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Abstract: Climate change and water resource shortages have become important problems limiting
winter wheat production in the North China Plain (NCP). Understanding the physiological char-
acteristics of different wheat varieties and their relationship with crop growth and yield is of great
importance for addressing climate change through a scientific approach, adopting reliable wheat
varieties, and ensuring food production. This study was conducted throughout three winter wheat
seasons from 2018 to 2021. The crop growth, physiological indicators, crop yields, and water pro-
ductivity (WP) of 12 wheat varieties widely cultivated in the NCP were measured to investigate the
relationships between physiological characteristics and crop yield. The results showed that among
the three wheat seasons, the maximum plant height of each wheat variety was relatively stable, while
the changes in maximum plant density (PDp,), maximum leaf area index (LAI,), and maximum dry
matter (DMp,) were highly variable. The gas exchange parameters and fluorescence parameters of
wheat flag leaves varied with growth stage, and certain varieties were sensitive to water stress. The
wheat grain yield, seasonal crop evapotranspiration (ET,), and WP of the 12 varieties were similar
in the 2019-2020 and 2020-2011 seasons and were approximately 25%, 7%, and 19% higher than
those in the 2018-2019 season, respectively, in which there were consecutive cool events in the winter
and spring. Generally, the grain yields were positively correlated with PDy,, LALy,, DMy, ET;, the
harvest index, and WP, at a significance level of 0.01. The high-yield wheat varieties had higher pho-
tosynthetic rates in the middle and late grain-filling stages. Based on these relationships, high-yield
wheat varieties may be selected to address climate change in the NCP as well as other regions in
the world. Considering the variations in yield and WP in the three different climatic conditions, we
recommend Yingbo700, Lunxuan103, Shimai26, Shinong086, Han6172, and Hanong1412 as high-yield
and drought-resistant wheat varieties to be used in the NCP.

Keywords: soil water; wheat variety; physiological and ecological characteristics; crop growth factors;
grain yield

1. Introduction

The increasingly evident climate changes will severely affect the development of
agriculture globally [1]. Due to a 1 °C increase in the global mean temperature, the global
yields of wheat, rice, maize, and soybean are estimated to be reduced by 3-7% without
CO, fertilization, effective adaptation, and genetic improvement [2]. The increase in
drought and extreme heat events has already caused a 9-10% decrease in global cereal
production [3]. It has been reported that crop varieties play an important role in the scientific
response to climate change [4-6], and drought-resistant crop varieties can also alleviate
the water resource pressure faced by agricultural production [7]. Therefore, studying
the physiological and ecological characteristics of different crop varieties in the field and

Agronomy 2023, 13, 3041. https://doi.org/10.3390/agronomy13123041

https:/ /www.mdpi.com/journal /agronomy


https://doi.org/10.3390/agronomy13123041
https://doi.org/10.3390/agronomy13123041
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0001-9786-8313
https://doi.org/10.3390/agronomy13123041
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy13123041?type=check_update&version=2

Agronomy 2023, 13, 3041

2 0f23

selecting the highest quality crop variety plays an important guiding role in implementing
scientific-based strategies for addressing climate change and the rational utilization of
water resources and ensuring food production.

Crop varieties have different responses according to their physiological and ecological
characteristics, which vary with meteorological factors and water. For example, when
wheat crops were exposed to a high temperature of 41 °C and a drought of 30% field water
capacity (FWC) for 7 days after flowering, this resulted in a decrease of the maximum
photosynthetic efficiency of 17.2% for the variety ‘Pannonis” and 5.6% for the variety
‘Tobak’ [8]. During the wheat milking stage, mild (65-70% FWC), moderate (55-60%
FWC), and severe (40-45% FWC) water drought treatments were applied. The leaf net
photosynthetic rate, leaf stomatal conductance, and leaf transpiration rate of the drought-
resistant variety ‘Shijiazhuang8’ were 23.5-27.6%, 34.3-49.4%, and 18.5-23.6% higher than
those of “Yanmai2(’, respectively [9]. In an environment 6 °C above the normal temperature,
beginning 10 days after anthesis and lasting to maturity, the wheat varieties ‘Larry’ and
‘Zenda’ had a 5-day reduction at the milking stage, and their yields decreased by 7% and 5%,
respectively, while the milking stage remained unchanged for the wheat variety “‘WB Cedar’,
and its yield decreased by 9% [10]. Although the authors of these studies have well analyzed
the response regularities of growth and physiological indicators to the environment for
different crop varieties, due to the environmental variables of temperature or water during
a certain stage of crop growth controlled by researchers, the results often focus on the
response of crops to a controlled environment [8,10-12]. Natural climate change is more
complex, occurring throughout the entire growth stage of crops and including various
extreme climates. Therefore, high-yield crop varieties must have the ability to resist
multiple adverse climate conditions. However, there is little research on the physiological
and ecological characteristics of crop varieties under various climate changes, and there
are even fewer articles on the relationship between the morphological and physiological
characteristics of different crops and yield factors.

The North China Plain (NCP) is an important grain production base in China, produc-
ing approximately 58% of China’s total wheat and 25% of China’s total maize [13]. However,
climate change and water resource issues pose a great challenge to wheat production in the
region [14]. In the wheat growing season from 1961 to 2015, the minimum and maximum
temperatures increased by 0.53 and 0.20 °C 10~ ! a~!, respectively. The solar radiation de-
creased by 0.25 MJ m~2d~! 10~! a~!, and precipitation was more unstable [15]. Moreover,
extreme weather conditions such as spring frost or late spring cold events [16-18], dry hot
winds [19], drought and heat stress [20-22] occur more frequently and are detrimental to
wheat production. Moreover, the water resources in the NCP are very scarce, accounting
for only 3% of the country’s water supply [13]. To ensure wheat production, approximately
200-300 mm of water is pumped for irrigation every year, which consequently results in
excessive exploitation of groundwater [23,24]. From 2002 to 2014, groundwater reserves
in the North China Plain decreased at a rate of 7.2 + 1.1 billion m? per year [25], and the
groundwater level in the central NCP decreased at a rate of 1.35 m per year [26]. The
lack of water resources and the deterioration of the water environment seriously affect the
development of local agriculture and the economy. Therefore, it is urgent to find suitable
methods to mitigate climate change and water scarcity issues to ensure and improve wheat
yield in the NCP.

Therefore, a three-season winter wheat experiment was conducted in a long-term
wheat-cultivated field in the NCP with the following objectives: (1) explore the response
regularity of physiological and ecological characteristics of different wheat varieties to the
natural meteorological environments under deficit irrigation, (2) Evaluate yield and water
productivity, analyze the relationship between yield factors and growth and physiological
indicators, and (3) screen high-yield and drought-resistant wheat varieties suitable for
climate and water conditions in the NCP.
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2. Materials and Methods
2.1. Experimental Site

The field experiment was conducted from October 2018 to June 2021 at the Da-
caozhuang Seeds Experimental Station, Ningjin County, Xingtai City, Hebei Province
(Figure 1). The site is located at 37°30" N latitude and 114°56' E longitude, with an alti-
tude of 26 m. The average temperature is 13 °C, the sunshine duration is between 2000
and 2800 h, the cumulative rainfall is 430 mm, and the evaporation is approximately
1600 mm (1981-2018). The site is in the central and western North China Plain, which
has a typical temperate continental monsoon climate. Rain and heat occur in the same
period, and approximately 70% of the annual average rainfall is concentrated from June
to August. Physical and chemical soil characteristics are uniformly distributed in the
experimental station. The surface soil texture of 0-60 cm is silty loam, with 11% clay, 63%
silt, and 26% sand. The field water capacity is 0.36 cm3 cm ™3, and the soil bulk density is
1.45 g em 3 [23,27]. Due to climate change, extreme high and low temperatures and long
periods with few rainfall events have been frequently observed in the NCP as well as in the
study region [18,28,29].
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Figure 1. Location of the field experimental site (Dacaozhaung Station) in the North China Plain.

2.2. Experimental Design

Twelve winter wheat varieties widely cultivated in the NCP, as well as in the Hebei
Province, were selected for this field experiment. Detailed information on these wheat
varieties is shown in Table 1, and the information is sourced from the Hebei Province Crop
Approval Announcement. The plot for each variety was 50 m x 4.5 m. Considering the
large field area for each wheat variety and uniformly distributed soil characteristics in the
experimental field, there was no replication for the wheat variety. Each wheat variety was
sown on 16 October 2018, 20 October 2019, and 18 October 2020. The sowing depth was
approximately 4 cm, the row spacing was 15 cm, and the sowing density was the same, at
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approximately 3.75 million seeds ha~!. In the three growing seasons, the heading stage of
12 varieties was concentrated at the end of April, the flowering period was concentrated in
early May, and the harvest period was around 7 June [27]. The field management of water
and fertilizer in this study was the same as that at the local experimental station. There
were three irrigation events for each variety distributed by a semifixed sprinkler irrigation
system: after sowing, before overwintering, and at the elongation stage. The irrigation
schedule in the three wheat growing seasons was similar, and the irrigation depths in the
three events were 40, 90, and 90 mm in the 2018-2019 and 2019-2020 seasons and 55, 90, and
90 mm in the 2020-2021 seasons. Irrigation just after sowing was used to promote wheat
seed germination and healthy development in the seedling stage. Winter irrigation was
used to enhance root development in the winter period. Irrigation at the stem elongation
stage was used to support the high crop evapotranspiration in the fast growth period from
elongation to the gain-filling stage.

Table 1. Basic information on the 12 wheat varieties selected in this study. High and medium tillering
ability indicates that the number of tillers per wheat plant before overwintering is more than 3
and between 2 and 3, respectively; more panicles per unit area indicates that there are more than
67.5 million panicles ha~! at harvest [30].

. . . . Growth Suitable Planting Area in the North
Variety Breeding Year Varietal Characteristic Characteristics China Plain
. P s Moderate and high water and fertile
Lunxuan103 2010 Wmtg mess High tlllel.'lng ability . plots in central and southern, central and
Medium maturity More panicles per unit area northern Hebei Province
Shinong086 2009 Semiwinterness Medium tillering ability xgtieiftceer??rjlk;fg o centra and
Medium maturity More panicles per unit area northern Hebei Province /
Nongda399 2007 Semiwinterness High tillering ability gllg’?selfziigjlk;flg Z\;ﬁfﬁe&;ﬁd}f;ﬂge
Medium maturity More panicles per unit area Province
N Semiwinterness Medium tillering ability Modgrate and high water and fertile
Shimai No. 22 2006 . . . plots in Henan Province (except for
Early maturity More panicles per unit area L
wheat following rice)
Yingbo700 2006 Semiwinterness High tillering ability ggielf?eiﬁigﬂ e comtral and
Medium maturity More panicles per unit area northern Hebei Province !
Semiwinterness High tillering ability Modgrate and high water and fertl.le
Han6172 1995 . . . . plots in central and northern Hebei
Medium maturity More panicles per unit area Province
- C e Moderate and high water and fertile
Hannong1412 2011 Senuw interness High tlllel.rmg ability . plots in central and southern, central and
Medium maturity More panicles per unit area northern Hebei Province
Shimai26 2010 Semiwinterness High tillering ability gigsngf: Igige?flﬁfssfri?f ai?c? its
Medium maturity More panicles per unit area southern part
Gaoyou2018 2005 Semiwinterness High tillering ability xgielfﬁffi}if?vﬁle&g}ff o
Medium maturity More panicles per unit area wheat following rice)
Yingboaifeng8 2015 Semiwinterness High tillering ability xg’geiftfeﬁﬁil}zlglg Z\(I)itte}fearﬁdé:;zie
Medium maturity More panicles per unit area Province
. Semiwinterness Medium tillering ability Modgrate and high water and fertl}e
Shixin828 2002 . . . . plots in central and southern Hebei
Medium maturity More panicles per unit area Province
The southern part of Baoding and
Cangzhou in Hebei Province and its
- . s s southern part
Zhongxinmai99 2011 Semiwinterness Medium High tillering ability Moderate and high water and fertile

maturity

More panicles per unit area

plots in central and southern Hebei
Province
Winter wheat area of Shandong Province
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Each variety was fertilized twice in a season. Compound fertilizer at 600 kg ha~!
(108 kg N ha~!, 72 kg P,Os ha™!, and 90 kg K,O ha~!) was applied before sowing as the
base fertilizer, and 337 kg of urea (155 kg N ha~!) was applied by a sprinkler fertigation
system at the elongation stage as the topdressing. Weeds and pests in the experimental
field were controlled by farmers at the station following local field management.

2.3. Data Collection and Preprocessing
2.3.1. Climate Data

A microclimate station approximately 50 m away from the experimental field, includ-
ing a data logger (CR1000, Campbell Scientific Inc., Logan, UT, USA), temperature and
humidity sensors (model PTS-3, Jinzhou Sunshine Meteorological Technology Co., Ltd,
Jinzhou, China), a wind sensor (model EC-9S, Jinzhou Sunshine Meteorological Technology
Co., Ltd, Jinzhou, China), a solar radiation sensor (model TBQ-9, Jinzhou Sunshine Meteo-
rological Technology Co., Ltd, Jinzhou, China), and a tipping bucket rain gauge (Model
L3, Jinzhou Sunshine Meteorological Technology Co., Ltd, Jinzhou, China), was used to
measure the climate data in the field. All climatic sensors were installed at a height of
2 m, and the data were sampled at 10 s intervals. The sampled data were automatically
processed into hourly and daily data for analysis. The historical daily meteorological data
from 1981 to 2018 were collected from the China Meteorological Data Sharing Service
System (http://cdc.nmic.cn/home.do) (accessed on 15 July 2021). The dataset includes
daily maximum (Tmax), minimum (Tp,i) and mean temperature (Tmean), daily total solar
radiation (Rs), daily mean relative humidity (RH), and daily rainfall.

2.3.2. Soil Water Data

During each wheat growth period for each wheat variety, the sample-drying method
was used to measure the soil water content of the 0-180 cm soil layer at 20 cm intervals
at the sowing period and harvest. These sites were used for measurement, and the mean
data were used to calculate seasonal crop evapotranspiration (ET,). After wheat regreening
in the later month of March, a portable soil water meter (TRIME-PICO, IMKO, Ettlingen,
Germany) was also used to measure the soil water content every 7-10 days until harvest.
The data measured by the portable soil water meter were calibrated using the data from
the drying method, and then the calibrated data were used for analysis of the soil water
variation and distribution in the experimental season.

2.3.3. Crop Growth Data

Plant density (PD), height (PH), leaf area index (LAI), and dry matter (DM) were
measured every two weeks after wheat regeneration. For each variety, three plots that had a
1 m row with well-growing wheat plants were selected as continuous observation sites, and
then the stem number of these plots was determined to obtain the plant density. Moreover,
the heights of 15 wheat plants surrounding these plots were measured. Furthermore,
20 wheat plants near the sample plots were cut at ground level. Their leaf area was
measured by a leaf area meter (LI-3000C, Li-COR Inc., Lincoln, NE, USA), and dry matter
was measured by the oven-drying method. The detailed method used to calculate the leaf
area index and dry matter can be found in [27].

For each variety at maturity, ten 1-m? areas were selected randomly to measure the
grain yield, 20 wheat plants were chosen to determine the grain number per spike, and
10 repeated samples were chosen to measure the 1000-grain weight. The drying method
was used to measure the water content of the sampled grain for each wheat variety, and
then the grain yield, 1000-grain weight, and single spike grain weight were converted to
those with a standard 13% water content.

2.3.4. Crop Physiological Data

The crop physiological parameters, including the leaf net photosynthetic rate (Py),
transpiration rate (T;), stomatal conductivity (Gs), the maximum quantum yield of PSII
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(Fyv/Fm), the effective quantum yield of PSII (®PSII), photochemical quenching (qP), and
nonphotochemical quenching (NPQ), were measured by a portable photosynthesis system
(Li-6800, Li-COR, USA) with a leaf chamber fluorometer (Li-6800-01A, Li-COR, USA). The
water use efficiency at the leaf level (LWUE) was computed as the ratio of Py, to T;. In the
heading (around 28 April), middle (around 15 May) and late (around 25 May) grain-filling
stages, three flag leaves from three different plants of each variety were selected to measure
these physiological parameters on sunny days. Both light and dark conditions are needed
for photosynthetic data measurement, and detailed methods for data measurement and
calculation can be found in the references [27,31].

2.4. Calculation of Indicators

The water balance equation was used to calculate crop evapotranspiration (ET,, mm)
when the sprinkler irrigation method was used [27,32]:

ET, =14+ P+ AW +S, — D — R )

where I and P are the irrigation amount and cumulative precipitation during the whole
growth period, respectively, AW is the change in soil water storage in the soil profile from
sowing to harvest, and the soil layer is 0~180 cm in depth in this study, Sy is the capillary
rise from the lower soil layer to the crop root zone, D is the downward drainage from the
crop root zone, and Ry is the surface runoff. All units are expressed in mm. Due to the
groundwater depth (approximately 40 mm lower than the ground surface) and the small
amount of rainfall during the entire growth period, S; was taken as zero. The sprinkler
irrigation depth was well controlled, and the soil surface was flat, so no surface runoff was
observed during the experimental period. Therefore, D and R¢ were also taken as zero.

The harvest index (HI) and water productivity (WP, kg m ) were calculated according
to the following equations [33-35]:

Y
Hl = — 2
ND ()
0.1xY
WP =
ET. 3)

where Y is the grain yield (kg ha~!), MD is the dry matter at maturity (kg ha~!), and ET, is
the seasonal crop evapotranspiration (mm).

2.5. Statistical Analysis

Data were collated in Microsoft Excel 2013, the one-way ANOVA method in SPSS 21
(SPSS, Inc., Chicago, IL, USA) was used to analyze the data of different wheat varieties, and
the Duncan test was used for multiple comparisons of differences at the 5% significance
level. In the process of wheat variety selection, principal component analysis and the
hierarchical cluster method in SPSS 21 (IBM Co., Armonk, NY, USA) were used to select
the high-yield and drought-resistant wheat varieties based on the indices of yield and
WP in these three wheat seasons. The principal component analysis utilizes the idea of
dimensionality reduction and the method of linear transformation to transform coordinate
systems of multiple indicators into new coordinate systems of a few comprehensive indica-
tors so that the properties of the original indicators can be represented by new indicators
with certain significance [36]. The hierarchical cluster method begins with each element
as a separate cluster and then iteratively merges the closest clusters and builds up the
dendrogram [37]. In addition, graphs were created using Origin 2022 (OriginLab Co.,
Northampton, MA, USA).

3. Results
3.1. Meteorological Conditions and Soil Water Content

Figure 2 shows the seasonal trends of daily Tmean, Rs, RH, and rainfall in the three
wheat seasons of 2018-2019, 2019-2020, and 2020-2021, and the corresponding average
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data over 1981-2018. Generally, the trend of meteorological elements in the three wheat
growing seasons was similar and similar to the long-term average. The Treans in the wheat
seasons of 2018-2019, 20192020, and 20202021 were 8.4, 9.2, and 9.2 °C, respectively,
which were slightly (0.4-1.2 °C) higher than that (8.0 °C) in the 1981-2018 period.
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Figure 2. Daily mean temperature (Tmean), solar radiation (Rs), relative humidity (RH), and rainfall
in the 2018-2019, 2019-2020 and 20202021 wheat seasons and the corresponding average data over
1981-2018. Subfigures (A-D) represent the Tmean, Rs, RH, and rainfall, respectively.

The daily R were generally within 30 M] m~2 d~! and the daily RH was between
20% and 100% in the three wheat seasons. Rs and RH in different wheat growth periods
fluctuate greatly owing to the different rainfall amounts during the wheat growing season.
The cumulative rainfall amounts in these three wheat seasons were 89.2, 141.7, and 95.5 mm,
respectively. Based on the mean rainfall of 140.8 mm in the wheat seasons in 1981-2018, it
could be concluded that 20182019 and 2020-2021 were dry seasons, while 2019-2020 was
a normal season. Among these three wheat growing seasons, the frequency of rainfall in
the 2018-2019 wheat season was the lowest, and rainfall was mainly concentrated in April,
with a total amount of 52.2 mm, accounting for 67% of rainfall in the entire growth season.
The frequency of rainfall in 2020-2021 was higher, with rainfall mainly being distributed
from March to May. The highest rainfall frequency was in the 2019-2020 season, with
rainfall events occurring almost every month.

The variation in soil water content (SWC) in the 0-180 c¢m soil layer at different wheat
stages in the 2018-2021 seasons is shown in Figure 3. The SWC in each soil layer before
sowing in the three wheat seasons was approximately 0.30 cm?® cm ™3, approximately 83%
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of the FWC. However, due to differences in irrigation and rainfall, the changes in SWC
in these three wheat seasons were different. In the middle of May in the 2018-2019 and
2020-2021 seasons and at the end of May in the 2019-2020 season, the SWC of the 0—40 cm
soil layer decreased to 70% of the FWC. Before harvest, the SWCs of the 0—40 cm soil layer
in the dry seasons, which were those of 20182019 and 2020-2021, were approximately
0.20 cm® em 3 (equivalent to 56% FWC), while in the normal season, the season of
2019-2020, was 0.23 cm® cm~3 (equivalent to 56% FWC). Generally, the SWC of the
0-120 cm soil layer was highly variable in the three wheat seasons. This result indicates
that the 0-120 cm soil layer was the main water supply area for wheat, and no obvious
deep leakage occurred down into the soil layer deeper than 120 cm.

SWC (em™ em™) SWC (em™ em™) SWC (em™ em™)
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Figure 3. Variation in soil water content (SWC) in the 0-180 cm soil layer in the wheat seasons of
2018-2019 (A), 2019-2020 (B), and 2020-2021 (C). FWC represents the mean field water capacity.

3.2. Crop Growth Characteristics

The maximum plant height (PHp,), maximum density (PDy,), maximum LAI (LAlL,),
and maximum dry matter (DM,) of the 12 wheat varieties in the three growth seasons are
shown in Table 2. Generally, wheat variety significantly influences wheat growth. The PHy,
ranged from 68 mm to 86 mm among the 12 varieties in the three seasons. Variety Shimai
No. 22 had the highest mean PHy, (84 cm) over the three seasons, while Yingboaifeng8 had
the lowest PHy, (69 mm). The mean PHy, for the 12 wheat varieties in the three seasons
was very close, with values of 76.4, 75.4, and 77.3 cm, respectively. The coefficients of
variation (CVs) of the mean PHy, for the 12 varieties over the three seasons were less than
5%, indicating slight effects of climate on PHy,.
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Table 2. Maximum plant height (PHy,), maximum plant density (PDy,), maximum leaf area index (LAly,), and aboveground dry matter accumulation at harvest
(DMp,) for 12 wheat varieties in the wheat seasons of 2018-2019, 2019-2020, and 2020-2021.

Vari PHy, (cm) PDy, (Plants m—2) LAlLy (m? m~2) DMy, (tha—1)
ariety 2018-2019 2019-2020 2020-2021 2018-2019 2019-2020 2020-2021 2018-2019 2019-2020 2020-2021 2018-2019 2019-2020 2020-2021
Yingbo700 749 c* 73.5 cd 75.5d 1362 abc 2200 abc 1547 ab 6.4 ab 7.2 ab 6.5 ab 17.1 abc 22.0 ef 17.7 e
Lunxuan103 75.3 ¢ 75.6 be 75.7d 1298 bc 1924 e 1267 bc 6.2 abc 7.7 ab 6.0 abc 16.7 bed 22.6 de 20.2 a
Nongda399 79.4b 75.8b 76.4 cd 1344 abc 2053 cde 1456 abc 5.9 bed 7.9 ab 6.9a 17.8 ab 229d 18.8 bc
Shimai26 749 c 77.1b 81.6 bc 1547 ab 2000 de 1604 a 5.8 bed 8.0 ab 72a 182 a 247 b 19.0b
Shimai No. 22 83.5a 82.7 a 86.3 a 1356 abc 2049 cde 1370 abc 6.9 a 7.7 ab 5.4 bc 184 a 22.2 def 19.0b
Gaoyou2018 75.7 ¢ 71.8d 749d 1407 abc 2344 a 1316 abc 6.6 a 72b 50c 15.4 de 22.2 def 18.6 bed
Han6172 78.6b 77.5b 76.5 cd 1351 abc 2140 bed 1489 abc 6.7 a 8.1la 6.8a 16.7 bed 246b 19.4b
Hannong1412 785b 769b 80.9b 1322 abc 2044 cde 1622 a 5.7 cd 7.5 ab 71a 16.6 bede 25.7 a 17.1 ef
Shinong086 79.0b 76.0 b 80.1 bc 1571 a 2167 bed 1631 a 54d 7.4 ab 5.9 abc 17.7 ab 23.7 ¢ 18.0 cde
Shixin828 71.9d 75.2 bc 74.5 de 1247 ¢ 1747 £ 1183 ¢ 5.8 bed 7.3 ab 6.9 a 15.8 cde 21.7 f 20.3 a
Zhongxinmai99 755¢ 75.3 be 755d 1351 abc 2020 cde 1333 abc 5.9 bed 7.3 ab 49c 152e 24.1bc 17.8 de
Yingboaifeng8 67.7 e 67.7 e 71.1e 1411 abc 2289 ab 1576 ab 5.6 cd 7.1b 6.3 ab 15.6 de 23.6 ¢ 16.8 f
Mean value 76.4 75.4 77.3 1381 2081 1449 6.1 7.5 6.3 16.8 23.3 18.6
CV (%) 5.3 4.7 5.1 6.8 7.8 10.5 8 4.5 12.9 6.7 5.4 6

Note: * Different lowercase letters indicate significant differences at the 0.05 level.
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There was an obvious difference in PDy, among the three wheat seasons. The PDpy,
of the 12 varieties in the 2019-2020 season was 1747-2344 plants m~2, while there were
1247-1571 plants m~2 in the 2018-2019 season and 1183-1631 plants m~2 in the 2020-2021
season. The lower PDy, in the 2018-2019 and 2020-2021 seasons implied that wheat in
these two seasons was subjected to low-temperature stress in the winter, although, the
seasonal means in these three seasons were close to the annual means (Figure 2A). In the
2018-2019 and 2020-2021 wheat seasons, the wheat variety Shinong086 had the highest
PDp, (1790 stems m~2), while Shixin828 had the lowest PDy,, (1392 stems m~2), indicating
that Shinong086 had the strongest frost resistance and that Shinxin 828 was very sensitive
to low temperatures. In the 2019-2020 wheat season, which was denominated the normal
season, the Gaoyou2018 variety had the highest PDy, (2344 plants m~2), while Shixin828
had the lowest PDy, (1747 plant m~2), indicating that Gaoyou2018 had the strongest tillering
ability and Shixin828 had the weakest tillering ability.

The maximum leaf area index varied from 5.4 to 6.9 for the 12 wheat varieties in the
2018-2019 seasons and was close to that in the 2020-2021 season (4.7-7.2 in), and both were
lower than those in the 2019-2020 season (7.1-8.1). Similarly, the maximum aboveground
dry matter observed at harvest ranged from 15.2 to 18.2 t ha~! in the 2018-2019 season
and was close to that (16.8-20.3 t ha™!) in the 2020-2021 season; both were lower than
those (22.2-25.7 t ha~!) in the 2019-2020 season. Generally, the highest LAl (7.5 over the
12 varieties) in the 2019-2020 wheat season resulted in the largest DMy, (23.3 t ha—!), and
the lower LAI, (6.1 and 6.3) in the other two seasons resulted in a lower DMy, (16.8 and
18.6 tha™!).

3.3. Crop Physiological Characteristics

The gas exchange parameters of Py, T, Gs, and LWUE of flag leaves for the 12 wheat
varieties measured at the heading, middle and late grain-filling stages in the 2018-2021
wheat seasons are shown in Figure 4. There were clear variations in these four physiological
characteristics among the 12 wheat varieties. At the heading and middle grain-filling
stages, the Pys varied in the ranges of 13.8-32.9 and 7.0-22.4 umol m~2 s~ in the 2018-2019
season, 18.6-25.9 and 23.1-32.6 pumol m~2 s~! in the 2019-2020 season, and 23.1-34.5 and
11.4-28.2 umol m~2 s~ in the 2020-2021 season.

The variations in P, were greatly influenced by the field SWC and growth stages. In
the dry seasons (the 2018-2019 and 2020-2021 seasons), the Py, values showed the following
order (from high to low): heading stage > middle grain-filling stage > late grain-filling
stage. In the normal precipitation season (the 2019-2020 season), the P, trend (from high to
low) was as follows: middle grain-filling stage > heading stage > late grain-filling stage.
In the heading and middle grain-filling stages, the SWC was higher than 0.25 cm® cm 3
(approximately 70% FWC), and the P, was between 15 and 35 pmol m 2 s~! during the
daytime, while in the late grain-filling stage, the mean SWC was 0.20 cm® cm~3 (approxi-
mately 56% FWC) in the 2018-2019 season and 0.23 cm® cm 3 (approximately 64% FWC)
in the 2020-2021 season. Then, the corresponding Ppns were 3-10 and 10-20 pmol m~2 s~ 1,
respectively. Among the 12 varieties in the driest season of 2018-2019, varieties Lunx-
uanl103, Shimai26, and Yingbo700 had a higher P,s, while Gaoyou2018, Han6172, and
Zhongxinmai99 had lower Pps.

In most varieties, the parameters T, and Gs showed similar changes as P,,. Both T, and
Gs were also closely related to SWC and growth stage. Generally, the T; and Gs values were
the highest at the heading stage (4.15-4.66 mmol m 2 s~ ! and 0.27-0.31 mmol m 2 s},
respectively), followed by the middle grain-filling stage (2.64-4.35 mmol m~2 s~! and
0.15-0.22 mmol m~2 s, respectively) and late grain-filling stage (0.91-1.53 mmol m~2 s~!
and 0.04-0.06 mmol m~2 s}, respectively) in the dry season (the 2018-2019 and 2020-2021
seasons). In addition, these parameters were the highest at the middle grain-filling stage
(7.78 and 0.54 mmol m~2 s}, respectively), followed by similar values at the heading (2.4
and 0.16, mmol m~2 s~ !) and late grain-filling (3.0 mmol m 2 s~! and 0.16 mmol m~2s~!,
respectively) stages in the normal precipitation season (the 2019-2020 season).
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Figure 4. Gas exchange parameters of flag leaves for the 12 wheat varieties in the heading and middle
and late grain-filling stages in the 2018-2021 wheat seasons. Subfigures (A-D) represent the net
photosynthesis rate (Py), transpiration rate (T;), stomatal conductivity (Gs) and water productivity
at the leaf level (LWUE), respectively, in the three seasons. Different letters indicate significant
differences at the 0.05 level between wheat varieties at the same growth stage.

The LWUEs, the ratio of P, to Ty, for the 12 wheat varieties varied greatly with
wheat variety and growth stage. Generally, the LIWUEs were higher at the heading stage
(5.7-8.4 pmol mmol Y, followed by the middle grain-filling stage (3.7-6.2 pmol mmol )
and at the later grain-filling stage (2.9-4.9 umol mmol~!). Among the 12 wheat varieties,
Yingbo700, Han6172 and Hannong1412 had higher LWUEs (5-8 umol mmol 1), while
Gaoyou2018, Shixin828, and Yingboaifeng8 had lower LWUEs (3-5 pmol mmol ~1).

The fluorescence parameters of F, /Fp,, ®PSII, qP, and NPQ of flag leaves for the
12 wheat varieties at the heading and middle and late grain-filling stages in the 2018-2021
wheat seasons are presented in Figure 5. The differences in F,/Fy among all wheat
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varieties were relatively small at the heading and middle grain-filling stages, with values
of approximately 0.80. However, the F, /Fp, at the late grain-filling stage was between 0.60
and 0.81 in the 2018-2019 season and approximately 0.80 in the 2019-2020 and 2020-2021
seasons. Among the 12 varieties at the late grain-filling stage in the 2018-2019 season,
Han6172, Shimai26, and Shimai No. 22 had higher Fy /Fn, values of approximately 0.80,
while Shinong086, Hannong1412, and Zhongxinmai99 had lower values of 0.61, 0.71, and
0.70, respectively. This result indicates that the potential stress resistance of the first three
wheat varieties was relatively high, while that of the last three varieties was relatively low.
The variation in ®PSII in different varieties was closely related to SWC, where a higher
SWC generally resulted in ®PSIL
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Figure 5. Fluorescence parameters of flag leaves for 12 wheat varieties in the heading and middle
and late milking stages in the 2018-2021 wheat seasons. Subfigures (A-D) represent the maximum
quantum yield of PSII (Fy /Fm), the effective quantum yield of PSII (®PSII), photochemical quenching
(qP), and nonphotochemical quenching (NPQ), respectively, in the three seasons. Different letters
indicate significant differences at the 0.05 level between wheat varieties at the same growth stage.
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In the three wheat seasons, the qP of most varieties generally decreased from 0.58 to
0.63 at the heading stage, from 0.44 to 0.58 at the middle grain-filling stage, and finally
from 0.20 to 0.44 at the late grain-filling stage, indicating a declining trend with the growth
process of winter wheat. In the dry seasons (2018-2019 and 2020-2021), qPs decreased
greatly from 0.58 to 0.20 and from 0.63 to 0.35, respectively, while they decreased from 0.59
to 0.44 in the normal precipitation season (2019-2020). The changes in NPQ were evident
among wheat varieties but not at different growth stages. In the dry season of 2018-2019,
Shimai No. 22, Shixin828, Zhongxinmai99, and Yingboaifeng8 had higher NPQ values of
2.05-2.28, while Shimai26, Gaoyou 2018 and Han6172 had lower NPQ values of 1.31-1.65,
indicating that the former varieties used more light energy for heat dissipation than the
latter varieties.

3.4. Wheat Grain Yield and Water Productivity

The wheat grain yield and the four yield factors of the 12 wheat varieties in three
wheat seasons are shown in Figure 6. In the dry seasons (2018-2019 and 2020-2021), the
mean yields of the 12 varieties were 6.3 and 8.3 t ha™!, respectively, which were 25% and
1% lower than that (8.4 t ha~!) of the normal season (2019-2020). Moreover, all yield factors
in the 2018-2019 wheat season were lower than those in the normal season (2019-2020).
The 1000-grain weight, grain number per spike, spike number per m?, and spike weight in
the 2018-2019 seasons were 32.2-40.8 g, 27.5-41.0 grains, 580-804 spikes, and 0.6-1.1 g, re-
spectively, which were 14-28%, —13-30%, 9-33%, and 6-30% lower than those (42.1-50.0 g,
28.9—40.1 grains, 737-921 spikes, and 0.9-1.2 g) in the 2019-2020 season. The 1000-grain
weight, grain number per spike and spike weight in the 2020-2021 season were similar to
those in the 2019-2020 season; however, the spike numbers per m? (510-746 spikes m~?2) in
the 2020-2021 season were 12-36% lower than those in the 2019-2020 wheat season.
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Figure 6. The wheat grain yields (A) and the four yield factors of the 12 wheat varieties in
the 2018-2019, 2019-2020, and 2020-2021 wheat seasons. Subfigures (B—E) represent the varia-
tions in 1000-grain weight, grain number per spike, spike number in a square meter and spike
weight, respectively.
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During the three wheat seasons, Yingbo700, Lunxuan103, and Shimai26 had the three
highest wheat grain yields, Yingbo700, Shimai26, and Shinong086 had the three highest
1000-grain weights, Lunxuan103, Han6172, and Shixin828 had the highest grain numbers
per spike Shimai26, Gaoyou2018, and Hannong1412 had the three highest spike numbers
per m?, and Yingbo700, Lunxuan103, and Han6172 had the highest spike weights. The
analysis of variance showed that wheat variety, cropping year, and their interactions
affected grain yield and its components at the level of 0.01 (Table 3).

Table 3. Effect of wheat varieties, cropping years, and their interaction on wheat yield and
yield components.

Grain Number Spike Number Per

Index Grain Yield 1000-grain Weight Per Spike Square Meter Spike Weight
Variety 62.54 ** 5.23 ** 10.94 ** 16.41 **
Year 895.23 ** 148.91 ** 263.75 ** 379.90 **
Variety x Year 13.28 ** 10.10 ** 4.17 ** 3.77 **

Note: data in the table are the F value, and ** indicates a significance level of 0.01.

The seasonal crop evapotranspiration and water productivity of the 12 wheat varieties
in the wheat seasons of 2018-2019, 2019-2020, and 2020-2021 are presented in Figure 7.
In the dry seasons (2018-2019 and 2020-2021), ET,s were 369—408 and 383424 mm, re-
spectively, and the corresponding WPs were 1.41-1.94 and 1.72-2.32 kg m~3, respectively.
However, in the normal precipitation season (2019-2020), ET; and WP were 397-439 mm
and 1.79-2.12 kg m 3, respectively. Compared with the 2019-2020 season, the mean ET,
over the 12 varieties was 7% lower in the 2018-2019 season and 3% lower in the 2020-2021
season, while the mean WPs were 19% lower in the 2018-2019 season and 2% higher in the
2020-2021 season than those in the 2019-2020 season. In the 2018-2019 wheat season (with
the lowest rainfall), the ET,s of Lunxuan103, Shinong086, and Shixin828 were higher, and
the WPs of Yingbo700, Lunxuan103, and Shimai26 were higher among the 12 wheat vari-
eties. In the 2019-2020 wheat season (with the highest precipitation), the ET,s of Shimai26,
Shimai No. 22, and Shixin828 were higher, while the WPs of Han6172, Hannong1412, and
Shinong086 were higher in the 12 varieties.

3.5. Relationships between Wheat Yield and Growth and Physiological Indicators

The correlation coefficients between grain yield and growth indicators of the 12 wheat
varieties in the three wheat seasons are shown in Table 4, and Figure 8 shows the rela-
tionship between them at the significance level of 0.01. The yield grain was significantly
positively correlated with PDy,, LAl,, DMp, ET,, HI, and WP at the level of 0.01, with
correlation coefficients of 0.51, 0.54, 0.65, 0.58, 0.46, and 0.96, respectively. The high-
yield wheat varieties generally had a greater PDy,, LALn, DMy, ET,, HI, and WP. At the
significance level of 0.01, the 1000-grain weight of different varieties showed a positive
correlation with PDy,, DMy, ET,, and WP, the spike number per m? showed a positive
correlation with PDy,, PDy, LAly,, and DMy, and a negative correlation with HI, and
the spike weight was negatively correlated with PDy, and positively correlated with HI
and WP.
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Figure 7. Actual crop evapotranspiration ET, (A) and water productivity WP (B) of the 12 wheat
varieties in the 2018-2019, 2019-2020 and 2020-2021 wheat seasons.

Table 4. Correlation coefficients between grain yield factors and growth indices of the 12 wheat
varieties in 2018-2021. Note: * and ** indicate the significance level of 0.05 and 0.01, respectively.

Correlation Coefficients PH,, PDn PD; LAIL, DM ET, HI WP
Grain yield 0.06 0.51 ** 0.10 0.54 ** 0.65 ** 0.58 ** 0.46 ** 0.96 **
1000-grain weight —0.04 0.55 ** 0.13 0.38 * 0.57 ** 0.45 ** 0.36 * 0.80 **
Grain number per spike 0.17 -0.27 —-0.41* —0.02 0.03 0.30 0.40 * 0.35*

Spike number per m? -0.25 0.87 ** 0.86 ** 0.61 ** 0.71 ** 041* —0.43 ** 0.22

Spike weight 0.20 -0.10 —0.49 ** 0.09 0.17 0.32 0.70 ** 0.76 **
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Figure 8. Relationship between grain yield factors and growth indices of the 12 wheat varieties in
20182021 at the significance level of 0.01. Note: ** indicates a significance level of 0.01.

Table 5 shows the correlation coefficients between grain yield factors and gas exchange
parameters of flag leaves at different growth stages for the 12 wheat varieties in 20192021,
and Figure 9 shows the relationship between grain yield and physiological parameters
at the significance level of 0.01. The grain yield and 1000-grain weight were significantly
related to all the gas exchange parameters in the middle and late milking stages, with a
significance level of 0.01. This result indicates that the wheat varieties with a high grain
yield and 1000-grain weight exhibited stronger photosynthesis in the middle and late
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milking stages. Furthermore, the spike number per m? had a relationship with all the gas
exchange parameters of the three periods at the significance level of 0.05.

Table 5. Correlation coefficients between grain yield factors and gas exchange parameters of flag
leaves at different growth stages for the 12 wheat varieties in 2018-2021. Note: * and ** indicate the
significance level of 0.05 and 0.01, respectively.

Heading Stage Middle Milking Stage Late Milking Stage
Correlation Coefficients
P, T, Gs LWUE P, T, Gs LWUE P, T, Gs LWUE
Grain yield 0.01 —0.14 —0.32 0.14 0.63 ** 0.69 ** 0.60 ** —0.82 ** 0.60 ** 0.50 ** 0.45 ** 0.60 **
1000-grain weight —0.08 —-0.23 —0.40 0.19 0.54 ** 0.62 ** 0.54 ** —0.73 ** 0.61 ** 0.51 ** 0.49 ** 0.66 **
Grain number per spike 0.20 0.28 0.12 —0.23 —0.02 0.02 —0.05 —0.15 —0.02 0.06 —0.02 —0.05
Spike number per m? —-0.41* —0.53 ** —0.51 ** 0.52 ** 0.56 ** 0.64 ** 0.64 ** —0.56 ** 0.72 ** 0.65 ** 0.68 ** 0.45 **
Spike weight 0.24 0.20 —0.02 —-0.20 0.19 0.22 0.12 —0.43 ** 0.11 0.09 0.01 0.28
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Figure 9. Relationship between yield and physiological parameters at different growth stages for
the 12 wheat varieties in the 2018 —2021 seasons at the significance level of 0.01. Note: ** indicates a
significance level of 0.01. The numbers 1, 2, and 3 before the photosynthetic parameters represent the
parameters measured in the heading and the middle and later grain-filling stages, respectively.
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Table 6 presents the correlation coefficients between grain yield factors and chlorophyll
fluorescence parameters of flag leaves at different growth stages for the 12 wheat varieties in
2018-2021. The grain yield, 1000-grain weight, and spike weight were positively correlated
with P in the heading stage and with F, /Fp,, ®PSII, and qP in the middle and late milking
stages at a significance level of 0.05. These parameters were also negatively correlated with
NPQ in the three periods at a significance level of 0.01. At the significance level of 0.01, the
grain number per spike had a positive correlation with Fy /Fy, in the middle milking stage
and with qP in the late milking stage, and the spike number per m? showed a significant
positive correlation with gP in the heading stage and with ® PSII in the late milking stage.

Table 6. Correlation coefficients between grain yield factors and chlorophyll fluorescence parameters
of flag leaves at different growth stages for the 12 wheat varieties in 2018-2021. Note: * and ** indicate
the significance level of 0.05 and 0.01, respectively.

Heading Stage Middle Milking Stage Late Milking Stage
Correlation Coefficient

Fy/Fm DPSII qP NPQ Fy/Fm OPSII qP NPQ Fy/Fpn OPSII qP NPQ
Grain yield 0.31 0.25 0.79 ** —0.82** 0.44 ** 0.56 ** 0.76 ** —0.82** 0.66 ** 0.78 ** 0.76 ** —0.80 **
1000-grain weight 0.34* 0.11 0.74 ** —0.82** 0.36 * 0.51 ** 0.78 ** —0.83 ** 0.59 ** 0.7 ** 0.77 ** —0.80 **

Grain number per spike 0.05 0.31 0.16 —0.37* 0.55 ** 0.22 0.41* —0.35* 0.39 * 0.17 0.44 ** —0.33

Spike number per m? 0.14 —0.31 0.58 ** —0.33* —0.28 0.40 * 0.20 —0.33* 0.13 0.52 ** 0.08 —0.33
Spike weight 0.27 0.42* 0.41* —0.64 ** 0.65 ** 0.34* 0.70 ** —0.65 ** 0.60 ** 0.45 ** 0.78 ** —0.64 **

4. Discussion
4.1. Relationship between Physiological Indicators and Soil Water Content

In this study, the gas exchange parameters Py, Tr, and Gs, and chlorophyll fluorescence
parameters ®PSII and qP of the 12 varieties tended to change with growth, as follows
(from high to low): heading stage > middle grain-filling stage > late grain-filling stage
in the dry seasons (2018-2019 and 2020-2021 seasons). In the normal season (2019-2020),
the order was as follows: middle milking stage > heading stage > late milking stage
(Figures 4 and 5). The changes in these photosynthetic parameters were consistent with the
changes in SWC in the field. Generally, when crops are subjected to mild and moderate
water stress, stomatal conductance decreases, which limits the availability of CO; in
leaves, resulting in a drop in the photosynthetic rate [38,39]. When crops are subjected
to severe water stress, photosynthesis-related enzyme activity is inhibited, chlorophyll
content is reduced, protein synthesis is inhibited, and oxidative stress reactions are induced,
which obviously reduces the photosynthetic rate and accelerates leaf senescence [40].
Zhao et al. [41] found that compared with the well-watered treatments, the mean P, of the
mild (50-60% FWC), moderate (40-50% FWC), and severe stress (30-40% FWC) treatments
decreased by 2.8%, 21.5%, and 35.9%, respectively, during the wheat stages from elongation
to maturity. Sharma and Kumar [42] observed that compared with the normal irrigated
treatments, Py, Gs, and T; in flag leaves of four wheat varieties decreased by 36.4%, 33.0%,
and 15.6% under two irrigation treatments and by 62.9%, 55.5%, and 49.6% under single
irrigation treatments, respectively. In this study, in the 2018-2019 season, the wheat crop
was under a well-watered environment at the heading stage, with a SWC of 0.34 cm® em 3
(approximately 94% FWC). The mean P, of the 12 varieties was 24.26 umol m~2s~!, and,
while the field SWC was reduced to 0.26 and 0.20 cm® cm ™2 (from 72% to 56% FWC) in
the middle and late grain-filling stages, respectively, the corresponding mean P, decreased
to 15.66 and 2.58 umol m~2 s~! (Figure 4). A higher Py, indicates greater potential for the
formation of dry matter, organs, and yield when crops are subjected to water stress [43].
Therefore, high-yield wheat varieties can be selected by the high Py, of crops under drought
conditions. Among the 12 wheat varieties under the same water management conditions in
the 2018-2019 season, the varieties Lunxuan103, Shimai26, and Yingbo700 had higher Py
under water stress in the middle and late grain-filling stages (Figure 4), and the yield data
also showed that these three wheat varieties had higher yields in that season (Figure 6).
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4.2. Relationship between Yield Factors and Physiological and Ecological Indicators

Crop yield has a close relationship with physiological and ecological characteristics.
In this study, the wheat yield of the 12 wheat varieties was positively correlated with PDyy,,
LAlyn, DMp, ET,, HI, and WP at the significance level of 0.01 (Table 4). This result indicates
that the high-yield wheat variety generally had a larger PDy,,, LAlLy,,, DMy, ET,, HI, and
WP. Meena et al. [44] found that the grain yield of 16 wheat varieties in India was positively
correlated with HI and WP at the significance level of 0.01. Lu et al. [45] reported that the
grain yield for 32 wheat varieties, including Nongda399, Shimai No. 22, and Gaoyou2018
in our study, under different water treatments in the NCP had a significant correlation with
DMy, at the 0.01 significance level. Beche et al. [46] observed that the correlation coefficients
between grain yield and DMy, and HI were 0.91 and 0.94 for 10 wheat varieties in Brazil,
respectively. The results of these previous studies of different wheat varieties from other
regions or the same wheat varieties in the NCP are consistent with our results.

Furthermore, the wheat grain yield of the 12 wheat varieties had a stronger correlation
with gas exchange parameters and fluorescence parameters at the middle and late milking
stages in this study (Tables 5 and 6). This result fully demonstrates that the high photosyn-
thetic rate in the middle and late stages is very important for a crop’s high yield. A higher
photosynthetic rate at the middle and late stages not only provides more material basis for
milking but also ensures a longer grain filling time, resulting in high yield [47,48]. Similar to
our conclusion, Chang et al. [49] found that compared with the rice variety ‘S5Y63’, Py, at the
late milking stage was 32-38% higher in the rice variety “YLY900’, and the corresponding
grain yield was 14-19% higher. Liu et al. [9] found that compared with the wheat variety
“Yanmai20’, the average values of Py, Ty, and G in the late grain-filling stage were 28%,
22%, and 38% higher, respectively, in the wheat variety ‘Shijiazhuang8” under mild water
stress (65-70% field water capacity), and the corresponding grain yield was 14% higher.

Due to the different climates/environments in the three wheat growing seasons
(Figure 2), the relationship between wheat yield and physiological and ecological character-
istics revealed in this study can be used to address climate change in wheat production in
the NCP as well as in other regions in the world. In this study, high grain yields were found
for varieties Yingbo700, Lunxuan103, and Shimai26 in the three seasons, indicating that
these varieties are highly resistant to water stress and cold /high temperatures. However,
varieties Nongda399 and Yingboaifeng8 had high yields in the 2019-2020 season and low
yields in the 2018-2019 and 2020-2021 seasons, showing a high sensitivity to climate change.
Considering the high possibility of cold /high temperatures and drying trends under cli-
mate change worldwide, varieties with high resistance to temperature and water stress are
preferentially recommended to address climate change. Based on the relationship between
wheat yield and physiological and ecological characteristics, the growth characteristics.
PDp,, LAlLy,, DMy, ET,, HI, and WP, and the physiological characteristics P, Tr, Gs, LWUE,
Fy /Fm, ®PSII, qP, and NPQ, at the middle and late milking stages are reliable parameters
that can be used to evaluate the yield potential of wheat varieties in the NCP [29] as well as
other regions in the world.

4.3. Selecting High-Yield and Drought-Resistant Wheat Varieties

Based on the indicators related to yield and water productivity of the 12 wheat varieties
in the three wheat growing seasons, principal component analysis and hierarchical cluster
diagram methods were used for screening wheat varieties with high yield potential and
drought-resistance characteristics. Based on the principal component analysis (Figure 10),
the six indicators (three yields and three WPs in the three experimental seasons) of each
wheat variety were reduced to two main components (Axis 1 and Axis 2), which accounted
for a total of 90.1% of the explanations for these six indicators, indicating a high level of
explanation. Considering the results of the principal component analysis and hierarchical
clustering analysis comprehensively, the 12 wheat varieties were mainly divided into two
categories: high-yield and drought-resistant varieties, and low-yield and less drought-
resistant varieties. The high-yield and drought-resistant varieties included the varieties
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Yingbo700, Lunxuan103, Shimai26, Shinong086, Han6172, and Hanong1412, among which
Yingbo700, Lunxuan103, and Shimai26 were much better, in agreement with those recom-
mended by regional agricultural bureaus [50]. The low-yield and less drought-resistant
varieties included Nongda399, Shixin828, Yingboaifeng8, Zhongxinmai99, Shimai No. 22,
and Gaoyou2018, among which Shimai No. 22 and Gaoyou 2018 were more sensitive to
water stress. Considering the high variation in precipitation in winter wheat seasons [20,51],
these water-sensitive wheat varieties are not recommended in the NCP. In the three-year
field experiment, compared with the six low-yield and less drought-resistant varieties, the
average yield of the six better varieties was increased by 5-18% (428-1383 kg ha~!) and that
of the three best varieties was increased by 5-20% (400-1520 kg ha™1) (Figure 6). Moreover,
the average ET, of the six or three better varieties was approximately 1% lower than that of
the six worse varieties. In this case, under the same field management conditions, farmers’
income can increase by 800-3040 yuan ha~! because of the increased yield (the price of
wheat was 2 yuan per kilogram) which would increase farmers’ interest in choosing better
wheat varieties.
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Figure 10. Principal component analysis and hierarchical cluster diagram of grain yield and wa-
ter productivity of the 12 wheat varieties in the 20182021 wheat seasons. Y1, Y2, and Y3 rep-
resent the yields in the seasons of 2018—2019, 2019—-2020, and 2020—2021, respectively; WP1,
WP2, and WP3 represent the water productivity in the seasons of 2018—2019, 2019—2020, and
2020—2021, respectively.

5. Conclusions

By analyzing the meteorological factors, soil water, growth indicators, physiological
indicators, yield factors, and water productivity of the 12 widely cultivated wheat varieties
in the North China Plain for three winter wheat growth seasons from 2018 to 2021, the
main conclusions were as follows:

(1) In the natural meteorological environments and under deficit irrigation, the PHp, of
each wheat variety was relatively stable over time, but there were obvious changes in
PDp, LAlLy, and DMy,.

(2) The gas exchange parameters and fluorescence parameters in wheat flag leaves
were closely related to soil water content. Generally, Py, Ty, Gs, PPSII, and SWC
showed a clear change pattern with growth as follows (from high to low): heading
stage > middle grain-filling stage > late grain-filling stage in the dry season, and
middle grain-filling stage > heading stage > late grain-filling stage in the normal
precipitation/climatic season.
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(38) Compared with the normal precipitation/climatic wheat season (2019-2020 season),
the changes in yield, ET,, and WP of the 12 varieties were —25%, —7%, and —19% in
the 2018-2019 season and —1%, —3%, and 2% in the 20202021 season, respectively.
The much lower yield in the 2018-2019 season was due to the lower spike number,
grain number per spike, and 1000-grain weight. The lower yield in the 2020-2021
season was due to the low spike number.

(4) Wheat yield showed a positive correlation with PDy,, LAl,,, DMy, ET,, HI, and WP
at a significance level of 0.01. High-yield wheat varieties had stronger photosynthetic
rates in the middle and late grain-filling stages. These growth and physiological
parameters can be used to address climate change in wheat production in the NCP as
well as other regions in the world.

(5) Based on yield and WP, the varieties Yingbo700, Lunxuan103, Shimai26, Shinong086,
Han6172, and Hanong1412 are recommended for cultivation, as they possess high
yield potential and drought resistance capacity in the North China Plain.
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