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Climatic threshold of crop
production and climate change
adaptation: A case of winter
wheat production in China

Na Huang, Yu Song, Jialin Wang, Ziyuan Zhang, Shangqgian
Ma, Kang Jiang and Zhihua Pan*

College of Resources and Environmental Sciences, China Agricultural University, Beijing, China

Global climate change has adversely affected agricultural production. Identifying
the climatic threshold is critical to judge the impact and risk of climate change
and proactively adapt agriculture. However, the climatic threshold of agriculture,
especially crop production, remains unclear. To bridge this gap, taking winter
wheat production from 1978 to 2017 in China as an example, this study clarified
the definition of the climatic threshold of crop production and calculated it
based on a mechanism model considering multiple factors and their synergies.
The results showed that (1) the climate presented a warmer and wetter trend
from 1978 to 2017, especially after 1996. (2) Water, fertilizer, and winter wheat
yields increased significantly (22.4mm/decade, 96.4kg/ha-decade, and 674.2kg/
ha-decade, respectively, p<0.01). (3) The average optimal temperature and
water thresholds for winter wheat were 7.3°C and 569mm, respectively. The
temperature rise was unfavorable for winter wheat production, and the water
supply increase was beneficial to winter wheat production. (4) Increasing
irrigation and fertilization could raise the optimal temperature threshold and
adapt to climate warming in most provinces, while Shandong and Shaanxi
both needed to reduce fertilization. We established a generalized method for
calculating the climatic threshold of agricultural production and found that
multifactor synergistic effects could influence the climatic threshold. The
climatic threshold of winter wheat changed with different adaptation levels.
However, considering the limitations in resource availability and environmental
capacity, increasing the use efficiency of water and fertilizer is more important
for adapting to climate change in the future.

KEYWORDS
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Introduction

The global average surface temperature has risen by approximately 1.1°C since 1850
1900, and the average global temperature is expected to reach or exceed 1.5°C over the next
20vyears (IPCC, 2021). Future changes associated with climate change and population growth
will present additional challenges for food security and social stability (Hong et al., 2019;
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Palmer and Stevens, 2019). Weather and climate are the main
drivers and the dominant factors in the overall variability of
agricultural production (Selvaraju et al,, 2011; Selvaraju, 2012;
Benton et al., 2017), and thus the impact of climate change on
agriculture has become a hot issue. A prerequisite for quantifying
the impact of climate change is identifying the thresholds of climate
impact on agriculture, answering the question “To what extent is
climate change detrimental to agricultural production?” Although
many studies using crop models and statistical methods have
proven that climate change has already harmed agriculture and has
reduced cereal yield (Liu et al., 2007; Asseng et al., 2015; Wang et al.,
2016; Zhao et al., 2017; Tito et al., 2018), the thresholds of climate
impact on agricultural production has not be clearly clarified.

The concept of “threshold” was first used in ecology in the
1970s and is an indicator that can judge how external pressure
affects the receptor system (Holling, 1973; May, 1977; Walker and
Meyers, 2004; Lenton et al., 2008; Fagre et al., 2009). Once a
change exceeds its threshold, it is likely to signal entry into a state
of large-scale risk and uncertainty (Huggett, 2005; Foley et al.,
2015; van Nes et al., 2016; Dakos et al., 2019). Similar to the
ecological threshold, the climatic threshold refers to the value of
climatic factors at the threshold where the system changes from
one state to another (Groffman et al., 2006). In climate change, the
climatic threshold can link the climate state to its ecological
impact (Kriegler et al., 2009; Cai et al., 2016; Lenton et al., 2019).
To clarify the magnitude and extent of this impact, research on the
climatic threshold has very important theoretical and practical
significance. Although adaptation to climate change is urgently
needed, the adaptation mechanism has not been fully clarified
until now. The climatic threshold is the lower limit at which
adaptation or increased adaptation may be required (Dong et al.,
2019). Hence, by clarifying the climatic threshold, we can
minimize damage or maximize the opportunity to achieve the
purpose of adapting to climate change.

Although the term “climatic threshold” has not been used
before, there are many concepts related to the climate threshold in
agriculture, such as the three-basepoint temperature (i.e., the
minimum temperature, the optimum temperature, and the
maximum temperature), the boundary temperature for crop
planting, and the growing degree days (Walck et al., 2011; Diirr
et al., 2015; Wei et al., 2015). These climate-related thresholds
determine the planting structure and layout of agriculture and are
the theoretical basis of crop models (Peter et al., 2011). Recently,
climate-related thresholds have been mentioned in assessments of
the impact of climate change on crop production, and it was found
that climate change has already exceeded the climatic threshold
for crop production (Alley et al., 2003; Naylor et al., 2007; Greiner
et al., 2010; Trubovitz et al., 2020). Some studies have found that
biophysical climatic thresholds differ between crop types
(Schlenker and Roberts, 2009; Lobell et al., 2011b; Dong et al.,
2019), and several critical temperature thresholds exist for each
crop (Haji Bungsu, 2014; Tack et al. 2015; Hsuan et al., 2019).
Some further found that irrigation could alleviate the adverse
effects of extremely high temperatures, especially for spring wheat
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and soybeans (Tack et al., 2017; Li ]. et al., 2019; Vogel et al., 2019).
Moreover, the threshold for climate change impacts can be raised
by adaptation (Dhankher and Foyer, 2018). Knowing the climatic
threshold of agriculture and its critical influencing factors, we can
find ways to delay reaching the threshold or to adjust it. However,
it is not clear how to calculate the climatic threshold. Therefore,
more effort should be made to characterize and anticipate the
critical climate thresholds through a reliable and trusted approach.

Wheat is the most widely distributed cereal globally, and its
sown area is the largest (Acevedo et al., 2002). Wheat production
accounts for 1/3 of global grain production, and it is one of the
three major global cereal crops. China is the leading wheat-
producing country, and winter wheat occupies a critical position
there (Geng et al., 2019). The growth and development of winter
wheat have special climatic requirements, and it is more
significantly affected by climate change (Song et al., 2005; Trnka
et al., 2014; Kahiluoto et al., 2019). Therefore, it is essential to the
food security of China and the world that winter wheat production
actively adapts to the warming climate.

Consequently, we take winter wheat production in China as a
representative to explore the climatic threshold and its relationship
with climate change. In detail, this paper aimed to (1) define the
critical threshold for crop production based on the impact mechanism
of factors on crop yield, (2) calculate the climatic threshold of winter
wheat yield based on the multifactor synergy model, (3) determine
the relationship between the climatic threshold of winter wheat and
climate change, and (4) explore how winter wheat production can
adapt to climate change. We hope to establish standardized processes
and methods for calculating the climatic thresholds for different crops
and provide a theoretical basis for exploring how agricultural
production can actively adapt to climate change.

Data, theory, and method
Study area and data source

Study area

The main wheat-producing areas of China (Figure 1) are
chosen as the study area, including Anhui Province, Hebei
Province, Henan Province, Hubei Province, Jiangsu Province,
Shandong Province, Shanxi Province, Shaanxi Province, and
Sichuan Province. The study area is located in the temperate and
subtropical zone of the Northern Hemisphere (25-41°N),
influenced by the East Asian monsoon climate. The growing
season of winter wheat is from October to May, we assume the
growing season of winter wheat is the same in all provinces.

Data source

This study used provincial panel data. Winter wheat yield
data came from the National Bureau of Statistics of China.' There
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is province-level fertilizer use rate (scalar of chemical fertilizer)
for winter wheat on the Compilation of Cost and Income Data of
National Agricultural Products from 2002 to 2017, we assume the
trend of winter wheat fertilizer use rate is same as the total
fertilizer use rate (Cao et al., 2018), and gap-fill the missing of
fertilizer use rate before 2002 using Equation (1). The irrigation
data were estimated by the research results focused on the
irrigation water demand of on winter wheat (Cao et al., 2008; Li
et al, 2020; Zhang et al., 2021). The meteorological data were
from the China Meteorological Data Sharing Service Network,?
including daily temperature (°C) and precipitation (mm) data
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during winter wheat growing seasons from 1978 to 2017 in
China. The study area includes ground climate data from 152
meteorological stations, and we use average of the stations in the
region as the provincial meteorological data.

RawFUR; = Referenced trend;

x RawFUR; 1 (1)

Referenced trend;

where Raw FUR refers to the raw fertilizer use rate for winter
wheat that contains missing values, “Reference trend” refers to the
complete total crop fertilizer use rate from which we extracted the
changing trend that winter wheat fertilizer use rate can refer to,
and i refers to the missing data years.
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Climatic thresholds of crop production

To define the climate-related thresholds for crop production,
it is necessary to accurately understand the relationship between
factor inputs and crop production. Crop growth, development,
and yield formation require particular factor inputs. The crop
yield level is the most direct and final reflection of the interaction
between crop growth and environmental conditions; the yield
level is also closely related to the amount of factor input (Fischer,
2015; Weietal,, 2016; Li S. et al,, 2019). The agricultural system is
highly affected by human activities, and crop production is
restricted by various factors (including natural and artificial
factors) (Lv et al., 2013; Xiao and Tao, 2014; Liu et al., 2018).
Appropriate environmental conditions can ensure crop growth
and yield accumulation, while extreme conditions can damage
crop tissues and organs, delay crop growth and development or
hinder flowering and fruiting, resulting in reduced yields (Wei
et al, 2015). In the past, a significant inverted “U”-shaped
quadratic function was often used to describe the relationship
between the input of each influencing factor and the crop yield
level (Wei et al., 2014; Yu et al., 2021). However, the relationship
between factor input and crop yield is more complicated (as
shown in Figure 2).

In Figure 2, the black curve represents the change in crop yield
with an increase in factor inputs, and the green curve represents
the change in marginal yield per unit of factor input. There are
three ranges in the impact of factor inputs on crop yields. (1) The
deficit range (the blue shaded section in Figure 2) is the stage
where insufficient factor inputs limit the crop yield. (2) The
appropriate range (the green shaded section in Figure 2) is the
stage where appropriate factor inputs increase the crop yield. (3)
The surplus range (the red shaded section in Figure 2) is the stage
where superfluous factor inputs inhibit crop yield (Wei et al.,
2015). Correspondingly, there are different climate thresholds in
each range. There are symmetry points: A -- the deficiency
suppression threshold, A’ -- the surplus suppression threshold, B
-- the deficiency stress threshold, B’ -- the surplus stress threshold,
and C -- the optimal threshold (Figure 2). Point A is the initial
factor input level at which the crops obtain yield. Below A, the
crop can grow but no yield is produced. Therefore, point A is the
lower limit below which crop yields are suppressed due to a
deficiency in factors. When the factor input exceeds point A, too
much input will mean that the crop is unable to deliver any yield;
thus, point A is the upper limit above which crop yields are
suppressed due to factor surplus. Points B and B’ are the stress
thresholds below or above which the increase in crop yield and the
utilization of factors begin to be stressed, respectively. Within the
deficit range, the factor utilization and the marginal yield of the
factor rapidly increase with the increase in the factor input, and
the marginal yield of the factor is the highest when the factor input
reaches point B. That is, the growth rate of crop yield is the largest
at this point. Therefore, point B is the upper limit of crop yield
under stress due to factor deficit. If the factor input is beyond
point B, the marginal yield of the factor turns from increasing to
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decreasing, and crop yields and the utilization efficiency of factors
slowly rise. Therefore, point B is also a lower limit of the
appropriate range. When the factor input increases to point C, the
marginal yield of the factor drops to 0, and the utilization of the
factor and the crop yield are the highest. Then, the marginal yield
becomes negative as the factor input increases, which will cause
the crop yield to drop rapidly. Many studies have found that with
climate change and other factor inputs, the growth rate of crop
yields is declining in China (Fan et al., 2012; Ortiz-Bobea et al.,
2021). To the right of point B, the climate and input levels are in
the appropriate range. Theoretically, when the factor input exceeds
point C, it enters the excess range. There are also two stages: when
the factor input increases from C to B, crop yields begin to slow
down (there is a resilience range for changes in crop yield due to
factors), and after Point B, the increase in factors will cause crop
yields to decline rapidly and will completely inhibit crop yield
formation after point A.

The process for calculating the climatic
thresholds

According to the definition of the climatic threshold and
referring to Dong et al. (2019) regarding the impact threshold of
climate change on agriculture, five steps for calculating the
climatic threshold of winter wheat yield are presented here:

Determine the climate change period

Precipitation change causes interannual fluctuations in crop
yields. However, the change trend in temperature has a far more
significant impact on crop yields than the change trend in
precipitation (Lobell et al., 2011a). Therefore, we took temperature
as the climatic factor to highlight climate change and used the
M-K test to find the mutation point in the temperature from 1978
to 2017. The period before the mutation point is defined as the
basic period during which fluctuations dominate the climate,
while the period after the mutation point is the change period
during which the climate changes with a trend.

Establish the yield equation

Based on 2.2, the crop yield results from the combined action
of natural and human factors, and the various factors influence
each other. Light, temperature, water, air, and nutrients are the
foundations of agricultural production. The requirements for
these foundations vary widely among different crops, which
determined by genetics. Assuming there is sufficient light and
CO,, temperature and water will limit crop yield formation and
levels. More specifically, temperature determines the planting
boundaries of winter wheat, and water is a crucial factor limiting
winter wheat production in most of China. In addition to natural
precipitation, irrigation is an important water source for winter
wheat production (Hu et al., 2014; Tack et al., 2017). Chemical
fertilizer is the primary source of nutrient for winter wheat, the
amount of fertilizer will affect its yield and quality (Wang et al.,
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2012). Therefore, we established the equation fitting winter wheat
yield using the data from 178 to 2017 as follows.

Y, =e+a'T'W + & W*F + a3"T? + a*W? + as'F? (2)

where, InY? is the natural logarithm of the actual crop yield in
year t, and € is the residual error. T is the average temperature
during the growing season (°C). F is the crop-specific fertilizer
supply for winter wheat (kg/ha). a, ~ a5 are the coefficients. W is
the water supply, including precipitation and irrigation, during the
growing season (mm).

Calculation of the optimal climate threshold
for winter wheat production

According to the definition of the optimal threshold for
agricultural production, the optimal climate threshold for winter
wheat yield is the value of the climatic factor when the first
derivative of Equation (2) to this climatic factor equals zero. The
calculation equation is as follows:

*
a W
T=-2 (3)
2 a3
* *
agT+ay F
W= _% (4)
2 ay
Frontiers in Ecology and Evolution 05

where, W is the water supply, including irrigation and
precipitation, so the optimal precipitation threshold should
subtract the irrigation from W.

Calculation of the climatic stress threshold for
winter wheat production

When the actual climatic conditions are lower or higher than
the optimal threshold calculated in step (3), we can further
determine whether the impact of climatic conditions on winter
wheat yield is in the deficit or surplus range. According to points
Band B’ in Figure 2 and the definition of the stress threshold, the
climatic stress threshold of winter wheat yield is the climatic
factor value when the second derivative of Equation (2) for this
climatic factor equals zero. Therefore, the calculation equation is
as follows:

7= i\l—z*a3 - al*W

2" a3 ©
+2"a4 - (al*T + az*F)
W= ) ©)

2 ay

Equations (5) and (6) can provide two values of T and W,
respectively. Point B corresponds to the upper limit of the
stress climatic threshold caused by factor deficiency. Therefore,
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it should be less than the optimal threshold. On the other hand,
point B’ corresponds to the lower limit of the climatic stress
threshold caused by the surplus of factors, and should therefore
be greater than the optimal threshold. Thus, it is deficient when
the actual climatic condition is less than B, it is appropriate
when the actual climatic condition is more than B and less than
C, and it is surplus when the actual climatic condition is more
than B'.

Calculation of the climatic suppression
threshold for winter wheat production

Based on its definition, the climatic suppression threshold
is the climatic factor value when the third derivative of
Equation (2) to this climatic element equals zero. The equation
is as follow:

7 i\/—6* a —a'W

- (7)
2'a3

vy —6"ay — (al*T + a2*F)

2%ay

W= (8)

According to Figure 2, the deficit suppression threshold
of crop yield should be lower than B, and the surplus
suppression climatic threshold of crop yield should be higher
than B’.

In this study, we focused on the adaptation to current and
future climate change. Therefore, all calculations in this study
were conducted considering how to adapt to the impact of
climate change on winter wheat production by adjusting
environmental conditions. It is worth noting that the climatic
suppression threshold calculated based on Equations (7) and
(8) is the lower and upper limits below or beyond which crops
cannot normally grow and develop to provide yield. The
climatic suppression threshold is already beyond the scope of
adaptation. Therefore, we would not analyze the suppression
threshold in this study.

Results

Climate change during the growing
season of winter wheat

According to the Mann-Kendall mutation test, the mutation
in the temperature trend for the winter wheat growing season
from 1978 to 2017 occurred in 1996 (p<0.05) Supply materials
(Figure 1). Thus, the period from 1978 to 1995 was the base period
when climate fluctuations dominated the climate, and the period
from 1996 to 2017 was the change period when the climate
showed a warming trend.
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The average temperature was 9°C and presented a
significantly increasing trend (0.39°C/decade, p<0.01,
Figure 3) during the winter wheat growing season from 1978
to 2017. The average precipitation during the winter wheat
growing season from 1978 to 2017 was 303 mm and showed a
statistically insignificant increasing trend (5.7 mm/decade).
Overall, the climate during the winter wheat growing season
showed a trend toward becoming warmer and more humid
in China.

The production input change for winter
wheat

The amount of irrigation for winter wheat production
increased significantly from 1978 to 2017 (16.7 mm/decade,
p<0.01) (Figure 4A). The average water supply (the sum of
irrigation and precipitation) was 461.6mm and increased
significantly (22.4mm/decade, p<0.01) (Figure 4B). The
fertilization per unit area was 265.9kg/ha and increased
considerably (96.4 kg/ha-decade, p <0.01). Fertilization reached
its peak in 2012, and then the fertilization per unit area for
winter wheat decreased (Figure 4C). The average winter wheat
yield was 3,711 kg/ha and increased rapidly at a rate of 674.2 kg/
ha-decade (p<0.01) due to the increase in factor inputs
(Figure 4D).
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FIGURE 3
The climatic conditions during the winter wheat growing season
in the main-producing regions in China from 1978 to 2017.
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Regarding the spatial distribution of various factors
(Figure 4E), the average water supply for winter wheat production
was the highest in Anhui and the lowest in Shanxi. Jiangsu had
the most fertilizer for winter wheat production, while Hebei had
the least. Winter wheat yield was the highest in Shandong,
followed by Henan, and Shaanxi had the lowest. The level of
fertilization was the critical factor that determined the winter
wheat yield. The winter wheat yield was higher in regions with
high temperature, water supply, and fertilization, such as Jiangsu.
In regions where the temperature and water supply were high and
fertilization was lower, the winter wheat yield was relatively low,
such as Hubei and Anhui. Sichuan, Shaanxi, Shanxi, and Hebei
had a lower water supply level, and it increased significantly. In
contrast, the water supply in other areas increased insignificantly.
In all regions, the additional production factors (temperature,
fertilization, and winter wheat yield) showed a significant
increasing trend (Figure 4F).

10.3389/fevo.2022.1019436

The climatic threshold for winter wheat
yield during the change period

We estimated the optimum temperature, moisture and
fertilizer values for winter wheat based on the coefficients in the
Supplementary Table 1. The average value of the optimum
temperature threshold for winter wheat yield was 7.3°C in China
from 1996 to 2017, but significant spatial differences existed
(Figure 5A). The optimal temperature threshold for winter wheat
yield decreased as latitude increased, and it was higher in high-
temperature regions than in low-temperature regions. The average
temperature of the winter wheat growing season in all regions
exceeded its optimal temperature threshold, which was in the
surplus range (the red part of Figure 2). Hence, the temperature
was adverse for winter wheat production.

The average optimal water threshold for winter wheat yield
was 569 mm from 1996 to 2017 (Figure 5B). In detail, it was the
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FIGURE 4

The production input level and its changes for winter wheat in China from 1978 to 2017. (A) Time series for irrigation. (B) Time series for water
supply. (C) Time series for fertilization per unit area. (D) Time series of winter wheat yield per unit area. (E) Level of production factors by sorting
each factor in nine provinces. (F) The changing trend of production factors in each region.
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highest in Hubei and the lowest in Shanxi. Therefore, the water
supply of winter wheat was below the optimum water threshold
during the change period. Hence, the water supply was
beneficial for winter wheat production from 1996 to 2017 and
increasing the water supply can increase winter wheat yield.
Therefore, we can further judge whether the water supply
reaches the stressed point for the water threshold during the
change period. When the water supply is below its stress
threshold, the marginal yield of the water supply increases, and
the water supply can accelerate the growth in winter wheat
yield. In contrast, when the water supply exceeds its stress
threshold, its marginal yield will decrease, and the water supply
will slow growth in winter wheat yield.

The water supply exceeded the upper water deficit stress
threshold (point B), which means that the water supply was in
the appropriate range (the green part, B-C, of Figure 2) during
the change period, with a diminishing marginal yield per unit

10.3389/fevo.2022.1019436

of water. Therefore, the water supply could increase winter
wheat yield from 1996 to 2017, but the yield growth rate
weakened (Figure 5C). Eliminating the irrigated portion of the
water supply (Figure 5C), the actual precipitation in each region
did not meet its water demand. The increasing trend in
precipitation was beneficial to winter wheat production during
the change period. The actual precipitation during the winter
wheat growing season was less than the water deficit stress
threshold in Henan, Shandong, and Sichuan during the change
period. Therefore, the marginal yield of precipitation was
increasing, and more irrigation was beneficial for winter wheat
production in Henan, Shandong, and Sichuan. Actual
precipitation during the winter wheat growing season exceeded
the water deficit stress threshold in other regions, and
precipitation was suitable for the increase in winter wheat yield
if there was no irrigation. Therefore, the irrigation water
demand in these regions was relatively small.
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The optimal thresholds and actual factor values from 1996 to 2017. (A) Optimal temperature threshold for winter wheat production and its average
temperature during the growing season. (B) Optimal water threshold for winter wheat production and its average water supply. (C) Water stress
threshold for winter wheat production and the actual water supply and precipitation.
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Changes in the optimum climatic
threshold under different adaptation
levels

According to Equation (2), the optimal temperature
threshold was a function of the water supply. In higher water
supply regions such as Anhui and Hubei, the optimal
temperature threshold was relatively higher. Because the water
supply (including precipitation and irrigation) was dynamic,
with inter-annual differences, the optimal temperature threshold
of winter wheat yield was a variable value. The increase of water
supply can alleviate the damage of high temperature to winter
wheat, thereby increasing the optimal temperature threshold of
winter wheat during the change period (Figure 6A). Increasing
the water supply can enhance the ability of winter wheat
production to cope with climate warming. There was a stronger
increasing trend in the optimal temperature threshold in Shanxi
and Shaanxi, which had low water supply levels that significantly
increased due to the increase in irrigation during the change
period. In contrast, there was a weaker increasing trend in the
optimal temperature threshold in Hubei because this area had
sufficient precipitation and little irrigation.

According to Equation 3, the optimal water threshold is a
function of temperature and fertilization, and different
combinations of temperature and fertilization will lead to the
changed optimal water threshold for winter wheat yield
(Figure 6B). Regions with higher temperatures and fertilization,
such as Jiangsu and Hubei, had a higher optimal water threshold,
whereas there was a lower optimal water threshold in regions with
lower temperature and fertilization, such as Hebei and Shanxi.
With the increase in temperature and fertilizer application, the
optimal water threshold for winter wheat yield increased during
the change period. The optimum water threshold for winter wheat
yield increased less in Hebei and Shanxi and more in Shaanxi
and Henan.

Adaptation implication on the climatic
threshold of agricultural production

The winter wheat yield increased significantly according to
result 3.2 even though the actual temperature exceeded the
optimal temperature of winter wheat. This indicates that although
climate warming was adverse for winter wheat production, it did
not play a decisive role in the yield level. Furthermore, the impact
of climate change on crop production can be offset by other
factors. Based on the interactions between various factors, the
optimal temperature threshold will rise with increasing water or
fertilization. This means that adaptation input (mainly including
irrigation and fertilizer input in this study) can change agricultural
production’s climatic threshold and help it adapt to climate
warming. The dynamic change in the climatic threshold based on
the synergy of factors is a mechanism for quantitatively and
dynamically adapting to climate change.
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The average demand for water was 613 mm for winter wheat
production when adapted to the temperature during the change
period in China. Nevertheless, there were differences among
regions (Figure 7A). The water supply needed to adapt to the
temperature was higher during the change period in regions with
higher temperatures, such as Jiangsu and Hubei. To adapt to the
temperature during the change period, the water demand was the
maximum in Sichuan, while it was the minimum in Shanxi, where
it had a lower temperature and water supply. Irrigation is needed
because the amount of precipitation cannot meet the water supply
demand. On average, the irrigation demand was 313 mm for
winter wheat production when adapted to the temperature during
the changing period in China. The irrigation demand varied from
region to region because there were differences in the water
requirements for adaptation and precipitation during the winter
wheat growing season. The maximum irrigation demand was in
Sichuan, which had the maximum water for adaptation but lower
precipitation, while it was the minimum in Anhui, which had
adequate precipitation. Supposing that the climate will maintain
the warm and humid trend into the future and precipitation will
increase sufficiently, there will be no additional irrigation needed
for winter wheat production to adapt to climate warming.

The amount of water supply affects the utilization rate of
fertilizer. Therefore, based on the water demand to adapt to the
current temperature (average temperature during the change
period), we analyzed the fertilization requirement for winter
wheat production (Figure 7B). The average fertilization demand
for winter wheat to adapt to the current temperature and water
was 429 kg/ha in China. Fertilization increased because the actual
average fertilization of winter wheat production was 358 kg/ha.
The actual fertilization exceeded the fertilization required to adapt
to the temperature in Shandong and Shaanxi, which was
detrimental to winter wheat production indicating that they need
to reduce their fertilization. In other regions except for Shandong
and Shaanxi, fertilization could be increased to adapt to the
current temperature. The maximum demand for increased
fertilization was in Sichuan, while the minimum was in Shanxi.

Discussion

The importance of climate thresholds for
agricultural production

Thresholds are universal in agricultural production and affect
the planting structure, planting boundaries, and yield levels of crops.
The climatic threshold refers to the value of climatic factors making
the agricultural system change from one state to another. To assess
the impact of climate change, the first step is to determine whether
the current climate is good or bad for agricultural production, after
which the extent of climate changes impact on agricultural
production can be calculated. In addition, clarifying the relationship
between the critical climate thresholds and climate change can
determine the adaptation direction of agricultural production and

frontiersin.org


https://doi.org/10.3389/fevo.2022.1019436
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Huang et al.

10.3389/fevo.2022.1019436

A 5 i
8 F=— China =y
7
6
5.7
5.4
51
4.8
4.5
10.5
9.0
7.5
6.0
9
— 8
11z
- 6
© 5
° 6
G i
g3
s 7
[ ]
5
g 3L : \
Q 12 |>—AH o
10l e N
CHE N
12 ——HUB A
10[ ; N\ . ;
- = \,_,/ SN \_/\/
1
10 fF—J8 S
3 - | —4
1} == T e |
G 1 1 1 1
6.9 ——SC e >
! N S
GZO:K/ \/\/ \M/
1995 2000 2005 2010 2015
FIGURE 6
The optimal threshold temperature (A) and precipitation (B) trends for winter wheat from 1996 to 2017.

—— China**

507 2 1 L 1 1
1995 2000 2005 2010 2015

(B) Adaptation demand of fertilization and its actual fertilization.

A 800
Water supply
I Irrigation
600
£
£ 400
Py
[
2
©
=
200 |
0 -
China HEB  HN sD SX sxI AH HUB JS sc
FIGURE 7

The adaptation of winter wheat production to temperature during 1996 to 2017. (A) Adaptation demand of water supply and irrigation.

B 600
I Fertilization
Il The average of actual fertilization

T 400+

=

=

(=]

~

=

-

[

N

.g

2 200

04
China

HEB HN SD SX

determine the extent to which future climate change should
be controlled to provide a basis for the choice of adaptation
measures. Therefore, the calculation of climatic thresholds for
agriculture can link the impact of climate change with adaptation to
climate change: it is not only the key to climate change impact
assessment but also a precondition of climate change adaptation.
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Generalizability of the calculation
method of climatic threshold

Here, we first clarified the definition of different thresholds for

crop yield. Then, we constructed a method to calculate the climatic
thresholds based on the mechanism through which factors and
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their interactions influence crop yields. Only by correctly
understanding the relationship between climate factors and
agricultural production can we assess the impact of climate change
on crop production. However, due to the complexity of field trials
and the scarcity of research data in previous studies, the
fundamental relationship between climate factors and agricultural
production is not sufficiently accurate (Chen et al., 2013; Dong
et al, 2019), limiting related research progress. In addition,
different crops have different sensitivities to climatic conditions.
For example, Lobell et al. (2013) observed that when the
temperature exceeds 35°C, corn yields drop rapidly. Dong et al.
(2019) calculated that the optimum upper and lower thresholds of
temperature for spring wheat are 11.4°C, 8.2°C, and 14.6°C,
respectively. Here, an exponential quadratic curve was used to
express the relationship between climate factors and crop yields,
determine the multifactor coupling effect, and calculate the
multiple thresholds for temperature and water. The exponential
quadratic curve can represent the fundamental relationship
between the various crop yields and factor inputs and can be used
to calculate the climatic thresholds of other crops. Compared with
previous studies, this study can calculate the climatic threshold of
crop yields more objectively, clarify its relationship with climate
change, and then provide quantitative countermeasures to help
agriculture to adapt to climate change. This study can also provide
a reference method for calculating the climate threshold of
other crops.

In addition, the factors affecting wheat yield are not only
temperature, precipitation, irrigation, and fertilization levels, as
included in this study, but also genotype (crop variety),
geographical factors, soil type, crop management, and the fertilizer
effect of CO, (Tester and Langridge, 2010; Asseng et al., 2013;
Burke and Emerick, 2016;
optimal temperature threshold of winter wheat decreased as

Jang et al., 2020). For example, the

latitude increased, as shown in Result 3.3, because of differences
among provinces in plant varieties, soil types, water supply,
climate, and management measures, etc. Therefore, future research
should increase the consideration of other impact factors to
reduce uncertainty.

Dividing the base period and the change period is the first
step in calculating the climate threshold and clarifying the impact
of climate change. We used the Mann-Kendall mutation test
method to calculate the mutation point of temperature and
identified 1996 as the mutation year. This result was consistent
with the climate change mutation time given by the IPCC
(IPCC, 2014).

Moreover, the climatic threshold for the whole growing season
of winter wheat was calculated in this study. However, the critical
climate threshold will relate to a specific development phase of
winter wheat, e.g., seed germination, floral initiation, dormancy,
head filling, etc (Peter et al.,, 2011). For example, Acevedo et al.
(2002) found that the germination of wheat might occur between
4°C and 37°C, and the optimal temperature is from 12°C to
25°C. Hence, future studies should distinguish the climatic
threshold during different crop growth periods of winter wheat.
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Climate warming implication to the
wheat production

Climate warming will be further detrimental to wheat
production in China. Based on Result 3.4, the climatic
threshold of agricultural production changes with the coupling
effects of multiple factors. Hence, there were inter-annual
differences in the climatic threshold of winter wheat due to
environmental changes. Although the optimal temperature
threshold showed an upward trend with the increase in the
water supply, the actual temperature during the winter wheat
growing season was higher than its optimal temperature
threshold over the change period supply (Figure 2). The actual
temperature was in the range of the optimal threshold and the
surplus stress threshold (the red part, C to B’, in Figure 1),
which means that the rising temperature during the growing
season would reduce winter wheat yield. Climate warming
shows an irreversible and intensifying trend (IPCC, 2021),
which means that future warming will be further detrimental
to wheat production. Therefore, it is crucial to adapt to the
changing climate.

Adapting to climate change and
balancing the ecological environment

According to the above discussion, either the water supply
or fertilization needs to be increased to adapt to climate change
during the change period. However, when crop production
adapts to climate change by increasing input, some problems
will emerge, such as resource availability, eco-environment
capacity, and the feasibility and sustainability of adaptation.
The increase in the water supply is an important measure to
adapt to climate warming, but it can lead to overexploitation of
groundwater, which has caused a series of ecological and
environmental problems (Grogan et al., 2017; Jia et al., 2019).
Therefore, the ability to meet agricultural water demand is
essential for agricultural production to adapt to climate change.
In addition, although chemical fertilizers have led to a rapid
increase in crop yields, they have also caused ecological
problems such as environmental pollution (Ischinger, 1979;
Sedlacek et al., 2020). Therefore, many countries have set the
safe upper limit of fertilization per unit area at 225 kg/ha (Joint,
2000; Good and Beatty, 2011; Cai et al., 2018). Similarly, since
pesticide and fertilizer inputs have been unreasonable in China
and even exceeded environmental tolerance in some areas
(Norse and Ju, 2015; Ju et al., 2016), the Chinese government
has proposed a “double reduction” policy, which aimed to
reasonably reduce fertilizer and pesticide use without reducing
crop production and quality through scientific planting
techniques, crop structure adjustment, etc. (Lu and Liu, 2017;
Xiang et al., 2020). Therefore, future climate change adaptation
research should focus on the availability of resources and how
to improve their utilization efficiency.
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Conclusion

The climatic threshold refers to the value of climatic factors
pushing the agricultural system from one state to another.
Determining the climate threshold of agricultural production is
not only the key to climate change impact assessments but also a
precondition to climate change adaptation. Here, we first identified
the concepts of five climatic threshold that affect crop production,
and further clarified the quantifying methods for each climatic
threshold. Finally, we focused on the optimal climatic threshold
of winter wheat yield and discussed how to adapt to climate
change by adjusting water or fertilization to change the optimal
temperature threshold of winter wheat.

The results showed that the climate during the winter wheat
growing season showed a trend of increasing warmth and
humidity from 1978 to 2017, especially after 1996. The optimal
temperature threshold of winter wheat yield in China was 7.3°C,
and the average temperature during the winter wheat growing
season has exceeded its optimal temperature threshold. The
optimal water threshold for winter wheat yield was 569 mm, and
the water supply was below its optimal water threshold.

To adapt to the current temperature that has exceeded the
optimum temperature, we should make sure of at least 613 mm
(national average) water supply and 429kg/ha (national average)
fertilizer supply. For all winter wheat growing regions, increased
irrigation could increase the optimum temperature threshold for
winter wheat to adapt to a warming climate. However, the amount
of fertilizer should be increased in most regions, except for Shandong
and Shaanxi. The optimal temperature threshold of winter wheat can
be adjusted to adapt to future climate warming by increasing
adaption input based on multifactor synergies. It needs to be noticed
that adaptation to current and future climate change by increasing
water or fertilizer should consider resource availability and the
security of the ecological environment. Improving the efficiency of
water and fertilizer use may be more important for agricultural
production to adapt to climate change in the future.
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