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Abstract. Solar radiation has a substantial influence on winter wheat (Triticum aestivum L.) growth and water
consumption. To elucidate the effect of solar radiation on the yield and water consumption of winter wheat,
two-season pot experiments were conducted at Xi’an University of Technology in China from 2015 to 2017.
Four shading treatments and a non-shaded control (CK) treatment were applied using black shading net,
including 80% (L80), 60% (L60), 40% (L40), and 20% (L20) of the CK. With the increase in the shading
degree, the time of winter wheat growing stage was prolonged, but the dry matter accumulation and water
consumption decreased. The maximum of the water consumption and water consumption intensity for the
winter wheat occurred at the filling stage, and the water-saving rate was higher than the shading rate from
heading to the mature period under the L80 treatment. The water-use efficiency (WUE) under the L80
treatment and CK did not differ significantly. The harvest index for the L80 treatment was higher than that of
the CK. To obtain high WUE, wheat must not receive less than 80% of solar radiation.
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Introduction

Solar radiation is the energy source of all things and the most important factor that
affects photosynthesis (Kalyanasundaram and Graetzel, 2010). Plant leaf photosynthesis
and transpiration are both driven by solar energy. When the radiation reaches the
saturation point of the crop, the photosynthetic rate no longer increases with higher
radiation, but the transpiration rate does. A total of 98-99% of the water absorbed by the
roots is dispersed into the air in the form of water vapor, and only approximately 1% of
the water is absorbed for the growth of the plants. Crop water use efficiency is
essentially the ratio of the photosynthates to water consumption. Based on the influence
of the light intensity on photosynthesis and transpiration, the WUE must change when
the solar radiation changes.

During the day, the radiation periodicity changes, and the daily evapotranspiration
(ET) of the crops also shows obvious diurnal regularity. From dawn to sunrise, the ET is
at the lowest level during the day. After sunrise, with the increase in light intensity, the
physiological activities of the crops become more active, and the ET gradually increases
before gradually decreasing with the decrease in the radiation intensity (Yu and Wang,
2010). These laws all indicate that solar radiation intensity has an effect on the ET, and
a moderate reduction of the radiation intensity is accompanied by a decrease in water
consumption. Most of the arid and semiarid areas in China are in the northwest with
abundant radiation resources and large amounts of daily radiation but a lack of water
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resources. This region has substantial potential to benefit from the control of solar
radiation.

There are two primary aspects of the current research on solar radiation control. One
is the effect of shading on crop yield and quality. This research is based on the fact that
environmental problems, such as air pollution and an increase in aerosol particles,
resulting in a significant reduction in solar radiation reaching the Earth’s surface (Li et
al., 2010; Mu et al., 2010; Haywood et al., 2011), or crop interplanting, resulting in a
reduction in the light intensity received by the crops underneath (Gommers et al., 2013;
Xie et al., 2017). Focusing on the Yangtze River Basin and the Huang-Huai-Hai region,
many studies have been conducted on the effects of the reduction in radiation on crop
yield and quality (Mo et al., 2015; Ili et al., 2017). These studies mostly utilize white or
black shading nets with different layers and needles to obtain different shading degrees
(SDs). Where the SD gradient is lower, the SD range of the light is relatively
centralized, and the SD is generally larger. Thus, the time for shading is shorter and
more concentrated on certain growing stages of the crops. Most of the measurements
involve the reduction in yield and quality. Recent studies have also shown that when the
intensity of the natural light is 88% lower, there is an increase in yield due to the
prolonged leaf growth (Mu et al., 2010; Xu et al., 2016). These studies focused on the
effects of light intensity on crop growth indicators and yield but did not consider crop
water consumption. Besides, changes in the growth of the crop indicate their impact on
water consumption.

The effect of shading on economic crops is primarily concentrated in orchards. The
results show that the shading nets can reduce solar radiation, prevent fruit burns, and
reduce damage from hail (Bogo et al., 2012) and birds (Ashraf and Harris, 2013). A
reduction in solar radiation also improves orchard microclimate. At high radiation and
temperature, shading can reduce the temperature, increase the relative humidity of the
air and reduce the wind speed (Lopez et al., 2018; Mupambi et al., 2018). Thus, this
shading reduces water consumption (McCaskill et al., 2016). Shading increased the
photosynthesis in fruit trees under a water deficit but also decreased the total absorption
of light (Girona et al., 2012). The yield and light absorption increased approximately
linearly. In the case of excess radiation, the protection and recovery of photosynthesis
will consume photosynthates; thus, increasing the accumulation of dry matter. These
studies indicated that the protection of fruit trees by a shading network will reduce
water consumption and increase the yield of the fruit. However, for field crops, the use
of shading to change their water consumption, as measured by the daily water
consumption, water consumption in different growing stages, and the trend of WUE,
merits further study.

With the increases in aerosols, air pollutants, and population density, dimming, or
shading have become major challenges to crop production in many areas of the world
(Mu et al., 2010). Experiments with relative heavy shading treatments were applied, the
grain yield decreased. Whether evapotranspiration decrease at the same time needs
further research. In this study, the winter wheat (Triticum aestivum L.) planting area
accounts for nearly 22% of the total sown area of grain crops (NBS, 2014) was selected
as the experimental object. As a C3 specie, wheat is more susceptible to photoinhibition
under high solar radiation than C4 plants. The photosynthetic rate is relatively low, and
the CO> concentrating mechanism operates at higher leaf conductance (Sonoike, 2011,
Tikkanen et al.,, 2014; Guidi et al., 2019). Radiation control experiments were
conducted to clarify the effects of the long-term control of radiation on wheat
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photosynthetic growth, the trend of wheat evapotranspiration under different shading
degrees, the key period of water consumption, and the influence of the law of shading
on the wheat yield and water use efficiency.

Materials and methods

Experimental site

Two-season pot experiments were conducted from October 2015 to June 2017 at the
experimental site at the Xi’an University of Technology, Xi’an, Shaanxi Province,
China (108°93° E, 34°23°N, 416 m H). The soil type was a loam containing 10.0 g kg
organic matter, 1.30 g kg* total nitrogen, 22.3 mg kg* available phosphate, and
110.51 mg kg* available potassium. The soil bulk density was 1.41 g cm™ with a pH of
8.03. The climate data during the experimental period were shown in Figure 1.
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Figure 1. Solar radiation intensity (SRI, a, d), temperature (T, b, e), relative humidity (RH, c, f)
in the atmosphere during the shading period in 2015-2016 and 2016-2017

Experimental design and field management

One cultivar of winter wheat (Triticum aestivum L.) currently used in local
production, ‘Xinong 979°, was chosen for the pot experiments. The top of the wheat
canopy was shaded using black polyethylene screens with different needle numbers and
layers from the wintering (December 20th 2015, December 18th 2016) to the maturity
periods (May 28th 2015, May 24th 2016). The shading net was 20 cm above the wheat
canopy. Five treatments were set up: (1) full radiation, CK; (2) 80% of full radiation
with 1 layer 2 needles black polyethylene screen, L80; (3) 60% of full radiation with 1
layer 3 needles black polyethylene screen, L60; (4) 40% of full radiation with 1 layer 2
needles and 1 layer 3 needles black polyethylene screen, L40; and (5) 20% of full
radiation with 1 layer 6 needles black polyethylene screen, L20. Five treatments were
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established with four replications, 20 treatments in total. The shading experimental
culture layout was shown in Figure 2.

] Digital scale

Figure 2. Image of shading experimental culture. CK refers to the no shading treatment
(control), L80, L60, L40, and L20, refer to 80%, 60%, 40%, and 20% of the incident solar
radiation, respectively

The size of each pot was 0.4 m in diameter and 0.6 m in height. The pots were
placed under a rotary rain shelter, which could change the rotation angle to keep
radiation indirectly, erected in the experimental site. Each pot was uniformly packed
with 90 kg soil at a bulk density of 1.41 g cm™. Fifty wheat seeds were broadcast
sown in each pot on October 18, 2015, and October 16, 2016, and four weeks after
sowing, thinning was done to obtain the desired density of 40 seedlings per pot. The
pot experiments were well irrigated with the soil water content (SWC) ranging from
65% to 95% of field capacity (FC). When the SWC of some treatments was near
65% of FC, all the treatments were irrigated to 95% of FC. The SWC was
maintained by weighing the pot and its contents. N, P2Os and K>O were applied as
base fertilizers at 220, 150 and 150 kg ha™, respectively. A total of 75 kg ha* N was
applied as a top dressing in the wintering period. Fungicides were sprayed to against
powdery mildew.

Measurements and methods of the microclimate in the pot experiments
Microclimate in the pot experiments

The temperature and relative humidity (RH) of the canopy under the shading screens
were measured using a thermohygrometer (WS-1, Tianjin Fengyang Co. Ltd., China).
Photosynthetically active radiation (PAR) was measured using a Li-6400 system (Li-
cor, USA). All the data were monitored every 60 min from 8:00 to 20:00 for 30 days
after anthesis. The data measured were shown in Table 1. The daily meteorological data
of the atmosphere, including temperature, RH and total radiation, were recorded every
5min using a portable automatic weather station (Watchdog 2900ET, Spectrum
Technologies Inc., USA).
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Table 1. Changes in the temperature, relative humidity and photosynthetically active radiation
in the canopy under the shading conditions

Treatment 8:00| 9:00 |10:00 | 11:00 | 12:00 | 13:00 | 14:00 | 15:00 | 16:00 | 17:00 | 18:00 | 19:00 | 20:00
CK (149 16.2 | 184 | 22.7 | 221 | 246 | 26.1 | 254 | 248 | 225 | 21.5 | 195 | 185
L80|139| 146 | 155 | 198 | 215 | 224 | 240 | 253 25 232 | 20.7 | 194 | 185
L60 | 14.2| 144 | 154 | 187 | 206 | 21.7 | 234 | 235 | 243 | 225 | 206 | 194 | 183
L40 | 14.1| 144 | 155 | 185 | 20.7 | 215 | 234 | 241 | 242 | 221 | 204 | 196 | 185
L20 | 143 | 145 | 153 | 182 | 206 | 21.6 | 233 | 242 | 241 | 215 | 203 | 194 | 184
CK [60.8| 554 | 53.4 | 46.5 | 46.3 | 424 | 378 | 355 | 33.4 | 347 | 38.3 | 40.1 | 449
L80 | 62.1| 54.7 | 53.6 | 49.4 | 46.3 | 415 | 395 | 364 | 334 | 36.6 | 405 41 50.8
L60 | 61.2| 526 | 543 | 51.5 | 47.7 | 434 | 39.7 | 378 | 355 | 36.7 | 41.8 | 414 | 50.4
L40 [ 60.8| 55.3 | 57.6 | 543 | 485 | 445 | 39.1 | 375 | 36.8 | 395 | 40.7 | 41.8 | 50.2
L20 ([ 61.4| 51.2 | 53.4 | 49.7 | 48.8 | 45.6 40 386 | 36.7 | 39.4 | 415 | 419 51

Temperature

Q)

Relative humidity
(%)

CK | 425 | 701 | 818 | 1017 | 1121 | 1205 | 1189 | 1128 | 903 | 417 | €5 | 7 0
Photosynthetically | L20 | 325 | 556 | 649 | 813 | 902 | 961 | 945 | 894 | 700 | 315 | 49 | 5 0
active radiation | L40 | 246 | 400 | 478 | 604 | 678 | 718 | 699 | 675 | 530 | 240 | 35 | 4 0
(umolm?s™) |1 60| 164 | 279 | 321 | 400 | 450 | 474 | 460 | 435 | 350 | 150 | 21 2 0

L80| 71 | 126 | 152 | 200 | 226 | 246 | 258 | 238 | 145 | 60 | 8 2 0

CK refers to the ‘no shading’ treatment (control), L80, L60, L40, and L20, refer to 80%, 60%, 40%, and
20% of the incident solar radiation, respectively. The data were the average values on March 18th in
2016

Winter wheat growing stages

Winter wheat growing stages were defined base on the Irrigation Experiment
Standard (SL13-2015) of China. Winter wheat growth stage was defined as ten percent
of pot winter wheat got in one growth stage.

Grain yield components

At the maturity stage of winter wheat, the spike numbers and grain yield (GY) were
measured of each pot. Also, 20 representative plants were selected consecutively in
each pot, and the kernel numbers per spike and 1000-grain weight were examined in the
experiment. All plant parts (leaves, spikes, and stems) were oven dried at 60 °Cfor 72 h
to calculate dry matter accumulation (DMA). Harvest index (HI) was calculated as the
ratio of GY to DMA. Measurement was performed according to the Irrigation
Experiment Standard (SL13-2015) of China.

Evapotranspiration and water use efficiency

The experimental pots were weighed every day at 8:00 am using digital scales (TCS-
CC, Fuzhou Kedi Electronic Technology Co., Ltd., China) to calculate the water
consumption. The water consumption over time was calculated using a water balance
equation that incorporates the difference in the weight of the pots with their plants and
soil and the mass of water added to them. The ET was calculated as

AW +W,
ERS—% (Eq.1)

where AW is the pot weight difference, kg; Wa is the mass of added water, kg; and S is
the area of the pot, m2. The daily mean evapotranspiration of each growing stage (ETgm)
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was calculated as divide the evapotranspiration in each growing stage (ETgs) by days of
each growing stage. The experimental pots were weighed every 2 h on typical sunny
days February 25th, March 22nd, April 7th, April 28th, May 15th 2016 for each
growing stage to obtain the typical day ET. The wheat WUE was determined as follows:

GY
WUE = ——
WET (Eq-2)

where GY is grain yield of winter wheat, kg hal; WET is the whole growth period
evapotranspiration of each pot, mm. WET was considered the equivalent of the total
amount of irrigation plus the soil water in pots before sowing minus the residual after
final harvest.

Statistical analysis

All the data were subjected to a one-way analysis of variance, and Duncan’s Range
Test was used to determine the significance of the differences between the treatments
using SPSS statistical software (SPSS 20.0) (SPSS, Inc., USA).

Results
The microclimate of the pot experiment

Figure 1 shows the changes in solar radiation intensity (Fig. 1a and d), temperature
(Fig. 1b and e), and relative humidity (Fig. 1c and f) in the atmosphere during the
shading period. The solar radiation intensity (SRI, Fig.la and d) and temperature
(Fig. 1b and e) increased roughly from January to May. The accumulated SRI from
January to March in 2016 was higher than that in 2017, but that was lower from April to
May. The total SRI with a value of 91.32 MJ m in 2016 was higher than that in 2017
during the shading period. SRI under shading nets was shown as PAR, as shown in
Table 1. In the period of high radiation intensity 10:00-16:00 light control met the
design requirements, the rest of the day due to the solar radiation angle was too small,
shading rate was higher.

Table 1 displays the change in temperature and RH in the canopy under the shadings
condition of March 18, 2016. The canopy temperature decreased as the shading degree
increased, compared with the CK. The temperature at 14:00 decreased by 2 °C, 3 °C,
3 °C, and 3 °C under the L80, L60, L40 and L20 treatment, respectively. The RH in the
canopy increased with the reduction in solar radiation under the shading treatments.
Compared with the CK, the RH increased by 1.0%, 3.0% 4.0% and 5.0% at 14:00 pm
for the L80, L60, L40 and L20 treatments, respectively.

Crop growing duration

The days of the whole growth period increased from 215 to 225 with an increase in
the intensity of shading (Table 2).

Except for the booting stage, shading had a significant effect on crop growing
duration, while a significant difference (p <0.05) was observed from sowing to the
tillering stage to flowering. However, there was no significant interaction (p > 0.05) of
shading and year during growth stages. Compared with the CK, the days of the jointing
stage were prolonged by 0, 2, 4, and 5 days in 2016 and 1, 2, 3, and 4 days in 2017 for
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the L80, L60, L40, and L20 treatments, respectively. The wintering period in 2016 was
longer than that in 2017, while the joining stage was shorter than in 2017.

Table 2. Days (day) of different wheat-growing stages under different treatments

Sowing to . . - . . - Whole
vears | Trcaent | lering | VA0 || G | Jonig. | ot | esdrgto |l | M| g
stage period
CK 63 at 50b 12b 28b 11a 22a 16 a 12b 215b
L80 63a 51ab 13 ab 28b 12a 20b 17a 13ab 218 ab
Dol Leo 63a 52a 13a | 30ab | 12a 20b 17a | l4ab | 221ab
L40 63a 52a 13a 32a 11a 20b 17a l4a 224 ab
L20 63a 52a 13a 33a 1la 20b 17a 14a 225a
CK 64 a 41c 13a 32¢c 1l4a 20a 16a 1l4a 213 ¢
L80 64a 42b 1l4a 33 bc 15a 19ab 16a 14a 216 b
22%1167 L60 64a 42b 1l4a 34 be 15a 19ab 17a 14a 218 ab
L40 64a 43a 1l4a 35ab 15a 19ab 17a 14a 220 a
L20 64a 43a 1l4a 36a 15a 18b 18a 1l4a 221a
L 0 30.22%** | 9,688*** | 19,15%** 1.00 11.17%** 5.9%*% | 356% | 11.4%**
Y 10.71** | 3808.8*** | 36.13*** | 67.60*** | 142.3*** 52.0%** 0.08 1.13 2.36
LxY 0 1.83 0.19 0.85 0.21 1.67 0.92 3.31* 0.34

tData followed by the same letter in a column indicate a nonsignificant difference among the treatments according to the LSD test
(P =0.05)

CK refers to the ‘no shading’ treatment (control), L80, L60, L40 and L20, refer to 80%, 60%, 40% and 20% of the incident solar
radiation, respectively. L, light control; Y, year. *, significance at the .05 level; **, significance at the .01 level; ***, significance
at the .001 level

Evapotranspiration and daily mean evapotranspiration of the winter wheat

The evapotranspiration at each growing stage (ETgs) was affected (p < 0.05) by the
shading from the winter period to the mature period. ETgs were affected (p < 0.01) by the
year except for the green stage, jointing stage, and filling stage (Table 3). And ETgs under
different shading treatments were affected (p < 0.01) by the growing stages (Table 4).

Table 3. Analysis of variance on evapotranspiration and daily mean evapotranspiration of
each growing stage as affected by light control and years

Seeding | Tillering | Winter | Green Joining | Booting | Heading to | Filling | Mature
Factors
stage stage period stage stage stage flowering stage period
ET L 2.22 141 10.83* | 29.75** | 79.50*** | 8.59* 35.48** | 28.78** | 152.21***
e Y 184.06*** | 344.11*** | 81.05*** 0.30 0.83 39.82** | 471.39*** 5.46 | 233.20***
ET L 0.86 151 9.43* | 71.32*%** | 807.61*** | 9.63* 74.56*** | 35.02** 6.04
o Y 112.97*** | 344.21*** 0.08 15.08* | 197.24*** | 7.95* | 1264.57*** | 5.23 0.55

ET,, evapotranspiration of each growing stage; ETqm, daily mean evapotranspiration of each growing stage; L, light control; Y,
year. *, significance at the .05 level; **, significance at the .01 level; ***, significance at the .001 level

The ETg from 2015 to 2016 showed that the filling stage > heading to
flowering > jointing stage > booting stage > wintering period > mature stage under CK
and L80 treatments, filling stage > heading to flowering > booting stage > jointing
stage > mature stage > wintering period under L60, L40, and L20 treatments, (Fig. 3,
Table 4). It was similar from 2016 to 2017, except that the ETgs in the booting stage was
higher than that in the heading to the flowering stage (Table 4). The water consumption
of the winter wheat was primarily concentrated in the four growing stages, including the
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jointing, booting, heading to flowering and filling stages, accounting for 78.42% of the
whole growth period, and the highest rate of water consumption was in the filling
period, accounting for 27.34%.

Table 4. Evapotranspiration and daily mean evapotranspiration of each growing stage

(ETgs, ETam, mm) of different shading treatments under different growing stages

Factors Etgs ETdm

Y G CK L80 L60 L40 L20 CK L80 L60 L40 L20
Seeding stage  |10.71ht| 11.01f | 12.12g | 12.17h | 12.89h | 046h | 0.47f | 0.52g | 0.52g | 0.56g
Tillering stage 16.64g | 17.25e | 18.28f | 17.79g | 18.70g 0.47h 0.49f | 0.52g | 0.50g | 0.53g
Wintering period | 33.51e | 32.70d | 32.04e | 30.09f | 29.35f 0.679 0.64f | 0.61g | 0.57g | 0.56g
Green stage 16.15g | 14.18ef | 13.12g | 11.52h 11.09h 1.34f 1.09% 1.00f | 0.88f | 0.85f
22%11‘:’5 Jointing stage | 93.24c | 79.42c | 58.40d | 54.13d | 57.45d | 3.33d | 2.63d | 1.94e | 1.69 | 1.74e
Booting stage 81.18d | 75.24c | 70.19c | 62.96c | 59.92c 7.38b | 6.27b | 5.84b | 5.72b | 5.44b
Heading to flowering|150.98b| 121.83b | 106.42b | 106.26b | 100.88b | 6.86c | 6.09b | 5.32c | 5.31c | 5.04c
Filling stage 180.97a| 139.51a | 129.95a | 119.13a | 116.83a | 11.3a | 8.20a | 7.64a | 7.00a | 6.87a
Mature period 29.57f | 32.15e | 33.94e | 48.60e | 52.78e 2.46e 2.67c | 2.42d | 4.05d | 4.79d
Seeding stage 15.94h | 16.21h | 16.21f | 16.16g 16.569 0.72f 0.7e 0.7d 0.7f | 0.72f
Tillering stage 23.89g | 23.88g | 23.88e | 23.96f | 24.13e 0.68f | 0.68e | 0.68d | 0.68f | 0.69f
Winteringperiod 29.34f | 28.26f | 25.12e¢ | 23.36f 22.12f 0.72f 0.67e 0.6d 0.54f | 0.51f
Green stage 17.04h | 14.82h | 12.44g | 10.69h 9.98d 1.31e 1.06e | 0.89cd | 0.76f | 0.71f
22%1167 Jointing stage | 95.98¢ | 81.79c | 54.9¢ | 51.13d | 502d | 2.8d | 2.48d | 1.61cd | 1.46e | 1.39%
Booting stage 127.01b| 109.57b | 106.57b | 88.63b | 83.73b | 9.07b 7.3b 7.1a | 5.91b | 5.58b

Heading to flowering| 83.99d | 64.28d | 53.53c | 49.28e | 48.67d 4.2¢c 3.38c | 2.82b | 2.59d | 2.7d
Filling stage 209.16a| 160.01a | 139.74a | 120.44a | 118.68a | 13.07a | 9.41a | 8.22a | 7.08a | 6.98a
Mature period 41.85e | 4556e | 42.88d | 61.01c | 63.97c 2.82d | 2.85cd | 2.52bc | 3.59c | 3.55c

G *kk *kk KKk KKk *kk *kk *kk *kk *kk *kk

Y il il 0.677 faleled Fkk 0.001** | 0.924 | 0.496 faialel falaie

GXY *kk *kk KKk KKk *kk *kk *kk *kk *kk *kk

tData followed by the same letter in a column indicate a nonsignificant difference among the treatments according to the LSD test

(P=o0.
CK refers to the ‘no shading’ treatment (control), L80, L60, L40 and L20, refer to 80%, 60%,

05)

40% and 20% of the incident solar

radiation, respectively. ET, evapotranspiration of each growing stage; ETm, daily mean evapotranspiration of each growing stage; G,
growing stage; Y, year. *, significance at the .05 level; **, significance at the .01 level; ***, significance at the .001 level
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Figure 3. Evapotranspiration of each growing stage (ETgs) for the shading treatments. CK
refers to the no shading’ treatment (control), L80, L60, L40 and L20, refer to 80%, 60%, 40%
and 20% of the incident solar radiation, respectively. Data are means of four replicates.
Vertical bars indicate standard error. The same letters within each growing stage in the same
year are not significantly different at P < 0.05
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The ETgys decreased gradually as the degree of shading increased in each treatment
from the wintering period to the filling stage. There were significant differences in
water consumption among the treatments in jointing, booting, heading to the flowering,
and filling stages. The ETgs had significant differences among the CK, L80, and L60
treatments, while there were no significant differences among the L60, L40, and L20
treatments. Compared with the CK, the ETgs of the L80, L60, L40, and L20 treatments
from the jointing to the filling stages decreased by 16.09%, 27.15%, 32.04%, and
33.30%, respectively. When compared with the CK, the maximum decrease in the ETgs
for the L80, L60, L40, and L20 treatments was 22.91%, 28.19%, 34.17%, and 35.44%
during the filling period, respectively. However, in the mature stage, the ET of the
winter wheat increased gradually with the increase in the intensity of shading.

The daily mean evapotranspiration of each growing stage (ETam) was significantly
affected by shading treatments (p <0.05) from the winter period to the filling stage.
ETam was affected (p < 0.05) by the year except for the winter period, filling stage, and
mature period (Table 3). And ETam under different shading treatments were affected
(p < 0.01) by the growing stages (Table 4). The ETqm in each growing stage showed that
the filling stage > booting stage > heading to flowering > mature stage > jointing stage
in two years experiments (Fig. 4; Table 4). The ETam was larger from the booting to the
filling stages than that in the other growing stages. The average ETam of all the
treatments from the booting stage to the filling stage was 2.12 times greater than that of
the whole growing stages. The maximum of the ETgm in the filling period was
12.51 mm, while the average ETam of all the treatments was 2.59 times that of the whole
growth period.

12/ a2015-2016 [ [CK [77]L80 L60 [ii]L40 EL20
84 ade
4 ap
abcdd cdd
16 aaaai aaaaa .a‘bwc.df. ot o = | %

12] b2016-2017

Daily mean ET of each growing stage
(mm d)

ap
aaaaa aaaaa abccc rabcdd %

1a0% 1a0%
Gre® Jo\nt\ngs 300‘\“9:\ 2dinG *\oi \:\\\\n

9 pef© od o stad® @ pet\ od

seed‘“g T\\'\e““g \N\menﬂ gs&

Maty

Figure 4. Daily mean evapotranspiration of each growing stage (ETam) for the shading
treatments. Data are means of four replicates. CK refers to the ‘no shading’ treatment (control),
80, L60, L40 and L20, refer to 80%, 60%, 40% and 20% of the incident solar radiation,
respectively. Vertical bars indicate standard error. The same letters within each growing stage
in the same year are not significantly different at P < 0.05

Except for the mature period, the ETym decreased with the increase in the shading
intensity with significant differences among the different treatments that were the same
as the ETam during the same growing stage. The ETam for the L80, L60, L40 and L20
treatments decreased by 19.80%, 23.31%, 27.69%, and 30.64%, respectively, from the
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booting to the filling stages and decreased by 27.45%, 32.42%, 38.04%, and 39.24% in
the filling stage compared with the CK, respectively.

Typical sunny day evapotranspiration of the winter wheat at different growing stages

The ET of a typical sunny day (ETis) was divided into the ET of the daytime (from
8:00 to 20:00, ETq) and nighttime (from 20:00 to 8:00 the next day, ETn). Figure 5
shows the natural SRI and 2 h ET (ET2n) of each treatment on a typical sunny day in
each growth period from 2015 to 2016. During the daytime, the ET2n changed roughly
in a parabolic trend, first increasing and then decreasing, and the change in the trend
was the same as that of the solar radiation.
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Figure 5. Evapotranspiration of 2 h (ET2) of the winter wheat and solar radiation intensity
(SRI) from 8:00 to 20:00 on typical sunny days in different growing stages (jointing stage, a,
booting stage, b, heading to flowering, c, filling stage, d, mature stage, e). CK refers to the no
shading’ treatment (control), L80, L60, L40 and L20, refer to 80%, 60%, 40% and 20% of the
incident solar radiation, respectively. Data are means of four replicates. The data were
measured on February 25th, March 22nd, April 7th, April 28th and May 15th, 2016

Except for the mature stage (Fig. 5e), the ETon in each growing stage increased
gradually in parallel with the increase in the SRI (Fig. 5). The growing stage radiation
intensity increased gradually over time, peaking at approximately 13:00. The ET2n peak
in the jointing and booting stages was between 12:00 and 14:00, which was the same as
the maximum radiation, while in the heading to the flowering and filling growing
stages, the peak was between 14:00 and 16:00. The ET2x rapidly increased after 10:00
and rapidly decreased after 16:00.

The ETq, ETn, and ETys of the wheat on typical sunny days in different growing
stages are shown in Figure 6. The ETis from the booting to the filling stages (Fig. 6b, ¢
and d) was larger than that in the other growing stages (Fig. 6a and €), which was
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consistent with that of the ETq. The ETg of the wheat showed that the filling
stage > heading to flowering stage > booting stage > jointing stage > mature stage. The
proportion of the ET, to ETys at the jointing and booting stages (Fig. 6a and b) was
approximately 10%, and it increased from 12% to 19% at the heading to the flowering
and filling stages (Fig. 6¢ and d), respectively. The proportion of the ETq4 to ET¢s was
more than 80% in all the growing stages, which indicated that the ET4 was the primary
part of the ETt. Except the mature stage, the ET, from the jointing to the filling stages
of the L80, L60, L40, and L20 treatments decreased by 10.37%, 15.33%, 24.06%, and
23.92%, respectively, compared with the CK, which was significantly smaller than that
of the daytime.
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Figure 6. Typical sunny day evapotranspiration (ET), evapotranspiration of day (ETq) and
night (ETn) of winter wheat on typical sunny days of each growing stage (jointing stage, a,
booting stage, b, heading to flowering, c, filling stage, d, mature stage, e). The data were
measured on February 25th, March 22nd, April 7th, April 28th and May 15th, 2016. Data are
means of four replicates. CK refers to the ‘no shading’ treatment (control), L80, L60, L40 and
L20, refer to 80%, 60%, 40% and 20% of the incident solar radiation, respectively. Vertical
bars indicate standard error. The same letters within each growing stage are not significantly
different at P < 0.05

From the jointing to the filling stages, the ETy decreased with the increase in the
shading degree. The difference of the ETis among the CK, L20, and L40 treatments was
significant, while that between the L60 and L80 treatments was not significant at the
booting and filling stages. At the mature period (Fig. 6€), the ETis increased with the
increase in the shading degree.
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Effects of shading on the grain yield and WUE

The grain yield (GY) was affected (p < 0.001) by both shading and year. And, there
was significant interaction (p <0.001) of shading and year. Grain yield compomers
kernel number per spike (KNPS), spike number, 1000-grain weight were affected
(p < 0.001) by both shading and year (Table 5).

Table 5. Effect of Shading on the kernel number per stem (KNPS), spike number (spike no.),
1000-grain weight, grain yield (GY), dry matter accumulation (DMA), whole
evapotranspiration (WET), water use efficiency (WUE) and harvest index (HI) of the winter
wheat in 2015-2016 and 2016-2017

Years | Treatments| KNPS %f(lr*kfm:?) ﬁﬁf.%ﬁf?;? (kg? rL‘l) (gzm\*) (;:) \(/r\T/EnT) (kg ﬁﬁ’r'ﬁm-a
CK | 4273af | 61033a | 4393a | 114543a | 313a | 42.17a | 61301a | 1869
L80 | 4088b | 554.19b | 42300b | 958385b | 263b | 4438 | 51826b | 18.49a

22%1156 L60 26.44c | 48167c 3440e | 476152c | 190c | 35130 | 479.60c |  9.94b
L40 25240 | 37392d | 39.26d | 370554d | 158cd | 35.05b | 462.74d |  8.01c
L20 2487d | 20235¢ | 403lc | 2955.17e | 146d | 3369b | 459.91e |  6.43d
CcK 4956a | 59L16a | 4578a | 134122a | 396a | 4650a | 64420a | 2083
L80 | 46.22b | 536.87b | 4455b | 110527b | 367b | 48.75a |54437b| 20.30a

2o Leo 3021c | 466.68c | 3897d | 549557c | 252 | 38.75b | 475.28c |  11.57b
L40 2014d | 36069d | 39.45c | 4146.11d | 210d | 37.75bc | 44467d | 9.32¢
L20 27330 | 28563 | 38650 | 3016.16e | 1.8% | 3500c | 438.02d |  6.89d
L 2538%%% | 3020.0%% | GLLI*** | 7367%%% | 3AB.53°%* | 52.4%k% | 607.0%%* | 2274 45%%*
Y | 66590 | 51.32%%% | 6a01ee* | 460.1%*% | 306.45%%% | 2321%%% | 092 | 163.20%%
Ly | 186 | 069 a6.4ax | 6300%* | 7720 | 069 |1656%%* |  6.16%

‘tData followed by the same letter in a column indicate a nonsignificant difference among the treatments according to the LSD test
(P =0.05)

CK refers to the ‘no shading’ treatment (control), L80, L60, L40 and L20, refer to 80%, 60%, 40% and 20% of the incident solar
radiation, respectively. Data are means of four replicates. L, light control; Y, year. *, significance at the .05 level; **, significance
at the .01 level; *** significance at the .001 level

There were significant differences in the wheat GY, KNPS, spike number and 1000-
grain weight among the treatments, and the yield decreased gradually with the increase
in the shading degree. Compared with the CK, the yields of the L80, L60, L40, and L20
treatments decreased by 16.96%, 58.73%, 68.37% and 75.86%, respectively. The yield
decreased by more than 50% when the shading degree exceeded 40%. The KNPS and
spike number decreased with the increase in the shading degree. The 1000-grain weight
decreased first and then increased with the increase in the shading degree, and the
minimum value was observed in the L60 treatment.

Dry matter accumulation (DMA) and harvest index (HI) were affected (p < 0.001) by
both light control and year. The DMA decreased gradually with the increase in the
shading degree. There were significant differences for the DMA among the CK, L80
and L60 treatments but no significant difference between the L40 and L20 treatments
from 2015 to 2016. With the increase in the shading degree, the HI had increased first
and then decreased (Table 5). The largest HI was 44.38% in L80 treatment.

The whole growth period ET (WET) and water use efficiency (WUE) were affected
(P <0.001) by light control (Table 5). The WET and WUE were significant interactions
(p <0.001) of light control and year. However, WET was not affected (P > 0.05) by
year. The WET decreased gradually with the increase in the shading degree. Except for
the L40 and L20 treatments in 2017, there were significant differences among the other
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treatments. With the increase in the shading degree, the WET of the L80, L60, L40 and
L20 treatments decreased by 15.48%, 24.00%, 27.74% and 28.49%, respectively,
relative to the CK, and the reduction in the WET between the treatments was not
obvious when the light was shaded to less than 40% of the full radiation.

The WUE decreased gradually with the increase in the shading degree, and the
difference of the WUE was not significant between the CK and L20 treatment, but the
WUE differed significantly among the other treatments. The WUE with shading over
40% of the full radiation decreased greatly. Compared with the CK treatment, the WUE
of the L80, L60, L40 and L20 treatments decreased by 1.80%, 45.64%, 56.20%, and
66.26%, respectively.

Figure 7 shows the fitting curve and equation of the yield, WET and water use
efficiency with the natural light transmission degree (NLTD). The GY, WET and WUE
all had a close-fitting relationship with the NLTD. The relationship between the yield
and NLTD is the “S” curve (Fig. 7a). When the NLTD was less than 60%, there was a
relatively flat period. The yield increased rapidly when the NLTD was greater than 0.6
and slowed when the transmittance was more than 0.8.

o GY & WET ¢ WUE Fitting curve
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Figure 7. Regression analyses of the grain yield (GY, a), whole evapotranspiration (WET, b)

and water use efficiency (WUE, c) with the transmittance of ambient light on the wheat canopy.
**Significance at the 1% (P = 0.01) level

The relationship between the WET and NLTD was fitted using an exponential
function (Fig. 7b). The growth rate of the WET increased in parallel with the increase in
the NLTD. The WET increased slowly with the NLTD of 0.6 and increased
approximately linearly with an NLTD of more than 0.8. The relationship between the
WUE and NLTD was fitted by the “S” curve (Fig. 7¢). When the NLTD was less than
0.6, the WUE increased very slowly, and then the WUE increased rapidly in parallel
with the NLTD from 0.6 to 0.8. Finally, when the NLTD was more than 0.8, the WUE
also increased very slowly.

Discussion

Experiment pots near to each other (25cm) reduced the shading effect on
temperature and RH (Table 1). Compared with the CK, the average temperature
decreased by 1, 1.6, 1.6, and 1.7 °C under the L80, L60, L40 and L20 treatment,
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respectively. While, the average RH increased by 1.3, 1.9, 2.6 and 2.9% respectively.
Therefore, solar radiation became the main factor in determining winter wheat growth
and water consumption.

Shading decreased light intensity. Winter wheat photosynthesis time was prolonged
to get enough solar radiation to complete winter wheat vegetative and reproductive
growth (Yu and Wang, 2010). Phenological stages delayed and growth period
prolonged by shading. The difference in phenological stages between treatments
gradually increased and got stable after the booting period. Since the radiation amount
before the booting period was relatively small, the shading had a greater influence on
crop growth. And the later phenological stages radiation amount increased to
accumulate enough crop substances (Fig. 1a and d). With the growth of wheat, the
temperature and the radiation increased gradually (Fig. 1a, b, d and e). The increase in
temperature and radiation causes an increase in crop water consumption (Miralles et al.,
2011; Sorrentino et al., 1997). Compared with CK treatment, days of mature period
under shading treatments condition delayed to get a higher temperature and more
energy, it caused ET to increase. As, ETgs, ETam, ETts increased with shading degree
increased in Figures 3, 4, 5e, and 6e. The extension of growth time was prolonged and
the shading treatment was mainly prolonged at the early stages of winter wheat
(Table 2). To reduce days prolonged by shading, shading should after the booting stage.

With the growth of wheat, solar radiation and temperature was gradually increasing.
The ETgs, ETam, ETss and WET (except for the mature period) gradually decreased as
the shading degree increased (Figs. 3, 4, 5, and 6.), and the difference was significant.
The larger ETgs, ETam and ETis were concentrated from the booting to the filling stages.
The ETgs indicated water consumption intensity. Under supplemental irrigation showed
winter wheat water demand law. Booting stage to filling stage is also a critical period of
water requirement for wheat (Zhang et al., 2011; Zheng et al., 2014; Zhou et al., 2018).
Irrigating during this period can increase the weight of 1000 kernels, crop yield and
water use efficiency (Dandan et al., 2013; Zhou et al., 2018). Shading from booting to
the filling stages can reduce more ET, while short time shading after booting also has
less effect on the growth period.

Winter wheat ET of different growing stages reflects the distribution of water
consumption, and ET in typical sunny weather reflects the water consumption potential.
Shading degree affects the efficiency of ET in winter wheat, which better reflects the
water-saving efficiency of shading (Table 6). Water-saving rates higher than shading
rates were observed in treatment L80 from the heading stage to the filling stage in the
growing period, and from the booting stage to the filling stage under typical sunny
weather conditions. The reduction of radiation during rainy days diminished the shade
water-saving efficiency. The increase in shading degrees under other treatments also led
to a decrease in water-saving efficiency.

Solar radiation has a greater impact on wheat ET. The ET increased rapidly at
daybreak and decreased rapidly at sunset (Fig. 5). ETq accounted for more than 80% of
the ETis (Fig. 6), while ET, in each growth period had little change. Because light is a
signal for stomatal movement in the absence of water stress, and stomatal regulation is
the most important way for plants to adjust their transpiration rate (Yu and Wang,
2010). In day time 6 h of ET accounted for more than 70% of the ETq. The peak
photosynthetic rate of the wheat was from 10:00 am to 12:00 pm (Mu et al., 2009). To
improve the water use efficiency, 11:00 to 17:00 can be selected as the daytime light
control period by shading.
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Table 6. Shading effect on winter wheat water reduced rate (%) of growing period and
typical sunny day under the different treatments

Treatment Winte_zring Green Jointing Booting Headin_g to Filling Mature
period stage stage stage flowering stage period

L80 3.05 12.63 14.80 10.53 21.39 23.20 -8.79

Growing L60 9.38 22.90 40.08 14.81 32.89 30.69 -13.62
period L40 15.31 32.98 44.34 26.33 35.47 38.29 -55.06
120 18.53 36.40 43.04 30.13 37.62 39.35 -65.66

L80 3.95 14.64 16.28 20.41 23.98 22.34 8.41

Typical L60 10.16 24.09 32.11 32.00 34.14 31.09 -11.92
sunny day L40 17.11 36.30 40.99 44.67 41.36 43.02 -47.03
120 15.89 39.92 71.47 47.95 43.18 47.77 -40.00

With an increase in the shading degree, the GY indices gradually decreased, while
the 1000-grain weight of the L40 and L20 treatments increased. Compared with the L60
treatment, the decrease in the kernel number per spike was primarily caused by the
amount of decrease of the small grains for the L40 and L20 treatments. The yield of the
L80 treatment decreased significantly compared with the CK, which is different from
the results reported by Mu et al. (2009). This difference may be due to sufficient
irrigation in this experiment since there was a larger GY for the CK treatment (Mu et
al.,, 2010). The yield gradually increased with a decrease in the shading degree
(Fig. 7a), and the yield change rate was different in each treatment.

Shading significantly reduced the GY of L80 treatment compare to CK treatment, but
the WUE was not obvious, and there was little difference. The reduction in water
consumption weakened the reduction in GY. The increase in HI also promoted the
increase in WUE of L80 treatment. The increase in the harvest index of the L80
treatment indicated that the shading could promote the conversion of photosynthates to
yield (Zhang et al., 2016). The ET decreased significantly, but the decrease in the WUE
was not significant when the shading degree increased. According to Xu et al. (2016),
when the shading degree was 12%, the yield increased, indicating that a higher WUE
could be achieved under slight shading. In the areas with water shortages and greater
light intensities, the crop yield will decrease under inadequate irrigation, and the WUE
will be further increased under shading. In terms of the comprehensive yield, ET and
WUE, the shading degree should be between 0 and 0.2.

The existing research on the effect of light on crops, crop yield, or the water
consumption of fruit trees is based on a certain shading degree of the local natural solar
radiation. The target SRI is not quantitative. With guantitative SRI, excessive radiation
can be shaded, and rainy-day radiation will be increased to obtain a high yield of grain.
However, crop species, growing stages, and geographical locations differ. The saturated
light intensity in the different growing stages can be used as a reference for quantitative
analysis.

Conclusions

The shading delayed the growth period of the wheat, and 80% of the full radiation
increased the transformation of the photosynthates to the yield of grain. With the
increase in the shading degree, the ET of the wheat gradually decreased. The ET was
concentrated from the jointing to the filling stages. The daily ET was greater from the
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booting to the filling stages with the peak time from 12:00 to 14:00. When the solar
radiation was less than 80%, the GY decreased significantly with a similar WUE. To
ensure a consistent yield of grain and improve the effect of shading on WUE, shading
time and degree should be reduced. Shading time should be from the booting stage to
the filling stage, and shading degrees should not more than 20% of natural solar
radiation.
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