figure 3b).
Furthermore, during the morning hours of the day, wheat leaf-scale water-use efficiency is
closer to its maximum value, decreasing during midday and afternoon, with the lowest
values occurring at noon (Figure 3c). Additionally, as seen in Figure 3d, under well-supplied
moisture conditions, wheat transpiration increases, while water-use efficiency decreases.
Conversely, under moisture stress conditions, wheat leaf-scale water-use efficiency is more
likely to reach its maximum value.
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semi-arid regions are wheat, and, in humid regions, cotton and buckwheat); (c) spring wheat leaf
indices under diurnal conditions; (d) spring wheat leaf indices under different water treatments, with
controlled light intensity, temperature, and CO2 conditions.

3.2. Analysis of Leaf-Scale Influencing Factors
3.2.1. The Influence of Light and Temperature

Analyzing the relationship between vapor pressure deficit and temperature, it was
found that they exhibit an exponential relationship, with higher temperatures correspond-
ing to greater vapor pressure deficit (Figure omitted). This corresponds to the growth envi-
ronment of spring wheat and winter wheat, where the relationship between air saturation
and temperature is in line with this observation, with higher temperatures corresponding
to higher vapor pressure deficit and lower temperatures corresponding to smaller vapor
pressure deficit (Figure 4a,c). Furthermore, within the same temperature range, it is shown
that stronger radiation leads to a smaller vapor pressure deficit. When examining the
variations in water-use efficiency of different wheat leaf types under different lighting and
temperature conditions (Figure 4b,d), it is evident that, within the same range of radiation
changes, lower temperatures result in higher leaf-scale water-use efficiency for both wheat
types. Additionally, within the same temperature range, stronger radiation leads to higher
water-use efficiency for wheat. Whether it is winter wheat or spring wheat, the maximum
leaf water-use efficiency occurs within the range of meteorological factors characterized by
higher radiation and lower temperatures. It can also be noted that, regardless of the tem-
perature change range, higher radiation always corresponds to greater water-use efficiency
in wheat.
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Figure 4. The variation of vapor pressure deficit and water-use efficiency for wheat under different
temperature and radiation conditions. (a,b) Represent winter wheat, while (c,d) represent spring
wheat. HT stands for temperatures greater than 32 ◦C, MHT represents temperatures between 28 and
32 ◦C, MLT represents temperatures between 22 and 28 ◦C, and LT represents temperatures below
22 ◦C. HP represents radiation greater than 950 µmol m−2 s−1, MP represents radiation between
300 and 950 µmol m−2 s−1, and LP represents radiation less than 300 µmol m−2 s−1. WUEi is
measured in units of µg C mg−1 H2O. VPD indicates vapor pressure deficit.

3.2.2. The Influence of Vapor Pressure Deficit

Observing the relationships between various leaf gas exchange parameters of spring
wheat and vapor pressure deficit (Figure 5a), it is observed that, as vapor pressure deficit
increases, stomatal conductance decreases, showing an inverse relationship between the
two. The net photosynthetic rate initially stabilizes and then decreases rapidly with in-
creasing vapor pressure deficit (Figure 5b). The transpiration rate remains stable initially
with changes in vapor pressure deficit (Figure 5c) and then increases with increasing
vapor pressure deficit. However, once the vapor pressure deficit exceeds 3 kPa, further
increases in vapor pressure deficit lead to a rapid reduction in transpiration rate, indicating
a threshold response of transpiration rate to changes in vapor pressure deficit. Wheat leaf
water-use efficiency initially stabilizes and then rapidly decreases with increasing vapor
pressure deficit, with its pattern of change closely resembling the relationship between
net photosynthetic rate and vapor pressure deficit (Figure 5d). The maximum water-use
efficiency of spring wheat occurs under conditions of lower vapor pressure deficit, meaning
that when the vapor pressure deficit is lower, the water-use efficiency of spring wheat is
relatively higher.
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Figure 5. The response of leaf gas exchange parameters, including (a) stomatal conductance (gs),
(b) photosynthetic rate (Pn), (c) transpiration rate (Tr) and (d) water-use efficiency (WUEi) to vapor
pressure deficit (VPD). The unit of WUEi is µg C mg−1 H2O.

3.2.3. The Influence of Soil Water

Examining the leaf-scale gas exchange parameters of field-grown and potted wheat
under varying moisture conditions in Figures 6 and 7 reveals a consistent decline in stomatal
conductance as moisture supply diminishes. Due to strict experimental control conditions,
there is no clear pattern in the variation of vapor pressure deficit, or vapor pressure deficit
only shows slight increases with decreasing soil moisture, but the average values do not
exceed 3 kPa (Figures 6a and 7a).

Observing the changing relationship between moisture supply conditions and water-
use efficiency, it is found that the data obtained from the field experiments show that
as moisture supply decreases, leaf-scale water-use efficiency initially stabilizes and then
increases continuously. However, with further reduction in moisture supply, water-use
efficiency decreases rapidly (Figure 6d). In potted experiments, the drought process occurs
more rapidly, and the data are relatively sparse. Still, careful observation reveals a similar
relationship between leaf-scale water-use efficiency and moisture supply conditions, where
water-use efficiency slowly increases and then rapidly decreases with decreasing moisture
supply (Figure 7d).
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Figure 6. The response of leaf gas exchange parameters, including (a) vapor press deficit (VPD),
(b) photosynthetic rate (Pn), (c) transpiration rate (Tr) and (d) water-use efficiency (WUEi) to stomatal
conductance (gs) for wheat growing in field to different water conditions. The unit of WUEi is
µg C mg−1 H2O.
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Figure 7. The response of leaf gas exchange parameters, including (a) vapor press deficit (VPD),
(b) pho-tosynthetic rate (Pn), (c) transpiration rate (Tr) and (d) water-use efficiency (WUEi) and water
use efficiencywater-use efficiency to stomatal conductance (gs) for wheat growing in pot to different
water conditions. The unit of WUEi is µg C mg−1 H2O.

3.3. Maximum Water-Use Efficiency of Wheat Agroecosystems at Different Time Scales in Various
Climatic Regions
3.3.1. Different Temporal Scales

Analyzing the relationship of carbon–water exchange in wheat agroecosystems across
different climatic regions (Figure 8), it is observed that, despite varying climatic back-
grounds, the maximum water-use efficiency in different climatic regions tends to converge
over different time scales. At the daily time scale, the maximum water-use efficiency
at all three sites is approximately 4.5 g C kg−1 H2O (Figure 8a), with each site showing
water-use efficiency values reaching or approaching 4.5 g C kg−1 H2O. However, it is worth
noting that the site located in the humid region exhibits a relatively higher frequency of
maximum values.
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Figure 8. The response of net carbon exchange to evapotranspiration for wheat in different stations
with different climates. (a) For the daily scale, (b) for the weekly scale, and (c) for the monthly scale.
AUS represents Coleambally Wheat station in New South Wales, Australia (2011), CHI represents
Yucheng station in Shandong, China (2004), and EUR represents Kingenberg (DE-Kli) in Germany,
Europe (2006). The black diagonal lines represent the maximum potential water-use efficiency, which
is 4.5 g C kg−1 H2O on the daily scale, 3 g C kg−1 H2O on the weekly scale, and 2.2 g C kg−1 H2O on
the monthly scale.

At the weekly time scale (Figure 8b), the maximum water-use efficiency at all three sites
converges to around 3 g C kg−1 H2O, while at the monthly time scale, it is approximately
2.2 g C kg−1 H2O (Figure 8c). At both the weekly and monthly time scales, sites in humid
climatic regions also show a relatively higher frequency of water-use efficiency values
reaching or approaching the maximum.

3.3.2. Water-Use Efficiency Variations at the Half-Hour Scale

On the half-hour scale, the maximum water-use efficiency in wheat field ecosystems at
three different climatic zones tends to be consistent, but it is significantly influenced by the
time of day (Figure 9). During the morning period, the maximum value is 11.5 µg C mg−1

H2O, while at noon, it is 4.5 µg C mg−1 H2O, and during the afternoon, it is 6.5 µg C mg−1

H2O. However, when observing the data for the entire growth period, it is evident that,
at various sites, there are many instances where water-use efficiency exceeds the given
maximum water-use efficiency (Figure 9a–c). Yet, when examining the data for the peak
growth period (the main growth period), it becomes apparent that the specified maximum
water-use efficiency serves as a boundary for water-use efficiency across different time
periods (Figure 9d–f).

Data collected throughout the wheat growth period are susceptible to influences from
various observation-related factors, particularly during the early and late stages. During
these stages, wheat growth may not completely cover the ground, or wheat may age,
resulting in a decrease in leaf area index. The presence of exposed soil can impact variations
in evapotranspiration, and the observed field water exchange is not solely due to wheat
transpiration but also includes some direct soil evaporation. This can lead to momentary
and drastic fluctuations in water-use efficiency in wheat field ecosystems, potentially
causing some observational data to exceed the specified maximum water-use efficiency.

During the peak growth period, when the aboveground portion of wheat fully covers
the soil, the water exchange in the field ecosystem can substitute for wheat transpiration.
Consequently, during this period, the data exhibit a clear boundary and distribution pattern.
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Figure 9. The response of seasonal and main seasonal net carbon exchange to evapotranspiration
for wheat at different stations with different climates. (a,d) Coleambally Wheat station in New
South Wales, Australia (2011), (b,e) Yucheng station in Shandong, China (2004), and (c,f) Kingenberg
(DE-Kli) station in Germany, Europe (2006). The green diagonal line represents a maximum potential
water-use efficiency of 11.5 µg C mg−1 H2O, the red and orange diagonal line represents a maximum
potential water-use efficiency of 6.5 µg C mg−1 H2O, and the black line represents a maximum
potential water-use efficiency of 4.5 µg C mg−1 H2O.

3.3.3. The Variation of Maximum Water-Use Efficiency at the Daily Scale in Wheat
Agroecosystems during Different Growth Stages

Analyzing the variation of maximum water-use efficiency on the daily scale in wheat
agroecosystems across different climatic stations during various growth stages (Figure 10),
it was observed that, during the mid-growth stage, wheat agroecosystems tend to achieve
higher water-use efficiency. However, in the later stages of growth, there is a significant
reduction in water-use efficiency within wheat agroecosystems, indicating a notable impact
of direct soil evaporation on water-use efficiency. This is attributed to the larger leaf area
index of wheat during the mid-growth stage (Figure 11b, for humid region stations), which
implies less exposed bare soil. As the wheat leaves start to senesce in the later stages
(Figure 11c,d, for humid region stations), a substantial amount of soil becomes exposed
on the surface. Consequently, the proportion of water loss through wheat transpiration in
total field evapotranspiration decreases gradually. Furthermore, as the wheat enters the
late growth stage, during the peak summer season, the elevated atmospheric temperatures
lead to increased atmospheric evaporative demand, resulting in a rapid increase in direct
soil evaporation. In this stage, wheat agroecosystems experience significant inefficient
water loss within field evapotranspiration, as senescent wheat leaves are unable to assim-
ilate a substantial amount of dry matter. Consequently, water-use efficiency in the field
decreases rapidly.
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Figure 10. The response of daily net carbon exchange to evapotranspiration for wheat at different
stations with different climates. (a) Coleambally Wheat station in New South Wales, Australia (2011),
(b) Yucheng station in Shandong, China (2004), and (c) Kingenberg (DE-Kli) station in Germany,
Europe (2006). The black and grey line represents the maximum potential water-use efficiency of
4.5 mg C kg−1 H2O with and without soil evaporation. Blue dots indicate the early growth stage,
green dots represent the mid-growth stage, and gold dots denote the late growth stage.
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Figure 11. The response of hourly net carbon exchange to evapotranspiration for wheat during
different growing stages under humid climate. (a) Early growing season with leaf area index from 0.5
to 2.2. (b) Middle growing season with leaf area index from 2.2 to 3.3. (c) Middle late growing season
with leaf area index from 3.3 to 2.8. (d) Late growing season with leaf area index from 2.8 to 0.7.
Green dots represent morning data, black dots represent noon data, and red dots represent afternoon
data. The red diagonal line represents a maximum potential water-use efficiency of 6.5 µg C mg−1

H2O, while the black line represents a maximum potential water-use efficiency of 4.5 µg C mg−1

H2O. LAI indicates leaf area index.
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4. Discussion

This study investigates the existence of a maximum water-use efficiency for wheat
at both the leaf and ecosystem scales, essentially testing for a conservative trade-off be-
tween its productivity and water consumption across these levels. Through the analysis
presented in this article, it is found that, consistent with relationships between water and
crops observed in various ecosystems, precipitation levels, and yield levels [8,9], wheat also
exhibits an upper boundary in water-use efficiency at both the leaf and ecosystem scales.
Crop assimilation processes are regulated by the opening and closing of stomata [24], and
during the process of crop photosynthesis where CO2 is absorbed, there is inevitably an
accompanying transpiration water consumption process. Therefore, water-use efficiency
essentially represents a balance between crop yield and water consumption [18]. Conse-
quently, with limited water supply, crop yield is bound to vary proportionally within a
certain range. This explains why, whether at the leaf, ecosystem, or yield levels, there exists
a maximum water-use efficiency, or in other words, an upper boundary.

At the leaf scale, the maximum water-use efficiency of wheat is 4.5 µg C mg−1 H2O.
However, at the agroecosystem scale, the maximum water-use efficiency of wheat varies
between 20 and 11.5 mg C kg−1 H2O (across multiple time scales), while at the daily scale, it
is 4.5 mg C kg−1 H2O. After unit conversion, its value is similar to the maximum water-use
efficiency at the leaf scale.

Observing the changes in leaf area index (LAI) in the wheat agroecosystem with the
growth stages in Figure 11, it can be seen that, during the peak growth stage, the wheat
LAI exceeds 3, indicating complete ground coverage by wheat in the field. In such cases,
the wheat canopy can be treated as a single large leaf, and due to its vertical structure, the
assimilation and transpiration processes within the wheat canopy are more pronounced
than in individual leaves. Consequently, at the agroecosystem scale, it is plausible for
wheat to exhibit maximum water-use efficiency that surpasses or approximates the leaf-
scale maximum throughout the growth period.

The main factors influencing the attainment of maximum water-use efficiency in crops
at the yield level include atmospheric evaporation, water stress during critical growth
stages, soil fertility, as well as weed and pest pressures [25–27]. These factors similarly
impact the variation in wheat water-use efficiency at both the leaf and ecosystem scales.
Furthermore, considering the temporal changes in environmental factors on scales such
as instantaneous, daily, weekly, and monthly, changes in water-use efficiency at the leaf
and ecosystem scales are also significantly influenced by factors such as temperature, light
exposure, and vapor pressure deficit.

The optimal temperature range for wheat growth and development falls between
19 and 23 ◦C [28]. Relatively lower temperatures favor photosynthesis in wheat, conse-
quently improving water-use efficiency (Figure 4). Additionally, a lower vapor pressure
deficit promotes the opening of wheat leaf stomata, allowing wheat to achieve greater
yields at lower transpiration rates. This explains why water-use efficiency is relatively
higher in the morning for both leaves and agroecosystems (Figures 3 and 9).

The current research results indicate that moderate water deficit is beneficial for
improving crop water-use efficiency [29], which also confirms the applicability of deficit
irrigation in irrigated agricultural areas. However, it is necessary to note that reducing
crop water supply to a certain extent comes at the cost of reducing assimilate accumulation.
Therefore, it is also important to consider how to achieve maximum crop yield under
limited water supply conditions.

5. Conclusions

Wheat exhibits boundaries in its carbon–water relationships at different spatiotem-
poral scales, with water-use efficiency displaying convergence. At the leaf scale, the
instantaneous maximum water-use efficiency for wheat is 4.5 µg C mg−1 H2O, while, at the
agroecosystem scale, the maximum water-use efficiency ranges from 2.2 to 11.5 mg C kg−1
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H2O at different temporal scales. As the temporal scale increases, the maximum water-use
efficiency of wheat agroecosystems gradually decreases.

At the leaf scale, the primary factors influencing wheat’s carbon–water relationships,
namely water-use efficiency, are vapor pressure deficit, temperature, light, and soil mois-
ture, with CO2 also playing a role (not discussed in this study, which solely considers
current climate scenarios). At the wheat agroecosystem scale, in addition to the afore-
mentioned environmental factors, variations in LAI also impact the changes in wheat
water-use efficiency.

Crops or plants have the maximum water-use efficiency for better water use under
different conditions considering the relationships between assimilation and water use.
The benchmark for water-use efficiency in the current analysis could be used as potential
water-use efficiency, and the gaps among these different water-use efficiency levels and
the most limiting factors to the gaps were identified for possible improvements in water-
use efficiency.
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