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Abstract: Evaluating the impacts of warming on water balance components in the groundwater–soil–
plant–atmosphere continuum (GSPAC) and crop growth are crucial for assessing the risk of water
resources and food security under future global warming. A water transformation dynamical
processes experimental device (WTDPED) was developed using a chamber coupled with a weighing
lysimeter and groundwater supply system, which could simultaneously control both climatic and
ground-water level conditions and accurately monitor water fluxes in the GSPAC. Two experiments
with maize under increased temperature by 2 ◦C (T-warm) and ambient temperature (T-control)
scenarios were conducted via the WTDPED. The duration of growing season decreased from
125 days under T-control to 117 days under 2 ◦C warming. There was little difference of total
evapotranspiration (ET) (332.6 mm vs. 332.5 mm), soil water storage change (∆W) (−119.0 mm vs.
−119.0 mm), drainage (D) (−13.6 mm vs. −13.5 mm) between T-control and T-warm experiments.
The average daily ET for maize significantly increased by approximately 6.7% (p < 0.05) in the T-warm
experiment, especially during the sixth leaf to tasseling—silking stage with an increase of 0.36 mm
with respect to the T-control experiment. There were evident decreases in LAI (leaf area index),
whereas non-significant decreases in mean stem diameter, crop height and leaf chlorophyll content
under T-warm compared to T-control experiment. However, the chlorophyll content increased by
12% during the sixth leaf to tasseling–silking stage under 2 ◦C warming, which accelerated the
photosynthesis and transpiration rate. The grain yield and water-use efficiency (WUE) for maize
increased by 11.0% and 11.1% in the T-warm experiment, respectively, especially due to enhanced
growth during the sixth leaf to tasseling–silking stage. This study provided important references for
agricultural planting and water management to adapt to a warming environment.

Keywords: water balance components; water use efficiency; GSPAC; warming; maize

1. Introduction

Climate change, especially warming, has substantial effects on the agricultural water cycle
and crop yield [1,2]. Global warming accelerates the hydrological cycle, including changes in the
precipitation, evapotranspiration (ET), soil water depletion as well as drainage in the groundwater–soil–
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plant–atmosphere continuum (GSPAC) of the agricultural ecosystem [3–6]. Increasing temperature
also alters the crop development including the duration of the potential growing season, length of
maturation time and crop yield [7,8]. The alternation of ET and yield due to global warming can result
in large variability of water-use efficiency (WUE) [9,10]. Global mean surface temperature will rise
by about 2 ◦C for Representative Concentration Pathway (RCP) 8.5 (high confidence) by the mid-21st
century relative to the 1986–2005 period [11]. Moreover, the AGGG (Advisory Group on Greenhouse
Gases) report claimed that a 2 ◦C increase was an upper limit beyond which there are risks of grave
damage to the ecosystem [12,13]. Determining responses of temporal variations in the water fluxes at
different interfaces in GSPAC to warming is of great significance for maintaining food security and
optimizing agricultural water management practices [14].

Numerous field experimental studies found increases in transpiration rate and water consumption
of crops [15–18] but reductions in grain yields, plant height and leaf area index [7,19] or little change
in crop yield [20] under warming. Model simulations also indicated that warming would reduce
crop yield [1,10,21–23]. An increase of ET was obtained using the cropping system simulation model
CropSyst and global circulation models (GCMs) [21] and a decrease of soil water availability was found
under high temperature via the soil and water integrated model (SWIM) [2]. In contrast, there was a
decrease in total ET but an increase in WUE calculated using the CERES (crop environment resource
synthesis) model under warming conditions [1]. It was found that the annual mean evapotranspiration
during 2041–2050 would marginally decrease by 0.3 mm under the RCP4.5 scenario and by 0.4 mm
under the RCP8.5 scenario using the Common L and Model (CoLM), respectively [24]. The above
results indicated that the responses of water fluxes and crop development to warming varied among
different models. Modeling approaches can predict the impacts of possible future climate changing
scenarios on crop growth and water cycle in GSPAC; nevertheless, uncertainties arising from different
modeling methods may lead to significant variability in results from simulation models [25]. Moreover,
regional differences in the micro-meteorological environment had a synergistic or offsetting influence
on water balance and crop growth via warming [26]. Some components of the hydrologic cycle
(e.g., groundwater recharge) were critical for the evaluation of water balance components, but their
potential responses to warming were not considered substantially in previous field experimental and
simulation studies [27,28]. Current models still need to be further calibrated and validated using
experimental feedbacks under different climate conditions in various regions.

In recent years, some devices with artificial controlled climatic conditions such as the free air
carbon dioxide enrichment (FACEs), open-top chamber (OTC) and temperature gradient tunnel
(TGT) have been used to study the responses of crop production and soil water dynamics in GSPAC
to warming [29–34]. Compared to field experiments and modeling practices, the lab/controlled
experiments had the advantages of conveniently setting various meteorological conditions and
accurately observing the responses of crops and water fluxes to climate change [35]. However, it was
difficult to quantify all water fluxes at GSPAC interfaces and investigate the underlying mechanisms of
water cycles under complex boundary conditions (precipitation, groundwater conditions, etc.) using
the above lab/controlled devices. Water fluxes such as ET, soil moisture and drainage can be accurately
monitored on the basis of water mass balance via field weighing lysimeters [34,36]. However, climatic
parameters were seldom controlled in field lysimeters for clarifying the impacts of warming on water
balance components and crop growth in GSPAC.

In this study, a water transformation dynamical processes experimental device (WTDPED) was
developed to simultaneously control both climatic and ground-water level conditions and accurately
monitored water fluxes in the GSPAC. Two experiments of maize under increased temperature by
2 ◦C (T-warm) and ambient temperature (T-control) scenarios were conducted via the WTDPED.
The objectives of this study were to (1) quantify the temporal variations in water fluxes at different
GSPAC interfaces and crop development under T-warm and T-control conditions; and (2) investigate
the impacts of warming on water transformation in GSPAC and crop development.
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2. Materials and Methods

2.1. Description of the Water Transformation Dynamical Processes Experimental Device (WTDPED)

The WTDPED consisted of three subsystems including a chamber for controlling environmental
elements, weighing lysimeters for measuring soil–water balance components and the groundwater
supply subsystem for controlling groundwater condition and observing groundwater recharge
(Figure 1). The WTDPED was 7 m in length, 5 m wide and 4.5 m high above the soil surface with a
depth of 3 m underground. This device was located at the Key Laboratory of Water Cycle and Related
Land Surface Processes, Institute of Geographic Sciences and Natural Resources Research (IGSNRR),
Beijing, China.Water 2018, 10, x FOR PEER REVIEW  4 of 14 
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photosynthetically active radiation, etc.) during the whole growing season of maize in Beijing were 
simulated. To fully reflect the normal diurnal variation, the Ta was controlled every three hours 
based on the average values at 01:00, 04:00, 07:00, 10:00, 13:00, 16:00, 19:00 and 22:00 in the T-control 
experiment. In the T-warm experiment, the Ta was modified over time with an increase in the 
average values of 2 °C. In the T-control experiment, the mean annual Ta was approximately 23.5 °C, 
with a maximum value of 30.4 °C at 58 days after sowing and a minimum value of 13.6 °C on the last 
day of the season (Figure 2). The average Ta of the whole period for maize was 25.4 °C, ranging from 
16.2 °C to 32.1 °C, in the T-warm experiment. In general, the daily Ta in the T-warm experiment 
increased by 2 °C compared with that in the T-control experiment.  
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T-warm experiments. The RH was set as the average value of daily RH during growing season of 
maize over 2000–2010 in the Beijing area. The photosynthetically active radiation at different 
heights was measured in the experimental facility and lamps were arranged according to the 
average value of photosynthetically active radiation over the 10-year period in the Beijing area. 
Three groups of lamps were turned on from 06:00 to 18:00. The CO2 concentration was set to 376 

Figure 1. Schematic diagram (a) and photographs (b) of the water transformation dynamical
processes experimental device (WTDPED). Ta and RH represent air temperature and relative
humidity, respectively.

The environmental elements control subsystem (Figure 1) was to simulate and monitor air
temperature (Ta), relative humidity (RH), light and CO2 concentration. Air conditioners were used
for heating, cooling and dehumidification with internal circulation. Humidity was controlled by two
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centrifugal humidifiers. Twenty-four sodium lamps and metal halide lamps were divided into three
groups to control the light intensity. The light intensity reached a maximum of 30,000 lux with all the
lamps on. A CO2 gas storage cylinder was controlled by a system that consisted of a sensor transmitter,
solenoid valve, reducing valve and flow velocity meter. Sensors of Ta, RH, CO2 concentration, light
intensity and photosynthetic quantum flux density (PQFD) were installed at 2 m height above the soil
surface in the central position of the device. All environmental elements were controlled by the Ta, RH,
light and CO2 automatic control systems.

Two weighing lysimeters were used for monitoring changes of soil water storage (Figure 1).
Each lysimeter had a volume of 3 × 2 × 3 m3 (length × width × depth). The maximum load and
resolution of each weighing lysimeter was 8.1 × 104 kg and 180 g, respectively. The lysimeters were
filled with homogeneous and layered silt sandy loam soil from farmland in Beijing, respectively.
The measured data in the lysimeter with homogenous soil profile was used in this study for the
analysis. The bulk density, saturated water content and saturated hydraulic conductivity of the
homogenous soil profile were 1.55 g cm−3, 0.45 cm3 cm−3 and 19.95 cm d−1, respectively. The soil
water retention curve was given in Figure S1. The 5TE sensors (Decagon Devices, Pullman, WA, USA)
and MPS-2 sensors (Decagon Devices, Pullman, WA, USA) were applied to observe the soil volumetric
water content (VWC) and soil water matrix potential (SWP), respectively. The accuracy of the 5TE
and MPS-2 sensors was ± (0.01–0.02 cm3 cm−3) and ± (10% + 2 KPa), respectively. Both the 5TE and
MPS-2 sensors were installed at depths of 10, 33, 43, 53, 63, 73, 82.5, 100.5, 120.5, 140.5, 170.5, 200.5,
230.5 and 265.5 cm below the soil surface in each lysimeter, respectively.

The groundwater supply subsystem (Figure 1) consisted of a water storage tank, water pipes
and a Marriott bottle was connected to each lysimeter. Drainage or ground water recharge was
processed by an electric circuit with a fixed storage tube, a needle for measuring the liquid level and
the corresponding controlled software. The precision for ground water level measurements was 0.1 cm.
Controlling system was transferred to a computer monitoring system in order to check the data at
any time.

2.2. Experimental Design and Measurements

Experiments under T-control and T-warm scenarios were conducted for maize in this study.
The average values of 10-year (2000–2010) meteorological data (Ta, RH, CO2 concentration,
photosynthetically active radiation, etc.) during the whole growing season of maize in Beijing were
simulated. To fully reflect the normal diurnal variation, the Ta was controlled every three hours
based on the average values at 01:00, 04:00, 07:00, 10:00, 13:00, 16:00, 19:00 and 22:00 in the T-control
experiment. In the T-warm experiment, the Ta was modified over time with an increase in the average
values of 2 ◦C. In the T-control experiment, the mean annual Ta was approximately 23.5 ◦C, with a
maximum value of 30.4 ◦C at 58 days after sowing and a minimum value of 13.6 ◦C on the last day of
the season (Figure 2). The average Ta of the whole period for maize was 25.4 ◦C, ranging from 16.2 ◦C
to 32.1 ◦C, in the T-warm experiment. In general, the daily Ta in the T-warm experiment increased by
2 ◦C compared with that in the T-control experiment.

The RH, CO2 concentration and groundwater level were set to be same in the T-control and
T-warm experiments. The RH was set as the average value of daily RH during growing season of
maize over 2000–2010 in the Beijing area. The photosynthetically active radiation at different heights
was measured in the experimental facility and lamps were arranged according to the average value
of photosynthetically active radiation over the 10-year period in the Beijing area. Three groups of
lamps were turned on from 06:00 to 18:00. The CO2 concentration was set to 376 ppm, which was the
average value over the 10-year period in the Beijing area. The water table depth was set at 2.5 m in
both experiments.
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Figure 2. Daily variations of designed and actual Ta in maize growing seasons under T-control and
T-warm scenarios.

Summer maize (variety: ZhengDan 958, Beijing, China) was planted on 17 May 2014 in the
T-control experiment and 7 January 2015 in the T-warm experiment. The planting density of maize
was 6.0 × 104 plants ha−1 (63 cm row spacing and 37 cm plant spacing) referencing to the local
agricultural practices. The harvesting dates were 19 September 2014 and 4 May 2015 for the T-control
and T-warm experiments, respectively. The length of the growing season (117 days) was evidently
shorter under warming condition than that (125 days) in the T-control environment. The whole
growing season of maize was divided into six stages. These stages were from planting time to third
leaf stage (PT-V3), third leaf to sixth leaf stage (V3-V6), sixth leaf to twelfth leaf stage (V6-V12), twelfth
leaf to tasseling–silking stage (V12-VT), tasseling–silking stage to milk stage (VT-R3) and milk stage to
physiological maturity (R3-R6).

Irrigation events were applied when the mean soil moisture content in the 100-cm soil profile was
equal to 0.75-fold of the field capacity (mean of 0.25 cm3 cm–3). The total irrigation amount was 300 mm
in both the T-control and T-warm experiments. A compound fertilizer (N-P2O5-K2O, 15-15-15) was
applied at the same growth stage in both experiments. The schedules for irrigation and fertilization
applied in the T-control and T-warm experiments were listed in Table 1.

Table 1. Irrigation and fertilization applications for maize in the T-control and T-warm experiments.

Date in T-Control
Experiment

Date in T-Warm
Experiment

Management
Practices Amount

13 May 2014 3 January 2015 Irrigation 100 mm
N, P2O5, K2O 150, 150, 150 kg ha−1 *

3 June 2014 27 January 2015 Irrigation 20 mm
N, P2O5, K2O 100, 100, 100 kg ha−1 *

1 July 2014 12 February 2015 Irrigation 60 mm
30 July 2014 3 March 2015 Irrigation 60 mm

Urea 300 kg ha−1 *
5 September 2014 30 March 2015 Irrigation 60 mm

Note: * the dosage of fertilizers referred to the practices employed by local farmers [37].

The meteorological parameters, VWC, SWP and drainage of groundwater were all recorded at an
interval of 0.5 h. The leaf area index (LAI) was calculated as the product of the measured leaf area per
plant and the number of plants per unit area. The diameter of stem and plant height were measured
using vernier caliper and steel tape, respectively. The middle of the marked leaf was measured for
leaf chlorophyll content (indicated via the Soil and Plant Analyzer Development (SPAD) value) for
3 times at 9:00 with SPAD-502 chlorophyll content equipment (Konica Minolta Sensing Incorporated,
Japan). The LAI, stem diameter, plant height and SPAD were measured on one or two days at each
growth stage. Dry matter at harvest was obtained by measuring the biomass of stem, leaf and ear



Water 2018, 10, 1660 6 of 14

dried at 65 ◦C for 48 h to a constant weight. The grain was air-dried and the crop yield was recorded
after harvesting.

2.3. Water Balance Analysis

The water balance equation was given as follows:

P + I = R + ET + D + ∆W (1)

where P, I, R, D and ∆W is precipitation, irrigation, runoff, drainage and soil water storage change,
respectively. P was zero, since precipitation was not applied during the experiments as the WTDPED
device currently did not have the function of rainfall simulation. R was neglected as there was no
runoff observed in the experiments. I was measured via a water meter. ∆W was calculated by the
final and initial soil water content at each day. D was recorded via the groundwater supply subsystem.
A positive value of D indicated downward percolation out of the lysimeter, while a negative value
indicated upward capillary rise due to water uptake by maize. The daily soil water balance was
analyzed firstly. The daily values were aggregated to calculate each water balance component at every
growth stage and the whole season.

The ET at time t (mm) was calculated by the changes of weight of the lysimeter as follows:

ET =
Mt−1 − Mt

ρ× S
× 1000 (2)

where Mt is the weight of the lysimeter at time t (kg), Mt−1 is the weight of the lysimeter at time t − 1
(kg), S is the surface area of the lysimeter (m2) and ρ is the density of water.

2.4. Estimation of Water-Use Efficiency (WUE) and WUEI

Water use efficiency (WUE) was calculated as follows:

WUE = GY/ET (3)

where GY (kg hm−2) was grain yield and ET (mm) was the total crop evapotranspiration during the
maize growing season.

WUEI = GY/I (4)

where I (mm) was the total irrigation during the maize growing season.

2.5. Statistical Analysis

Analysis of variance (ANOVA) was used to compare the temporal variations in ET, ∆W and D of
maize between the T-control and T-warm experiments at p < 0.05. These analyses were carried out
using SPSS 16.0 (IBM Corp., Chicago, Illinois, USA). The amount of dry matter at harvest, grain yield,
crop WUE and WUEI values were compared between the two experiments and there was no statistical
analysis for the comparison.

3. Results

3.1. Temporal Variations in Soil Moisture Distribution

The values of VWC in the whole soil profile ranged from 0.18 to 0.40 cm3 cm−3 during the growing
season of summer maize under T-control environment (Figure 3). The temporal variation of VWC
mainly occurred in the 0–140.5 cm layer, particularly in the 0–53 cm layer with significant changes.
The values of VWC in the 140.5–265.5 cm layer nearly remained stable throughout the growing season.
The SWP (from −72.6 to −5.5 KPa) showed a similar changing pattern as the VWC (Figure 4). The VWC
and SWP responded rapidly to irrigation events but varied greatly among different growth stages.
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The predominant evaporation flux led to a gradual decrease of SWP at the early growth stage of PT-V3.
Only a small increase of SWP appeared in the 0–43 cm layer with an irrigation of 20 mm applied at
V3-V6 stage. The SWP increased dramatically in the 0–63 cm layer at the late stage of V6-V12 with an
irrigation of 60 mm. The SWP decreased significantly in the 0–100.5 cm layer at the V12-VT stage when
there was no irrigation but large ET rate. The decreasing trend was alleviated until the VT-R3 stage
and sharp increase of SWP occurred in the 0–53 cm layer due to an application of irrigation (60 mm).
The final irrigation of 60 mm at the R3-R6 stage resulted in significant changes in SWP within the
0–100.5 cm layer.

The VWC (from 0.20 to 0.41 cm3 cm−3) and SWP (from −71.2 to −5.5 KPa) under T-warm varied
in similar ranges to those under T-control over the growing season (Figure 3). The main changes
of VWC and SWP under T-warm also appeared in the depth of 0–140.5 cm. However, there was a
larger decrease of SWP in the 0–63 cm layer during planting time (PT) to the V6 stage under T-warm
(21.8 KPa) compared to that under T-control (15.7 KPa), which indicated 2 ◦C warming resulted in
much stronger soil evaporation at the early growth stage of summer maize. The increase of SWP at
the V6-V12 stage under T-warm was less (10.8 KPa) than that under T-control (17.0 KPa). The reason
might be that irrigation (60 mm) percolated into much deep drier soil layers under T-warm at the
V6-V12 stage. Larger increase of SWP at both the V12-VT (14.8 KPa) and VT-R3 (6.7 KPa) stages
occurred under warming condition with respect to T-control. The significant decrease of SWP in the
0–100.5 cm layer at the R3-R6 stage showed little differences between the T-control (22.0 KPa) and
T-warm (20.3 KPa) experiments. However, there was different pattern of SWP and VWC for the two
experiments especially at depths of 82.5 and 100.5 cm. This might be aroused by the differences in the
initial VWC and SWP at the above depths under T-control and T-warm.
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3.2. Temporal Variations in the Water Fluxes at Different Groundwater–Soil–Plant–Atmosphere Continuum
(GSPAC) Interfaces

Daily variations in ∆W, D and ET changed significantly after irrigation applications (Figure 5).
Daily ∆W reached the peak value of 50.7 mm on the 45 day after transplanting (DAT) in the T-control
experiment (Figure 5b), while the mean daily ∆W was mean of −2.8 mm during the period without
irrigation. Compared to T-control, the peak value of daily ∆W under T-warm was smaller (42.5 mm on
the 55 DAT) and the mean daily ∆W was −3.0 mm in the days without irrigation. Daily groundwater
recharge varied in a similar range of 0.2 mm −0.3 mm (with mean of 0.2 mm) under T-control and
T-warm (Figure 5c). Warming did not significantly affect the daily D (p > 0.05). Daily D was mainly
negative from 40 DAT (T-control) or 35 DAT (T-warm) to harvest stage and groundwater recharged
the unsaturated zone except when heavy irrigation applied (Figure 5c). This indicated that maize
could uptake groundwater by the fine roots in deep soil layers during the developing growth stage.
Daily variation in ET for maize could be described as a unimodal curve (Figure 5d). The daily ET
ranged from 2.1 to 3.4 mm with the mean value of 2.7 mm under T-control, while the mean daily
ET was 2.8 mm with a peak value of 3.7 mm appearing on the 56 DAT under T-warm. The average
daily ET for maize increased by approximately 6.7% under 2 ◦C warming with respect to that under
T-control (Figure 5d). The ET trend showed a similarity among the T-control and T-warm experiments
after 60 days whereas there was a clear increase under T-warm prior to that.
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under T-control and T-warm experiments. ∆W represents soil water storage change. D represents
drainage at the bottom of the lysimeter. ET indicates crop evapotranspiration.

Figure 6 showed the seasonal variations in ∆W, D and ET at different growth stages. The maximum
soil water consumption occurred at the V12-VT stage under T-control (43.0 mm), while it reached up to
67.4 mm at the R3-R6 stage under T-warm (Figure 6b). There was no significant difference in seasonal
D between T-control and T-warm experiments (p > 0.05). Periodical groundwater recharge reached the
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maximum of 4.8 mm at the VT-R3 stage under T-control (Figure 6c), while the peak value was 5.6 mm
occurring at the R3-R6 stage under T-warm. It was evident that there was a considerable increase of
the daily ET (mean of 0.36 mm) during the V6 to VT stages (Figure 6d). The largest periodical ET was
84.3 mm at the VT-R3 stage under T-control, while it reduced to 80.0 mm at this stage under T-warm
(Figure 6d). It should be noted that there were no evident differences of total ∆W, D and ET during
the whole growing season between T-control and T-warm (−119.0 mm vs. −119.0 mm, −13.6 mm vs.
−13.5 mm, 332.6 mm vs. 332.5 mm for the total ∆W, D and ET, respectively). However, the reduction of
the length of growing season under 2◦C warming increased the mean daily ET by approximately 6.8%.
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3.3. Temporal Variations in Maize Development and WUE

The 2 ◦C warming resulted in evident decreases of the LAI and non-significant decreases of stem
diameter, height and SPAD (p > 0.05) at most of growth stages of maize (Figure 7). The LAI declined
considerably by a mean of 0.89 after the V6 stage. The maximum LAI and stem diameter both reduced
by 24.5% and 4.8%. There was a little difference of crop height between T-control and T-warm, but the
maximum plant height increased by 2.2% under T-warm. The SPAD values of leaves increased by
warming in the maize growing season except at maturity. The increased leaf chlorophyll content
indicated that there was higher nitrogen content in maize leaves under T-warming, which was likely
to accelerate photosynthesis and transpiration rate as well as enhance the crop yield.

The dry biomass at harvest and grain yield for maize increased by 5.0% (from 18,219.4 kg hm−2 to
19,128.5 kg hm−2) and 11.0% (from 7768.0 kg hm−2 to 8620.4 kg hm−2) under T-warming compared to
those under T-control, respectively. The WUE for maize under T-warm (2.6 kg hm−2 mm−1) improved
remarkably compared to that under T-control (2.3 kg hm−2 mm−1) due to the large increase of grain
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yield. The 2 ◦C warming also increased the WUEI significantly by approximately 11.3% (2.6 kg hm−2

mm−1 and 2.9 kg hm−2 mm−1 for T-control and T-warm, respectively).
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4. Discussion

Warming increased the mean daily ET for maize by approximately 6.7% and hence significantly
(p < 0.05). This might be due to the fact that warming increased the soil evaporation rate [15–17].
However, the shortened growing season duration under warming caused non-significant change in the
total ET between T-warm and T-control, which was also reported in previous studies [1,22]. Larger ET
rates could lead to more rapid depletion of soil moisture especially during the developing growth
periods [2,18,28]. This clarified the great change in the total ∆W during the V3 to V6 stage. The value
of D might be influenced by soil texture and hydraulic properties which were critical to determine
the ∆W in response to warming [27,28]. Several researchers noted that the total D decreased due
to shortened growing period under warming [1,22], whereas others argued that warming had no
great impact on D [27,28]. The soil at depths of 82.5 and 100.5 cm was drier at the beginning of the
experiment under T-warm than that under T-control. The smaller soil water availability at these depths
increased the capacity for additional irrigation recharge under T-warm [38]. This resulted in the pulse
changing trends of the soil moisture at these depths under T-warm with respect to the decreasing
trends under T-control.

The LAI of maize decreased by 17.9% at the tasseling stage with elevated temperature of 2 ◦C in
this study and agreed well with the results in [7,39]. Elevated temperature stimulated the speed of crop
growth which led to an earlier tasseling stage and shortened vegetative phase. Warming accelerated
vegetative development and led to an earlier tasseling stage for maize [40]. It was reported that plant
height declined by 0.5–5.6% under elevated temperature of 1.5 ◦C and 3.0 ◦C compared to ambient
conditions [7]. In this study, the maximum plant height increased by 2.2% under 2 ◦C warming.
These might be influenced by the different light control systems between experiments and maize
phototropism. The increase of mean SPAD (3.8%) under the warming condition was in agreement with
that of 3.5–6.4% reported in [7]. The reason may be that warming substantially increased chloroplast
width and thus significantly enhanced the chloroplast area and mitochondria area [20]. The higher
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SPAD value before 60 DAT could greatly stimulate the photosynthesis rate under 2 ◦C warming,
which resulted in an evident increase of transpiration with respect to that under the T-control during
this period [41]. Moreover, warming could increase more gas molecules diffuse through the stomata
for higher net photosynthesis rate and transpiration especially during the rapid developing growth
stages [42]. The significant increase of transpiration led to an evident increase of ET under T-warm
compared to the T-control prior to 60 DAT in Figure 5d.

Crop yield tended to decrease significantly with the elevation of temperature and keeping
global warming within 1.5 ◦C had greater benefits for reducing future yield loss risk than 2 ◦C
warming [19]. Elevating temperature by 1.5 ◦C and 3 ◦C decreased grain yield by 4.9% compared to
ambient temperature [7]. However, regional differences in the response of crop productivity to climate
change occurred worldwide [21]. Experimental warming did not affect the yield of maize in the North
China Plain indicated by [20]. It was found that warming would decrease WUE by 2–36% in different
maize regions in China [43]. However, our results presented an increase of 11% for maize yield and
WUE under 2 ◦C warming. This might be due to the fact that the net photosynthesis rate (positively
correlated with SPAD) was increased for maize under a warming environment. This was beneficial for
improving the leaf water utilization efficiency (the ratio of net photosynthesis to transpiration) and
WUE. Another reason for the higher yield obtained in this study for the 2 ◦C warming compared to
other climate change impact studies is possibly due to the constant CO2 considered here, whereas in
other studies they might have considered higher CO2 concentration in the future.

Our results indicated that the responses of water balance and crop growth during the whole
growing season for maize to warming were complicated. The results have several implications for
agricultural water management. Firstly, there was a decrease in the maize leaf area index under
warming, which would further increase soil evaporation due to the reduced shadow area of soil.
In addition, leaf transpiration would be strong for decreasing the plant temperature to resist the
unfavorable environment. Therefore, the daily ET consisting of both plant transpiration and soil
evaporation tended to rise with increase of temperature. However, our results also found that the total
ET did not increase due to the shortened growth period. Therefore, it is necessary to pay attention
to both the amount and frequency of water requirement for designing irrigation schedules to exactly
the water consumption for maize growth. Secondly, our study found that the growth period would
be shortened by 8 days under a 2 ◦C warming environment. This indicated that farmers needed to
adjust the sowing date and harvest date based on the local water and heat resources to form a new
and rational agricultural planting to adapt to warming.

This study quantified the responses of water fluxes at GSPAC interfaces and maize development
as well as WUE and WUEI to 2 ◦C warming applying WTDPED. The WTDPED has advantages in
controlling temperature, humidity, light, CO2 concentration accurately and weighting change of water
balance in the lysimeter with high precision. However, several issues still need further investigation.
First, more experiments should be conducted under different temperature, CO2 and precipitation
conditions to systematically analyze the responses of water cycle and crop growth in GSPAC to
drought and cold stress as well as elevated CO2. Second, scientists have cracked the DNA sequence
code of wheat, which is a major breakthrough that could improve global food security and offer the
opportunity to improve the adaptability of the world’s most common corps such as maize to changes
in the environment [44]. This will bring hope to farmers who suffer from drought, as the major crop
can be genetically modified (bio-genetic-engineering) to be drought proof/resistant, fast-growing, high
yield and less water demand. More physiological parameters such as the DNA code can be monitored
to clarify the mechanism of crop and water responses to climate change, especially drought [45]. Third,
lab/controlled experiments should be combined with simulation models to predict the effects of
different climate change scenarios on water cycle and crop development in GSPAC [46,47].
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5. Conclusions

The WTDPED device comprising a chamber, weighing lysimeters and groundwater supply
system was applied to quantify the responses of water fluxes at different GSPAC interfaces and crop
development at 2 ◦C warming for maize. The daily evapotranspiration rate increased by mean of 0.36 mm
during the sixth leaf to tasseling—silking stage under the 2 ◦C warming condition. The considerable
increase of chlorophyll content (12%) accelerated the photosynthesis and transpiration rate during
this period. However, 2 ◦C temperature elevation did not change the total evapotranspiration in
the entire growing season, which was mainly due to the shortened growing season (reduced by
8 days). There was no significant difference in the temporal variations in drainage between the
warming and temperature controlled experiments (p > 0.05). The 2 ◦C warming also did not change
the total soil water storage in the entire growing season. The grain yield and water-use efficiency
were both improved by approximately 11%, which was likely to be enhanced at the sixth leaf to the
tasseling–silking stage. Besides the 2 ◦C warming condition, we have also conducted the experiments
under the CO2 concentration of 700 ppm. The comparisons between the results under two different
CO2 concentration conditions (376 ppm vs. 700 ppm) and the two different lysimeters (homogeneous
vs. layered soils) are the next immediate step in our investigations. The obtianed findings will be of
great significance for assessing the impacts of environmental change on the water cycle and maize
growth in North China.
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